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Abstract 
 Hydrogenases are energy relevant bio-electrocatalysts. Their study and applications 

require immobilisation on carbon scaffolds and benefit from carbon materials design. The 

present thesis first compares eleven carbon materials for the adsorption of hydrogenase-1 from 

E. coli. All of them accommodate the enzyme in an electroactive configuration. A high surface 

area and/or abundance of ‘edge’ carbon planes are identified as important features to improve 

studies and applications of hydrogenases. The nanomaterials screened facilitate the coupling 

of infrared spectroscopy and electrochemistry for study of adsorbed species. This is 

demonstrated for the first time with a flavin mononucleotide molecule and the hydrogenase 

and opens the way to unprecedented investigation of (bio)electrocatalysts. 

In situ growth of multi-wall carbon nanotubes (MWCNTs) inside quartz columns by 

aerosol assisted chemical vapour deposition (AACVD) is investigated. Control over the 

column filling and the thickness of the MWCNT forest profile along the column is achieved. 

The flow rate of carrier gas is identified as a key parameter for this control. The final 

structures obtained are columns with their inner walls covered with a porous, interconnected 

and conductive carbon network. Through H2-driven biocatalysis, the conversion of 

acetophenone to 1-phenylethanol is achieved in a flow reactor configuration. The MWCNT 

columns are shown to be successful and simple, yet versatile, platforms for flow 

(bio/electro)catalysis.  

Finally, large quantities of hetero-MWCNTs are obtained by an original combination 

of AACVD and chemical vapour deposition. The MWCNTs are extensively characterised and 

display continuous junctions between nitrogen-doped and un-doped sections along a single 

MWCNT. The controlled change of chemical properties but also graphitic structure obtained is 

exploited for the first time to perform spontaneous and selective (1) oxidation reactions and 

(2) immobilisation of platinum particles on different parts of a single MWCNT. This new 

approach could be relevant for localised immobilisation of enzymes along a nanomaterial. 

This thesis achieves three different degree of carbon nanomaterials design to develop 

scaffolds suitable for bio-electrocatalyst immobilisation in targeted applications. 
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Chapter 1: Introduction 
“What we find changes who we become.” 

  Peter Morville 

1.1. Outline 

In the last 40 years, the world energy demand has increased by more than 50 % [1] due to a 

growing population and industrialisation of third world countries like China [1]. To match 

this demand not only reliable energy production but also responsible consumption and 

management are major challenges for mankind [2]. Indeed, about 80 % of our energy is 

currently obtained for from oil, coal and natural gas [1]. Their extraction by processes like 

mining and their conversion to energy by combustion produce undesirable green-house gases 

like carbon dioxide or methane which contribute to global-warming [2]. A consequence is 

dramatic climate changes with direct impact on the eco-system, for instance through ice 

melting in the north pole [3]. Also these rapid changes are putting at risk human lives, for 

example by favouring new diseases with no guarantee for human beings to have time to 

adapt [3]. In addition, fossil fuel stocks are depleting and geo-localised [2] for instance in the 

Middle-East. This raises political, military and economic concerns directly impacting 

citizens’ daily life and cost-of living due to instability in the supply-demand balance. This 

has been illustrated over the last decades by the rising price of oil each time the political 

situation is unstable in the Middle-East, as for the 1979 energy crisis along with the Iranian 

Revolution [4]. To cover the remaining 20 % of energy provision, non-fossil sources are 

exploited. Nuclear accounts for 5 % [1] but raises safety concerns, for instance with the 

recent example of Fukushima central accident [5]. Another ca. 5 % comes from wind, solar, 

tidal or hydropower [1] but with technologies still at early stages of development and/or with 

limited geographical implementations, so not possible to develop worldwide [2].  
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A safe, sustainable and global way to produce energy would be greatly beneficial. At 

the same time, more efficient routes to consume the energy produced will help to ensure a 

stable balance in the energy supply/demand. An option to jointly achieve these two 

objectives is to get inspiration from Nature and bio-processes. One way to get inspiration 

from Nature is to use renewable feedstocks to produce bio-derived fuels. Biofuels, like  

bio-ethanol, already account for 10 % of the world energy production and can be produced 

by fermentation of plants matter by living organisms. Another way to get inspiration from 

Nature is to exploit biocatalysis to produce energy. For instance, enzymes and  

micro-organisms are efficient in producing electrons [6] by oxidation of sustainable 

feedstocks like glucose [7] or dihydrogen [8] and this has been a source of inspiration to 

develop fuel cells to produce electricity. Furthermore, biocatalysis is a growing area for 

production of chemicals. Biocatalysts can perform chemical transformation with low energy 

requirement, under mild conditions of pressure and temperature [9, 10]. This leads to 

relatively low energy demand and minimises energy waste, thus costs. Biocatalysts are also 

selective, which is important to ultimately reduce costs and to increase safety for consumers 

[11]. In drug industries for instance, selectivity limits the production of undesirable  

by-products which are possibly hazardous. Since selectivity limits the number of purification 

steps required before commercialisation of a safe drug, it also reduces the overall cost.  

Bio-processes then offer great opportunities to produce biofuels, electricity, and other fine 

chemicals like drugs. This is why between 2005-2007 bioprocesses already represented sales 

over US$ 187 billion in areas as diverse as bio-fuels industries, bio-pharmaceuticals,  

bio-chemicals or bio-food [10]. 

Due to the multiple benefits of biocatalysis, top industries like pharmaceutical 

companies, expressed over the recent years their will to increase the number of biocatalytic 

processes in their toolbox [10]. However, to develop more broadly the use of biocatalysts at 
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industrial scale, more research and development is required. This is for instance to propose 

cost-efficient options to improve properties like the life-time of devices, biocatalyst recovery 

and/or stability under different conditions of pH or temperature. These challenges can be 

addressed by selecting the right biocatalyst for the right purpose but also by the simple 

immobilisation of biocatalysts on supports [7, 12]. As a result, an important amount of 

academic research has been devoted in recent years to the design of supports for biocatalyst 

immobilisation like silica, polymer and carbon materials [12-14]. Carbon materials in 

particular are emerging candidates with multiple benefits combining compatibility with a 

range of biocatalysts, ease in chemical modification, stability over time and over a range of 

media with different pH and temperature [12, 15]. Moreover, since carbon materials are 

conductive, they are useful to immobilise bio-redox-catalysts. This class of biocatalysts 

facilitate redox half reactions thanks to electron transfers between the catalyst and a 

conductive electrode, or between different catalysts in electronic contact. For instance, 

research on enzyme fuel cells [12, 16] has been exploiting the property of bio-redox-

catalysts immobilised on carbon to produce energy. In an enzyme fuel cell, an enzyme 

produces electrons by oxidation of a fuel which leads to the production of electricity, like the 

enzyme hydrogenase oxidising H2 to produce electrons. Various other proof of concept 

studies in recent years have demonstrated that carbon materials are suitable supports for 

applications in a range of fields like bio-nanotechnology, biology, medicine, bio-electronics, 

bio-sensing or bio-energy [12, 15-18]. To best address different end-goals for each 

application, like high output current in enzyme-fuel-cells or high production yield in 

biocatalysis for synthesis, different properties from diverse carbon materials can be 

specifically exploited. These are for instance the size, the morphology or the specific surface 

area. Development of tailored carbon materials for targeted goals is then a key for future 

technologies.  
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The aim of this thesis is to open new opportunities in the immobilisation of enzymes 

by tailoring carbon materials across different length scales for specific goals. The relevance 

of different degrees of design to solve challenges in biocatalyst immobilisation is illustrated 

by the case study of a hydrogenase enzyme. Hydrogenases are bio-redox-catalysts able to 

split H2 to H
+ 

and electrons
 
or perform the reverse electrocatalytic reaction. Their activity 

can be studied and exploited in energy devices like fuel cells [19] or for the production of 

chemicals [20]. This is achieved once the enzymes are immobilised on conductive materials 

as detailed in Chapter 1. This introduction chapter stresses how different degrees of carbon 

material design are required to develop new methods of studies and emerging applications of 

immobilised enzymes. The materials and methods selected for this purpose are presented in 

Chapter 2.  

First degree of design: powdered materials as electrode 

A first degree of design consists of controlling the properties of individual materials, like 

size or surface area. Various carbon powders made of materials expressing different 

combinations of properties are used as electrodes and compared in Chapter 3 for the 

adsorption of hydrogenase 1 from Escherichia coli (Hyd-1). The possible benefits from one 

material powder compared to another are explored to understand which properties are 

required to make a material an effective platform for hydrogenase immobilisation. It is 

shown that the atomic organisation in the carbon structure has an impact on the enzyme 

loading on the material. It is also shown that controlling the specific surface area of materials 

can improve the current obtained from enzyme electrocatalytic activity, which is relevant for 

instance for future optimisation of enzyme fuel cells.  

Studies of enzymes also benefit from tailored materials. To contribute to the development of 

a technique coupling infrared spectroscopy and electrochemistry, carbon nanomaterials were 

investigated to study electroactive species directly adsorbed on carbon materials. The 

technique is expected to bring unique opportunities in the study of biocatalysts by 
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controlling the electrochemical activity of immobilised enzymes while recording 

spectroscopic signals to give information on catalytic mechanisms. In Chapter 3, by 

tailoring the materials used towards sub-micrometre size, a milestone in the development of 

the technique is achieved. Acquisition of spectroscopic data from species under direct 

electrochemical control after adsorption onto carbon material is presented, which opens the 

way to new studies for a range of electrocatalysts. 

Second degree of design: carbon scaffolds 

Carbon materials in the form of a powder are however not ideal for all applications and 

methods of studies of enzymes. For instance powdered materials are difficult to implement 

as catalyst supports in flow chemistry, where chemicals are produced by continuously 

passing a flow of reactants through a reactor. Since flow chemistry is expected to be 

increasingly implemented in industrial processes for chemical synthesis [10], a second 

degree of control is proposed to address the challenging use of carbon powder in flow 

systems. In Chapter 4, the design of carbon scaffolds consisting of vertically-aligned  

multi-wall carbon nanotube (MWCNT) forests directly grown on quartz substrates to create 

‘MWCNT columns’ is detailed. The proposed design lead to extremely simple and yet 

versatile carbon scaffolds, demonstrated for the first time as suitable flow reactors for 

successful chemical transformations catalysed by enzymes.  

Third degree of design: tailored materials for localised immobilisation in carbon scaffolds 

Achieving the immobilisation of enzymes in a carbon scaffold is a first step. Getting spatial 

control on enzyme immobilisation within the scaffold is a difficult subsequent step that 

could lead to specialised applications and devices at the nanoscale. A novel approach to 

simple immobilisation of objects with spatial control along a nanomaterial is presented in 

Chapter 5. The approach relies on inducing and controlling a change in composition along a 

MWCNT. This leads to MWCNTs with intratubular junctions showing segments with 

distinct structures and properties along a single MWCNT. To prove for the first time that 
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these materials can be used for localised immobilisation of particles or molecules, a key 

achievement in this thesis is to propose a method to produce large quantities of MWCNTs 

and MWCNT scaffolds with intratubular junctions. The synthesis approach presented leads 

to large quantities of material and this allows a more detailed characterisation of these 

MWCNTs than in previous reports. For the first time, it is established that the spatial control 

achieved over the properties of the MWCNT ensemble allows spatial control over (1) the 

reactivity of the material and (2) the immobilisation of nano-objects on this material. This 

opens new opportunities to control the immobilisation of catalysts in a carbon scaffold.  

Finally in Chapter 6, the findings of this work are summarised and future research is 

highlighted. 
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1.2. Literature review 
1.2.1. Biological electrocatalyst immobilisation on carbon 

materials: the example of hydrogenase  

1.2.1.1. Benefits of biocatalyst immobilisation on carbon materials 

Over the last decades, using enzymes as catalysts to perform chemical transformations has 

increasingly been considered and implemented in the production of chemicals, drugs, fuels 

or electricity [6, 10]. The growing interest in enzymes comes from several factors. First,  

bio-catalysis can be performed from a renewable feedstock like biomass. Second, enzymes 

are bio-degradable. Third, enzymes can be highly selective to perform a specific reaction. 

Fourth, enzymes can operate under mild conditions of temperature and pressure. Biocatalysis 

is then considered as a less-hazardous and more sustainable route compared for instance to 

most organic and inorganic synthesis methods for chemical transformations [21]. A crucial 

step to make the most of the biocatalysts is their immobilisation on supports. Immobilisation 

is a common approach to facilitate biocatalyst study [13, 22] and in recent years it quickly 

became a critical step for an increasing number of applications from bio-medicine to  

bio-energy or production of chemicals [13, 22]. This is first because immobilisation can 

optimise the activity and stability of biocatalysts by preventing their denaturation via 

favourable biocatalyst/support interactions. This confers for instance long term resistance to 

temperature or solvents to enzymes [13, 22]. The second interest in immobilisation of 

biocatalysts is to facilitate their recovery and recycling [13, 22]. An important feature of 

catalysts is that they kinetically favour a chemical reaction and are not consumed during the 

process. Therefore they can be simply recovered after reaction if they are immobilised on a 

support. Immobilisation avoids filtration processes or multiple treatments to isolate a catalyst 

from a reaction mixture. Immobilisation is then an attractive cost-effective option for large 

scale use of biocatalysts in industries [13, 22]. The importance of biocatalyst immobilisation 
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is reflected by a wide literature on the strategies to make the most of biocatalyst activity [21, 

23]. Part of the research in the field of biocatalyst immobilisation focuses on the routes to 

perform the immobilisation. This includes covalent attachment [24], electrostatic interaction 

[25, 26], hydrophobic/hydrophilic interactions [27] with a support. However specific 

immobilisation strategies often require a case by case support/enzyme study due to the 

complex nature and surface properties of enzymes. A second important area of research 

focuses on the control over the properties of the support in use. A variety of materials 

compatible with biocatalysts have been developed to improve enzyme stability and 

recyclability like silica-based materials [13, 14], polymers [13, 14] and to a lesser extent 

carbon materials [13, 14]. 

Carbon materials play an increasing role as support for enzyme immobilisation, 

because they combine a set of useful properties that are not found in other materials [15]. 

First, the increasing interest in nanotechnology has largely contributed to the design of 

carbon materials at a nanoscale [28], leading to materials with relatively small size and large 

surface areas. These properties are directly relevant to immobilise more enzyme molecules 

in small volume to enhance the performance of devices [22]. For instance it can lead to 

higher electrocatalytic current in the field of enzyme fuel cells [8, 12, 29]. A nanomaterial 

also has a scale matching the typical size of enzymes of several nanometres. Controlling the 

properties of the material at this scale is directly relevant to favour interaction with the 

enzyme to optimise their immobilisation [30, 31]. Second, carbon materials offer a surface 

suitable for immobilisation of enzymes by robust adsorption which is the preferred 

immobilisation method for enzymes due to its efficiency and simplicity [14]. Carbon 

materials can also be chemically modified to develop more complex covalent attachment of 

the enzymes if needed [24, 32, 33]. At the same time carbon materials are relatively inert and 

stable under biological conditions [15]. It could be argued that silica-based supports present 
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the same benefits and are already widely developed as support for enzyme immobilisation 

[13, 14]. Indeed, control over the pore size of a silica matrix to match the size of an enzyme 

for improved immobilisation is possible. Also silica surfaces can be chemically modified for 

further covalent immobilisation [13]. However a major drawback of silica is its low electron 

conductivity [15]. In contrast, carbon materials have a better conductivity and so are 

preferred supports in bio-electronics or bio-sensors where electron exchange with the 

enzyme is key [15]. For instance, carbon is a common electrode material for study and 

applications of bio-electrocatalysts, as detailed in the next section.  

1.2.1.2. Benefits of bio-electrocatalyst immobilisation on carbon materials: 

the example of hydrogenase 

Bio-electrocatalysts are enzymes requiring an electron exchange to achieve catalytic activity. 

Due to the need for electron transfer and the redox properties of bio-electrocatalysts, 

electrochemistry has been a preferred tool to study their activity in a technique known as 

protein film electrochemistry [34, 35] illustrated in Figure 1.1.  

 

Figure 1.1. Schematic representation of protein film electrochemistry for  

bio-electrocatalyst studies showing the importance of electron transfer at an electrode. 

Catalytic centre and catalytic activity are in red, electron transfers and electron 

pathway in the enzyme are in blue and the enzyme in green. 

Electrode

Electron transfer

Redox
Enzyme 

Electrocatalytic activity

Product Reactant

Controlled electron transfer for studies, 
to provide electrons to the enzyme,
to use the electricity generated

e-

e-



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 1  10 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

Protein film electrochemistry requires the immobilisation of redox proteins (green) on 

a conductive material (grey) playing the role of electrode to achieve electron transfer (blue) 

to/from the catalytic centre buried into the enzyme (red) from/to the conductive material. In 

particular, the successful immobilisation of bio-electrocatalysts on carbon electrodes by 

simple adsorption has been largely exploited for this technique [34, 35]. Controlling the 

electron transfer between the electrode and the enzyme helps to understand the activity of the 

enzymes (as it will be more deeply discussed in Section 1.2.1.3). It is also possible to 

produce electrons in the case of an oxidation and so to produce electricity. Finally it is 

possible to perform a chemical transformation. As a consequence, this electrochemical 

investigation of bio-electrocatalysts has led to important breakthroughs in the development 

of bio-sensors [36], bio-energy [37] but also production of chemicals [20]. For all 

applications, the development of suitable carbon electrodes and carbon supports is key but 

several limitations remain, especially to achieve higher enzyme loading and stability. A 

strong expectation in the bio-electrochemistry community is that design of carbon materials 

to be used could improve the performances of enzyme electrodes [15, 29]. The reasons why 

further material design is needed and how the materials could be tailored is illustrated in this 

thesis through the example of hydrogenase, a bio-electrocatalyst presented in the next 

paragraph and relevant for a variety of energy-related applications. 

Hydrogenases are complex biological units of ca. 90,000 g mol
-1

, about 5 nm in size 

and made essentially of amino acids. They are bio-electrocatalysts able to kinetically favour 

H2 splitting into H
+ 

and electrons
 
or the reverse reaction: 

H2 (g)  ↔ 2H
+
 (aq) + 2e

-
     (A) 

To date platinum is the preferred material to perform reaction (A) but is an expensive metal 

catalyst and a non-renewable resource [38]. Hydrogenases are then envisioned as a possible 

substitute to platinum. A first interest in hydrogenases for instance is that their field of 
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applications cover energy production by forming H2 [37]. A second interest is in electricity 

production by splitting H2 into protons and electrons which is directly relevant for enzyme 

H2 fuel cells [27]. Since H2 fuels cells are expected to be found as power supply in an 

increasing number of devices like portable electronic or vehicles [39], this makes 

immobilised hydrogenases possible biocatalysts for future energy devices. However, due to 

the limited availability of hydrogenases to date, enzyme fuel cells may not be the best 

commercial alternative to platinum. An important third area of research in hydrogenases is 

then to understand the fundamental mechanisms that make the enzymes so efficient in 

producing or splitting hydrogen. Understanding better this activity could lead to genetic 

variants [40] outperforming existing enzymes. It could also inspire the design of  

bio-mimicking complexes [41-44] reproducing enzyme activity but possibly simpler to 

obtain at industrial scale in the future. A major motivation in artificially reproducing 

hydrogenase activity is that hydrogenases use metal atoms like nickel and iron (for so called 

[NiFe] hydrogenases) or two iron atoms ([FeFe] hydrogenases) at their catalytic site (further 

detailed in Section 1.2.3). These metal atoms are key for the activity of the enzyme and 

cheaper than platinum so could lead to cheap and efficient bio-inspired-catalysts [45]. For 

instance nickel based bio-mimicking inorganic complexes outperforming the activity of 

hydrogenases have been reported but their stability can be limited [41]. A fourth interest in 

hydrogenases is to support the production of chemicals by using the electrons produced 

when splitting H2 to perform further chemical transformations [20]. This makes 

hydrogenases extremely versatile biocatalysts as illustrated in Figure 1.2, counterpart of 

Figure 1.1 for the specific case of hydrogenases. For a better understanding of the catalytic 

activity and production of H2, electricity or chemicals by hydrogenases, a common 

requirement is the immobilisation of the hydrogenase on carbon materials.  



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 1  12 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

  

Figure 1.2. Schematic representation of protein film electrochemistry for hydrogenase 

studies and possible applications. Catalytic centre and catalytic activity are in red, 

electrons transfers and electron pathway in the enzyme are in blue and the 

hydrogenase in green.  

1.2.1.3. Challenges in bio-electrocatalyst immobilisation  

To exploit hydrogenase activity, a common approach is the enzyme immobilisation on 

conductive material and in particular carbon. However, the immobilisation of redox proteins 

can lead to different configurations. Only few orientations of the enzyme relative to the 

carbon surface lead to a configuration where a fast and efficient direct electron transfer 

(DET) can be achieved to/from the electrode from/to the enzyme [46]. This is because the 

electron pathway from the inside/outside of the protein is possible thanks to a chain of redox 

centres: for example iron sulphur [FeS] clusters (blue) within the hydrogenase (green), 

Figure 1.3a. Electrons are relayed from one cluster to another by change in their redox state. 

The closest cluster to the outside surface of the protein, referred to as distal cluster, must be 

as close to the electrode as possible to ensure electron transfer between the electrode and the 

protein. DET is desired to ultimately improve the efficiency of a device but is not simple to 
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achieve. In practice, the redox enzyme is likely to be immobilised in a distribution of 

orientations relative to the carbon surface [47] and so not always in a DET configuration. 

The distal cluster could even be too far from the electrode for a direct electron transfer to 

occur, Figure 1.3b. To electrochemically access enzymes immobilised in a configuration 

that does not favour DET, a mediator can be used [48]. A mediator is a molecular shuttle that 

can diffuse in the solution and due to its redox properties can relay the electrons between the 

electrode and the distal cluster. Electrons are then provided to the enzyme regardless of the 

orientation of the enzyme to the electrode. This gives a mediated electron transfer (MET) 

configuration for which common mediators are methylviologen (MV) and methylene blue 

(MB). A first drawback with these mediators is their toxicity [15, 27]. Second, the electron 

transfer relies on diffusion of the mediator to the enzyme. This can lead to slower kinetics in 

the electrocatalysis, thus reducing the efficiency of electron transfer. DET is more desirable 

and must be favoured because it avoids the use of intermediate molecules, simplify the study 

of enzymes and limits cost for implementation in enzyme-based devices [15].  

 

Figure 1.3. Schematic representation of (a) DET and (b) MET. Depending on enzyme 

orientation with respect to the electrode material DET (a) is possible. If DET is not 

achieved, improved electrochemical signal can be obtained using a mediator for MET 

(b). Catalytic centre is in red and [FeS] clusters in blue within the protein in green.  
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A possible way to favour the DET configuration is to carefully consider the properties 

of the carbon material used to develop the electrode, like graphitisation as explained in the 

next section. Since the support used is key for hydrogenase study and applications a range of 

carbon materials has been considered to develop and optimise hydrogenase electrodes. These 

carbon materials are reviewed in this thesis to identify what an ideal material for 

hydrogenase immobilisation is and what the limitations to the development of optimised 

hydrogenase supports are to date.  

1.2.2. Carbon materials for hydrogenase immobilisation 

to date 

Due to their electroactivity, hydrogenases have been extensively studied by electrochemical 

techniques after immobilisation on carbon electrodes (Figure 1.2). The requirement to 

develop a suitable electrode is to achieve a high loading of immobilised electro-active 

enzyme to reach a high electrocatalytic current, and thus a high signal to measure and study. 

Immobilisation can also help to achieve better stability of the enzyme over the time of the 

experiment. High enzyme loading and stability are the exact same requirements for the 

applications of hydrogenase in fuel cells [27] or production of H2 [37] and chemicals [20], 

with stability required over weeks or months of operation. To date, the carbon materials 

reported as supports are not optimised for one of the specific possible applications of 

hydrogenases. As a consequence the materials investigated for hydrogenase immobilisation 

so far have often been directly relevant to develop fuel cells or H2 production devices. The 

literature review proposed in this section is then articulated around the characteristics and 

properties of the carbon materials used as support, rather than the final applications 

considered. The literature review covers the carbon materials reported until summer 2015 for 

hydrogenase immobilisation. The variety of carbon materials considered for this 
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mmobilisation is highlighted and the difficulty to conclude on the benefits of one material 

compared to another is also addressed. 

1.2.2.1. Amorphous carbon materials 

The first carbon material considered to immobilise hydrogenases is an amorphous carbon 

reported in 1984 by Berezin and co-workers [49]. Amorphous carbon materials mainly 

consist of a mixture of sp
2
 (carbon-carbon double bond) and sp

3
 (tetravalent carbon) carbon 

atoms without crystalline structure but where short-range order (few nanometres) can be 

observed [50]. Amorphous carbons are common electrode materials because they combine a 

suitable conductivity with a relative chemical and electrochemical inertness in a variety of 

solvents. The carbon material used was not characterised in the paper by Berezin and co-

workers but is probably a carbon powder [49]. In 2002, the same group investigated 

hydrogenase immobilisation on a ‘carbon filament’ [51, 52] and a ‘carbon cloth’ material 

[53]. No structural characterisation of the materials was performed. The description provided 

in the reports [51-53] suggests that these carbon materials are essentially made of fibre-

looking structures. This type of material is commonly used in electrochemistry and a general 

morphology is illustrated in Figure 1.4 with scanning electron microscope (SEM) images of 

a ‘carbon paper’. Carbon paper is a material made of carbon structures showing a diameter 

usually around 5-20 µm and with a general aspect and morphology close to other filament-

like carbon structures. There are no extended graphitic domains in the materials consisting of 

a mixture of sp
2
 and sp

3
 carbon atoms [50]. The choices and criteria for the selection of one 

material rather than another are not detailed despite the fact that experiments were conducted 

by the same researchers [49, 51-53]. This observation suggests that the material selection 

was driven by the only fact that amorphous carbons are common electrode materials in 

electrochemistry and commercially available. Using commercially available supports is 

indeed an argument to simplify possible long term commercial applications of devices like 
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enzyme fuel cells [52]. Although characterisation of the materials was not detailed, these 

studies established key features of hydrogenase activity and application. First, simply 

leaving a solution of hydrogenase in contact with a carbon surface ensures robust and simple 

adsorption [49]. Second is the possibility to develop enzyme H2 fuel cells [51] where the 

enzyme has a relatively good activity in comparison to platinum. The conclusions from those 

studies, in agreement with others [54], state that platinum can be a better catalyst than 

hydrogenase at high H2 pressure (1 atm) but is comparable at lower pressure (0.1 atm). 

Hydrogenases suffer far less irreversible poisoning by CO and H2S, small molecules found 

in H2 feedstocks which irreversibly poison platinum. This means that enzyme fuel cells 

could operate with lower grade gases, so cheaper gases compared to platinum fuel cells. 

Third, over long time the stability of the hydrogenase-based device was relatively high: more 

than 50 % stability maintained after six months of storage [52]. This observation justifies the 

need for hydrogenase immobilisation to improve the lifetime of hydrogenase devices like 

fuel cells. Unfortunately, for all these materials, acid treatment was performed to overcome 

the hydrophobicity of the carbon network [51-53] or a polymer binder [49] was needed to 

facilitate the hydrogenase adsorption and stabilise the electrode. This adds some steps and 

complexity to the development of the electrode.  

 

Figure 1.4. Scanning electron micrographs (SEM) of carbon paper (TGP-H-030 from 

Toray) at different magnification. The general morphology is similar to other 

structures made of filament-like materials as carbon cloth or filament. 
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Based on these observations, Szot et al. [55] investigated a method to improve 

hydrogenase loading and stability on an electrode. The study proposed a layer-by-layer 

network formation using charged amorphous carbon particles without binder. The goal was 

to electrostatically entrap and stabilise a charged hydrogenase into a conductive particle film 

[55]. This approach facilitates the electrode preparation because it avoids the use of a binder. 

However it appears relatively complex in the light of recent reports: an emerging trend is the 

direct immobilisation of the enzyme on as-received commercial amorphous carbon powders 

[19, 56]. For instance, in 2013 an amorphous carbon powder has been used to maximise the 

surface of carbon available for enzyme adsorption. This lead to a ‘high surface area 

electrode’ [56] for efficient hydrogenase fuel cells. For the first time a power density above 

1 mW cm
-3 

for this type of enzyme-based device was achieved. In this study by Xu and 

Armstrong, enzyme immobilisation was performed by simply adsorbing the enzyme directly 

on the as-received commercial material. Similarly, in 2014, Ogo and co-workers performed 

the direct adsorption of an hydrogenase on an as-received commercial amorphous carbon 

powder. The authors report a promising high activity for enzyme fuel cells, achieving 637 

times more activity for H2 oxidation (estimated for 1 mg of catalyst) for hydrogenase 

compared to platinum under equivalent conditions [19]. These recent results are extremely 

promising for hydrogenase fuel cells to compete with other fuel cells devices and reflect the 

high activity of the hydrogenase selected and recently isolated [19]. The carbon powders 

were in both cases chosen without detailed explanation. A possible reason is that no  

pre-treatment is needed prior to combination with the enzyme, which facilitates the electrode 

preparation. The materials are commercially available which facilitates their used and makes 

them relevant for future commercialisation of enzyme-based devices [52]. The selection was 

also probably made because powders should offer a surface area higher than the previously 

mentioned carbon filament or cloth. Indeed, carbon powders are used in fuels cells for their 
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high specific surface area (ca. 1000 m
2
 g

-1
) [57] to achieve higher catalytic current. SEM 

images shown in Figure 1.5 for an amorphous carbon powder confirm than the material has 

a smaller typical size than the previous filament-like materials (Figure 1.4), suggesting it 

can be assembled into overall higher surface area electrode. However no full quantification 

of the electrode total surface area was provided in the reports [19, 56]. No estimation of how 

well the enzyme uses the surface of the electrode obtained from those powders can be 

established for further optimisation. It is then difficult to compare and quantify the benefit of 

using carbon paper, filament or cloth to carbon powders. 

 

Figure 1.5. SEM micrographs of an amorphous carbon powder (BP 2000, Cabot 

corporation) at different magnification. 

These examples illustrate the possibility to simply immobilise hydrogenases on  

as-received commercially available materials. From a practical point of view, these materials 

provide enzyme loadings that are sufficient to achieve electrocatalytic current suitable for 

enzyme study or application. However little is known on the enzyme-amorphous carbon 

interaction. For instance, effect of the carbon morphology and size on the activity of the 

hydrogenase is not investigated. How well the surface area available is used by the enzymes 

is not fully addressed and direct electron transfer (DET) is not necessarily achieved since a 

mediator is often required. Deeper knowledge on these properties could lead to further 

development and better selection of a suitable carbon material for hydrogenase electrodes. 
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1.2.2.2. Graphitic materials: pyrolytic graphite 

Instead of using electrodes made of amorphous carbon, a generally preferred approach to 

date to optimise enzyme loading and stability on the electrode is to use a graphitic carbon 

material. DET can be favoured by electrostatic interaction or covalent modification of the 

carbon surface [58]. However chemical modifications of carbon materials add steps to the 

electrode preparation. Multiple steps possibly limit reproducibility of results [53] and are 

more complex to implement in view of commercialisation. A preferred and simpler approach 

to favour DET without chemical modification consists of promoting edge planes with 

graphitic carbon materials [30]. Graphitic carbons are indeed made of both basal and edge 

carbon planes as illustrated in Figure 1.6. Graphitic carbons are mainly made of domains 

constituted of sp2 carbon atoms forming carbon-carbon double bonds, with a minority of 

domains made of atoms in sp
3
 hybridisation (tetravalent carbon). Presence of edge planes 

can be explained by considering a building block for sp
2
 domains: a graphene sheet 

schematised in Figure 1.6a. Graphene is an ideal 2D carbon structure made only of sp
2
 

carbon [59]. Several graphene sheets can interact with each other by π-π interaction to lead 

to stacked layers forming three dimensional domains of sp
2
 hybridisation in the carbon 

material, Figure 1.6b. The more graphitic the material, the higher the sp
2
 hybridisation, the 

larger the sp
2
 domains and the fewer the atoms in sp

3
 hybridisation [59]. The sp

2
 domains 

have a typical scale of few nanometres for the less graphitic materials like amorphous 

carbon, up to millimetres for highly graphitic materials like highly ordered pyrolytic 

graphite. The imperfection in the stacking of several graphene-like planes in graphitic 

carbons leads to a step-like structure, explaining the presence of both basal and edge planes, 

Figure 1.6b. It has been reported that enzyme immobilisation happens preferentially at these 

‘edge’ carbon planes and a DET configuration is favoured [30, 31]. This is likely due to the 

presence of dangling bonds, functional groups and defects, providing more reactive sites 
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favouring enzyme interaction with the material. Therefore, graphitic carbon materials are 

considered to be simple materials to control hydrogenase loading by controlling the 

abundance of edge-planes. 

 

Figure 1.6. (a) Schematic representation of an atom thick graphitic sp
2
 carbon plane: 

graphene. (b) Superposition of graphene-like carbon planes leads to graphitic carbon 

domains within a graphitic carbon material, thus showing both basal and edge planes.  

Among carbon materials, pyrolytic graphite (PG) has a pronounced graphitic structure 

[60] and has been a preferred material for hydrogenase protein film electrochemistry [35, 61] 

because it is commercially available and gives satisfying results. DET (Figure 1.3a) is easily 

achieved and so there is no need for a mediator or chemical modification [62]. PG has 

ordered graphitic domains, is very soft, and a freshly cleaved surface for enzyme adsorption 

is readily prepared by mild abrasion [60]. PG can be used as a block material to form planar 

electrodes made of a macroscopically flat block of PG [35] with the edge plane exposed, 

Figure 1.7a. It has also been used in the form of powder made of PG particles with size 

usually of about 5-10 µm [62, 63], Figure 1.7b. Particles have been used to assemble a three 

dimensional ‘high surface area electrode’ [27, 63] allowing a higher loading of hydrogenase 

[63] compared to the planar electrodes. However the total surface area developed in the 

electrode is rarely fully quantified. Thus estimating enzyme loading achieved is a complex 

task but is usually considered to be in the pmol cm
-2 

range
 
[35] on planar pyrolytic graphite 

electrode. This is actually enough to study the enzyme by electrochemical techniques. 

Edge plane

a) b) Basal plane
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Protein film electrochemistry studies on PG electrodes gave deep insight into hydrogenase 

electrocatalytic properties. For instance by comparing features of hydrogenases from 

different organisms [64] or with different genetic modifications [40] under various 

conditions of temperature, pH, presence of inhibitors, etc. [35] Redox enzymes often show 

rates of catalysis with turnover frequency higher than 1 000 s
-1

 when immobilised on PG 

supports, leading to electrocatalytic current high enough for applications in fuel cells [65] or 

chemical synthesis [20]. 

 

Figure 1.7. Schematic representation and top view SEM images of (a) a PG block with 

the edge plane exposed and (b) PG particles obtained by abrasion of a PG block. 

PG is so convenient that it is probably the most broadly used electrode material for 

hydrogenase immobilisation [35]. However PG has some drawbacks. Adsorption is aided by 

the fresh abrasion with glass paper and/or alumina just prior to protein immobilisation [35, 

60] likely due to changes in the chemical composition of the surface on contact with air or 

water. The preference for fresh preparation of the planar electrode or the particles is suitable 

for a daily lab-scale production but limits batch processing of larger quantities. Also the still 

Electrode

a)

b)

5 µm

5 µm

Edge plane

2D electrode: block of PG
Electrode surface of interest: 
exposed surface of the block 
(e.g. edge plane exposed)

3D electrode: PG particles
Electrode surface of interest: 
particle surface

‘high surface area electrode’
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large proportion of basal surface on the particles [62] probably means that the total surface 

area of PG particles prepared by abrasion is not well utilised for enzyme loading. There is 

also little control over the size of PG particles (typically a few micrometres [62, 63]) 

obtained by the abrasion technique, Figure 1.7b. This prevents further design to possibly 

develop more edge plane surface and improve the enzyme loading.  

1.2.2.3. Carbon nanotubes for hydrogenase immobilisation 

Another important and popular material in the development of supports and bio-electrodes 

are carbon nanotubes (CNTs) [66]. Research on CNTs has considerably been boosted in the 

last decades [67] by the Nature paper published in 1991 by Ijima [68]. CNTs quickly 

benefited from an important interest in various fields of research because they combine 

outstanding thermal [66], electrical [66] and optical [66] properties. Also their nanometre 

scale and high specific surface area [69], outstanding mechanical stability [69] as well as the 

possibility to chemically modify their surface [69], make them a popular materials to support 

various catalysts [70-72] including enzymes [16, 24, 73, 74]. CNTs are suitable for a range 

of applications [66] including chemical synthesis [75, 76], medicine [18], bioelectronics [18] 

or bio-sensors [17]. Their unusual combination of properties comes from their structure 

which can be understood starting with a graphene sheet. If a graphene sheet is an ideal 

atomic layer of sp
2
 honey comb carbon, single-wall CNTs (SWCNTs) and multi-wall CNTs 

(MWCNTs) are conceptually obtained by rolling one (for SWCNT) or several (for 

MWCNT) graphene sheets as displayed in Figure 1.8. CNTs are then hollow tubular carbon 

materials made of sp2 carbon atoms, with an external diameter typically less than 100 nm 

and a length typically from a few hundreds of nanometres to several centimetres [77].  
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Figure 1.8. Schematic representation of (a) a superposition of two graphene sheets,  

(b) the same being conceptually rolled up to give (c) MWCNTs, in this case double-wall 

CNTs. Models were obtained with the help of Dr Rebecca Nicholls, Department of 

Materials, University of Oxford.  

Since an additional property of CNTs is their electrical conductivity [66], they have 

been extensively studied as electrode materials for hydrogenases. This is illustrated in 

Table 1.1 which summarises the most important literature on alternative carbon materials to 

PG reported for hydrogenase immobilisation. This table first illustrates that roughly 75 % of 

publications that do not use PG use CNTs. The remaining 25 % use the amorphous carbons 

previously mentioned in Section 1.2.2.1. A general trend regarding the origin of the CNTs 

can be established from Table 1.1. CNTs are mainly obtained from commercial suppliers 

because it is a convenient and simple way to obtain SWCNTs or MWCNTs and could 

facilitate the possible commercialisation of enzyme electrodes [52]. Nevertheless, using 

commercial materials can also be a drawback because there is little control over the 

properties of the material obtained. More control could be achieved with homemade 

materials but CNTs obtained from homemade synthesis were used in only four publications 

for hydrogenase immobilisation. This is about three times less that the number of reports 

using commercial CNTs. As it will be detailed later, this can be explained by the need for 

specific equipment to synthesise CNTs. Secondly, Table 1.1 illustrates that in most cases a 

mediator is needed. DET is then not always achieved on CNTs which can be detrimental to 

the  efficiency  of  a  device  based  on  the  resulting  enzyme  electrode.  Finally  and  more  

a) b) c)
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Table 1.1. Alternative materials to PG reported for hydrogenase immobilisation 

Hydrogenase Material 
Material 

origin 
Modification Mediator Date Ref 

Thiocapsa 
roseopersicina 

[NiFe] 

pounded carbon 

black on gold 
- 

fluoroplastic binder  

in acetone 
MV or no mediator 1984 [49] 

Thiocapsa 

roseopersicina 
[NiFe] 

carbon filament commercial acid treatment MV or no mediator 2002 [51] 

Thiocapsa 

roseopersicina 
[NiFe] 

carbon cloth commercial acid and base treatment MV or no mediator 2002 [53] 

Thiocapsa 

roseopersicina 
[NiFe] 

carbon filament commercial acid treatment 

MV/redox polymer for 

immobilisation  
or no mediator 

2002 [52] 

Thiocapsa 

roseopersicina 

[NiFe] 

SWCNTs, 
MWCNTs 

commercial acid treatment no mediator 2006 [78] 

Thiocapsa 

roseopersicina 

[NiFe] 

MWCNTs commercial 

modified with  

S-(2-aminoethylthio)-2-

thiopyridine hydrochloride 

MV or no mediator 2010 [79] 

Thiocapsa 

roseopersicina 

[NiFe] 

SWCNT forest synthesised no no mediator 2011 [37] 

Desulfovibrio gigas  

[NiFe] 
PG commercial 

covalent bonding through 
diazonium 

functionalisation 

MV 

or no mediator 
2005 [58] 

Desulfovibrio gigas 

 [NiFe] 
MWCNT forest synthesised 

covalent bonding through 

diazonium 
functionalisation 

no mediator 2007 [24] 

Clostridium 

acetobutylicum 
[FeFe] 

SWCNTs commercial surfactant no mediator 2007 [80] 

Clostridium 

acetobutylicum 
[FeFe] 

SWCNTs 

 

commercial 
 

surfactant MV 2008 [81] 

Clostridium 

acetobutylicum 

[FeFe] 

m/s-SWCNTs 
on carbon cloth 

synthesised 
surfactant further removed 

by acid treatment 
MV 

or no mediator 
2011 [73] 

Allochromatium 

vinosum  

 [NiFe] 

SWCNTs synthesised 
modified with a  

polymyxin binder  
- 2008 [82] 

Desulfovibrio 

fructosovorans 

[NiFe] 

SWCNTs, 

MWCNTs, 

amine-modified 
SWCNTs,  

acid- modified 

SWCNTs 

commercial 
acid treatment  

or not 
MV 

or no mediator 
2008 [25] 

Desulfovibrio 

fructosovorans 
[NiFe] 

 
SWCNTs 

MWCNTs 

 

commercial no polymeric MV 2011 [83] 

Aquifex aeolicus 

[NiFe] 
SWCNTs commercial acid treatment or not 

MB 

or no mediator 

2009 

2012 

[26] 

[74] 

Aquifex aeolicus 
[NiFe] 

charged particles commercial 
charge surface 
modification 

MV or no mediator 2013 [55] 

Aquifex aeolicus 

[NiFe] 

SWCNTs, 

amine-modified 
MWCNTs, 

acid-modified 

MWCNTs 

commercial 
acid treatment  

or not 
MV, MB 2013 [84] 

Aquifex aeolicus 
[NiFe] 

carbon 
nanofibres 

synthesised thermal treatment no mediator 
2014 
2014 

[85] 
[86] 

Escherichia coli 

Hydrogenase 1 
[NiFe] 

MWCNTs commercial 
functionalisation with  

1-pyrene butyric acid 
no mediator 2012 [33] 

Escherichia coli 

Hydrogenase 1 

[NiFe] 

amorphous 
carbon powder 

commercial no no mediator 2013 [56] 

Citrobacter  

sp. S-77 [NiFe] 

amorphous 

carbon powder 
commercial no no mediator 2014 [19] 
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importantly, Table 1.1 highlights that in most cases several treatments are performed on the 

as-received CNTs prior to combination with the hydrogenase. This is for instance acid 

treatment [87], diazonium chemistry functionalisation [24], or modification by π-π 

interaction [33] for instance with pyrene butyric acid. These surface treatments facilitate 

covalent attachment of the enzymes and/or attempt to overcome CNT hydrophobicity [88] 

and associated difficult dispersion in aqueous solution [89]. This intrinsic hydrophobicity of 

CNTs is actually a major drawback of the material itself and achieving better CNT 

dispersion is a challenging area of research on its own [89].  

To develop simpler electrodes there is a need to completely alleviate the challenging 

dispersion of CNTs in aqueous solvents, the use of surfactants or the need for a  

polymer-binder. A possible option is to consider CNT materials that are not in the form of a 

powder. This is possible with vertically-aligned CNTs represented in Figure 1.9, also known 

as CNT forests [90]. The first interest in this CNT geometry is that all the CNTs are aligned 

to each other with their axis perpendicular to a substrate, Figure 1.9b. This confers a degree 

of orientation, of connexion with the substrate and a macroscopic mechanical stability that is 

not as simply achieved after dispersion, Figure 1.9a. CNT properties like conductivity, high 

surface area, stability over a range of chemical and thermal environments are also 

maintained in the forest geometry. The second and main advantage is that no dispersion step 

is required prior to enzymes adsorption. For all these reasons, in 2007, De Lacey and co-

workers directly grew a MWCNT forest onto a gold wire to develop a high surface area 

electrode [24]. This was done to optimise enzyme loading and at the same time improve the 

electronic contact between the carbon surface made of MWCNTs and the conducive 

electrode support made of gold [24]. The electrode obtained had an electrochemically active 

surface area 50 times higher after MWCNT growth than for the bare gold electrode. The 

approach  involved  chemical  modification  by  diazonium  chemistry  of  the as-synthesised  
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Figure 1.9. Top: SEM micrographs of (a) dispersed CNTs deposited on a substrate and 

(b) vertically-aligned CNT forest directly grown or immobilised on a substrate. 

Bottom: schematic representation of the same. If the substrate (grey) is conductive an 

electrode is obtained. 

forests to achieve further covalent linkage of the enzymes. Stability over a month under 

continuous operational conditions was achieved, showing the robustness of the electrode 

developed. The approach certainly overcomes the dispersion of MWCNTs but still require 

chemical modification of the as-synthesised materials. In 2011, Kihara et al. were the first to 

report a forest of SWCNTs as an efficient material for direct adsorption of a hydrogenase in 

a DET configuration [37]. In this study no chemical modification of the SWCNTs was 

needed prior to hydrogenase adsorption. This illustrates the opportunity opened by 

vertically-aligned CNT materials to create mediatorless high surface area carbon electrode 

and exploit hydrogenase aptitude to produce or split H2 by simple adsorption of the  
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bio-electrocatalyst. To the best of my knowledge, these two examples are the only examples 

to date of CNT forests for hydrogenase immobilisation.  

The limited consideration for CNT forests for hydrogenase immobilisation despite the 

advantages of this geometry can be linked to the need for homemade synthesis. In both cases 

[24, 37] the forests were obtained by a chemical vapour deposition (CVD) [91] technique 

schematised in Figure 1.10. In CVD synthesis of CNTs, a hydrocarbon source is broken 

down into smaller carbon fragments at high temperature around 700-800 °C in inert 

atmosphere. In the presence of a catalyst, usually in the form of metal particles pre-deposited 

on a substrate or formed in situ during the synthesis, these fragments recombined to build up 

the tubes that can grow into the forest geometry on the substrate. The first benefit of this 

approach is to cover surfaces with aligned CNTs and develop a high surface area electrode. 

The second interest comes from the homemade synthesis. This potentially gives more 

control than commercial materials over the CNT properties like length, diameter, 

graphitisation but also general chemistry [92, 93]. Controlling these properties, for instance 

by controlling the nature of hydrocarbon source used, the duration of synthesis or the 

temperature of experiments [92, 93], could possibly lead to improved hydrogenase 

immobilisation. However, no optimisation of these characteristics or the nature of the 

substrate used is detailed in the two examples mentioned [24, 37]. This is probably because 

the focus was to prove the benefit of the forest geometry itself rather than optimising the 

material/enzyme interaction. 
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Figure 1.10. Schematic representation of CVD growth of single CNT (top) and CNT 

forest (bottom). 

1.2.2.4. The complex case of carbon nanotubes 

CNTs, whether commercial or homemade, dispersed or as forests, SWCNT or MWCNT, can 

successfully be used to immobilise hydrogenases. The hydrogenase activity is maintained 

after immobilisation and practical applications for instance in fuel cells [33, 84] have been 

demonstrated. However the discrepancy between theoretical expectations and experimental 

observations is somehow puzzling. By looking closer at their intrinsic features, CNTs do not 

appear as an optimal material for hydrogenase adsorption. First is their challenging 

hydrophobicity. Second, due to their morphology, most of their accessible surface comes 

from the tubes outer walls constituted of basal-like plane, with only the open tips made of 

edge plane-like carbon (Figure 1.6b and Figure 1.8c). Therefore CNTs should be a 

relatively poor surface for hydrogenase adsorption in the first place. The use of a mediator is 

often required with CNTs (Table 1.1), even after chemical treatment, which means that a 

DET configuration is not necessarily favoured in the CNT/hydrogenase interaction. This 

could also be explained by the abundance of basal planes in a CNT. It has already been 

mentioned (Section 1.2.2.2) that basal planes are suggested to be less favourable for enzyme 

immobilisation compared to edge-planes [30, 31]. A faster electronic transfer is also believed 

to occur at edge planes vs basal planes and this difference has been intensively discussed by 

Compton and co-workers [94], especially using PG materials. However recent local electron 

transfer measurements performed by scanning electrochemical microscopy on graphene and 

Substrate

catalyst
particle

T

CNT forest

Substrate

hydrocarbon
Single CNT
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CNTs by Unwin and co-workers [95, 96] challenge this model. Due to the discrepancy in 

results and conclusions about faster electron transfer at basal or edge plane, it is difficult to 

establish how the material structure truly affects the enzyme activity. Improvement in 

various local characterisation techniques could resolve this important and highly debated 

question [97] and results would certainly be relevant for a better understanding of 

enzyme/CNT interaction.  

 CNTs then show properties that do not make them ideal candidates for hydrogenase 

adsorption in a DET configuration. Nevertheless it cannot be denied that CNTs bring some 

benefit to the development of hydrogenase electrodes. For instance, current enhancements up 

to 10 times [25, 26] are reported for hydrogenases immobilised on CNTs compared to a 

reference experiment without CNTs. The way in which CNT electrodes lead to higher 

apparent activity and loading of hydrogenases was investigated by Lojou et al. who used 

acid functionalisation to develop COOH groups [25] on SWCNTs with different lengths as 

schematised in Figure 1.11. In that study, these COOH groups favour on purpose 

hydrogenase (spheres) orientation into a MET configuration: the distal cluster (dark point, 

equivalent to the entry/exit point of electrons into the enzyme, Section 1.2.1.3) is distant 

from the carbon materials. However with a shorter length of the same acid functionalised 

CNT (SWCN-cut), a DET configuration is also achieved. This is because with smaller CNTs 

the distal cluster of the hydrogenase is more likely to be in direct contact with a carbon 

surface. This is possible even though the SWCNT on which enzyme is directly immobilised 

does not favour DET in the first place. This geometrical demonstration to favour DET and so 

higher enzyme activity is actually valid for any nanomaterials. Due to their nanometre scale, 

nanomaterials can statically favour a DET configuration by ‘trapping’ hydrogenases into a 

carbon network.  
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Figure 1.11. Schematic representation of the relevance of carbon material design for 

hydrogenase adsorption to favour DET. CNT are in grey, enzyme in yellow and distal 

cluster (see text) in black. From Reference [25]. Reprinted and adapted with kind 

permission from Springer Science and Business Media, Licence 3463741079885.  

This observation explains how CNTs are suitable to develop enzyme electrode 

despite their drawbacks but question the benefit to develop electrodes made of CNTs.  If the 

most important characteristic to achieve high enzyme electro-active loading in a DET 

configuration is a nano-size, alternative carbon nanomaterials are readily available. These 

are for instance amorphous carbon powders already demonstrated in enzyme fuels cells with 

high electrocatalytic current [19], without the drawback of challenging dispersion faced with 

CNTs. The lack of clear evidence to the benefit of CNT to develop hydrogenase electrodes is 

due first to the fact that CNT electrodes are not compared with electrodes made of other 

materials within a same study to date. Second, practical limitations make it challenging to 

compare the literature of CNTs with other carbon materials for hydrogenase immobilisation. 

CNTs are selected mainly for their nanoscale and a high surface area to develop electrodes 

with improved enzyme/material interaction due to the expected size match between the 

material and the enzyme. However, for CNTs as well as for previously mentioned materials, 

the surface area developed by the materials is rarely quantified in studies where it is 

combined with hydrogenases. The specific surface area developed by CNTs can range from 

DET and MET

MET
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10 to more than 1000 m
2
 g

-1
 in the literature [98]. As a comparison PG particles have a 

specific surface area of about 40 m
2
 g

-1
 [62]. In the absence of systematic quantification of 

specific surface areas it is difficult to conclude on the benefit to use CNTs to develop ‘high 

surface area’ enzyme electrodes compared to other materials. 

1.2.2.5. Recent trends and gaps in carbon materials literature for 

hydrogenase immobilisation 

Two different approaches are believed to favour a DET to make the most of hydrogenase 

activity: using graphitic materials with abundance of edge planes (Section 1.2.2.2) or 

nanomaterials (Section 1.2.2.3). A natural next step would be to combine the two previous 

approaches within the same material. This combination has been reported only recently: in 

2014, Lojou et al. [85, 86] reported hydrogenase adsorption onto carbon nanofibres. The 

nanomaterial was selected because it shows predominance of carbon edge planes as 

represented in Figure 1.12. The fact that the walls of the fibres are made of edge-planes 

should favour enzyme loading and stability (see Section 1.2.2.2.). This is to the best of my 

knowledge the first and only example where a material with abundance of edge planes other 

than PG particles was selected and reported for hydrogenase immobilisation. In this study 

again, no direct comparison with another material is performed. The real benefit to use this 

material compared to PG particles, amorphous carbon or CNTs is then difficult to establish. 
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Figure 1.12. (a) Transmission electron microscope (TEM) image of a carbon nanofiber 

and (b) associated schematic representation of the carbon planes in the fibre (red). 

Reproduced from Ref [85] with permission of the PCCP Owner Societies, License 

3564190717485. 

An additional important limitation to compare several results from different 

publications can also be illustrated with the previous example [85]. The enzyme used was 

isolated from the thermophilic organism Aquifex aeolicus and experiments performed at  

60 °C [85]. In another publication with PG particles the enzyme is isolated from Escherichia 

coli and experiments performed at 25 °C [63]. Using different hydrogenases under different 

conditions is a result from the interest of different research groups in different enzymes. 

Indeed hydrogenases can be isolated from different organisms [99] and several types of 

hydrogenases can be found per organism. Different atoms can make the active site and so 

some hydrogenases are most active for H2 production and others are most active for H2 

splitting. Some hydrogenases have an activity sensitive to poisoning agents like O2, CO, H2S, 

CN
-
 [100]. Some originating from hyperthermophilic organisms can operate at temperatures 

as high as 85 °C [55] where most enzymes usually operate most efficiently at ca. 30 °C. Also 
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different enzymes can show a different combination of properties and this means that 

different hydrogenases have different activity. A simple comparison of the publications 

presented in this review and summarised in Table 1.1 shows that the literature covers not 

only a range of different materials with different chemical or thermal treatments, but also a 

range of different hydrogenases. Identifying the real benefit of one material or one electrode 

design to another for hydrogenase immobilisation is then difficult due to the lack of unified 

studies of the same enzyme on different carbon materials. A last limitation in comparing 

various carbon materials is that there is no simple way to evaluate the electrocatalytic 

performances achieved by the enzyme on different electrodes. If all electrodes were planar 

electrodes illustrated in Figure 1.13, a simple intensive parameter to report is the current 

achieved per geometrical surface area of electrode at a given potential. However, the use of 

micro/nano material leads to high surface area electrodes where a powder of nanomaterials is 

for instance deposited onto a supporting planar electrode, Figure 1.13. The total surface area 

(S) of the electrode so obtained is higher than the planar electrode surface (SG) which 

favours the immobilisation of more enzyme molecules, leads to higher electrocatalytic 

current and has been recently suggested to stabilise the hydrogenase because of the 3D 

particle network formed [101]. Due to their nanometre or micrometre size, all the reviewed 

materials summarised in Table 1.1 are suitable to develop ‘high surface area electrodes’ for 

improved studies and applications of hydrogenase in biological fuel cells [51, 102] or H2 

production devices [73]. However the actual total surface area (S) developed is rarely 

quantified [25, 56, 63, 84], the electrocatalytic current achieved is rarely reported per mass 

of material used or per surface of material available. The data reported rarely make it 

possible to evaluate this information. Historically SG is preferred because it is a relevant 

parameter for planar-2D electrodes. Also the fields of batteries or fuel cells ultimately report 

current values per actual ‘size’ of a device [101]. For instance it can be the power density 
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achieved considering a geometrical volume, in this sense geometrical surfaces are more 

meaningful. A major drawback of using SG as a reference surface is that how efficiently the 

total surface (S) of the electrode is used is rarely addressed. This makes the comparison of 

different electrodes from different reports even more challenging. 

 

Figure 1.13. Schematic representation of the formation of high surface area 3D 

electrodes. 

1.2.2.6. Conclusions and possible development of new carbon materials  

PG, whether used as a block electrode or particles, is a widely used carbon material for 

hydrogenase immobilisation but fresh abrasion limits its relevance to a daily lab scale 

production and use. CNTs are commercially available and have been heavily considered as 

an alternative material due to their high surface area and nanoscale. However dispersed 

CNTs are more challenging to use in aqueous solutions than other carbon material powders. 

Powdered materials are also readily available for hydrogenase immobilisation without the 

need for further modification and have been proved to be suitable for devices like enzyme 

fuel cells. To develop better performing high surface area electrodes the trend is then 

towards powders of materials with a nano-size. Only recent research focuses on developing 

an abundance of edge planes onto a carbon nanomaterial to improve hydrogenase loading. A 

major limitation is that all these different materials and options to develop hydrogenase 

electrodes are investigated with different enzymes under different conditions. Any 

conclusion on the benefits of developing one electrode compared to another is then 

challenging. A unified study of the same bio-electrocatalyst on various carbon materials 
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would be beneficial to identify and tailor more efficient carbon electrodes and this is 

addressed in Chapter 3. 

Another trend is that alternative materials to PG are so far mainly considered for fuel 

cells or H2 production due to the well-established relevance of hydrogenases in these fields 

[8, 12, 29]. However, the interest in hydrogenases is not limited to these areas of research. In 

the next section of this literature review it is explained how selecting and tailoring suitable 

carbon materials could help in developing new methods of studies and new applications of 

hydrogenases. In Section 1.2.3 it is detailed how design of carbon nanomaterials used as 

dispersed powders could help the development of a technique to study hydrogenases. The 

technique is based on coupling the conventional protein film electrochemsitry technique to 

IR spectroscopic measurements for a better fundamental knowledge on catalytic 

intermediates and electrocatalytic mechanism. However powdered carbon materials are not 

ideal for all hydrogenase applications. Section 1.2.4 details why continuous catalysis is a 

promising area of development for hydrogenases and how novel carbon scaffolds based on 

CNT forests could help to exploit hydrogenase activity in flow systems. Finally, 

Section 1.2.5 suggests how inducing a change in composition along a CNT could lead to a 

new concept to spatially control immobilisation of objects and potentially hydrogenase 

molecule within a forest made of these CNTs. This approach could be relevant for new 

devices where facile and controlled functionalisation at the nanoscale is key. 

1.2.3. Coupling IR spectroscopy and electrochemistry by 

carbon material design 

Due to their electrocatalytic activity, hydrogenases have been extensively studied by protein 

film electrochemistry [34, 35] (Section 1.2.2). However, electrochemical measurements give 

mainly information on the electrocatalysis kinetics and thermodynamics but little structural 

information. A rather detailed understanding of hydrogenase activity has been established 
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along the years but some mechanistic features are still in the shadow [101]. To improve 

hydrogenase understanding, new investigation techniques are required and their development 

could greatly benefit from carbon material design. 

 

Figure 1.14. LEFT: representation of the crystal structure of a hydrogenase molecule 

showing how the enzyme is equipped for electron exchange from the outside of the 

enzyme to the buried catalytic active site: the protein framework is shown in ‘ribbon’ 

format in grey, [FeS] clusters are shown in elemental colours. The electron pathway 

from/to the outside of the protein to/from the active side in the middle of the ribbon 

structure is in red.  With the assistance of Ricardo Hidalgo, Department of Chemistry, 

University of Oxford. RIGHT: enlargement of the active site of an [NiFe] hydrogenase 

showing ligands CO and CN
-
 as well as the cysteine (Cys) amino acid. 

1.2.3.1. Need for a new technique to study hydrogenases 

Few techniques make it possible to control and change the redox states of a bio-

electrocatalyst and simultaneously acquire a characteristic signal from it. In order to gain 

more insight into hydrogenase features and properties, it is desirable to couple 

electrochemistry and vibrational spectroscopy. In particular IR spectroscopy is interesting 

because CN
-
 and CO  are rather unusual biological ligands present at the active site, where 

the catalytic reaction happens This is represented in Figure 1.14 for a [NiFe] hydrogenase. 

These ligands are characterised by IR active vibrational modes: CN
- 
gives 2 bands around 
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2000-2100 cm
-1

 and CO one band around 1810-1930 cm
-1

. The bands from the ligands do 

not overlap with the intense amide bands around 1650 cm
-1

 for the amide I and 1545 cm
-1

 for 

the amide II band of the enzyme [103, 104]. The integral CN
-
 and CO bands are then ideal 

probes to investigate changes at the active site during catalysis or in the various  

potential-dependent states of the enzyme. The need for coupling protein film 

electrochemistry and IR spectroscopy has been covered in a review by Ash and Vincent 

[105] and spectroscopy of immobilised enzymes under electrochemical control is a 

technique still being developed [103, 105]. When fully optimised, it is expected that this 

technique would lead to real-time analysis under fast and direct electrochemical control of 

the influence of parameters such as pH, gas composition, presence of poisoning agents etc. 

on spectroscopic signals and so on enzyme catalytic activity. This could lead to deep insight 

into mechanistic features of hydrogenases. Figure 1.15 illustrates the idea behind combining 

the benefit of electrochemical control achieved in protein film electrochemistry with IR 

spectroscopy.  

 

Figure 1.15. Schematic representation of coupled IR spectroscopy and electrochemistry 

using carbon materials. The enzyme is in green, the [FeS] clusters in blue and the active 

site in red. 
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1.2.3.2. Challenges in coupling IR spectroscopy and electrochemistry 

To understand why design of carbon materials could help the coupling of IR spectroscopy 

and electrochemistry some background on the technique is useful. IR spectroscopy can be 

performed in various modes: transmission, reflection-absorption, attenuated total reflectance 

(ATR) [105]. The ATR mode is attractive for a practical reason: ATR spectroscopic data can 

be obtained by depositing a powder of material on an internal reflection element, 

Figure 1.16. This element will be a silicon prism in this thesis because it does not have 

specific features in the IR wavenumber region of interest for hydrogenase study. It is then 

possible to build on top of the deposited powder an electrochemical cell by connecting the 

carbon film to a conductive carbon electrode. Once the enzymes are immobilised on the 

carbon particles it is possible to control the enzyme electrochemical activity and at the same 

time record IR data [103, 104]. 

 

Figure 1.16. Schematic representation of a set up coupling IR spectroscopy and 

electrochemistry in a ATR mode for investigation of bio-electrocatalysts. 

To optimise the signal-to-noise ratio, a popular way to conduct ATR measurements 

from immobilised species consists of depositing a gold or silver under (or over) layer on the 

prism before (or after) the immobilisation of the organic film of immobilised molecules to 

investigate [106]. This is to achieve ‘surface enhanced infrared absorption’ [107]. The main 

issue in this approach is the use of gold or silver. These metals have their own redox 

properties and can react with the aqueous solvent and electrolyte needed to perform the 
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electrochemical control. This limits the voltage range [58] or ‘electrochemical window’ that 

can be investigated compared to the relatively more inert carbon-only electrode. Developing 

carbon based electrodes compatible with IR spectroscopy in an ATR-mode could lead to a 

technique allowing deep investigation of enzymes in a wider electrochemical window. Last 

but important, carbon is a suitable material to immobilise hydrogenase (Section 1.2.2). 

 

Figure 1.17. Schematic representation of the ATR prism and evanescent waves 

penetration in the medium to be investigated. 

However, protein film electrochemistry measurements are often possible with 

relatively low loading of electroactive enzyme (below 1 pmol cm
-2 

) [35] in particular 

because the catalytic current measured is amplified by enzyme catalytic turnover. In contrast, 

spectroscopic signals are not amplified by catalytic activity. There is then a mismatch in the 

sensitivity, and so in the minimal loadings of enzyme required, when coupling these two 

techniques. In addition, IR spectroelectrochemical signals based on ATR mode involve 

evanescent waves [105] as illustrated in Figure 1.17. It is possible to roughly estimate the 

penetration depth (dp) of the waves in the sample to probe [108], deposited on top of the 

prism. Considering a refractive index of n1=3.42 for the silicon prism and n2=1.33 for a 

medium to probe mainly composed of water, an angle of 51° between the IR beam and the 
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silicon flat surface (as it will experimentally be used in this thesis), this gives a penetration 

depth dp in the order of 1 µm for a wavenumber of 1000 cm
-1

. The molecules to be probed or 

investigated after immobilisation on carbon materials must then be at least within 1 µm from 

the prism. Therefore the typical size of the carbon materials to be used as electrode must 

preferentially be less than 1 µm.  

In recent years, important improvements have been made to perform IR spectroscopy 

of hydrogenases under electrochemical control by Prof Vincent’s group in Oxford. However, 

the first material used was PG particles [103]. Due to low control on size and shape with the 

preferred abrasion methods, the particles with size around 5-20 µm [63] could not be used 

without a polymer binder (Nafion). Further attempt with a carbon powder with a nanoscale 

also required the use of a binder [104]. Rather than directly immobilised, the hydrogenases 

are likely to be trapped together with the particles into a polymer matrix. This means that the 

enzyme may need to diffuse to the electrode to exchange electrons so a fast electron transfer 

is not guaranteed. This fast electron transfer is however required to simplify the enzyme 

electrode preparation, to discard any influence of the polymer/mediator needed for electron 

transfer and to give better control over the electrochemical response. To achieve DET and 

fast electron transfer for coupling spectroscopy and electrochemistry, alternative electrode 

materials would be greatly beneficial.  

1.2.3.3. Towards improved coupling of IR spectroscopy and 

electrochemistry by carbon material design 

A simple conclusion based on geometrical considerations is that carbon nanomaterials with a 

size less than about 1 µm should facilitate the coupling between ATR-IR spectroscopy and 

electrochemistry. Developing the technique towards such micro/nanomaterials has been 

suggested [105] but not implemented and is investigated in Chapter 3. Several options 

illustrated in Figure 1.18 are possible to improve IR signal from the adsorbed species in the 
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ATR configuration. First, improving the electro-active loading of enzymes using tailored 

carbon based material (for example different size or surface area) so that most of the material 

surface is covered with enzyme and most of the immobilised enzyme sample sit as close to 

the prism as possible, Figure 1.18b. Second, developing structures like carbon nanotubes 

forests directly connected to the prism to get a carbon-functionalised prism and overcome 

the challenging dispersion of CNTs, Figure 1.18c. Third, improving penetration depth of IR 

signal in the volume probed by lowering the amount of carbon for instance by using 

hollow/porous structures or using core-shell materials with IR transparent cores like a silicon 

core and a carbon shell, Figure 1.18d. 

 

Figure 1.18. Schematic representation of an ATR spectroelectrochemical cell.  

(a) Electrochemical control decreases with distance from electrode while IR signal 

penetration depth decreases with distance to silicon optical prism. (b) Possible 

improvement to hydrogenase loading using smaller size particles. (c) Possibility to grow 

materials (e.g. CNTs) to functionalise prism and bring immobilised enzymes even 

closer to the prism. (d) Other materials that could be used to improve signal by 

maximising IR penetration depth: (i) hollow material, (ii) porous materials; (iii) silicon 

core – carbon shell particles. 
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1.2.4. Novel carbon scaffolds for flow-bio-redox catalysis 

In addition to improve stability, facilitate studies or applications (Section 1.2.1 to 1.2.3), 

supporting catalysts present a major advantage for chemical production in flow catalysis [13, 

22]. Section 1.2.4 first gives an introduction to flow catalysis, to show how immobilisation 

of catalysts facilitates their use in flow reactors to continuously produce chemicals without 

the drawbacks of batch synthesis. Second, an enzyme based method recently developed to 

produce chemicals is presented. This method exploits the redox properties of hydrogenases 

to split H2 to electrons and transfer these electrons through a carbon support. Combining the 

promising redox-enzyme-based chemical synthesis to flow catalysis could be relevant for 

various industries for the production of fine chemicals. Achieving this combination could 

benefit from the development of a flow-bio-catalytic device. An introduction to the field of 

flow catalysis and flow biocatalysis is first proposed. A severe limitation to couple flow 

catalysis and bio-redox systems is then identified: it is the lack of simple carbon supports to 

perform the coupling. This section finally identifies carbon scaffolds that could contribute to 

the development of flow-bio-redox catalysis. 

1.2.4.1. Flow and bio catalysis: a promising combination for industrial 

production of chemicals 

In 2011, top pharmaceuticals companies identified flow chemistry as the most important key 

area of research for sustainable development of chemical production [10]. In flow chemistry, 

a reactant is converted into a product in a continuously flowing stream of liquid or gas, 

Figure 1.19a. Flow chemistry then consists of performing a chemical transformation in a 

continuous or semi-continuous mode in a flow reactor. Flow chemistry offers a wide range 

of benefits in comparison to batch processing [109]: continuous operation, in line 

purification and characterisation, possible automation, facility to scale up production of 

chemicals, ease of product separation, possibility to miniaturise the flow system to increase 
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safety, minimise waste and by-products, minimise energy consumption [110-114]. These 

benefits reduce costs to synthesise chemicals which explain the increasing interest in flow 

chemistry for chemical production [10]. In particular, when a catalyst is used as illustrated in 

Figure 1.19b, flow catalysis is often performed in heterogeneous processes as the catalysts 

[110, 115, 116] or biocatalysts [117-119] are immobilised on inert solid supports. Flow 

catalysis further reduces costs of chemical production by improving the stability of the 

catalysts under operating conditions and catalyst recovery after reactions have been 

performed.  

 

Figure 1.19. Schematic representation of a reactor for (a) flow chemistry and (b) flow 

heterogeneous catalysis. 

The second area of research identified by pharmaceutical companies as key for future 

chemicals production is an increasing need for bio-processes [10]. For instance, enzymes are 

increasingly used as catalysts in the synthesis of fine chemicals because they can operate 

under mild conditions of temperature and pressure. This leads to safer and less energy 

demanding processes compared to other catalysts [10]. Also the near perfect regio- and 

enantio-selectivity of many enzymes make them a powerful tool in the selective synthesis of 
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chiral intermediates that are usually difficult to obtain by other routes. This high selectivity 

minimises waste and by-products, reducing production costs, time and energy. For instance 

using biocatalysts limits the number of purification steps required in drug production [10]. In 

particular, about 30 % of the main industrial biotransformations for production of fine 

chemicals are based on bio-redox processes [120]. A key limitation to use most enzymes 

with redox properties for chemical synthesis is the need for molecules called cofactors [118, 

121]. Cofactors are required in stoichiometric quantities and without cofactors, like 

nicotinamide adenine dinucleotide (NADH), the enzyme cannot perform catalysis and 

reaction does not proceed. During catalysis the cofactor is consumed as illustrated in 

Figure 1.20 for NADH oxidised to NAD
+
. Recycling of cofactors (reforming NADH from 

NAD
+
) is essential because the cofactor is often more expensive than the desired product 

[118, 121]. A preferred way to recover the cofactors in most industrial applications is to use 

a sacrificial reactant to regenerate the cofactor. This generates waste and so compromises the 

advantage of using biocatalysts in chemical synthesis. 

 

Figure 1.20. Schematic representation of redox biocatalysis illustrating the need for 

cofactor re-generation with the example of NAD
+
/NADH. Most cofactor regeneration 

processes generate undesirable waste products. 

 Taking advantage of both heterogeneous flow catalysis and biocatalysis is a natural 

option to address at the same time the most important challenges faced by industries in fine 

chemicals production. However this is not a simple task, with pharmaceuticals companies 

stating that ‘much more development is required to extend continuous to  
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biologics/bio-pharmaceutical processing’ [10]. This is first expressing the need for a simple 

route to implement biocatalysts in flow systems. Second, it indirectly addresses the need to 

recycle the cofactor more efficiently for flow-bio-redox catalysis. Both challenges can be 

jointly addressed by the careful design of carbon scaffolds compatible with flow systems. 

1.2.4.2. Hydrogenase-mediated chemical synthesis 

An emerging area of research in the field of hydrogenase takes advantage of the ability of the 

immobilised redox enzyme to oxidise H2 into protons and electrons to drive electron 

dependent reactions [62]. For instance several challenges in cofactor regeneration have been 

recently addressed by Prof Vincent’s group  at the University of Oxford using a cascade of 

enzymes [20], illustrated in Figure 1.21.  

 

Figure 1.21. Schematic representation of enzyme-catalysed H2-driven ketone reduction. 

The electrons from H2 are passed from the hydrogenase (green) to the NAD
+
-reductase 

(blue) through a conductive carbon material (black) to supply NADH to an  

NADH-dependent enzyme (red). Adapted from Holly Reeve’s DPhil thesis, Department 

of Chemistry, University of Oxford [122]. 

 The overall reaction is a chemical transformation using an enzyme-based cofactor 

recycling system [20]. A first property exploited is the ability to immobilise enzymes on 

conductive carbon materials. The immobilisation can be as simple as direct adsorption [20]. 

The second property exploited is the ability of hydrogenase, green in Figure 1.21, to split H2 

used as fuel into two electrons and two protons. A third property exploited is the 
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conductivity of carbon: the two electrons are transferred to a second enzyme (blue) through a 

carbon material (black) where the hydrogenase and this second enzyme are co-immobilised. 

The carbon material in some way mimics a complex electron transfer chain that could be 

found from one biological unit to another in an organism and acts as an electron transfer 

‘wire’ between the two enzymes. In Figure 1.21, the second enzyme is a NAD
+
-reductase 

able to convert NAD
+
 to NADH. Under a thermodynamic driving force simply established 

by maintaining a 1 bar partial pressure of H2, the co-adsorbed NAD
+
-reductase uses the 

electron provided by the hydrogenase for the selective reduction of NAD
+
 to NADH. Hence 

NADH can be generated and supplied in situ. A third enzyme (red) in the presence of the 

right reactant can further perform a specific reactant-to-product conversion using the formed 

NADH. The third enzyme can also be immobilised onto the carbon material, but can also be 

in solution. In the example presented, the third enzyme is an immobilised alcohol 

dehydrogenase (ADH) performing conversion of a ketone to an alcohol in the presence of 

NADH. During the catalytic reaction performed by the ADH, NADH is consumed while 

NAD
+ 

is formed. The formed NAD
+ 

can then be re-converted to NADH by the  

NAD
+
-reductase just as described previously and summarised in Figure 1.22. This offers an 

elegant continuous in situ recycling system for NADH. The overall reaction is 100 % atom 

efficient and no waste is produced since only H2 and catalytic NAD
+
 cofactor quantities are 

required in addition to the reactant. One proton and two electrons from the splitting of H2 are 

used for the reduction of NAD
+
 to NADH, the second proton is used for the conversion of 

the ketone to alcohol. Since all the enzymes can be immobilised, the product is not 

contaminated with either enzyme or by-products and advantageously no mediator is needed 

for the electron transfer. The opportunity to select the third enzymes from a library of 

biocatalysts leads to an extremely modular system, relevant for a range of chemical 

transformations. 
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Figure 1.22. Schematic representation of enzyme-catalysed H2-driven cofactor 

recycling for ketone bio-reduction.  

A key parameter in this approach is to co-immobilise the enzymes on a suitable 

carbon material. The first material considered to develop in 2011 this system in a batch mode 

were PG particles because it is a suitable material for the immobilisation of hydrogenase and 

the NAD
+
-reductase [20] (Section 1.2.2.2). These enzyme-modified particles already offer 

significant advantages over existing cofactor regeneration methods by using H2 to drive 

recycling the NAD
+
/NADH. However, PG particles can be of limited usefulness due to 

limited lab scale production and the need to produce the material on a daily basis by an 

abrasion technique (Section 1.2.2). The chemical industry expresses an increasing interest in 

carrying (bio)catalytic steps in flow reactors [10]. Developing bio-redox catalysis towards 

flow systems is then an approach with a direct relevance for industrial production and could 

be achieved with suitable carbon scaffolds. 

1.2.4.3. Need for simple carbon scaffolds for flow-bio-redox catalysis 

Advancing bio-processes and more specifically bio-electro and bio-redox processes towards 

flow catalysis is possible through the identification of suitable scaffolds to immobilise the 

catalysts. Materials usually considered as supports for flow catalysis are zeolites [123], 

silicas [115, 124], polymers [115, 116, 125] or carbon materials [115]. Carbon materials in 

particular combine a set of interesting properties. They possibly show a high surface area, a 

nanoscale, they are suitable to immobilise hydrogenase (Section 1.2.2) and most importantly 

they show higher conductivity than the other supports. Carbon materials are then the most 
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promising materials to upgrade the hydrogenase system presented in Figure 1.21 to a flow 

configuration. A natural approach to develop a suitable carbon scaffold for flow catalysis is 

to integrate one of the wide range of carbon materials [70] reported over the last decades for 

the immobilisation of particles [70, 71, 115, 126], molecules [42, 70] or enzymes [8, 24, 30, 

127]. Unfortunately, most of these materials are available as powders, like pyrolytic graphite 

or amorphous carbons (Section 1.2.2). To be used in flow systems, these powders often need 

to be packed into reactors like columns [76, 114, 128]. This requires several bar pressure 

[129, 130], sonication [131] and usually need for a filler [132] to ensure stability of the 

carbon network in the reactor. For instance, powder of CNTs require pressure as high as  

50 MPa to be packed in a column [130]. Alternatively these powders can be used in  

fluidised-bed/slurry reactors. In that configuration a gas/liquid is passed through a solid 

catalyst powder in a reactor, until the content of the reactor including the solid catalyst swirl 

[133]. This provides efficient mixing but usually requires high velocity, high pressure and 

large tanks which make the process highly energy demanding and possibly hazardous. 

Powdered carbon materials are then relatively difficult to implement in flow (bio)catalysis. 

A different approach to design flow reactors could be beneficial and CNT forests 

(Section 1.2.2.3) are promising candidates. 

1.2.4.4. CNTs in flow systems and flow catalysis  

Due to their high surface area, good mechanical stability, ability to adsorb molecules and 

their nanosize (Section 1.2.2.3), CNTs are good candidate for flow devices. In the past, 

CNTs have been implemented in chromatography [130] or membranes and filters [132, 134]. 

However they have been more rarely suggested or demonstrated in flow catalysis [69, 76, 

128, 135, 136]. This can be explained by several factors. First, this results from the need for 

intensive packing processes if the CNTs are used as dispersed materials [130]. Second, it can 

be explained by the challenging dispersion of CNTs [89] especially in aqueous solutions [88] 
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due to their strong hydrophobicity. These challenges can be overcome by considering 

alternative CNT geometries like CNT forests [90]. In this configuration the alignment 

obtained and detailed in Section 1.2.2.3 confers a degree of organisation to as-synthesized 

CNTs that cannot be achieved with powders of CNTs. Vertically-aligned CNT forests can be 

further chemically modified [24, 137], decorated with catalyst particles [135, 138] or 

accommodate biomolecules [24, 37]. As a consequence, vertically-aligned CNTs have been 

proved to be suitable for various flow reactors [136] and devices [90, 139] for filtration 

[140], chromatography [141, 142] or water desalination [143]. However, CNT forests have 

been more rarely suggested for flow catalysis [69, 135, 136]. The experimental 

demonstration of vertically-aligned CNTs in flow catalysis is actually limited to date to two 

examples to the best of my knowledge. 

In 2007, Ishigami et al. studied the hydrosilylation of 1-octene to octylsilane by 

platinum catalysts particles deposited onto MWCNT forests [69]. The process to obtain the 

flow reactor is illustrated in Figure 1.23a. It is rather complex and involves deposition of 

aluminium on a silicon substrate prior to MWCNT growth from ferrocene and xylene 

precursors by CVD in an open channel of width 2.5 mm. Platinum particles were then 

deposited on the MWCNTs by techniques requiring steps at temperature higher than 250 °C. 

The flow system is built up around the formed CNT forest by sealing the open channel. 

Hydrosylilation was performed at 50 °C at a flow rate of 1 µL min
-1

 with nearly 100 % yield 

and longer catalyst lifetime (up to 40 hours) with MWCNTs compared to a case without. 

This is attributed to better individualisation and stability of the supported particles, less 

subject to sintering in the MWCNT forest. However the aluminum layer and the nanotubes 

peeled off the channel surface under acid treatment preventing further chemical modification 

of the carbon surface. The second example was published in 2008 by Popp and Schneider 

[135] who studied the hydrogenation of p-choloronitrobenzene to p-chloroaniline at 27 bar 
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with a flow rate of 0.6 mL min
-1

. They achieved a yield of 2.6 % with palladium particles 

deposited in-situ by chemical reduction of a palladium salt onto the MWCNTs grown from 

propylene by CVD. The full sequence to obtain the reactor is illustrated in Figure 1.23b. It 

is a multiple step approach requiring an alumina template and etching step in hydrofluoric 

acid, a chemical unfortunately extremely harmful. The final flow device is also built around 

the MWCNT forest after synthesis. It is important to note that for both examples the main 

selection criteria for the CNTs was to offer a high surface area and the conductivity of the 

materials was not exploited. In both cases multiple steps before or after the growth of the 

CNTs were needed prior to obtain the flow reactor. In both cases catalyst deposition or 

experimental conditions require a high pressure and/or temperature. In both cases the 

catalysts are metal particles and not enzymes. 

 

Figure 1.23. Schematic representation of the flow catalytic devices developed in (a) Ref 

[69] and (b) Ref [135]. 

Avoiding templates, chemical pre-treatment of the substrates, etching step or need to 

build a device after CNT synthesis would greatly simplify the implementation of CNTs in 

flow systems. A simpler approach identified in this thesis is to directly grow CNTs in a 

hollow cylinder to fill it with vertically-aligned CNTs, Figure 1.24. By analogy with 

chromatographic systems and flow reactors, these hollow cylinders are referred to as 
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‘columns’ in this thesis. The column geometry is readily compatible with a flow, 

Figure 1.24a, as reported for stationary phase development in chromatography [141, 142]. 

This approach is conceptually close to the development of ‘inner wall-functionalised’ flow 

reactors [69, 113, 114] where the reactor inner channel’s walls are functionalised with a 

support for catalysts, Figure 1.24b. Direct growth of CNTs into a column also avoids the 

immobilisation step of the CNTs in the inner channel or any need for supportive binder or 

frit [144]. Vertically-aligned CNTs have indeed been observed to be in good mechanical 

contact with the surface they are grown on [136]. Another advantage is that direct growth of 

CNTs could be performed at temperature lower than 1000 °C [70, 144] whereas it would 

require temperature higher than 2000 °C to achieve the same direct filling with other carbon 

like graphitised carbon [144]. However, in all reports found where this type of approach is 

detailed to date the hydrocarbon flow required to grow the CNTs by CVD is forced to pass 

through the column during synthesis. Only one column can be obtained at a time [140, 141, 

145, 146]. A direct consequence of this method of production is the limited availability of 

CNT columns, which probably account for the limited investigation of these columns in flow 

catalysis. Limited production is also likely to be the reason why their application in flow 

biocatalysis and bio-redox-catalysis more specifically has not been suggested or reported to 

the best of my knowledge.  
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Figure 1.24. (a) Schematic representation of a column with a geometry readily 

compatible with flow catalysis. (b) Flow reactor than could be obtained by covering the 

inner diameter surface of the column with CNT forests (black) to support (c) catalysts 

(red) to develop (d) a flow catalytic device. 

1.2.4.5. The challenging option of CNTs for flow-bio-redox catalysis 

 Homemade CNT forests are suitable for hydrogenase immobilisation [24, 37] and can be 

grown onto various surfaces. They are interesting candidates to develop scaffolds compatible 

with flow systems for novel hydrogenase applications. The opportunity to perform  

enzyme-mediated catalysis with CNTs based flow devices is however limited to date by the 

following: (1) the implementation of CNTs in flow devices is usually complex and requires 

multiple steps; (2) in case CNTs are grown in situ in a column, the hydrocarbon source used 

to grow the CNTs is forced to pass through the column. Therefore only one scaffold can be 

obtained at a time. 

To transpose to a flow configuration a vast number of reported reactions supported 

by CNTs, it would be beneficial to have a simpler route to obtain CNT scaffolds readily 

compatible with flow catalysis. This is addressed in Chapter 4. Tubular substrates like 
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columns illustrated in Figure 1.24 are identified as interesting possible scaffolds. It is 

expected that by optimisation of the production of these columns their field of application 

could be considerably broaden. In particular it would be relevant to transpose the 

hydrogenase-mediated chemical transformation system described in Figure 1.21 to flow 

systems. First, transposing this enzyme cascade would be relevant due to the promising 

range of chemical transformations that could be performed. Second, using enzyme in 

aqueous solution is a perfect example to show that CNT forests are compatible with flow 

biocatalysis in aqueous solutions, despite the strong hydrophobicity of CNTs. Third, it is a 

way to prove that other properties than the high surface area of CNTs can be exploited in 

flow systems. For instance taking advantage of the conductivity of a CNT network to 

support bio-redox-synthesis in a flow reactor has not been considered to date to the best of 

my knowledge.  

1.2.5. Controlled properties along CNTs for localised 

immobilisation of hydrogenases 

Carbon powders may be suitable to develop electrodes (Section 1.2.2, Section 1.2.3) but are 

less suitable for flow systems which require the design of an ensemble of materials. For 

instance an ensemble can be columns filled with vertically-aligned CNTs to obtain a scaffold 

compatible with a flow (Section 1.2.4). To date, enzyme or other object immobilisation is 

performed with little spatial control within the ensemble. A further degree of design would 

be to locally achieve a spatially controlled immobilisation on a material, and ultimately 

within an ensemble of this material. Starting with the previously detailed example of  

co-immobilised enzymes for cofactor regeneration, a conceptual new material design to 

achieve localised immobilisation is proposed in this section. The design exploits more 

properties of the CNTs than those considered in Section 1.2.4. The additional properties 
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considered are: (1) the natural geometry of the nanotube and (2) a possible control over 

different surface properties along the tube.  

1.2.5.1. New concept for hydrogenase localised immobilisation 

The enzyme cascade based on hydrogenases [20] described in the previous section can be 

performed on carbon particles as illustrated in Figure 1.25a. If the carbon particles are 

interesting materials, it will be challenging to achieve immobilisation of one type of enzyme 

on one side rather than the other, as illustrated in Figure 1.25b. Such a partitioning of the 

enzymes could however lead to a natural gradient of electrons between the two sections in 

the case of an oxido-reduction process. This could hypothetically bring novel properties by 

creating directional current flow. A major limitation to test this hypothesis is that performing 

a complete or even partial localised immobilisation of enzymes on one part of a nanomaterial 

rather than the other is challenging. More broadly, performing a nano/micro spatial control 

for a nano-object immobilisation on a uniform nano/micro-object is a difficult task. If bulk 

immobilisation processes are well established to functionalise nanomaterials [24, 71], much 

less work has been carried to achieve a spatial control at the nanoscale over this 

functionalisation. The challenge is that particle-like materials have a zero dimension (0D) 

without spontaneous asymmetry. This means that from a geometrical point of view, there are 

no preferred parts on the particles to favour an asymmetric functionalisation. A one 

dimension material (1D) could facilitate a controlled immobilisation as illustrated in 

Figure 1.25c because this material has two natural extremities. This 1D structure is 

reminiscent of a CNT and it can be postulated that developing CNTs with different 

morphology or composition could favour different properties along the tubes. This could be 

further exploited for immobilisation of different species like enzymes along a nanomaterial 

or along an ensemble of this material like a CNT forest. 



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 1  55 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

 

Figure 1.25. Schematic representation of: (a) an enzyme redox cascade on carbon 

particles; (b) an hypothetical situation where localised immobilisation of enzymes could 

be performed on the particles; (c) a simpler 1D carbon material that could also be 

compatible with the configuration hypothesised in (b). 1D carbon materials that could 

favour the structure hypothesised in (c) by a simple carbon material design are 

proposed in (c1) and (c2): 1D materials with a carbon lattice orientation change; (c3) 

and (c4): 1D materials with a chemical composition change. 

Obtaining CNTs with different properties along the nanotube for localised enzyme 

immobilisation is conceptually possible by two approaches. First by changing the carbon 

planes from basal-like to edge-like. This should induce different interactions of the enzyme 

with the carbon surface: preferential interaction of the enzyme with the edge-like plane as 

detailed in Section 1.2.2. Second, by inducing a compositional change within the material. 

Changing the orientation of the carbon planes within a material as represented in option (c1) 
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and its extension (c2) should be possible. It could be attempted but the opportunity seems 

limited to a specific catalyst [147] that leads to tubes made of basal or edge-like walls 

depending on the temperature of reaction. Control over the carbon plane orientation has been 

achieved during independent experiments at two distinct temperatures. The possibility to 

experimentally induce a change in the orientation of the carbon planes along a nanotube by 

changing the temperature during the same experiment has never been considered or reported 

to the best of my knowledge. Since this last option has experimental limitations, an exclusive 

focus is given to an alternative option.  

A simpler option to develop the asymmetric material (c) could be to use the CNT (c3) 

in Figure 1.25c. This is a CNT with a change in composition where half of the carbon lattice 

is doped or enriched with an element like nitrogen and the other half is not. Nitrogen doping 

of CNTs has been established as a simple way to favour redox enzyme loading since the 

presence of nitrogen in the carbon lattice alters the properties of the CNTs. For instance, 

after acidic treatment, a higher enzyme loading was demonstrated on nitrogen-doped CNTs 

(N-CNTs) compared to the un-doped counterparts [148]. This was established by study of 

two independent doped and un-doped batches. The better loading is probably due to more 

defects in the N-CNT structure leading to more anchor points for the enzymes to be 

immobilised. Different behaviour can then be expected on the non-doped (C) section and the 

nitrogen-doped (N) section if they can be combined within a single material. Option (c4) is 

similar to option (c3) but now the two N sections are separated with a C section. One could 

expect preferential immobilisation of enzyme on the chemically modified N sections. 

Previous reports address the synthesis of CNT with a change in composition and are 

reviewed in Section 1.2.5.4. Prior to this, a broader introduction to asymmetric 

functionalisation of CNTs is given. This introduction highlights why the material design (c3), 

together with the general approach proposed in this thesis to design asymmetric materials, 
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have great potential applications when achieving a simple spatial control at the nanoscale 

over reactivity or functionalisation is key. 

1.2.5.2. Asymmetric functionalisation of CNTs: a review  

Beyond the scope of the application proposed in this report for hydrogenase immobilisation, 

the material (c3) illustrated in Figure 1.25 addresses a broader field of research and broader 

challenges. It is equivalent to the design of a Janus material which in their simplest and 

broadest description are objects with asymmetric properties or composition onto the same 

object [149]. A block co-polymer or a particle with only one half covered with a metal can 

be considered Janus objects [150]. Janus structures have specific properties brought by their 

asymmetric nature, such as magnetic properties [149], and can show different reactivity on 

their different sections [149, 151]. One simple example to illustrate both the benefit and 

challenges of tubular Janus structures is the creation of nano-swimmers [151].  

Nano-swimmers are not relevant for the objectives of this thesis but are a convenient 

example and case study. Nano/micro-swimmers can be obtained by deposition of platinum 

particles only at one end of a 1D material as illustrated in Figure 1.26. In the presence of 

H2O2, a reaction is catalysed by the platinum creating H2O and O2. The localised formation 

of O2 bubbles only at the extremity covered with platinum leads to the propulsion of the 

material in a given direction which illustrates localised reactivity. Another point to stress 

with this specific example is the asymmetric functionalisation achieved with an asymmetric 

process: an electric field is applied to the material. The material is polarised and the 

reduction of a platinum salt to platinum particles occurs only at one extremity of the tube. In 

most cases where asymmetric nano/micro-structures are reported, the final asymmetry is in 

fact induced by the technique used for modification or decoration of the carbon material and 

not by the properties of the material itself [149].  
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Figure 1.26. Example of Janus carbon micro-tube and possible application for  

nano-swimmers as developed in Ref [151]. 

Obtaining Janus materials is then often limited to specific asymmetric techniques to 

date, which can be a bottleneck to obtain them in large quantities and/or by simple and more 

widely established bulk techniques. Materials with a natural asymmetry like 1D materials 

may favour further simpler asymmetric functionalisation. However, despite their favourable 

geometry, tubular 1D materials have been far less considered than particles to develop Janus 

materials [149]. For instance, the few examples where Janus-like structures were obtained 

with CNTs are summarised in Figure 1.27. Asymmetric chemical functionalisation of CNTs 

has been performed taking advantage of the different reactivity of CNTs tips (edge plane, 

more reactive) over sidewalls (basal plane, less reactive) [152]. Free-standing  

vertically-aligned CNT forests [90] can be used to facilitate an asymmetric decoration. With 

this geometry it is possible to ‘macroscopically’ perform different chemical functionalisation 

at different extremities of the tubes [153, 154] or immobilise particles preferentially at the 

tips [155]. This can be done for example by pouring the right extremity in the right solutions 

of  reactant  and  flipping  the  forest  to  functionalise  the  other end  with  another  reactant.  
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Figure 1.27. Possible general approaches to obtain asymmetric CNTs as detailed in the 

text. 

Playing with the difference in hydrophobicity/hydrophylicity of the inside and outside of the 

tube also enables the localised immobilisation of particles inside or outside the CNT [156]. 

For asymmetric decoration of nanoparticles inside or outside the CNTs [157] polymer masks 

or templates are often required in a multi-step approach which adds complexity to the 

process. In view to immobilise enzymes, side functionalisation of the CNT would be more 

beneficial to exploit the carbon nanotube exposed surface. The same template approach can 

be used to functionalise asymmetrically the CNT walls [158-160]. However most treatments 

required to remove the template or masks would not be compatible with enzyme stability 

because it requires organic solvents or high or low pH. It is then not a suitable route localised 

immobilisation of enzymes which are too sensitive to harsh experimental conditions. 

Another option is to use ultra-long vertically-aligned CNTs (between 1 and 10 mm long) 
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where a gradient in defects along the CNTs occurs naturally. It can be used to induce 

different particle loadings along the tube [161] and ultimately possibly different enzyme 

loadings. However there is little control over the gradient of defects formed and hence little 

control over the localised loading of particles. 

Asymmetric structures based on CNTs are then limited in number to date. Their 

formation focuses on post-synthesis asymmetric decoration or functionalisation via specific 

processes [158], specific CNT geometry [153] or specific CNT length [161]. A simpler 

approach would be to induce in a controlled way different composition in CNTs via their 

synthesis. Due to the expected different properties possibly achieved along the CNTs, 

different particle loading or reactivity should be ‘spontaneously’ achieved on the different 

parts of the material even when using a bulk modification method and regardless of the 

method selected. Such material would lead to a simpler route to obtain carbon Janus-like 

micro-structures as is illustrated in Figure 1.25 with enzymes. To the best of my knowledge 

controlling different properties along CNTs to control immobilisation of objects has never 

been suggested. This concept needs to be proved and this starts by identifying suitable CNTs 

showing a structural change along the tube.  

1.2.5.3. Opportunities to tailor CNTs for asymmetric functionalisation: 

CNTs with junctions 

Modifying CNT properties via careful synthesis is the subject of considerable interest 

because it is a direct way to tune individual nanomaterials and so directly control bulk 

material properties. For instance, it is well established that elements such as boron, silicon or 

nitrogen can be incorporated in the CNT structure [92, 93, 162]. Hetero-atomic substitution 

gives control over individual nanotube electrical, surface, mechanical, morphological 

properties to match specific criteria in multiple applications of CNTs like electronics, energy 

or catalysis [66]. In particular, modifying carbon nanotubes with nitrogen [92] is known to 
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introduce defects in the graphitic carbon network [162]. So called N-CNTs are easier to 

chemically functionalise than their un-doped counterpart [163]. Nitrogen doping also helps 

to improve the efficiency of devices. For instance, better efficiency of platinum fuels-cells is 

observed when using N-CNTs rather than un-doped CNTs [164]. This is due to a more 

uniform coverage of the outer surface of the tubes with platinum particles, possibly due to 

more defects and favourable nucleation points on the N-CNT surface.  

A step further to tune CNT properties is the option to develop intratubular junctions 

within a single CNT. This gives nanotubes with distinct segments displaying different 

properties along the same tube. The nature of reported junctions is as diverse as SWCNT to 

MWCNT junction (SWCNT/MWCNT) [165]; different diameter junctions [166, 167]; 

coaxial MWCNTs [168] with N-MWCNTs wrapped by un-doped MWCNTs (C@N); 

isotopic C
12

/C
13

 junctions within MWCNTs [169, 170] and SWCNTs [171]; boron 

carbonitride to un-doped MWCNTs (BCN/C) junctions [172-174]; boron doped to un-doped 

MWCNTs [174] (B/C); nitrogen-doped to un-doped MWCNTs [175] and SWCNTs [176] 

(N/C) or even a controlled nitrogen gradient [177] along a MWCNT. It is worth noting that 

materials showing sections with or without nitrogen doping as presented in Figure 1.25 have 

already been reported. Transmission electron microscope (TEM) images of these structures 

are shown in Figure 1.28 together with the typical TEM image of un-doped MWCNT, 

Figure 1.28a, and N-MWCNT, Figure 1.28b. A MWCNT has thick walls (area with darker 

contrast in the TEM image) and well defined inner diameter (area with brighter contrast  

in-between the areas with darker contrast) whereas the N-MWCNT has a more corrugated 

structure. These typical morphologies can be combined along a single nanotube, 

Figure 1.28c, and this is a first assessment of the successful formation of a junction. Beyond 

the morphology and structure, other properties may differ along the nanotube. However, 

despite the variety of junctions demonstrated, these materials have not been considered for 
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localised immobilisation of species. A review of CNTs with junctions is then proposed in 

this thesis to understand better the knowledge and limitations on these structures to date. 

 

Figure 1.28. TEM images of individual (a) MWCNT, (b) N-MWCNT and (c) a 

MWCNT/N-MWCNT intratubular junction (C/N). Reproduced by permission of IOP 

Publishing from Ref [178].  

1.2.5.4. Synthesis, characterisation and applications of CNTs with 

junctions to date 

Key publications on CNTs with junctions are summarised in Table 1.2 and the techniques 

reported for their characterisation in Table 1.3. A specific focus is given to materials with a 

junction between nitrogen-doped (N) and un-doped (C) CNTs. This is because they 

correspond to the structure identified in Figure 1.25 to achieve a localised immobilisation of 

hydrogenase on a carbon nanomaterial. The nature of the hydrocarbon precursor used to 

grow the CNTs by CVD for instance, controls the properties of the CNTs [92, 179]. 

Therefore inducing different properties along the CNTs is achieved by changing the 

composition of the precursors during a single experiment, as the CNTs are formed. To form 

a CNT/N-CNT (C/N) junction there is a need to switch from a hydrocarbon precursor that 

does not contain nitrogen, like CH4, to a hydrocarbon precursor that contains nitrogen, like a 

mixture of CH4 and N2 [180]. Trying to connect CNTs obtained in two independent and 

successive steps does not lead to the desired junctions [180], or leads to non-continuous 

junctions between the two segments [167]. The phase of hydrocarbon precursors used before  



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 1  63 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

Table 1.2. Overview of the literature on CNTs with various junctions. A * indicates that 

the influence of order of precursor was investigated. N/R means that no yield was 

reported. ‘Claim’ means that a specific claim on the ability to produce large quantities 

is made. A ‘X’ in the alignment column means that the CNT are vertically-aligned and 

obtained without template unless otherwise specified. A particular focus is given to N/C 

junctions in the second half of the table. 

Junction Structure 
Precursor  

phase 
Yield 

Length 

of CNTs 
Alignment Application Date Ref 

m/m; m/s SWCNT - N/R - - electronic 1999 [181] 

12C/13C * MWCNT Gases (C2H4) N/R 
~ 190 

µm 
X - 

2001 

2003 

[169] 

[170] 
13C/12C SWCNT Gases (CH4) N/R < 70 µm - - 2008 [171] 

Various 

junctions 

SWCNT 

and 

MWCNT 

Gases (C2H4, CH4) N/R - - - 2006 [165] 

Diameter 

change 
MWCNT Gases (C2H2) 

Claim 

N/R 
- 

X 

(template) 
- 2001 [166] 

BCN/C MWCNT 
Gases  

(CH4, N2, B2H6) 
N/R ~10 µm X electronic 

2002 

2007 

[172] 

[173] 

B/C MWCNT Gases (CH4, B2H6) N/R ~10 µm X - 2008 [174] 

2 steps 

junctions 
MWCNT - N/R - X electronic 2004 [167] 

N@C MWCNT 
Liquids  

(benzylamine, toluene) 
N/R - - - 2007 [168] 

         
C/N * MWCNT Gases (CH4/N2) N/R - X - 2001 [180] 

C/N MWCNT 

Solid and Gas 

(iron phtalocyanine, 

ammonia) 

Claim 

N/R 

~10 µm 

 
- electronic 2004 [182] 

C/N MWCNT 
Solids  

(ferrocene / melamine) 

Claim 

N/R 
few µms - electronic 2005 [178] 

C/N  MWCNT 
Solids  

(ferrocene / melamine) 

Claim 

N/R 
~15 µm X electronic 

2006 

2007 

[183] 

[184] 

C/N * MWCNT 

Solid and Gas 

(iron phtalocyanine, 

ammonia) 

N/R ~10 µm X electronic 2006 [185] 

C/N * MWCNT 
Liquid  

(xylene, pyridine) 
N/R 

~ 800 

µm 
X - 2010 [177] 

C/N * MWCNT 

Liquids  

(hexane, 

ethylenediamine) 

N/R - - - 2011 [175] 

C/N SWCNT 

Liquid and Gas  

(C2H2, pyridine, 

acetonitrile) 

N/R 
~130 

µm 
X - 2011 [176] 

C/N MWCNT 

Liquid 

(hexamethylenetetramine, 

pyridine, benzene) 

Claim 

N/R 
~ 20 µm X electronic 2013 [186] 

 

and after the switch can be two solids [178], two gases [180], two liquids [175], a liquid 

[176] or solid [185] with injection of a gas like ammonia to induce doping. As summarised 

in Table 1.2, a variety of hydrocarbon precursors then lead to the desired structures. This is 
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encouraging to develop and investigate CNTs with junctions because their synthesis does not 

seem to be limited to strict experimental conditions. In most cases vertically-aligned forests 

are obtained [176]. This suggests the possibility to get control over the properties of not only 

individual CNT but also a forest made of these CNTs. 

However the syntheses developed to date are not satisfying in terms of quality and 

yields of materials. A number or reports explicitly stressed and acknowledged that creating 

junctions is still challenging [165, 168, 178, 180, 181, 185, 186], especially because the 

integrity of the CNT structures must be maintained which means that the junctions 

developed between the two sections must be sharp and continuous. There is also an 

acknowledged need to be able to produce larger amounts of these materials [174, 175, 177, 

178, 183, 186]. As a fact, publications highlighted with a ‘claim’ note in Table 1.2, 

explicitly make a claim on the ability to produce large quantity of materials. Unfortunately 

even when this claim is made, it is never supported by quantitative results. This probably 

stresses remaining limitations in the production of these materials. To improve the 

production, a better understanding of the mechanism at stake is certainly required. This 

mechanism is not fully investigated in most publications. One way to get better control on 

the production could then be achieved by studying the influence of order of precursor used 

on the resulting CNTs. In most cases the influence of order of injection of the two precursors 

to control the sequence of growth of the different section is not studied or not detailed. With 

solid precursors this is because the order of injection is fixed by the sublimation temperature 

of the precursors used [178]. For liquid and gaseous precursors it is experimentally possible 

to control the order. Cases where a specific study of the influence of the order of injection of 

precursors is reported are marked by ‘*’ in Table 1.2. In most cases the opportunity to invert 

the order of precursor injection to get more control over the structure formed is not 

investigated. In the few cases where this investigation is performed, it is shown that carbon 
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nanotubes with junctions are still produced. However this is reported as a side observation 

[175] and not fully exploited to establish a growth mechanism as it will be in this thesis. The 

limited optimisation of the growth can be explained by the fact that application of the 

material to date did not require large amount of CNTs. Indeed, an exclusive focus on 

electronics [182] and photo-electronics [187] properties and applications has been given to 

CNTs with intratubular junctions, Table 1.2. The related studies only require few individual 

nanotubes [167, 173, 178, 181, 182, 184-186, 188] to assess p-n junction behaviour to 

develop diodes for instance.  

Table 1.3. Overview of the different techniques used to characterise CNTs with 

junctions. A * indicates that the influence of order of precursor was investigated. A ‘X’ 

means that the technique was used to characterise the junction. A particular focus is 

given to N/C junctions in the second half of the table.  

Junction SEM TEM/HRTEM AFM EDX XPS EELS Raman TGA Date Ref 

m/m; m/s - - X - - - - - 1999 [181] 

12C/13C * X X - X - - 
X-along the 

tube 
- 

2001 

2003 

[169] 

[170] 

13C/12C X X X - - - 
X-along the 

tube 
- 2008 [171] 

Various 

junctions 
- X - - - - 

X-not along the 

tube 
- 2006 [165] 

Diameter 

change 
X - - - - - - - 2001 [166] 

BCN/C X X - - - X - - 
2002 

2007 

[172] 

[173] 

B/C X X - X X - - - 2008 [174] 

2 steps 

junctions 
X X - - - - - - 2004 [167] 

N@C X X - X - X - X 2007 [168] 

           
C/N * X X - - - - - - 2001 [180] 

C/N - X - X - X - - 2004 [182] 

C/N - X - - - - - - 2005 [178] 

C/N  X X - - - - - - 
2006 

2007 

[183] 

[184] 

C/N * X X - - - X - - 2006 [185] 

C/N * X X - X X - 
X-not along the 

tube 
- 2010 [177] 

C/N * - X - X - - - - 2011 [175] 

C/N X X - - - X 
X-along the 

tube 
- 2011 [176] 

C/N X X - X X - 
X-along the 

tube 
- 2013 [186] 
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The limited production also accounts for the relatively limited characterisation of 

CNTs with junctions to date. Characterisation is mainly performed with technique requiring 

little amount of materials (few milligrams). Techniques previously used are summarised in 

Table 1.3 and they are all relatively common in the field of materials science like scanning 

electron microscopy (SEM), transmission electron microscopy (TEM) and high resolution 

TEM (HRTEM), atomic force microscopy (AFM), energy dispersive X-ray spectroscopy 

(EDX), X-ray photoelectron spectroscopy (XPS), electron energy loss spectroscopy (EELS). 

These techniques have been selected because they give information with spatial resolution 

from few angstroms to few micrometres on the morphology and composition of 

nanomaterial. Most of them require access to specific equipment. This can explain why 

CNTs with junctions have to date been confined to the field of material science. In contrast, 

Raman spectroscopy is a widely used characterisation technique for carbon materials [189] 

and can be found in most modern research centres and universities. The technique is detailed 

in Chapter 2 and is promising as a simple way to characterise CNTs with junctions because 

it gives information on the graphitic structure of the carbon materials. Raman spectroscopy 

can be combined with confocal microscopy [186] to obtain localised information on the 

graphitic structure of the CNT along the tube. This is suitable to characterise the expected 

change in composition. For example, since nitrogen doping alters the graphitic structure of 

CNTs [92], Raman spectroscopy can be a good indication to establish if a section along a 

CNT with junction has been affected by nitrogen doping. Surprisingly, despite being simple 

and widely reported to characterise carbon materials, this technique has rarely been reported 

to characterise CNTs with junctions. A closer look to Table 1.2 and Table 1.3 reveal 

common features on materials where Raman spectroscopy along the tube could be 

performed. First: the nanotubes were in a forest configuration; second: the length achieved 

was longer than 20 µm. This makes sense considering that Raman confocal microscopy has 
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usually a spatial resolution of about 1-2 µm. The junctions themselves with a size inferior to 

100 nm (Figure 1.28) cannot be directly identified by Raman confocal microscopy. To 

accurately characterise CNTs on both segments on each side of the junction with Raman 

spectroscopy, it is easier to control the orientation of the tubes [176], so the possible location 

of the junction as illustrated in Figure 1.29. Therefore it is easier to work with forests rather 

than dispersed CNTs. However, even in this forest configuration, the limited length 

(Table 1.2) achieved for the CNTs with junctions limits their characterisation by Raman 

spectroscopy. This is because the length of each section, L1 and L2 in Figure 1.29, must be 

longer than the spatial resolution of the Raman spectroscopy measurement (D) to acquire 

Raman data on one specific section only. Similarly, the limited length and yield achieved to 

date account for the fact that investigation of the materials by other techniques like 

thermogravimetric analysis (TGA, detailed in Chapter 2) has rarely been considered. TGA 

could give information on the oxidation resistance of CNTs with junctions, therefore on the 

reactivity of the CNTs with oxygen. Only one example could be found for TGA analysis of a 

carbon material with a change in composition. This analysis was however  not performed on 

materials with a junction along the tube but on a core@shell C@N material [168]. It must be 

concluded that due to practical limitations on length and yield of material achieved to date, 

very little is known or established on the different graphitic structure and reactivity possibly 

developed along CNTs with intra-tubular junctions.  
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Figure 1.29. Schematic representation to illustrate the preference for a forest geometry 

for Raman characterisation of CNT with intratubular junctions. Each colour red or 

black corresponds to different segments with different properties within a single CNT 

with junction. The green spot corresponds to the Raman laser spot and schematises the 

spatial resolution of the measurement. 

1.2.5.5. Overcoming limitations in production and characterisation of 

CNTs with intratubular junctions 

In summary, developing CNTs with junctions and different properties has already been 

explored in the scientific literature. Unfortunately these materials have a limited production 

to date. This is probably why all studies related to the applications of these structures have a 

specific focus on their electronic properties. This also accounts for the confinement of the 

material to areas of research where specific techniques like electron microscopy are 

commonly used. Key achievements to broaden the scope of applications and study of these 

materials and to support the conceptual idea presented in Figure 1.25 are the following. 

First, achieve the production of large quantities and long (> 20 µm) vertically-aligned CNTs 

with junctions. This can be done by studying the influence of order of precursors to be able 

to understand better the growth of these structures. Second, establish that the independent 

structural properties of the sections on both sections of the junctions are maintained. In 
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particular to open new opportunities for using these materials outside the field of material 

science and nano-electronics, it would be beneficial to identify a simple method that is 

available in most laboratories to characterise the junctions. In this sense Raman spectroscopy 

has probably been overlooked. Third, prove that control over the structural properties 

developed during the synthesis of CNTs with junctions helps in achieving a spatial control 

over reactivity along the material. This could be done by showing for the first time a 

localised functionalisation along the nanotube using bulk modification methods, without the 

need for a process inducing an asymmetric modification. All these  

inter-dependent challenges are jointly addressed in Chapter 5. 

1.2.5.6. AACVD production of MWCNTs with intratubular junctions 

A major challenge to broaden the scope of application of CNTs with junctions is to develop 

a new production method. SWCNT can be metallic or semi-conducting but their synthesis 

often leads to a mixture of both species [77] and they are strongly hydrophobic. In contrast 

MWCNTs are slightly less hydrophobic than SWCNTs and so slightly more suitable for 

hydrogenase and enzyme adsorption [83]. MWCNTs are always metallic and their 

production is generally simpler to control so cheaper than for SWCNTs [77, 190].  In this 

thesis an exclusive focus has then been given to MWCNTs. Among methods to obtain 

MWCNTs are laser-ablation techniques, arc-discharge and CVD [190]. CVD (Figure 1.10) 

is probably the most popular production technique because it is simpler than the other 

methods, can be performed at atmospheric pressure and relatively lower temperature and yet 

achieve higher yields [190]. CVD also offers a wide range of parameters to control the 

growth and properties of the MWCNTs. For instance graphitisation, and so defects in the 

carbon lattice, can easily be tailored by using different precursors [191]. In particular with 

the aerosol-assisted chemical vapour deposition (AACVD) technique fully detailed in 

Chapter 2, it is possible to produce vertically-aligned forests of MWCNTs on various 
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substrates from potentially any liquid hydrocarbon precursors [179]. Since the properties of 

the MWCNTs like graphitic structure, oxidation resistance, general morphology and 

structure depend strongly on the precursor used [179], this confers to AACVD a range of 

parameters to tune the MWCNT structures as required. The second advantage of the 

AACVD synthesis is the opportunity to obtain ‘doped’ MWCNTs by using precursors 

containing nitrogen, silicon or boron atoms, which modifies further the morphology and 

properties of the MWCNTs [92, 93]. Finally the technique consists of co-injection of the 

liquid precursor and catalyst and so could be compatible with continuous synthesis of 

MWCNTs. The last advantage is then the opportunity to possibly scale up the production of 

MWCNTs [192]. Among the CVD techniques AACVD can be considered as versatile. 

However its versatility may not have been pushed to its limit and it may offer opportunities 

not fully investigated. In particular the opportunity to develop MWCNTs with a 

compositional change along the MWCNTs by AACVD has not been reported. The multiple 

opportunities offered by AACVD to develop MWCNT with junctions are then investigated 

in Chapter 5. 
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1.3. Conclusions 

Improving enzyme studies and applications requires the development of new carbon 

electrodes and scaffolds with different degrees of design. A first degree of design comes 

with the use of powdered materials. To optimise hydrogenase electrodes, the opportunity to 

investigate powdered materials with specific features, like high surface area or abundance of 

edge planes, has been reported only recently. Due to the lack of a unified study comparing 

these carbon materials for the immobilisation of the same bio-electrocatalyst under 

equivalent experimental conditions, it is difficult to conclude on the real benefit of one 

material compared to another. In this thesis, to clarify the influence of a given carbon 

material on hydrogenase immobilisation, a range of carbon material powders were identified, 

selected and obtained from commercial suppliers or synthesised as presented in Chapter 2. 

The materials are expected to show desirable properties for hydrogenase study and 

applications, like high surface area or a nanoscale. These materials are characterised in 

Chapter 3 and compared in a unified study of the electrocatalytic activity of a same 

hydrogenase adsorbed on the different materials. The coupling of IR spectroscopy and 

electrochemistry has also been limited by the lack of suitable carbon material powder to be 

used as electrode. The same nanomaterials are then further considered in Chapter 3 to 

improve the coupling of the two techniques for studies of species directly immobilised on 

carbon electrodes. 

A second degree of design is the use of an ensemble of carbon material. Hydrogenases 

are well established as suitable catalysts in enzyme fuel cells after immobilisation on carbon 

electrodes made of powdered materials. Hydrogenases have also been recently demonstrated 

in an enzyme cascade system to perform chemical synthesis. Upgrading the system to a flow 

configuration could be relevant for industrial up-scaling. Unfortunately powders of materials 

mainly considered to date for hydrogenase immobilisation are not simple to implement in 
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flow systems. CNT forests are more promising materials to develop high surface area 

conductive network for hydrogenase immobilisation but their use in flow devices suffers 

severe limitations. In particular there is a lack of simple CNT scaffolds compatible with a 

flow reactor configuration. In Chapter 4, the development of CNT ensemble in the form of 

CNT forests directly grown into quartz columns is investigated to obtain devices readily 

compatible with flow-bio-redox catalysis and chemical synthesis. 

When adsorbed on a carbon material, hydrogenase or other objects are usually 

randomly immobilised along the materials. Achieving a spatial control over the 

immobilisation of nano-object onto nanomaterials could give an extra degree of control, to 

possibly improve the efficiency of devices. For instance, this could lead to be a better 

electron transfer between co-adsorbed enzymes on a conductive material in the case of 

chemical synthesis assisted by hydrogenases. To achieve localised functionalisation, an extra 

degree of design is required for which CNTs are promising candidates because their 

properties can be easily tailored. Inducing different composition on different segments of a 

single CNT could favour spontaneous immobilisation of objects on these different segments 

due to different properties. A main drawback to date to test this hypothesis is the limited 

production of CNTs with intratubular junctions between segments of different composition. 

Besides, the scope of applications of CNTs with junctions has been limited to the creation of 

components for electronic. To address these limitations, Chapter 5 presents first an 

AACVD based method to produce large quantities of CNTs with junctions. Second this 

chapter attempts to fill a conceptual gap in the literature by addressing the spontaneous, 

controlled and localised reactivity and immobilisation of objects along a CNT. For a solid 

proof of concept, an asymmetric functionalisation should be induced for the first time by the 

material design, without the need to locally modify the nanomaterial after synthesis.  
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Chapter 2: Materials and methods 
“Highly organized research is guaranteed to produce nothing new.”  

Frank Herbert  

 

Part of this Materials and methods section was published in Ref [193] and reproduced by permission of the 

Royal Society of Chemistry. 

  

The research presented in this thesis aims at improving and developing new methods of 

study and applications of bio-electrocatalysts (Chapter 1). This is performed through the 

careful selection and design of different carbon materials. Chapter 2 provides general 

information on the carbon materials used, the way they were obtained, specific sample 

preparation and the techniques selected for their characterisation. However, Chapter 2 does 

not provide full materials characterisation or full interpretation of data used as examples 

which are addressed in more details in the following results chapters. 

In order to develop high surface area electrodes for hydrogenase immobilisation 

(Section 1.2.2), eleven carbon materials were selected. These materials are commercially 

available or synthesised in-house and introduced in Section 2.1 and Section 2.2 respectively. 

The materials are expected to show properties leading to a high loading of hydrogenases, 

like different general morphology, a sub-micron-size, a high degree of graphitisation or a 

high surface area. These properties were evaluated respectively by scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), Raman spectroscopy and 

nitrogen porosimetry, all introduced in Section 2.3. Additional techniques useful for this 

thesis are also covered in Section 2.3, like electron energy loss spectroscopy (EELS) 

required to assess a change in composition within MWCNTs with junctions (presented in 

Section 1.2.5 and investigated in Chapter 5). Thermogravimetric analysis (TGA) was found 

to be a simple and useful technique to investigate for the first time the reactivity of 

MWCNTs with junctions. To also prove for the first time that local functionalisation of 

MWCNT forests with a change in composition is possible, elemental analysis by dispersive 
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X-ray spectroscopy (EDS) was required to complete the panel of characterisation techniques 

used in this thesis. 

More specifically, the electroactivity of hydrogenases was investigated on different 

carbon materials in Chapter 3. Electrochemistry was then an important tool for this work. 

The electrochemical set up used, sample preparation and the electrochemical measurements 

performed are detailed in Section 2.4. The carbon materials, due to their expected  

nano-scale, were also selected to favour the coupling of IR spectroscopy and 

electrochemistry (Section 1.2.3). An introduction to the experimental set up, data analysis 

and data presentation required for this particular technique is given in Section 2.5. In 

Chapter 4, applications of hydrogenase for production of chemicals in flow systems are 

investigated. The methods used to follow the chemical transformations are presented in 

Section 2.6. Finally, in Chapter 5, localised functionalisation of MWCNT forests with a 

change in composition is performed with platinum particles as a test system. This is 

performed to illustrate for the first time that different loading with particles can be 

spontaneously achieved and controlled along a CNT forest with intratubular junction. The 

platinum deposition methods used are then detailed in Section 2.7. 

2.1. Commercial materials 

One option to improve hydrogenase loading on carbon electrodes is to use high surface area 

materials (Section 1.2.2). For this reason, carbon black powders commercially available and 

already broadly used in the field of fuel cells were selected: Mogul L (ML), Vulcan XC72R 

(VX) and Black Pearls 2000 (BP) were obtained from Cabot Corporation and used as 

received. For the same reason a carbon nanopowder (less than 50 nm particle size according 

to the supplier) referred to as CNP, was obtained from Sigma-Aldrich and used as received.  

Developing abundance of edge-planes in a carbon material is another option to 

increase hydrogenase loading (Section 1.2.2). In order to include a material displaying an 
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important amount of edge-like planes in the panel of materials screened, graphite platelet 

nanofibers (GNF) were purchased from Sigma-Aldrich and used as received.  

Pyrolytic graphite (PG) has been a preferred material for hydrogenase investigation 

due the simplicity to adsorb bio-electrocatalysts on its surface (Section 1.2.2.2). In the 

literature, PG particles are used to obtain high surface area electrodes. They are usually 

freshly prepared by abrasion prior to enzyme adsorption, produced in the required quantity 

and not stored [63]. Fresh abrasion is supposed to favour enzyme interaction with the 

material. A similar material was selected in this study. However, the flakes obtained in this 

work were not obtained by abrasion just prior to enzyme adsorption but several grams of a 

powder made of pyrolytic graphite particles was produced. The powder was stored over time 

in a glass container and used as needed. The material used in this work will be referred to as 

abraded pyrolytic graphite (APG) to mark the difference with the usual denomination ‘PG 

particles’ for freshly prepared particles. This production of APG was preferred in this work 

to make the comparison with other as-received or as-produced materials studied more 

meaningful. Indeed, none of the other ten materials selected required a post-treatment just 

prior to enzyme immobilisation. APG flakes were obtained by abrasion of a block of PG 

(obtained from Momentive Performance Materials) with glass paper (Norton Abrasives, 

P400 grade).  

2.2. Carbon materials synthesis  

2.2.1. Micron-sized graphite flakes: MG 

In order to favour a higher loading of hydrogenase and to achieve a sub-micron size to 

facilitate the coupling of IR spectroscopy and electrochemistry (Section 1.2.3), a smaller 

equivalent of APG was considered to develop a higher surface area material. Micron-sized 

graphite flakes were prepared by modifying a method used to prepare graphene through 
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exfoliation [194]. In a typical experiment 10 g of millimetre-sized graphite flakes (Aldrich, 

+100 mesh) were placed in 500 mL of isopropanol (≥ 99.5 %, Sigma-Aldrich) and left for 

200 hours in an ultrasonic bath (Fisherbrand, FB11301, 600 W, 45kHz). This breaks down 

the millimetre graphite flakes to smaller size flakes. The mixture was then left for at least  

12 hours to sediment, and a grey suspension containing smaller graphite flakes (ca. < 1 µm 

as assessed by SEM and TEM in Chapter 3) was pipetted off from the remaining bulk 

graphite flakes (ca. > 1 µm) at the bottom of the flask. The grey suspended material was then 

sedimented by centrifugation at 3100 × g (Hettich, Rotina 420R). After centrifugation the 

supernatant was decanted and the precipitated material was collected. The solvent was left to 

evaporate overnight at 80 °C leading to 0.5-1 g of a grey powder comprising micron size 

graphite flakes (MG). 

2.2.2. Hydrothermal synthesis of carbon nanoparticles: 

HNP 

To develop carbon particles with a high surface area and a sub-micrometre size to facilitate 

the coupling of IR spectroscopy and electrochemistry (Section 1.2.3.3), a hydrothermal 

synthesis method was used due to the simplicity of the technique. Several reports 

investigated this versatile hydrothermal technique to obtain carbon nanoparticles [195, 196]. 

However results obtained in one report are difficult to compare with another. This is because 

the size of the digestion vessels needed, Figure 2.1, volume of solutions and concentrations 

of reactants may vary between different reports [197, 198]. It was then necessary to perform 

an in-house screening of several experimental parameters to achieve control over HNP size 

and yield (results are reported in Table A1 and Figure A1 in Appendices). Parameters such 

as time, glucose concentration and temperature were investigated to optimise the carbon 

particle size to be as small as possible and the overall yield more than 100 mg per 

experiment. A yield of 100 mg was indeed found a sufficient mass to perform enough 
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experiments with the same batch of particles to assess the reproducibility of electrochemical 

measurements.  

 

Figure 2.1. Schematic representation of hydrothermal particle synthesis. 

It was established in this thesis, in agreement with the literature [198], that time and 

temperature are important parameters to control since a variation of one hour or 10 °C has a 

strong impact on the particle size and yield (Figure A1). The mechanism for the formation 

of HNP is not properly established but is likely to be a nucleation-growth process controlled 

by reactant diffusion [196, 199]. This was not studied further since the goal of the parametric 

study performed for this thesis was to identify a suitable set of parameters to obtain particles 

in the range 100-200 nm to ultimately favour the coupling of IR spectroscopy and 

electrochemistry. This was achieved by using the following procedure. In a typical 

experiment, 1.27 g of glucose (ACS reagent grade, Sigma-Aldrich) was added to distilled 

water (35 mL) in a PTFE-lined acid digestion vessel (45 mL, Parr Instrument Company). 

The closed vessel was then placed into an oven at 180 °C for 8 hours. The oven was then left 
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to cool down overnight before the sample consisting of the particles in a brown solution 

(with a ‘caramel smell’ noticed after opening the vessel) was collected. The particles were 

washed and centrifuged at least 5 times using distilled water and 5 times with ethanol  

(99.8 %, Fisher Scientific) for 10 to 15 minutes at 3100 × g per cycle (Hettich, Rotina 420R). 

Subsequently, the particles were left to dry overnight at 80 °C. Typical carbon particle yields 

were ca. 100 mg. The as-prepared particles lead to enzyme adsorption. However, it was 

found, in line with previous reports [200, 201], that the electrochemical response of materials 

prepared by this route can be improved by annealing the particles at high temperature. 

Therefore the particles were annealed at 1000 °C in argon (100 standard cubic centimetres 

per minute, sccm) for two hours. No effect on particle size distribution is observed after 

annealing while the graphitisation is changed (Figure A2), in agreement with previous 

experimental observations [202]. This change probably results from residual polymeric 

species on the carbon surface that are further converted to amorphous carbon materials upon 

heat treatment. This explanation is in agreement with the change in the colour of the particles 

from brown to black after annealing. Also in agreement with the literature [199], the relative 

standard deviation of the size of the particles assessed by TEM was around 10 %. The 

opportunity to obtain different type of particles and in particular hollow particles by this 

method was also achieved (Table A2, Figure A3). The benefit of hollow particles could be 

to minimise the amount of carbon in the material to facilitate the coupling of IR 

spectroscopy and electrochemistry. Unfortunately the final products did not bring any major 

advantage for the purpose of this study. They were not investigated further but these results 

illustrate the versatility of the technique. 

2.2.3. Polymerisation-carbonisation: Si@C 

Carbon particles with an IR transparent core of silicon are promising material to couple IR 

spectroscopy and electrochemistry for improved enzyme studies as suggested in 
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Section 1.2.3.3. Silicon core-carbon shell nanoparticles (Si@C) were generated through a 

polymerisation and carbonisation procedure reported by Gao et al. [203]. The particles were 

originally developed for batteries application and were shown to be conductive. Conductivity 

is an important property to develop enzyme electrodes. This is a strong argument to attempt 

to combine these particles not fully made of carbon with hydrogenase. Typically, 44 mg of 

4,4'-sulfonyldiphenol (98 %, Aldrich, BPS), 20 mg of phosphonitrilic chloride trimer  

(99.95 %, Aldrich, HCCP) and 20 mg of silicon nanopowder (≥ 98 %, Aldrich) with an 

average particle diameter of ca. 100 nm were dispersed using an ultrasonic bath (Ultrawave, 

U1250D, 200 W, 40 kHz) for 20 hours in 30 mL of ethanol (99.8 %, Fisher Scientific) and 

tetrahydrofuran (anhydrous,  ≥ 99.9 %, Sigma-Aldrich, THF) in a 1:1 mixture by volume to 

which 2 mL of triethylamine (≥ 99 %, Sigma-Aldrich, TEA) was added, Figure 2.2a.  

The resulting silicon nanoparticles with a poly(cyclotriphosphazene-4,4’-

sulfonildiphenol) [203] shell (PZS, Figure 2.2b), were washed 3 times with 

ethanol:tetrahydrofuran solution with centrifugation at 3100 × g (Hettich, Rotina 420R) to 

collect the particles. The particles were finally left to dry at 80 °C overnight prior to 

annealing under an argon atmosphere (100 sccm) at 900 °C for 2 hours. This is to form the 

carbon shell by annealing the polymer. A typical yield of final material is ca. 10-40 mg. This 

quantity is enough but relatively low for the purpose of enzyme studies by electrochemistry 

or spectroelectrochemistry. A process leading to ca. 100 mg of materials would be preferred 

to obtain enough material for several experiments to test the reproducibility of enzyme 

immobilisation on a same batch of material. The preparation method described was then 

successfully up-scaled in this thesis by multiplying all reactants and solvent quantities by 20 

to obtain ca. 200 mg of Si@C particles. 
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Figure 2.2. (a) Schematic representation of the synthesis of Si@C particles and  

(b) illustration of the formation of PZS. 

2.2.4. AACVD synthesis of MWCNTs 

MWCNTs have been intensively considered as electrode materials for hydrogenase 

immobilisation due to their high surface area and chemical stability (Section 1.2.2.3). 

MWCNTs were selected in this thesis in order to establish their benefits compared to other 
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carbon supports chosen to develop hydrogenase electrodes. MWCNTs synthesised in this 

report were obtained on a set up based on the AACVD technique reported previously [92, 

191]. AACVD was selected due to the multiple advantages of the technique. (1) It is 

compatible with a range of liquid hydrocarbon precursors which gives control over several 

properties of the MWCNTs like length, chemical composition, oxidation resistance or 

graphitisation [92, 191]. Controlling these properties could be useful to control enzyme 

immobilisation. (2) In particular nitrogen-doped MWCNTs (N-MWCNTs) can be obtained 

by AACVD [92] to develop more defects and a different chemical structure compared to  

un-doped MWCNTs. This difference in structure and composition may be relevant to favour 

hydrogenase immobilisation [148]. (3) The AACVD technique consists of co-injection of 

catalyst and precursor which avoids substrate pre-treatment to grow MWCNT directly on 

substrate made of quartz or silicon. This property of AACVD will be exploited in Chapter 4 

and 5. Finally, (5) AACVD is a technique that could be scaled up [192] and so the results 

obtained at a lab scale in this thesis could be directly relevant for industrial applications.  

The general AACVD set up for used in this thesis is represented in Figure 2.3 

(pictured in Figure A4). A precursor made of a mixture of ferrocene used as catalyst and a 

liquid hydrocarbon (like toluene) is placed in a glass unit cell (Figure A5) at the bottom of 

which is a piezo-electric (RBI Pyrosol 7901). The cell is connected to a quartz tube of 

21 mm inner diameter and the tube placed inside a furnace. The end of the system is 

connected to an acetone bubbler to exhaust gases and solid residues produced during 

synthesis, connected itself to a ventilation exhaust system. Adjusting the frequency and 

amplitude of the piezo makes it possible to develop conditions where a resonance is achieved 

in the cell and for which an aerosol is formed from the liquid mixture. By flowing a carrier 

gas (argon) to the system, the aerosol is injected into the quartz tube, playing the role of 

reactor. The argon flow carries the aerosol into the high temperature region of the furnace 
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where the ferrocene cracks down to lead to iron particles, Figure 2.3-1. These particles 

catalyse the growth of the MWCNTs. The solvent together with the carbon contained in the 

ferrocene provide the carbon source for this growth, Figure 2.3-2. After the synthesis, the 

whole internal surface of the quartz reactor is covered with vertically-aligned MWCNTs 

(Section 1.2.2.3). By scrapping the quartz reactor internal surfaces with a metal spatula, a 

powder of MWCNTs is collected for further use and characterisation. If substrates are placed 

within the quartz reactor during synthesis, they are also covered with forests of  

vertically-aligned MWCNTs as illustrated in Figure 2.3.  

  

Figure 2.3. Schematic representation of AACVD synthesis set up used for the growth of 

vertically-aligned MWCNTs. 

Unless otherwise specified, multi-wall carbon nanotubes (MWCNTs) and nitrogen- 

doped MWCNTs (N-MWCNTs) were synthesised using a mixture of 5 wt % ferrocene  

(98 %, Aldrich, purified through sublimation at 90 °C prior to use) and toluene (99.9 %, 

Fluka) for MWCNTs, or benzylamine (≥ 99 %, Fluka) for N-MWCNTs. The ultrasonic unit 
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was purged with argon for 10 minutes prior to heating up the furnace to avoid presence of 

oxygen in the system. Presence of oxygen in the system prevents the growth of MWCNTs 

and could be harmful at high temperature in the presence of hydrocarbons due to a risk of 

combustion and explosion. Experiments were performed at 800 °C under argon atmosphere 

(99.999%, BOC) with a flow of 2500 sccm unless otherwise specified. In Chapter 3, 

toluene was allowed to be carried to the furnace by the argon flow for 10 minutes to obtain 

MWCNTs and benzylamine for 20 minutes to obtain N-MWCNTs. The furnace was then left 

to cool down under argon atmosphere to < 300 °C before collecting the black MWCNT 

powder produced in the centre of the reactor. A typical yield for such experiments is ca.  

500 mg per experiment. MWCNTs in Chapter 4 and Chapter 5 were obtained by 

modification of the general approach presented here. Since these modifications are part of 

the results of this thesis, they are detailed in the results chapters. Both MWCNTs and  

N-MWCNTs contained traces of iron-based impurities after synthesis, typically 5 wt % 

[191]. Purification of CNTs for instance with acid treatment is commonly performed to 

remove those impurities [24] but adds a step to the preparation of the material prior to 

immobilisation with the enzyme. Avoiding a purification steps considerably facilitates the 

use of CNTs as bio-electrode. In this thesis the purification of the MWCNTs was not 

necessary because the impurities did not affect the activity of the hydrogenases.  

2.3. Carbon materials characterisation 

2.3.1. Specific sample preparation 

In the whole Chapter 3, powders made of the eleven carbon materials introduced in 

Section 2.1 and 2.2 were used to develop enzyme electrodes. Therefore the same powders of 

materials were used for all characterisation techniques. In Chapter 4 and 5 to overcome the 

challenging dispersion of MWCNTS (Chapter 1) a specific focus is given to MWCNT 
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forests (Section 1.2.2.3). MWCNT forests were characterised as-produced on substrates 

when the characterisation technique allows this specific geometry to be exploited. Since the 

substrate is part of the sample this confers several benefits. The first benefit is that the 

position of the MWCNT forest relative to the substrate is not lost, in contrast to the case of 

powders, which gives more information on the growth mechanism of the forest. Second, the 

same MWCNT forest on substrate can be characterised by several techniques after being 

placed in dedicated holders. For example it is then possible to collect SEM images, Raman 

spectra and EDS data (all techniques are detailed in the next paragraphs) from the same 

MWCNT forest. Since these techniques are not destructive the same sample can be further 

characterised by techniques requiring powders of the material (TEM or EELS, detailed in the 

next paragraphs) or for destructive characterisation like TGA (also detailed in the next 

paragraphs). Using the same sample for all characterisations facilitates the comparison, 

correlation and discussion of data obtained from different techniques. A more complete 

understanding of the nature and properties of the sample can then be achieved. 

 

Figure 2.4. Schematic representation of the process to make cross-sections of quartz 

columns with vertically-aligned MWCNTs in it for confocal Raman microscopy, SEM 

and EDS measurements. Quartz is represented in blue and MWCNTs in dark.  

The challenge to successfully perform various characterisations on the same sample 

comes with the need for specific sample preparation. In Chapter 4, to develop MWCNT 

1) Quartz column with MWCNTs inside

2) Scratching and mechanical stress 3) Cross section

quartz
MWCNT forest
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columns (Section 1.2.4) tubular quartz substrates were used. To characterise MWCNTs 

grown inside quartz columns of small inner diameter (1 or 2 mm), cross-sectioning of the 

columns was performed as illustrated in Figure 2.4. The columns (blue) with  

vertically-aligned MWCNTs (black) inside were scratched on the outer surface and a 

mechanical stress was applied with bare hands or tweezers. This process leads to neat cross 

sections, which makes the characterisation of the material grown inside the column relatively 

simple. 

 

Figure 2.5. Schematic representation of samples preparation for confocal Raman 

microscopy, SEM and EDS measurements of as-synthesised MWCNT forests. 

In Chapter 5, the substrates used were silicon wafers on which MWCNT forests were 

grown. Silicon was chosen because it is easy to cleave without damaging the forests as 

illustrated in Figure 2.5. The advantage of using a flat substrate is that the length of the 

forest can be easily assessed by looking at a section, in red in Figure 2.5. Then no 

information is lost regarding the position of the forests with respect to the substrate. This 

ultimately gives information on the growth mechanism that otherwise would be lost if 

MWCNT powders were used for characterisation. Since a cross-section is performed, a clear 

edge is obtained for analysis. This also provides an area to characterise, red in Figure 2.5, 

Silicon substrate

MWCNTs
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more representative of the MWCNT forest because more MWCNTs are grown within the 

forest than on its edge. All SEM, EDS and Raman data of as-synthesised MWCNTs in 

Chapter 5 are therefore associated with MWCNTs initially grown within the  

vertically-aligned forests. Just like for MWCNTs in a column, using a substrate makes it 

possible to acquire SEM, Raman or EDS data from the same sample.  

2.3.2. Scanning electron microscopy 

The different carbon nanomaterials powders (Section 2.1 and 2.2) selected to develop 

hydrogenase electrodes in this work are black and cannot be differentiated with the naked 

eyes or an optical microscope. To study their different morphology, scanning electron 

microscopy (SEM) images were then recorded with a Jeol 840F microscope operated at 5 kV 

using a secondary electron detector and a Zeiss NVision FIB microscope equipped with an 

in-lens and a backscattered electrons detector also operated at 5 kV.  

A requirement to obtain images with SEM is to get conductive samples. SEM is then a 

relatively fast characterisation technique for carbon materials because all the carbon samples 

in this thesis are conductive, so no extensive preparation is required (e.g. no need for 

conductive coating). To obtain an image, the microscope beam interacts with the conductive 

sample surface to generate different emissions of electrons (Figure A6, Table A3). Low 

energy secondary electrons (ca. < 50 eV) are related to the very surface of the sample and 

give information on the topology of the sample as displayed in Figure 2.6a. In this figure is 

reported a SEM micrograph of a MWCNT forest with a compositional change, marked by a 

wavy MWCNT section (C) on top of a straight N-MWCNT (N) section (detailed further in 

Chapter 5). To achieve a higher resolution and investigate the interface between the two 

sections, an in-lens detector was necessary in this work. An in-lens detector more selectively 

collects with a magnetic field electrons with the lowest energy among the secondary 

electrons. This selects scattered electron from the very top few nanometres of a sample and 
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provides a higher resolution because the background contribution of higher energy 

secondary electrons is minimised. This leads to better quality images revealing features that 

could not be resolved with a secondary electron detector. For instance in Figure 2.6, 

‘broken’ nanotubes with a pyramidal termination could be identified with the in-lens detector 

but not with a secondary electron detector due to the difference in resolution. 

 

Figure 2.6. SEM micrographs of the same sample made of MWCNTs with a 

compositional change from MWCNT (C) to N-MWCNT (N) with (a) secondary 

electron detector and (b) with an in-lens detector. 

Backscattered electrons are more energetic electrons and can originate from heavier 

elements in the sample. Platinum is a good element to illustrate the interest in exploiting 

backscattered electrons because its atomic number (78) is higher than carbon (6). Images 

based on backscattered electrons were used in this thesis to stress the influence of a change 

in composition in a MWCNT forest on platinum deposition (Chapter 5). In Figure 2.7a-b 

for instance, a difference in contrast in the grey scale image is observed between the sections 

made of MWCNTs (C, appearing darker) and N-MWCNTs (N, appearing brighter). The 

difference in contrast is more pronounced with the backscattered electron detector, 
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Figure 2.7b. The N-MWCNT section appears brighter, revealing a more uniform repartition 

of platinum on this section that the MWCNT section. A control image, Figure 2.7c, shows 

no difference in the greyscale image between N-MWCNT and MWCNT sections if no 

platinum is deposited. A backscattered electron detector is then suitable to assess the 

distribution of platinum on MWCNTs with a change in composition. This will be exploited 

for the first time in Chapter 5 and the experimental procedure for deposition is fully detailed 

in Section 2.7.  

 

Figure 2.7. SEM micrographs of a same MWCNT forest with N/C junction after 

electrodeposition of platinum taken (a) with a secondary electron detector and (b) with 

a backscattered electron detector. (c) SEM micrograph (backscattered electron 

detector) of the same sample before platinum electrodeposition. 

In Chapter 3, materials detailed in Section 2.1 and 2.2 in the form of a powder were 

used for characterisation. They were deposited onto a conductive double-sided adhesive 

carbon disc sticking on one side to an SEM stub and supporting the powder sample on the 

other. In Chapter 4 and 5, the samples grown on substrates were prepared as detailed in 

Section 2.3.1 and placed in dedicated holders to take images of the cross-sections. 
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2.3.3. Transmission electron microscopy 

A sub-micrometre size for the carbon materials used in this thesis is important because 

nanomaterials are likely to develop suitable high surface area carbon electrodes for 

hydrogenase immobilisation (Section 1.2.2.6). Nanomaterials are also required to couple IR 

spectroscopy and electrochemistry (Section 1.2.3). To assess the structure of the materials at 

this scale, transmission electron microscopy (TEM) was chosen. A TEM image is based on 

the interactions of electrons with samples of thickness less than few hundreds of nanometres. 

The resolution achieved is usually higher than with most SEM equipment. TEM was then 

used to complement the characterisation of samples with features than could not be resolved 

by SEM. For instance, TEM was useful to establish the size distributions of carbon 

nanomaterials. The particle shape and size distribution was analysed from at least 10 

different TEM images and at least 100 measurements on 100 individual particles.  

A TEM image also gives information on the inner structure of materials whereas SEM 

gives only surface and topological information. TEM was then used to assess the hollow or 

core-shell structure of the nanomaterials. In addition, high-resolution TEM (HRTEM) was 

necessary to get information on the carbon plane orientation (e.g. basal or edge plane) within 

the materials: to characterise the graphitic structure at a scale relevant for the immobilisation 

of enzymes (ca. 5 nm in size). TEM images were taken with a Jeol 2000FX operated at  

200 kV because at this voltage an optimal resolution was achieved with the equipment used 

and no damage of the samples could be noticed during the image acquisition. HRTEM 

images were recorded by Dr Antal A. Koós, Judy Britton or Vitaly Babenko (all Department 

of Materials, University of Oxford) with a Jeol 2010 operated at 200 kV. For measurements, 

few milligrams of carbon materials were dispersed in ethanol by sonication for a few 

seconds in an ultrasonic bath. The suspension was then drop-casted on to a Cu holey carbon 

TEM grid.  
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More specifically for this thesis, TEM was important to assess the differences between 

MWCNTs and N-MWCNTs in terms of general structures, inner diameter and size 

distribution. For instance, clear differences are observed between MWCNTs and  

N-MWCNTs in Figure 2.8: the MWCNTs have a tube-like structure with a hollow inner 

diameter (area of lighter contrast between the walls with darker contrast) whereas  

N-MWCNTs have a bamboo-like structure. TEM is also useful to identify residual  

catalyst-particles [191] within the nanotubes: features with a darker contrast inside the tubes, 

Figure 2.8. The difference in morphology and presence of catalyst particles can be observed 

in independent batches as detailed in Chapter 3 or within a single MWCNT with a change 

in composition as explored in Chapter 5. The possibility to identify residual catalysts 

particles in the latter case was found to give information on the growth mechanism of 

MWCNT with compositional change as detailed in the related result chapter. 

  

Figure 2.8. TEM micrographs of (a) a MWCNT and (b) a N-MWCNT sample. 

Catalyst-like particles are observed as objects with a darker contrast in the inner 

diameter of the nanotubes.  

2.3.4. Raman spectroscopy 

It has been suggested that the degree of graphitisation of carbon materials is an important 

parameter to control the immobilisation of hydrogenases (Section 1.2.2). To assess this 

property in the various carbon materials investigated, Raman spectroscopy is the most 
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suitable characterisation to complement HRTEM. Raman spectroscopy is indeed a simple, 

fast and sensitive technique and probably the most widely used to characterise carbon 

materials [189]. Raman data are acquired by simply placing a carbon material under a laser 

excitation to record different vibrational modes from the material. Carbon materials are 

typically characterised by the relative intensity of three peaks: D band (around 1340 cm
-1

) 

and G band (around 1565 cm
-1

) and 2D band (also called G′, around 2680 cm
-1

). In simple 

terms, the G band arises from the graphitic network and extent of sp
2
 hybridisation. It is 

related to C-C bond stretching in tangential vibrations of the graphitic carbon atoms 

respective to the axis of the tube [98, 189]. The D band intensity correlates with disordered 

amorphous carbon [98] in the sample and is linked to the extent of sp
3
 and sp hybridisation. 

The 2D band corresponds to a two-phonon, second-order scattering process and is the second 

harmonic of the D mode [98]. It is then possible to differentiate carbon materials like 

diamond [189], amorphous carbon [189], graphene [189], s-SWCNT [189], m-SWCNT 

[189], or even MWCNTs obtained from different precursors [93, 191] with Raman 

spectroscopy by investigating their different graphitisation and Raman spectra. 

The usual parameters used to compare carbon materials are the intensity (I) ratio of the 

various peaks [189]. Under the conditions of this study (532 nm excitation wavelength), if 

ID/IG is smaller than 1 the structures are considered to show a higher concentration of sp
2 

hybridisation (i.e. extended graphitic character). If the ratio tends to 1 then the material is 

considered to have a more amorphous structure with a mixture of sp
2
 and sp

3 
hybridisation. 

Even in cases where ID/IG is close to 1, the presence of a 2D peak, more related to 

interactions between graphene-like planes, suggests a strong graphitic component. For all the 

carbon materials presented in Section 2.1 and 2.2, a powder made of the material was 

dispersed in ethanol by 5 minutes sonication prior to deposition on a microscope slide. The 

degree of graphitisation of the samples was then investigated using a JY Horiba Labram 
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Aramis imaging confocal Raman microscope with a 532 nm excitation, unless otherwise 

specified.  

For the Raman microscope used, the spatial resolution to focus on a given area of the 

sample was about 1-2 µm in all cases for all samples. This resolution was more specifically 

exploited in Chapter 4 and 5 to acquire local information along a MWCNT forest on a 

substrate. In Chapter 4 this was done to acquire spectra of materials grown into quartz 

columns and sample preparation has been detailed in Section 2.3.1. In Chapter 5, 

MWCNTs with a compositional change were developed. An important experimental 

observation for further discussion and characterisation of these structures is that the change 

in composition leads to a change in morphology that can be assessed by SEM, Figure 2.6 or 

Figure 2.7. This change can actually also be observed with a simple x50 optical lens. In 

Figure 2.9a for instance, an optical microscope image of a forest with change in 

composition after cross section (described in Section 2.3.1) is reported. The forest shows 

two sections with different contrast and these sections are made of MWCNTs (C, top-dark) 

and N-MWCNTs (N, bottom-grey). Confocal Raman microscopy makes it possible to record 

Raman spectra on each section. The Raman data associated with each section are shown in 

Figure 2.9b and differ from each other. The ID/IG value is inferior to 0.5 and a clear 2D peak 

is observed for the spectrum recorded on the top section. The ID/IG value is superior to 0.5 

and a 2D peak with a relatively smaller intensity is observed for the spectrum recorded on 

the bottom section. Such spectra are usually associated with MWCNT and N-MWCNT 

batches respectively [93]. A higher ID/IG value together with the absence of a 2D peak can be 

explained by the influence of nitrogen doping introducing defects in the carbon lattice which 

accounts for a less ordered graphitic structure [204]. Observing these two typical signals 

within a same MWCNT forest is a good indication of a successful change in graphitisation 

associated with a change in composition and morphology along the forest.  
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Figure 2.9. (a) Optical microscope image obtained with a x50 lens for a MWCNT forest 

with a change in composition. The forest shows a section of MWCNTs (C) on top of a 

section made of N-MWCNTs (N). (b) Associated Raman spectra taken in each sections 

in the areas represented in dark and red in (a). 

Importantly here, the relative position of the different sections to the substrate is the 

same for optical microscope images in Figure 2.9a and SEM images in Figure 2.6 or 

Figure 2.7. This is due to the specific sample preparation detailed in Section 2.3.1. Results 

from both SEM and Raman spectroscopy can then be directly and un-ambiguously 

correlated. These purely experimental observations first prove than Raman confocal 

microscopy has a spatial resolution suitable to characterise MWCNTs with a change in 

graphitisation. Second, Raman spectroscopy results can be correlated to complementary 

techniques. This is fully exploited in Chapter 5 for comparison with other techniques such 

as EELS (Section 2.3.6), TGA (Section 2.3.7) and EDS (Section 2.3.7) to get for the first 

time a deep understanding of the influence of a compositional change on structure, 

morphology, graphitisation, oxidation resistance and functionalisation within a forest of 

MWCNTs with junctions. 



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 2                                                                                                                               94 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

2.3.5. Nitrogen adsorption porosimetry 

To develop high surface area electrodes for hydrogenase immobilisation it is important to 

quantify the carbon surface area and the degree of porosity developed by the material. The 

preferred non-destructive technic to date to assess these properties is gas adsorption. The 

amount of gas adsorbed by mass of a sample and the associated isotherm gives information 

on surface area and porosity [205]. Nitrogen adsorption porosimetry was then performed 

using a Micromeritics Gemini V BET surface area analyser (nitrogen adsorption at 77 K). 

For data collection on the eleven materials described in Section 2.1 and 2.2, samples in the 

form of a powder made of each material were left at 200 °C in nitrogen overnight prior to the 

adsorption measurements. The data were analysed using the Brunauer–Emmett–Teller (BET) 

model [205] for relative pressure between 0.05 and 0.3. For BP, HNP and Si@C the 

Langmuir [205] model was more suitable as it gave a better fit to the data. For these 

materials both the BET and Langmuir surface areas were considered. The molecular cross 

sectional area of nitrogen was taken as 0.1620 nm
2
. The Barrett-Joyner-Halenda (BJH) 

model was used to estimate pore characteristics [205]. Experiments were performed and data 

were interpreted with the help of Dr Frank Dillon (Prof Grobert’s group, Department of 

Materials, University of Oxford). Results and interpretation are detailed in Chapter 3. 

2.3.6. Energy electron loss spectroscopy 

In Chapter 5 of this thesis, MWCNTs with a compositional change were developed to 

possibly control hydrogenase immobilisation along a nanomaterial (as introduced in 

Section 1.2.5). More specifically, MWCNTs with junctions between un-doped MWCNT and 

N-MWCNT sections within a single MWCNT were developed. A MWCNT and a  

N-MWCNT differs by the presence of nitrogen atoms detected in the walls or in the hollow 

core of the N-MWCNT only [185]. To assess the expected change in composition along the 
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samples obtained in this thesis, energy electron loss spectroscopy (EELS) was used. EELS is 

an elemental analysis technique based on the measure of the kinetic energy loss of electrons 

after interaction with atoms present in a sample and gives information on the composition of 

a sample. Since the sensitivity to nitrogen (and light elements in general) with other 

techniques like EDS (detailed in the next section) is not high enough [206], EELS was the 

most suitable technique available for this work to assess a change in composition along a 

nanotube. Presence of nitrogen in the inner diameter or in the walls of CNTs was assessed in 

this thesis by EELS through the signal from gaseous nitrogen: N-K edge peak around 400 eV 

energy loss [185].  

In Figure 2.10a for instance, experimental EELS spectra for a N-MWCNT (N) and a 

MWCNT without nitrogen doping (C) are reported. Spectra differ by the presence of a peak 

around 400 eV for the N-MWCNT which is absent for un-doped MWCNT. The presence of 

the peak at 400 eV is then a good indication to confirm nitrogen doping by assessing the 

presence of gaseous nitrogen. The presence or absence of this characteristic peak can be 

mapped along a MWCNT which is useful in this thesis to establish a compositional change 

along a single MWCNT as illustrated in Figure 2.10b. Areas of the sample where spectra 

showing a peak at 400 eV could be recorded are indicated by a letter ‘N’ on the scanning 

transmission electron microscope (STEM) image acquired in annular dark field (ADF) 

mode. Areas of the sample where a peak at 400 eV could not be observed are indicated by a 

letter ‘C’. The areas where a peak at 400 eV (N) could be observed are confined to one 

extremity of the tubes on the image. This shows that EELS signals characteristic of  

N-MWCNT or MWCNT can be found with a spatial confinement within a single carbon 

nanotube structure. EELS measurements confirm a change in composition along the 

nanotube and this is exploited and discussed further in Chapter 5 to characterise MWCNTs 

with intratubular junctions. 
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Figure 2.10. (a) Typical EELS spectra of N-MWCNT (N) and MWCNT (C).  

(b) STEM-ADF micrographs of MWCNT with a N/C junction. Letters N and C on the 

STEM images indicate area on the tubes where a peak at 400 eV related to presence of 

gaseous nitrogen could be observed (N) or not observed (C) in the EELS spectra 

acquired on these areas. 

EELS measurements were performed at the University of Warwick with the help of Dr 

Rebecca Nicholls (due to refurbishment of the EM-suite at Oxford Materials). A Jeol 

ARM200F operated in STEM-ADF mode was used because the spatial resolution used in 

this mode is higher than with a TEM. The instrument was operated at 80 kV to reduce the 

knock-on damage caused by the beam [207]. Knock-on damage consists of removal of atoms 

from a sample under the electron beam. It happens only at energy higher than a threshold 

value which is higher than 80 kV for CNTs [207]. Operating below this threshold energy 

minimises damage to the sample. (Note that sample imaging for instance by TEM can be 

performed at higher voltage because the time needed for image acquisition is shorter than for 

spectroscopic data acquisition. Also the beam is more spread for TEM imaging so the 

electron dose transferred to the sample is not high enough to induce damage even at  
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200 kV). Samples were prepared as for TEM samples and data acquisition and analysis was 

performed by Dr Rebecca Nicholls (Department of Materials, University of Oxford). 

2.3.7. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) assesses the mass loss occurring by combustion of a 

sample in a controlled oxygen atmosphere under an increasing temperature ramp. TGA was 

useful in this work to assess the difference in oxidation resistance from MWCNTs and  

N-MWCNTs [93]. The later have a lower oxidation resistance marked by a weight loss of 

material due to combustion happening at lower temperature than for MWCNTs. This is 

illustrated in Figure 2.11 where the onset temperature - defined as the extrapolated 

temperature at which the weight loss begins - is 482 °C for N-MWCNTs and 612 °C for 

MWCNTs. This difference is due to more defects and a different composition in the  

N-MWCNT structure [92]. It can be expected that MWCNTs showing both a N-MWCNT 

and a MWCNT section due to a change in composition within the same MWCNT would 

show different oxidation behaviour on each section. For the first time this anticipated 

property was successfully investigated by TGA and results are detailed and discussed in 

Chapter 5. Measurements were performed with a Perkin Elmer Pyris Thermogravimetric 

Analyser from 100 ºC to 900 ºC at 5 ºC min
-1

 with the help of Dr Frank Dillon (Prof 

Grobert’s group, Department of Materials, University of Oxford). 

 

Figure 2.11. TGA analysis of N-MWCNT and MWCNT samples. 
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2.3.8. Energy dispersive X-ray spectroscopy 

In this thesis, carbon materials with a change in composition are investigated to promote 

different reactivity and control the immobilisation of objects like enzymes along a MWCNT 

forest. However, enzymes used in this thesis have several drawbacks to prove that this 

control can be achieved by simple material design. First, hydrogenases have a limited 

availability. Second, their loading on carbon materials can be low [35]. Third, they are made 

of light atoms and so not easily detected on a surface. Fourth, electrochemistry is a simple 

method to characterise hydrogenase activity and immobilisation but electrochemistry with 

spatial resolution at the micro-nanoscale is not a standard technique and require specific 

equipment [208]. A proof of concept is then first established with platinum particles using 

deposition methods fully detailed in Section 2.7. One reason for using platinum is that it can 

be easily characterised by energy dispersive X-ray spectroscopy (EDS or EDX). When the 

sample is submitted to an electron beam, some electrons are extracted from the atoms in the 

material leaving holes. These holes can be filled by higher energy electron and X-rays are 

emitted during the process. The X-rays are characteristic of a given type of atom and so 

provide a probe to perform chemical analysis of a sample. For example platinum is 

characterised by a pronounced peak at 2.100 keV. The presence of this peak is illustrated in 

Figure 2.12 and shows than platinum is not detected on as-synthesised MWCNTs (black) 

but is present after platinum deposition (red) on the MWCNTs. Presence of a characteristic 

peak from carbon in the EDS data comes from the MWCNT themselves, silicon comes from 

the substrate used, aluminium and lead come from the sample holder. Presence of iron is in 

agreement with residual iron-based catalyst particles present after AACVD synthesis of 

MWCNTs [191]. The opportunity to map the characteristic signal of platinum at 2.100 keV 

along a MWCNT forest is exploited in Chapter 5. This is useful to correlate a change in 

MWCNT structures (confirmed by Raman, SEM, TEM and/or EELS) to a change in the 
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loading and repartition of deposited platinum particles (assessed by SEM and EDS). EDS 

spectral acquisition was performed with a Jeol 840A SEM microscope operated at 10 kV and 

for EDS mapping and associated SEM backscattered imaging a Hitachi TM3000 table top 

SEM operated at 15 kV was used. 

  

Figure 2.12. EDS analysis of MWCNTs before (black) and after (red) platinum 

deposition. Data after platinum deposition are reported with an offset of 500 counts for 

clarity.   

2.4. Electrochemical measurements 

2.4.1. Three-electrode measurements 

Due to the electroactivity of the hydrogenases (Section 1.2.1), electrochemistry is an 

important characterisation technique in this thesis. The three-electrode set up used for 

electrochemical measurements is illustrated in Figure 2.13. The three-electrodes are a 

working electrode (WE), a counter electrode (CE) and a reference electrode (RE). All three 

are submerged into an electrolyte solution. A potentiostat (EcoChemie Autolab PGSTAT 
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128N) measures the electrochemical current between the WE and the CE and controls the 

voltage between the WE and the RE. The WE is the electrode of interest in this thesis and is 

made of carbon materials. The CE closes the electrochemical circuit and is made of platinum 

due to its relative inertness. The RE has a well-established and stable potential and is used to 

assess the electrochemical potential at which electrochemical phenomena happen. The 

reference electrodes used in this work are a saturated calomel electrode (SCE) from BAS, an 

homemade SCE or an homemade Ag:AgCl electrode. The potentials are reported against the 

standard hydrogen electrode which sets the standard of 0.000 V as the potential of the H
+
/H2 

couple (for a proton activity of 1 at pH=0). Potentials are reported in volts (V) against the 

standard hydrogen electrode (SHE) using the relation E(SHE) = E(SCE) + 0.242 V at 25 °C 

[63, 209]. This conversion is adjusted by -0.67 mV for every one degree increase in 

temperature. For the Ag:AgCl electrode filled with a 3M NaCl aqueous solution the relation 

E(SHE) = E(Ag:AgCl, 3M NaCl) + 0.209  at 25 °C was used [209].  

 

Figure 2.13. Schematic representation of the three-electrode set up used for 

electrochemical measurements. The potentiostat controls the voltage between the 

reference electrode (RE) and the working electrode (WE) while the current between the 

counter electrode (CE) and the WE is recorded. 
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2.4.2. Cyclic voltammetry 

In cyclic voltammetry experiments, the potential applied in the electrochemical cell between 

the WE and the RE varies linearly as a function of time between two values. For instance 

from Ei to Ef between the time t1 and t0, therefore with a scan rate of (Ef - Ei)/(t1-to) as 

illustrated in Figure 2.14a. The current is recorded, Figure 2.14b, and the usual data 

presented is the current intensity as a function of potential, Figure 2.14c. The schematic 

representation in Figure 2.14 corresponds to a case where no electro-active species is 

present in electrochemical contact with the WE: a ‘blank’. If an electron exchange with the 

WE electrode happens at a given voltage due to a change in the redox state of the species, a 

higher absolute value of current is measured. This is due to electron exchange with the WE. 

Conventionally, oxidation processes are associated with positive current and reduction 

processes with negative current. 

 

Figure 2.14. Schematic illustration of cyclic voltammetry. (a) The potential is cycled 

linearly over time. (b) Associated current response for a ‘blank’ electrode with no 

electro-active species in electrochemical contact with the working electrode.  

(c) Associated current response as a function of applied potential. 
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The main data of interest are then the voltage at which a redox phenomenon happens 

and the associated current. Controlling the voltage makes it possible to drive the species 

electrochemically connected to the WE into oxidised or reduced states. For instance, it 

makes it possible to control the enzyme in a range of potentials to establish how close to the 

thermodynamic potential the enzyme can operate [210]. The current reached in case of 

electrocatalysis gives information related to the kinetics and efficiency of the catalyst. This is 

because each catalytic cycle produces or consumes electrons. The flow of electrons, so the 

current measured, is then proportional to the number of catalytic active sites and their 

turnover frequency [100]. Cyclic voltammetry is then a useful technique to compare the 

activity of an enzyme on different carbon electrode and this is detailed further in Chapter 3. 

2.4.3. Chronoamperometry 

In the case of chronoamperometry the potential is fixed during the experiment and the 

current recorded as a function of time, Figure 2.15. If the current needs to be recorded for a 

succession of redox states of an electroactive species, a succession of potentials can be 

applied. Chronoamperometry can then be used to measure the activity of a redox species in 

an oxidised or a reduced state. The current recorded gives information on the number of 

electrons exchanged for a given time and so gives insight into the kinetics and efficiency of 

electrochemical processes. Chronoamperometry can also be used to evaluate the influence of 

a change in experimental parameters like concentration of reactants or temperature, by 

measuring associated changes in the current recorded at a given electrochemical potential. 

This technique will be relevant in particular for spectroelectrochemical measurements 

detailed in Section 2.5. 
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Figure 2.15. Schematic illustration of a chronoamperometry measurement. (a) the 

potential is varied between two potentials and (b) the current response recorded. The 

current response will strongly differ depending on the electrochemical process. 

2.4.4. Electrochemical set up and sample preparation 

The WE is the electrode of interest and the species to be investigated must be in 

electrochemical contact with its surface. The contact can be done by direct immobilisation 

on the WE surface, for instance by simple adsorption in the case of enzymes. It can also be 

done by drop-casting a dispersion of particles where the redox species has first been 

immobilised as illustrated in Figure 2.16. This is to develop high surface area electrodes 

(Section 2.4.2) to facilitate the acquisition of higher current related to the redox activity of 

the species. The WE in this work is a PG electrode with the ‘edge’ plane exposed (PGE) 

with geometrical area of 0.02 or 0.04 cm
2
. The PGE electrode was polished with 1 µm  

α-alumina powder and cleaned by sonication in MilliQ water for at least one minute prior to 

all experiments and particle deposition. 
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Figure 2.16. Schematic representation of the WE preparation for electrochemical 

investigation of immobilised redox species on carbon materials. 

 The WE is placed in an electrochemical cell presented in Figure 2.17. A rotator 

(EG&G model 636) control the rotation of the WE for rotating disc electrode (RDE) 

measurements to ensure that diffusion of the reactant (in this thesis: H2) to the WE is not a 

limiting factor during electrocatalysis. The cell design has an inlet and outlet that allows a 

gas (for instance H2) to pass above the cell solution to control the gas atmosphere. The 

enzyme activity and the potential of the reference electrodes depend on the temperature of 

the electrolyte. Therefore to ensure more reproducible results the cell is also water jacketed 

at 25 °C. The electrocatalytic activity of adsorbed species was assessed in an anaerobic  

N2-filled glove box (<1 ppm O2, Glove Box Technology Ltd.) to avoid traces of O2 because 

it can inhibit the enzyme and O2 reduction at the WE can complicate electrochemical data 

interpretation. 
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Figure 2.17. Schematic representation of the electrochemical cell used for 

electrochemical measurements. The electrolyte (yellow) containing cell is sealed (black) 

and the temperature is controlled by water circulation (blue). The RDE can be rotated 

which ensure gas (red) diffusion into the solution and to the working electrode (WE). 

The potentiostat controls the potential between the reference electrode (RE) and the 

(WE) while the current that passes between the counter electrode (CE) and the WE is 

recorded. 

2.4.5. Hydrogenase electrocatalytic investigation 

To study the influence of carbon materials on hydrogenase activity, hydrogenase 1 from  

E. coli (Hyd-1) was selected. Hyd-1 is a [NiFe] hydrogenase stable under a range of pH and 

temperature conditions, efficient in H2 oxidation and tolerant to O2 [33]. Hyd-1 is relatively 

robust and suitable for applications like enzyme fuels-cells [56]. The enzyme used in this 

thesis was purified from E. coli [211] following a published procedure [210] by Ricardo 

Hidalgo from Professor Vincent’s group (Department of Chemistry, University of Oxford). 

It was used at a concentration of 20 μM unless otherwise specified. Each of the eleven 

carbon materials selected (Section 2.1 and 2.2) was dispersed at a loading of 20 mg mL
-1 

by 

sonication in ultra-high purity water (Millipore MilliQ, 18 MΩ cm). For adsorption of  

Hyd-1, a 5 µL aliquot of enzyme solution was added to 5 μL of each dispersed material the 
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mixture was left overnight at 4 °C to allow enzyme adsorption. Carbon materials were then 

washed in the glove box 3 times with 20 µL of potassium phosphate buffer (KPB, 100 mM, 

pH 6.0) prepared from potassium phosphate dibasic (≥ 98 %, Sigma-Aldrich) and monobasic 

(≥ 99 %, Sigma). The enzyme-modified carbon materials were then separated by 

centrifugation (7000 × g, MiniSpin from Eppendorf). To each sample, 5 µL of buffer was 

added to obtain a dispersion of materials with immobilised enzymes at 20 mg mL
-1

.  

The high surface area WE was then prepared by drop-casting 0.5 or 1 µL (as specified) 

of the various material dispersions with adsorbed Hyd-1 onto the surface of the PGE 

electrode (Figure 2.16). A flow of 1000 sccm H2 (99.99 %, BOC) at 1 bar was introduced 

into the cell. The hydrogenase was activated for at least 5 minutes at -0.559 V vs SHE prior 

to measurements and further activated by sequences of 5 minutes at this same potential if the 

current recorded was noticed to significantly increase during successive scans of cyclic 

voltammetry. Current enhancement over time is indeed indicative of incomplete 

hydrogenase activation [63]. Voltammograms were acquired at a scan rate of 10 mV s
-1 

between -0.559 V and +0.241 V vs SHE. The absence of mediators [84] in all experiments 

means that the catalytic current arises solely from enzyme molecules adsorbed in an electro-

active configuration on the material [212]. Measurements were conducted with the WE 

rotating at 2000 rotations per minute (rpm) unless otherwise stated. Steps to higher rotation 

rates were performed to see if the current could be increased. This would suggest a mass 

transport limited situation where the reactant is not provided fast enough to the catalyst. For 

each material, an electrode prepared without Hyd-1 showed no catalytic current response 

in the presence of H2 over the potential window used for experiments in this study. 

Further examples and results relative to Hyd-1 activity are fully detailed in Chapter 3. 
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2.4.6. Flavin mononucleotide electrochemical investigation  

Hyd-1 is a rather expensive to produce electro-active molecule with limited availability so a 

cheaper test molecule showing both electroactivity and IR characteristic signals was used for 

proof of concept experiments to couple IR spectroscopy and electrochemistry. This molecule 

is flavin mononucleotide (FMN, riboflavin 5’-phopshate sodium salt hydrate, from Sigma-

Aldrich). In a similar way to the previously described procedure, FMN in MilliQ water at  

10 mM was left to adsorb on the materials presented in Section 2.1 and 2.2. Adsorption was 

performed over one hour at 4 °C in the dark because FMN is light sensitive and its 

electrochemical properties are modified with long term exposure to daylight. In a typical 

experiment, 10 to 50 µL of a dispersion of material at a loading of 20 mg mL
-1

 in MilliQ 

water was mixed with an equal volume of FMN solution (10 mM). The particles were then 

thoroughly washed at least six times with several aliquots of MilliQ water and centrifuged to 

remove the washing solutions. A final volume of MilliQ water was added to the particles to 

give a final loading of ca. 20 mg mL
-1

. Adsorbed FMN was first studied by electrochemistry 

and the experimental procedure for electrochemical measurements is the same as for Hyd-1 

investigation unless otherwise specified. The difference is that no H2 was used and no 

rotation of the electrode was required. This is because FMN undergoes a reversible 2 

electron oxidation-reduction and only has redox properties without showing an 

electrocatalytic activity under the experimental conditions used. 
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2.5. ATR-IR spectroscopy under 

electrochemical control 

2.5.1. Experimental set up 

ATR-IR spectroscopy under electrochemical control is a technique that consists of coupling 

IR spectroscopy and electrochemistry. When fully developed this technique could lead to 

deep understanding of hydrogenase activity (Section 1.2.3). The principles for the 

electrochemical measurements are the same as previously described (Section 2.4.1). The 

electrochemical cell in an ATR configuration however differs from the RDE cell presented 

in Figure 2.17. The particles are now dropped onto a silicon prism as illustrated in 

Figure 2.18a and then pressed down below a piece of conductive carbon paper (TGP-H-030 

from Toray) to create the WE. The design of the cell allows a RE and a CE to control the 

potential on the particle film, Figure 2.18b. The electro-active species, which are also IR 

active species, are now immobilised in direct contact with an optical prism. IR spectra can be 

collected while controlling the electrochemical potential, so while driving the species in a 

reduced or oxidised state. To assess the benefit of using nanomaterials to develop this 

technique (Section 1.2.3) the eleven carbon materials presented in Section 2.1 and 2.2 with 

immobilised enzyme or FMN on it were used. The protocol to immobilise the redox species 

on the carbon materials is the same as described in Section 2.4.5 and 2.4.6. The volume of 

dispersion used for coupled IR spectroscopy and electrochemistry experiments was such that 

enough particles were deposited to fully cover the prism (typically 20 to 60 mg of material 

with immobilised enzyme or FMN). Spectra were obtained with a number of scans at least 

equal to 250 with a FTS- 7000 FTIR spectrometer or Varion 680-IR FTIR spectrometer. 
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Figure 2.18. Schematic representation of (a) the formation of the working electrode 

(WE) for ATR-spectroelectrochemcial measurements and (b) assembly of the  

ATR- spectroelectrochemical cell with a WE, a reference electrode (RE) and a counter 

electrode (CE). 

2.5.2. Data processing and presentation 

Due to the specific technique of spectroelectrochemistry, some general understanding of the 

data acquisition and analysis is detailed in this section to facilitate further discussion in 

Chapter 3. The benefit of the ATR spectroelectrochemical cell is to control the adsorbed 

species on the carbon materials in reduced or oxidised states, for instance FMN absorbed on 
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BP (Section 2.1). FMN shows two distinct oxidised and reduced forms illustrated in 

Figure 2.19a. A cyclic voltammogram recorded in the spectroelectrochemical cell and 

displayed in Figure 2.19b shows two peaks at -0.20 and -0.25 V vs SHE. This corresponds 

to a two-electron transfer to respectively oxidise or reduce FMN, confirming that FMN 

adsorbed on the carbon material is under electrochemical control in the 

spectroelectrochemical cell. At potentials higher than -0.20 V vs SHE the FMN is in an 

oxidised state (FMNox), below -0.25 V vs SHE it is in a reduced state (FMNred). Using 

chronoamperometry, Figure 2.19c, it is then possible to control the immobilised FMN in a 

reduced or oxidised sate while IR data are acquired.  

 

Figure 2.19. (a) Representation of the reduced (left) and oxidised (right) form of FMN 

[R=CH2-(HCOH)3-CH2-HPO4
-
Na

+
]. (b) Cyclic voltammogram and  

(c) chronoamperometry trace for FMN absorbed on BP recorded in the 

spectroelectrochemical cell. For the oxidised state (FMNox) the spectrum was recorded 

by controlling the potential at +0.2 V vs SHE and for the reduced state (FMNred) the 

potential was controlled at -0.6 V vs SHE. 
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The differences in the molecular structures between FMNox and FMNred forms should 

lead to different IR spectra depending on the potential applied in a spectroelectrochemical 

experiment. FMNox is expected if the potential applied is for instance +0.2 V vs SHE and 

FMNred is expected if the potential applied is -0.6 V vs SHE. However, the as-acquired IR 

signal at those two potentials are dominated by the water absorbance of the electrolyte in the 

3600–3000 and 1700–1600 cm
-1

 regions, and weaker absorption in the 2300–2000 cm
-1

 

region, Figure 2.20a-d, simply because water is the main species present in the aqueous 

electrolyte in the spectroelectrochemical cell. Therefore the different features in IR signals 

expected FMNox or FMNred forms are not observed directly. To observe distinct IR signals 

from oxidised or reduced forms of an electro-active species the spectroelectrochemical data 

are presented as difference spectra, Figure 2.20e. The subtraction reveals in particular a 

negative peak at 1539 cm
-1

 in the ‘subtracted’ spectrum (FMNox-FMNred). The full 

significance of this peak will be covered in Chapter 3. Mathematically speaking, the 

positive peaks (pointing towards the top of the figure) in the subtracted spectrum correspond 

to IR features appearing in response to the potential step (i.e. the oxidised state of FMN) 

whereas negative peaks (pointing towards the bottom of the figure) are related to features 

present in the reduced state in Figure 2.20e. It must be understood for now that this is IR 

spectroscopic evidence that the adsorbed FMN has been controlled from an oxidised to a 

reduced state by the electrochemical potential applied. If there was no electrochemical 

control, applying a different potential to the FMN adsorbed on the electrode would not 

change the state of the FMN molecule. If the FMN remains in a same state (oxidised or 

reduced), it would have the same IR spectrum and so the subtracted spectrum in 

Figure 2.20e would be a flat featureless line. Data in Figure 2.20 then show that coupling 

ATR-IR spectroscopy and electrochemistry of adsorbed species on a carbon electrode is 
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possible. The benefit of different carbon materials to perform the coupling is further 

discussed in Chapter 3.  

 

 

 

Figure 2.20. Spectra recorded at the different voltages applied during 

chronoamperometry for FMN adsorbed on BP. For the oxidised state (a, FMNox) the 

spectrum was recorded by controlling the potential at +0.2 V vs SHE and for the 

reduced state the potential was controlled at -0.6 V vs SHE (b, FMNred). Enlargement of 

the wave number region where FMN has a strong signal are represented in (b) and (c) 

for FMNox and FMNred respectively. The subtracted spectrum (e, FMNox-FMNred) 

corresponds to the subtraction of the FMNred spectrum from the FMNox spectrum.  
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2.6. Chemical reaction assessment 

In Chapter 4, MWCNT scaffolds are developed to support bio-electrocatalysis and chemical 

synthesis in a flow reactor configuration. To follow the completion of the chemical 

transformations occurring and detailed in Section 1.2.4.2, UV-vis and high-performance 

liquid chromatography were needed. 

2.6.1. UV-vis spectroscopy 

A first step in the successful implementation of the enzyme recycling system presented in 

Section 1.2.4.2 is to perform the in situ formation of the cofactor NADH from NAD
+
, 

Figure 2.21. To follow the formation of this molecule, UV-vis spectroscopy was performed 

by Dr Holly Reeve (Prof Vincent’s group, Department of Chemistry University of Oxford) 

according to her protocols and calibrations. The Beer-Lambert law links the measured 

absorbance (A) of a molecule at a particular wavelength to the concentration of the 

molecules (c), the extinction coefficient at this wavelength and the path length (l) by: 

     A=ɛ.c.l   (B) 

The amount of NADH formed is quantified by following the absorption at 340 nm because 

at this wavelength NADH absorbs whereas NAD
+
 does not [213] due to the presence of a 

pyridine group in the NADH form only [214]. For UV-vis measurements a Cary 60 UV-vis 

spectrophotometer (Agilent) was used with a UV-vis cuvette of path length 1 cm. 
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Figure 2.21. NAD
+
/NADH redox couple. 

2.6.2. High-performance liquid chromatography 

To specifically follow the conversion of a reactant to a product, high-performance liquid 

chromatography (HPLC) was performed by Dr Holly Reeve (Prof Vincent’s group, 

Department of Chemistry University of Oxford) according to her protocols and calibrations. 

This was done to separate, identify and quantify the conversion of acetophenone to  

1-phenylethanol, Figure 2.22, by the enzyme cascade described in Section 1.2.4.2. 

Separation is possible due to different interactions of the molecules with the stationary 

phase, leading to different retention times. A Shimadzu Prominence equipped with a system 

controller (CBM-20), a superior solvent delivery system (LC-20AD), a high-throughput 

autosampler (SIL-20A), a column oven (CTO-10AS) and UV-vis absorbance detector  

(SPD-20A) was used running on LabSolutions software. The mobile phase was a mixture of 

80 % water and 20 % acetonitrile running at 1 mL min
-1

, the Chromolith® Performance 

100-3 mm column (Merck) used was maintained at a temperature of 40 
o
C. The absorbance 

NADHNAD+

+ H+ ; + 2e-

-H+ ; - 2e-
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at 210 nm and 260 nm (aromatic ring absorbance) were monitored for detection of 

acetophenone and 1-phenylethanol. 

 

 

Figure 2.22. Hydrogenation of acetophenone to 1-phenylethanol. 

2.7. Platinum deposition on MWCNTs 

In this thesis, MWCNT forests with a change in composition are investigated to promote and 

control different reactivity and functionalisation along the forest (Chapter 5). Hydrogenases 

are however not suitable to prove for the first time that controlled immobilisation of  

nano-objects on these forests can be achieved. Hydrogenases have limited availability, a low 

loading on carbon surfaces (about 1 pmol.cm
-2

) [35], and there is no simple technique to 

assess their localised immobilisation. Electrochemistry is a convenient tool for their bulk 

investigation but developing a technique to map the immobilisation of electro-active objects 

on nanomaterials is still an area of research under development. It requires specific 

equipment like scanning electrochemical microscopes that could not be accessed for this 

thesis [95, 96]. Platinum particles were then preferred for a proof of concept. This is first 

because platinum deposition is reported to be sensitive to the nature of the MWCNTs they 

are deposited on. For instance different platinum particles size and coverage are reported on 

MWCNTs compared to N-MWCNTs [164]. Second, deposition of platinum on the forests is 

simple to characterise by SEM but also by chemical analysis like EDS. Third, platinum 

Immobilised enzyme mediated catalysis
in carbon-based flow reactors



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 2                                                                                                                               116 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

particle deposition is simple to perform by different bulk methods that do not induce a 

localised immobilisation. If any difference in platinum repartition is observed it then comes 

from different properties of the support used for immobilisation - in this work a MWCNT 

forest with a change in composition - and not from the process used to deposit the particles. 

2.7.1. Electrochemical reduction of platinum salts 

Electrochemistry is a first technique to immobilise platinum particles onto conductive 

materials [72]. Platinum particles were electrodeposited using the three-electrode set up 

described in Section 2.4.3. The WE was the MWCNT forest on a silicon wafer simply 

clipped with a crocodile clamp; CE was a platinum wire; RE was a SCE. An Autolab128N 

potentiostat (EcoChemie, Netherlands) was used and experiments were performed in an 

anaerobic glove box (MBraun,  <1 ppm O2). Pre-treatment consists of scanning the samples 

10 times at a scan rate of 50 mV s
-1

 in H2SO4 (0.1 M, obtained after dilution from 98 % 

sulphuric acid from Fisher Scientific) between -0.06 and +1.54 V vs SHE to improve the 

wettability and hydrophilicity of the MWCNT forest. Platinum electrodeposition was 

performed with a solution of H2PtCl6.6H2O (5 mM) in KPB (50 mM, pH 7) or KCl (50 mM) 

electrolyte by cycling the potential 3 to 30 times between -0.54 and +0.46 V vs SHE at a 

scan rate of 50 mV s
-1

. Different electrolytes and numbers of scans were used to make sure 

that the platinum immobilisation is not dependent on a specific electrolyte or number of 

scans. 
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Figure 2.23. (a) SEM images of MWCNTs (a) before and (b) after electrodeposition of 

platinum particles. (c) Presence of the platinum characteristic peaks in EDS analysis 

confirm deposition of platinum on the MWCNTs.  

 

Electro-deposition is confirmed by SEM as presented in Figure 2.23: presence of 

conductive round particle-like features with a bright contrast on the SEM image, 

Figure 2.23b. These features are not observed before platinum deposition, Figure 2.23a. 

Backscattered electrons images (Figure 2.7) and EDS, Figure 2.23b, also confirm the 

presence of platinum after electro-deposition only. The benefit of electro-deposition is to 

show that the MWCNTs network is conductive: without conductivity no electro-deposition 

could be possible. It also provides a way to functionalise MWCNTs by a bulk deposition 

method to identify the influence of a local change in composition or graphitic structure along 

the forests. 
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2.7.2. Chemical reduction of platinum salts 

Alternatively, platinum deposition was performed by chemical reduction with formic acid 

(98 %, Fluka) at room temperature and in air by dropping the MWCNT forests grown on 

silicon wafers into a solution of H2PtCl6.6H2O (1.5 mM) prepared in a mixture of 

H2O:HCOOH (20:1, v:v). Samples were left into the solution for 3 to 8 hours.  Samples were 

subsequently thoroughly washed with water and dried at room temperature. This last 

approach efficiently covers carbon surfaces like amorphous carbon [215], MWCNTs [216] 

or N-MWCNTs [217] with platinum. The deposition of platinum is confirmed by SEM and 

EDS in this thesis just like for the case of electrochemical deposition. The benefit of 

chemical reduction is to avoid the need for an electrochemical set up for MWCNTs 

functionalisation. It is performed with simple chemicals at room temperature and ambient 

air, by simply dropping the MWCNT forest in an aqueous solution. Chemical reduction is 

also a bulk deposition method, suitable to assess the influence of a change in chemical 

composition or graphitisation along MWCNT forest on the platinum nucleation and 

deposition. 
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Chapter 3: Comparison of carbon 

electrodes for hydrogenase immobilisation 

towards coupling ATR-IR spectroscopy 

and electrochemistry  
“Science, my lad, is made up of mistakes,  

but they are mistakes which it is useful to make,  

because they lead little by little to the truth.” 

Jules Verne 

 

A specific thank you to Dr Frank Dillon (Department of Materials, University of Oxford) for running the 

nitrogen adsorption porosimetry experiments and to Dr Philip A. Ash (Department of Chemistry, University of 

Oxford) for fruitful discussion about coupling ATR-IR spectroscopy with electrochemistry. A warm thank you 

to Ricardo Hidalgo (Department of Chemistry, University of Oxford) for help and support and co-working with 

me on the Hyd-1 and FMN studies. An important part of the results presented in this Chapter 3 was published 

in Ref [193] and reproduced by permission of the Royal Society of Chemistry. 

3.1. Introduction  

Due to their electrocatalytic activity and efficiency in splitting or producing dihydrogen, 

hydrogenases are promising bio-electrocatalysts for a range of energy devices like enzyme 

fuel cells (Section 1.2.1). To exploit or study the catalytic activity of hydrogenases, one 

approach is their immobilisation on conductive supports to create electrodes. A widely used 

material for hydrogenase immobilisation is pyrolytic graphite (PG) because simple and 

robust adsorption of the enzyme is achieved on the surface of this carbon material 

(Section 1.2.2). PG can be used as a planar electrode or as particles to create a ‘high surface 

area’ electrode (Section 2.4) after deposition on a conductive support. The benefit of a 

higher surface area electrode is to lead to higher electrocatalytic current from the adsorbed 

enzymes, which is directly relevant to develop enzyme fuel cells. Unfortunately PG particles 

have several drawbacks. The material is usually prepared freshly by abrasion just prior to 

enzyme adsorption which is not suitable for large scale production. The material also has a 

relatively large size about 5-10 µm with a relatively low specific surface area (about  

40 m
2 

g
-1

) [62] compared to other materials. To improve applications of hydrogenases, 



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 3                                                                                                                               120 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

electrodes leading to a higher current than the PG-based-electrodes are required. This can be 

achieved with a higher surface area electrode and a range of nanomaterials with specific 

surface areas expected to be higher than 100 m
2
 g

-1 
[98, 201] have then been investigated as 

alternative electrode materials to PG in recent years (Section 1.2.2.5). However, the surface 

area developed by these materials is not always fully quantified in these studies. In addition, 

these alternative materials have not been assessed with the same hydrogenase or under 

comparable conditions. It is then challenging to firmly establish the properties that are 

important to consider in the selection of a carbon material to develop hydrogenase-based 

devices. This issue is then addressed in this thesis. 

In Chapter 3, the hydrogenase Hyd-1 from E. coli, was adsorbed on different 

electrodes made of different carbon materials. A systematic study under equivalent 

experimental conditions was performed to identify the most suitable materials for enzyme 

adsorption. This was assessed by the electrocatalytic current achieved from the hydrogenase 

electrode but also by how efficiently the carbon surface available was used by the enzyme. 

Eleven carbon materials presented in Section 3.2 were selected for their different properties. 

These are for instance a higher surface area than PG particles, different degree of 

graphitisation and different morphologies assessed in Section 3.3.1. These properties have 

been suggested to favour hydrogenase loading and help in achieving high current output at a 

hydrogenase electrode in enzyme-fuel cells. The electro-activity of Hyd-1 on the eleven 

different materials is compared in Section 3.3.2. A high surface area is shown to be 

important to improve the electrocatalytic current whereas a high degree of graphitisation 

favours a better use of the carbon surface available by the hydrogenase. 

Controlling the properties of carbon materials at the nanoscale is relevant to develop 

enzyme electrodes for devices. This thesis also shows how the careful consideration of 

materials used can contribute to the development of new techniques to study the 
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hydrogenase active site chemistry. This is illustrated with the design of carbon materials to 

develop electrodes that facilitate the IR spectroscopy investigation of enzymes under 

electrochemical control (Section 1.2.3). This technique consists of coupling electrochemistry 

and IR spectroscopy in an ATR configuration and is based on IR evanescent waves. These 

waves have a limited penetration depth into the volume of sample to probe. For the 

experimental conditions used in this study (Section 1.2.3), the penetration depth of the IR 

waves is about 1 micrometre. The volume probed is made of carbon materials where  

electro-active species like enzymes are immobilised. To characterise hydrogenase activity 

with the spectroelectrochemical technique, a high loading of hydrogenase in the probed 

volume is required and this can be achieved with high surface area materials with a sub-

micrometre size. The PG beads with a typical dimension around 5-10 µm are then bigger 

than the expected penetration depth of the evanescent waves and so not suitable to perform 

the coupling. The alternative materials developed for hydrogenase electrodes presented in 

Section 3.2 are nanomaterials. They are then promising candidates to improve the coupling 

of ATR-IR spectroscopy and electrochemistry. Thanks to the careful design of materials at 

the nanoscale, ATR-IR spectroscopic studies of molecules under electrochemical control 

directly adsorbed on carbon materials is proven for the first time in Section 3.3.3. This 

marks a milestone in the development of a technique which can now be employed in 

experiments designed to give a better fundamental understanding of hydrogenase activity 

and reactions. 

3.2. Selection criteria for the carbon materials 

To develop high surface area electrodes with alternative material to PG particles and to 

favour direct adsorption of hydrogenases on these materials, eleven carbon materials were 

selected to present different properties. These are for instance different shape, size, degree of 

graphitisation, porosity and surface area. To favour the coupling of ATR-IR spectroscopy 
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and electrochemistry, the materials were also selected to show a micro or nanoscale. They 

were finally chosen because they are commercially available or are straightforward to obtain 

in most modern laboratories by the techniques and protocols covered in Chapter 2. 

Materials that require as little processing as possible simplify the development of enzyme 

electrodes. Therefore further additional treatments like chemical functionalisation of the 

materials [33, 82, 84] to achieve better enzyme loading are beyond the scope of the present 

work.  

Due to the success demonstrated for pyrolytic graphite ‘edge’ surfaces in hydrogenase 

electrocatalysis [35], several materials with ordered graphitic character were investigated. 

Abraded pyrolytic graphite (APG, Section 2.1) was selected because it is a material reported 

to develop high surface area electrodes for hydrogenase immobilisation [62, 63]. It will be 

used as a reference material in this study. As an alternative to APG, micron-sized graphite 

particles (MG, Section 2.2.1) were prepared by a simple exfoliation route with the intention 

of developing a higher specific surface area than APG and increasing the proportion of 

‘edge’ sites. Commercial graphite platelet nanofibers (GNF, Section 2.1), consisting of 

stacked graphitic layers perpendicular to the fibre axis were selected due to the prevalence of 

graphitic ‘edge’ surface. 

In order to assess the suitability of rather amorphous carbon materials, four  

commercially-available carbon blacks already used in fuel cell catalysis [57] were selected 

(Section 2.1): Mogul L (ML), Vulcan XC72R (VX), Black Pearls 2000 (BP) and a carbon 

nanopowder (CNP). In addition to the commercially available carbon black materials, carbon 

particles prepared by hydrothermal synthesis (HNP, Section 2.2.2) from a glucose precursor 

[196] were tested. This material and this synthesis technique were selected because the well-

established hydrothermal synthetic approach is a relatively green synthesis method and can 

be adapted to obtain various carbon-based materials (Section 2.2.2). Therefore it could be a 
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useful approach to potentially tune carbon materials as required for specific applications. In 

addition, to test the applicability of composite materials, particles with a thin carbon shell 

surrounding a silicon core were prepared by polymerisation followed by carbonisation 

(Si@C, Section 2.2.3) [203]. Since the silicon core is IR transparent, this could give a 

material suitable for coupling ATR-IR spectroscopy and electrochemistry as detailed in 

Section 1.2.3. 

Finally, MWCNTs were selected because they have been previously suggested as 

conductive networks for high surface area electrodes for hydrogenase immobilisation [84]. 

Their synthesis requires more specific equipment than the other materials. However,  

home-made synthesis by AACVD (Section 2.2.3) makes it possible to control the properties 

of the MWCNTs. For instance the possibility to cover substrates with MWCNT forests can 

be exploited. Also the chemical composition of the tubes can be controlled to obtain  

nitrogen-doped MWCNTs (N-MWCNTs) [92]. Alteration of the carbon lattice by nitrogen 

doping confers defects and heteroatom sites [92] which may improve hydrophilicity and 

provide anchor sites for protein attachment. N-MWCNTs were then combined for the first 

time with a hydrogenase.  

3.3. Results and discussion 

For the eleven carbon materials selected, commercial (APG, ML, VX, BP, CNP and 

GNF) or produced in-house following established recipes (MG, MWCNT, N-MWCNT, 

HNP and Si@C), several properties were investigated. These are the size and shape of 

the materials assessed by SEM and TEM. Their graphitic structure assessed by HRTEM 

and Raman spectroscopy. Their surface area and their mesoporosity (pore size between  

2 and 50 nm, a scale relevant for enzyme adsorption) assessed by nitrogen adsorption. 

The characteristics of each material are detailed in Section 3.3.1 and gathered in 

Table 3.1. The properties were found to be in agreement with data from suppliers or 
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previously reported [31, 62, 92, 195, 196, 203, 218-220]. In Section 3.3.2, all materials 

were tested for adsorption of Hyd-1 in a configuration suitable for direct electronic 

transfer with the carbon electrode [35]. The influence of the carbon materials on Hyd-1 

activity was assessed by measuring the enzyme electrocatalytic activity for H2 oxidation. 

Due to their nano-size the carbon materials were further considered in Section 3.3.3 to 

couple ATR-IR spectroscopy and electrochemistry.  
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Table 3.1. Characteristics of carbon materials investigated. 
 

 

 

a: average pore diameter estimated by BJH desorption (4V/A); b: single point measurement at relative pressure 0.95 

for pores less than 40 nm; t: thickness; L: length; D: diameter. In the case where the Langmuir model gives a better 

fit to the data than the BET model, values obtained with the Langmuir model are specified in addition to the results 

obtained using the BET model. 
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3.3.1. Carbon materials characterisation 

3.3.1.1. SEM/TEM characterisation: size and morphology 

Figure 3.1 shows SEM images of materials which can be classed as plate-like (APG and 

MG) or fibre-like (MWCNT, N-MWCNT and GNF) according to their general 

morphology. Images presented in the left hand panel were recorded at the same 

magnification and are presented to show differences in the overall morphology of the 

samples, Figure 3.1a, c, e, g, i. Images presented in the right hand panel show 

magnifications selected to highlight more specific aspects of the material like shapes and 

sizes, Figure 3.1b, d, f, h, j. The diameter of the flat surface of the APG plates is in the 

range 3-5 µm whereas the MG plates are smaller, falling mostly in the range 0.5-1 µm. A 

rough estimate of the thickness (t) of the plates (Table 3.1) was also evaluated from 

examination of the SEM images. The MG plates are thinner (< 300 nm) than APG  

(> 500 nm). These observations confirm that exfoliation of graphite flakes is a relevant 

synthetic route to obtain small-size graphite plate-like materials (MG). MWCNTs and  

N-MWCNTs have typical diameters below 100 nm and a length up to 150 µm and 120 

µm respectively. TEM images in Figure 3.2 confirm that they are both hollow materials 

and qualify as tubes. The hollow nature of the N-MWCNT can also be observed by 

looking at the catalyst-free tips of a N-MWCNT at high magnification SEM images: 

circular features in Figure 3.1h. In agreement with the literature, MWCNTs, Figure 3.2a, 

have thick wall and a small inner diameter. N-MWCNTs, Figure 3.2b, have thinner 

walls and a larger inner diameter [92]. The typical bamboo-structure [92] with 

compartments is observed within the N-MWCNTs as well as ‘kinks’ along the wall, 

Figure 3.2b. In contrast GNF are not hollow and consist of stacked layers (discussed 

further in Section 3.3.1.2) with diameters in the range 20-250 nm, and are typically 

shorter than 3 µm. 
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.  

Figure 3.1. SEM micrographs of plate-like and fibre-like carbon materials. Images 

taken at the same magnification (a, c, e, g, i; scale bars = 3 µm) reveal the overall 

morphology. In order to highlight specific morphological features of each material, 

images were also taken at different magnifications (b, d, f, h, j; scale as indicated). 
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Figure 3.2. TEM micrograph of (a) MWCNTs and (b) N-MWCNTs.  

Images of the materials having particle-like morphologies (CNP, ML, VX, BP, HNP 

and Si@C) are displayed in Figure 3.3 which is split into SEM images in the left-hand panel 

(Figure 3.3a, c, e, g, i and k) and TEM images in the right-hand panel (Figure 3.3b, d, f , h, 

j and l). The electron microscopy studies showed that all the commercially available 

materials (CNP, ML, VX, BP) possess an average particle size less than 50 nm (Table 3.1). 

The particle size for in-house synthesised HNP ranged between 100 nm and 120 nm. TEM 

images of the Si@C particles are consistent with a silicon core (50-150 nm) coated with a 

thin carbon shell (10-20 nm). The core-shell structure of the Si@C particles was indicated by 

the difference in contrast in the TEM images. Also HRTEM images in Figure 3.4 confirm a 

change in the structure of the material from highly periodic atomic structure in the core 

(attributed to silicon) and more amorphous materials for the shell (carbon). Finally, the 

presence of the amorphous carbon shell was confirmed by Raman analysis (see 

Section 3.3.1.2).  
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Figure 3.3. SEM and TEM micrographs of particle-like materials. Images taken at the 

same magnification (a, c, e, g, i, k; scale bars = 3 µm) reveal the overall morphology. In 

order to highlight specific morphological features of each material, images were also 

taken at higher magnifications (b, d, f, h, j, l; scale as indicated). 
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Figure 3.4. HRTEM of a Si@C particle where the shell is on the left of the image and 

the core on the right. With the courtesy of Vitaly Babenko, Department of Materials, 

University of Oxford. 

3.3.1.2. Raman spectroscopy and HRTEM: graphitic structure 

Raman spectra for each material are shown in Figure 3.5, and ID/IG values are 

summarised in Table 3.1. Three main peaks in the Raman spectrum were considered in 

order to assess the degree of graphitisation in the materials: the D, G and 2D peaks at ca. 

1340, 1565 and 2680 cm
-1

 respectively (discussed in Section 2.3.4). APG and MG 

display ID/IG less than 1 and show a strong 2D peak. This confirms that the materials 

both show graphitic structure (sp
2
 network). Similarly, the ID/IG of the MWCNTs is less 

than 1 and the spectrum also shows a strong 2D peak. A HRTEM image of the wall of a 

MWCNT confirms an ordered graphitic structure, Figure 3.6a. It can be seen in this 

image that the carbon planes, appearing as lines of atoms making up the walls, are 

relatively straight. This illustrates that the majority of the exposed MWCNT surface is 

then basal-plane type carbon. The presence of ‘edge’-like structures can be expected at 

the open end of the tube only (Section 1.2.2) and are therefore not likely to be abundant 

in the material [221].  

  N-MWCNTs show ID/IG close to 1 and the presence of a 2D peak. Production of 
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nitrogen-doped carbon nanotubes is known to introduce defects in the graphitic carbon 

network [93, 162]. This is consistent with the increase in ID/IG and smaller 2D peak 

compared to a MWCNT sample. A HRTEM image of a N-MWCNT confirms that this 

material has a less ordered graphic structured compared to the MWCNT, Figure 3.6b. It 

can be seen in this image that the carbon planes appearing as lines of atoms making up 

the walls are less straight than for a MWCNT, Figure 3.6a. This is in agreement with 

presence of nitrogen in the carbon walls modifying the carbon structure and introducing 

defects [92]. The Raman spectrum of GNF shows ID/IG greater than 1 and a 2D peak 

confirming graphitic character. In contrast to a MWCNT, HRTEM study of GNF shows 

the predominance of graphitic ‘edge’-like features making up the majority of the GNF 

surface, Figure 3.6c. The Raman spectrum of GNF also displays a D′ peak: shoulder on 

the D peak, see inset in Figure 3.5. This is also related to an abundance a micro-sized sp
2
 

domains and is consistent with the stacked platelets making up the fibre with their edges 

oriented perpendicular to the fibre axis [31]. This is expected since the GNF can be seen 

as a superposition of several graphene plates on top of each other forming a tubular 

structure with presence of ‘edge’-like features along the fibre surface.  

  The remaining materials (CNP, ML, VX, BP, HNP, Si@C) have a Raman spectrum 

with ID/IG close to 1 and no 2D peak. This is indicative of a rather amorphous structure 

without extended crystalline domains. For instance an HRTEM image of the BP particles 

in Figure 3.6d confirms that these particles do not exhibit obvious ‘edge’-like character 

[219].  



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 3                                                                                                                               132 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

 

Figure 3.5. Raman spectra of all 11 carbon samples investigated confirming the 

graphitic and rather amorphous nature of individual materials respectively. The * 

marks the D′ shoulder on GNF (see also the inset). 
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Figure 3.6. HRTEM images revealing the surface morphologies of (a) MWCNT,  

(b) N-MWCNT, (c) GNF and (d) BP. With the courtesy of Antal A. Koós, Department of 

Materials, University of Oxford. 

3.3.1.3. Nitrogen adsorption porosimetry: porosity and surface area 

The surface area and porosity of the materials were assessed by nitrogen adsorption 

[205]. Results are shown in Figure 3.7 and summarised in Table 3.1. The observed 

porosity results from two factors: the surface properties of the material itself but also 

from aggregation of the carbon particles leading to porous networks in the material 

powder. APG, MG, MWCNT, N-MWCNT, GNF, CNP, ML and VX all display a type II 
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isotherm. This is an isotherm concave to the pressure axis, since at relative pressure 0 the 

volume of gas adsorbed must be 0. The isotherms also display a B point [205] marking 

the beginning of a linear relationship between adsorption and relat ive pressure. The 

presence of the type II isotherm is indicative of predominance of rather large pores : 

macropores with diameter greater than 50 nm. Pores in this size range are likely to be 

due to aggregation of the materials which can also be seen in the SEM and TEM images 

in Figure 3.1 and Figure 3.3. Fitting the isotherms according to the BET model gives a 

specific surface area lower than 100 m
2
 g

-1
 for APG, MG, MWCNT, N-MWCNT and 

GNF. In contrast, CNP, ML and VX have a specific surface area between 100 and  

250 m
2
 g

-1
. Thus the plate-like and fibre-like particles fall into a lower surface-area 

range, consistent with the larger sizes of these materials. APG displays a pronounced H3 

hysteresis: the desorption isotherm does not follow exactly the adsorption isotherm at 

high relative pressure, Figure 3.7a. GNF and CNP show a less pronounced H3 

hysteresis, as evident from the enlargement of part of the isotherm in Figure 3.7b. The 

combination of a type II isotherm and presence of H3 hysteresis is designated as a type 

II(b) isotherm [205]. A type II(b) isotherm is usually observed in powders and 

aggregates, and thus is consistent with the nature of these materials.  

  The nitrogen adsorption isotherm for BP, HNP and Si@C differs slightly from the 

previously described type II isotherms. A more pronounced plateau at high relative 

pressure is observed. This is indicative of a type I isotherm reflecting the presence of 

micropores (pore diameter less than 2 nm). The Langmuir model is more suitable to fit 

the data for materials with micropores than the BET model [205]. For the three materials 

the better fit of the Langmuir model to the data is then consistent with the presence of 

micropores. The specific surface area of these materials is greater than 300 m
2
 g

-1
 (as 

determined from the Langmuir model). Values obtained from the BET model are also 
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included in Table 3.1 for comparison. HNP and Si@C show evidence of H4 hysteresis as 

shown in Figure 3.7b. This behaviour is usually associated with activated carbons and 

materials displaying slit-shaped pores especially in the micropore range [205]. This is 

also consistent with the better fit of the Langmuir model for data from HNP and Si@C. 

The previous type II and I isotherms do not indicate a strong mesoporous structure. 

However, all materials have some degree of mesoporosity. Overall, apart from Si@C, all 

materials have a more pronounced mesoporous structure than APG as observed on the pore 

size distribution reported in Figure 3.8. Most of the porosity in the range 2-20 nm is due to 

pores of size larger than 5 nm. Also, for APG, MWCNT, N-MWCNT, MG, GNF, CNP, BP 

and Si@C, a portion of pores with size slightly lower than 5 nm accounts for a slightly 

higher population of pores. To simply quantify the mesoporosity of the materials, a 

convenient estimation of the average size of pores in a material can be inferred by 

dividing the pore volume (V) in the material by the surface area (A) of the material. 

Assuming the pores can be modelled by perfect cylinders, the average pore diameter is 

equal to 4V/A [205]. All materials have to some extent a mesoporous structures and 

mesoporous volume (Table 3.1). For all materials considered in this study, the average 

mesopore size is within the range 3.5 to 9 nm, although pores of smaller and larger 

diameter can also be found in the materials. This is a range that should be accessible to 

hydrogenase molecules which are ca. 5 nm in diameter. The materials with smallest 

average pore size (< 4 nm) are the synthesised materials HNP and Si@C. 
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Figure 3.7. (a) Nitrogen adsorption (dotted) and desorption (solid) isotherms at 77 K 

for each carbon material investigated. Grey boxes indicate the part of the isotherm 

which is enlarged in panel (b) for GNF, CNP, HNP and Si@C to highlight the H3 

hysteresis for GNF, CNP, and the H4 hysteresis observed in the HNP and Si@C 

samples. 
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Figure 3.8. Pore size incremental pore volume obtained from nitrogen desorption 

isotherms at 77 K for each carbon material investigated. 

3.3.2. Immobilised hydrogenase electrocatalytic activity 

on various carbon electrodes 

The materials characterised in Section 3.3.1 have a higher specific surface area than 

APG and a more pronounced mesoporous structure (Table 3.1). They were then 

investigated to develop high surface area electrodes for Hyd-1 immobilisation. The 

electrochemical set up used, protocol for enzyme immobilisation and electrochemical 

measurements performed are detailed in Section 2.4. Since hydrogenases are biological 

catalysts, there are sensitive to various parameters like temperature or pH. These 

parameters were controlled during electrochemical assessment by using buffers and a 

water jacketed electrochemical cell. However, the activity of hydrogenases can also vary 

from a batch of enzyme to another and from one day to another as an enzyme sample 
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ages. To ensure the observations made are reproducible, 6 sets of experiments were 

performed on different days. Each day, all materials were assessed using a same batch of 

hydrogenase. The results presented summarise the trends confirmed with these 6 sets of 

experiments.  

3.3.2.1. Hydrogenase electro-activity on various carbon materials 

A typical cyclic voltammogram for Hyd-1 adsorbed onto a rotating disc electrode (RDE) 

made of pyrolytic graphite with the edge surface exposed (PGE) is reported in 

Figure 3.9a. This represents the relation between electrochemical current and potential 

during cyclic voltammetry experiments. For these experiments the electrochemical 

potential is varied as a linear function of time while the current from the electrocatalytic 

activity of the enzyme is recorded (Section 2.4). The electrode is immersed in buffered 

aqueous solution (pH 6.0) equilibrated with 1 bar H2 (ca. 0.8 mM). Hyd-1 does not show 

significant activity for proton reduction under a H2 atmosphere [210], so no catalytic 

current is observed at potentials more negative than -0.3 V vs SHE: the current with 

(black) or without (grey) enzyme is the same below -0.3 V in Figure 3.9a. At higher 

potentials a clear oxidative catalytic wave is observed in the presence of the enzyme 

only. This corresponds to the oxidation of H2 to H
+
 catalyse by the immobilised 

hydrogenase. A current of ca. 0.095 mA cm
-2

 is reached around +0.24 V vs SHE. No 

catalytic current is observed under H2 for a bare electrode (grey) without enzyme 

adsorbed and no current is observed for an electrode with immobilised enzyme without 

H2. Each cycle of catalytic turnover by a molecule of hydrogenase leads to electron flow 

into the electrode. Therefore the catalytic current is directly proportional to the number 

of electro-active enzyme molecules, provided that the current is not limited by 

availability of H2 to the enzyme [100]. The electrode is rotated rapidly (2000 rpm) to 

maintain the H2 concentration at the electrode surface close to that in the bulk solution. 



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 3                                                                                                                               139 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

Hyd-1 exhibits an onset potential for H2 oxidation just positive of -0.3 V. This is 

consistent with the slight overpotential requirement (50-60 mV) of this enzyme relative 

to the E(H
+
/H2) potential at 1 bar H2 [210]. The thermodynamic potential for E(H

+
/H2) 

under the experimental conditions is indicated by a vertical line in Figure 3.9. The 

residual slope in the cyclic voltammogram at higher potentials is characteristic of 

immobilised enzyme electrocatalysts engaged in a direct electron transfer with the 

electrode (DET, Section 1.2.2.2). This has been explained by a dispersion of orientations 

of the enzyme on the electrode leading to a range of electron transfer rates  [47]. A 

similar waveshape, although with higher electrocatalytic current of about 0.35 mA cm
-2

 

at +0.24 V vs SHE, is obtained for Hyd-1 adsorbed on plate-like APG particles deposited 

onto the RDE, Figure 3.9b. This is consistent with an earlier report in which Hyd-1 on 

APG was deposited on a RDE in a Nafion binder [63]. By achieving a higher 

electrocatalytic current than on the PGE-RDE, this illustrates the advantage in 

developing ‘high surface area’ electrodes made of high specific surface area carbon 

materials. It is also shown that using a binder is not necessary.  

 
Figure 3.9. Cyclic voltammograms of Hyd-1 (a) adsorbed directly on a PGE-RDE and 

(b) on APG deposited on the RDE. The results presented in (a) are also reported in (b) 

for comparison. The electrode was rotated at 2000 rpm in pH 6.0, 100 mM KPB under 

1 bar H2 at 25 °C. The dotted vertical lines mark the thermodynamic potential of H
+
/H2 

couple under the conditions of the experiment. The grey voltammograms are obtained 

under identical conditions with no hydrogenase deposited on the RDE. 
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In order to assess the benefit of alternative materials to APG an equal amount of 

each material, modified with Hyd-1, was deposited onto a PGE-RDE. The associated 

catalytic current in solution equilibrated with H2 was recorded by cyclic voltammetry and 

results are reported in Figure 3.10. Electrodes were prepared by drop-casting 0.5 µL of a 

20 mg mL
-1 

dispersion of the hydrogenase-modified particles onto a PGE-RDE of surface 

area 0.02 cm
2
. Thus the current per geometric area of electrode is directly proportional to 

the current per gram of material. All of the carbon materials give an increase in catalytic 

current per geometrical area of the electrode relative to Hyd-1 on a bare pyrolytic graphite 

electrode, Figure 3.9a. A significant increase in current is observed for the commercially 

available carbons, BP, VX, ML and CNP which have a high surface area and more 

pronounced mesoporosity (Table 3.1). However, in each case the shape of the cyclic 

voltammogram for those materials yields a plateau at high potentials. This is 

characteristic of a film in which H2 is not efficiently provided to the enzyme. The current 

is then severely mass transport limited. BP is the material with the highest specific surface 

area and with the most pronounced mesoporous structure in this study. It is demonstrated 

with this material that mass transport can be improved slightly by increasing the electrode 

rotation rate at 5000 rpm: see the dashed line in Figure 3.10 for BP. However the plateau 

remains and further increase in rotation rate to 7000 rpm (not shown) provides negligible 

improvement in current since the plateau shape is still present. This suggests that fast 

rotation fails to provide efficient mass transport through the particle film to buried 

hydrogenase molecules. The mesopores, with an average diameter in the range 3.5 – 9 nm 

(Table 3.1) for all materials used in this study, are of similar dimension to Hyd-1 which has 

a diameter of roughly 5 nm. This is advantageous since the mesoporous network should be 

accessible to Hyd-1. Enzyme molecules inside the pores are likely to be almost completely 

surrounded by carbon. This favours hydrogenase immobilisation so that the majority of 
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molecules have a good contact with the carbon surface and can thus engage in DET 

(Section 1.2.2). Unfortunately these films of particles are mass transport limited. In parallel 

to the increasing use of nanomaterials to develop hydrogenase electrode, mass transport 

limitation at mesoporous carbon electrodes modified with hydrogenase has been stressed 

recently in the literature [85]. This severe limitation to fully exploit the electrocatalytic 

activity of hydrogenase is further addressed in a later section. 

 
Figure 3.10. Cyclic voltammograms of Hyd-1 adsorbed on various carbon materials in 

100 mM KPB, pH 6.0, 25 °C, equilibrated with 1 bar H2. Materials were deposited on a 

0.02 cm
2
 PGE-RDE, and the electrode was rotated at 2000 rpm. The left hand axis 

shows the current normalised to the geometric area of electrode and the right hand axis 

indicates the current per gram of deposited carbon material. In all cases 0.5 µL of  

20 mg mL
-1

 dispersion of carbon material with adsorbed enzyme were deposited on the 

RDE. The current associated with BP material is reported at 2000 rpm (BP solid line) 

and 5000 rpm (BP dashed line). 

   

 



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 3                                                                                                                               142 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

  Before addressing the limitation in the electrocatalytic current achieved due to 

ineffective mass-transport, it is important to establish first that the carbon materials do 

not impair or alter the hydrogenase activity. This requires comparing the hydrogenase 

electro-activity under non-mass transport limited conditions for all materials. For CNP, 

VX, ML and BP, to obtain conditions that are not limited by mass transport at the  

PGE-RDE, the particle dispersions were diluted
 
to 5 mg mL

-1
, applying 0.5 µL to the 

PGE-RDE. Results are shown in Figure 3.11. Also shown on this figure are MWCNT 

and N-MWCNT samples modified with Hyd-1. The difficulty in dispersing the relatively 

hydrophobic nanotubes in water means that the mass of nanotubes deposited cannot be 

controlled reliably. Therefore the absolute current is not comparable with the other 

materials. However the shape of the cyclic voltammograms still indicates whether the 

hydrogenase can be immobilised on the materials. The catalytic waveshapes in 

voltammograms recorded under conditions where mass transport is not significantly 

limiting, Figure 3.11, are very similar to the well-characterised waveshape reported for 

Hyd-1 adsorbed on a PGE electrode, Figure 3.9a. Importantly, the onset potential for H2 

oxidation is independent of material, showing that interfacial electron transfer to and 

from hydrogenase molecules is effective on each carbon material. The residual slope in 

the electrocatalytic voltammogram at high potential is similar for each material, 

Figure 3.11. This suggests that there are not significant differences in the distribution of 

orientations of Hyd-1 [47]. The results demonstrate that the eleven carbon materials 

selected in this study are suitable for adsorption of Hyd-1 in an electro-active 

configuration. This suggests that most conductive carbon-based materials are likely to be 

a relevant candidate to develop an electrode for hydrogenase studies or applications. 
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Figure 3.11. Cyclic voltammograms of adsorbed Hyd-1 on the various carbon materials 

deposited onto a PGE-RDE, in 100 mM KPB, pH 6.0, 25 °C, equilibrated with 1 bar  

H2. Dilution of the dispersion of certain particles (CNP, ML, VX and BP, see text) 

means that currents are not significantly mass-transport limited. The dotted lines 

mark the thermodynamic potential of the H
+
/ H2 couple under the experimental 

conditions. 

3.3.2.2. Overcoming mass transport limitation 

It is now established that on all the carbon materials selected the hydrogenase can be 

adsorbed in a configuration that allows DET. The advantage conferred by using one 

material compared to another to develop high surface area electrodes can then be 

investigated further. High currents per gram of material with Hyd-1 adsorbed on 
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commercial carbon blacks (BP, VX, ML and CNP) are promising for fuel cells. 

However, the mass transport limitation observed for CNP, ML, VX and BP in 

Figure 3.10 is likely to be a problem for realistic applications of hydrogenase 

electrocatalysis. The current reached could be higher provided that mass transport can be 

addressed. Hyd-1 activity on BP was therefore investigated in a flow electrochemical cell 

configuration where mass transport can be improved. The flow cell used is equivalent to 

the spectroelectrochemical cell described in Section 2.5. The electrolyte is continuously 

flowed through the cell at approximately 2000 cell volumes per second which ensures 

non-mass transport limited conditions. In Figure 3.12, scans (a) and (b) were recorded at 

a PGE-RDE, whereas scan (c) was recorded with the same amount of material in the 

flow-cell. At high potentials a higher current is reached in the flow-cell and the plateau is 

absent. This suggests that mass transport to enzyme molecules in the particle film is no 

longer significantly limiting the current. The hydrogenase adsorption was performed with 

a 0.02 mM solution of Hyd-1 and incubated with the particle overnight at 4 °C 

(Section 2.4.5). In order to test whether enzyme loading on BP could be improved by 

longer adsorption times from more concentrated enzyme solution, an electrode was 

prepared in the flow-cell using particles that had been incubated with 0.2 mM Hyd-1 for 

48 hours at 4 
o
C, scan (d). In this case an improved current per mass of material of  

12 A g
-1

 (at +0.24 V vs SHE) was recorded. This is about twice the current recorded at 

the same potential in the flow cell configuration with less concentrated enzyme and 

shorter incubation time (c).  
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Figure 3.12. Cyclic voltammograms of Hyd-1 adsorbed on BP assessed on a PGE-RDE 

(grey) at (a) 2000 rpm or (b) 5000 rpm; and cyclic voltammograms for the same 

quantity of BP studied in a flow cell configuration (with H2-saturated solution flowing 

at 50 mL min
-1

) for (c) the same set of particles as (a) and (b); and (d) for particles 

prepared with longer adsorption time (48 hours) from more concentrated Hyd-1 

solution (0.2 mM). All were prepared by deposition of BP (1 µL) from a 20 mg mL
-1

 

suspension.  

  Slow diffusion of Hyd-1 into the mesoporous network of BP will lead to very long 

equilibration times for adsorption of the enzyme. Restricted or hindered diffusion of 

macromolecules through pores of a similar diameter is a well-documented phenomenon 

[222] and is the basis of size exclusion chromatography. Hyd-1 is a particularly robust 

hydrogenase, and for some biological electrocatalysts it would be unfeasible to allow 

such long adsorption times due to protein degradation. An important observation is that 

the electrocatalytic current for BP in the flow cell with longer adsorption time for Hyd-1 

exceeds that obtained for the initial particle preparation at all potentials during H2 

oxidation, Figure 3.12. This implies that a significant amount of enzyme can adsorb 

within the mesopores of the material where efficient mass transport of H2 becomes 
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particularly important for efficient catalysis. Templated ordered mesoporous carbons and 

other inorganic materials have been developed specifically for the adsorption of enzymes in 

biotechnology. However they usually involve a sacrificial template, multi-step synthesis, and 

may display relatively poor conductivity [223, 224]. The success of Hyd-1 adsorption on BP 

shows that it is possible to make use of readily available carbons with some degree of 

mesoporosity for enzyme electrocatalysis. Once mass transport limitation is addressed, BP 

which is the material with the highest specific surface area in the panel of materials 

selected, is the material leading to the highest recorded electrocatalytic current in this 

study.  

3.3.2.3. Promoting higher hydrogenase loading with graphitic materials 

An important parameter to consider after the magnitude of the electrocatalytic current is 

how efficiently the material accommodates the hydrogenase. Assessing how much of the 

surface available is actually used by the enzyme is important to establish in order to 

further optimise hydrogenase electrodes. In the voltammograms of Figure 3.10, 

electrodes formed from larger or less mesoporous particles, such as APG, MG and GNF 

show less evidence of mass transport limitation. The relative currents per mass of 

material are also lower. Figure 3.13 shows the voltammetric data from Figure 3.10 

recalculated to show the current density with respect to the BET surface area of each 

electrode made of the various materials. Figure 3.13 then gives an indication of how 

effectively the total surface area of each electrode is being used for electrocatalysis. In 

this case the highest current densities occur for electrodes made of materials with larger 

size or with lower specific surface area.  
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Figure 3.13. Voltammetric data from Figure 3.10 reported as current per surface area 

(BET) of material. For comparison, the scan obtained in the flow-cell configuration cell 

from Figure 3.12(d) is also reported (dotted BP voltammogram). 

  It is noted than even after improving mass transport to Hyd-1 on BP by use of a 

flow cell, the high surface area of the material is clearly being under-utilised compared to 

other materials. This is displayed as a dashed line in Figure 3.13: only a current per 

surface area of material of 0.9 µA cm
-2

 (at +0.24 V vs SHE) was obtained with BP in a 

flow cell configuration, whereas MG gives a current of 5.1 µA cm
-2 

(at +0.24 V vs SHE). 

Also APG and GNF, despite a lower surface area and lower degree of mesoporosity 

relative to BP, compare more favourably with the other materials when evaluated on the 

basis of current per surface area of material used to develop the electrode. This suggests 

that the surface of these materials is used more efficiently for electrocatalysis. This is 

probably due to a more graphitic structure (Figure 3.5) and the presence of graphitic 

‘edge’ surfaces in MG, APG and GNF. This observation is in line with the successful use 
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of PGE electrodes for protein film electrochemistry on a range of proteins [35]. As 

stressed in Section 1.2.2, materials tailored to express edge-like surface as such as carbon 

nanofibers, have been reported only recently by Lojou and co-workers in view of improving 

enzyme loading [85]. The counterpart of this material in the present study is GNF. The data 

provided in the report by Lojou and co-workers makes it possible to estimate a maximal 

current density of ca. 3 µA cm
-2 

for the hydrogenase electrocatalytic current per surface area 

of electrode made of carbon nanofibres. This is comparable with the value obtained here 

with the commercially available GNF at +0.24 V vs SHE. However the results reported by 

Lojou’s group were obtained with a different enzyme, experiments were run at 60 °C and the 

material was thermally treated to increase its surface area [85]. This makes any detailed 

comparison between the material used by Lojou and co-workers and the as-received GNF 

used here difficult. This is a common difficulty in comparing results from one study with 

another in the literature. It is then challenging to conclude on the benefit of one carbon 

electrode compared to another (Section 1.2.2.6). The benefit of the present study is to 

compare the same enzyme on different materials under equivalent experimental conditions. 

With this approach, it can be firmly established that among all the materials selected, MG 

gives higher current per surface area of material than GNF and all other materials. MG 

appears as the material in this study for which the carbon surface of the electrode is used the 

most efficiently by Hyd-1. This is an important result. It stresses that a simple sonication 

method (Section 2.2.1) leads to a material with a micron size and with improved enzyme 

loading. This is important to further develop efficient high surface area electrodes in devices 

like enzyme fuels-cells. 

  Another option to compare the results presented in this thesis to the literature would 

have been to assess Hyd-1 electrocatalytic activity under the experimental conditions used 

by Lojou and co-workers for instance. To attempt this, Hyd-1 was assessed at 60 °C. It was 
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surprisingly observed that currents up to eight times higher (Figure A7, Figure A8) than the 

one presented in this study performed at 25 °C could be achieved with different carbon 

material used as electrodes. Also the enzyme is stable for time of at least 10 hours under 

continuous operation at 60 °C. This unexpected behaviour stresses that Hyd-1 is temperature 

resistant. These results are not detailed further in this thesis because Hyd-1 is in fact so 

stable that the nature of the carbon material does not seem to influence the temperature 

resistance. This observation put the result presented in the context of realistic applications in 

enzyme fuel cells. This also stresses the need for a better understanding of the hydrogenase 

activity. To understand this unexpected behaviour, the coupling of IR spectroscopy and 

electrochemistry is a useful technique to develop. This can be done by careful carbon 

material design as detailed in Section 3.3.3. 

3.3.2.4. The specific case of MWCNTs  

CNTs have been intensively used in the development of hydrogenase electrodes [8]. 

Attractive features of MWCNTs or N-MWCNTs are the opportunity to develop relatively 

high surface area electrodes with a mesoporous network (Table 3.1, Figure 3.1). It is 

established here that direct adsorption of Hyd-1 is possible on MWCNTs and for the first 

time on N-MWCNTs, Figure 3.11, but their dispersion in aqueous solution is 

challenging due to their intrinsic hydrophobicity. A slight improvement in dispersion is 

observed with N-MWCNTs compared to MWCNTs. However it is still difficult to make 

accurate comparisons of electrocatalytic current per mass of material used as electrode. It 

might be expected that the defects and heteroatom sites brought by nitrogen 

incorporation within the carbon lattice in N-MWCNTs (Figure 3.6b) should offer 

anchor-points for specific attachment of enzymes. However, this is beyond the scope of 

the present study. A common concern on the use of MWCNTs for biology-related 

applications is the presence of residual iron impurities in the samples [24]. Interestingly, 
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despite presence of iron impurities in the MWCNTs and N-MWCNTs samples obtained by 

AACVD [191], no further treatment of the as-produced nanotubes was necessary in this 

study. This is because presence of iron did not impair the electro-activity of the hydrogenase 

and did not lead to complication in the interpretation of the electrochemical behaviour of the 

enzyme, Figure 3.11. It can be concluded that as-synthesised CNTs are then suitable for 

hydrogenase adsorption. This observation is encouraging to use as-synthesised MWCNT 

forests rather than dispersed MWCNTs. First, using MWCNT forests avoid the 

challenging dispersion of MWCNTs in aqueous solutions. Second, direct growth of 

MWCNTs on substrates offer opportunities to design scaffolds for enzyme catalysis that 

none of the other materials studied could offer. This will be fully exploited in Chapter 4 

and Chapter 5. 

3.3.2.5. Tailored carbon materials for specific hydrogenase applications 

The results presented also show that the successful adsorption of hydrogenase is not 

limited to commercially available materials. This opens the scope of applications of 

hydrogenase to areas where dedicated carbon supports are required. HNP and Si@C are 

examples of materials that can be tailored to accommodate hydrogenases for specific 

purposes, despite having a microporosity rather than mesoporosity (Table 3.1). HNP 

material can be obtained by the versatile and simple hydrothermal synthesis: a green 

synthetic route using glucose (a renewable feedstock) as starting material . It requires 

readily-available laboratory equipment (Section 2.2.2) to obtain materials as diverse as 

particles [225], hollow spheres [198], graphitic plates [226], porous carbon networks [227] 

and nanoporous structures [228]. The HNP with a high specific surface-area (816 m
2
 g

-1 

according to the Langmuir model results, Table 3.1) has also been demonstrated in 

various electrochemical devices [201, 229]. It is then a promising platform for further 

bio-electrocatalysis. Si@C particles have an IR transparent silicon core but a sufficiently 
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conductive outer carbon shell (10 to 20 nm) to support enzyme adsorption and 

electrocatalysis. Therefore Si@C may have interesting applications as an electrode 

material for coupling in situ ATR-IR spectroscopy and electrochemistry as discussed 

below. 

3.3.3. Towards an efficient coupling of electrochemistry 

and ATR-IR spectroscopy for study of immobilised redox 

species on carbon materials 

Promising results were obtained in Section 3.3.2 to guide the development of high surface 

area electrodes for hydrogenase immobilisation. If the material used as electrode has a high 

specific surface area, high electrocatalytic current from the immobilised enzymes can be 

obtained. If the materials show a high degree of graphitisation, the hydrogenase loading on 

the electrode made of this material can be improved. In this section, another property is more 

specifically exploited: the size of the carbon materials. For a better understanding of the 

function of hydrogenases, new techniques of investigation are required and coupling IR 

spectroscopy to protein film electrochemistry (detailed in Section 1.2.3) is a promising tool 

to develop [105]. The coupling can be achieved in an ATR configuration by building an 

electrochemical cell on top of a silicon prism (detailed in Section 2.5.1). This allows control 

over the electrochemical activity of the hydrogenase, at the same time IR spectroscopic data 

can be acquired. Previously, promising results have been obtained with this approach on 

carbon materials like APG and VX to study hydrogenase activity [103, 104]. However the 

enzyme was immobilised with a polymer binder in the particle network. This does not 

guarantee that the signal recorded was obtained from truly adsorbed enzymes. It could come 

from enzyme in solution or trapped into the conductive binder.  

To investigate only immobilised species in direct electrochemical control and discard 

any influence of the binder in the results, carbon only electrode must be developed for this 
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technique. The challenge comes from the use of evanescent waves to acquire IR data from 

species adsorbed on carbon materials in an ATR configuration. These evanescent waves 

have a limited penetration depth of roughly 1 µm into the sample for the experimental 

conditions of this study (Section 1.2.3). To acquire a stronger IR signal from species under 

electrochemical control immobilised on carbon materials, a large amount of these species 

should ideally sit within 1 µm of the prism surface. The coupling of ATR-IR spectroscopy 

and electrochemistry is then expected to be facilitated by using sub-micrometre materials to 

create the carbon electrode. A range of nanomaterials were shown to effectively immobilise 

hydrogenase in Section 3.3.2. They were then investigated to perform IR spectroscopy of 

immobilised species under electrochemical control. The test molecule flavin mononucleotide 

(FMN) which is cheaper and easier to obtain than Hyd-1, was first used as proof of concept 

before moving to hydrogenase studies. A milestone would be to record data from directly 

adsorbed redox species on carbon materials.  

3.3.3.1. Flavin mononucleotide as a test molecule 

Flavin mononucleotide (FMN) is a molecule found in enzymes and biological structures, 

Figure 3.14. Therefore FMN, and other flavin based compounds, have been considered for 

bio-related applications [230]. However it is selected for this study for other reasons. First it 

is electrochemically active with clearly defined oxidised and reduced forms [231]. Second, it 

adsorbs strongly on carbon materials. Third, it has distinct IR spectra in the oxidised and 

reduced form with a pronounced feature around 1540 cm
-1

 in the oxidised state [230]. FMN 

is then a suitable test molecule for IR investigation of an adsorbed species under 

electrochemical control. FMN was adsorbed on all the eleven carbon materials presented in 

Section 3.3.1 according to the procedure detailed in Section 2.4.6. To confirm that FMN 

adsorbs on the eleven carbon materials, electrochemical measurements and IR measurements 

in an ATR configuration without electrochemical control and without electrolyte (‘dry 
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particles’) were performed. Presence of FMN was proved in all cases and for all materials as 

illustrated in Figure 3.14 for HNP. In the absence of adsorbed FMN no redox behaviour (flat 

lines) was observed for either the PGE electrode (grey line) or HNP deposited on the PGE 

electrode (dashed line). After deposition of HNP with adsorbed FMN on the PGE electrode, 

the oxidation peak around -0.22 V vs SHE (positive current) corresponds to loss of 2 

electrons and 2 protons from the reduced form of FMN to lead to the oxidised form. The 

reduction peak around -0.28 V vs SHE (negative current) corresponds to reversible 

reduction. A band around 1543 cm
-1

 in particular confirms by IR spectroscopy the presence 

of FMN on the dry particles after adsorption (inset of Figure 3.14). Similar results are 

obtained on the other materials. This is illustrated in Figure 3.15 for electrochemical 

measurements on electrodes made of plate-like (APG and MG), tube-like (GNF) and particle 

like (Si@C) materials. 

  

Figure 3.14. Cyclic voltammogram of FMN adsorbed on HNP (plain dark) deposited on 

a PGE electrode and associated molecular structure of the reduced and oxidised forms 

of FMN [R=CH2-(HCOH)3-CH2-HPO4
-
Na

+
]. Measurement performed in KPB 100 mM, 

pH 7, at a scan rate of 10 mV s
-1

. Cyclic voltammograms of the bare electrode (plain 

grey) and HNP without adsorbed FMN (dashed dark) recorded under equivalent 

conditions are also reported. The IR signal from FMN adsorbed on dry HNP is 

reported in the inset: the peak at 1543 cm
-1

 in particular is characteristic of FMN. 
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Figure 3.15. Cyclic voltammograms of FMN adsorbed on APG, MG, GNF and Si@C 

materials deposited on a PGE electrode (plain dark). Cyclic voltammograms for HNP 

without adsorbed FMN (dashed dark) and the bare electrode (plain grey) under 

equivalent conditions are also reported. Measurement performed in KPB (100 mM,  

pH 7) at a scan rate of 10 mV s
-1

.  

The oxidised and reduced forms of FMN have different bonds, circled in the 

isoalloxazine rings represented in Figure 3.14. In particular a C=C bond in the reduced form 

is not present in the oxidised form. These different bonds are characterised by different 

adsorption in the IR [232]. It should then be possible to observe a difference in the IR signal 

recorded for the oxidised or the reduced form of FMN. Transforming the adsorbed FMN into 

an oxidised or a reduced state is possible by chronoamperometry (Section 2.4.3). The 

spectroelectrochemical set up described in Section 2.5 was used to assess if a change in IR 

signal between oxidised and reduced states could be observed. However, the experimental 

conditions to allow electrochemical control required an aqueous electrolyte. Therefore most 
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of the as-recorded IR spectrum is dominated by absorbance from water molecules. A 

possible way to overcome this issue is to report a difference of spectra taken at different 

potentials, which mathematically remove the water signal. It makes it possible to observe IR 

features that are changed by the electrochemical control. As-acquired spectra and the data 

processing are detailed in Figure 2.20 in the experimental methods section. In Figure 3.16, 

the difference between IR spectra of FMN recorded in an oxidised state and spectra recorded 

in a reduced state are reported for a plate-like (MG), a tube-like (GNF) and a particle-like 

(HNP) material (Section 3.3.1). Negative features are IR signals related to the reduced form 

of FMN whereas positive features are related to the oxidised form (see Section 2.5 for more 

details). Since the difference spectra are not flat, the results show that all types of materials 

studied allow the acquisition of IR spectra for adsorbed FMN under electrochemical control. 

However these results differ from one material to another as detailed in the next section. 

 

Figure 3.16. IR oxidised-minus-reduced difference spectra of FMN adsorbed on MG, 

GNF and HNP under electrochemical control. The reference (reduced) spectrum was 

taken at a potential of -0.49 V vs SHE. The most oxidising potential applied was  

+0.21 V vs SHE. The vertical grey-dashed line marks 1539 cm
-1

. 

Observing a signal from a difference spectrum is a first step to couple ATR-IR 

spectroscopy and electrochemistry of adsorbed species on carbon materials. To identify an 

optimal material other parameters are important. A second criterion is the reproducibility of 

the results. This was assessed by performing at least three independent experiments. A third 

criterion is to achieve a reversible electrochemical control. This should be the case with 
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FMN because the FMN redox couple is reversible as highlighted in Figure 3.14. 

Reversibility in the IR spectroelectrochemical experiments is confirmed by reporting several 

spectra on a same Figure, like in Figure 3.17 which shows IR data for FMN adsorbed on 

MG under electrochemical control. A spectrum was taken at a reference potential: -0.49 V vs 

SHE. Another spectrum was taken at the same potential and is displayed at the bottom of the 

Figure in black. This spectrum is featureless confirming than no changes in the IR signal 

occurred which is consistent with the fact that the potential was not changed. This spectrum 

is then used as reference. A succession of potential steps was then performed by 

chronoamperometry and IR spectra recorded for each of the steps. The spectra recorded for 

each potential step are displayed offset from each other. The data acquired at the most 

oxidising potential compared to the potential used for reference are represented in red: 

+.0.21 V vs SHE in Figure 3.17. The sequence of electrochemical potentials was then 

performed in reverse order from this most oxidising potential (red) until reaching the first 

applied potential (reference potential, black). The succession of spectra from bottom to top 

in each Figure then corresponds to the chronological order of spectral acquisition. The 

spectrum displayed at the top of the Figure corresponds to a spectrum acquired at the final 

potential applied. This potential is the same as the one used as reference (-0.49 V vs SHE) 

and used to acquire the spectrum displayed at the bottom of the Figure. The bottom spectrum 

(first spectrum in black) and the top spectrum (last spectrum in black) should be the same, 

featureless reference signal in the case of a reversible electrochemical phenomenon under 

electrochemical control, as it is observed in Figure 3.17. Fourth, by doing small potential 

steps the experiments can be as long as 6 hours. The stability and reversibility of the signal 

with time is then also assessed to make sure the carbon material is not subject to 

modification that could impair the data interpretation. These longer experiments also 
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illustrate the robustness of the method. Detailed potentials steps for each image are given in 

Table A4 and in all cases the electrolyte used was KPB, 100 mM, pH 7. 

 

  

Figure 3.17. IR spectra of FMN adsorbed on MG particles under electrochemical 

control recorded at different voltages. The reference spectrum was taken at -0.49 V vs 

SHE (black). The most oxidising potential applied was +0.21 V vs SHE (red). Each 

spectrum corresponds to a different potential applied. (a) MG with adsorbed FMN,  

(b) MG without FMN. 

3.3.3.2. Plate-like materials 
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spectroscopy and electrochemistry for studies of adsorbed species directly under 

electrochemical control were then performed with APG. However, no signal of FMN under 

electrochemical control could be recorded. This is because to obtain a sufficient signal/noise 

ratio in the ATR configuration used, the redox species immobilised on carbon materials need 

to be as close to the prism as possible (Section 1.2.3.3). The APG beads have a size bigger 

than 5 µm and so are not suitable electrode materials because they are bigger than the 

expected penetration depth (around 1 µm) of the evanescent waves. An obvious strategy to 

give sufficient surface area to improve the signal is to minimise the size of the graphitic 

flakes. This makes MG, with a smaller size than APG (Table 3.1), an ideal candidate.  

IR spectroelectrochemical measurements performed with FMN adsorbed on MG are 

reported in Figure 3.17a. A peak at 1538 cm
-1

 appears at oxidative potential (+0.21 V vs 

SHE). This is a good hint that it is possible to obtain IR data for adsorbed FMN under 

electrochemical control because a peak around 1540 cm
-1 

corresponds to a reversible change 

in the FMN isoalloxazine ring (circled in Figure 3.14). This peak also disappears under 

potential control: the top and bottom spectra acquired at the same reductive potential  

(-0.49 V vs SHE) lead to the same flat signal. However this result was difficult to reproduce 

and so MG does not appear as a fully optimised material for the development of the 

technique. In particular another band at1592 cm
-1 

could be observed. This band is not related 

to FMN because it can be observed
 

on the raw material without adsorbed FMN, 

Figure 3.17b. For the voltage range scanned no electrochemical signal could be observed 

from the material itself (Figure 3.15). Therefore, this reversible appearance of the peak at 

1592 cm
-1

 in Figure 3.17b
 
cannot be attributed to electro-active species on the carbon 

surface, although it depends on the potential applied. This peak could however result from 

changes in the vibrational features of functional groups on the carbon surface (like ketone, 

acid or other oxygen-containing groups) due for instance to different protonation state. The 
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different protonation state could result from different local pH induced with the applied 

potential by polarisation of water molecules in the vicinity of the carbon surface. Last, but 

important for future discussion, the intensity of the signal attributed to FMN is relatively low 

and about1 mOD. 

3.3.3.3. Tube-like materials 

Due to their strong IR absorption and difficult dispersion in aqueous solvents, no satisfying 

results were obtained in this study with dispersed MWCNTs or  

N-MWCNTs. Using GNF, easier to disperse in aqueous solution, a spectroelectrochemical 

response from adsorbed FMN was observed as reported in Figure 3.18. A first observation 

is that the material itself gives potential-dependent IR signals. This is for instance observed 

with two negative peaks around 1650 and 1600 cm
-1

, appearing in the red spectrum in 

Figure 3.18a. However no redox signal from the material itself for the potential range 

considered can be observed in the cyclic voltammogram (Figure 3.15). In a similar case to 

MG, this potential dependent IR signal is likely to be related to (de)protonation of oxygen 

containing groups on the carbon surface. In the presence of adsorbed FMN, additional 

reversible features are observed 1400-1520 cm
-1

, in particular a peak around 1523
 
cm

-1
:  

GNF + FMN curves in Figure 3.18a. These extra peaks are present only after FMN 

adsorption and so can be attributed to potential-dependent changes in adsorbed FMN. The 

intensity of the signal related to FMN is about 5 mOD, Figure 3.18a, which is a higher 

signal than in the case of MG. The fact that the peak attributed to FMN does not appear at 

1539 cm
-1

 as in the case of MG is probably a result of different FMN-carbon interaction. The 

adsorbed FMN may interact differently with a material showing mainly edge-plane like 

structure like GNF (Section 3.3.1) compared to MG because the latter still shows some basal 

plane features. The potential-dependent behaviour of GNF with or without FMN adsorbed 

on it is easily reproducible. It can be repeatedly observed by holding the FMN at reducing 
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(black spectra) or oxidative (red spectra) potentials and switching several times the potential, 

Figure 3.18a. In particular, reversibility was achieved with GNF even for long experiments 

(ca. 3 to 6 hours) including several potential steps, going from reduced to oxidised, 

Figure 3.18b, or oxidised to reduced conditions, Figure 3.19. Since GNF has a typical size 

smaller than MF, this confirms that scaling down the size of the materials is promising to 

achieve the coupling of ATR-IR spectroscopy and electrochemistry. 

                

 

Figure 3.18. IR spectra of GNF particles under electrochemical control recorded at 

different voltages (a) with or without adsorbed FMN and (b) with adsorbed FMN for 

several electrochemical steps. The reference spectrum was taken at -0.49 V vs SHE 

(black). The most oxidising potential applied was +0.21 V vs SHE (red). Each spectrum 

corresponds to a different applied potential. 
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Figure 3.19. IR spectra of FMN adsorbed on GNF particles under electrochemical 

control recorded at different voltages. The reference spectrum was taken at +0.21 V vs 

SHE (black) and the most reduced potential in red is -0.49 V vs SHE (red). Each 

spectrum corresponds to a different applied potential. 

These encouraging results suggest that MWCNTs with a similar size to GNF 

(Table 3.1) should also facilitate the coupling of ATR-IR spectroscopy and 

electrochemistry. This is possible only if their challenging dispersion can be addressed. This 

can be done by directly growing MWCNTs on the silicon prism used for IR spectroscopic 

data acquisition. The synthesis of MWCNTs was performed using AACVD as described in 

Section 2.2.4. The optical prism was used as substrate and n-propylbenzene as precursor 

with 5 wt% ferrocene. This is because this precursor gives slower growth rate [179] for the 

MWCNT forest, so it is easier to control the growth of the MWCNT to a sub-micrometre 

length. MWCNT growth was performed for 3 minutes and a MWCNT network directly in 

contact with the prism with a total length less than 1 µm can be developed. This is confirmed 

by SEM images reported in Figure 3.20. FMN adsorption was then performed by dipping 

the prism with MWCNT forest on it into an aqueous solution of FMN. After several washes 

in MilliQ water to remove unadsorbed FMN, a hint of adsorbed FMN under electrochemical 
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control could be observed around 1534 cm
-1

 as illustrated in Figure 3.20. However this 

approach does not lead to satisfying results. First the signal attributed to FMN was difficult 

to observe in most experiments and so results are not easily reproduced. Second, growing 

MWCNT forests for coupling ATR-IR spectroscopy and electrochemistry is a complicated 

approach. Particles dispersion (like MG or GNF) can be used on a daily basis for several 

experiments. They are simply used by deposition of a particle film on the prism. In contrast, 

growing MWCNTs on the prism requires a day to day MWCNT synthesis for each 

experiment. This involves intensive cleaning of the prism for example in concentrated acids 

after each use and prior to any new synthesis of MWCNTs. Therefore this approach 

consisting of growing a MWCNT forest on a prism was not considered as a convenient route 

for further development of the technique.  

      

Figure 3.20. (a) SEM micrograph of MWCNTs directly grown on a silicon wafer. When 

similar structures are grown on the optical prism used for the IR experiment and 

electrochemical control is achieved a hint of FMN signal can be observed: (b) control 

over the peak at 1534 cm
-1

 with applied potential. The reference spectrum was taken at 

-0.49 V vs SHE. 

3.3.3.4. Nanoparticle materials 

GNF is a promising material to couple ATR-IR spectroscopy and electrochemistry. However 

the material has a relatively large size (diameter about 20-250 nm, Table 3.1) compared to 
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other materials. For instance the carbon nanoparticles characterised in Section 3.3.1 have a 

diameter lower than 100 nm. Improved coupling and reproducibility can be expected by 

using these particle-like materials. This is illustrated with HNP in Figure 3.21. The first 

advantage of using HNP compared to the previous cases of MG, MWCNT and GNF, is that 

the signal for the peak at 1539 cm
-1

 attributed to the oxidised form of FMN under 

electrochemical control has an intensity about 50 mOD. This is about 10 times higher than 

with GNF which facilitates the interpretation of the data. Also additional positive peaks are 

observed at 1707, 1648, 1614, 1576 and 1497 cm
-1 

for the oxidised form of adsorbed FMN, 

Figure 3.21. Precise band assignment is complicated by a lack of consistency of assignment 

in the literature, both experimentally and computationally. Oxidised FMN in solution 

exhibits C=O bands at ca. 1712 and 1660 cm
-1

, and bands due to the isoalloxazine ring at 

roughly 1626,  1580, 1547 and 1506 cm
-1

 [232]. These vibrations can be seen as positive 

contributions to the difference spectra reported in Figure 3.21. They are observed at slightly 

lower wavenumber for immobilised FMN than FMN in solution. This is probably due to the 

interaction with the carbon electrode and/or interaction between several FMN molecules 

upon adsorption which modifies the vibrational modes of FMN. The negative peaks 

observed correspond to the reduced FMN. For instance contributions from the isoalloxazine 

ring at ca. 1595, 1556 and 1512 cm
-1

. Broad negative features are also present around  

1400 cm
-1

. These can be attributed to the N-H bond deformations that are not present for the 

oxidised form. Even for long experiments (ca. 3 to 6 hours), stability and reversibility of the 

FMN signal could be observed whether from reduced to oxidised, Figure 3.21a, or oxidised 

to the reduced form, Figure 3.21b. No clear signal under electrochemical control for the 

particle-like materials themselves could be observed as opposed to the previous materials. 

This also makes the peak assignment to the adsorbed FMN more reliable on the particle-like 

materials. Similar conclusive results were obtained with the commercially available BP 
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(Figure 2.19), VX, ML and CNP. The results presented are a milestone in the development 

of the technique showing the possibility to perform IR investigation under direct 

electrochemical control of molecules directly adsorbed on carbon materials.  

    

Figure 3.21. (a) IR oxidised (+0.21 V vs SHE) minus reduced (-0.49 V vs SHE)  

difference spectra of FMN adsorbed on HNP. (b) IR spectra of FMN adsorbed on HNP 

under electrochemical control recorded at different voltages. The reference spectrum 

was taken at +0.21 V vs SHE (black). The most reduced potential is -0.49 V vs SHE 

(red). Each spectrum corresponds to a different applied potential. 
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For Si@C particles, the amount of electrochemically active FMN immobilised on the 

material was low compared to the other materials. Low loading is indeed consistent with the 

lower current (less than 1 µA, Figure 3.15) associated with the redox properties of FMN 

observed on Si@C compared on other materials like GNF (up to 20 µA, Figure 3.15). No IR 

spectroelectrochemical data related to FMN could be recorded and it was concluded that 

Si@C did not lead to satisfying results for FMN studies. However the Si@C particles were 

successfully used for IR spectroelectrochemical studies of Hyd-1 as detailed below. 

3.3.3.5. IR spectroscopy under electrochemical control of hydrogenase 

Spectroelectrochemical data for Hyd-1 adsorbed on Si@C particles are reported in 

Figure 3.22. The peaks observed correspond to the vibration of the CO ligand at the active 

site of the enzyme (Figure 1.14). The vibration of CO is sensitive to the redox state of the 

active site. The positive peaks correspond to features appearing with the oxidised state of the 

immobilised hydrogenase (Ni-B state) whereas the negative peaks correspond to the loss of 

features that were present in the reduced states (NiRIII and NiRII bands). This is because the 

spectrum presented is the difference between a spectrum taken in the oxidised state 

subtracted by a spectrum taken in the reduced state. This is an exciting result because for the 

first time IR signals related to the active site of a hydrogenase can be recorded under direct 

electrochemical control. Similar results were obtained on the commercially available BP for 

hydrogenase study. This last material has been taken forward as the core material for 

coupled ATR-IR spectroscopy and electrochemistry for enzyme studies in Prof Vincent’s 

group.  
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Figure 3.22. IR spectrum of the v(CO) region for Hyd-1 immobilised on Si@C particles. 

Spectrum reported is the difference spectrum between spectrum recorded at +0.21 V  

vs SHE and spectrum recorded at -0.60 V vs SHE. With the assistance of Ricardo 

Hidalgo, Department of Chemistry, University of Oxford. 

 

3.4. Conclusions 

Eleven different carbon materials with different properties were selected and 

characterised to develop enzyme electrodes. The hydrogenase Hyd-1 from E. coli was 

adsorbed on all these carbon materials. For the first time, the unified study of the same 

hydrogenase under equivalent experimental conditions is performed. It is then possible to 
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current per mass of materials achieved, for instance 12 A g
-1

 at +0.24 V vs SHE with the 

commercial material BP 2000 (BP), is promising and the materials could be considered 

for scale up in applications like fuel cells. In particular high electrocatalytic current can 

be achieved if mass transport limitation through the porous network is properly 

addressed via careful cell design. In this study, BP was found to be the best material to 

achieve high electrocatalytic current. However the total surface area available is not fully 

used by the hydrogenase. A better hydrogenase loading per surface area of electrode 

material is achieved with more graphitic materials. In particular the simple preparation of 

exfoliated graphite (MG) with size less than 1 µm gives a material for which the 

available surface area is best used by the hydrogenase in this study. These results suggest 

that an optimal material to develop electrode for applications of hydrogenases - and 

possibly other enzyme - should combine a high surface area and a pronounced ‘edge’ 

structure. This material is still to be identified. 

It is also established in this chapter and for the first time that performing ATR-IR 

spectroscopic investigations of species directly immobilised on carbon electrodes is possible. 

This constitutes a milestone in the development of the technique. The coupling is 

successfully achieved by selecting and designing carbon materials with a nanoscale. Various 

carbon nanomaterials, like graphite nanofibers (GNF) and carbon particles like hydrothermal 

nanoparticles (HNP), were used to record IR spectroscopic data related to the biologically 

relevant molecule FMN under direct electrochemical control. Also IR spectroelectroscopic 

data related to Hyd-1 were obtained on silicon core carbon shell particles (Si@C). The 

results show the compatibility of different carbon materials with the spectroelectrochemical 

measurements. The different results obtained on GNF and HNP for FMN studies suggest 

that future IR spectroelectrochemical studies to identify the influence of the carbon material 

used as electrode on the activity or stability of bio-electrocatalysts are now possible. 
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 Finally, MWCNTs and N-MWCNTs are difficult to disperse in aqueous buffers and 

are challenging to use for electrochemical or spectroelectrochemical investigation in this 

thesis. The direct growth of MWCNT forests directly on a silicon prism overcomes their 

challenging dispersion. Unfortunately this approach is difficult to implement for 

spectroelectrochemical experiments. Using powders made of carbon nanomaterials further 

dispersed in aqueous solutions and drop-casted on the prism is much simpler. Nevertheless, 

the next chapter of this thesis shows that developing MWCNT forests directly on a substrate 

can be a more relevant strategy than using dispersed materials. In particular to tailor carbon 

scaffolds for emerging applications of immobilised hydrogenases in flow-bio-redox 

catalysis.  
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Chapter 4: MWCNT columns for flow-bio-

redox catalysis 
“Try and fail, but don’t fail to try” 

John Quincy Adams 
 

Thank you to Thomas F. Bottein who worked under my supervision for three months and contributed 

intensively to the synthesis and characterisation of the MWCNT columns (CNCs); to Dr Seyyed Shayan 

Meysami (Department of Materials, University of Oxford) for performing the HF treatment of the columns; to 

Dr Antal A. Koós (Department of Materials, University of Oxford) for his doubts about the possibility to 

develop CNCs by the proposed approach. These doubts gave me will to try and succeed. A warm thank you to 

Holly A. Reeve (Department of Chemistry, University of Oxford) for concretising in terms of catalysis my ideas 

behind the CNCs, or ‘TiTs’(Tubes in Tubes) as they are sometimes informally called.  

4.1. Introduction 

Powders made of the carbon materials characterised in Chapter 3 are suitable to develop 

high surface area hydrogenase electrodes. These electrodes are relevant for enzyme fuel cells 

or to develop the coupling of IR spectroscopy and electrochemistry. However, powdered 

carbon materials may not be optimal for emerging hydrogenase applications that could 

benefit from novel carbon scaffolds (detailed in Section 1.2.4). Enzymes are increasingly 

considered in chemical synthesis [10] due to their high selectivity, biodegradability and 

ability to operate under mild conditions of temperature and pressure. These properties are 

advantageous to reduce costs in production of chemicals. However some redox enzymes 

require a stoichiometric amount of a cofactor molecule to operate. Recycling this expensive 

cofactor can be extremely difficult and costly. It has been shown that a cascade of enzymes 

including a hydrogenase offers the opportunity to recycle cofactors in-situ using H2 as 

reductant without producing waste or by-products [20]. A major requirement is for the redox 

enzymes to be in electronic contact with each other through a conductive carbon support. To 

facilitate the implementation of this promising new system to industrial production, flow 

chemistry (also detailed in Section 1.2.4) could be exploited. Flow chemistry [113, 115, 

233] offers multiple benefits compared to batch processing, including continuous production, 

possibility to work with small volumes and higher concentrations, minimal waste and 
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minimal energy requirement. These advantages all contribute to reducing costs for 

production of chemicals [10]. To develop sustainable and simple industrial production 

methods of chemicals, it would be relevant to combine the enzyme-based cofactor 

regeneration system mentioned above with flow catalysis. However this combination is 

challenging due to the lack of simple conductive scaffolds compatible with flow systems for 

enzyme immobilisation. 

In Section 1.2.4, a column filled with a material on which catalysts are immobilised is 

identified as a simple flow reactor. However, this reactor configuration is complex to 

achieve if the catalyst support used is a powder made of (nano)material because high 

pressure [129, 130] and/or fillers [132] are required to pack or stabilise the column. Direct in 

situ synthesis of the materials used as support in the column would simplify the reactor 

design [144]. This direct growth is possible with CNT forests (Section 1.2.2.3). 

Advantageously, CNTs have already been demonstrated as support for a plethora of catalysts 

[24, 75, 135, 164] due to their high surface area, high mechanical, thermal and chemical 

stability. In addition, they are electrically conductive and hydrogenases can be immobilised 

on CNTs as confirmed in Chapter 3. This combination of properties makes CNT forests 

ideal candidates to transpose the enzyme-mediated cofactor regeneration system [20] to a 

flow reactor. Unfortunately, developing CNT flow reactors is not a simple task. When they 

are used as forests, for membranes [143], filtration [140] or chromatography [141, 142], 

several steps are required to get from the CNT synthesis to the design of the flow device. 

Templates [135], etching steps [135] and building the flow system around the CNT forest 

after synthesis [69] are required. The process is simplified by direct in situ growth of CNT 

forests in a column, as has been reported for development of chromatographic devices [140, 

141, 145, 146] but then only one column can be obtained at a time. The limited availability 

of these columns with their inner diameter filled with CNT forests is a bottleneck. The 
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implementation of CNT forests for flow (bio) catalytic systems is then limited [69, 76, 128, 

135, 136]. A simpler route to obtain CNT scaffolds compatible with flow applications would 

be beneficial.  

Chapter 4 details a method to obtain conductive carbon scaffolds compatible with 

flow devices and further demonstrates the suitability of these supports for  

bio-redox-catalysis in a flow configuration. The approach proposed is extremely simple, yet 

it addresses several challenges at the same time. First, to work around the difficulty in using 

powders made of carbon material in flow systems, the direct growth of vertically-aligned 

MWCNTs by AACVD in quartz columns of small inner diameter is investigated in 

Section 4.3.1. Second, the limited production of MWCNT columns is overcome. Control 

over the MWCNT filling in the column can be achieved and several columns can be 

obtained in a single experiment. This is shown in Section 4.3.2 where experimental 

parameters like time of experiments, value of carrier gas flow rate, length and inner diameter 

of the quartz column are investigated to establish their influence on the MWCNT forest 

thickness profile in the column. In Section 4.3.3, the flow rate of carrier gas is more 

specifically established as a key synthesis parameter. This study leads to optimised MWCNT 

scaffolds for possible applications in flow systems. Third, the direct relevance of the 

scaffolds for flow systems and flow catalysis is proven in Section 4.3.4. This is simply 

achieved due to the geometry of the quartz columns used, without need for chemical or 

thermal treatment after MWCNT synthesis. Fourth, flow-bio-redox catalysis is demonstrated 

in the as-synthesised MWCNT columns in Section 4.3.5 by transposing the modular enzyme 

cascade described in Section 1.2.4.1 to a flow system. For the first time, the biocatalytic 

hydrogenation of acetophenone to 1-phenylethanol is investigated in a flow configuration by 

exploiting the conductivity of the MWCNTs and the ability of enzymes to operate at room 

temperature and low pressure. The results presented prove that the MWCNT columns 
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(CNCs) developed are simple and extremely promising platforms not only for  

bio-redox-catalysis but also flow catalysis in general. The properties illustrated within this 

chapter that make the CNCs a versatile scaffold for flow devices are summarised in 

Section 4.4. 

4.2. Experimental 

The general materials and methods relevant to this chapter have been covered in Chapter 2. 

This experimental section gives specific information related to the development of MWCNT 

columns: CNCs. MWCNTs were synthesised with the AACVD set up described in 

Section 2.2.4 following reported experimental conditions [92, 191]. A mixture of toluene 

and 5 wt % ferrocene was used as precursor, argon as the carrier gas and all experiments run 

at 800 °C. Experiments were performed for times longer than 60 minutes, so an ultrasonic 

unit with a water-cooling system was used to avoid overheating the solution and the 

equipment during the continuous operation of the piezo-electric device for long period of 

time. Quartz tubes with inner diameter (ID): 1, 2 or 4 mm (outer diameter 8, 4 and 6 mm 

respectively, from Robson Scientific) were used as substrate to develop the carbon scaffolds. 

They are referred to as ‘columns’ and not tubes in this thesis by analogy with the 

terminology for chromatographic devices [142] and flow systems [114]. When the column 

inner diameter is filled with MWCNTs it leads to ‘MWCNT columns’ abbreviated CNCs. 

The range of size for the inner channel of the column was selected to develop mini flow 

systems: inner diameter defining the channel size between 0.5 and 2 mm [114], for reasons 

detailed later in this chapter. As-received columns were cleaned by sonication in ethanol for 

few minutes prior to use. Without other pre-treatment, they were placed at various distances 

in a quartz tube reactor (21 mm ID) placed itself in a furnace, as illustrated in Figure 4.1. 

For instance the column placed at 17 cm relative to the beginning of the furnace, has one end 

at 17 cm and the rest of the column between distance 17 cm and 23 cm.  
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Figure 4.1. Schematic representation of the synthesis set up and carrier gas flow 

progression during the experiment. A 21 mm ID quartz tube is used as a reactor and 

divided into different zones where substrates (quartz columns) are placed. Typically 

Z1=17 cm, Z2=23 cm, Z3=29 cm, Z4=39 cm, Z5=45 cm, values correspond to distances 

into the furnace which was 55 cm long.  

For optical microscope, SEM, Raman and EDS data acquisition, the method to obtain 

cross sections cut of the columns is described in Section 2.3.1. Raman intensity ratios were 

obtained as an average of at least 6 spectra on the same cross section. Thickness of the 

MWCNT forest was assessed using an optical microscope (VMS-004 Deluxe microscope, 

with a x10 objective or confocal microscope of a JY Horiba Labram Aramis Raman 

microscope with a x50 objective) with at least 4 measurements on the same cross section. 

Positions in the columns are expressed relative to the entrance of the column. The position  

0 cm, referred to as IN, corresponds to the end of the column directly facing the carrier gas 

flow during synthesis, Figure 4.1. The opposite end is referred to as OUT. Controlling the 

position of the column relative to the flow during synthesis is important to understand the 

growth of MWCNTs. This position can un-ambiguously be established by marking one 

extremity of the outer surface of the column with a diamond pen. After removing the 

Quartz columns in quartz reactor

Quartz reactor in Furnace
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(Ar)
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MWCNTs grown during synthesis and covering the mark, the relative position of the column 

to the carrier gas flow during synthesis can be established. 

4.3. Results and discussion 

4.3.1. AACVD synthesis of CNCs and characterisation  

4.3.1.1. Towards production of CNCs by AACVD 

The first challenge to develop CNCs by AACVD is to prove that a MWCNT forest can grow 

within the inner channel of tubular substrates. MWCNT growth in a quartz tube with 

relatively large inner diameter, for example 21 mm ID is well established [191]. It is also 

established than growing CNTs in small inner diameter columns (e.g. 0.5 mm ID) is possible 

when the hydrocarbon flow needed is forced to pass through the column during synthesis 

[140, 141, 145, 146]. Growing MWCNTs into small diameter columns as schematised in 

Figure 4.1 is not guaranteed. The columns are placed into a bigger inner diameter quartz 

tube playing the role of reactor. It is uncertain whether the hydrocarbon flow required for the 

growth of MWCNTs will penetrate through the smaller inner diameter columns because it is 

not forced to do so. This thesis shows that it is actually straightforward to grow a black 

material inside quartz columns of 1 mm ID or more by AACVD with the approach proposed. 

In Figure 4.2, a schematic representation and photos of the column before, Figure 4.2a, and 

after synthesis, Figure 4.2b, are reported. After synthesis, MWCNTs are observed on the 

outside surface of the columns as a black deposit. These MWCNTs are not of interest for 

developing flow catalytic scaffolds and are easily removed by simply scrapping the outer 

surface of the columns with a blade, Figure 4.2c. After this step, the inner diameter of the 

column is observed to be black while some columns have a hollow core with a black deposit 

that can be seen-through.  
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Figure 4.2. Schematic representation and photos of columns with 2 mm and 1 mm ID  

(4 mm and 8 mm outer diameter respectively): (a) before MWCNT synthesis,  

(b) as-produced after synthesis, (c) after synthesis and after removing the MWCNTs 

grown on the external surfaces of the columns. Some columns are seen-through with a 

black deposit on the inner wall after synthesis. 

4.3.1.2. Characterisation of CNCs 

The black deposit inside the columns is consistent with growth of MWCNT forests. This 

deposit is further characterised by several techniques and results are shown in Figure 4.3. 

Figure 4.3a shows a schematic representation of cross and longitudinal sections of the 

column after MWNT growth. In Figure 4.3b and Figure 4.3c are displayed SEM 

micrographs of the material grown in the middle of a column, after respectively cross and 

longitudinal section cuts. The typical forest geometry for MWCNTs grown by AACVD is 

observed, with the nanotube axis perpendicular to the inner diameter surface of the quartz 

column they are grown on. The quartz column appears as a white background in the SEM 

quartz column

MWCNTs
synthesis

Removing
MWCNTs

from the external
quartz surface

2 mm ID 1 mm ID 2 mm ID 1 mm ID 2 mm ID 1 mm ID

2mm ID columns with a black deposit
on the inner channel after MWCNTs growth

can be seen-through

(a) (b) (c)



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 4                                                                                                                               176 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

cross section in Figure 4.3b whereas the MWCNT forest is grey. A dark circular section in 

the middle of the image corresponds to a hollow core without material also observed in 

Figure 4.3c as an inner channel. This inner channel is formed because the MWCNTs are not 

grown long enough to fill the column of 2 mm ID. Nevertheless, there is no part of the 

column surface without MWCNTs, i.e. a full coverage of the quartz column inner wall is 

achieved. The full coverage but partial filling is consistent with the ability to see-through the 

columns despite MWCNT deposition (Figure 4.2). A SEM micrograph acquired at higher 

magnification is displayed in Figure 4.3d, confirming that the inner channel of the quartz 

column is covered with a tubular nanomaterial. A typical Raman spectrum acquired on a 

cross section is displayed in Figure 4.3e. The three expected characteristic Raman peaks of 

MWCNTs [93] around 1340 cm
-1

 (D peak), 1565 cm
-1

 (G peak) and 2680 cm
-1

 (2D peak) are 

observed. A TEM micrograph of the materials collected within a column is shown in 

Figure 4.3f. The image obtained is characteristic of MWCNTs (as detailed in Chapter 3) 

and confirms that hollow tube-like nanomaterials are synthesized in the column. Analysis of 

10 TEM images with 100 measurements in total indicate that the tubes show an inner 

diameter between 8 and 20 nm, with thick outer walls leading to an outer diameter in the 

range 25-60 nm. All together, these results confirm full coverage of the column inner 

channel with a vertically-aligned MWCNT forest. 
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Figure 4.3. (a) Schematic representation of the CNC and associated sections. (b) SEM 

micrographs of a cross section performed in the middle of CNC showing  

vertically-aligned MWCNTs. The quartz surface appears as a white background, the 

MWCNTs are in grey and the inner channel formed by the partial filling of the column 

in dark. (c) SEM micrographs of a longitudinal section of a CNC showing an inner 

channel free of MWCNTs. (d) Higher magnification SEM micrograph. (e) Raman 

spectrum and (f) TEM micrograph of MWCNTs grown in the CNC. 
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4.3.1.3. Benefits of CNCs  

The mass of MWCNTs deposited in the column was up to 10 mg for a 2mm ID and 2 cm 

long column and for synthesis time of 90 minutes. Assuming a specific surface area of about 

60 m
2
 g

-1 
for the MWCNTs as characterised in Chapter 3, the expected surface of carbon in 

the column is around 6000 cm
2
 whereas the quartz surface in the column is 1.256 cm

2
 based 

on geometrical consideration. It means that the surface area after growing the MWCNTs 

increased by a factor up to 4800 compared to a column without MWCNTs. A first benefit of 

the CNCs is then to develop a high surface area of carbon material within the column.  

A second benefit is the geometry compatible with a flow device (Figure 1.24) that can 

be connected to tubing easily and this will be exploited later in this chapter.  

A third benefit is to provide more mechanical protection to the MWCNTs. MWCNTs 

grown on a flat substrate or on the outer surface of the column after synthesis can easily be 

scraped from the substrate (Figure 4.2b-c). In contrast, MWCNTs into the column are 

protected by the quartz shell. For instance one can step on the column without damaging the 

structure or losing the MWCNTs.  

Also cross sections of the CNCs can be performed without loss of the MWCNTs and 

the forest is maintained after sonication. This suggests a fourth benefit which is a relatively 

strong mechanical link between the MWCNT forests and the column. All these benefits 

encourage further investigation of CNCs for applications in flow systems. 

4.3.2. Control over the filling of quartz column with 

MWCNTs: parametric study 

4.3.2.1. Assessment of quartz column filling with MWCNTs  

To make the most of the CNCs, control over the MWCNT forest is required. The influence 

of experimental parameters on the thickness of the forest in the column was studied to 

achieve an optimal filling with MWCNTs. The parameters investigated are the distance of 
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the columns within the reactor, the inner diameter of columns, the duration of the 

experiment, the length of columns and the flow rate value of carrier gas because they are all 

likely to strongly influence MWCNT growth in the CNC. To evaluate the effect of these 

parameters on the column filling with MWCNTs several measurements can be performed.  

An optimised filling corresponds to a high surface area of carbon developed. Nitrogen 

porosimetry should be a preferred measurement to evaluate the carbon surface area 

(Section 2.3.5). However the characterisation is limited to one or two samples per day and 

can be subject to access restriction like training, booking or maintenance. Nitrogen 

porosimetry was not considered as a time and cost efficient characterisation for the 

parametric study presented in this thesis since more than 345 samples had to be analysed. An 

optimised carbon surface and optimised filling also corresponds to a dense and thick 

MWCNT forest. The MWCNT density (number of MWCNTs per surface area of support) 

and forest thickness can be evaluated by SEM. However similar practical training, booking 

and time restrictions (about 1 sample per hour and booking only possible for up to 10 hours a 

week) apply to this technique.  

A simpler approach is proposed and preferred in this thesis to evaluate the column 

filling by considering only the forest thickness. It is found that a simple optical microscope 

can be used for this purpose. Compared to alternative techniques, optical microscopy is 

faster and less subject to booking restriction and training on the equipment is completed in 

half an hour. The sample preparation is minimal: the CNC just need to be placed under a 

lens. The technique is simple and fast since up to 20 samples were characterised in a day. It 

is also a reliable technique and the spatial precision of ca. 5 µm achieved was enough for the 

purpose of this study. Finally, the forest thickness can be evaluated along a column after 

performing cross sections cuts. This method of investigation gave deep insight into MWCNT 

properties and growth process. In this thesis, a maximal and uniform forest thickness across 
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the column assessed by optical microscopy is then considered desirable to optimise the 

surface of carbon material available for enzyme and catalyst immobilisation.  

4.3.2.2. Influence of column inner diameter and distance into the furnace 

The growth of MWCNTs was possible in columns with 1, 2 or 4 mm ID. Within the scope of 

this investigation, the inner diameter is not a limiting factor to grow MWCNTs as it will be 

illustrated along this chapter. A detailed study is performed on columns with 1 and 2 mm ID 

to develop mini reactors [114]. Compared to micro systems (channel of size less than  

0.5 mm) [114], mini flow systems facilitate the synthesis of MWCNTs directly into the inner 

channel. Mini devices are also easy to implement in flow systems, to replace if needed, 

suitable to work with small volumes of solvent at a time and also small quantities of 

catalysts like enzymes. Their compatibility with flow systems still offers the benefits of flow 

reactors (e.g. the possibility to upscale the production of chemicals [114]). For the final end 

application of flow catalysis in this thesis, it is also easier to flow a liquid through a micro 

reactor compared to reactors with smaller inner diameter due to lower pressure drop. 

Meysami et al. recently investigated the influence of the distance of flat quartz 

substrates within a furnace on the AACVD synthesis of MWCNTs [191]. The study showed 

that the distance within the furnace has an influence on the MWCNT properties like length 

and graphitic structure due to different growth conditions along the furnace. A similar study 

was performed for the present columns (tubular substrates). The distances where the forest 

thickness in the columns was the easiest to control were located between 23 and 29 cm 

within the furnace in most cases and regardless of the furnace used. Results could change 

from one furnace to another due to slightly different temperature profile but the influence of 

a different furnace was not observed with the three furnaces used. A specific focus was then 

given to the columns located between 23 and 29 cm in the furnace during synthesis 

(Figure 4.1) as discussed later in the chapter. 



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 4                                                                                                                               181 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

4.3.2.3. Influence of the duration of synthesis on the average thickness of 

the MWCNT forest in a CNC 

A rough estimation of the uniformity of a MWCNT forest in a column is evaluated by 

considering the difference between the maximum and minimum thickness. Rather than 

reporting an average thickness or a range of thicknesses, the uniformity is better pictured by 

reporting a profile along the column. In Figure 4.4 for instance, the data presented are then 

the average thickness of the MWCNT forest estimated at different positions along one 

column. The uncertainty on the thickness at a given position corresponds to at least four 

measurements performed on a single column for a given set of experimental parameters. The 

Y axis shows the maximal range of thickness possible for the column considered: 1000 µm 

for a 2 mm ID column. In Figure 4.4, the thickness of the MWCNT forests developed along 

2 mm ID columns is investigated as a function of the duration of synthesis. A clear trend is 

observed: a longer synthesis time leads to longer MWCNTs and so to an overall thicker 

forest in the column. A longer synthesis time corresponds to a longer time when the 

precursor is pushed by the carrier gas into the hot region of the furnace, so a longer time for 

the growth leading to longer MWCNTs. This explanation is consistent with results obtained 

on flat substrates [92]. For synthesis time shorter than 30 minutes, the forest thickness along 

the column is rather uniform as there is not much difference between the maximum and 

minimum thickness along one column, Figure 4.4. For time of experiment longer than  

30 minutes, the forest thickness is less uniform: especially clear by comparing the position 0 

and 2 cm with respective forest thickness 270 and 700 µm for 90 minutes of synthesis in 

Figure 4.4a. It is important to note with this example that the data presentation proposed 

takes into account the fact that one end of the column is facing a flow of carrier gas and 

hydrocarbon during synthesis (0 cm, IN position) and the other end is not (2 cm, OUT 

position). These positions are not equivalent and this influences the forest thickness as it will 

be extensively discussed in Section 4.3.3.  
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Figure 4.4. Average thickness of the MWCNT forest grown into a 2 cm long column 

with 2 mm ID as a function of the position in the column and as a function of the 

duration of synthesis. Carrier gas flow rate was 2500 sccm and columns placed  

(a) 23 cm and (b) 29 cm within the furnace. 

For synthesis longer than 150 minutes, MWCNTs can be grown long enough to block 

the column. The MWCNTs are too long to fit in the column inner channel and ‘spill’ 

outside, Figure 4.5. These blocked columns are not desirable in the scope of this thesis 

because they are not compatible with flow catalysis at low pressure (detailed in 

Section 4.3.4). Regardless of the time of experiment considered, the overall MWCNT forest 

thickness is not much improved for experiments longer than 90 minute. Indeed obtaining a 

thickness of the MWCNT forest equal to the inner radius of the column from position IN to 

position OUT could not be achieved, Figure 4.4. In conclusion 90 minutes was considered 

enough time to achieve an optimal filling as most of the column inner channel is then 

covered with a forest thicker than 500 µm. More than 75 % of the volume of the inner 

channel of the quartz column is then filled with MWCNTs. This provides a column 

functionalised with carbon materials relevant for immobilisation of enzymes and especially 

hydrogenases (Section 1.2.2.3). 
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Figure 4.5. (a) Photo of a CNC where MWCNTs spill outside the column at the OUT 

position. The ID of the column is 2 mm. (b) and (c) are SEM micrographs of the same. 

 The same study on 1 mm ID columns indicates a strongly non-uniform filling, 

Figure 4.6. Data are presented with the Y axis showing the maximal range of thickness 

possible for a 1 mm ID column: 500 µm.  The thickness of the forest in the middle of the 

column is typically about half of the thickness at the IN (0 cm) or OUT (2 cm) positions. IN 

and OUT positions are usually completely filled for time of experiments of 90 minutes or 

more: forest thickness about 500 µm. In rare cases a complete filling was observed with  

1 mm ID columns, like for 150 minutes synthesis in Figure 4.6a. The systematic blockage 

of the ends of the column for time of synthesis longer than 90 minutes is due in these cases 

to the small ID. MWCNTs can grow long enough to connect with the MWCNTs grown 

diametrically opposed as illustrated in Figure 4.7. It is also observed on this image that the 

commercial 1 mm ID columns have a non-spherical inner channel. This accounts for the 

blocked column and the difficulty in reproducing the results with this inner diameter value. 

In all cases the MWCNTs partially or fully blocking the column are not suitable for flow 

catalysis at low pressure (Section 4.3.4). It is concluded that the optimal ID for the column 

to develop flow mini rectors is 2 mm.   
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Figure 4.6. Average thickness of the MWCNT forest grown into a column as a function 

of the position in the column and as a function of the duration of synthesis. The 

columns were 2 cm long with 1 mm ID. Carrier gas flow rate was 2500 sccm and 

columns placed (a) 23 cm and (b) 29 cm within the furnace. 

 

Figure 4.7. SEM micrograph of a 1 mm ID column completely blocked with MWCNTs 

tangentially-aligned to the column inner diameter surface. 

4.3.2.4. Influence of column length on the average thickness of the 

MWCNT forest in a CNC 

To achieve a uniform filling with MWCNTs, the influence of the column length was 

investigated. Filling columns less than 2 cm long is possible. However it is difficult to 

accurately investigate the forest thickness profile since cross sections cuts of these are 

challenging to perform. With 2 mm ID columns, as the column is longer, a greater variation 

in the average thickness profile is observed. This trend is illustrated in Figure 4.8 where a  
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4 cm long column shows thicker maximum thickness (position 4 cm, 750 µm) but also 

thinner minimum thickness (position 2 cm, 120 µm) compared to a 2 cm long column 

(thickness between 450 and 600 µm). As a conclusion, 2 cm long columns give a more 

uniform filling for 2 mm ID columns under the experimental conditions selected. For CNCs 

of 1 mm ID, filling is usually inhomogeneous and extremities of the columns are usually 

more filled than the middle of the column, Figure 4.9. This has been observed for a number 

of experiments with various experimental conditions as illustrated along this report. This 

stresses that 1 mm ID is not an ideal value to develop CNCs. Columns with 2 mm inner 

diameter and 2 cm long are recommended. 

   

Figure 4.8. Average thickness of the MWCNT forest grown into the column as a 

function of the position in the column for 2 (plain-black line), 3 (dashed-red line) and 

4 cm (dot-and-dashed-orange line) long columns with 2 mm ID. Carrier gas flow rate 

was 2500 sccm and the duration of synthesis was 90 minutes. All columns were located 

between 23 and 29 cm within the furnace. 
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Figure 4.9. Average thickness of the MWCNT forest grown into columns as a function 

of the position in the column for 2 (dotted-red and plain-purple lines), 3 (dash-and-

dotted green line) and 4 (dashed-blue line) cm long column with 1 mm ID. Carrier gas 

flow rate was 1000 sccm and the duration of the synthesis was 150 minutes for 2 cm 

long columns and 90 minutes for 3 and 4 cm long columns. All columns were placed 

between 23 and 29 cm within the furnace. 

In Figure 4.8 and Figure 4.9 the IN or OUT positions tend to show thicker forest than 

the rest of the column. This has been observed in twenty two independent experiments for 

columns of various length and diameter. Also for experiments performed with a flow rate of 

carrier gas of 2500 sccm, the forest thickness at the IN position was usually thinner than at 

the OUT position for 2 mm ID columns. This is more pronounced for longer CNCs as 

displayed in Figure 4.8: about 400 µm forest thickness at the IN position and 750 µm at the 

OUT position for a 4 cm long column. This observation will be explained in a later section. 

4.3.2.5. Influence of flow rate of carrier gas on the average thickness of the 

MWCNT forest in a CNC 
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2500 sccm are commonly used and can be considered as optimal for the growth of 

MWCNTs in AACVD synthesis [92, 191]. 5000 sccm is the maximum value that could be 

safely reached with the experimental set up used. A high carrier gas flow rate was selected to 

promote the flow of hydrocarbon to penetrate through the small inner diameter columns. 

This choice was based on the hypothesis that the inhomogeneous filling in different samples 

(see Figure 4.4, Figure 4.6, Figure 4.8, Figure 4.9) is due to a flow of carrier gas not being 

efficient in penetrating through the small inner diameter columns during synthesis.  

In Figure 4.10, for the case of 2500 sccm (plain lines) a better global filling is 

achieved compared to the case of 1000 sccm (dashed lines). This is especially clear for 2 mm 

ID columns (a and b) because the forest is thicker for 2500 sccm than for 1000 sccm for all 

position in the column except at position 0 cm. The forest is also more uniform across the 

column. This effect is not so pronounced for 1 mm ID (c and d). For experiments performed 

at 2500 sccm, the forest at the IN position (0 cm) is generally thinner than at the OUT 

position (Figure 4.4, Figure 4.6, Figure 4.8 and plain lines in Figure 4.10). This is 

especially clear for 2 mm ID columns that are 3 or 4 cm long in Figure 4.10b (plain lines). 

The opposite occurs for a carrier gas flow rate of 1000 sccm (dashed lines in Figure 4.10a,b) 

where the IN extremity of the column tends to show a thicker forest that the OUT extremity, 

all other experimental parameters being identical otherwise. This observation gives 

information on the growth mechanism of MWCNTs and will be further explained in a 

dedicated section in parallel to Raman analysis (Section 4.3.3). 
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Figure 4.10. Average thickness of the MWCNT forest grown into the column as a 

function of the position in columns with (a and b) 2 mm and (c and d) 1 mm ID. 

Carrier gas flow rate was 2500 sccm (plain lines) or 1000 sccm (dashed lines) and 

results obtained for a column placed at 23 (black lines in a and c), 27 (blue lines and 

green lines in b and d) and 29 (red lines in a and c) cm within the furnace. Experiment 

duration was (a and c) 150 minutes or (b and d) 90 minutes. 

  

Figure 4.11. Average thickness of the MWCNT forest grown into a column as a 

function of the position in the column for 2 cm long column with (a) 2 mm and  

(b) 1 mm ID. Carrier gas flow rate was 5000 sccm and results obtained for a column 

placed at 39 (plain-black lines) and 45 cm (dashed-red lines) into the furnace. The 

duration of synthesis was 90 minutes. 
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Using 5000 sccm does not bring any advantage compared to the other flow rates 

investigated, Figure 4.11. First, a more uniform filling is now achieved for columns placed 

at 39 and 45 cm in the furnace. This is because for higher flow rate the time of residence of 

the hydrocarbon precursor is shorter in the reactor. The place in the furnace where an 

efficient MWCNT production happens is changed compared to the cases of 1000 and  

2500 sccm. Second, for a same time of experiment more hydrocarbon precursor is consumed 

during the experiments at higher flow rate because a higher quantity of aerosol is pushed into 

the furnace. Third, the filling is not improved in terms of forest thickness and uniformity 

along the column compared to results obtained with 1000 sccm or 25000 sccm 

(Figure 4.10). For these reasons, 5000 sccm was not considered as a value worth 

investigating further.  

 

Figure 4.12. (a) Average thickness of the MWCNT forest grown into a 2 cm long with  

2 mm ID column as a function of the position in the column. A change of carrier gas 

flow rate was performed during synthesis. Experiments were carried out over  

20 minutes at 2500 sccm followed by 100 minutes at 1000 sccm. Samples were placed at 

23 cm (plain-black line) or 29 cm (dashed-red line) in the furnace. (b) SEM micrograph 

of a cross section micrograph of a 2 mm ID CNC obtained during a synthesis where the 

flow rate is changed from 2500 to 1000 sccm. 
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The carrier gas flow rate values leading to a reasonable filling of the quartz columns 

are 2500 sccm and 1000 sccm. To investigate further the influence of the carrier gas flow 

value, experiments where the carrier gas flow rate was changed after a period of time during 

a single synthesis were performed. The aim was to minimise the amount of precursor used to 

develop a more cost-effective approach. Therefore only changes from 2500 sccm to  

1000 sccm were investigated, Figure 4.12. With a 2 mm ID and 2 cm long column, the 

forest thickness is slightly more uniform along the column with a flow decrease during 

synthesis compared to the cases of a fixed value for the carrier gas flow rate, Figure 4.12a 

(to be compared with Figure 4.10a for instance). Similar observations are made for longer 

columns, Figure 4.13a (compared with Figure 4.10b). No improvements occurred for 1 mm 

ID, Figure 4.13c-d. A major change with a decrease in the flow of carrier gas during 

synthesis, i.e. ‘as’ the MWCNTs are growing, is that the MWCNT forest becomes  

non-concentric with the column axis of symmetry: Figure 4.12b (compared to Figure 4.3b). 

This new forest geometry probably results from different growth rate and adds evidence to 

the importance of the flow rate of carrier gas for controlling the filling of small inner 

diameter quartz columns with MWCNT forests. The flow change approach leads to more 

complex data interpretation but also a more complex synthesis procedure because there is a 

need to modify experimental parameters during the synthesis. As a consequence the flow 

change approach was not considered optimal to develop CNCs and was not investigated 

further. In particular the effect of a flow increase during synthesis was not explored.  
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Figure 4.13. Average thickness of the MWCNT forest grown into CNCs with (a and b) 

2 mm and (c and d) 1mm ID column as a function of the position in the column. A 

change of carrier gas flow rate was performed during synthesis. Experiments were 

carried with synthesis time of (a and c) 15 minutes at 2500 sccm continued for  

75 minutes at 1000 sccm or (b and d) 20 minutes at 2500 sccm and 100 minutes at  

1000 sccm. Samples were placed 23 (plain-black lines in b and d), 27 (blue and green 

lines in a and c) and 29 cm (dashed-red lines in b and d) within the furnace. 

Reproducibility of results displayed in Figure 4.12 is reported in (b). 

4.3.2.6. Optimised AACVD synthesis of CNCs 

Different parameters influence the direct growth of MWCNTs by AACVD into quartz 

columns of small ID. The uniformity of the filling with MWCNTs is mainly controlled by 

the flow rate or carrier gas, with 2500 sccm suitable to achieve an optimal filling. The 

uniformity is also controlled by the length and inner diameter of the column, with a length of 

2 cm and an ID of 2 mm optimal. The duration of synthesis is the main parameter to control 

the forest thickness and 90 minutes was considered optimal to achieve maximal filling. The 
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position in the furnace also influences the filling and thicker forests were obtained between 

23 and 29 cm for 2500 sccm. These parameters considered as optimal to produce CNCs are 

summarised in Table 4.1.  

Table 4.1. Selected parameters to obtain CNCs with an optimised filling with 

MWCNTs. 

Parameters Value 

Inner diameter of columns 2 mm 

Length of columns 2 cm 

Duration of synthesis 90 minutes 

Flow rate of carrier gas (Ar) 2500 sccm 

Zone in the furnace 23-29 cm into the furnace 
 

The thickness profiles presented in this work are consistent and relatively well 

reproduced to fill columns of 2 mm ID with MWCNTs, even in the case of flow rate change 

during synthesis. For instance, the results presented in Figure 4.13b are obtained under the 

same conditions as the results presented in Figure 4.12a. In both cases the MWCNT forest 

average thickness is between 400 and 700 µm. However results are generally less 

reproducible for 1 mm ID column. In Figure 4.13d for instance the set of data in plain black 

correspond to two independent experiments. In one case, the minimum forests thickness is 

round 400 µm whereas it is around 50 µm in the other.  

An important achievement is also the preparation of multiple CNCs by stacking 

columns on top of each other at the same position. For instance eight columns were placed at 

23 cm and eight other at 29 cm during a same experiment performed with the optimal 

parameters identified in Table 4.1. The mass of MWCNTs deposited per column was  

4.2 ± 0.8 mg at 23 cm and 8.5 ± 1.6 mg at 29 cm. Assuming a consumption rate of precursor 

of 8 mg s
-1

 for the experimental conditions used [234] this gives an overall conversion yield 

of 0.23 %. This is extremely low but most of the reactor as well as the outside of the small 

inner diameter quartz column are also covered with MWCNTs. These MWCNTs can be 

collected and use for other purposes but this thesis gives an exclusive focus to the MWCNTs 
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grown within the columns. The associated profiles for the forests thickness are similar for 

the eight columns at 23 cm or the eight columns at 29 cm, Figure 4.14. All columns show a 

consistent MWCNT filling: similar mass of deposited MWCNTs, equivalent forests 

thickness and profile. Forest thickness is however slightly thinner than in Figure 4.4 for 

similar experimental conditions but with only one column used. This suggests that putting 

several columns at the same position may modify the flow distribution around each column. 

Nevertheless it proves that preparing multiple CNCs, up to 16 in the present study, with 

MWCNT forests thicker than 100 µm in each is possible in a single experiment. Despite the 

fact that the hydrocarbon flow is not forced to penetrate through the column as in other 

reports [140], this makes the AACVD approach proposed a simple method to obtain several 

CNCs at a time. The ability to produce and provide multiple CNCs is an important 

achievement to facilitate their investigation in flow catalysis in this thesis and broaden their 

applications in the long term. 

 

Figure 4.14. Average thickness of the MWCNT forest grown into CNCs with 2 mm ID 

and 2 cm long as a function of the position in the column. Experiments were carried 

with a duration of experiment of 90 minutes at 2500 sccm. Eight samples were placed 

(a) 23 and eight other samples at (b) 29 cm within the furnace. Data from each sample 

are represented in a different colour. 
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4.3.3. Control over MWCNT properties in a CNC  

The differences observed between IN and OUT positions in terms of thickness of the 

MWCNT forest (Figure 4.4, Figure 4.6, Figure 4.8 and Figure 4.10) deserve more 

investigation. During synthesis the hydrocarbon flow is likely to penetrate into the column, 

pass through the column and finally exit the column (Figure 4.1). Change in velocity and 

distribution of carrier gas flow at different locations may account for the differences in forest 

thickness and potentially control other properties like graphitisation along the column. In this 

section the differences in forest thickness are correlated with a Raman spectroscopy study of 

the MWCNTs. This gives information to further control MWCNT properties and to 

understand MWCNT growth in CNC. 

4.3.3.1. Systematic Raman study of MWCNTs in a CNC 

Raman is a simple and fast characterisation technique, sensitive to the graphitic structure of 

MWCNTs (Section 2.3.4). Raman can easily be performed on MWCNTs grown in a CNC 

after cross sections are cut. A systematic Raman study of the MWCNTs grown in CNCs was 

performed to assess the homogeneity of the graphitic structure of the MWCNTs obtained. 

The three different ratios of the three main Raman peaks observed in MWCNTs 

(Section 2.3.6) were calculated. A small ID/IG intensity ratio indicates a low defect 

MWCNT. The I2D/IG ratio can be a measure of the sp
2
 hybridisation of the material in a 

similar way to ID/IG, except that I2D/IG will be of higher value if the MWCNT has low defect 

density. The I2D/ID ratio can be interpreted as another measure of sp
2
 hybridisation to defects 

and should be of higher value when the defect density is lower. After removing the 

MWCNTs grown on the external walls of the columns (Figure 4.2) the various Raman 

intensity ratios measured at the IN and OUT positions display a lower standard deviation 

(Figure A9). It is then possible to systematically record and compare Raman spectra at the 

IN and OUT positions. By doing so for a number of experimental conditions (including 
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different ID), it was found that the ID/IG ratio is statistically different at these two positions 

for the same column. The other ratios: I2D/IG and I2D/ID were in most cases significantly 

different as well between IN and OUT positions (Figure A10-A16). However, the intensity 

ratios obtained on cross-sections of the columns (i.e. for MWCNTs grown in the column) 

were however not significantly different from IN or OUT positions and so were not 

investigated further (Figure A12-A13).  

 

Figure 4.15. (a) Raman spectra for MWCNTs grown directly at the entrance of the 

columns (IN, dashed-blue line) or directly at the exit (OUT, plain-green line) of a 4 cm 

long column with 2 mm ID. Synthesis was performed with a carrier gas flow rate of 

2500 sccm for 90 minutes. Substrate was placed 27 cm within the furnace. (b) Raman 

intensity ratios at the IN (dense stripes) and OUT (sparse stripes) positions of the 

column. (c) Profile of the average MWCNT forest thickness along the column.  

The difference in Raman intensity ratio, and so the difference in graphitic structure of 

the MWCNTs grown at the IN and OUT positions, is best illustrated in Figure 4.15 with the 

case of a 4 cm long and 2 mm ID column. Raman spectra at the IN position show a relatively 
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higher D peak intensity and smaller 2D peak intensity compared to the spectra recorded at 

the OUT position, Figure 4.15a. The ID/IG value is significantly smaller at the OUT that the 

IN, Figure 4.15b, and the two other ratios are also statistically different between the two 

positions. This observation can be correlated to the difference in forest thickness of 

MWCNTs at the IN and OUT position for this same column highlighted in Figure 4.15c. 

The thickness of MWCNT forest is significantly longer at the OUT than the IN position. 

This combination of lower ID/IG value and longer MWCNTs at the OUT positions, compared 

to higher ID/IG value and shorter MWCNTs at the IN position, was observed for flow rate of 

2500 sccm for various other experimental parameters (Figure A10-A15). The difference in 

Raman intensity ratio between IN and OUT extremities was possible to observe on 2 cm 

long columns with 2 mm ID, Figure 4.16, but was more pronounced on columns longer than 

2 cm with 2 mm ID or with column of 1 mm ID (Figure A14). In contrast, for a flow rate of 

1000 sccm the inverse trend was noticed: MWCNTs have a smaller ID/IG value at the IN 

rather than the OUT of the CNC, while MWCNTs are now longer at the IN than the OUT 

position. This is quite pronounced even with columns of 2 cm long as illustrated in 

Figure 4.16. This was also observed on column with 1 mm ID (Figure A14). Therefore, by 

changing the flow rate of carrier gas used in an experiment at 1000 sccm to 2500 sccm in 

another experiment, it changes the end of the column where longer MWCNTs together with 

a more graphitic structure (smaller ID/IG ratio) are observed (Figure 4.16). A flow rate of 

5000 sccm did not lead to any significant difference in the ID/IG ratio (Figure A16). 
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Figure 4.16. Effect of the carrier gas flow rate on (a) the MWCNT forest thickness 

profile in a column and (b) Raman intensity ratios at the IN (dense stripes) and OUT 

(sparse stripes) positions of a single CNC. The carrier gas flow rate was 2500 sccm 

(black line) or 1000 sccm (red line). All other experimental parameters were identical: 

the columns were 2 cm long with 2 mm ID, placed at 23 cm in the furnace during 

synthesis for a synthesis time of 150 minutes.  

4.3.3.2. Control over MWCNT properties along a CNC: influence of 

carrier gas flow rate  

The thickness of the forest in a CNC at IN and OUT positions together with its graphitic 

structures can be controlled by the flow rate of carrier gas (Section 4.3.3.1). This suggests 

that the flow velocity is an important parameter to control the filling of columns with 
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MWCNTs. It is likely that different flow regimes are developed on different sections of the 

column. This leads to different growth conditions for the MWCNTs and so could explain the 

different properties observed. The anisotropy of the flow around the column is likely to 

account for the different flow regimes. This anisotropy exists because the substrates are 

placed in the reactor with their cross section perpendicular to the flow of carrier gas during 

synthesis as illustrated in Figure 4.17a. Breaking the preferential orientation of the column 

to the flow may give a more uniform filling with MWCNTs. Columns may be placed as 

illustrated in Figure 4.17b-c. With the orientations (b) and (c) in the reactor, full coverage of 

the column internal wall with MWCNTs was possible. However the length of the column is 

limited to 15 mm by the quartz tube reactor of 21 mm ID. Also maintaining columns in 

position is challenging which makes the process less reproducible and more difficult to 

achieve. It was concluded that breaking the flow anisotropy in this study was not possible in 

a controlled way to improve the column filling with MWCNTs. 

 
Figure 4.17. (a) Schematic representation of position of columns in the reactor during a 

standard synthesis: cross section facing the flow. (b) and (c) represent alternative 

column positions.  

Instead, the anisotropy in the flow distribution can be enhanced. This is first done to 

investigate the hypothesis that different flow regimes are created around the quartz column 

during synthesis. At the same time, this is also done to confirm two trends reported in this 

study in terms of forest thickness achieved and difference in Raman intensity ratio at IN and 

a) b) c)

IN

OUT
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OUT positions. First, the forest thickness profile tends to be less homogeneous as the length 

of the column increases (Figure 4.8, Figure 4.9, Figure 4.10 and Figure 4.13). Second, the 

difference in forest thickness and graphitic structures is more marked for longer columns 

and/or smaller inner diameter columns (Figure 4.15, Figure 4.16 and Figure A14). An 

experiment was then performed with a 10 cm long column with 1 mm ID and a flow rate of 

2500 sccm, Figure 4.18. As expected for this column longer than 2 cm and for this small 

inner diameter, most of the column was unfilled after synthesis. Most of the forest has a 

thickness smaller than 40 µm in the column. This result suggests that most of the 

hydrocarbon flow does not go through the column efficiently, thus preventing catalyst 

particle deposition and MWCNT growth. The growth of MWCNTs at the OUT position 

however occurs with an average forest thickness of 550 µm, thicker than the 200 µm at the 

IN position. This also means longer MWCNTs than the radius of the column channel which 

leads to a blocked column at the OUT position (Figure 4.7). As expected for 2500 sccm of 

carrier gas (Section 4.3.3.1), the ID/IG value is lower at OUT than IN positions, other peak 

intensity ratios are also significantly different. These observations confirm the trends 

reported in this study. In addition, it gives information on a possible growth mechanism. The 

OUT position is not directly facing the hydrocarbon flow during synthesis (Figure 4.17a). A 

possible explanation for the MWCNT growth is then some ‘back flow’ phenomenon through 

a turbulent regime to allow catalyst particles deposition and MWCNT growth at this 

location. 
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Figure 4.18. (a) Thickness profile of the MWCNT forest grown into a 10 cm long and  

1 mm ID column as a function of the position in the column. Carrier gas flow rate was 

2500 sccm and the duration of the synthesis was 90 minutes. Substrate was placed at  

27 cm within the furnace. (b) Raman intensity ratio at the IN (dense stripes) and OUT 

(sparse stripes) positions for this same column. 

4.3.3.3. Possible mechanism for the growth of MWCNTs in a CNC  

Based on the observations reported, a general growth mechanism for the MWCNTs in a 

CNC can be suggested, Figure 4.19. The difference in forest thickness and ID/IG value at the 

IN and OUT positions and the un-complete filling with MWCNTs in the CNCs can be 

explained by the influence of the flow rate of carrier gas. Depending on the carrier gas flow 

value (2500 or 1000 sccm), different conditions for the formation of the catalyst particles 

from ferrocene and responsible for MWCNT growth are likely to be induced at the IN and 

OUT positions. Roughly, at the IN position the carrier gas flow and so the precursor carried 

by this flow, can directly access the inner channel where the MWCNT growth happens, 

Figure 4.19a. The carrier gas flow is however not going through the column efficiently and 

this accounts for shorter MWCNTs so a lower thickness of MWCNT forests, Figure 4.19b. 
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The growth of MWCNTs at the OUT position, which is not directly facing the carrier gas 

flow, can be explained by turbulences possibly induced at this position. This could generate 

a ‘back flow’, Figure 4.19c. The different flow regime also leads to different growth 

conditions, resulting in different properties of the MWCNTs grown at these different 

locations.  

To attempt to further detail this observation the Reynold number [235] of the system 

can be estimated. The Reynold number is defined as:  

     Re = 
Lu

v
 = 

L F

v πR2
    (B) 

u is the velocity of the gas (in m s
-1

), L is a typical distance in the system (in m), and v the 

kinematic viscosity of the gas used as carrier gas (in m
2
 s

-1
), F is the flow of carrier gas (in 

m
3
 s

-1
) and R the radius of the quartz tube used as reactor (in m). The estimation of the 

highest value for Re for the system is obtained taking L as 0.55 m (length of the furnace), F 

as 2500 sccm so 4.1 10
-5 

m
3 

s
-1

 and v as 1.26 10
-5

 m
2
 s

-1
 for argon at 25 °C. This gives Re of 

ca. 1200 at 25 °C. Since v decreases as the temperature increases it can be concluded that Re 

at 800 °C is inferior to 1200 which corresponds to a laminar flow. For F being 1000 sccm the 

value of Re will be even less. For both cases of a flow of carrier gas equal to 2500 sccm or 

1000 sccm it can be expected, in a rough approach, that the flow regime will be laminar  

(Re < 2000). Therefore estimating Re does not give much insight into the growth mechanism 

of the MWCNTs in the proposed approach. However the rough estimation proposed does not 

take into account the specific geometry of the tubes and the possible fast change in 

temperature at the entrance of the furnace. 

In a similar way the Knudsen number [235] can be estimated assuming a Boltzmann 

gas: 

Kn = 
λ

L
 = 

kBT

√2 π L P d2 
       (C)  
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With λ the mean free path of the argon molecules (in m) and L a typical length scale in the 

system (in m), kB is the Boltzmann constant (in J K
-1

), T is the temperature (in K), P is the 

pressure in the system (in Pa), d is the particle hard shell diameter (in m). Using kB as  

1.38 10
-23

 J K
-1

, T as 1073 K, d in the range of 10
-10

 or 10
-9 

m, P close to atmospheric 

pressure for the system considered so ca. 10
6 

Pa and L about 0.002 m this gives Kn inferior 

to 10
-3

. This suggests that the mean free path of the molecules of catalysts and hydrocarbon 

is much smaller than the typical size of the small inner diameter column used. Therefore the 

growth conditions with the small inner diameter columns should not be different from the 

growth conditions in usual CVD systems. In that case again the Knudsen number does not 

give much insight into the growth mechanism in the mini-reactors. 

More detailed flow modelling taking into account the effect of the tubular geometry of 

the column would certainly give more detailed inside into the influence of the flow. This is 

however beyond the scope of this study. Nevertheless the simple explanation proposed can 

also account for the different MWCNT filling obtained with a flow rate change during 

synthesis (Figure 4.12). Changing the flow rate of carrier gas promotes different growth 

conditions along the column while the MWCNTs are formed. This could explain the slightly 

more homogenous filling along the column but also the difference in forest thickness in a 

single cross section (Figure 4.12b).  
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Figure 4.19. Schematic representation of a possible mechanism to explain the growth of 

MWCNTs in CNCs.  

4.3.3.4. Control over MWCNT reactivity with oxygen along a CNC  

Using columns as substrates and controlling the flow rate of carrier gas gives control over 

forest thickness and graphitic structures in a CNC. The oxidation resistance is also important 

to control to operate the CNC under conditions where the MWCNTs are not damaged by 

oxidation, for instance in the context of high-temperature flow catalysis. Assessing the 

oxidation resistance of the MWCNTs is not directly relevant for the scope of biocatalysis 

performed at room temperature or under mild conditions but is important to illustrate the 

versatility of the CNCs. 
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Figure 4.20. Thermogravimetric analysis of MWCNTs collected at the IN (dotted-blue 

line) and OUT (plain-green line) position for a CNC of 2 mm ID obtained with a flow 

rate of argon at 2500 sccm with a synthesis time of 90 minutes and located at 23 cm in 

the furnace. 

The TGA analysis (Section 2.3.7) of MWCNTs collected in CNCs shows that 

MWCNTs react with oxygen at temperatures higher than 500 °C only (start of mass loss), 

Figure 4.20. This indicates that the CNCs are stable at high temperature (< 500 °C) in an 

oxygen environment. However, MWCNTs collected at the IN and OUT position have 

different oxidation resistance: onset temperature of 600 °C and 657 °C respectively. In the 

case of a carrier gas flow rate of 2500 sccm, 10 % of the MWCNTs grown closer to the IN 

position (plain-green) have reacted with oxygen at 560 °C. The same amount of MWCNTs 

reacts only at 640 °C if the MWCNTs are grown closer to the OUT position (dashed-blue). 

This means than the MWCNTs at the OUT position have a higher oxidation resistance than 

the MWCNTs grown at the IN position. This is consistent with the difference in thickness 

and graphitic structure observed because more graphitic materials usually have a higher 

oxidation resistance due to the strong structure-properties relationship within a MWCNT 

[92, 93]. This is an important side observation in the broader context of improving the 

production of MWCNTs by AACVD. These results show that forest thickness, graphitic 

structure and oxidation resistance of MWCNTs obtained by AACVD can be simply 
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controlled by considering the geometry of the substrate used and the flow rate of carrier gas 

during synthesis. 

4.3.3.5. Investigating the robustness of the MWCNT forest  

To be suitable for enzyme immobilisation, the MWCNT network must be robust and 

interconnected. The main focus of this work is on the MWCNTs grown within the columns 

which are not simple to investigate because they are surrounded by a quartz shell.  

However, vertically-aligned forests pictured in Figure 4.21a-b are grown perpendicular to 

the IN and OUT surfaces of the column as schematised in Figure 4.21c. MWCNTs grown 

on these surfaces lead to ‘ring-like’ structures visible in Figure 4.21b. When MWCNTs are 

grown long enough, they can be removed with tweezers leading to free-standing rings of 

MWCNTs, Figure 4.21d-f. In the photos in Figure 4.21d-e the MWCNTs are perpendicular 

to the plane of the support where the MWCNT forests are placed. This is schematised in the 

‘top view’ presented in Figure 4.21f. If the flow of hydrocarbon was forced through the 

columns, these structures could not be obtained since the column external surfaces (blue in 

Figure 4.21c) would not be accessible for MWCNTs growth. These rings illustrate the 

cohesion of the MWCNT creating a solid and free-standing forest. This strongly suggests 

that an interconnected carbon network is also developed within the columns.  
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Figure 4.21. Photos of: (a) 2mm ID column fully covered with MWCNTs on all the 

outside surface of the column. (b) 1mm ID column after removing the MWCNTs grown 

on the outer surface. Half of a ring-like MWCNT forest is still visible. (c) Schematic 

representation of the formation of the ring-like MWCNT forests. (d) and (e) show the 

rings obtained from 2 mm and 1 mm ID columns respectively, once the ring has been 

removed from the column. The MWCNTs in (d) and (e) are perpendicular to the 

support as illustrated in the schematised ‘top view’ in (f). The red square is an 

enlargement of the top view of the MWCNT ring. A black dot in this red square 

represents an individual MWCNT. 

 

Figure 4.22. (a) Schematic representation of the quartz shell (blue) removal to get  

free-standing CNCs (black) after HF treatment. Photos of the free-standing CNCs 

obtained from (b) 1 mm ID and (c-e) 2 mm ID columns.  
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To assess the robustness of the inner MWCNT forest, free-standing CNCs can be 

obtained after removing the quartz column, Figure 4.22a. This can be done by HF etching: 

CNCs were placed in a solution of 10 or 20 % HF in water and sonication was performed for 

5 to 10 minutes; followed by intensive washing with water. The free-standing columns of 

MWCNTs (without quartz shell), Figure 4.22b-e, could be relevant for filtration devices as 

already reported in the literature [140]. However, the mechanical stability achieved in this 

thesis is not high enough to connect the free-standing columns to any tubing. A specific 

focus is then given in the next sections to flow catalysis avoiding the hazardous HF 

treatment. This is to take advantage of the mechanical link between the MWCNT forest and 

the quartz as well as the high surface area carbon network developed in the column. The 

robust carbon network developed should be suitable for enzyme immobilisation without 

need for chemical or thermal treatment, so no need for binder or fillers are required to 

stabilise the column.  

4.3.4. Towards continuous flow catalysis using CNCs 

AACVD is a simple technique to obtain several CNCs in a single experiment (Section 4.3.2) 

while controlling the column filling and MWCNT properties (Section  4.3.3). Due to their 

geometry, CNCs are promising scaffolds for flow catalysis and their compatibility with flow 

applications involving redox processes is investigated in this section.  

4.3.4.1. Compatibility of CNCs with a solution flow  

An important step towards application of CNCs to flow devices is the ability for the column 

to support a stream of solvent without removing the MWCNTs. This was assessed by 

flushing water with a syringe barrel attached to a CNC as displayed in Figure 4.23a. 

Alternatively, a peristaltic pump was used to pass a flow of water through the column. In 

both cases the flow is passed without noticeable loss of the MWCNTs and with relatively 
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low pressure. Low pressure minimises hazard and cost compared to several-bar pressure 

required in other flow devices based on packed-bed columns [129, 130], chromatographic 

columns [140, 141, 145, 146], flow reactors and micro-reactors [110, 113], or other 

monolithic structures for flow catalysis [135]. The low pressure needed can be explained by 

the CNC design, Figure 4.23b. The columns are partially filled (Figure 4.2, Figure 4.3b-c) 

which could facilitate a flow of water through the column despite a hydrophobic network. 

MWCNTs are not agglomerated but individualised due to their alignment (Figure 4.3d) 

which has been suggested to promote wettability [144] and to enhance the flow distribution 

within the carbon scaffold [69, 139]. For ‘blocked-core’ columns (Figure 4.5), it was not 

possible to get any liquid through the CNC by applying pressure with a syringe, 

Figure 4.23b. This observation indicates that CNCs stand some pressure without loss of the 

MWCNTs and could be relevant for water purification or filtration. These possible 

applications were not investigated further to focus on flow redox catalysis in this thesis. 

 

Figure 4.23. (a) Photo of a stream of water going through the CNC under moderate 

pressure applied with a syringe. The CNC (2 mm ID, 2 cm long) is used as a needle.  

(b) Schematic representation of a cross section of hollow and blocked core CNCs where 

a flow can respectively be passed and not. 

4.3.4.2. Conductivity of CNCs for flow-redox catalysis  

An important requirement for the CNC to be compatible with the enzyme cascade described 

in Section 1.2.4 is to achieve conductivity across the CNC. In order to assess the 

conductivity of the MWCNT network, an electrode was made out of a CNC. This was done 

a) b) quartz
MWCNT forest

no flow

flow through
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by connecting carbon yarn with conductive epoxy glue at one end of the column, 

Figure 4.24a. The other end was dipped into an aqueous solution of a platinum IV complex 

salt, yellow in Figure 4.24a, and electrodeposition of platinum was performed as described 

in Section 2.7. The CNC was used as working electrode and the potential was cycled up to 

50 times between -0.54 and +0.46 V vs SHE at a scan rate of 50 mV s
-1

 to deposit platinum 

by electroreduction. Figure 4.24b is an SEM micrograph showing after electrodeposition the 

extremity of the column that was dipped in the platinum salt solution. Structures appearing 

in white in the SEM micrograph were not present before electrodeposition (Figure 4.3d) and 

cover the MWCNTs. EDS confirms that they are made of platinum (Section 2.7). The 

formation of these structures is only possible because the electrons travel through the CNC, 

meaning the MWCNT network is conductive. These results also illustrate a first approach to 

functionalise CNCs.  

 

Figure 4.24. (a) Schematic representation of an electrode made of a CNC for platinum 

electrodeposition. (b) SEM micrographs of the extremity of a CNC dipped into a 

solution of platinum salt after electrodeposition. 

4.3.4.3. Immobilisation of molecules and particles in CNCs  

To use CNCs for biocatalyst immobilisation it is important to show that molecules and/or 

particles can be immobilised in the MWCNT network. In order to establish if the carbon 

network in a CNC could accommodate immobilised or trapped species, aqueous solutions of 
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the Raman active molecule fluoresceinamine, Figure 4.25, were left to adsorb within the 

CNC. Adsorption of fluorescein-based molecules is expected by π-stacking on CNT surface 

[236] and the presence of this species can be assessed by Raman spectroscopy. A saturated 

aqueous solution of fluoresceinamine (6-aminoafluoresceine, ≥ 90 %, Aldrich) was obtained 

in MilliQ water. The solution was flushed into a CNC by successive uptakes of solution with 

a syringe as illustrated in Section 4.3.4.1. The column was then left overnight in the 

solution. This step favours solution uptake into the MWCNT network by capillary force. The 

column was then thoroughly washed with MilliQ water and left to dry at room temperature 

in air prior to Raman measurements. 

 

Figure 4.25. Molecular structure of fluoresceinamine. 

Raman spectra acquired on a CNC after adsorption of fluoresceinamine are displayed 

in Figure 4.26a. The peaks at 1340 and 1565 cm
-1

 are mainly the characteristic D and G 

peaks from the MWCNTs. Additional peaks at 1179, 1414, 1474, 1504 and 1634 cm
-1

 

correspond to vibrations in the xanthene moiety of fluoresceinamine [237, 238], Figure 4.25. 

These peaks confirm immobilisation of fluoresceinaine in the CNC carbon network. The 

characteristic peaks of the probe molecule are especially clear at the extremity of the column 

in direct contact with the solution during overnight adsorption: fine-green line in 

Figure 4.26a. These peaks were also observed after cross sections cut in the middle of the 

column: bold-red line in Figure 4.26a. A schematic representation and photos of the 

xanthene moiety
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exposed extremities and the cross section cut after fluoresceinamine adsorption are 

represented in green and red respectively in Figure 4.26b.   

 
 

Figure 4.26. (a) Raman spectra of MWCNTs in a 2mm ID CNC after fluoresceinamine 

adsorption. Spectra were recorded at the extremity of the column (fine-green line) or 

inside the column after cross section (bold-red line) as illustrated in (b). A MWCNT 

spectrum without fluoresceinamine under identical acquisition parameters is reported 

in fine-black line as the background signal. (b) Schematic representation and photos of 

the two extremities (i and iii) of the CNC used and a section in the middle of the column 

(ii). In the photos the quartz surface appears in white, the MWCNTs in grey and the 

inner channel free of MWCNTs in dark. 
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The photos show that the MWCNT network is not altered by the protocol for 

fluoresceinamine adsorption and the middle of the column had a relatively thick MWCNT 

forest. Without further optimisation, the signal from fluoresceinamine was recorded up to 

20-40 µm from the top of this thick MWCNT forest in the CNC. Similar results with 

columns of different length or alternative probe molecules were obtained (Figure A17 and 

Figure A18). Raman spectra reveal peaks characteristic of the probe molecule in all cases. 

These results show that it is possible to simply adsorb various species into the MWCNT 

network from aqueous solutions and despite the hydrophobicity of the MWCNTs.                   

In order to illustrate the versatility of the CNC it is also important to show that catalyst 

particles can be immobilised within the CNC network. Platinum particles were used because 

they are simple to identify by SEM and EDS (Chapter 2). An as-synthesised CNC was left 

for 1day in concentrated sulphuric acid (98 %) to improve the hydrophilicity of the MWCNT 

network. This acid treatment did not remove the MWCNT network. The CNC was then 

thoroughly washed with MilliQ water. The CNC was left for another day in 10 mL of an 

aqueous solution of H2PtCl6.6H2O (21 mM) to impregnate the forest. After a day, 0.5 mL of 

HCOOH was added to chemically reduce the salt to form platinum particles. After 12 hours, 

the sample was thoroughly washed with ultra-high purity water. During all steps the solution 

was stirred. Cross section cut in the middle of the CNC was then performed for imaging and 

analysis. The SEM micrograph displayed in Figure 4.27a represents the MWCNTs on the 

cross section performed. Presence of white, conductive dots on the SEM image is indicative 

of a successful chemical reduction of the platinum salt within the CNC. Formation of 

platinum particles is further confirmed by EDS analysis in Figure 4.27b with a characteristic 

peak at 2.100 keV for platinum in the EDS spectrum (Section 2.3.8).  
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Figure 4.27. a) SEM micrograph of a cross section from the middle of a 2 cm long CNC 

after chemical reduction of platinum IV reveals the presence of conductive particles: 

white dots on the MWCNTs. (b) EDS analysis confirms the presence of platinum-based 

species on this cross section only after chemical reduction. 

These results suggest that a variety of metal particles and metal catalysts could be 

immobilised in the CNC, for instance by a simple chemical reduction as for the platinum 

particles in this thesis. Immobilisation of metal catalyst in a vertically-aligned MWCNT 

forest has already been exploited in flow catalysis (Section 1.2.4). However several bar 

pressure [135] or temperature higher than 100 °C [69] were required to operate the flow 

system or to functionalise the CNTs. The CNTs in those reports were selected to provide a 

high surface area. The present thesis gives for the first time a specific focus to flow 

biocatalysis at room temperature and low pressure with immobilisation of the catalyst by 

simple adsorption in order to minimise the energy requirement to perform catalysis. 

Furthermore, the conductivity of the MWCNT forest is also exploited in this thesis. 

4.3.5. Flow catalysis with CNCs: hydrogenase as a case 

study 

The enzyme cascade catalysed chemical synthesis detailed in Section 1.2.4.2 is relevant for 

production of fine chemicals [20]. Transposing this cascade to a flow system would be 
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beneficial for industrial applications. For the first time, combining flow catalysis and  

bio-redox-catalysis via the use of vertically-aligned MWCNTs is addressed with the CNCs 

designed. As a demonstration, an enzyme cascade made of an hydrogenase, a  

NAD
+
-reductase and an NADH dependent enzyme (an alcohol dehydrogenase, ADH)  

co-immobilised within a CNC is used in a flow configuration to convert acetophenone to  

1-phenylethanol, a product used in the perfume industry [239].  

4.3.5.1. Towards in situ NAD
+
/NADH recycling in a CNC 

Efficient cofactor generation performed by an enzyme cascade in the CNC relies on the in 

situ formation of NADH from NAD
+
 by the NAD

+
-reductase as illustrated in Figure 4.28. 

The biotransformation is possible due to the efficient oxidation of H2 by the hydrogenase to 

provide the required electrons (Section 1.2.4.1). This means that the two enzymes must be 

electronically connected through the carbon network. 

 

Figure 4.28. Schematic representation of enzyme-catalysed H2-driven NADH 

generation in a CNC. The electrons from H2 are passed from the hydrogenase to the 

NAD
+
-reductase through the conductive MWCNT network in the CNC. 

A CNC obtained with parameters highlighted in Table 4.1 was used as-produced, 

without any other treatment, to support the adsorption of the two required enzymes. A 

hydrogenase (D. vulgaris, 35 µg, provided by Prof Wolfgang Lubitz, Max Planck Institute 

H2

2H+

electrons

H+ + NAD+ NADH
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for Chemical Energy Conversion) and an NAD
+
-reductase (40 µg, provided by Dr Oliver 

Lenz, Technische Universitaet Berlin Institute of Chemistry) were adsorbed at 4 °C for  

30 minutes in the CNC. The CNC was then rinsed with 5 mL of bis-tris buffer (≥ 98 %, 

Sigma, pH 6, 10 mM) to remove un-adsorbed enzyme and used for H2-driven NADH 

generation. A H2-saturated solution (total volume 1.2 mL) containing NAD
+
 (0.5 mM, from 

Melford Laboratories Ltd) was cycled at ca. 25 µL min
-1

 through the CNC into a UV-vis 

cuvette and UV-vis spectra were recorded at hour intervals. The solution was continuously 

flushed with 1 bar H2 in the UV-vis cuvette headspace to ensure the reaction solution was 

saturated with H2. Advantageously the conversion of NAD
+
 to NADH can be monitored  

in line using UV-vis spectroscopy with NADH having an absorbance at 340 nm [213]. This 

is exploited to assess NADH generation in a flow set-up as schematised in Figure 4.29. 

 

Figure 4.29. Schematic representation of the set up used to assess the formation of 

NAD
+
 using a hydrogenase and a NAD

+
-reductase co-immobilised in a CNC. 

The UV-vis spectra in Figure 4.30a show a clear increase in absorbance at 340 nm 

over time, indicating formation of NADH (Section 2.6.1). The NAD
+
-reductase cannot 

catalyse the oxidation of H2. The electrons required for the formation of NADH from NAD
+
 

necessarily come from the splitting of H2 by the hydrogenase which demonstrates that the 

hydrogenase and NAD
+
-reductase are able to exchange electrons with each other via the 

conductive MWCNT network. Electron exchange is consistent with the results showing 

conductivity through the carbon network detailed in Section 4.3.4.2. It is also consistent with 
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the possibility to immobilise species in the MWCNT network detailed in Section 4.3.4.3. 

After 21 hours and multiple cycles, 40 % conversion of NAD
+
 to NADH was achieved. The 

data from the first 21 hours is not shown because there was a significant lag phase due to the 

hydrogenase requiring activation. The data in Figure 4.30b correspond to hours 21 to 28 

after addition of fresh NAD
+
 solution. The enzyme modified CNC is still generating NADH 

at an appreciable rate after addition of fresh NAD
+
 solution. Although multiple cycles 

through the CNC were required, a significant amount of NADH was made. Operation of the 

system after several hours indicates a promising long term stability of the enzyme 

regeneration system in the CNC. Successful H2-driven NADH generation in a flow 

configuration is therefore demonstrated. This reaction could be further extended to supply 

NADH to a third enzyme for a specific reduction reaction to selectively convert a reactant to 

a product. 

 

Figure 4.30. (a) UV-vis spectra showing an increase in absorbance at 340 nm and 

therefore (b) an increase of NADH concentration over time. A H2-saturated solution 

containing NAD
+
 was cycled through a CNC modified with hydrogenase and  

NAD
+
-reductase into a UV-vis cuvette. Experiment performed in 10 mM bis-tris buffer, 

pH 6 at 22 
°
C. With the assistance of Dr Holly A. Reeve, Department of Chemistry, 

University of Oxford [122]. 
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4.3.5.2. Enzyme-mediated catalysis in a CNC  

In order to assess the relevance of the CNCs for H2-driven NADH-dependent chemical 

synthesis, a third enzyme was added to the system as schematised in Figure 4.31. It is 

expected that the ADH will be able to consume the NADH formed in situ to perform the 

hydrogenation of acetophenone to 1-phenylethanol. 

 

Figure 4.31. Schematic representation of enzyme-catalysed H2-driven ketone reduction 

in a CNC. Adapted from Dr Holly Reeve’s DPhil thesis, Department of Chemistry, 

University of Oxford [122]. 

A CNC with adsorbed hydrogenase (Hyd-1, 27 µg), NAD
+
-reductase (15 µg) and an 

ADH (1.2 mg, supplied by Johnson Matthey) during 30 minutes at 4 °C was used for  

H2-driven NADH supply and conversion of acetophenone to 1-phenylethanol. The CNC was 

rinsed with clean buffer to ensure that no un-adsorbed enzyme was left in the CNC. The 

ADH uses NADH as a reducing equivalent for acetophenone reduction and does not need to 

be immobilised. However, rinsing the CNC means that un-adsorbed ADH does not 

contribute to catalysis and that the entire H2-driven system uses adsorbed enzymes, thus 

minimising enzyme contamination in the final product and minimising the amount of ADH 

required. A H2 saturated solution (5 mL) containing NAD
+
 (1 mM) and acetophenone  

(8.3 mM) in bis-tris buffer 10 mM at pH 8 was cycled through the enzyme-modified CNC at 

ca. 25 µL min
-1

. A continuous flow of 1 bar H2 was maintained to ensure saturation with H2 
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throughout the experiment, Figure 4.32. No UV-vis measurements were performed in this 

case and the conversion of acetophenone to phenylethanol after 22 hours of continuous 

cycling was more accurately assessed by HPLC (Section 2.6.2). 

 

Figure 4.32. Schematic representation of the set up used to assess the conversion of 

acetophenone to 1-phenylethanol using a CNC modified with a hydrogenase, a  

NAD
+
-reductase and an alcohol dehydrogenase. 

An HPLC trace of the final solution in Figure 4.33 shows that phenylethanol has been 

generated at a final concentration of 2 mM after 22 hours (25 % conversion). This equates to 

a total turnover number of > 54,000 NADH per NAD
+
-reductase enzyme. This total turnover 

number is lower than value obtained on batch processes with enzymes immobilised on 

particles [122] but it likely to be an underestimation because all the enzyme molecules may 

not have adsorbed in the CNC. The HPLC results show that the desired catalytic conversion 

is successful. Purification or treatment of the MWCNTs is not necessary and as-synthesised 

CNCs can be readily used for enzyme-mediated synthesis of chemicals. 
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Figure 4.33. HPLC traces confirming production of phenylethanol (2.1 minutes) from 

acetophenone (3.2 minutes). A H2-saturated solution containing NAD
+
 (1 mM) and 

acetophenone (20 mM) was cycled through a CNC modified with hydrogenase,  

NAD
+
-reductase and ADH. An aliquot of the final solution after 22 hours was analysed 

using HPLC. Experiment performed in 10 mM, bis-tris buffer, pH 8 at 22 
°
C with 

continuous bubbling of 1 bar H2 over the reaction headspace. The absorbances at  

210 nm (grey line) and 260 nm (black line) are shown. With the assistance of Dr Holly A. 

Reeve, Department of Chemistry, University of Oxford [122]. 

In conclusion, these results demonstrate for the first time how to simply exploit 

vertically-aligned MWCNTs for bio-redox-catalysis and biochemical synthesis in a flow 

configuration by using the designed CNCs. Optimisation of the results presented in terms of 

yields, time of experiments re-use of the functionalised CNC was not attempted due to the 

limited availability of enzyme and time restriction for equipment and co-workers. Since the 

thickness of the MWCNT forest in CNCs can be controlled, Section 4.3.2, future 

optimisation of the proof of concept established could be to study the effect of MWCNT 

filling on the efficiency of the flow-bio-redox catalytic system presented. 
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4.4. Summary and benefits of CNCs 

CNCs obtained by AACVD in this thesis are shown to be versatile scaffolds for synthesis of 

chemicals using biocatalysts. More broadly they offer a set of properties that are relevant for 

a wider range of applications in flow systems. 

1) Simplicity. CNCs are obtained by AACVD with a template-free approach with no 

need to treat the columns before synthesis. Several columns can be obtained per experiment. 

No chemical or thermal treatment is required after synthesis prior to use of the CNCs to 

support, for instance for enzyme-mediated catalysis and synthesis. 

2) Alleviate dispersion of MWCNTs. The use of CNCs completely avoids the 

challenging dispersion of MWCNTs. The limited number of steps between MWCNT 

synthesis and device fabrication facilitates the integration of MWCNTs in flow systems.  

3) Mechanical stability. MWCNTs are protected within the column: mechanical 

stress does not damage the MWCNT forest. This is a strong benefit in comparison to cases 

where the MWCNTs are grown on a flat substrate or after an etching step to get free-

standing MWCNT forests. 

4) Catalyst and electrocatalyst immobilisation. Various species (molecules, particles, 

enzymes) and catalysts can be immobilised in the high surface area, porous, conductive 

MWCNT network of a CNC. The catalyst is simply recovered by recovering the CNC. This 

avoids filtration steps to separate catalysts and MWCNTs from the products. Immobilisation 

methods of catalysts, including enzymes on MWCNTs [117], which have been previously 

reported [24, 33, 137] could be transferred for further functionalisation of the CNCs. 

5) Tolerance to chemicals. CNCs can be used with aqueous solutions, despite the 

hydrophobicity of MWCNTs. CNCs are compatible with a range of chemicals and organic 

solvents too like ethanol or isopropanol. 
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6) Flow chemistry. CNCs are easily handled or connected to tubing and can be 

dipped into solution and removed. CNCs are readily compatible with flow devices for 

possibly scaling up the production of chemicals with continuous or semi-continuous 

processes. In line characterisation (UV-vis) or separation/purification (chromatography) is 

possible. 

7) Operation at low pressure. The vertical alignment of MWCNTs in the column 

gives an orientation that could not be achieved with dispersed MWCNTs in a packed-column 

configuration. Together with the control over column filling with MWCNTs, this may 

contribute to a better solution flow within the column [139]. This accounts for the low 

pressure required to pass a liquid through the mini reactor. A lower pressure means a less 

hazardous process but also low energy requirement to perform chemical transformations. 

8) Thermal stability. CNCs are demonstrated here for room temperature synthesis but 

MWCNTs are known to have good heat transfer properties [135]. The use of a quartz 

column together with the high oxidation resistance of MWCNTs up to 500 °C in air, should 

confer to the CNCs compatibility with high temperature (flow) catalysis. 

9) Possible further applications. The observations reported in this thesis suggest that 

further control over filling with MWCNTs of quartz columns could lead to applications in 

filtration devices. The simple CNC design is promising to combine filtration/purification 

with (bio-redox) catalytic reactions performed in a flow configuration. 

10) Simple building block for flow systems. The opportunity to produce several 

columns at a time makes it possible to connect different columns in series or parallel for 

different chemical steps to take place in each column. The CNCs could be a versatile 

building block for catalyst cascades.  

11) Combination of the previous. These different benefits could be jointly exploited 

to optimise flow catalytic systems. For instance, the cofactor regeneration step presented 
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could be performed in a first column put in series with a second column where a  

NADH-dependent enzyme could be immobilised. This should work since the NADH is 

efficiently released in the flow as confirmed by in line UV-vis measurements. This could 

allow independent optimisation of immobilisation strategies for the various 

enzymes/catalysts in various columns. Alternatively, it allows independent optimisation of 

synthesis parameters like temperature for each column. This approach is not limited to series 

of two columns and the facile production of CNCs makes it possible to explore more 

complex enzyme cascade configurations. This potentially leads to an extremely modular 

overall system not only on the catalysts, solvents and catalytic reactions considered but the 

design of the flow system itself.  

 

4.5. Conclusions 

A simple and versatile AACVD synthesis of MWCNT columns (CNCs) is established. 

CNCs can be seen as quartz columns with their inner diameter covered with MWCNTs.  The 

MWCNTs are obtained with a precursor made of toluene and 5 wt % ferrocene and synthesis 

performed at 800 °C. The influence of various experimental parameters is detailed. The most 

uniform filling is achieved with 2 cm long, 2 mm ID columns for 90 minutes of synthesis 

with a carrier gas flow rate of 2500 sccm and for columns placed between 23 and 29 cm in 

the furnace. The carrier gas flow rate has a strong influence on the structures grown in the 

quartz columns and can be controlled to optimise the general filling with MWCNTs. 

Controlling MWCNT properties on different parts of the same CNC, such as forest thickness 

and graphitisation at the different ends of the CNCs is also achieved. Importantly several 

columns can be obtained at a time, all showing similar filling with MWCNTs. Alongside the 

specific focus of developing columns compatible with flow catalysis, unusual structures can 
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be obtained like blocked-core columns and first evidence is given for their relevance in 

alternative applications like filtration. 

Due to the particular geometry of the substrate on which the MWCNTs are grown the 

CNCs are ideal scaffolds for flow catalysis devices. Without any treatment required, aligned 

MWCNTs in the column provide a conductive, porous, interconnected carbon network 

suitable to support electrocatalytic reactions in a flow reactor configuration. For instance, 

H2-driven cofactor regeneration was successfully mediated by enzymes immobilised in a 

CNC. This was further exploited to perform the conversion of acetophenone to  

1-phenylethanol in a flow set up. The overall concept of flow-bio-redox catalysis proved for 

the first time in this chapter due to the design of CNCs is better summarised in Figure 4.34. 

This concept and could be extended to other chemical transformations with different 

substrates and enzymes or metal catalysts to obtain different products. 

 

 

Figure 4.34. Carbon nanotube column: a simple carbon scaffold to perform 

hydrogenase H2-driven cofactor regeneration for enzyme-mediated catalysis in a flow 

reactor configuration. 
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The overall approach presented in Chapter 4 covers design, synthesis, 

characterisation and application of MWCNT scaffolds for flow-bio-redox catalysis. It leads 

to an extremely versatile platform relevant for devices well beyond the scope of the present 

study for flow systems. However the enzymes are immobilised within the MWCNT forest 

without control on the exact location where they are adsorbed in the carbon network. In view 

to possibly improve catalytic processes, a complementary degree of nanomaterial design is 

addressed in the next chapter to achieve a spatial control on the immobilisation of objects 

within a MWCNT forest.  
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Chapter 5: AACVD synthesis of MWCNT 

forests with intratubular junctions and new 

applications  
“The most exciting phrase to hear in science,  

the one that heralds new discoveries, 

is not 'Eureka!' but 'That's funny...'” 

Isaac Asimov 

 

A specific thank goes to Dr Frank Dillon  for running the TGA experiments, Dr Rebecca J. Nicholls  for her 

help in the EELS data acquisition and analysis and Dr Antal A. Koós for fruitful discussions (all three are from 

the Department of Materials, University of Oxford). 

 

5.1. Introduction 

Forests [90] or powders made of CNTs [75] are promising supports for catalysts like 

particles, molecules or enzymes [24, 69, 75] due to their high surface area, their chemical, 

thermal and mechanical stability [69]. However, once immobilised on the material or in the 

forest, the catalysts are randomly distributed on the carbon surface and there is no or little 

control over the location where the immobilisation occurs. It can be hypothesised that a 

spatial control over immobilisation of objects and reactivity along a nanomaterial could 

improve the performances of future devices. For instance, it may help to improve the enzyme 

cascade investigated in Chapter 4. Achieving a spatial control over the co-immobilisation of 

two groups of enzymes with redox properties on a same nanomaterial could hypothetically 

bring novel properties by creating directional current flow (Section 1.2.5). However, testing 

this hypothesis is challenging. To date, a localised immobilisation is difficult because the 

local control at the nano/micro-scale to obtain asymmetric functionalisation of nanomaterials 

is not a simple task. In most cases, the asymmetric functionalisation is achieved by a method 

that is asymmetric itself, for instance using masks or templates [158-160]. The localised 

immobilisation of species is then limited to specific techniques and specific processes. To 

achieve a broader control of the immobilisation of objects on nanomaterials, developing 
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CNTs with intratubular junctions is a new conceptual approach presented in Section 1.2.5. 

The idea is to tailor different compositions and thus different structures and properties with a 

nano/micro-scale control along a CNT or a CNT forest. Inducing different properties should 

give a simple spatial control at the nano/micro-scale over the reactivity and the 

functionalisation along the nanomaterials. The main difference between the approach 

proposed compared to previous approaches is that the controlled functionalisation is induced 

by the material design. There is no need to locally modify the material after it has been 

synthesised. Most bulk modification techniques already reported for the functionalisation of 

CNTs should then ‘spontaneously’ lead to an asymmetric functionalisation.  

Using CNTs with junctions to obtain asymmetric functionalisation of nanomaterials 

has never been explored. So far, CNTs with junctions have been exclusively considered for 

electronic applications (Section 1.2.5). This restriction can be explained by a limited 

production and limited length achieved to date for CNTs with junctions. Broadening their 

scope of applications to the facile creation of asymmetric structures then requires several 

challenges to be adressed. First, the production of MWCNTs with junctions must be 

improved. To do so the ACCVD synthesis of MWCNTs with continuous junctions is studied 

for the first time in Section 5.3.1. A specific focus is given to junctions between nitrogen- 

doped and un-doped sections in MWCNTs because they have been identified in this thesis as 

suitable platforms for localised immobilisation of enzymes (Section 1.2.5). Also  

N-MWCNTs [162] have been extensively compared to their un-doped counterparts [71, 92, 

240] . Nitrogen doping brings different surfaces properties, reactivity, oxidation resistance, 

conductivity and catalytic properties to the MWCNTs. Developing sections with nitrogen 

doping in a MWCNT with junctions is then a promising option for simple identification of 

the influence of a change in composition along a nanomaterial. In Section 5.3.2, a 

combination of AACVD using liquid precursors and CVD using gaseous precursors is 
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identified as a robust and suitable approach to obtain large quantities of materials. A variety 

of sharp and continuous simple or multiple junctions along a single MWCNT forest are 

obtained. In parallel to this achievement, a second challenge is addressed regarding the 

characterisation of the junctions. Characterisation is important to prove that a change in 

composition, morphology or graphitisation is successfully induced along a single MWCNT. 

Junctions are first characterised by electron microscopy techniques: SEM, TEM and EELS 

because these techniques are suitable and commonly used to characterise MWCNTs with 

junction (Section 1.2.5). However, optical microscopy combined with Raman spectroscopy 

is a technique more rarely considered to characterise these MWCNTs [176, 186] and has 

probably been overlooked. Since the yield of materials achieved is higher in this thesis than 

in most previous reports, Raman microscopy is shown to be fast and simple but also 

extremely reliable to characterise junctions of various natures. The relatively large 

production of MWCNT with junctions also makes it possible to address another challenge: 

there is no information to date on the oxidation resistance of MWCNT with junctions. An 

achievement in this thesis is to present in Section 5.3.3 the first TGA analysis of MWCNTs 

with junctions. The results complete the characterisation of the structures and suggest that 

different localised oxidation behaviour can be controlled along a MWCNT forest.  

The unprecedented characterisation of MWCNTs with junction by TGA leads to 

another achievement detailed in Section 5.3.4. For the first time, controlled and localised 

oxidation along MWCNTs with junctions is achieved and confirmed by SEM and Raman 

analysis. The development of a junction between nitrogen-doped and an un-doped sections 

in a single MWCNT forest is exploited even further in this thesis: for the first time the 

localised and spontaneous immobilisation of species along a MWCNT forest is proved. This 

spontaneous localised immobilisation is not demonstrated with hydrogenase or other 

enzymes for practical reasons. The complete novelty of the approach proposed in this thesis 
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to obtain asymmetrically functionalised nanomaterial requires a solid proof of concept. Due 

to the low loading achieved with hydrogenase, the localised immobilisation of enzymes is 

difficult to assess with the characterisation techniques available for this project. Rather than 

enzymes, platinum particles were chosen because their localised immobilisation on 

MWCNT forests can easily be assessed by SEM and EDS measurements (Chapter 2). 

Moreover, methods to deposit platinum are extremely simple. Platinum particles can be 

deposited by mixing the CNTs with a platinum salt solution to further achieve chemical 

reduction of the salt [216] or electrodeposition [72]. Deposition of platinum particles is then 

performed on MWCNT forests with junctions in Section 5.3.5 with these bulk methods. For 

first time, via careful MWCNT design, it is proved that an asymmetric deposition of particles 

can be spontaneously achieved preferentially on one section of a MWCNT forest compared 

to another.  

5.2. Experimental 

The general materials and methods relevant to this chapter have been covered in Chapter 2. 

This experimental section gives specific information related to the development of 

MWCNTs with junctions. As detailed in this chapter, the MWCNTs with junctions were 

obtained by modifications of the AACVD set up presented in Section 2.2.4. AACVD was 

chosen for the multiple benefits of the technique (Section 1.2.5.6). First is the possibility to 

use different liquid hydrocarbons to control the structures and properties of the MWCNTs, in 

particular un-doped and N-MWCNTs. Second, vertically-aligned forests of materials are 

obtained on substrate without need for pre-treatment of the substrate since catalyst and 

hydrocarbon source for MWCNT growth are co-injected. Third, it is a technique that could 

be scaled up in the long term for large scale production of MWCNTs.  

By analogy with previously reported synthesis routes (Section 1.2.5.4 and Table 1.2), 

obtaining MWCNTs with an intratubular junction by AACVD requires switching 
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hydrocarbon precursor sources during the synthesis. In the following, the MWCNT section 

grown before the switch will be referred to as ‘1’and the section grown after the switch as 

‘2’. To simplify further discussion, the nature of the MWCNT sections is referred as ‘C’ for 

a non-doped section (MWCNT) and ‘N’ for a nitrogen-doped section (N-MWCNT). 

Combinations of liquid and gaseous precursors are investigated. The section grown from a 

liquid or gaseous precursor will be indexed as ‘liq’ and ‘gas’ respectively. As an example, a 

‘N1-liq/C2-gas’ structure will refer to MWCNTs obtained by growing first an N-MWCNT 

section from a liquid precursor followed by growth of an un-doped MWCNT section from a 

gaseous precursor. All chemicals: ethanol (CH3OH, 99.8 %, Fisher Scientific), benzylamine 

(C6H5CH2NH2, ≥ 99.0 %, Fluka), toluene (C6H5CH3, 99.9 %, Sigma-Aldrich) were used as 

received. Ferrocene (C10H10Fe, 98 %, Aldrich) was resublimed at 90 ºC prior to use. Gases: 

argon (Ar, 99.999 %), dihydrogen (H2, ≥ 99,995 %), ammonia (NH3, ≥ 99,98 %) and 

acetylene (C2H2, industrial grade) were obtained from BOC.  

To fully understand the growth of MWCNT forests with junctions, silicon substrates 

(from Sibert) cleaned by sonication for 5 minutes in ethanol prior to experiments were used. 

The MWCNT forest obtained after synthesis were characterised on the substrate as detailed 

in Section 2.3.1. The position of the MWCNTs with respect to the substrate is then 

maintained after synthesis which is useful to get a deeper insight into the growth mechanism 

compared to previous reports. The same sample can be characterised using several  

non-destructive techniques like SEM, Raman and EDS. After characterisation, the same 

sample could be used for TEM, EELS and TGA which require collecting MWCNTs from 

the forest. This strategy gives a more complete understanding of the structure and properties 

of the materials. Characterisation was preferentially performed on samples placed in the 

reactor in such a way that they were located at ca. 30 cm in the furnace during synthesis. 
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This location was found to lead to more reproducible results in terms of length of MWCNTs. 

Also the longer MWCNTs were usually obtained in this region of the furnace. 

5.3. Results and discussion 

5.3.1. Synthesis of MWCNT forests with intratubular 

junctions 

In this section different synthesis approaches based on AACVD are compared to identify a 

synthesis method giving sharp and continuous junctions between un-doped and  

nitrogen-doped MWCNTs. 

5.3.1.1. Synthesis of C1/N2 and N1/C2 junctions with a liq/liq approach  

The first option to grow MWCNTs with intratubular junction by AACVD is to simply 

switch the nature of the liquid precursor during growth. A small adaptation of the set up 

described in Figure 2.3 is required: a Y-shape connection was used to connect two aerosol 

units before the quartz tube used as reactor, Figure 5.1. Since two liquid precursors are 

needed, this approach is referred to as liq/liq approach. The precursors used were toluene for 

the C section of the MWCNTs or benzylamine for N section of the MWCNTs, with 

ferrocene (5 wt %) acting as a catalyst source. The mixture of liquid precursors and catalyst 

was introduced with argon as a carrier gas at a constant flow rate of 2500 sccm. The first 

precursor was introduced in the furnace at 800 °C for typically 5 minutes before switching to 

the second liquid precursor which was introduced for typically 10 minutes. These parameters 

were chosen because they are suitable to obtain MWCNTs and N-MWCNTs with lengths of 

about 20 µm, as demonstrated previously by studying the growth of MWCNTs and  

N-MWCNTs separately [92]. Each N and C section in the expected MWCNT forest with a 

junction should then be long enough to be identified by SEM. Instantaneously switching 

from one liquid precursor to another was not possible experimentally since the aerosol 
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formed requires about 30 seconds to reach the furnace after it has been allowed to flow. An 

interval of at least 1 minute had to be left for the two precursors to mingle. 

  

Figure 5.1. Schematic representation of the various step required for the liq/liq 

approach. MWCNTs growth on the silicon wafer used as substrate is illustrated and 

follows a root-growth mechanism detailed in the text. 

 

  

Figure 5.2. SEM micrographs (a) N1-liq/C2-liq and (b) C1-liq/N2-liq structures not 

supported on substrate. 
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SEM micrographs of C1-liq/N2-liq and N1-liq/C2-liq structures obtained are shown in 

Figure 5.2 and Figure 5.3 together with Raman data in Figure 5.3. For both C1/N2 and 

N1/C2 structures, one side of the MWCNT forest is straight and the other is wavy. This is 

consistent with a change in composition because N-MWCNTs obtained by AACVD are 

straighter that un-doped MWCNTs [92]. Raman spectra acquired along the MWCT forests 

are also displayed in Figure 5.3. The straight sections show a ID/IG value about 1 and a 

nearly non-existent 2D peak. On more wavy MWCNTs the ID/IG value is less than 1 and a 

marked 2D peak is observed. These are exactly the signals expected from N-MWCNTs and 

un-doped MWCNTs respectively (Section 3.3.1.2). These results confirm the presence of  

N and C sections in the MWCNTs. 

 

Figure 5.3. SEM micrographs of (a) C1-liq/N2-liq and (b) N1-liq/C2-liq MWCNT forests on 

silicon wafers (at the bottom of the micrographs). Higher resolution images for the 

interface between N and C sections identified by the square boxes in (a) and (b) are 

displayed in (c) and (d) respectively. ‘Broken’ MWCNTs are observed at the C1/N2 

interface and are highlighted in dotted circles in (c). Raman spectra of each section for 

each of the structures are displayed in (e) for a C1-liq/N2-liq and (f) for a N1-liq/C2-liq. 
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To gain deeper insight into the growth mechanism, the forests were studied grown on 

silicon substrates (Section 2.3.1). The superposition of sections relative to the substrate in 

Figure 5.3 can be related to the order of precursor injections, confirming in all cases that 

MWCNT growth proceeds by a root-growth mechanism. This means that the nature of the 

first precursor used (precursor 1) drives the properties of the top section of the MWCNTs 

(relative to the substrate) and the second precursor (precursor 2) drives the bottom section. 

For instance if a toluene precursor is used first, a section made of wavy nanotubes with a 

ID/IG smaller than 1 and intense 2D peak is developed further away from the substrate, 

Figure 5.3a,e. Using benzylamine as second precursor leads to a straighter section with a 

ID/IG about 1 and nearly no 2D peak observed in contact with the substrate. The opposite is 

achieved if the order of precursor injection is changed, Figure 5.3b,f. A root-growth 

mechanism is consistent with previous reports where the mechanism has been established by 

more complex routes mainly based on isotope labelling [241, 242]. The growth sequence 

related to the precursor injection is illustrated in Figure 5.1. The symbolic colour of each 

section of the MWCNTs is matching the symbolic colour of the precursors responsible for 

the growth of that same section. This growth mechanism is also illustrated in Figure 5.4a,b. 

In this figure an un-doped MWCNT is represented by tubes with thick walls and small inner 

diameter and a N-MWCNT by a larger inner diameter, thinner walls and a bamboo structure. 

This schematic representation is in agreement with the TEM analysis performed in 

Chapter 3 for un-doped and nitrogen-doped MWCNT. The catalyst particles required for 

MWCNT growth are located on a substrate, at the root of the CNT. The newly synthesised 

section of the MWCNT is formed at this root location. It will be important for the following 

discussion to note that MWCNTs with sections of different composition can be obtained if 

the second precursor is a mixture of liquid hydrocarbon and ferrocene or a liquid precursor 

without ferrocene, Figure 5.3. 
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Figure 5.4. Schematic representation of (a) MWCNT, (b) N-MWCNT and a possible 

growth process for (c) C1/N2 and (d) N1/C2 structures. 

Unfortunately, the liq/liq approach suffers several limitations. The junctions formed 

are not perfectly continuous since ‘broken’ MWCNTs are obtained at a C1/N2 interface: 

dotted circles in Figure 5.3c highlight these incontinuities (see also Figure 2.6 for a higher 

magnification image). Also a strong morphological change is noticed at a N1/C2 interface in 

the form of sphere-like objects at the junction of the two sections, Figure 5.3d. An 

explanation for the presence of these objects breaking the continuity in the tube structure can 

be proposed based on two commonly observed phenomena. First, N-MWCNTs and  

un-doped MWCNTs have different inner diameters and MWCNT inner diameter depends on 

catalyst particle size [92, 184]. N-MWCNTs have a larger diameter than their un-doped 

counterpart as has been reported for previous C/N structures [184] and schematised in 

Figure 5.4a,b. To grow a N-MWCNT or a N section, the particle size required is expected to 

be larger than to grow an un-doped MWCNT or a C section. Creation of a N1/C2 or C1/N2 

structure then requires particle size modifications: a C1/N2 junction would require particles 

size increase, a N1/C2 junction a particles size decrease. The catalyst required for MWCNT 

synthesis is continuously injected in the AACVD technique. A particle size increase should 
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be easier than a particle size decrease due to continuous supply of ferrocene which is the 

source of iron for the metal catalyst particles, Figure 5.4c. This can explain a slightly more 

continuous C1/N2 junction compared to a N1/C2 junction, Figure 5.3c,d. Second, nitrogen is 

likely to ‘poison’ the catalyst particles responsible for CNT growth: the N atoms are 

expected to agglomerate and remain on the catalyst particles since it is possible but 

energetically unfavourable to incorporate them into carbon nanotubes [243]. It can be 

hypothesised that removal of those nitrogen atoms from the catalyst particles will not occur 

spontaneously. Therefore, presence of nitrogen can be seen as a ‘poison’ [244, 245] easier to 

add on the catalyst than to remove. This would favour C1/N2 junctions, for which the 

poisoning agent is added, in contrast to N1/C2 junctions where the poisoning agent would 

need to be removed from the catalyst. Both arguments would favour more continuous C1/N2 

junctions compared to N1/C2 junctions. These arguments are likely to account for the 

presence of particle-like objects attributed to residual catalyst particles at the non-continuous 

N1/C2 interface, Figure 5.4c,d. The rough growth model proposed will be confirmed by 

other synthesis approaches and further characterisation along this chapter. For instance, in 

Figure 5.5 an SEM micrograph of a N1-liq/C2-liq structure obtained for shorter time of 

synthesis is displayed. The N1-liq/C2-liq structure is shorter and slightly more continuous than 

for structures in Figure 5.3b. In that case, the size-rearrangement of particles required to 

create N1/C2 junctions is less likely to occur because the particles have a smaller size for 

shorter injection time of catalyst [246]. Shorter synthesis time improves slightly the junction 

but limits the thickness of the forest. This observation is in conflict with the goal of this 

thesis, which is to create sharp and continuous junctions in forests thicker than 20 µm. 
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Figure 5.5. SEM micrograph of a N1-liq/C2-liq structures where a flow perturbation is 

induced by mechanically opening and closing taps to switch precursors. This leads to 

MWCNT structure perturbation: lines marked by arrows 1 and 2. The progressive 

change in precursor composition between arrows 1 and 2, marked by the middle arrow 

1+2, correlate with morphological change in the MWCNT structures.  

Figure 5.5 illustrates a further limitation in attempts to grow N1/C2 or C1/N2 junctions 

by AACVD: flow fluctuations are introduced when switching from one liquid precursor to 

another. The mechanical opening and closure of taps on the two aerosol units used to allow a 

precursor into the furnace affects the MWCNT structures: ‘white lines’, marked by arrows  

1 and 2 in Figure 5.5, are present in the forest. These lines are consistent with previous 

experimental evidence that flow fluctuation introduces disruption in the MWCNT structure 

[247, 248]. In the conditions of the present study, changing the nature of the precursor is not 
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instantaneous and an overlap period is required, where precursor 1 and precursor 2 are both 

present in the furnace to ensure a continuous supply of the hydrocarbon feedstock 

(Figure 5.1). The overlap time is difficult to manage and leads to uncontrolled transition in 

the MWCNT forest, illustrated by a progressive change in MWCNTs morphology from 

straight to wavy: arrow ‘1+2’ between arrow 1 and 2 in Figure 5.5. A progressive change in 

structure is not suitable because an ideal MWCNT with junction should have a sharp and 

continuous interface between the two sections. The issue of flow fluctuation then needs to be 

addressed. 

5.3.1.2. Synthesis of C1/N2 and N1/C2 junctions with a liq/[liq+gas] and 

[liq+gas]/liq approach  

To minimise flow fluctuation in order to improve junctions, the mechanical opening and 

closing of taps during synthesis must be avoided. An alternative to the liq/liq approach is 

using a continuous flow of liquid precursor and inducing doping by addition of a gas. In this 

liq/[liq+gas] approach a mixture of toluene and catalyst (ferrocene at 5 wt %) precursor is 

continuously introduced through the whole experiment, Figure 5.6. A change in the 

composition of the hydrocarbon flow used to grow the MWCNTs is introduced by a minimal 

modulation of the carrier gas composition by adding ammonia. Introducing ammonia at  

30 sccm was found to be a low enough value to induce a change in the structure of 

MWCNTs and at the same time to ensure a safe procedure since ammonia is a toxic 

chemical. During the whole experiment still performed at 800 °C, a total flow rate of gas at 

2500 sccm was maintained. The flow of carrier gas was split as illustrated in Figure 5.6 to 

prevent a direct contact of ammonia with the ultrasonic unit and avoid damage of the 

ultrasonic cell and the piezo. The flow fluctuation in this approach comes from changing the 

carrier gas composition but should be minimal since the flow of ammonia introduced 

accounts for only 1.2 % of the total flow. In the absence of ammonia the C section of the 
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MWCNT is grown (1 in Figure 5.6) and in the presence of ammonia the N section is grown 

(2 in Figure 5.6). The C section was grown for 5 to 10 minutes and the N section was grown 

by addition of ammonia for 15 to 20 minutes to promote nitrogen doping. The other 

advantage of this approach is to require only one aerosol generator and one unit. This is 

more cost-efficient than the liq/liq approach in the long term for scaling up the production of 

MWCNTs with intratubular junctions. 

  

Figure 5.6. Schematic representation of the various steps required in the liq/[liq+gas] 

approach. MWCNT growth on the silicon wafer (substrate) is illustrated and follows a 

root-growth mechanism. The same scheme would apply for the [liq+gas]/liq approach 

by inverting steps 1) and 2). 

Structures obtained with this liq/[liq+gas] approach are similar to those obtained with 

the liq/liq approach when characterised by SEM and Raman spectroscopy, Figure 5.7. A 

section with a wavy morphology and another with a straight morphology are again observed. 

They correspond to sections made of MWCNTs and N-MWCNTs respectively, in agreement 

with the expected root-growth mechanism, the sequence of precursors used but also the 

Raman data. For instance, the ID/IG value from Raman analysis for the section obtained by 

using ammonia is more than 0.7, so higher than the value inferior to 0.6 observed for the 

toluene-only counterpart. Also the 2D peak for the section grown in the presence of 
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ammonia is relatively smaller than for the toluene-only counterpart which confirms that 

using ammonia induces defects in the carbon structures, Figure 5.7e-f. A small improvement 

is obtained with the liq/[liq+gas] approach compared to the liq/liq approach because no 

‘broken’ MWCNTs could be observed at a C1/N2 junction. However, creating a N1/C2 

junction is still more challenging due to the formation of non-continuous and non-sharp 

interfaces. In Figure 5.7d for instance, particle-like objects highlighted by a dotted circle are 

present at the interface of the morphologically straight (N) and wavy (C) sections of the 

MWCNTs. Such particle-like objects could not be observed at the C1/N2 interface. By 

analogy with the liq/liq approach (Figure 5.3), a continuous N1/C2 interface is likely to be 

more difficult to create due to a necessary particle-size rearrangement when growing  

N-MWCNTs compared to MWCNTs (Figure 5.4).  

 

Figure 5.7. SEM micrographs of (a) C1-liq/N2-[liq+gas] and (b) N1-[liq+gas]/C2-liq  

vertically-aligned MWCNT forests. Higher resolution images for the interface between 

N and C sections identified by the square boxes in (a) and (b) are displayed in (c) and 

(d) respectively. Particle-like structures can be found at the N1/C2 interface and are 

highlighted in a dotted circle in (d). Raman spectra of each section for each structure 

are reported in (e) for a C1-liq/N2-[liq+gas] and (f) for a N1-[liq+gas]/C2-liq forest. 
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5.3.1.3. Synthesis of C1/N2 and N1/C2 junctions with a liq/gas approach 

Since N1/C2 structures are still challenging to obtain (Section 5.3.1.2) an improved synthesis 

route is needed. Based on additional experimental observation, this section suggests a 

possible improvement to the liq/liq and [liq+gas]/liq approaches. In AACVD experiments, 

the precursor required to form the catalyst particle responsible for CNT growth is 

continuously injected during synthesis. It has been reported however that stopping the 

injection of the chemicals responsible for the formation of the catalyst particles, while 

maintaining an hydrocarbon supply, leads to continuous growth of un-doped CNT in CVD 

[249]. The same phenomenon was reproduced with the presented liq/liq approach and 

extended in this thesis to the case where growth with and without catalyst precursor supply is 

induced by different hydrocarbon precursors (Figure 5.3). Continuous growth is possible 

because the catalyst particles formed during the first part of the process (liquid precursor 1) 

and used for the growth of the first section of the MWCNTs remains active long enough to 

support the growth of the second section. This is confirmed for instance with C1-liq/N2-liq 

structures. The SEM micrographs displayed in Figure 5.8 show catalyst particles at the root 

of a C1-liq/N2-liq structure. These particles have a shape and size compatible with the inner 

diameter of the typical bamboo structures of N-MWCNT [92], schematised in Figure 5.4. 

However those particles were originally introduced, deposited and formed during the first 

step where ferrocene (catalyst and hydrocarbon precursor) was co-injected with toluene 

(hydrocarbon precursor for the C section). Observing the same effect for N1-liq/C2-liq 

structures was not as straightforward. The catalyst particles associated with the growth of C 

section of MWCNTs are probably smaller and so more difficult to identify, in agreement 

with the smaller inner diameter of un-doped MWCNTs [92]. Nevertheless, this observation 

confirms that the second section of the MWCNTs can be developed without continuous 

injection of ferrocene during the entire synthesis. 
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Figure 5.8. SEM micrographs of the N root of a C1-liq/N2-liq MWCNT forest. Catalyst 

particles were originally deposited during the synthesis of the C section of the forest 

(toluene+ferrocene precursor) since no catalyst precursor was introduced during the 

time the N section was grown from benzylamine without ferrocene. (a) Catalyst 

particles from which MWCNTs have been disconnected. (b) Root of the N-MWCNT in 

the N section originally connected to the catalyst particles. (c) N-MWCNTs in the  

N section still connected to the catalyst particles.  

Coupling AACVD and CVD is then a promising concept to improve the interface 

between the two sections, especially in the case of a N1/C2 structure. A possible ‘liq/gas’ 

method is schematised in Figure 5.9. The first step of the synthesis is the introduction of a 

mixture of liquid precursor and catalyst precursor in the furnace, as for the first step of the 

liq/liq approach. The second step differs from the liq/liq approach because it consists of 

introducing a gaseous precursor only, without catalyst precursor. Just like the liq/[liq+gas] 

approach detailed in Section 5.3.1.2, the liq/gas approach only requires one aerosol 

generator and one unit which is cost-efficient for possible scale up of the production of 

MWCNTs with intratubular junctions in the long term. The liq/gas approach also combines 

the advantages of the AACVD technique (co-injection of precursor and catalyst and 

possibility to scale up MWCNTs production) while it minimises the amount of catalyst 

required for MWCNT growth. Flow fluctuations are also minimised since it is faster and 

easier to inject a gas than a second aerosol. The junctions should therefore be improved 
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compared to a liq/liq or a [liq+gas]/liq approach, especially in the case of a N1/C2 structure 

for which none of the previous approaches gives continuous junctions.  

 

Figure 5.9. Schematic representation of the various steps required in the liq/gas 

approach. MWCNT growth on the silicon wafer substrate is illustrated and follows a 

root growth mechanism. 

The liq/gas approach proposed was then performed experimentally with the same 

liquid precursors as for the liq/liq approach (Section 5.3.1.1). The gaseous precursors used 

were acetylene (for C section of MWCNTs) or acetylene and ammonia (for N section of 

MWCNTs) in combination with dihydrogen and argon, typically introduced for 20 minutes. 

These precursors and mixtures of precursors were selected because they lead to different 

MWCNT structures [250]. Experiments were performed at 800 °C with a total gas flow rate 

of 2500 sccm. Compositions of precursors of argon/hydrogen/acetylene with flow rates in 

sccm: 2000/400/100 respectively and argon/hydrogen/acetylene/ammonia with flow rates in 

sccm: 2000/400/50/50 respectively were suitable to perform the coupling of AACVD and 

CVD. In the liq/gas approach the change of precursors is much faster than for the liq/liq 

approach and so no overlap time interval for precursors to mingle was necessary. 
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Figure 5.10. SEM micrographs of (a) C1-liq/N2-gas and (b) N1-liq/C2-gas vertically-aligned 

MWCNT forests. Higher resolution images obtained for the interface between N and C 

sections identified by the square box in (a) and (b) are displayed in (c) and (d) 

respectively and suggest continuous interfaces in a liq/gas approach. 

SEM micrographs of the nanotubes obtained with the liq/gas approach are shown in 

Figure 5.10 and Figure 5.11. MWCNT forests with a length of about 100 µm are formed. A 

morphological change is marked by a different contrast on the SEM images between the two 

sections in Figure 5.10a, or a pronounced change in morphology from straight to wavy in 

Figure 5.11a. Unlike the previous approaches, both N1/C2 and C1/N2 junctions appear 

continuous and the SEM micrographs taken at the interface of both sections do not show 

obvious ‘broken’ MWCNTs or presence of particle-like structures breaking the continuity of 

the MWCNTs, Figure 5.10c-d. This is an important improvement compared to the previous 

approaches (Figure 5.3, Figure 5.5 and Figure 5.7). Also the N1-liq/C2-gas interface is marked 

by the presence of a characteristic brighter line in the SEM micrographs, Figure 5.10d and 

Figure 5.11a. This line results from presence of conductive particles inside the tubes: 

brighter features in Figure 5.11b (see also Figure A20), and EDS mapping confirms that 
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these particles are mainly made of iron (Figure A21). The particles are then likely to be 

residual iron-based catalyst particles as observed by others [175, 183]. The presence of these 

particles at the exact N1/C2 interface is a convenient interface-marker for further 

characterisation. For instance, TEM micrographs of N1-liq/C2-gas structures are shown in 

Figure 5.11c (Figure A20). The typical morphology observed with TEM for independent 

batches of N-MWCNTs and MWCNTs presented in Chapter 3 (Figure 3.2a-b) are found 

here in a single MWCNT. On one side of the interface, marked by the presence of darker 

particles in Figure 5.11c, the typical structure of N-MWCNTs can be observed: corrugated 

structures with a larger inner diameter. On the other side the typical structure of un-doped 

MWCNTs can be observed with smaller inner diameter and thicker walls. The change in 

structure assessed by SEM and TEM along a MWCNT confirms that MWCNTs with 

continuous junctions were successfully obtained. It will be important to note for further 

discussion that residual catalyst particles can be found sometimes in all N-MWCNTs and all 

un-doped MWCNTs samples (Figure 2.8). However, these particles are not all located at the 

same position in the MWCNT forest and not associated with a structural change within the 

MWCNTs as it is the case in Figure 5.11a-c.  
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Figure 5.11. (a) and (b) SEM micrographs of N1-liq/C2-gas MWCNT structures at 

different magnification. The presence of catalyst particles marks the interface. (c) TEM 

micrograph of the previous interface, reconstructed from 3 TEM micrographs taken at 

the same magnification. (d) STEM-ADF micrographs of N1-liq/C2-gas MWCNT 

structures. Presence of catalyst particles appear with a brighter contrast in the image. 

A letter N on the micrograph (d) indicates an area of the tubes where a peak at 400 eV 

was observed in the EELS spectra recorded in this area. This peak at 400 eV is 

indicative of presence of gaseous nitrogen. A letter C on the micrograph (d) indicates 

an area in the tubes where no peak at 400 eV could be observed in the EELS spectra 

recorded in this area.  
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EELS measurements were further performed to confirm a change in composition in 

the MWCNTs (Section 2.3.6). EELS spectra were acquired on both side of the junctions 

identified by a change in the structure of the MWCNTs and/or conveniently marked by 

presence of iron-based particles: bright features in the tubes in the STEM-ADF images in 

Figure 5.11d. The change in composition was assessed by the presence of gaseous nitrogen 

characterised by an energy loss peak around 400 eV in the EELS spectrum. A letter in 

Figure 5.11d identifies areas of the nanotube where EELS spectra were recorded. If a peak 

at 400 eV was observed in the EELS spectrum, the area is marked by the letter ‘N’. Areas of 

the nanotube where this peak was not observed are marked with a letter C. On one side of 

the junction, no peak from bound nitrogen or gaseous nitrogen could be observed. On the 

other side, whether straight after the interface or few nanometres further, the presence of 

mainly gaseous nitrogen (marked by a peak at 400 eV in the EELS spectra) was observed, 

usually associated with the bamboo structures characteristic of N-MWCNTs. This confirms 

that within 100 nm before and after the interface, within a single MWCNT, a complete 

change in structure and composition can be induced by a change in precursor during 

synthesis. Also, as expected from the minimal but still present flow fluctuation during 

synthesis, branched MWCNT junctions [185] could be obtained (in Figure 2.10 a single  

un-doped MWCNT section is connected to several N-MWCNT branches). In all samples 

analysed by TEM, a mixture of MWCNT with morphologies typically related to un-doped 

MWCNTs or N-MWCNTs can be observed.  

These characterisations confirm that using a gaseous precursor in the second step of 

the growth improves the formation of continuous and sharp N1/C2 and C1/N2 interfaces 

compared to other synthesis routes. The liq/gas approach was then investigated further. 
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5.3.2. Sharp and continuous junctions of various nature 

by the liq/gas approach  

In this section, the robustness of AACVD to develop MWCNTs with junctions is further 

illustrated by identifying what makes the liq/gas approach specific. A variety of junctions of 

different nature are also obtained based on this approach. 

5.3.2.1. A possible mechanism to obtain sharp and continuous C1/N2 and 

N1/C2 junctions by the liq/gas approach 

To further exploit the liq/gas approach, a possible mechanism for the growth of MWCNTs 

with junctions is proposed based on previous experimental observations. In particular, the 

presence of iron based particles at a N1/C2 junction is peculiar and deserves more 

investigation before it can be explained and possibly controlled. Indeed, the presence of  

iron-based particles in MWCNTs with junctions have been reported previously [175, 183] 

but more as a fortunate experimental observation than as evidence to support a growth 

mechanism. For instance it was not established in those publications [175, 183] whether the 

particles are located at the exact position of the interface for all MWCNTs within the forest. 

In contrast, this is the case for the N1/C2 junction obtained in this work for the liq/gas 

(Figure 5.11a-b, Figure A20), the liq/liq (Figure 5.3) or the [liq+gas]/liq (Figure 5.7) 

approaches. This iron is likely to come from residual catalyst particles and their presence at 

this position illustrates the more difficult formation of N1/C2 structures (Figure 5.4). Also 

such particles could not be observed at the C1/N2 junction, supporting the hypothesis that a 

size rearrangement of the catalyst particles is necessary to develop N1/C2 junction. A growth 

mechanism for MWCNT forests with intratubular junctions obtained with the liq/gas 

approach is proposed in Figure 5.12. The expected decrease in particle size to form a N1/C2 

junction (detailed in Section 5.3.1.1) could explain the presence of residual iron-based metal 

catalysts at the junctions. The catalyst particles catalysing the growth of the N1 section may 
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be too big to be compatible with the growth of the C2 section which requires smaller size 

particles. One possible mechanism to promote a catalyst particle size decrease could be to 

release part of the catalyst within the growing nanotube and this release could be triggered 

by a change in the experimental conditions, like introduction of a new precursor. This simple 

model explains the observations made and accounts for the non-continuous N1/C2 junctions 

in the liq/liq and liq/[liq+gas] approach (Figure 5.4) and presence of the catalyst particles at 

the continuous N1/C2 junction in the liq/gas approach (Figure 5.12). 

 

Figure 5.12. Schematic representation of (a) MWCNT, (b) N-MWCNT and a possible 

root-growth process for (c) C1/N2 and (d) N1/C2 forests obtained by the liq/gas 

approach. 

5.3.2.2. Synthesis of C1/C2 and N1/N2 junctions by the liq/gas approach and 

challenges 

Since the liq/gas approach is suitable to develop sharp and continuous junctions, further 

control over the properties of the MWCNT forests was investigated. For instance, an 

important achievement in the liq/gas approach is that structures obtained are longer than  

20 μm and actually closer to 100 μm long, Figure 5.13. The length of each N or C section 

can be controlled by modifying the duration of synthesis for each section. A longer injection 

time is associated with a longer section for the various approaches presented and this will be 
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exploited in Section 5.3.3. However, precise control over the length of each section was not 

the main goal of this work. 

 

Figure 5.13. SEM micrographs of all possible combinations for the liq/gas synthesis 

approach: C1-liq/C2-gas, N1-liq/N2-gas, C1-liq/N2-gas and N1-liq/C2-gas structures at low 

magnification: (a), (b), (c) and (d) respectively. Higher magnification micrographs of 

the expected junctions are displayed in (e), (f), (g) and (h) respectively.  

The focus in this thesis is on achieving different types of junctions to further control 

the properties along the MWCNT. In this sense, the suitability of the liq/gas approach to 

grow sharp intratubular junctions is not limited to junctions associated with a change in 

composition. C1-liq/C2-gas and N1-liq/N2-gas junctions can also be obtained as displayed in 

Figure 5.13. Their characterisation is however challenging. For example, in Figure 5.13a,e 

a SEM micrograph of a C1-liq/C2-gas junction does not show a strong morphological change 

and only a small change in contrast on the image suggests two distinct sections in the same 

forest. The difference between the two sections in C1-liq/C2-gas and N1-liq/N2-gas junctions 

comes from a difference in the nature of the precursor used, without necessarily inducing a 

strong change in composition or morphology. The electron microscopy techniques (SEM, 
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TEM, EELS) presented in this thesis so far to characterise C1/N2 and N1/C2 junctions 

confirm the presence of junctions based on strong morphological changes or different atomic 

composition along the tube. These techniques are then not as simple and reliable to 

characterise C1-liq/C2-gas and N1-liq/N2-gas junctions. Alternative techniques reported for the 

characterisation N/C structures like EDS and XPS (Table 1.3) will not be suitable either. 

EDS would require a strong change in composition to be useful to characterise the junction. 

XPS is usually a bulk measurement that is less suitable to characterise tubes with junctions. 

The possibility to focus on each section with a spatial resolution of at least 50-100 µm would 

give deeper insight into the structures obtained. There is then a lack of a simple method to 

characterise MWCNTs with junctions and in particular C1/C2 or N1/N2 structures.  

For C1/C2 and N1/N2 junctions both sections will probably give similar results by SEM, 

EDS, XPS, TEM or EELS characterisation, which are all relatively advanced and complex 

techniques requiring access to specific equipment. In contrast, this thesis shows that C1/C2 

and N1/N2 junctions are simple to characterise by Raman spectroscopy (Section 2.3.4). It has 

been established by Raman spectroscopy studies that using different precursors lead to 

MWCNTs with different graphitic structures, even when a change in composition is not 

induced [179]. Different graphitisation should then be observed along tubes with sections 

grown from different hydrocarbon precursors, for example when toluene and acetylene are 

used in the liq/gas approach, Figure 5.13a,e. The use of Raman spectroscopy to characterise 

CNT with junctions has however been limited and probably overlooked to date 

(Section 1.2.5.4). In particular it has not been exploited for the characterisation of C1/C2 or 

N1/N2 junctions. This is mainly due to practical limitation on the length of forests achieved. 

These limitations are successfully overcome in this thesis, Figure 5.13. A novel focus on 

Raman spectroscopy to complete the characterisation of MWCNT with junctions is then 
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proposed in the next section. It is shown that Raman spectroscopy is a fast, simple and 

reliable technique useful to get more knowledge on the nature of MWCNTs with junctions.   

5.3.2.3. Controlled graphitisation along MWCNT forests with junctions 

obtained by the liq/gas approach 

In this thesis, the MWCNT forest can easily be characterised by Raman spectroscopy 

because the forest thickness is usually longer than 20 µm. As-grown structures on substrates 

can then be un-ambiguously characterised by Raman microscopy as already demonstrated 

along this chapter for C/N structures obtained by the liq/liq (Figure 5.3) or liq/[liq+gas] 

(Figure 5.7) approach. Raman spectroscopy is also useful to characterise structures obtained 

by the liq/gas approach, Figure 5.14.  

 

Figure 5.14. Raman spectra for each section of MWCNT forests with intratubular 

junctions obtained with the liq/gas approach: C1/C2, N1/N2, C1/N2 and N1/C2 junctions: 

(a), (b), (c) and (d) respectively. The associated SEM micrographs can be found in 

Figure 5.13. The laser excitation wavelength used was 532 nm. 
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In good agreement with previous results on un-doped MWCNTs and N-MWCNTs 

separately [93, 250], C sections grown with toluene precursor, Figure 5.14a,c, or acetylene, 

Figure 5.14a,d, show an ID/IG value smaller than 1 and presence of a 2D peak. Sections 

obtained from benzylamine (N) have a ID/IG value about 1 and a nearly non-existent 2D 

peak, Figure 5.14b,d. The latter is consistent with a more defective structure due to presence 

of nitrogen atoms in the carbon lattice [93]. In a similar way, a N section grown from 

acetylene+ammonia shows a ID/IG ratio about 1 and small 2D peak, Figure 5.14b,c. This 2D 

peak is more pronounced that in the case of N sections grown from benzylamine, 

Figure 5.14b,d. However, it is still smaller than in the case of growth from acetylene only, 

Figure 5.14a,d. A higher D peak and smaller 2D peak are also observed compared to tubes 

grown from acetylene without ammonia. This is consistent with the expected influence of 

ammonia in developing the N section: ammonia introduces nitrogen atoms in the carbon 

lattice and favours a more disordered carbon structure [250]. Hence, a strong change in the 

Raman spectrum is always noticed when spectra are acquired from a section on one side of 

the junction compared to the section on the other side. Also Raman spectra are consistent 

within a single section. This makes Raman spectroscopy a simple technique to characterise 

C1/N2 or N1/C2 structures by simply considering the ID/IG value and intensity of the 2D peak. 

Figure 5.14 also illustrates that C1-liq/C2-gas and N1-liq/N2-gas junctions can be 

characterised. For instance the ID/IG value is smaller for toluene grown (0.46 ±0.02) than 

acetylene grown (0.63 ±0.02) sections within a same MWCNT forest, Figure 5.14a. Also for 

N1-liq/N2-gas junctions, the 2D peak has a higher intensity for acetylene+ammonia grown 

MWCNTs compared to benzylamine grown MWCNTs, Figure 5.14b. This difference in 

Raman signal for C1-liq/C2-gas and N1-liq/N2-gas can even be stressed further. It has been 

observed experimentally that changing the excitation wavelength of the laser used for Raman 

spectroscopy modifies particular features in the spectra associated with CNTs. For instance, 
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the intensity of the D and D′ peak is expected to increase at higher excitation wavelength 

[251]. The D’ peak is more pronounced with the abundance of sp
2 

domains with a 

micrometre size and is identified as a shoulder at higher wavenumber on the G peak. The D’ 

peak is not easily identified with a green laser excitation at 532 nm, Figure 5.14, but can be 

observed with a laser excitation at 633 nm, Figure 5.15. The ID’/IG values are about 1 for 

MWCNTs grown from acetylene or acetylene+ammonia, but is smaller than 1 for toluene 

grown MWCNTs, Figure 5.15e,g. The ratio is even close to 0 for benzylamine grown 

MWCNTs since the D’ peak is not clearly identified, Figure 5.15f,h. MWCNTs obtained 

from a gaseous precursor then have a relatively more pronounced D’ peak than the one 

obtained from liquid precursors in this study. Using a red laser (633 nm excitation 

wavelength), the nature of precursor (liquid or gaseous) for each MWCNT section can be 

inferred from the Raman spectra by considering the D’ peak intensity. 

In conclusion, the type of junction and the precursors used to develop the junctions in 

the MWCNTs can be inferred from Raman characterisation. A change in ID/IG value and 

intensity of the 2D peak along a MWCNT forest can be attributed to doping with hetero-

atom (N/C and C/N junctions) or to different precursors without a strong compositional 

change (C/C and N/N junctions), since different graphitisation levels are developed in each 

case. The phase of the precursor used for each section can even be inferred from the relative 

intensity of the D’ peak between the two sections for the examples presented. By 

characterising MWCNT forests on substrates as proposed in this thesis, the forest orientation 

remains the same relative to the substrate and so no information is lost on the top and bottom 

sections of the forest. The sequence of precursors used during synthesis can then be simply 

inferred from the Raman data. This information would not be as easily extracted from SEM 

or TEM images. Raman microscopy is therefore a powerful tool not only to characterise, but 

also to extract synthesis information on MWCNTs with various intratubular junctions. This 
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is an important demonstration because Raman characterisation coupled to optical 

microscopy is fast and reliable while being accessible in most research laboratories, as 

opposed to more specific microscopic technique like SEM or TEM. Raman microscopy 

could then be a useful tool to facilitate further research and applications of MWCNTs with 

junction in fields like chemistry or biology, where electron microscopes are not always 

routine equipment. 
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Figure 5.15. Raman spectra (red laser excitation: 633 nm) of various structures 

obtained with the liq-gas approach: C1/C1, N1/N2, C1/N2 and N1/C2, (a), (b), (c) and (d) 

respectively; the G and D’ peaks region is displayed in (e), (f), (g) and (h) respectively.  
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5.3.2.4. Further benefits of the liq/gas approach: large quantities, multiple 

junctions and unusual nanoball structures 

The liq/gas approach not only leads to long MWCNT forests with junctions, which 

facilitates their characterization by simple techniques like Raman microscopy, but also gives 

large quantities of materials. For the first time in this thesis, a method to produce MWCNTs 

with junctions is quantified in terms of yield of material obtained (Section 1.2.5). From the 

synthesis conditions and approaches discussed previously, various simple junctions were 

created and are summarised in Table 5.1. The quantity of material obtained per experiment 

is typically between 100 and 325 mg for the longest synthesis time of up to 40 minutes. The 

largest quantities usually obtained with the liq/gas approach. This amount is relatively large 

for lab-scale production of CNTs by AACVD which is reported to give between 50 to  

100 mg of MWCNTs in 30 minutes [93].  

Table 5.1. Summary of all types of syntheses explored leading to MWCNTs with a 

single intratubular junction, associated precursors and abbreviations. 

Precursor 1 Carrier gas 
Precursor  

phase 
Precursor 2 

Carrier 

gas 

Precursor 

phase 
Structure 

Toluene  

+ 5 wt % Fc 
Ar liquid 

Benzylamine  

+ 5 wt % Fc 
Ar liquid C1-liq/N2-liq 

Benzylamine  

+ 5 wt % Fc 
Ar liquid 

Toluene  

+ 5 wt % Fc 
Ar liquid N1-liq/C2-liq 

Toluene  

+ 5 wt % Fc 
Ar liquid 

Toluene  

(no catalyst) 
Ar liquid C1-liq/C2-liq 

Benzylamine  

+ 5 wt % Fc 
Ar liquid 

Benzylamine 

(no catalyst) 
Ar liquid N1-liq/N2-liq 

Toluene  

+ 5 wt % Fc 
Ar liquid 

Benzylamine 

(no catalyst) 
Ar liquid C1-liq/N2-liq 

Benzylamine  

+ 5 wt % Fc 
Ar liquid 

Toluene  

(no catalyst) 
Ar liquid N1-liq/C2-liq 

Toluene  

+ 5 wt % Fc 
Ar liquid 

Toluene  

+ 5 wt % Fc  

+ NH3 

 

Ar 

 

liquid 

+ gas 
C1-liq/N2-[liq+gas] 

Toluene  

+ 5 wt % Fc 

+ NH3 

 

Ar 

 

liquid 

+ gas 
Toluene  

+ 5 wt % Fc 
Ar 

 

liquid 

 
N1-[liq+gas] /C2-liq 

Toluene  

+ 5 wt % Fc 
Ar liquid Acetylene 

Ar  

+ H2 
gas C1-liq/C2-gas 

Benzylamine  

+ 5 wt % Fc 
Ar liquid 

Acetylene 

+ NH3 

Ar 

+ H2 
gas N1-liq/N2-gas 

Toluene  

+ 5 wt % Fc 
Ar liquid 

Acetylene 

+ NH3 

Ar  

+ H2 
gas C1-liq/N2-gas 

Benzylamine  

+ 5 wt % Fc 
Ar liquid Acetylene 

Ar 

+ H2 
gas N1-liq/C2-gas 

Fc=Ferrocene 
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The robustness of the synthesis approach proposed in this thesis can be extended even 

further. By repeated switches between various precursors, multiple junctions are obtained by 

different routes such as: C1-liq/N2-liq/C3-liq/C4-liq junctions in Figure 5.16 and  

N1-liq/C2-gas/N3-liq/C4-gas junctions in Figure 5.17. Combining the various approaches is also 

possible, for instance in a liq/[liq+gas]/gas approach to lead to C1-liq/N2-[liq+gas]/C3-gas 

structures, Figure 5.18. In all cases the SEM and Raman characterisation discussed above 

transfers well for characterisation: a change in morphology between straight and wavy is 

assessed in SEM images together with a change in the Raman spectra between each section 

(ID/IG value and relative intensity of 2D peak). This supports the argument that AACVD in 

an extremely robust technique to develop various types of MWCNTs with junctions and 

larger quantities of materials than previously reported.  

 

 

Figure 5.16. (a) SEM micrograph of a C1-liq/N2-liq/C3-liq/N4-liq structure and (b) associated 

Raman spectra (532 nm wavelength excitation) for the various sections obtained. No 

catalyst was co-injected with the benzylamine precursor to grow the N sections. 
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Figure 5.17. (a) SEM micrographs of N1-liq/C2-gas/N3-liq/C4-gas structures obtained from 

the liq/gas approach. The various interfaces between the different sections at higher 

magnification are reported in (b), (c) and (d). (e) Raman spectra (532 nm wavelength 

excitation) of each section of a N1-liq/C2-gas/N3-liq/C4-gas structure.  
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Figure 5.18. (a) SEM micrographs of possible C1/N2/C3 structures obtained from a 

combination of the liq/[liq+gas] and liq/gas approach. The various interfaces between 

the different sections at higher magnification are displayed in (b) and (c). (d) Raman 

spectra (532 nm wavelength excitation) of each section of a C1-liq/N2-[liq+gas]/C3-gas 

structure.  

Alongside the main goal of developing MWCNT forests with intratubular junctions, 

unusual MWCNT structures were also obtained. These structures are worth reporting 

because they illustrate further the versatility of the synthesis approach presented in this thesis 

and support the growth mechanism suggested in Figure 5.4 and Figure 5.12 for N1/C2 

junctions. In some cases it is observed with the naked eye that individual layers of the 

MWCNT forests peel off spontaneously after synthesis. Further investigation by SEM of 

samples where this peeling off was observed are reported in Figure 5.19a. The SEM image 
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reveals that the peeled off layers are detached from another supporting MWCNT layer. Such 

‘peeling off’ is not observed when no compositional change from one layer to another is 

induced but seems to happen preferentially at an N/C interface which is less continuous and 

probably weaker than a C/N interface (Section 5.3.1). Another experimental observation is 

that under the conditions of the liq/[liq+gas]/gas approach more ‘peeling off’ occurs. By 

simply bending the quartz tube used as a reactor for synthesis it is possible to collect several 

milligrams of a CNT powder after the experiment. SEM images of the collected powder are 

shown in Figure 5.20. The materials have not been mechanically scrapped from the surface 

of the reactor where MWCNTs growth normally happens. The powder obtained, made of 

ball-like structure (Figure 5.20b) is then not detached from a substrate but completely 

peeled off of the forest.  

 

Figure 5.19. SEM micrographs of (a) C1-liq/N2-liq/C3-liq/N4-liq structure where a break 

between the middle N2 and C3 part leads to MWCNT layers peeling-off.  

(b) C1-liq/N2-[liq+gas]/C3-gas structures where the N2/C3 interface displays iron based 

particles: brighter line between the two arrows in the image associated with a strong 

morphological change from straight to wavy MWCNTs. 
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After peeling off, a ‘rolling step’ seems to occur explaining the curvature of the 

structures obtained, Figure 5.20. The outer part of the ball-like structure is made of residual 

catalyst-like particles shown in Figure 5.20d. Those same particle-like objects can usually 

be observed at N/C interfaces (Section 5.3.1, Figure 5.19b). The N section of a broken N/C 

interface then becomes the outer surface of the balls. The presence of catalyst-like particles 

at this N/C interface accounts for the presence of catalyst-like particles at the outer surface of 

the rolled structures. The peeling off can be promoted by developing weak interfaces 

between different sections of a MWCNT like developing an N/C junction. The reasons for 

the rolling phenomena are not established yet and could come from the different length 

between the C and N sections. The different sections possibly develop different interactions 

with each other, leading to the resulting unusual spherical geometry, Figure 5.20. These 

explanations are in line with recent observations from other groups working on 

compositional change along MWCNTs [186]. These results are interesting for continuous 

production of MWCNTs with intratubular junctions by spontaneous and continuous peeling 

off of grown MWCNT layers when further control is achieved in the future. Together with 

the previous observations, this proves that AACVD based synthesis approaches are suitable 

and robust to produce a range MWCNT structures with various tailored junctions. 

 

 

 

 

 

 

 

 



Jonathan Quinson                                                               Keble Collegel    

DPhil in Materials Science                                       Trinity Term 2015  

Chapter 5                                                                                                                               262 

Tailored Carbon-based Nanomaterials 

for Biological Energy Electrocatalysis 

 

 

Figure 5.20. (a-f) SEM images of unusual structures present in the powder collected 

after synthesis. (b) typical open-ball structures (c) higher magnification of spherical 

structures showing a C1/N2 interface. The N part forms the outside part of the ball.  

(d) the outer surface of the balls are made of catalyst-like particles. (e-f) other ball-like 

structures obtained. 
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5.3.3. Towards selective reactivity of MWCNT forests 

with intratubular junction 

This section details the first TGA analysis of MWCNTs with N/C junctions. For the first 

time, experimental evidence is given to illustrate a localised reactivity along a MWCNT 

forest with junctions. 

5.3.3.1. Unusual oxidation behaviour of MWCNTs with N/C junctions 

The characterisations performed so far in this chapter focus on MWCNT structures. The 

strong structure-properties relationships in nanomaterials suggest that different chemistry 

could be achieved on various segments of the MWCNTs with intratubular junctions. For the 

first time, TGA analysis was performed on MWCNTs with junctions because this simple 

technique (Section 2.3.7) gives information of the reactivity of CNTs with oxygen. 

Figure 5.21 displays the thermogravimetric analysis (TGA) of various MWCNTs. It is well 

established that N-MWCNTs have lower oxidation resistance than un-doped MWCNTs due 

to a more defective graphitic structure [93]. The mass loss associated with MWCNT 

oxidation happens at higher temperature for un-doped MWCNTs compared to N-MWCNTs, 

curves I and II in Figure 5.21 respectively. Mass loss during oxidation of a typical un-doped 

MWCNT starts at ca. 600 °C (I) whereas for a N-MWCNT sample (II) it starts at ca. 450 °C. 

TGA was also performed on numerous N1/C2 and C1/N2 samples obtained from various 

synthesis approaches (Table 5.1). The most reproducible results were obtained on  

N1-liq/C2-gas samples. Unlike usual TGA curves for MWCNTs without junctions, such 

samples show two distinct parts in the oxidation curve, separated by an inflection at ca.  

550-555 °C: curves III and IV in Figure 5.21a.  
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Figure 5.21. Thermogravimetric analysis (TGA) of various MWCNT structures.  

(a) TGA curves of an un-doped MWCNT sample (I), a N-MWCNT sample (II) and two  

N1-liq/C2-gas MWCNT samples (III and IV). The difference between III and IV is 

detailed in the text. (b) TGA of un-doped (I) and N-MWCNT (II) samples. A sample 

made of the powder material I and II with a mass ratio of 50:50 was made to create an 

artificial N/C powder structure. The experimental (Vexp) TGA curve and the expected 

curve by adding TGA curves I and II weighted by ½ each (Vcalc) for this mix-sample 

are also represented. 

5.3.3.2. Towards localised oxidation behaviour by control over MWCNT 

junctions 

No previous TGA characterisation has been reported on MWCNTs with intratubular 

junctions (Table 1.4) to the best of my knowledge. Since the MWCNTs have both un-doped 

and nitrogen-doped sections, it is likely that the mass loss for temperature lower than the 

temperature of inflection (550 °C) is related to the N section and the mass loss at higher 

temperature is related to the C section. To confirm this hypothesis, TGA was performed on 

samples differing in the ratio of N to C sections (assessed by the length of each section with 

SEM). The first sample has a N:C length ratio about 1:4 (III, Figure 5.21a) whereas the 

second sample has a N:C length ratio about 1:2 (IV, Figure 5.21a). The first sample has a 

more pronounced C section (III) and shows a TGA curve close in shape to the one expected 

for an un-doped MWCNTs samples (I): temperature at which mass loss starts is around 
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510 °C (III, Figure 5.21a). The percentage of mass loss after the inflection is also more 

prominant than the mass loss before. In contrast, the second sample with a more pronounced 

N component (IV, Figure 5.21a) shows a TGA curve closer to the characteristic curve of a 

N-MWCNT sample (II, Figure 5.21a) and the mass loss before the inflection is more 

prominent than the mass loss after. In addition, the extrapolated onset temperatures are:  

482 °C for the curve II (N-MWCNTs) as well as for the part of the curve IV before the 

inflection, 520 °C for the part of the curve III before the inflection. The onset temperature is 

612 °C for I (MWCNTs), 616 °C for the part of the curve IV after the inflection and 610 °C 

for the part of the curve III after the inflection. The onset temperature for the part of the 

curves after the inflection was estimated considering the initial mass was the mass at the 

point of inflection. Several observations can then be attributed to the intratubular junction 

and a difference in composition within the MWCNTs as detailed in the next section. First is 

the presence of the inflection. Second is the correlation of mass loss before and after the 

inflection to the ratio of N to C sections. Third the fact that the onset temperatures fall into 

two categories: a N-MWCNT-like onset temperature of 480-520 °C and a MWCNTs- like 

onset temperature of 610-616 °C.  

5.3.3.3. Peculiar oxidation behaviour of MWCNT with N1/C2 junctions 

obtained by the liq/gas approach 

To understand further the previous new results, a ‘mimic’ N/C sample was experimentally 

produced by adding a known amount of un-doped MWCNT powder and N-MWCNT 

powder. For each sample, TGA curves were first acquired separately before mixing: I and II 

respectively in Figure 5.21b. The ‘mimic’ sample was obtained by mixing the previous with 

a N:C mass ratio of 1:1. The mixed powder sample (V) was experimentally analysed by 

TGA (Vexp). Also the two original TGA curves were mathematically added, weighted to the 

mass ratio of N-MWCNTs and un-doped MWCNTs (Vcalc). A small inflection is noted 
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experimentally and predicted by calculation, but it is not as pronounced as the previously 

detailed case of N1-liq/C2-gas structures. Experimental TGA curves for other N1/C2 or C1/N2 

structures obtained by different synthesis routes usually also show a less pronounced 

inflection than N1-liq/C2-gas structures. The reason for this may be a more pronounced 

difference in oxidation resistance between the N1-liq section and the C2-gas section. Also the 

MWCNT length achieved with the N1-liq/C2-gas approach is longer than in the other routes in 

this study. The change in composition at the interface between the two sections is also 

sharper than in the other synthesis routes (Figure 5.11). Finally, the possible role of the 

catalyst particles present at the N1/C2 interface that also makes N1-liq/C2-gas junctions specific 

is difficult to establish at this stage. Despite these singularities, the samples of MWCNTs 

with N1-liq/C2-gas junctions are ideal to prove for the first time that the oxidation behaviour 

expected from N-MWCNTs and un-doped MWCNTs are successfully combined in 

MWCNTs with a change in composition. 

5.3.4. Localised oxidation behaviour of MWCNTs with 

N/C junctions 

Results obtained with an analytical technique (TGA) on N1-liq/C2-gas suggest different 

oxidation behaviours between the N and the C sections. However, TGA does not give any 

information on the localised behaviour along a MWCNT forest. To fully prove for the first 

time a spatially localised difference in reactivity along the nanomaterial this would need to 

be pictured along the MWCNT forest. MWCNT forests obtained from various syntheses 

approaches (Table 5.1) showing N/C or C/N junctions were simply oxidized in air at 520 ºC 

for time between 30 minutes and 2 hours. The temperature 520 °C was chosen because it is a 

temperature lower than the temperature of the inflection around 555 °C, Figure 5.22a, and 

should correspond to a temperature where only the N section is completely oxidised. It was 

found that the time of oxidation did not have a strong influence on the results presented. 
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Raman microscopy was used to acquire spectra selectively on both sections of the sample. 

Results for a N1-liq/C2-gas sample are displayed in Figure 5.22b. Raman analysis before and 

after oxidation shows that in the N section the D and G peaks are absent from the Raman 

spectrum after oxidation. This suggests that the N section (red in Figure 5.22b) does not 

contain carbon anymore. In contrast, the C section (black in Figure 5.22b) still contains a 

carbon material, as indicated by the presence of the D, G and 2D peak after oxidation, 

Figure 5.22b. A higher D peak compared to G peak intensity is observed after oxidation 

compared to the case before oxidation which is consistent with nanotube damage during the 

oxidation process. It is also observed with an optical microscope that the N section has a 

brighter contrast than the C section, Figure 5.22c. All these observations confirm that a 

modification has occurred during oxidation but mainly on the N section, as schematised in 

Figure 5.22d. The N section (red) is converted to a section of different nature (orange) 

during oxidation.  
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Figure 5.22. (a) TGA curve for N/C MWCNTs. (b) Raman spectra of both  

N (continuous) and C (dotted) sections before (top) and after (bottom) oxidation in air 

for 1 hour at 520 °C. (c) Optical microscope image (x50) of a N/C MWCNT structure 

showing the possibility to focus on the N (white) or C (dark) sections of the forest after 

oxidation in air to locally acquire the associated Raman spectra. (d) Schematic 

representation of a change in N (red) /C (black) MWCNTs with junction after 

oxidation. 

 This first demonstration for a localised reactivity along MWCNTs with junction is 

further investigated with photos and SEM images in Figure 5.23. N-MWCNTs (N),  

un-doped MWCNTs (C) and MWCNT forests with a N/C junction have been oxidised  

2 hours at 520 °C. After oxidation, the N-MWCNT and the sample with junction turn 

orange, Figure 5.23-I. Also, all of the N sample as well as the N section of the N/C sample 

is turned into a network of particle-like objects consisting of ‘nanospherules’. These 

nanospherules appear brighter than CNTs in the SEM for similar acquisition parameters, 

Figure 5.23-II, and are attributed to the formation of iron-oxide based species [191] from 
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residual catalyst particles coalescing after oxidation at high temperature. This explanation for 

the nature of the ‘nanospherules’ is consistent with the orange colour observed and the 

absence of a D, G and 2D peak in the Raman spectrum of the expected N section after 

oxidation (Figure 5.22b). In contrast, the C only sample remains mainly black after 

oxidation, Figure 5.23-I. The C section of this C sample and the C section of the N/C 

sample still show typical MWCNT structures in SEM, Figure 5.23-II. This is in agreement 

with the associated Raman spectrum showing a D, G and 2D peak (Figure 5.22b). These 

results confirm that after oxidation the N section of the N/C MWCNT can be selectively 

converted into a non-carbon material and so the N section of each MWCNT undergoes more 

modification than the C section as schematised in Figure 5.23-III.  

The results presented are reproduced with other MWCNTs with junctions synthesised 

(Table 5.1). TGA analysis of some MWCNTs with junctions developed in this thesis does 

not always show an inflection in the TGA curve (Section 5.3.3.3). Nevertheless, preferential 

oxidation of the N section of these nanotubes can always be confirmed by SEM (change in 

the contrast of the N section) and Raman spectroscopy (absence of D, G and 2D peak) as 

described in the previous paragraphs. This is illustrated with different structures: N1-liq/C2-gas 

in Figure 5.24a-b, C1-liq/N2-[liq+gas] in Figure 5.24c and C1-liq/N2-[liq+gas]/Cgas in Figure 5.25, 

N1-liq/C2-gas/N3-liq/C4-gas in Figure 5.26. In all cases the N section, more affected that the C 

section by heat treatment in air, is converted into a section made of spherule-like structures 

brighter in the SEM images. In contrast, the C section remains dark and mainly made of 

MWCNTs. These results confirm for the first time to the best of my knowledge that localised 

reactivity along a MWCNT forest with intratubular junctions can be achieved, regardless of 

the production route selected. 
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Figure 5.23. (I) Top view photos of MWCNT forests grown on silicon wafers after  

2 hours oxidation in air at 520 °C for C only, N only and N/C samples. The scale bar in 

black is 5.3 mm. Photos were taken with a grey background. (II) SEM micrographs of 

the previous samples: C only, N only and N/C structures, as well as higher 

magnification micrographs of the C and N sections of the N/C structure.  

(III) Schematic illustration of the effect of oxidation on the MWCNT structure. The C 

and N only samples were obtained from liquid precursors and the N/C samples were 

obtained from the liq/gas approach.  
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Figure 5.24. SEM micrographs after 30 minutes oxidation in air at 520 °C of (a and b)  

N1-liq/C2-gas and (c) C1-liq/N2-[liq+gas] forests.  

 

Figure 5.25. SEM micrographs of C1-liq/N2-[liq+gas]/C3-gas MWCNTs. (a) before and (b) 

after oxidation at 520 °C for 30 minutes.  

 

Figure 5.26. (a-c) SEM micrographs of N1-liq/C2-liq/N3-liq/C4-liq structure before (c) and 

after (d-e) oxidation in air for 30 minutes at 520 °C.  
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5.3.5. Localised immobilisation of particles on MWCNTs 

with N/C junctions 

The previous results in Section 5.3.4 confirm for the first time that different reactivity with 

oxygen can be induced along MWCNT forests with junctions via their tailored design. The 

present section takes a step further and focuses on the asymmetric decoration of these 

MWCNTs. The idea is to exploit the established difference in structure and reactivity along 

the MWCNT forest to achieve a spontaneous asymmetric functionalisation. 

5.3.5.1. Case study of platinum deposition 

Since the approach to obtain asymmetrically functionalised nanomaterials proposed in this 

thesis is completely new to the best of my knowledge, a solid proof of concept is required. 

Hydrogenases are catalysts with low surface coverage and to establish their localised 

immobilisation specific equipment like scanning electro-chemical microscope [208] would 

be required. A simpler nano-object like platinum particles is then preferred. First, platinum 

deposition can easily be identified by SEM and EDS measurements (Chapter 2). In 

particular SEM was preferred to TEM because it is more convenient to study the platinum 

particle depositions along a MWCNT forest. Second, among the different reports in the 

literature, immobilisation of platinum particles on N-MWCNTs and un-doped MWCNTs 

gives different results [164]. On N-MWCNTs platinum coverage is reported to be more 

uniform than for un-doped MWCNTs. This different coverage is due to platinum nucleation 

being promoted on a more defective N-MWCNT surface, as well as possible interaction with 

the nitrogen atoms [71, 252, 253]. In reports investigating the effect of nitrogen doping, the 

comparison is performed between different batches: one made of N-MWCNTs, one made of 

un-doped MWCNTs. The comparison is never performed within a single CNT forest with a 

compositional change. There is no experimental evidence to date that within a single 

MWCNT or a MWCNT forest, control over reactivity or particle deposition can be achieved 
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by simply developing C/N junctions. This thesis addresses for the first time the possibility to 

achieve a spontaneous and localised control over nano-objects with the case study of 

platinum particle loading on MWCNTs with junctions. 

 

Figure 5.27. (a) and (b) SEM micrographs of platinum particles electrodeposited on a  

C1-liq/N2-liq MWCNT structure. (c) and (d) are respectively higher magnification SEM 

micrographs of the C1-liq and N2-liq sections displayed in (a) and (b).  

For forests of MWCNTs with N/C or C/N junctions obtained from different synthesis 

routes, immobilisation of platinum particles by bulk electrodeposition of platinum salts [72] 

and by bulk chemical reduction [215-217] was performed (Section 2.7). In all cases, both N 

and C sections along a single MWCNT were dipped into the same salt solution. Figure 5.27 

and Figure 5.28 show secondary electron SEM images of the MWCNTs after platinum 

deposition. Platinum particles are observed as white spots covering the MWCNTs. The 

particle coverage differs from the C, Figure 5.27c, and the N, Figure 5.27d, section of the 

forest. Both C and N sections are connected within the same forest but the N section is more 

uniformly covered. This observation is consistent for different electrolytes (KPB, 100mM, 

pH 7 or KCl, 50 mM) and number of scans during cyclic voltammetry for the bulk 
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electrodeposition, Figure 5.28; for different times of reduction for the bulk chemical 

reduction. Regardless of the bulk approach used to nucleate the platinum particles, a 

difference in platinum particle loading is established between the N and C sections. The 

localised asymmetric loading is then dependent on the design of the MWCNT forests only. 

 

Figure 5.28. SEM micrographs of platinum particles electrodeposited on a C1-liq/N2-liq 

MWCNT forest. The particle coverage differs from the (a) C1-liq and the (b) N2-liq 

section of the forest. The difference with Figure 5.27 is a lower number of voltammetric 

scans during platinum electrodeposition leading to smaller particle size. 

SEM images based on backscattered electrons in Figure 5.29 also confirm that species 

with a higher atomic number are deposited predominantly on the N rather than the C section 

because the N section appears brighter than the C section, Figure 5.29a-d (Figure 2.7b). 

The difference in contrast between the N and C sections is not observed for control samples 

without deposited platinum, Figure 5.29e-f, Figure 2.7c. The fact that the N section appears 

brighter after platinum deposition is then attributed to presence of platinum particles with a 

more uniform coverage. Finally EDS makes it possible to acquire compositional maps across 

the junctions. EDS maps in Figure 5.30 show a more uniform coverage of platinum (green 
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dots) on the N section rather than the C section. For various N/C samples obtained from 

various synthesis routes (Table 5.1) similar results were obtained.  

 

Figure 5.29. SEM micrographs (backscattered electron detector) at the junction for two 

different MWCNT forests with N1-liq/C2-gas junction. (a), (c) and (e) refer to a N(60 μm 

long)/C(70 μm long) structure and (b), (d) and (f) to N(20 μm long)/C(70 μm long) 

structures. (a), (b), (c) and (d) show samples after platinum bulk electrodeposition.  

(e) and (f) represent images from part of the samples where no platinum was 

immobilised. The lighter line in (e) and (f) comes from iron based particles marking the 

junction. 
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Figure 5.30. Backscattered electron micrographs and platinum (green, intensity of peak 

at 2.100 keV) EDS maps of (a-c) N1-liq/C2-gas and (d) C1-liq/N2-gas structures on which 

platinum was deposited whether by (a) and (b) electrodeposition or (c) and (d) chemical 

reduction. The difference between samples displayed in (a) and (b) is a different N/C 

length ratio of N(20 μm)/C (70 μm) and N (60 μm)/C(70 μm) respectively. 

 

Figure 5.31. Iron EDS maps (purple, intensity of peak at 6.399 keV) counterpart of  

Figure 5.30.  
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5.3.5.2. New application of MWCNTs with junction: direct evidence of the 

effect of doping MWCNTs with nitrogen for platinum deposition  

The results presented show for the first time the possibility to spontaneously control an 

asymmetric repartition of nano-objects on a MWCNT forest by developing a change in 

composition along the forest. A step further is achieved by giving evidence to explain this 

asymmetric partitioning. First, it can be hypothesised that elements different than platinum 

have an asymmetric repartition along the forest and promote the nucleation of platinum in an 

asymmetric way. Second, asymmetric functionalisation can originate from different 

precursors leading to different graphitic structures and this induces different nucleation 

process on the different sections. Third, it is more specifically the use of nitrogen containing 

precursors to promote a stronger difference in graphitisation and addition of nitrogen atoms 

in the carbon lattice [92, 250] that favours an asymmetric nucleation of platinum.  

Only iron is the element that could be detected on EDS maps of MWCNT forests with 

junction to show an asymmetric repartition along the tubes. This is due to the synthesis route 

where ferrocene is introduced only for the growth of the first section in the liq/gas approach. 

The EDS maps for iron associated with the results presented in Figure 5.30 are presented in 

Figure 5.31. The maps for the residual iron in the forest do not correlate with maps for 

platinum. Therefore the asymmetric repartition of platinum is not due to the asymmetric 

repartition of iron. The first possible explanation for the localised immobilisation of 

platinum can be ruled out. To investigate the effect of the nature of precursors on the 

deposition of platinum, C/C and N/N structures are conveniently obtained by the liq/gas 

synthesis. Each section in these structures is grown from a different precursor (liquid or 

gaseous). Platinum deposition is performed on these structures and assessed by EDS as 

previously detailed, Figure 5.32. C/C and N/N structures do not lead to a pronounced 

difference in platinum loading on each section because the coverage of green dots related to 

presence of platinum is rather uniform across the junction. This is especially clear on the 
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N/N structure where coverage is uniform across the interface, Figure 5.32b. The strongest 

differences in platinum loading are then achieved on C/N or N/C structures.  

In conclusion, a difference in platinum loading is mainly favoured by a compositional 

change (nitrogen doping) and not a simple change in graphitic structures induced by using 

different precursors. These results give an example of a new application of MWCNTs with 

N/C junctions. The influence of nitrogen in MWCNTs can be assessed by direct comparison 

of defined and controlled regions with or without nitrogen. In this thesis, tailored properties 

of the materials are used to successfully develop asymmetrically functionalised MWCNTs. 

 

Figure 5.32. Platinum (green, intensity of peak at 2.100 keV) EDS maps of  

(a) C1-liq/C2-gas, (b) N1-liq/N2-gas, (c) C1-liq/N2-gas and (d) N1-liq/C2-gas structures after 

chemical reduction of a platinum salt. The white arrows mark the expected interface 

between the N and C sections established by analysis of the backscattered electron 

micrographs used to record the EDS data.  
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5.4. Conclusions 

Several interdependent challenges related to MWCNTs with junctions are successfully 

addressed. A combination of AACVD and CVD is first presented to obtain large quantities 

of MWCNTs with continuous junctions. By using a succession of liquid and gaseous 

hydrocarbon precursors during a single experiment, MWCNT/(N-MWCNT),  

(N-MWCNT)/MWCNT, MWCNT/MWCNT and [N-MWCNT]/[N-MWCNT] junctions 

were successfully obtained by a root-growth mechanism. Multiple junctions and original 

ball-like MWCNT structures were also created with this synthesis approach, illustrating the 

versatility of the technique. Due to the improved synthesis proposed, larger quantities of 

MWCNT forests with junctions than in previous works were obtained.  

Due to this first achievement, a second achievement is that different localised 

oxidation resistance along MWCNTs with intratubular junction is proved for the first time 

by TGA, SEM and optical microscopy coupled to Raman spectroscopy. The strong structure-

property relationship in CNTs suggests that different surface properties could also differ 

along the tubes.  

A third achievement is then to prove for the first time by SEM and EDS analysis a 

preferential and spontaneous immobilisation of platinum particles on a nitrogen-doped 

section of a MWCNT forest rather than the un-doped section. The particles deposition was 

performed with bulk deposition methods like electrodeposition and chemical reduction. The 

spontaneous asymmetric decoration achieved pave the way to the facile creation of objects 

on which asymmetric functionalisation could be induced by the structural design of the 

CNTs rather than the technique used for functionalisation. The concept of MWCNT forests 

with intratubular junctions for simple asymmetric structures proved in this thesis is better 

pictured and summarised in Figure 5.33. The MWCNT with junctions presented are a 
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versatile yet simple scaffold for applications where a spatial control at the nanoscale over 

structures, properties and reactivity along a single nanomaterial is required.  

 

Figure 5.33. Illustration of the concept behind MWCNTs with intratubular junction for 

spontaneous localised immobilisation of nano-objects along a single MWCNT. 

With the proposed synthesis, design, characterisation and use of MWCNTs with 

junctions, broader applications can be envisioned outside the field of electronics that is their 

niche application to date. The results presented bridge together the previous research 

performed on doped and un-doped CNTs, studied so far separately, to exploit the benefits of 

chemical doping to tune CNT properties. For instance MWCNTs with junctions could be 

used to assess the effect of different graphitisation or composition on the localised 

immobilisation of particles, molecules or proteins by direct comparison of the effect of a 

structural change along a single nanomaterial. For this purpose, Raman microscopy is shown 

in this thesis to be a simple, fast and reliable technique for characterisation of MWCNTs 

with various junctions. This is an important demonstration because it opens opportunities for 

scientists and collaborators with limited access to electron microscopy facilities, to simply 

explore the potential of CNTs with junctions. A step further could be achieved by coupling 

optical microscopy with IR and/or fluorescence spectroscopy to investigate and control 

further the spontaneous asymmetric immobilisation demonstrated. 
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Chapter 6: Summary and future research 
“Learn from yesterday, live for today, hope for tomorrow.  

The important thing is to not stop questioning.” 

Albert Einstein 

6.1. Summary of research 

Different degrees of design were successfully explored in this thesis to tailor carbon 

materials for specific goals, opening new opportunities in studies and applications of 

immobilised bio-redox-catalysts in the field of energy production and chemical synthesis. 

The first comparison of the same hydrogenase immobilised onto various powdered 

carbon materials under equivalent experimental conditions is performed (Chapter 3). Eleven 

carbon materials with different features like size, morphology, surface area, porosity, 

graphitic structures, commercially available or synthesised are all shown to be promising 

electrode materials for hydrogenase adsorption. The materials with the highest specific 

surface area lead to the highest electrocatalytic current from the immobilised hydrogenase in 

this study. The most graphitic materials lead to the highest loading of electro-active enzyme 

per total surface area of electrode. The nanoscale of the nanomaterials investigated is also 

proved to be suitable for IR spectroscopic studies under electrochemical control of FMN and 

hydrogenase (Hyd-1) directly adsorbed on electrodes assembled from the carbon materials. 

This achievement opens the way to further investigation of bio-electrocatalysts in new ways, 

possibly revealing new key catalytic features. 

Despite MWCNTs being hydrophobic and relatively difficult to disperse in aqueous 

solution for hydrogenase immobilisation, they offer opportunities to develop carbon 

scaffolds that could not easily be obtained with powdered materials. The AACVD technique 

used to synthesise the MWCNTs in this thesis is for instance a suitable technique to obtain 

vertically-aligned forests of MWCNTs. Instead of using flat substrate as often preferred in 

the literature, the opportunity to grow MWCNT forests directly into quartz tubular substrates 
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is studied. The final structure obtained is a MWCNT column (CNC, Chapter 4) which has 

inner walls made of a porous, interconnected and conductive carbon network. These CNCs 

were studied in detail for the first time and synthesis parameters examined to achieve 

controlled filling with MWCNT. The flow rate of carrier gas is shown to be a key parameter 

to control the CNCs properties. Without any further treatment the CNCs are demonstrated as 

simple, readily available and successful scaffolds to support catalytic reactions performed by 

enzyme cascades in a flow catalysis configuration. The CNCs are then a versatile scaffold 

which may be relevant for industrial production of fine chemicals. 

In order to explore even more the opportunity to tailor carbon nanomaterials the 

question of localised immobilisation of objects along a MWCNT has been successfully 

addressed (Chapter 5). Without using a localised immobilisation technique, the opportunity 

to induce spatial control over reactivity and immobilisation of nano-objects like particles 

along CNT forests is proved for the first time. This is achieved by careful design of 

MWCNTs with intratubular junction. An original AACVD-based synthesis of MWCNTs 

with a structural change is established in order to induce different properties along the 

MWCNT. In particular, N-MWCNT/MWCNT junctions were created in relatively large 

quantities. This enables the first TGA analysis of those structures to confirm that different 

oxidation resistance occurs with a spatial control along the tubes. Furthermore, these 

structures are considered and successfully demonstrated for the first time as scaffolds to 

promote ‘spontaneous’ control over the localised immobilisation of platinum nanoparticles 

along MWCNT forests. 

6.2. Future work 

The work presented in this thesis and/or performed during the DPhil project led to a range of 

publications or ongoing projects opening a range of new opportunities (summarised in 

Table A5). 
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Regarding the development of carbon nanomaterials as electrodes for hydrogenase 

studies or applications, a material combining a high surface area and abundance of edge 

planes would be ideal to optimise a hydrogenase electrode and this material is still to be 

identified. In parallel, mass transport across nano-materials electrodes is a severe limitation 

to fully exploit hydrogenase activity. Further electrochemical cell and materials design 

would be beneficial to address more specifically these issues to improve power density in 

enzyme fuel cells. For instance, a promising option recently investigated is to mix carbon 

materials with different morphology to control the pore size distribution in the electrode 

[254]. Regarding the successful coupling of ATR-IR spectroscopy and electrochemistry at a 

carbon electrode, the results presented in this thesis are promising for further investigation of 

various (bio)electrocatalysts. Due to the range of carbon materials identified to be 

compatible with the technique, detailed studies on the influence of a carbon support on the 

catalytic activity of a particular catalyst are now possible. Together with the opportunity to 

study the effect of pH or temperature on catalytic properties, further spectro-electrochemical 

studies of redox species directly adsorbed on carbon materials could reveal important bio-

electro-catalytic features not explored yet. This has just recently been achieved by Prof 

Vincent’s group by studying one of the catalytic state of Hyd-1 during H2 oxidation using BP 

as electrode material [255]. 

Since the control over CNCs has been demonstrated, further investigation of the 

influence of the flow of carrier gas on the nature of MWCNTs grown could be a relevant 

study to perform. This could potentially involve flow modelling around tubular substrates. 

The benefit would be to understand better how to develop and control higher quality 

MWCNTs in terms of length and graphitic structure with AACVD systems. This research 

could also be relevant to understand better what drives MWCNT growth in general, since 

preliminary experiments suggest that growing N-MWCNTs in the CNC is challenging. 
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Furthermore the important field of flow catalysis provides a broad range of applications for 

these materials. Other solvents and other catalytic reactions could be performed under 

different conditions to make to the most of the CNCs as flow reactors. In particular, future 

research should be directed towards the optimisation of catalyst immobilisation in the CNCs 

for long term stability. In parallel, applications like water purification, an important 

technological and geo-political challenge for the coming years, can also be safely envisioned 

by filtration or using cascade of enzyme and particles [256] according to the results 

presented. 

Finally, the possibility to obtain large amounts of MWCNTs with intratubular 

junctions, the established proof that the material design can induce spontaneous localised 

immobilisation of objects along MWCNT, plus the opportunity to use simple optical 

microscopy methods to investigate the structures, all considerably broaden the scope of 

applications of MWCNTs with junctions. For instance, localised immobilisation of other 

catalysts than platinum, like other particles, molecules, or enzymes could be of great 

fundamental interest. To study these systems, characterisation techniques allowing a spatial 

resolution of few micrometres could be exploited to compare on a single sample different 

properties induced by the junctions. For instance, scanning electrochemical microscopy 

[208] could be used to locally probe the redox-properties along the junction of raw materials 

or materials after (asymmetric) functionalisation with redox-active enzymes. On a synthesis 

note, the liq/gas approach presented could be transferred to the production of other materials 

with junctions like carbon/chalcogenides or carbon/boron nitride structures possibly leading 

to new nanomaterials with new properties. In particular, it must be stressed that the 

possibility conferred by the liq/gas approach to control the encapsulation of iron particles at 

the junction of N1-liq/C2-gas MWCNTs is extremely promising. This encapsulation is usually 

not a simple task but is interesting because it could confer specific electronics or magnetic 
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properties to the CNTs [257]. These properties can be exploited to develop magnetic storage, 

magnetoresistive sensors, drug delivery or simplify catalyst recovery by magnetic filtration 

[257]. The N1-liq/C2-gas MWCNTs presented in this thesis are then an extremely promising 

platform to bridge asymmetrically functionalised materials and these diverse scientific areas 

to possibly open new fields of research in the future. 

In a much longer term, the opportunity to develop MWCNTs with intratubular 

junction in CNCs could be addressed to make the most of the different degrees of carbon 

materials design successfully investigated in this thesis. 
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When the miracle happens again it is not a miracle anymore: it is data.  

That is why we keep looking for miracles 
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Table A1. Experimental parameters investigated for the synthesis of the HNP material, 

mass obtained and particle characteristic. A ‘X’ means that not enough material was 

produced to be collected and characterised.  

Glucose Time T  Mass  Mean size  Deviation  Deviation  

(M) (h) (°C) (mg) (nm) (nm) (%) 

0.10 8 170 X X X X 

0.10 8 180 0.2 139 85 61 

0.20 4 180 X X X X 

0.20 4 180 X X X X 

0.20 4 190 5.8 92 11 12 

0.20 6 180 0.8 89 10 11 

0.20 6 190 120.8 170 22 13 

0.20 6 190 96.5 137 16 12 

0.20 8 180 79.4 78 8 10 

0.20 8 180 68.3 81 9 11 

0.30 4 180 X X X X 

0.30 4 190 46.2 111 22 20 

0.30 5 190 141.9 159 18 12 

0.30 6 180 53.2 117 15 13 

0.30 8 180 153.4 142 16 12 

0.40 4 180 X X X X 

0.40 4 190 104.6 141 20 14 

0.40 6 180 109.2 123 17 13 

0.40 6 190 397.9 237 26 11 

0.40 8 170 26.2 73 10 14 

0.40 8 180 233.1 140 66 47 

0.40 8 180 241.2 169 17 10 

0.50 2 160 X X X X 

0.50 3 180 X X X X 

0.50 3 190 65.5 155 24 15 

0.50 4 160 X X X X 

0.50 4 170 X X X X 

0.50 4 180 42.4 112 17 15 

0.50 4 190 140.6 164 25 15 

0.50 5 190 379.1 297 32 11 

0.50 6 160 X X 31 X 

0.50 6 170 1.2 75 10 13 

0.50 6 180 92.5 227 28 12 

0.50 8 180 492.5 231 21 9 
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Figure A1. (a and b) Evolution of the mean size (left-hand axis) and the mass obtained 

(right-hand axis) for various experimental conditions in HNP synthesis. The vertical 

line marks 100 nm size. Data points circled highlight a compromise between a size 

inferior to 100 nm and a relatively high yield. The experimental parameters associated 

with this data point were considered optimal in this thesis.  
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Figure A2. (a) Raman spectra of HNP before (dashed) and after (plain) annealing at 

1000 °C for two hours under argon atmosphere. The intensity ratio of D and G peaks 

varies from 0.73 (±0.04) before annealing to 1.08 (±0.01) after annealing. (b) TEM 

image of HNP after annealing: no statistically meaningful change in size could be 

observed but some particles seem to express a different structure even though the 

majority of particles appear identical before and after annealing. (c) Cyclic 

voltammetry of HNP before (dashed) and after (plain) annealing. Spectra were 

recorded in a KPB (100 mM, pH 7) at a scan rate of 10 mV s
-1

. The as-synthesised HNP 

(dashed) show a small oxidative behaviour around +0.15 V vs SHE (marked by a 

vertical dashed line) which disappears after annealing (plain) suggesting a more inert 

carbon surface after annealing. The signal from the bare PGE electrode is in grey (fine 

line). 
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Table A2. Experimental parameters investigated for the synthesis of hollow HNP 

material, mass obtained and particles characteristic (outer diameter size). A ‘X’ means 

that not enough material was produced to be collected. 

Glucose SDS Time T Mass Mean size Deviation Deviation 

(M) (mM) (h) (°C) (mg) (nm) (nm) (%) 

- 32 8 180 X X X X 

0.10 6 6 170 0.6 X X X 

0.10 6 8 160 X X X X 

0.10 13 6 160 X X X X 

0.10 13 8 180 18.5 470 112 24 

0.10 32 8 160 0.5 840 72 9 

0.10 32 8 180 14.8 2077 589 28 

0.10 32 5 180 2.1 2044 2007 98 

0.10 84 7 180 23.0 1182 726 61 

0.20 13 6 160 1.4 122 24 19 

0.20 13 8 170 18.3 324 48 15 

0.50 6 4 160 0.2 X X X 

0.50 6 4 170 1.4 54 7 14 

0.50 6 4 180 60.5 239 27 11 

0.50 6 6 160 1.2 74 25 33 

0.50 6 6 160 4.1 65 11 17 

0.50 6 6 180 210.6 291 33 11 

0.50 6 8 160 17.1 108 18 17 

0.50 6 8 180 409.7 311 33 11 

0.50 13 6 160 2.6 154 31 20 

1.00 6 6 160 8.8 135 14 10 
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Figure A3. TEM micrographs of various structures obtained by the hydrothermal 

synthesis. (a) plain particles with a micron size, (b) nanoparticles, (c) plain and hollow 

particles, (d) too big hollow particles collapse on themselves and some amorphous 

carbon film can also be obtained.  

 

Figure A4. Picture of the AACVD set up used with its different parts. 

1 µm

1 µm

1 µm

250 nm
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Figure A5. Picture of the aerosol unit used. 

 

 

 

Figure A6. Schematic representation of various electrons obtained after a sample is 

submitted to an electron beam.  

Primary electron (beam)

Sample surface

X-rays

Volume of 
primary excitation

3-5 µm

Backscaterred
electron

Secondary electron 
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Table A3. Various types of electron and microscopy mode used in this report. The 

angle at which electron or radiations are emitted and the respective energy range 

enable to selectively look at one type or electron signal compared to another. 

Technique Electron type Nature Energy 

Penetration 

depth in 

sample 

Best for Detector 

SEM primary electron gun source 5-15 keV 3-5 µm   

SEM 
secondary  

(SE1 and SE2) 

inelastic 

scattering 
< 50 eV few nm 

Surfaces 

topography  

aside from 

sample 

 

SEM secondary (SE1) 
inelastic 

scattering 
< 50 eV few nm 

surfaces 

topography 

better 

contrast than 

with SE2 

in the 

column 

(in-lens) 

SEM 
backscattered 

electron (BSE) 

elastic 

scattering 
> 50 eV 

up to several 

100s of nm 

heavy 

element or 

composition 

dependent 

imaging 

on top  

of the 

sample 

EDS  X-ray  1-3 µm 
Elemental 

analysis 

EDX 

detector 

TEM primary gun source 
80-200 

keV 
   

TEM 

electron passing 

through a thin 

sample 

interaction with 

the sample 

(wavefunction, 

adsorption) 

transmitted 

electrons 

through thin 

sample 

inner 

morphology, 

individual 

nano-objects 

in projection  

after the 

sample 

EELS 

electron passing 

through a thin 

sample 

inelastic 

scattering 

500 eV 

(loss) 

through thin 

sample 

inner 

composition 

analysis 

low angle 

before 

sample 
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Figure A7. Cyclic voltammogram of the same film of Hyd-1 directly adsorbed on a 

PGE electrode. In a rather un-expected way Hyd-1 remains stable as the temperature 

increases. The maximum catalytic current at 25 °C is multiplied by 8.2 at 60 °C and by 

15 to 80 °C. When going down in temperature after 3 hours at a temperature higher 

than 25 °C the enzyme activity was slightly higher than at the beginning of the 

experiments at 25 °C. This adds a new argument to the robustness of Hyd-1. The buffer 

used was KPB (100 mM, pH 6), the rotation rate was 2000 rpm and H2 was passed into 

the cell at a flow rate of 1 L min
-1

. Similar current enhancement with temperature was 

observed for Hyd-1 adsorbed on various carbon materials like MG, GNF, BP, or Si@C. 
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Figure A8. Chronoamperometry traces of the same film of Hyd-1 immobilised on a 

PGE-RDE in KPB 100 mM, pH 6 (a) under 1 L min
-1

 H2 at -0.08 V vs SHE with a 

temperature variation during the experiment and (b) under various conditions. Results 

show stability of Hyd-1 over time and continuously operating at high temperature 

and/or under different flow rate of H2 or rotation speed of the RDE. 
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Table A4. Successive potentials used in each Figure. Potentials are in V vs SHE. 
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Figure A9. Comparison of various Raman intensity ratios before and after CNCs 

cleaning as schematised in Figure 4.2. Removing the outside MWCNTs makes it 

possible to assess more accurately the Raman intensity ratio of the entrance and exit of 

a CNC.  

 

Figure A10. Raman intensity ratios comparing entrance (IN, dense stripes) and exit 

(OUT, sparse stripes) of a 2 cm long column with (a and b) 2 mm and (c and d)  

1 mm ID. Carrier gas flow rate was 2500 sccm and experiment duration was  

90 minutes. Substrates were at (a and c) 23 or (b and d) 29 cm into the furnace. 
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Figure A11. Raman intensity ratios of MWCNTs grown at the IN (dense stripes) and 

OUT (sparse stripes) positions of columns with: (a) 1 mm ID and 4 cm long; (b) 2 mm 

ID and 3 cm long. Carrier gas flow rate was 2500 sccm and the duration of the 

synthesis was 90 minutes. Substrates were placed 27 cm into the furnace. 

 

Figure A12. Raman intensity ratios of MWCNTs grown at the IN (dense stripes), 

middle (squared stripes) and OUT (sparse stripes) positions of columns with 2 mm ID. 

Columns are (a and b) 2 cm long and (c and d) 1 cm long. Carrier gas flow rate was 

2500 sccm and the duration of the synthesis was 60 minutes. Substrates were at (a and 

c) 23 and (b and d) 29 cm into the furnace. Values of Raman intensity ratios in the 

middle of the column are usually not significantly different from entrance or exit.  
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Figure A13. Raman intensity ratios of MWCNTs grown at the IN (dense stripes), 

middle (squared stripes) and OUT (sparse stripes) positions of columns placed at 

different position in the furnace: (a-b) 17, (c-e) 23 and (f-h) 29 cm. Columns were of  

(e and h) 1 mm and (a-d, f and g) 2 mm ID. Column length was (a, c and f) 1 cm long or 

(b, d and e, g and h) 2 cm long. Carrier gas flow rate was 2500 sccm and the duration of 

the synthesis was 150 minutes. 
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Figure A14. Effect of the carrier gas flow rate on (a) the MWCNT forest thickness 

profile in a column and (b) the Raman intensity ratio at the IN (dense stripes) and OUT 

(sparse stripes) position of a single CNC. The carrier gas flow rate was 2500 sccm 

(black) or 1000 sccm (red). All other experimental parameters were identical: the 

columns were 2 cm long with 1 mm ID, placed at 23 cm in the furnace during synthesis 

for a synthesis time of 150 minutes. 
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Figure A15. Effect of the carrier gas flow rate on (a) the MWCNT forests thickness 

profile in a column and (b) the Raman intensity ratio at the IN (dense stripes) and OUT 

(sparse stripes) position of a single CNC. The carrier gas flow rate was 2500 sccm 

(black and grey) or 1000 sccm (red and orange) and the column 3 cm (black and red) 

or 4 cm (grey and orange) long. All other experimental parameters were identical: the 

columns had 2 mm ID, were placed at 27 cm in the furnace during synthesis for a 

synthesis time of 90 minutes. 
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Figure A16. Raman intensity ratios of MWCNTs grown at the IN (dense stripes) and 

OUT (sparse stripes) positions of a 2 cm long column with (a and b) 2 mm and (c and d) 

1 mm ID. Carrier gas flow rate was 5000 sccm and the duration of the synthesis was 

150 minutes. Substrates were at (a and c) 39 and (b and d) 45 cm into the furnace.  

 

Figure A17. Raman spectra of MWCNTs grown into a CNC: before exposure to an 

aqueous solution of fluoresceinamine (grey line), after exposure to an aqueous solution 

of fluoresceinamine at a cross section in the middle of the column (black line). The 

column was 2 cm long. 
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Figure A18. Raman spectra of MWCNTs grown into a CNC: before exposure to an 

aqueous solution of fluorescein (grey line), after exposure to an aqueous solution of 

fluorescein and after cross section in the middle of the column (black line). The column 

was 2 cm long. 

 

 

Figure A19. Molecular structure of fluorescein. 
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Figure A20. TEM images of several MWCNTs with junctions obtained by the liq/gas 

approach showing a change in structure from the N1-liq section (bamboo-like structure) 

to the C2-gas section (thicker walls). The image was obtained from different TEM images 

taken at the same magnification. The darker features are metal catalyst particles 

within the nanotubes. 
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Figure A21. EDS maps of iron (from residual catalyst particles, purple, intensity of 

peak at 6.399 keV) on various as-synthesised structures obtained by the liq/gas 

approach for (a) C1/C2, (b) N1/N2, (c) C1/N2 and (d) N1/C2 structures. The iron-based 

catalyst particles line marking the interface is marked for the N1/C2 structure only (d). 

Arrows marked the expected interface according to related morphological change 

observed on back-scattered images used to define EDS mapping zones. 

 

Table A5. Future or pending work based on research performed during the DPhil. All 

researchers apart from Prof Patrick Unwin (University of Warwick) are at the 

University of Oxford in the groups of Prof Vincent or Prof Grobert. The projects 

related to the results presented in Chapter 3 are in green, the projects related to 

Chapter 4 are in blue and the projects related to Chapter 5 are in orange. The projects 

without colours are results that are not detailed in the DPhil thesis even though a 

significant contribution has been made. 

Project / Experiment manuscript in preparation on personal contribution with 

MWCNT forests with  

intratubular junction 
synthesis and characterisation 

concept, synthesis, 

characterisation 

Dr Rebecca J. Nicholls  

Dr Frank Dillon  

Dr Antal A. Koós  

MWCNT forests with  

intratubular junction 

application for localised 

reactivity and immobilisation 

concept, synthesis, 
characterisation,  

proof of concept 

Dr Frank Dillon  

MWCNT forests with  
intratubular junction 

unusual nano-balls structures 
observation, synthesis, 

characterisation 
- 

MWCNT columns synthesis and characterisation 
concept, synthesis, 

characterisation 
Thomas F. Bottein (Master) 

MWCNT columns 
application in flow  

(bio-redox) catalysis 

concept and  

proof of concept 

Ceren Zor (Master) 
Thomas F. Bottein (Master) 

Dr Holly A. Reeve  
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Ongoing work based on research carried  

during the DPhil project / considered for publication 
personal contribution with/for 

Spectro-electrochemistry of immobilised FMN including 
 a set of experiments at the Diamond facility in Hartwell 

help to complete the 

experiments and the 

experimental report 

Ricardo Hidalgo (DPhil) 

Dr Philip A. Ash  

Prof Vincent’s group 

Hyd-1 operating at temperature higher than 30 °C 
electrochemistry, 
proof of concept 

Prof Vincent’s group 

Electrochemistry of chalcogenides 
logistics, help with the 

electrochemistry 

Arunvinay Prabakaran (DPhil) 

Dr Matteo Duca  

Electrochemistry of nano-alloys electrochemistry 
Chris Lippard (Master) 

Dr Frank Dillon  

Characterisation for Prof Grobert’s group 
13 samples characterisation 

(SEM) 

Serena Bochereau (Master) 

Dr Frank Dillon  

Characterisation for Prof Vincent’s group 
various carbon films  

(SEM, Raman) 
Prof Vincent’s group 

Grand Experiment (Prof Grobert’s group) 

data acquisition, collection, 

analysis, write part  
of the protocols 

Prof Grobert’s group 

Influence of substrate for the growth of  

MWCNTs by AACVD 
characterisation (Raman) 

Dr Lavina Snoek  

Dr Shayan Meysami  

Buckypaper (specific project and group project) 

supply MWCNTs,  
help in supervising, 

 

literature review 

Benoit Grosjean (Master) 
Dr Shayan Meysami  

 

Prof Grobert’s group 

Magnetic buckypaper 

concept of localised 
magnetic properties of 

buckypaper for  
magnetic actuators 

Karwei So (DPhil) 

Kier project (Prof Grobert’s group) 

transfer of knowledge and 

data on hydrothermal 

synthesis and Si@C 
nanoparticles 

Dr Adrian T. Murdock  

Combining MWCNT forests grown on flat substrate and 
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