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Abstract 

The work presented in this thesis describes the development and applications of hollow 

carbon nanostructures both as the catalytically active, magnetically separable carbon 

nanoreactors, and electrodes for electrocatalytic reactions. The work is separated into 

three distinct parts, the formation of carbon nanoreactors of different diameters and 

shapes in which the effect of confinement imposed by the nanotube is probed in 

exploratory hydrogenation reactions, the functionalisation of carbon nanoreactors with 

magnetic nanoparticles for magnetically separable catalyst supports, and the development 

of new hybrid metal-carbon nanoreactors as efficient electrocatalysts for hydrogen fuel 

cell applications. 

In the first part of the thesis, a Ru3(CO)12 precursor was successfully inserted into carbon 

nanoreactors of different diameters – very narrow single walled carbon nanotubes (SWNTs, 

dSWNT ~1.5 nm) and much wider hollow graphitised carbon nanofibers (GNFs, internal 

dGNF ~50 nm)  using sublimation followed by the formation of uncoated metallic Ru 

nanoparticles via thermal decomposition. The resultant RuNPs@SWNT and 

RuNPs@GNF nanoreactors were then tested in hydrogenation reactions using a high 

pressure scCO2 batch reactor, where the excellent diffusivity and mass transfer properties 

of scCO2 as solvent enabled the efficient delivery of the reagents to the catalyst surface 

within the narrow nanoreactors. RuNPs confined in the narrowest channels of SWNT was 

observed to be highly active and selective in competitive hydrogenation reaction of alkenes, 

but concurrently reduce the accessible volume of the SWNTs by 30-40 % resulting in lower 

overall turnover numbers (TONs). In contrast, RuNPs confined in wider GNFs were entirely 

accessible and indicated outstanding activity in comparison to unconfined RuNPs on the outer 

surface of SWNTs or carbon black.  



 
 

In the second part of the work, GNFs sidewalls were functionalised by non-covalent 

attachment of commercial graphene-like carbon coated magnetic Co nanomagnets 

(Co@Cn) exploiting van der Waals forces via dispersion in an organic solvent using 

ultrasonic treatment, and by the in situ formation of carbon coated iron nanomagnets 

(Fe@Cn).  A number of experiments were carried out to find the minimum amount of 

nanomagnets required to enable complete separation of the nanotubes from the solution 

with an external magnetic field. Characterisation of this composite material by high 

resolution transmission electron microscopy (HRTEM) showed that Co@Cn and Fe@Cn 

successfully attached to the GNFs.  Magnetic functionalisation steps were then combined 

with uncoated, palladium and platinum nanoparticle catalyst formation and the resultant 

catalytically active and magnetically separable hybrid materials were investigated in the 

reduction of nitrobenzene. The recyclability and stability of these magnetic and catalytic 

nanoreactors were studied in the reduction of nitrobenzene using magnetic recovery, and 

only negligible catalyst loss (< 0.5% by wt.) was observed over 5 cycles in comparison 

to that of filtration based catalyst recovery (>10% catalyst loss by wt.).  

In the third part, GNFs were shortened by ball milling and combined with palladium 

catalyst to form (PdNPs/-PdNPs@)s-GNF using a novel procedure and the resultant 

activity and stability towards hydrogen evolution and hydrogen oxidation reactions 

(HER/HOR) in acid media was studied. (PdNPs/-PdNPs@)s-GNF exhibited enhanced 

activity and excellent durability during 30000 electro-catalytic cycles in HER compared 

to that of state-art commercial Pt/C which exhibited decreasing activity and poor 

durability during the cycling in acid. Moreover, s-GNF demonstrated an enhanced HER 

activity and stability during 5000 cycles. HRTEM revealed some chemical 

transformations at the step edges within GNF during the electrochemical cycling 

contributing to durability of the electrocatalyst. Overall, the superior HER/HOR activity 



 
 

and durability was attributed to the corrugated morphology of s-GNF, and therefore the 

ability to stabilise the Pd nanoparticles at the graphitic step-edges effectively through 

strong bonding and synergetic effects between the Pd and s-GNF support.  

These results clearly indicate that carbon nanoreactors as catalyst supports and 

electrocatalystd show significant promise for a variety of chemical reactions. 
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Acronym, abbreviation or 
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Definition 
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GNF Graphitised carbon nanofibre(s) 

CNS Carbon nanostructure(s) 

NP Nanoparticle(s) 
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RuNP Ruthenium nanoparticle(s) 

Ru3(CO)12 Triruthenium dodecacarbonyl 

1H NMR Proton nuclear magnetic resonance spectroscopy 

CDCl3 Deuterated chloroform 

d Diameter 

L Length 

EA Activation energy 

Co@Cn Graphene-like carbon coated cobalt nanomagnet(s) 

Fe@Cn Graphene-like carbon coated iron nanomagnet(s) 

FeNP Iron nanoparticle(s) 

PdNP Palladium nanoparticle(s) 

PtNP Platinum nanoparticle(s) 

dba Dibenzylideneacetone 

T Tesla 

PTFE Poly(tetrafluoroethylene) 

nm Nanometre 

wt Weight 

HRTEM High resolution transmission electron microscopy 

XPS X-Ray photoelectron spectroscopy 

TGA Thermo-gravimetric analysis 



 
 

EDX Energy-dispersive X-ray 

ICP-OES 
Inductively coupled plasma optical emission 

spectrometry 

XRD The powder X-ray diffraction 

UV-vis Ultraviolet-visible thesisspectroscopy 

s-GNF Shortened graphitised nanofiber(s) 

PEMFC Proton exchange membrane fuel cell 

GC Glassy carbon 

RDE Rotating disk electrode 

RHE Reversible hydrogen electrode 

E Potential 

𝜂 Overpotential 

H* Adsorbed hydrogen species on electrode surface 

Had Adsorbed hydrogen 

HER Hydrogen evolution reaction 

HOR Hydrogen oxidation reaction 

OER Oxygen evolution reaction 

ORR Oxygen reduction reaction 

LSV Linear sweep voltammetry 

GCE Glassy carbon electrode 

CV Cyclic voltammetry 

Hupd Hydrogen under potential deposition  

F Faraday constant 

I Current 

Ilim Diffusion-limiting current  

Ik Mass-transport free kinetic current 

J Current density 

J0 Exchange current density 

Dec Decade 

V Volt 

A Amper 



 
 

s Second 

geo Geometric surface area of glassy carbon 

HClO4 Perchloric acid 

M Molar 

R Solution resistance (ohm) 
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1 TOWARDS CATALYTIC CARBON NANOREACTORS 

1.1 INTRODUCTION 

Catalysis is essential in the synthesis of molecules where the participation of a catalyst 

increases the rate of the chemical reaction by decreasing the activation energy without 

being consumed during the process.1-4 It has been recently reported that more than 85% 

of all chemical products are synthesised in the presence of catalyst, costing ~14 billion 

US$ per year for the use in different sectors such as polymer industry, manufacturing of 

chemicals, coal, oil and gas refining.5 Therefore, it is crucial for the industrial companies 

and universities to take part in research to create new catalysts which are cheaper, 

efficient, long lasting, re-useable and environmentally friendly, as well as improving 

existing catalysts which will lead to a decrease in costs, thus saving time and energy in 

large-scale industrial processes.  

Catalysts can be classified very basically by considering solely whether they are in the 

same (homogeneous catalyst) or different (heterogeneous catalyst) phase to the reactants.  

A homogeneous catalyst is typically dissolved, along with the reactants in a solvent, 

enabling the catalysis to occur in the same phase with the reactants. An intimate and fluid 

interaction with the catalyst and the reactants limits the diffusion problems leading to 

great activity and selectivity. However, homogeneous catalysts suffer from a number of 

disadvantages, including poor thermal stability, difficult and expensive catalyst recovery. 

Extraction and distillation are mostly used processes which are highly energy-consuming 

and can cause the catalyst and/or products to decompose at high temperatures. All these 

disadvantages make the homogeneous catalyst industrially less relevant. Heterogeneous 

catalysts are typically solids and catalyse reactions of reactants in either liquid or gas 

phases. As a result, heterogeneous catalysts can be separated from reactants and thus 
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recovered after the reaction reasonably easily and in a cheap way such as by filtration. 

They are also generally robust, stable to high temperatures and not easily deactivated, 

and thus, have high industrial relevance. However, only surface atoms of the 

heterogeneous catalyst participate in chemical reaction which can limit the activity and 

selectivity of the catalyst.  

1.2 SUPPORTED METAL NANOPARTICLE CATALYSTS 

This thesis is mainly focused on the investigation of heterogeneous catalysis, specifically 

studying the effects of metal nanoparticles supported on carbon support materials such as 

carbon nanotubes (CNTs) and graphitised carbon nanofibers (GNFs), and exploring their 

use in a number of field such as industrial and energy related applications. Metal catalysts 

with nanoscale dimensions are very promising heterogeneous catalyst for chemical 

reactions as they have a high surface area with a large proportion of surface atoms. 

However, they are thermodynamically metastable and nanoparticles (NPs) have a high 

tendency to agglomerate due to van der Waals forces, which leads to a loss of active 

surface area and a decrease in the activity of the catalyst.6-7 Therefore supporting them is 

essential to stabilise the particles to prevent agglomeration and sintering and to allow the 

optimisation of the properties of nanoparticles for a particular process.8-9 Metal particles 

can be supported using a number of different highly porous support materials such as 

metal oxides, zeolites, metal-organic frameworks (MOF), molecular cage compounds 

and carbon nanomaterials.9-23 Reactant molecules can therefore adsorb onto the active 

catalyst both on the exterior of the support structure, and also diffuse through the support 

material by entering the pores. This results in a large increase in the available active 

surface of the catalyst for reactions to occur, and thus a faster overall rate of reaction. As 

well as stabilising the NPs the support can also influence the reaction in a number of other 
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ways, the shape and structure of the support, i.e. the nanoporous scaffolds enable their 

use as a nanoscale reaction container, imparting confinement for catalyst particles and 

reactants and influencing reaction pathways. Furthermore, the support material can alter 

the electronic state of catalyst particles and thus influence the reduction/oxidation 

behaviour of metal catalyst.20,32  

1.2.1 Hollow 1D carbon nanomaterials as catalyst support and nanoreactors 

In this project hollow carbon nanotubes (CNT) and graphitised nanofibres (GNF), 

collectively known as carbon nanoreactors, which have recently been demonstrated to be 

suitable support materials due to their thermal stability and low chemical reactivity, will 

be used.20-26 Unlike classical graphite, activated carbon, alumina, silica or zeolite 

supported metal catalysts, metal catalysts deposited both on the exterior and interior of 

CNT or GNF show different behaviour depending on the curvature of the carbon 

nanostructure.27-28 

Carbon nanotubes are axially aligned hollow cylindrical tubes and can be divided into 

two categories, single-walled carbon nanotubes (SWNTs) and multi-walled carbon 

nanotubes (MWNTs).29-31 A SWNT consists of a single sheet of sp2 hybridised carbon 

rolled into a cylindrical tube and as a result possesses an extremely high surface area (all 

atoms are surface atoms). The structure of a SWNT is very narrow with diameters ranging 

from 0.4 to 2 nm, whilst, MWNTs consist of a number of aligned or concentric cylindrical 

tubes (Figure 1.1a and b).32 MWNTs have larger internal diameters, typically 4-20 nm, 

compared to SWNTs. All carbon nanotubes are mechanically robust, thermally stable and 

chemically very inert since they have very few open edges and dangling carbon bonds, 

as a result molecules and nanoparticles tend to physically adsorb onto the nanotube walls 

rather than chemically react with them.30-34Another important feature of carbon 
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nanoreactors is the curved structure, which makes the concave structure of the interior 

suitable for catalytic reactions as the nanoparticles are held tightly in the interior of 

nanoreactor due to the greater van der Waals interactions.  

This is a result of the energy of encapsulation being considerably higher for species 

located on the inner surface (Eenc) compared to species adsorbed (Eads) on the convex 

outer surface (Eenc > Eads) (Figure 1.1).[32]  

 

The narrow internal volume of SWNTs enables strong interactions with the guest 

molecules and enhances the effect of the confinement on the resultant reaction. Miners, 

et al. has recently studied the effect of nanoreactor diameter on the selectivity of 

bromination of N-phenylacetamide within SWNTs and showed that the inner cavity of 

the nanoreactor changed the regioselectivity and the activity of the bromination reaction 

as illustrated in Figure 1.2.35 

Figure 1.1. Schematics of (a) SWNT, (b) MWNT and (c) GNF (not to scale) showing 

encapsulated (blue) and externally adsorbed (red) species. The difference between energy of 

encapsulation (Eenc, blue) and energy of external adsorption (Eads, red) often exhibits a general 

trend depending on the curvature of the graphitic surface and thus, carbon nanotube. Adapted 

from Miners et al. 32 
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In contrast to CNTs, hollow GNFs consist of stacked truncated cones of graphene layers 

arranged at an angle along the main axis and have an internal diameter ranging from 50 

nm to more than 100 nm (Figure 1c).22, 25,32,34 The interior and exterior surfaces of GNF 

are relatively different from each other. The internal surface has a succession of step 

edges while the exterior surfaces are atomically flat consisting of sp2 hybridised carbon 

enveloping the stacked carbon cones. The wide GNFs cavity constitutes an almost 

unrestricted internal channel and is expected to have little or no confinement effect for 

the guest molecules, however, the nanostructured step edges are around 3 nm high and 

can act as anchoring points for both catalysts and guest molecules and impart significant 

local confinement effects.6,32,50  

Figure 1.2. Comparison of the van der Waals diameter of the internal cavity (dNT) of three types 

of nanotubes to the critical van der Waals diameter (dcritical) of reactant and product molecules. 

(a) SWNT (dNT = 4.3 Å), too narrow allowing the confinement of the reactant, (b) SWNT (dNT 

= 6.9 Å), allowing the formation of para- but not ortho-product and (c) wider SWNT (dNT = 9.6 

Å) freely allowing the formation of both products. Adapted from Miners et al.35 
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1.2.1.1 Carbon nanoreactor supported metal NPs 

Carbon nanotubes and nanofibers are therefore of great interest for use as nanoreactors 

in a variety of different catalytic chemical reactions, since they can be used as a 

nanocontainer and template for the formation of catalytically active metallic 

nanoparticles.20-29,32,36-54 Their commensurate structure enhances the stability and 

selectivity of the catalyst confined within the nanotube allowing strict control of the 

nanoparticle size, functionality and reactivity by providing stabilisation of the metal 

nanoparticles preventing aggregation into larger particles and bulk material. As a result, 

extremely small and stable nanoparticles can be formed, which display high chemical and 

catalytic activity as the surface of the nanoparticles are not coated by a capping agent 

(surfactant).8,55 Most of the studies in the literature involve metal nanoparticles (MNPs) 

on the exterior of the CNTs as this provides an open and highly accessible surface for 

chemical reactions. For example, Li et al. demonstrated that Pt nanoparticles supported 

on carbon nanotubes (NPs/CNT) exhibited greater activity than the nanoparticles 

supported on activated carbon as a result of the increased surface area of the smaller 

nanoparticles when supported on the nanotubes.47  However, confinement of 

nanoparticles inside CNTs (MNPs@CNT) can preferentially improve the stability of 

catalytic centres and may change the reaction mechanism leading to entirely different 

products.32,35-37,45-50 The commensurate shape of carbon nanoreactors also enables 

extreme confinement for the guest molecules and enhances interactions between the guest 

species leading to altered thermodynamic parameters and new reaction pathways inside 

the carbon nanotubes. Lebedeva et al. synthesized fullerene containing and fullerene free 

Pd(II)Salen complexes encapsulated on the step edges within GNF and both catalysts 

confined within GNF indicated significantly higher activity and selectivity in several 

Heck reaction compared to the bulk solution.50 
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1.2.1.1.1 Hydrogenation reactions 

Hydrogenation reactions in the presence of a catalyst have great importance in industry, 

in particular for the generation of oils from foods, and manufacturing gasoline and other 

petrochemical products from hydrocarbons.56-58 Hydrogenation reactions in the presence 

of a carbon nanotube supported metal catalyst such as ruthenium, palladium and platinum 

have been recently studied in the development of efficient hydrogenation catalysts.  

Zhang et al. studied the hydrogenation of benzene catalysed by palladium nanoparticles 

confined within MWNT and reported increased catalytic activity compared to PdNPs 

both on the activated carbon and Y-type zeolite which directly confirms the influence of 

confinement and intimate interactions between benzene molecules and carbon 

nanotubes.52 NiNPs located on GNFs (NiNPs/GNF) were investigated in the liquid phase 

hydrogenation reactions of benzene to produce cyclohexene.59 NiNPs/GNF indicated a 

higher catalytic activity compared to Ni/alpha-Al2O3 because of intrinsic properties of 

the GNF support such as higher surface area, conductive structure enabled an efficient 

electron transfer and spillover of hydrogen during the reaction.  

Li and co-workers reported that Co-B nanoparticles confined inside carbon nanotubes 

strikingly enhanced the conversion of m-chloronitrobenzene (m-CNB) to m-chloroaniline 

(m-CAN) due to the presence of the smaller, more homogeneous, and the thermally more 

stable nanoparticles within nanotubes compared to that of Co-B nanoparticles located 

outside of the nanotubes (Figure 1.3).60  
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Guan et al. studied the asymmetric hydrogenation of α,β-unsaturated carboxylic acids, 

and found that confinement of palladium nanoparticles within MWNT enhanced the 

catalytic activity and enantioselectivity  (92%) of PdNPs in comparison to PdNPs 

supported on the outside of MWNT (Figure 1.4).41  

 

Figure 1.4. Asymmetric hydrogenation of α,β-unsaturated carboxylic in the presence of 

PdNPs encapsulated within MWNT and PdNPs adsorbed on the exterior of MWNT. 

Reproduced from Guan et al.41 

Figure 1.3. Schematic diagram of hydrogenation of m-CNB to m-chloroaniline over  Co-

B supported either inside or outside of the carbon nanotube container. Reproduced from 

Li et al.60 

m-CAN conversion: 
 96.2%  

m-CAN conversion:  
64.5%  
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The majority of hydrogenation reactions discussed so far has been investigated within the 

accessible cavities of MWNTs and GNFs while the narrower SWNTs (~ an internal 

diameter of 1-1.5 nm) are expected to impart greater confinement on typical organic 

molecules such as benzene due to the strong van der Waals interactions that should occur 

between the similarly sized reactant molecules and nanotube interior (N.B. critical van 

der Waals diameter of benzene ~ 0.7 nm).32 However, using such a narrow nanoreactor 

can limit efficiency of the catalysis due to slow molecular transport in the very narrow 

space  which means that a suitable solvent is required to ensure effective delivery of 

reactants and product to and from the catalyst centres. In general, the use of hydrogen 

(gas) in hydrogenation reactions with a conventional liquid solvent in the presence of 

metal catalysts supported by a porous material, such as carbon nanotubes, leads to mass 

transfer resistance problems due to the formation of a liquid-like layer over the catalyst 

which does not allow uniform delivery of the hydrogen and can deactivate the 

catalyst.61-63 However, working in a supercritical regime can eliminate these issues due 

to the formation of a homogeneous reaction solution of hydrogen gas, and by reducing 

the viscosity and increasing the diffusion rates relative to the liquid phase hydrogenation 

reactions. For example, CO2 behaves as a supercritical fluid above its critical temperature 

(31.1 °C) and critical pressure (73.8 bar), where it expands to fill a container like a gas but 

with a density like that of a liquid in equilibrium. This property of scCO2 enables 

hydrogen, which is readily dissolved and miscible in scCO2, and other reagents to diffuse 

into the porous supports, helping the transport of them to the catalyst surface (Figure 

1.5).61-65 

Poliakoff et al.66 demonstrated that a wide range of organic feedstocks could be 

hydrogenated using scCO2 as a solvent in hydrogenation reactions. High product 

selectivity was achieved following on from this study as the tunability of scCO2 allowed 
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changes in fluid properties and thus, scCO2 can now be used in large-scale industrial 

processes as an economically viable solvent.67 Therefore, using a supercritical solvent 

such as scCO2 in hydrogenation reactions can eliminate gas-liquid mass and heat transfer 

limitations in the narrow SWNT channels and improves the reaction rates and selectivity. 

 

Chamberlain at al. carried out hydrogenation reactions of alkenes over Ru nanoparticles 

confined within SWNT using scCO2 as a solvent and observed very high yield of the 

products due to dramatic confinement effects and enhancement of reactant concentration 

inside the narrow SWNT. The channel of the SWNT imposed a significant stabilising 

effect on the RuNPs and enabled RuNPs to remain active and unchanged in comparison 

to RuNPs supported on commercial, non-porous carbon (see Figure 1.6).37 

Figure 1.5. Diffusion of H2 from the bulk gas to the catalyst surface in a porous support. 1) H2 

diffuses through liquid film to the porous support; 2) H2 diffuses through the pore; 3) Adsorption 

of H2 onto metal surface; 4) dissociation of H2 to hydrogen atoms on the metal surface and surface 

reaction to form product; 5) desorption of the products from surface; 6) diffusion of the products 

from the surface into bulk gas.61 
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1.2.2 Magnetic Nanomaterials for Magnetic Separation of Catalyst 

The difficulties and the high costs associated with catalyst recovery have increased 

environmental concerns with respect to metal pollution problems.68-70 These issues have 

led to a significant interest in preparation of new catalytic systems which are 

environmentally friendly, enabling facile and quick separation of the heterogeneous 

catalyst from the products in liquid phase catalytic reactions. A number of conventional 

separation methods including filtration and centrifugation have been used in academic 

studies and industry for the separation and recycling of the heterogeneous catalyst.70-73 

However, each one of these methods comes with important limitations such as cost, time, 

efficiency and the requirement of secondary processes. In order to minimize the costs and 

challenges in conventional catalyst separation and facilitate the recycling of the catalyst, 

intense research efforts have been focused on the development of magnetic 

heterogeneous metal catalysts. This approach is based on the selective separation of 

Ru NPs 

Figure 1.6. Diagram of the hydrogenation of cyclohexene (blue) to cyclohexane (pink) using 

bundles of RuNPs@SWNT catalytic nanoreactor (shown in the expanded box) in a continuous 

flow scCO2 milli-scale reactor. Adapted from Chamberlain et al.37 
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magnetic metallic material supported catalyst from the reaction mixture containing the 

products (non-magnetic species) by magnetic means. 

In general, magnetic metal nanoparticles such as Fe, Ni and Co are not stable in air and 

are easily oxidized in acid media giving rise to a change or loss of their magnetization, 

resulting in their use in synthetic applications being compromised.70,74 One way to avoid 

this issue is to fully protect the magnetic nanoparticles with an appropriate inert material 

such as silica, polymers or carbon before using them as supports for the attachment of 

additional, active, non-magnetic catalytic metal nanoparticles.  This dual nanoparticle 

system can then be utilised as an effective heterogeneous magnetic metal catalysts which 

can be separated from products efficiently.68-75  

Preparation of carbon coated magnetic nanoparticles has recently received increasing 

attention as carbon nanomaterials are chemically and thermally stable, and robust to most 

reaction conditions. These materials are based on an approach where the magnetic cobalt 

nanoparticles are covered by a graphene like shell which ensure the magnetic core is 

retained and makes the material chemically inert.76-82 The shell also protects the magnetic 

nanoparticles against oxidation and erosion by strong acids or bases allowing their use 

under harsh conditions in organic synthesis applications. The carbon shell of these 

particles can be suitably functionalised allowing both covalent and non-covalent 

attachment of metal catalyst to create magnetically recoverable catalysts suitable for a 

variety of catalytic applications.  
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Lu et al., developed a synthetic procedure for magnetic Co particles on ordered 

mesoporous carbons (Co-OMC) in which cobalt was deposited on a carbon/silica 

composite prior to the carbonisation process and combined with cobalt following of the 

dissolution of silica to create mesoporous carbon-coated Co nanoparticles with a 1 nm 

thick carbon shells (Figure 1.7).80 

 

The Co-OMC was then loaded with palladium and the catalytic activity of Pd-loaded 

Co-OMC was tested in the hydrogenation of octene to octane. It was reported that the 

reaction rate of the catalyst which had been recovered by applying a magnetic field was 

almost identical to the rate off the original material. 

Kong et al. fabricated novel carbon coated hybrid microspheres (Fe3O4@C) using a 

polyethylene glycol (PEG) surfactant as the connecting agent between the Fe3O4 and 

glucose as the carbon source (Figure 1.8a).81 Palladium was then deposited on the 

Fe3O4@C support and the catalytic ability and stability of the Fe3O4@C/Pd composite 

was investigated in the reduction of methyl orange (MO). To enable comparison, the 

renewable activity of Fe3O4@C/Pd recovered by applying a magnetic field, was 

compared with that of Pd/C recovered by centrifugation, in five successive catalyst 

Figure 1.7. a) TEM image of Co–OMC, and  b) separation of  Co-OMC from the solution by 

a magnetic field (with a high magnefication TEM image of Co-OMC inset). Reproduced from 

Lu et al.80 

a) b) 
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cycles. The recovered catalysts were treated with 1M HNO3 and ultrasonic waves to 

remove the residual reactants and products after the reaction. 

 It was demonstrated that the trend in the increase of the reduction time of MO in the 

presence of Fe3O4@C/Pd was significantly shorter than that of the Pd/C after each cycle 

(Figure 1.13b). These results reveal that the catalytic activity of Fe3O4@C/Pd was better 

preserved than that of Pd/C which was attributed to reduced catalyst loss using magnetic 

recovery, and the strong interaction between the PdNPs and the Fe3O4@C. This was  

confirmed by TEM, which showed that after the fifth cycle significantly less leaching 

had occurred, compared to Pd/C, as a result of the greater resistance of the Fe3O4@C 

support to the repeated HNO3 treatments. 

Wittmann et al. reported the preparation of a palladium complex non-covalently attached 

to the graphene-layer of magnetic Co nanoparticles (Co/C) based on strong π-π stacking 

interactions between pyrene units and outer-most graphene layer.82 The highly magnetic 

properties of the resultant Co/C and palladium complex powder permitted its efficient 

separation and recycling. 

Figure 1.8. a) TEM image of Fe
3
O

4
@C/Pd b) Reduction time of MO in five successive cycles 

in the presence of Fe
3
O

4
@C/Pd and Pd/C catalysts. Reproduced from Kong et al.

81
 

a) b) 
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The authors used this immobilized catalyst in the hydroxycarbonylation reaction of 4-

iodophenol with CO in water and observed moderately high conversions even after ten 

cycles by recycling the catalyst using an applied magnetic field (Figure 1.9).  

 

Overall, the studies based on the use of carbon coated metal particles as metal catalyst 

supports indicate that these materials can serve as a promising and versatile support for 

magnetically separable heterogeneous metal catalysts. Furthermore, the graphene-like 

outermost shell in magnetic nanoparticles, which is similar to the walls of carbon 

nanotubes, can facilitate their combination with carbon nanoreactors by non-covalent 

functionalisation to make the nanoreactors magnetically separable. 

To summarize, the coupling of carbon nanoreactor systems with carbon coated magnetic 

nanoparticles using non-covalent interactions could potentially allow the  separation of 

carbon nanoreactors and any catalytically active centres embedded in them from reaction 

mixtures in a fast, non-destructive and efficient way, simply by applying a magnetic field.  

 

 

Figure 1.9. Preparation of a pyrene-tagged palladium NHC complex and reversible 

immobilization on carbon coated Co nanomagnets. Adapted from Wittmann et al.82 
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1.2.3 Carbon Nanomaterials in Electro-Catalytic Chemical Reactions  

Carbon nanomaterials have been used in energy related applications such as energy 

storage devices, sensors and electrodes due to their excellent electrical conductivity.81-84 

One dimensional (1D) hollow carbon nanoreactors, such as CNT and GNF, have recently 

been exploited as nanostructured electrodes in a range of electrochemical reactions such 

as water splitting, i.e. hydrogen evolution (HER)89,95,98 and oxygen evolution reactions 

(OER)93,99, oxygen reduction (ORR)98-100 and hydrogen oxidation reactions (HOR)105-106. 

A number of electrochemical studies has been carried out to date using either metal-free 

carbon nanoreactors or metal nanoparticles containing carbon nanoreactors.87-104 Cui et 

al. reported for the first time in 2014 that MWNT can be utilised as a metal-free, highly 

active and stable electrocatalyst, stable over 4000 cycles, in HER in acidic electrolyte.89 

Lu et al. studied surface-oxidized MWNT, post-treated by hydrothermal and 

electrochemical activation treatments and showed unprecedented OER activity even in 

the absence of surface metal oxide catalysts.93 They observed that an overpotential of 350 

mV is required to obtain a current density of 10 mA/cm2 in 0.1 M KOH which was 

comparable with state-of-the-art transition metal OER catalysts based on metal oxides 

composites in basic media.  

PtNPs confined within MWNT has been studied in the electrocatalytic oxidation of 

methanol in fuel cell applications and indicated improved activity and stability after 600 

cycles as a result of confinement effects in comparison to PtNPs both externally adsorbed 

on MWNT and on commercial activated carbon (AC) supports.94 
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Youn et al. investigated the HER activity of Mo2C, Mo2N, and MoS2 supported by carbon 

nanotube-graphene (CNT- GR) composite in 0.5 M H2SO4. Pt/C revealed the highest 

activity for HER with nearly zero onset overpotential and the highest current density of 

0.541 mA/cm2.95 However, Mo2C/CNT-GR exhibited very high activity and durability 

for HER with one of the best performances among the recently reported Mo-based 

catalysts with an onset potential of 62 mV, Tafel slope of 58 and an exchange current 

density of 0.062 mA/cm2. Furthermore, each catalyst showed excellent electrochemical 

stability after 1000 repeated potential cycles.  They suggested that the CNT-graphene 

hybrid support enhances the activity of molybdenum compounds by reducing the 

aggregation of the nanocrystals, enabling a large area and facilitating efficient electron 

transfer. 

 

 

 

Figure 1.10. a) HER polarization curves and b) Tafel plots of Mo2C/CNT-GR, Mo2N/CNT-

GR, and MoS2/CNT-GR in acid media using a commercial Pt/C as a benchmark catalyst in 

HER. Reproduced from Yuan et al. 95 

a) b) 
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Huang et al. studied the electrocatalytic performance of cobalt-based CNTs doped with 

palladium nanoparticles with different Pd content (Pd-CoCNTs) in the HER and ORR in 

comparison to commercial Pt/C, Pd/C, free-standing PdNPs and CoCNTs catalysts.98  

 

b) c) 

d) e) 

a) 

Figure 1.11. a) Schematic illustration of HER and ORR in the presence of Pd-CoCNTs. 

Polarization curves and Tafel slopes of Pd-CoCNTs in different Pd content (b-c) in HER 

compared to the Pd/C, Pt/C, free standing PdNPs and CoCNTs in H2 saturated 0.5 M H2SO4 

solution at a scan rate of 5 mV/s (d-e) in ORR compared to the Pt/C and CoCNTs recorded on 

a RDE at 1600 rpm in O2 saturated 0.1 M KOH solution. Reproduced from Huang et al.98 
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They observed the best HER catalytic activity for the Pt/C in 0.5 M H2SO4. The HER 

activity of Pd-CoCNTs was not as good as that of Pt/C but comparable to that of 

commercial Pd/C (Figure1.8b-c). They also showed that the HER activity of Pd-CoCNTs 

was highly dependent on the Pd content, with an increase in the Pd content of Pd-CoCNTs 

enhancing the HER activity due to the presence of the highly active centres of the PdNPs 

on the surface of the CoCNTs, while the CoCNTs in the absence of Pd exhibited very 

poor performance. The durability of Pd-CoCNTs after 3000 cycles showed a negligible 

decrease in the current density and thus, it was a highly stable catalyst. Further to HER 

measurements, the authors studied the ORR activity of Pd-CoCNTs in 0.1 M KOH and 

observed a Pt/C like ORR activity at 1600 rpm rotating speed using a rotating disc 

electrode (RDE) (Figure 1.11d-e). 

Ma et al., investigated the OER and ORR activity of cubic cobalt–manganese oxide spinel 

(CMO) supported on non-oxidized carbon nanotubes (CMO@CNTs) under alkaline 

conditions.99 They also studied the effect of other supports such as reduced graphene oxide, 

carbon black (Vulcan X-72R) and oxidized CNTs on the ORR and OER activity of CMO and 

compared them with commercial Pt/C. It was demonstrated that CMO@CNTs had the 

highest catalytic performance for both OER and ORR with a considerably lower OER 

onset potential of 1.49 V and the smallest Tafel slopes of 81.1 mV/decade and a much 

more positive ORR onset potential and higher cathodic currents among the other supports 

following an order of CMO@CNTs > CMO@rGO > CMO@oxCNTs > CMO@Vulcan 

(Figure 1.12).  
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The outstanding ORR/OER activity of CMO@CNTs in an alkaline electrolyte was 

attributed to a combination of CMO and non-oxidized CNTs nanocomposite with high 

electrical conductivity, and a large electrochemically active surface area. 

 

 

a) b) 

d) c) 

Figure 1.12. a) OER polarisation curves b) Tafel plots and c) ORR polarisation curves of 

CMO@CNTs, CMO@rGO, CMO@oxCNTs, CMO@Vulcan, CMO + CNTs, and Pt/C in oxygen 

saturated 1 M KOH at a potential sweeping rate of 5 mV s
−1

 and rotation speed of 1600 rpm. d) 

electro-catalytic activities of CMO@CNTs and Pt/C within the ORR and OER potential window. 

Reproduced from Ma et al.99 
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PtNPs confined within shortened GNF (S-GNF) were investigated in ORR by 

Gimenez-Lopez et al. and are observed to be incredibly stabile to extensive cycling in 

comparison to commercial PtNPs on carbon black due to the stabilised of the PtNPs at 

the step edges in GNF during the cycling (50000 cycles were performed, Figure 1.13).100  

a) 

c) 

b) 

Figure 1.13. Comparison of the PtNPs@S‐GNF and Pt/C electrocatalysts over 50000 potential 

cycles. a) ORR polarization curves, showing superior durability of PtNPs@S‐GNF. b) Schematic 

diagrams and c) nanoparticle size distribution before (grey data bars) and after (black data bars) 

50000 cycles of ORR of PtNPs@S-GNF and Pt/C, respectively. Reproduced from 

Gimenez-Lopez et al.100 
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Davodi et al. studied the OER and HER activity of nitrogen doped multi-walled carbon 

nanotubes (NMWNTs) in alkaline media.101 They reported that 20-NMWNT (‘20’ refers 

to the NMWNTs prepared with a sonication time of 20 h) exhibited superior electrocatalytic 

activity as bifunctional metal-free catalysts in OER with an onset potential of 1.54 V and 

78 mV/dec Tafel slope in 0.1 M NaOH and thus, were the most active electrocatalysts 

for OER so far, while the pristine MWNT showed very poor catalytic activity compared 

to it (Figure 1.14a). The authors also observed that the 20-NMWNT indicated a 

significant improvement in HER activity compared to that of pristine MWNTs which was 

comparable to that of Pt/C (Figure 1.14b).  The stability of the catalyst was also 

investigated in 1000 potential cycles, and an excellent stability in both OER and HER 

was observed, with no significant degradation. The excellent OER/HER activity and 

stability of 20-NMWNT was assigned to the high conductivity and large surface area of 

NMWNTs and the presence of pyridinic N serving as the highest active site, compared 

to other nitrogen types, toward both OER and HER.  

Figure 1.14. a) The RDE polarization curves obtained with 20-NMWNT, IrO2, Pt/C (20 wt%), 

and pristine MWNT in 0.1 M NaOH solution. The polarization curves have been reported with 

iR compensation at a scan rate of 5 mV/s and a rotation of 1600 rpm.  b) The HER polarization 

curves of pristine MWNT (blue dash dotted line), 20-NMWNT (black solid line), and Pt/C (red 

dashed line). The polarization curves have been reported with iR compensation at a scan rate 

of 5 mV/s. Reproduced from Davodi et al. 
101

 

a) b) 



23 
 

All of these studies demonstrate the potential advantages of metal-free carbon 

nanoreactors or metal nanoparticles supported by carbon nanoreactors for improved 

electro-catalytic efficiency and stability in a number of electrochemical applications.  

1.3 SUMMARY 

This chapter surveys a number of studies on the catalytic ability of the metal nanoparticles 

confined inside 1D carbon nanoreactors in industrially important catalytic reactions and 

electrochemical applications.  

Carbon nanoreactor supported metal nanoparticles have shown a wide variety of 

promising properties in chemical reactions. Firstly, the restricted nanoscale environment 

of carbon nanoreactors ranging from 1 to 100 nm enables control of the nanoparticle 

growth and stability. The environment can also accommodate a number of different 

catalytic reaction types, as the internal cavity of nanoreactors can host molecules of 

different shapes and sizes and can influence the way in which products are formed. 

Secondly, reactions performed in the confined space of nanoreactors benefit from 

changes in the local concentration of reactant molecules, which can result in enhanced 

interactions between the reactants and catalyst and thus influence the activity of the 

catalyst significantly. Thirdly, the conductive nature of carbon nanoreactors can be 

exploited to control the electron transfer interactions between the molecules, metal 

nanoparticles and nanoreactors in catalytic reactions, in particularly in electrocatalysis.  

Furthermore, the addition of magnetic nanoparticles to carbon nanoreactors is an exciting 

area, currently being investigated to enable the facile recovery of catalysis from reaction 

mixtures. A number of studies outlined above based on the use of carbon-coated metal 

particles as metal catalyst supports indicate that these materials may serve as a promising 

and versatile alternative for magnetically separable heterogeneous metal catalysts. The 
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coupling of carbon nanoreactor systems with magnetic nanomaterials could potetnially 

allow the  separation of carbon nanoreactors from reaction mixtures in a fast, easy and 

efficient way by simply applying a magnetic field. 

However, we believe the synthetic routes to such exciting materials are still yet to be fully 

developed or understood. Therefore, the investigation of a methodology to synthesise 

catalytically active and magnetically separable carbon nanoreactors containing metal 

nanoparticle catalyst and the subsequent testing of both the catalytic activity and 

recyclability of magnetic heterogeneous catalyst is crucial if the full industrial application 

of such catalysts is to be achieved. 
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2 COMPARISON OF ALKENE HYDROGENATION IN CARBON 

NANOREACTORS OF DIFFERENT DIAMETERS: PROBING THE EFFECTS OF 

NANOSCALE CONFINEMENT ON RUTHENIUM NANOPARTICLE CATALYSIS  

2.1 INTRODUCTION 

Gaining control of chemical reactions in order to improve the yield of a particular product 

and/or change the reaction pathway is a great challenge in chemical synthesis. One 

method commonly used to achieve this is to perform reactions in sterically confined 

environments using materials such as zeolites, porous silica or alumina, molecular cages 

and carbon nanomaterials to act as nanoscale reaction vessels or nanoreactors.1-9 All of 

these systems have nanosized pores, holes or channels of different geometries and 

diameters which are capable of accommodating reactants and affecting the distribution 

of products by imparting some form of steric effect on the transition states or 

intermediates of reactions.   

Carbon nanostructures (CNS) have recently become of great interest for use as 

nanoreactors in a variety of different catalytic chemical reactions as they are robust, 

chemically inert, and available in a large range of well-defined pore shapes and sizes. 

Most importantly, due to recent advances in production, CNS are now readily available 

in large quantities at low cost which opens up the potential for application in large-scale 

preparative syntheses for the first time.10-12 In addition to acting as reaction vessels and 

templates to the formation of specific products, CNS also make the ideal support 

materials for metal nanoparticle (MNP) catalysts. By immobilizing catalytic NPs inside 

CNS it is possible to combine all of the advantages of nanoreactors, offering control of 

the size and shape of the reaction volume, with the inherent advantages of heterogeneous 

catalysis, i.e. enhanced stability and recyclability of metal nanoparticles.13-17 As a result 

a significant number of studies have reported the application of MWNTs and hollow 
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GNFs, with internal channels ranging from 5-50 nm, as nanoscale reaction vessels and 

flow reactors for catalytic chemical reactions. In which their commensurate hollow 

structure facilitates encapsulation of the metal nanoparticles inside the nanotube and 

provides the perfect environment for reactions to occur within a strictly controlled 

nanoscale volume.9, 17-22 Serp et al. performed the selective hydrogenation of 

cinnamaldehyde to cinnamyl alcohol over a bimetallic Pt_Ru catalyst confined inside 

MWNTs and compared the metal catalyst activity with both the same sized free standing 

MNPs and MNPs supported on the outside surface of MWNTs.17 A significant increase 

in catalytic performance with higher turnover frequency and selectivity for cinnamyl 

alcohol was observed for the catalyst inserted in MWNTs as a result of the confinement 

and enrichment of reactant concentration inside the nanotubes due to stronger interactions 

between the molecules and the internal surface of the carbon nanostructures. Pan et al. 

reported that Rh nanoparticles confined inside carbon nanotubes substantially enhanced 

ethanol conversion compared with the same catalyst located outside of the nanotubes.9 

Moreover, platinum nanoparticles both inserted into GNFs and adsorbed on to the outside 

surface were probed in the competitive hydrosilylation reaction of phenylacetylene by 

Solomonsz et al., demonstrating significant changes in the selectivity of reactions of 

aromatic and aliphatic molecules within the nanoreactor.18 

The latest studies reveal that the size and shape of the nanotube channel enhances the 

stability and selectivity of the confined NP catalysts allowing strict control of the 

nanoparticle size, functionality and reactivity by providing stabilization to the NPs, 

preventing aggregation into larger particles and bulk metal.23-26 Less is known about the 

use of narrower SWNTs and DWNTs, with an internal mean diameter of ~1-2 nm, 

however it has been shown that they enable the formation of small, highly stable metal 

nanoparticles.25 The advantageous nature of MNPs@SWNT catalysts, in which the cavity 
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dimensions are commensurate with the size of small organic reactant molecules, is that 

they impart significant steric influence on reaction pathways thus exhibiting greater 

effects on the products of reactions than wider MWNTs.  Recently other researchers in 

the group reported the hydrogenation reaction of alkenes catalyzed by RuNPs confined 

within extremely narrow SWNTs and observed very high yields of the products as a result 

of an enrichment of reactant species inside the nanonoreactor due to confinement 

effects.27 Narrow DWNTs (nanotube diameter of 1-1.5 nm) were utilised to stabilise Pd-

V bimetallic nanoparticles and the resultant catalyst was shown to be more active for 

benzene hydroxylation than the same NPs in wider, and hence less confined MWNT 

(nanotube diameter = 4-8 nm).28  Similar enhancements in activity as a result of extreme 

nanotube confinement have also been reported for sub-nanometre titania NPs in DWNTs 

for propylene epoxidation29 and Re NPs in DWNT for benzene hydroxylation.30  

There are also a few examples of non-catalysed chemical reactions within SWNT, such 

as a study by Miners et al. who reported the effect of SWNT diameter on the selectivity 

of N-phenylacetamide bromination within SWNT and showed that the inner cavity of the 

nanotube changed the regioselectivity and activity of a bromination reaction.10, 31-32 These 

studies demonstrate that the extreme confinement imposed by the unique reaction 

environment of SWNT-based nanoreactors can significantly alter the selectively and rate 

of chemical reactions. In addition, the SWNT support changes the chemical and physical 

properties of the NP catalyst, allowing strict control of the NP functionality and reactivity 

as well as NP size.27 Thus, confinement of catalytic processes in very narrow carbon 

nanoreactors has been shown to control the size and shape selectivity of hydrogenation 

reactions.  

In this chapter the effects of such extreme confinement on the mass transport of reactants 

and products into and out of SWNT-based catalytic nanoreactors are explored and 
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compared to GNFs, which are wider, and therefore more accessible to reactants and 

crucially, in contrast to MWNTS, have structured internal channels which can also 

influence chemical reactions. With this aim, a number of RuNPs@carbon nanoreactor 

catalyst were created and the catalytic properties of these materials were probed in 

selective hydrogenation reactions of norbornene and benzonorbornadiene using scCO2 

as the solvent in a high pressure batch reactor system. Consequently, RuNPs confined 

within SWNTs and GNFs resulted in dramatic changes to reactions compared to 

unconfined RuNPs on the outer surface of SWNTs or on carbon black.

2.2 RESULTS AND DISCUSSIONS

In this study, a simple and efficient approach for catalyst synthesis in the inner cavity of 

carbon nanotubes is used to create very active Ru nanoparticles within an extremely 

constrained carbon nanoreactor environment.35 In this approach, Ru3(CO)12 molecules 

inserted from the vapour phase into the freshly opened SWNTs are decomposed to form 

Ru nanoparticles within the nanotube (RuNPs@SWNT). High resolution transmission 

electron microscopy (HRTEM) imaging of the resultant hybrid nanomaterial 

RuNPs@SWNT reveals the shape, size and location of Ru nanoparticles inside the 

nanoreactor (Figure 2.1). HRTEM confirmed that the RuNPs were located mostly inside 

the SWNTs, where the nanotube sidewall stabilises and templates the formation of NPs 

resulting in small, well defined particles with a narrow size distribution, (dNP = 0.74 ± 

0.18 nm, Table 1).  
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A combination of thermogravimetric analysis (TGA) and inductively coupled plasma 

optical emission spectrometry (ICP-OES) was used to determine the precise loading of 

Ru in RuNPs@SWNT showing the material to be 1.6 % Ru by weight (Experimental 

section 2.4.2).  This represents the maximum loading of Ru nanoparticles into SWNT 

with the remaining Ru material deposited and subsequently washed from the outer walls 

Figure 2.1. (a-b) HRTEM image of RuNPs@SWNT loaded with 3.1% of Ru by wt., black 

and white arrows indicate RuNPs inside and outside of the SWNT respectively. c) EDX 

spectrum showing the composition of RuNP@SWNT. Ni peaks are from the synthetic process 

of SWNT manufacture and the Cu from the TEM grid, respectively. d) A histogram showing 

the size distribution of SWNT (red), RuNPs located inside the SWNT (green) and RuNPs 

located outside the SWNT (blue). Scale bar: 2 nm.Scale bars: 2 nm in all images. 
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of the nanotubes prior to nanoparticle formation, an essential step to ensure no unconfined 

nanoparticles are present to take part in the reaction (Figures 2.15 and Table 2.5 in 

Experimental section 2.4.2,).  However, TEM reveals a small portion (<10 %) of NPs are 

located on the outside of the nanotubes where they do not benefit from the same 

templating effect and therefore are larger and less uniform (dNP = 2.49 ± 0.85 nm) (Figure 

2.1a).  

Energy dispersive X-ray spectroscopy (EDX), X-Ray photoelectron spectroscopy (XPS), 

and lattice spacing analysis of HRTEM images and powder XRD are consistent with a 

hexagonally close packed structure of metallic the RuNPs (Figures 2.1a-c, 2.2a, 2.4b and 

2.8).36 
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Figure 2.2. Powder XRD patterns of a) RuNPs@SWNT (1.6 % Ru by wt.) and 

RuNPs@SWNT* (10 % Ru by wt.) and, b) C
60

@SWNT and  RuNPs/C
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@SWNT (3.1 % Ru 

by wt.) and RuNPs/C
60

@SWNT * (10 % Ru by wt.) together with SWNT and reference 

patterns for Ru.
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 (**SWNT was annealed at 380 °C for 20 min prior to use). 
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Table 2.1. Nanoparticle sizing data and theoretical active Ru surface area for all carbon 

nanoreactor supported RuNP catalysts. 

a The active Ru surface area of the RuNPs catalysts was calculated assuming all of the NPs to be 

the average diameter measured by TEM (see Experimental 2.4.7 for full details). 

 

The RuNPs@SWNT catalyst was then investigated using exploratory alkene 

hydrogenation reactions and as the RuNPs are located predominantly within the nanotube 

channel all reactions are assumed to be performed under the effects of extreme 

confinement. When selecting an appropriate reactant it is important that the van der 

Waals size of the reactant molecules is smaller than the 1.5 nm diameter of the SWNT 

channel. As the hydrogenation of cycloalkenes and butanal in continuous flow reactors 

has recently been demonstrated in nanotubes, in this study bicyclic alkene norbornene 

(1a) and a tricyclic alkene benzonorbornadiene (2a) were selected as both have 

non-planar angular shapes, and in the case of 2a an additional aromatic ring increasing 

the steric bulk as compared to 1a (Scheme 2.1).27  

Catalyst 

Average size of RuNPs 

(nm) 

Theoretical active Ru surface 

area (m2/g of catalyst)a 

RuNPs@SWNT 0.74 ± 0.18 7.46 

RuNPs/C60@SWNT 2.56 ± 0.62 4.31 

RuNPs@GNF 3.58 ± 1.14 1.00 

Ru/Cc 6.63 ± 2.45 2.69 
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The RuNPs@SWNT catalyst was initially tested in the hydrogenation reaction of 

norbornene using molecular hydrogen in a conventional organic solvent, cyclooctane, at 

atmospheric pressure using laboratory glassware (Experimental section 2.4.5). Very low 

catalytic activity was observed for RuNP@SWNT under these conditions (a 10 % yield 

of norbornane in 24 h), and is attributed to the restricted space in the narrow nanotube 

channels hindering access of the solvent/reactants to the confined metal catalyst. 

Typically, the use of supercritical CO2 can eliminate such mass transfer problems in 

nano- or microporous structures,27 therefore, a high pressure scCO2 batch reactor system 

was utilized in which the excellent diffusivity and mass transfer properties of scCO2 are 

exploited to efficiently deliver the reagents to the RuNP catalyst surface within the 

narrow nanoreactors (Figure 2.3). 

1a 1b 

2a 2b 

RuNPs@SWNT 

H
2 

(10 bar), scCO
2 

(100 bar)  
110°C, 24 hour 

  

RuNPs@SWNT 

H
2 

(10 bar), scCO
2 

(100 bar)  
110°C, 24 hour 

  

Scheme 2.1. Hydrogenation of norbornene and benzonorbornadiene in the presence of 

RuNPs@SWNT. 
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Figure 2.3. A schematic diagram of the scCO2 hydrogenation batch reactor. 

Test hydrogenation reactions were performed using the scCO2 batch reactor in the 

presence of RuNPs@SWNT, and norbornene showed a higher TON (total number of 

product molecules formed per available Ru active site, see Experimental section 2.4.6 for 

details of how this was calculated),27 than the larger benzonorbornadiene under identical 

reaction conditions (Scheme 2.1 and Table 2.2). Control reactions using as-received 

SWNTs showed no reactivity despite EDX and TEM (Figure 2.1c) showing the presence 

of residual Ni/Y catalyst from nanotube synthesis implying that all of the nickel is 

completely passivated by layers of graphitic carbon shells (Table 2.2).   
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Table 2.2.  Hydrogenation reactions of norbornene and benzonorbornadiene in the presence of 

RuNPs@SWNT, RuNPs/C60@SWNT, RuNPs@GNF and commercial Ru/C using a high 

pressure scCO2 batch reactor.  

Reaction conditions: alkene (1 mmol), catalyst (equivalent of 0.0017 mmol of ruthenium in the 

reaction mixture), H2 (10 bar), scCO2 (100 bar), 24 h, 110 °C. aSWNT was annealed at 380 °C for 20 

minutes to open their termini prior to use. bGNF was annealed at 450 C for 1 hour prior to use.  cYield 

determined by 1H NMR with an error of ± 2 % (see Figure 2.16 in Experimental section 2.4.5) . dThe 

turnover number (TON) was calculated as the ratio of the number of molecules of substrate consumed 

in the reaction per number of available Ru active sites in catalyst used in the reaction (see 

Experimental section 2.4.7 for details of the calculation of the theoretical number of active Ru sites in 

each catalyst). 

 

 

 

 

 

 

Catalyst 

Yieldc of Products (%) / TONd 

1b                              2b 

Ratio of TONs for 

1b:2b 

SWNTa 0 N/A N/A 

RuNPs@SWNT 91 / 2959 61 / 1983 1.5:1 

C60@SWNT 0 N/A N/A 

RuNPs/C60@SWNT 12 / 675 7 / 393 1.7:1 

GNFb 0 N/A N/A 

RuNPs@GNF 46 / 11216 17 / 4145 2.7:1 

Ru/C 51 / 7428 21 / 3058 2.4:1 
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Crucially, to verify the precise location of the reaction it was important to investigate the 

effect of the small portion of larger RuNPs located on the outside of the SWNT which 

were more readily accessible than the RuNPs confined within the nanotube channel. A 

control material was therefore synthesised, in which RuNPs are located solely on the 

outside of SWNT, RuNPs/C60@SWNT. This material was prepared by filling of the 

internal cavities of the SWNT support material with C60 to block the channels prior to 

exposure to the RuNP precursor, Ru3CO12 vapour (Figure 2.4). HRTEM (Figure 2.10) 

and gas absorption measurements, which reveal an absence of 1-2 nm pores in the 

C60@SWNT support, agree with the fact that the C60 molecules completely block the 

inner channels of the SWNTs, such that the Ru3CO12 can only deposit on the outside of 

the nanotubes and subsequent thermal treatment causes decomposition of the precursor 

resulting in RuNPs formation exclusively on the outer surface of the SWNT (Figure 2.4). 

Removal of the templating effect of the inner nanotube cavity during NP formation 

resulted in the Ru nanoparticles of diameter 2.56 ± 0.66 nm on the nanotube surface 

exhibiting a wider size distribution significantly larger as compared to nanoparticles 

formed inside, but comparable to the NPs located on the outside of, nanotubes in 

RuNPs@SWNT (c.f. average NP sizes of 0.74 ± 0.18 nm and 2.49 ± 0.85 nm for NPs 

inside and outside respectively) (Table 2.1). This allowed comparison of the catalytic 

activity of RuNPs located on the outside of the SWNT (RuNPs/C60@SWNT) with RuNPs 

located inside the nanotube (RuNPs@SWNT). For reference C60@SWNT exhibited no 

catalytic activity when tested in scCO2 hydrogenation reactions, (Table 2.2). 
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Figure 2.4. a) HRTEM image of the C
60

@SWNT support material showing the internal 

channels of the SWNT are completely full of C
60

. Enlarged region (inset) shows only single 

C
60

@SWNT structure in which a 0.3 nm van der Waals gap can be observed between C
60

 

molecules and the SWNT wall confirming that there is no space for reactants or Ru NP 

precursors to fit. (b) HRTEM image showing the Ru [002] lattice spacing (d = 0.21 nm) of an 

individual, hcp structured, metallic NP which corresponds to the 2θ peak centred at 42.2° in the 

XRD (Figure 2.3).  c) HRTEM image of RuNPs/C
60

@SWNT loaded with 3.1 % of Ru by wt. 

after filling the SWNT with C
60

, and d) the size distribution of RuNPs on the outside of the 

SWNT (red) in RuNPs/C
60

@SWNT is observed to be greater than the confined NPs inside and 

comparable to the NPs located on the outside of the SWNT in RuNPs@SWNT.  
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To fully understand the impact of the restricted reaction space within the SWNT,27 

hydrogenation of norbornene and benzonorbornadiene was performed with catalysts 

which provide lower (RuNPs@GNF) and no confinement (RuNPs/carbon black) of 

reactants around the catalytic nanoparticles. To achieve this, GNFs were used, which 

have an inner diameter of 52 ± 13 nm and an outer diameter of 99 ± 25 nm, and are, like 

MWNTs, significantly wider than SWNTs, allowing reactants in (and products out) more 

readily and thus can be considered as providing a lower level of confinement. In addition, 

unlike the entirely smooth MWNTs, GNFs have a unique step-edge internal structure, 

which stabilises the RuNPs and has the capacity to impart additional confinement effects 

on reactions which will be probed in this study. RuNPs within the GNF (RuNPs@GNF) 

were formed using similar conditions to RuNPs@SWNT, however due to the 

significantly lower surface area of the GNFs only 1% Ru by weight was used, to ensure 

that RuNPs were only formed in the cavity of the GNFs.18 In identical fashion to SWNT, 

it is the internal structure of the GNF which templates the formation of the RuNPs, 

stabilising the NPs and controlling their size and shape.  HRTEM imaging confirms that 

RuNPs are located solely inside the GNF, at the step-edges formed by rolled-up graphitic 

sheets, with a mean nanoparticle diameter of 3.58 ± 1.14 nm (Figure 2.5a, Table 2.1). 

HRTEM and XRD analyses confirm the metallic nature of the RuNPs and STEM, 

(Figures 2.5a-b and 2.6a), approximates the amount of RuNP material on the outer 

surface to be ~7 %.   
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TGA was used to measure the content of Ru metal within the RuNPs@GNF catalyst. As pure 

GNFs do not contain additional residual metal species it is possible to equate the residual weight 

after oxidation of the carbon in RuNPs@GNF samples to the loading of Ru metal (Figure 2.6b). 

In addition, commercially available Ru/C, containing 5% Ru by weight, was used as a 

control material in which the RuNPs are located on the surface of carbon black which 

imparts no confinement effects. HRTEM confirmed that the metal nanoparticles are 

Figure 2.5. a-b) HRTEM images of RuNPs@GNF loaded with RuNPs (1 % by wt), with 

enlarged region (b) showing the Ru [002] lattice spacing (d = 0.21 nm) of an individual, hcp 

structured, metallic NP which corresponds to the 2θ peak centred at 42.2° in the XRD (see 

Figure 2.6). Black arrows show RuNPs on the step edges inside the GNF. c) Dark-field 

scanning TEM image of RuNPs@GNF loaded with RuNPs. Only a very small amount of Ru 

material (~7 % approximated by TEM analysis), is located on the outer surface of the GNF so 

all conversion is assumed to be a result of reactions catalysed by RuNPs on the inside of the 

GNF. 
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distributed throughout the carbon support in Ru/C and showed a wide distribution of NP 

sizes, with a mean diameter of 6.63 ± 2.45 nm (Figure 2.7, Table 2.1).   

 

 

Figure 2.6. a) Powder XRD patterns of RuNPs@GNF (1 % Ru by wt.) and RuNPs@GNF* 

(10 % Ru by wt.) and GNF (**GNF was was annealed at 450 °C for 1 h prior to use) together 

with reference patterns for Ru.
37 

b) TGA curves of GNF (grey) with 0.62% residual weight, and 

RuNPs@GNF (orange) with 1.6 % residual weight, which corresponds to 1 % wt. ± 0.1 of Ru 

in the carbon supported RuNP catalyst. Both measurements were carried out between 25-1000 

°C in air at a heating rate of 10 °C/min.
 

 

0 10 20 30 40 50 60 70 80
2θ (degree)

RuNPs@GNF*

RuNPs@GNF

GNF

Reference Ru

0

20

40

60

80

100

0 200 400 600 800 1000
W

e
ig

h
t 

%
)

Temperature (°C)

RuNPs@GNF

GNF

a) b) 

In
te

n
si

ty
 (

a.
u

.)
 

0

2

4

6

8

10

1 2 3 4 5 6 7 8 9 10 12 13

Fr
e

q
u

e
n

cy

Diameter (nm)

Ru/Ca) 

10  nm 

b) 

av. d= 6.63 nm 

Figure 2.7. a) HRTEM image of commercial Ru/C loaded with RuNPs (5 % by wt.). White 

arrows show RuNPs located on the carbon support. b) The size distribution of RuNPs on the 

carbon (purple) shows the wide distribution of diameters of the RuNPs in the material.  
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Figure 2.8. a) XPS data for RuNPs@GNF (black), RuNPs@SWNT (blue), 

RuNPs/C
60

@SWNT (red) and Ru/C (purple) collected with a monochromated Al Kα X-ray 

source (1486.6 eV) operated at 10 mA emission current and 12 kV anode potential (120 W). 

Oxygen peak is associated with defects in the carbon supports. b) Enlarged regions of the XPS 

data for i) RuNPs@GNF, ii), RuNPs@SWNT, iii) RuNPs/C
60

@SWNT, and iv) Ru/C control 

showing the characteristic Ru 3d 5/2 peak at 280.2 eV for the all carbon nanostructure 

supported catalysts which is consistent with the binding energy for metallic Ru reported 

previously.
38
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XPS reveals an overlapped Ru 3d and C 1s region at ~283.5-286.5 eV, therefore a 

characteristic Ru 3d 5/2 peak at 280.2 eV was used for all three carbon nanostructure 

supported RuNPs materials which is consistent with the previously reported literature for 

metallic ruthenium (Figure 2.8).38 

In comparison with RuNPs@SWNT, RuNPs/C60@SWNT showed very low catalytic 

performance in scCO2 reactions implying that the larger NPs on the outer walls of the 

nanoreactor are less active than the smaller RuNPs confined within the nanoreactor.39-40 

Interestingly, the RuNPs on the outside of the C60@SWNT support (dNP = 2.56 nm) are 

similar in size to the RuNPs inside the GNF in the RuNPs@GNFs catalyst (dNP = 3.58 

nm), see below for details, but give significantly lower reaction yields, (Table 2.2).  It is 

hypothesised, therefore, that the lack of activity of the RuNPs/C60@SWNT catalyst is 

most likely a result of the lack of confinement for the reactions, which cannot create a 

similarly high local concentration of the reactant molecules around the catalyst 

nanoparticles in RuNPs/C60@SWNT as in RuNPs@SWNT (and RuNPs@GNF) leading 

to a lower yield of the products in the case of the former material. This is consistent with 

the previously reported examples of enhanced local concentration of reactants inside 

nanotubes resulting in higher yields and is consistent with our observation of low 

norbornene conversion (~10 %) in the reaction catalyzed by RuNPs@SWNT performed 

in cyclooctane solvent in which the reaction only takes place on the accessible Ru 

nanoparticles located on the outside surface of SWNT in the absence of high pressure 

scCO2  (c.f. RuNPs/C60@SWNT showed 6% norbornene conversion to norbornane using 

the same conditions).18-19, 26, 31-32 It is therefore concluded that the RuNPs located inside 

the carbon nanoreactor are significantly more active and are responsible for the majority 

of product formation, and thus, the contribution of the minority of RuNPs on the outside 

of the SWNT (~10% by HRTEM) and GNF (~7% by  STEM, Figure 2.6c) for 
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RuNPs@SWNT and RuNPS@GNF catalysts respectively, is negligible (Figure 2.1). The 

general observed trend of higher TONs for norbornene, compared to 

benzonorbornadiene, is most likely due to the steric bulk of the additional benzyl group 

hindering adsorption of benzonorbornadiene on the Ru NP surface, as well as potentially 

an electron withdrawing effect of the additional benzene ring compared to norbornene.41 

Interestingly, however, there is a significant difference in the relative TONs of reactions 

of 1b and 2b for each of the SWNT catalysts, highlighted by considering the ratio of 

TONs, Table 2, implying the shape of the catalyst affects the reactions in an appreciable 

way. The extremely confined RuNPs@SWNT system, where the ratio of TONs of 1b:2b 

is dramatically lower than for the unconfined RuNPs/C60@SWNT system, appears to 

have a higher affinity for 2b, potentially due to favourable π-π interactions between the 

aromatic group and the nanotube sidewall. Cleary understanding the nature and extent of 

the confinement in these systems is crucial to selecting the correct environment for a 

specific reaction. 

It is important to note that as the RuNPs are not identical sizes across the catalysts in this 

study, it is not possible to unambiguously assign all differences in reactivity solely to the 

effect of confinement. However, as the shape and size of the NPs in each material is a 

direct result of the confinement experienced during formation, and the differences in 

reactivity cannot be explained solely by considering the size of the NPs, vital information 

can be obtained by comparing the reactivity of the catalysts. 

In similar fashion to the SWNT nanoreactors, the catalytic activities of RuNPs@GNF 

and Ru/C, along with the as-supplied GNFs as a control, were investigated in 

hydrogenation of norbornene and benzonorbornadiene (Table 2.2). The empty GNFs 

displayed no catalytic activity at all. Interestingly, the RuNPs@GNF catalyst exhibited 

turnover numbers for norbornene (11216) and benzonorbornadiene (4145) conversion, 
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which are significantly higher when compared to RuNPs@SWNT (c.f. (2959) and (1983) 

respectively), and the unconfined Ru nanoparticles in commercial Ru/C or in 

RuNPs/C60@SWNT.  This is possibly due to the RuNPs inside of the much wider GNF 

cavity being more accessible for the reactant molecules coupled with the formation of 

favourable π-π interactions with both 1a and 2a at the step-edge enhancing the local 

concentration of the reactants near the RuNPs, and therefore the rate of reaction.42  

Previous studies have revealed that both the size and crystal structure of RuNPs have 

important effects on the catalytic activity of RuNPs in hydrogentation.43-46  Li et al. 

reported that the size and loading of hcp RuNPs supported on MWNTs for the 

hydrogenation of long-chain alkenes was optimum for 1.3 nm NPs and and metal 

loadings of 1% by wt., while in solution 3.1 nm RuNPs were observed to be the most 

active.43-44  Dupont et al. reported that 2.6 ± 0.4 nm RuNPs were the most active for the 

partial hydrogenation of benzene, with TON of up to 165 for supported RuNPs 

catalysts.45  It is also observed that distortions to the lattice planes of hcp RuNPs46 or 

changes in crystal packing to face-centred cubic Ru36 results in significant effects to both 

the activity and selectivity of RuNP catalysed reactions.   

Our hydrogenation results, in which all RuNPs catalysts have the same hcp structure 

(confirmed by HRTEM), show an interesting trend in activity, consistent for indivudal 

reactions with both alkene starting materials with TONs in the order of 

RuNPs@GNF>Ru/C>RuNPs@SWNT>RuNPs/C60@SWNT. It is important to highlight 

that the mass of catalyst in each reaction was scaled so the same molar percent of of Ru 

was present in all our reactions (0.0017 mmol% of Ru), and the trend in activity cannot 

be rationalised by simply considering the average NP size or total NP surface area for 

each sample, (for our series, the total surface area of 

RuNPs@SWNT>RuNPs/C60@SWNT>RuNPs@GNF>Ru/C), nor the extent of 
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confinement, where the confinement in RuNPs@SWNT> RuNPs@GNF 

>RuNPs/C60@SWNT >Ru/C. Therefore, the enhancement in activity observed upon 

confinement inside GNF must be a result of a balance of surface area of RuNP, 

confinement of the reaction and accessibility of the catalytic centres. Indeed, GNF 

provides an optimum balance of RuNP confinement, leading to stabilisation and 

enhancement of local concentrations of reactants around the nanoparticles, and the ease 

of accessibility of the reactants to catalytic centres (hindered in the case of 

RuNP@SWNT). Recently, similar effects were observed in the oxygen reduction 

reaction catalysed by PtNP@GNF.47 

In addition, the RuNPs@GNFs catalyst shows a marked enhancement in reactivity for 

the production of 1b (1b:2b ratio = 2.7:1) compared to the unconfined Ru/C catalyst 

(ratio = 2.4:1) (Table 2) implying remarkable TON for 1b, rationalised as a result of faster 

diffusion of the non-aromatic molecules to and from the step-edge compared to the 

aromatic benzonorbornadiene which may interact more strongly with the sp2 carbon of 

the step-edge and therefore diffuse to and from the RuNPs less rapidly. In contrast 

RuNPs@SWNT shows the opposite effect exhibiting an enhanced reactivity for the 

production of 2b (1b:2b ratio = 1.5:1), potentially due to strong interactions between the 

aromatic core of 2a and the narrow inner channel of the SWNT.  

In summary, these results reveal that the confinement imposed by the carbon nanoreactor 

can not only increase the activity of the Ru catalyst by both templating the formation of 

small, very active and stable RuNPs and potentially by increasing the local concentration 

of reactant molecules in the vicinity of the Ru catalyst but can also dramatically affect 

the efficiency of individual reactions depending on the size and shape of the reactant 

molecules. This is highlighted by the RuNPs@SWNT catalyst which shows that RuNPs 

confined in narrow SWNT are particularly efficient at converting aromatic 2a whilst the 
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less constrained GNF catalyst are highly active and show enhanced relative conversion 

of 1a compared to the unconstrained (carbon black) reaction environment. Understanding 

the accessibility of the different catalysts is essential in order to fully appreciate the role 

that confinement plays in the performance of these materials.    

These results are in agreement with previous observations that performing reactions in 

confinement has a number of important effects on catalysis and alters the outcome of 

reactions in a complex  fashion;15 by enhancing the activity of nanoparticle cataltysts,48 

increasing the local concentration of reagents and thus increasing the rate of reactions,49 

and by imposing restrictions on both the transition states of intermediates42 and the flow 

of reactants in and products out of the nanoreactor.27  

2.2.1 Evaluating the surface area of Ru@CNS 

To investigate the 3D structure of the materials the experimentally measured active 

surface area of RuNPs@SWNT, RuNPs@GNF and commercial Ru/C catalysts were 

compared with theoretically calculated surface areas based on ideal models of the 

materials, i.e. assuming the entire catalyst is perfectly formed and accessible to reagents 

(Experimental section 2.4.7). Brunauer-Emmett-Teller (BET) measurements based on 

isothermal N2 gas adsorption at -196 °C (77 K) were performed for RuNPs@SWNT, 

RuNPs@GNF and commercial Ru/C catalysts along with control measurements of the 

support materials, i.e. SWNT, GNF and amorphous carbon materials to quantify both 

surface area (Table 2.3) and pore volume and size distribution (Figures 2.9-12 and Tables 

2.3-4). This provided a reasonable gauge of how much of the internal volume of the 

catalysts were accessible to gaseous N2, and comparison to the theoretical maximum 

values, revealed the portion of the internal volume which is either blocked by Ru 

nanoparticles large enough to completely fill the channels or other inherent material such 

as amorphous carbon and residual Ni/Y catalyst present following the initial nanotube 
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synthesis. BET measurements showed that the commercial Ru/C (929 m2/g) has the 

largest surface compared to that of RuNPs@SWNT (352 m2/g) and RuNPs@GNF (29 

m2/g) (Table 2.3). 

 

Table 2.3. Theoretical and BET surface area calculations for SWNT, GNF, RuNPs@SWNT, 

RuNPs@GNF and commercial Ru/C.  

Catalyst Theoretical Surface Area (m2/g) BET Surface Area (m2/g) 

SWNTa 2630.00 507.90 

RuNPs@SWNT 2637.46 351.94 

C60@SWNT 1315.00 120.99 

RuNPs/C60@SWNT 1319.31 164.82 

GNFb 35.00 12.08 

RuNPs@GNF 35.99 28.53 

Carbon Black N/A 900.00 

Ru/Cc N/A 929.41 

a SWNT was annealed at 380 C for 20 min prior to use. b GNF was annealed at 450 C for 1 hour 

prior to use. c BET surface area value for the carbon black used to synthesize the Ru/C was obtained 

from the manufacturer (Sigma-Aldrich). 
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Figure 2.9. Pore size distribution curves of SWNT (*SWNT was annealed at 380 °C for 20 min 

prior to use) and RuNPs@SWNT. 

 

 

Figure 2.10. Pore size distribution curves of C60@SWNT and RuNPs/C60@SWNT. 
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 Figure 2.11. Pore size distribution curves of GNF (*GNF was annealed at 450 °C for 1 h prior 

to use) and RuNPs@GNF. 

 

Figure 2.12. Pore size distribution curves of commercial Ru/C 
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The increased BET surface area of Ru/C and RuNPs@GNF compared to the background 

carbon and empty GNF supports respectively is attributed to the presence of the RuNPs.  

In contrast RuNPs@SWNT (352 m2/g) exhibited a lower BET surface area than that of 

the background SWNT (508 m2/g). This is rationalised as a consequence of a small 

number of large (>1.2 nm) RuNPs blocking a significant percentage (c.a. 30-40 %) of the 

entrances and/or channels/pores of the narrow nanotubes and not allowing N2 to access 

the full internal volume of the material.   

Typically, carbon nanomaterials have very large surface areas due to their nanometer 

scale features; see theoretical specific surface calculated for each sample (see Table 2.7 

in Experimental 2.4.7). Peigney et. al. investigated the theoretical surface area of CNT 

and reported that the specific surface area of SWNT, independent of its diameter and 

length, is the same as that of both sides of a graphene sheet, i.e. 2630 m2/g.50 As we 

opened the ends of the nanotubes prior to use, i.e. both internal and external walls of the 

nanotubes can be assumed to be accessible, the theoretical surface area for the SWNT 

sample is 2630 m2/g. However, in reality the majority of SWNT form bundles and 

therefore it is difficult to approximate an accurate number for the theoretical surface area 

for nanotubes as the outer surface of most single nanotubes are not available as they are 

contained within the bundles.  Clearly the experimental value for SWNT, 508 m2/g, is 

dramatically lower and can be considered as the effect of bundling. 

When considering the accessibility of GNFs it is important to understand that their 

structure is different to the concentric tubes of traditionally MWNTs and consists of 

stacked truncated cones of graphite layers arranged at an angle along the main axis.51 The 

internal surface has a succession of step edges which can act as anchoring points for guest 

molecules while the exterior surfaces are atomically flat. Therefore there is no reported 

framework for calculating a theoretical value for the surface area of GNFs. In this 
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approach the internal surfaces of a GNF are approximated to be flat and the sidewalls to 

consist of ~75 graphene layers (using an average thickness value of a GNF as 25 nm). 

Therefore, utilizing the same mathematical approach used by Peigney et al. for MWNTs, 

we calculated as theoretical surface area of 35 m2/g, which is significantly higher that of 

the BET measurement (12 m2/g). This is rationalized as the effect of the overlapping of 

the truncated cones in the internal channels decreasing the internal surface area compared 

to our theoretical model, but could also be a result of the presence of a number of GNFs 

in the sample with thicker sidewalls.   Therefore, though it is difficult to comment on the 

RuNPs@SWNT sample, as a significant portion of the material appears to be blocked 

and inaccessible, c.f. an observed surface area of >4 times lower than predicted.  This 

comparison does reveal that even though the Ru/C catalyst has a higher surface area than 

RuNPs@GNF, both in terms of total catalyst and the RuNPs, it is significantly less active. 

This must be due to the size and shape of the pores, i.e. the nature of the confinement 

imposed. 
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2.2.2 Competitive hydrogenation towards RuNPs@CNS 

To probe these effects of confinement further competitive reactions were investigated in 

which equimolar amounts of norbornene and benzonorbornadiene were simultaneously 

reduced within the nanoreactor catalyst (Scheme 2.2 and Figure 2.13). Competitive 

reactions reveal that the confined space of carbon nanoreactors considerably affects the 

selectivity of the reactions compared to reactions performed in the absence of 

confinement (Ru/C) (Table 2.4).   

 

 

 

 

 

Figure 2.13. a) Schematic representation of the competitive hydrogenation of norbornene (red) 

and benzonorbornadiene (green) over RuNPs (blue) within SWNT. This shows how the extremely 

confined space within the nanotube channel traps the reactants close to the catalytic nanoparticles, 

effectively increasing the local concentration of reagents and increasing the rate of reaction.  

+ + 
RuNPs@SWNT 

H
2 

(10 bar) 
scCO

2 
(100 bar)  

110°C, 24 hour 
  

1a 2a 1b 2b 

Scheme 2.2. Competitive reactions of norbornene and benzonorbornadiene in the presence 

RuNPs@SWNT using a scCO
2
 high pressure rig.  
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Table 2.4. Competitive hydrogenation reactions of norbornene and benzonorbornadiene in the 

presence of RuNPs@SWNT, RuNPs/C60@SWNT, RuNPs@GNF and commercial Ru/C using a 

high pressure scCO2 batch reactor.  

Catalyst Yielda of Products (%) / TONb             

1b                             2b 

Ratio of TONs for 

1b:2b 

RuNPs@SWNT 70 / 1138 89 / 1447 0.79:1 

RuNPs/C60@SWNT 7 /   197 13 /  366 0.54:1 

RuNPs@GNF 21 / 2560 42 / 5120 0.5:1 

Ru/C 52 / 3787 53 / 3860 0.98:1 

Reaction conditions; substrates (0.5 mmol of each alkene), catalyst (0.0017 m mol% of Ru in each 

reaction system), H2 (10 bar), scCO2 (100 bar), 24 h, 110 °C. a Yield determined by 1H NMR with an 

error ± 2 % (See Figure 2.16 in Experimental 2.4.5). bThe turnover number (TON) was calculated as 

the ratio of the number of molecules of substrate consumed in the reaction per theoretical number of 

true active Ru sites in catalyst used in the reaction.  

 

For all reactions in carbon nanoreactors benzonorbornadiene was preferentially reduced 

over norbornene in the presence of carbon nanoreactors due to the strong aromatic 

character of the 2b. In fact the TONs of 2b in the competitive reactions are larger than 

the individual reactions for RuNPs@GNF and Ru/C despite a reduction in the starting 

concentration (Table 2.2), indicating that the presence of equimolar quantities of 1a may 

have an effect on π-π interactions of the aromatic ring of 2a and the sp2 hybridized carbon 

network of the interior of the nanoreactors being amplified in the presence of the non-

aromatic 1a leading to an increased local concentration of the aromatic reactant in 

proximity to RuNPs catalyst thus promoting reduction of 2a.42  
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RuNPs@GNF exhibited both the highest activity (total TON = 7680) and the greatest 

selectivity towards 2b formation (ratio 1b:2b = 0.5:1) compared to RuNPs@SWNT (ratio 

of 0.79:1) (Table 2.4).  This can be explained by considering the nature of the 

confinement imposed by the step-edges of the internal channel of the GNF.  Any increase 

in the local concentration of the reactants at the step-edges compared to the local 

concentration inside the nanotube cavity and bulk would result in a much higher rate of 

reaction.49 As shown in Figure 2.5a, the step-edges enable a very well-ordered 

distribution of RuNPs. The height of the step-edges, ~3 nm, provides a controlled space, 

which forms favourable - interactions between the aromatic 2a and the sp2 hybridized 

carbon step-edges and thus increases the concentration of 2a in the vicinity of the RuNPs 

and consequently increases the observed conversion of the aromatic compound. The same 

effect is observed for SWNT, with the formation of 2b observed to be enhanced compared 

to 1b in the individual reactions (see ratio of TONs in Table 2.2), however, the physical 

size of the aromatic compound means that there will be a significant steric barrier to the 

movement of the molecules into the narrow SWNT channels compared to the relatively 

larger space at the step edges in GNF which explains the lower observed TON for the 

SWNT catalyst.  

2.3 CONCLUSIONS 

In conclusion, a series of RuNPs@carbon nanoreactor catalysts have been synthesized 

and the catalytic properties of these materials have been assessed and the role of 

confinement explored.  Overall, the confinement imposed by RuNPs@SWNT and 

RuNPs@GNF results in dramatic changes to reactions compared to commercially used 

Ru/C which exhibits no confinement. The affinity of aromatic groups for the interior 

channels of carbon nanoreactors results in enhanced conversion of aromatic reagents in 
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competitive hydrogenation reactions providing the ability to alter the selectivity of 

chemical reactions using support/reactant interactions.  

Interestingly the extreme confinement imposed by the shape of the SWNT nanoreactors 

is found to be a double-edged sword, as though they exhibit enhanced selectivity towards 

aromatic substrates, as a result of strong interactions between the aromatic species and 

nanotube sidewall, the constricted space inside the SWNT lowers TONs in general.  

Remarkably it is the wider, structured interiors of GNF which have a greater effect on 

reactions, enhancing the activity and resulting in much higher TONs than the extremely 

narrow SWNT and thus offer the best of both worlds, in that they are wide enough not to 

limit diffusion of reactants but structured enough to impart the positive effects of reaction 

confinement.   

2.4 EXPERIMENTAL 

SWNTs, GNFs and C60 were purchased from Helix Material Solutions (Arc-discharge, 

USA), Pyrograf Products Inc (PR19, chemical vapor deposition, USA) and SES Research 

(USA), respectively. All other reagents and solvents were purchased from Sigma-Aldrich 

(UK) and used without further purification. All of the glassware required to perform the 

experiments was thoroughly cleaned with ‘aqua regia’ (concentrated hydrochloric and 

nitric acids (3:1)) and rinsed with deionized water prior to use. 

HRTEM analysis was performed on a JEOL 2100 Field emission gun microscope with 

an information limit of 0.12 nm at 100 kV or 200 kV. High resolution scanning 

transmission microscopy (HRSTEM) images were acquired using the JEOL digital 

STEM system. Samples (RuNPs@SWNT, RuNPs/C60@SWNT, RuNPs@GNF and 

Ru/C) were prepared for TEM analysis by dispersing the materials in HPLC grade iso-
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propanol using ultra-sonication, then drop casting the resultant suspension onto a lacey 

carbon film coated copper grid.  

1H NMR spectra were recorded using a Bruker DPX300 NMR spectrometer. 1H NMR 

spectra were taken in CDCl3 and were referenced to residual trimethysilane (TMS) (0 

ppm) and reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 

triplet, dd = doublet of doublet, m = multiplet).  

TGA analysis was performed on a TA Instruments TGA-SDTQ600 analyser. Samples 

for TGA analyses were heated in an inert atmosphere up to 1000 °C with a heating rate 

of 10 °C/min.  

The powder X-ray diffraction (XRD) patterns were obtained using a PANanalytical 

X’Pert PRO diffractometer equipped with a Cu-Ka radiation source operating at 40 kV 

and 40 mA, with 0.05252° step size and 5925.18 second step time.  

Samples were analysed by XPS using the Kratos AXIS ULTRA with a mono-chromated 

Al kα X-ray source (1486.6 eV) operated at 10 mA emission current and 12 kV anode 

potential (120 W.) A charge neutralizer filament was used to prevent surface charging. 

Hybrid –slot mode was used measuring a sample area of approximately 0.5 mm2. The 

analysis chamber pressure was better than 5 x 10-9 mbar. Three areas per sample were 

analysed. A wide scan spectra at low resolution  (at 1400 - -5 eV binding energy range, 

pass energy of 80 eV, step 0.5 eV, sweep times of  20 minutes) and high resolution spectra 

(at pass energy of 20 eV with step of 0.1 eV, sweep times of 10 minutes) were acquired 

for photoelectron peaks from the detected elements. The high resolution spectra were 

charge corrected to the C 1s peak set to 284.5 eV. CasaXPS (version 2.3.18dev1.0x) 

software was used for quantification and spectral modelling. 
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Surface area analysis was performed using the Brunauer–Emmett–Teller (BET) method 

based on adsorption data in the relative pressure (P/Po) range 0.02 to 0.22 by measuring 

nitrogen sorption isotherms of the samples (50 mg) at -196 °C on a Micromeritics ASAP 

2020 sorptometer.  Before analysis, the samples were evacuated for 12 hr at 200 °C under 

vacuum.  The pore size distributions were obtained from a Non-Local Density Functional 

Theory (NLDFT) method using nitrogen-sorption data. 

2.4.1 Catalyst preparation 

SWNTs were annealed at 380 °C for 20 minutes to open their termini and remove any 

residual amorphous carbon from the internal cavities; a 20-30 % weight loss was 

observed prior to use. Average SWNT length after thermal treatment was reported 

previously to be 2.43 ± 0.85 µm.33 GNFs were thermally annealed at 450 C for 1 hour 

prior to use. The average length after thermal treatment was measured by TEM to be 

15.34 ± 12.10 µm (Figure 2.14) 

0

1

2

3

4

5

6

7

8

9

10

Fr
e

q
u

e
n

cy

Length (nm)

Figure 2.14. A histogram showing the size distribution of GNF used to fabricate 

RuNPs@GNF, L
GNF

 = 15340
 
± 12099 nm.  



64 
 

2.4.1.1 Synthesis of RuNPs@CNS  

 RuNPs@SWNT and RuNPs@GNF - The metal carbonyl precursor, Ru3(CO)12 (1.05 

mg/0.21 mg, masses equivalent to the wt.% of Ru metal required for SWNT and GNF 

respectively) were combined with freshly opened  SWNTs (10 mg) or GNFs (10 mg) in 

a quartz ampoule, and sealed under vacuum (10-6 bar) heated at 140 °C for 3 days. After 

3 days, the sample inside the quartz ampoule was cooled by immersing in an ice bath. 

The sample was then removed from the ampoule, sonicated in tetrahydrofuran (10 mL) 

for 15 minutes, then filtered through a PTFE membrane filter (pore size 0.2 μm) and 

repetitively washed with tetrahydrofuran (3 x 10 mL). After washing, the sample was 

sealed in a quartz ampoule under an argon atmosphere and heated at 600 °C for 2 hours 

to decompose the metal carbonyl into the desired pure metal nanoparticles.  

RuNPs/(C60@SWNT) - Freshly opened SWNT (10 mg) and C60 (20 mg) were sealed 

under vacuum (10-6 bar) in a quartz ampoule and heated at 500 °C for 2 days. After 2 

days, the sample was removed from the ampoule and sonicated in toluene (10 mL) for 15 

minutes. The sample was then filtered through a nylon membrane filter (pore size 0.2 

μm) and repetitively washed with toluene (3 x 10 mL). After washing, the C60@SWNT 

(10 mg) and Ru3(CO)12 (0.65 mg, a mass equivalent to the wt.% of Ru metal required) 

were combined in a quartz ampoule and sealed under an argon atmosphere and heated at 

600 °C for 2 hours decompose the metal carbonyl into the desired pure metal 

nanoparticles. 

2.4.2 ICP-OES experiments 

As the method of SWNT production results in the unavoidable presence of significant 

and inhomogeneous amounts of large, inert Ni/Y nanoparticles in the pure support (~40 

%) this makes quantification of the amount of Ru present solely by TGA difficult. In 
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addition, SWNT do not completely digest in strong acids making ICP-OES of NT 

samples problematic. To address this the RuNPs@SWNT material was initially oxidised 

by TGA to remove the carbon material and the remaining residual metal was then digested 

in acid and analysed by ICP-OES using the following general method: 

RuNPs@SWNT (3 x 2 mg) were heated to 1000 °C in air in a TA Instruments 

TGA-SDTQ600 analyser to oxidise and remove all of the carbon material and leave just 

the ruthenium metal in the alumina crucible (Figure 2.15).  

 

The residual material was then dissolved in HNO3 (2 mL, 69 % HNO3) with heating and 

stirring at 50 °C for 6 hours and the resultant solution was diluted with ultrapure water to 

make a dilute HNO3 solution (10% by volume in water).  ICP-OES was used to determine 

the Ru content of the solution using a Perkin Elmer, Optima 2000 DV ICP-OES with S10 

autosampler with an axial detection method at wavelengths of 240.272 and 349.894 nm. 

Calibration Ru solutions (0.005, 0.01, 0.05 and 0.1 mg mL-1) were prepared using a Ru 

standard (VWR Chemicals) and 10% HNO3, and gave a linear plot with an R coefficient 

of 0.999999. Blanks showed 0.00 mg L-1 of Ru. Corrected concentrations were measured 
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Figure 2.15. TGA curves of SWNT and three 5 mg samples of RuNPs@SWNT (labelled 1, 2 

and 3). All measurements were carried out between 25-1000 °C in air at a heating rate of 10 

°C/min. 
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as 0.9, 1.2 and 1.2 mg of Ru per litre for each sample, which correlates to Ru loadings of 

1.33, 1.58 and 1.76 % Ru respectively for the three RuNPs@SWNT sample (average = 

1.55 % Ru by wt.), see Table 2.5.  

 

Table 2.5. Data showing the precise loading of Ru metal in RuNPs@SWNT catalyst calculated 

by TGA and ICP-OES.  

 

2.4.3 Benzonorbornadiene (2a) synthesis by Diels Alder reaction 

Benzonorbornadiene was synthesized according to the previously reported procedure.34 

1,2-Dibromobenzene (5.00 g, 21.45 mmol) and cyclopentadiene (1.42 g, 21.45 mmol) 

were stirred in toluene (13 mL) at 0 oC under Ar. n-BuLi (12 mL, 1.78 M in hexanes, 

21.45 mmol) was added to this solution dropwise over 30 min during which the reaction 

solution became first yellow then cloudy white. After an additional 10 min at 0 oC the 

mixture was allowed to warm to room temperature, stirred overnight and treated with 

H2O (20 mL) and extracted with hexanes (3 × 30 mL). The organic layer was dried over 

 Amount                

of material  

before TGA 

 / mg 

Amount               

of Ru  

by ICP-OES  

/ mg.L-1 

Amount of 

Ru by TGA 

And ICP-OES 

 / wt. % 

Average amount  

of Ru by TGA and 

ICP-OES  

/ wt. % 

RuNPs@SWNT-1 1.345  0.9 1.36  

 

 

 

1.55 

RuNPs@SWNT-2 1.502  1.2 1.58 

RuNPs@SWNT-3 1.36 1.2 1.76 
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MgSO4, filtered, and concentrated to obtain yellow oil. The product was purified by 

chromatography on silica gel eluting with hexanes to provide a clear and colourless oil 

(1.60 g, 0.11 mmol, 65 %).  

2.4.4 Hydrogenation reactions using lab glassware 

All reactions were performed in a pyrex pressure tube (10 bar) with a stirring bar. 

RuNPs@carbon nanoreactor (in each case an amount equivalent 0.0017 mmol% of Ru in 

the reaction mixture) was suspended in cyclooctane (1 mL) in the bottom of the tube and 

the resulting mixture was saturated with H2  by bubbling a mixture of 10 % H2 and 90 % 

Argon gas (1 bar) through the solution at 25 °C for 30 minutes. The alkene (0.05 mL) 

was then added to the resulting H2 saturated solution. The tube was sealed and the 

resultant suspension was heated at 110 °C for 24 hour. After this, the reaction was stopped 

and the mixture was cooled down to room temperature. The resultant material was 

analysed by 1H NMR spectroscopy.  

2.4.5 Hydrogenation reactions using a high pressure scCO2 batch reactor 

In general, RuNPs@carbon nanoreactor (0.0017 mmol% of Ru) and alkene substrate (1 

mmol) were put into a high pressure reactor (10 mL) and an O-ring was placed to seal 

the reactor. The reactor volume was degassed thoroughly with H2 for 30 min by opening 

the outlet valve. Then, the reactor was sealed and pressurized with H2 (10 bar) and heated 

initially to 40 °C in order to add the CO2 (50 bar) as a supercritical phase using a Pickel 

pump and then heated slowly to 110 °C to make sure that overall pressure is 100 bar by 

adding more scCO2 at this temperature. The reaction was then left for 24 hour and cooled 

under room temperature to depressurize slowly by opening outlet valve.The resultant 

material was analysed by 1H NMR spectroscopy (Figure 2.16). All catalytic reactions 

were performed in duplicate, and the yields given are averages of the two experiments. 



68 
 

Norbornene (1a); 1H NMR (300 MHz, 297 K, CDCl3, δ, ppm): 6.01 (m, 2H), 2.85-2.9 

(m, 2 H), 1.58-1.66 (m, 2H), 1.30-1.35 (m, 1H), 1.07-1.10 (m, 1H), 0.93-0.98 (m, 2H). 

Norbornane (1b); 1H NMR (300 MHz, 297 K, CDCl3, δ, ppm): 2.21 (m, 2 H), 1.50 (m, 

4H), 1.18 (m, 6 H). 

Benzonorbornadiene (1,4-dihydro-1,4-methano-naphthalene) (2a); 1H NMR (300 MHz, 

297 K, CDCl3, δ, ppm): 7.24-7.21 (m, 2 H), 6.95-6.92 (m, 2H), 6.80 (m, 2 H), 3.90 (m, 2 

H), 2.34-2.30 (m, 1H), 2.26-2.23 (m, 1H). 

1,4-Methano-1,2,3,4-tetrahydronaphthalene (2b); 1H NMR (300 MHz, 297 K, CDCl3, δ, 

ppm): 7.30-7.10 (m, 4 H, ArH), 3.50-3.35 (m, 2H, CH), 2.10-1.50 and 1.50-1.10 (m, 6H, 

CH2). 
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2.4.6 TON Calculations 

Turnover numbers (TONs) in molecules per active site were calculated using the 

previously reported method27as follows; 

 

 

 

 

 

Figure 2.16. 
1
H NMR of spectrum of the reaction mixture of catalytic hydrogenation of 

norbornene vs. benzonorbornadiene, where bridge hydrogens of the starting material of 

norbornene gives a multiplet at 2.87 ppm (green) was compared in the product of norbornane 

giving three multiplets at 2.21 ppm (red) and bridge hydrogens of the starting material of 

benzonorbornadiene gives a multiplet at 3.91 ppm (dark blue) was compared in the product of 

1,4-methano-1,2,3,4-tetrahydronaphthalene giving a multiplet at 3.36 (blue). 

2H 

2H 

2H 
2H 
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Table 2.6. Experimentally determined and theoretically calculated values used to approximate 

the TON of product molecules per active site for all carbon supported ruthenium catalysts.  

a Determined experimentally by HRTEM. b The active Ru surface area of the RuNPs catalysts was calculated 

assuming all of the NPs to be the average diameter measured by TEM, see Table 1. c By treating the nanoparticles 

as perfect spheres and knowing the mass of Ru metal in the sample enabled the number of NPs to be calculated. 

The surface area occupied by an individual Ru atom on the nanoparticle surface was approximated to be 0.89 

nm2 and assumes that the surface of the Ru nanoparticles is a 1:1 mix of 001 and 100 crystallographic planes.52 
d Calculated using the true active surface areas, details of how this was calculated are shown below. e Calculated 

from the single hydrogenation of norbornene in which RuNPs@carbon nanoreactor (0.0017 mmol of Ru) and 

alkene substrate (1 mmol) with H2 (10 bar) and CO2 (100 bar) and heated to 110 °C for 24 hour and the resultant 

material was analyzed by 1H NMR spectroscopy. 

Catalyst RuNPs@SWNT RuNPs/C60@SWNT RuNPs@GNF Ru/C 

Average RuNP sizea / 

nm 

0.74 ± 0.18 2.56 ± 0.62 3.58 ± 1.14 

6.63 ± 

2.45 

Surface area of 1 

RuNPb / nm2 

1.72 20.60 40.28 138.15 

Number of Ru NPs in 

the catalyst (equiv. to 

0.0017 mmol% of Ru 

per reaction)c 

3.28 x 1016 1.59 x 1015 1.87 x 1014 

9.13 x 

1013 

Active Ru surface area 

of the catalyst / m2 g-1 

7.46 4.31 1.00 2.69 

Surface area of the Ru 

NPs used in the 

reaction / m2 

0.04 0.02 0.006 0.009 

Number of Ru active 

sites in the catalyst 

used in the reactiond 

1.85 x 1017 1.07 x 1017 2.46 x 1016 

 

4.13 x 

1016 

 

Norbornene molecules 

producede 

5.48 x 1020 7.22 x 1019 2.77 x 1020 

3.07 x 

1020 

TON / molecules of 

product per active site 

2959 675 11216 7428 
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2.4.7 Calculations of theoretical surface areas and comparison with BET surface 

area values 

RuNPs in all samples was assumed to be perfectly spherical in shape and have a diameter 

equal to the mean diameter measured experimentally by HRTEM.   

For RuNPs@SWNT; 

Atomic radius of a Ru atom= 0.134 nm  

Surface area of a Ru atom = 4*(22/7)*(0.134^2)= 0.226 nm2 = 2.226*10^-19 m2 

An average diameter of RuNP in SWNT= 0.74 nm (measured from HRTEM). 

Volume of a RuNP = (4/3)*22/7*(0.74/2) 3= 0.212 nm3= 2.12*10-22 cm3. 

Density of Ru  = 12.45 g/cm3. 

Mass of a RuNP = 2.12*10-22 *12.45 =~ 2.64*10-21 g. 

Mass of RuNPs@SWNT =0.0056 g. 

Mass of Ru in RuNPs@SWNT (1.55 % Ru by wt.) =0.0000868 g. 

Number of all RuNPs = 0.0000868/2.64*10-21 = ~3.28*1016.  

Atomic surface area of a RuNP = 4*22/7*(0.74/2) 2 = 1.72 nm2=1.72*10-18 m2. 

Total surface area of all RuNPs = 3.28*1016*1.72*10-18= 0.057 m2. 

Active surface area of all RuNPs (only 73.93% of surface atoms are active532) = 

0.057*0.7393= 0.0418 m2. 

Number of active Ru sites in RuNPs@SWNT used in the reaction  

             = Active surface area of all RuNPs / Surface area of a Ru atom  

            = 0.0418/ 2.226*10^-19= 1.85*10^17. 
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Active surface area of Ru atoms per gr RuNPs@SWNT = 0.04179 m2 / 0.0056 g = ~7.46 

m2/g. 

Theoretical surface area of SWNT (both internal and external surface) = 1315*2 =2630 

m2/g.51 

Theoretical surface area of RuNPs@SWNT = 7.46 + 2630 = 2637.46 m2/g. 

The theoretical surface area of C60@SWNT, RuNPs/C60@SWNT, GNF, RuNPs@GNF 

and Ru/C were also calculated using the same calculations showed above (Table 2.7). 
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Table 2.7. Theoretical and BET surface area calculations for SWNT, RuNPs@SWNT, 

C60@SWNT. RuNPS/C60@SWNT, GNF, RuNPs@GNF and commercial Ru/C. 

Material Theoretical Surface Area / m2/g BET Surface Area / m2/g 

SWNT 2630 507.90 

RuNPs@SWNT 2637.46 351.94 

RuNPs in RuNPs@SWNT 7.46 N/A 

C60@SWNT 1315 120.99 

RuNPs/C60@SWNT 1319.31 164.82 

RuNPs in RuNPs/C60@SWNT 4.31 44.17 

GNF 35 12.08 

RuNPs@GNF 35.99 28.53 

RuNPs in RuNPs@GNF 35.99 16.45 

Carbon Black N/A 900* 

Ru/C 2.69 929.41 

RuNPs in Ru/C N/A 29.41 
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3 MAGNETICALLY RECYCLABLE CATALYTIC CARBON NANOREACTORS 

3.1 INTRODUCTION 

Carbon nanotubes are mechanically robust, thermally and chemically stable cylindrical 

tubes that can be used to immobilise both molecules and nanoparticles which efficiently 

physically adsorb onto the nanotube walls and/or are encapsulated within the internal 

cavity of the nanotube via non-covalent forces such as van der Waals interactions.1-8 Once 

the catalyst is immobilized in the hollow structure  catalytic chemical reactions which 

occur within the accessible confined space of the nanoreactor interior can benefit from  

increases in the rate of reactions and changes in product selectivity.9-13 Therefore carbon 

nanotubes are of great interest for use as nanoreactors in a variety of different catalytic 

chemical reactions as they not only  template the formation of catalytically active metallic 

nanoparticles but also influence the subsequent catalytic reaction.11,14-22 However, despite 

the fact that carbon nanotubes are great supports for heterogenous catalyst systems, the 

inherent properties of carbon nanotubes, including their low density and hydrophobicity, 

makes separation of them from the reaction solution using conventional separation 

techniques such as filration and centrifugation challenging, meaning that currently 

expensive equipment and secondary processes are required.23-25 In order to minimize the 

costs and challenges in conventional catalyst separation and facilitate the recycling of the 

catalyst, intense research efforts have been focused on the development of magnetic 

supported metal nanoparticle catalysts which show a response to an applied magnetic field.26-

30 This enables the implementation of an approach based on the selective separation of 
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magnetic material supporting catalysts from the reaction mixture containing the products 

(non-magnetic species) by appliaction of a magnetic field (Scheme 3.1).  

 

Ferromagnetic metal nanoparticles such as Fe, Ni and Co combine high catalytic activity 

with a non-zero magnetic moment at room temperature due to unpaired electrons, which is 

interesting for many catalytic reactions.29-30 However, as these magnetic metal 

nanoparticles are not stable in air and easily oxidized in acid media, resulting in a change 

or loss of their magnetization, their use in synthetic applications has been limited.[24] 

Therefore, an alternative route is to combine a fully protected magnetic nanoparticle 

component, coated with an appropriate inert material such as silica, polymers or carbon, 

with a second, non-magnetic but catalytically active metal nanoparticle component to 

perform the catalysis on a suitable support material.31-34  

Preparation of carbon coated magnetic nanoparticles has recently received increasing 

attention as carbon nanomaterials have been proven to be both chemically and thermally 

more stable and robust than silica and polymer coatings.35 These materials consist of 

magnetic nanoparticles, providing a magnetic core, and a graphene like outer shell which 

Magnetic metallic heterogeneous catalyst  

Reactant molecules 

Product molecules 

Magnet 

Scheme 3.1. A schematic illustration of catalyst recovery by magnetic means from a liquid 

solution after a chemical reaction. Reproduced from Rossi et al.28 
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ensures that the material is completely coated and protected against oxidation and erosion 

by strong acids or bases allowing their use under harsh conditions in organic synthesis 

applications. A number of methods have been applied to prepare carbon coated magnetic 

nanoparticles, especially in the metallic phase which have higher magnetic moments 

compared to metal oxides, using chemical vapour deposition and the sequential spraying 

and controlled pyrolysis of carbon sources at elevated temperatures.31,36-37 Recently Grass 

et al. developed a method to synthesise carbon coated Co nanomagnets (Co@Cn) using 

reducing flame spray pyrolysis under an inert atmosphere.31 This method allowed the 

production of nearly spherical magnetic particles with an onion-like graphene based 

carbon coating of 2-3 nm and a mean particle size of about 4-100 nm (Figure 3.1).  

 

 

It was subsequently demonstrated that it is possible to modify the carbon coating using 

both covalent and non-covalent sidewall functionalisation and this has been exploited to 

attach catalytic nanoparticles to the surface of the nanomagnets, creating magnetically 

Figure 3.1. a) HRTEM image of the graphene like carbon covered cobalt nanomagnets in 

(Co@C
n
)/GNF where the graphene layers can be seen in the close-up of the particle,  b) particle 

size distribution of  Co@C
n
 (the combined diameter of the Co NP and graphitic shell were 

measured for more than 80 particles). 
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recoverable heterogeneous catalysts for a variety of catalytic applications.38-43 On the 

other hand, Wittmann et al. demonstrated the preparation of a palladium complex 

non-covalently attached to Co@Cn based on strong π-π stacking interactions between 

pyrene units and the outer-most graphene layer enabling efficient catalyst recovery.39 

Furthermore, the graphene-like outermost shell of carbon coated magnetic nanoparticles 

is very similar to the sp2 hybridised carbon surface of carbon nanotubes which enables 

combination of the two materials via non-covalent adsorption of the nanoparticles onto 

the exterior sidewalls or into the internal channel of the nanotubes using van der Waals 

forces.40 The combination of catalytic carbon nanoreactors with magnetic Co@Cn 

nanoparticles using non-covalent interactions (van der Waals forces) could potentially 

allow the separation of the carbon nanoreactors from reaction mixtures in a fast, easy and 

efficient way by simply applying a magnetic field. In this study, this idea of creating 

magnetically separable carbon nanoreactors which contain catalytically active metal 

nanoparticle catalysts in their interiors is explored and both the catalytic activity and the 

magnetically induced separation of the resultant hybrid materials is investigated. 

Graphitised carbon nanofibers (GNF) were chosen as the carbon nanoreactor support as 

they, unlike carbon nanotubes, have negligible residual metal content making analysis of 

the metal nanoparticle nanocarbon hybrids easier to deconvolute.44 Furthermore, GNF 

have different structures of their internal and external surfaces and large, continuous 

internal channels, with an average diameter of  ̴ 50 nm. Finally, unlike carbon nanotubes, 

the internal surface has a succession of step edges which can act as anchoring points for 

guest species which makes GNF a great candidate to immobilize catalytic particles and 

perform catalytic reactions in a nano-confined environment.7, 18-19 With this aim, two 

different procedures to create magnetically recyclable GNF based carbon nanoreactors 

were developed; 1, simple attachment of commercially available Co@Cn to GNF through 
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non-covalent interactions, and 2, in situ formation of Fe@Cn on the GNF. In addition, 

two different methodologies were then developed to combine active palladium and 

platinum nanoparticle catalyst formation and magnetic functionalisation steps. As a 

result, catalytically active and magnetically separable hybrid materials were successfully 

produced and the activity of these materials  were probed using the industrially important 

reaction of the reduction of nitrobenzene.  

3.2 RESULTS AND DISCUSSION 

3.2.1 Making magnetic nanoreactors by non-covalent attachment of commercial 

cobalt Co@Cn to GNF ((Co@Cn)/GNF) 

Commercially available magnetic Co@Cn were attached to individual GNFs using 

non-covalent interactions. As GNFs mostly exist aligned to each other in bundles, held 

together by van der Waal forces (0.5 eV/Mm), a good solvent was required to obtain  

well-dispersed and separated tubes.45 Therefore, GNFs were initially dispersed using 

ultrasonic treatment in hexane. Co@Cn were also dispersed using the same method, and 

then added to the hexane/GNF dispersion very slowly whilst being continuously treated 

with ultrasonic waves to create a material in which the Co@Cn nanoparticles are 

non-covalently attached to the outside of the GNF, (Co@Cn)/GNF (Scheme 3.2 and 

Scheme 3.2. Schematic illustration of the experimental procedure to synthesise carbon coated 

CoNPs attached to GNF. 

 

GNF (Co@Cn)/GNF 

Ultrasonication 
30 min  

Hexane 

Co@C
n
 

+ 
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Experimental 3.4.2). Experiments were preformed to find the minimum loading of 

Co@Cn required that would still allow complete separation of the composite material 

from solution. This was evaluated by simply changing the amount of magnetic Co@Cn 

in the (Co@Cn)/GNF material and exposing each sample, suspended in hexane, to an 

external magnet and evaluating the resulting solution by eye. (Co@Cn)/GNF was 

prepared in 1, 5 and 10 % by wt. of Co@Cn in GNF and the resultant functionalised GNF 

composites were separated from the solvent by applying an external magnetic field using 

a commonly available neodymium magnet with a magnetic strength of ~0. 1 Tesla (T, 

V.s/m2 in unit). Complete separation for (Co@Cn)/GNF containing 10 % of Co@Cn was 

achieved (Experimental section 3.4.2). Lower Co@Cn loadings, however resulted in 

incomplete separation compromising the recovery of all the catalyst material that is 

strictly required when pursuing recyclable catalytic reactions (Figure 3.2). 

 

5% Co@Cn by wt. 

in (Co@Cn)/GNF 

10% Co@Cn by wt. 

in (Co@Cn)/GNF 

Figure 3.2. Comparison of the effectiveness of the magnetic separation for (Co@Cn)/GNF 

with a 10 % (wt) (left) and a 5 % (wt) (right) Co@Cn loading where (Co@Cn)/GNF was 

dispersed in hexane by ultrasonication and exposed to a magnet (0.1 T). 
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The (Co@Cn)/GNF sample with 10 % by wt. loading was then characterised by HRTEM, 

TGA and powder XRD. HRTEM confirmed the presence of very-well distributed Co@Cn 

on both the inside and outside GNF sidewalls with an average diameter of 29.7 ± 22.8 

nm (Figure 3.3).  

As expected the majority of the Co@Cn nanomagnets (>90 %) are adhered to the GNF 

outer walls, presumably due to the more readily accessible surface and aromatic character 

of the GNF results in a better affinity for Co@Cn than the corrugated, step-edge 

containing internal channel. The smooth graphitic shell of the Co@Cn  is presumably 

engaged in π-π stacking interactions with the smooth exterior of GNF and thus results in 

stronger van der Waals forces between the  Co@Cn  and the GNF outer surface. There is 

also possibly an energetic barrier to diffusion of the larger Con@C nanoparticles diffusing 

down the internal channel of the GNF. 

The composition of the (Co@Cn)/GNF was determined by powder XRD showing the 

presence of a metallic cobalt phase which is in good agreement with the reference fcc-Co 

metal pattern (Figure 3.4a).46  

TGA was used to identify the degree of magnetic metal loading in (Co@Cn)/GNF after 

heating in air up to 1000 °C at a heating rate of 10 °C per minute (Figure 3.4b). TGA 

Figure 3.3 HRTEM images of Co@Cn/GNF material (10 % by wt.) showing the Con@C 

non-covalently attached to the inner (a) and outer (b) GNF sidewalls. 

  

20 nm 10 nm 

a) b) 
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studies of (Co@C
n
)/GNF showed that the presence of Co led to a significant decrease in 

the oxidation temperature of the GNF from  ̴ 700 °C to  500 °C. The carbon content of 

the material completely burned at  ̴ 800 °C, before this temperature no weight gain was 

observed, which means that the carbon shell around the Co and GNF provided an 

effective barrier against the oxidation of Co enabling long term stability of the magnetic 

material which is consistent with the literature.47-48  The weight gain observed due to 

oxidation of the residual Co after the carbon shells have been removed, observed between 

  ̴800 °C and  1000 °C, was negligible, however, to ensure this was accounted for the 

residual weight was recorded as an average value between 800-850 °C and revealed the 

material to be 8.5 ± 0.5 % by wt. Co. 
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showing residual weights (wt.%) of 8.5 ± 0.5 and ~0.5, respectively, at 1000 °C.  
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3.2.2 Making magnetic nanoreactors via in situ formation of carbon coated Fe 

nanoparticles on GNF ((Fe@Cn)/GNF)  

An experimental method was developed to make carbon coated Fe nanoparticles directly 

on GNF, (Fe@Cn)/GNF. Importantly, the same number of moles of Fe as the amount of 

Co that is present in the (Co@Cn)/GNF system was used to allow direct comparison of 

the two magnetic systems. In this novel experimental method, ferrocene was inserted 

from the vapour phase into GNF at 350 °C under vacuum and subsequently heated in 

inert environment to 500 °C to decompose the ferrocene into Fe NPs coated in graphitic 

shells in/on the GNF (N.B. the carbon is a result of ligand decomposition) (Scheme 3.3 

and Experimental section 3.4.3).  

 

HRTEM measurements confirmed the presence of FeNPs coated by a graphitic like shell 

in which the interplanar distance was measured to be 0.34 nm which is comparable to 

that of the interlayer spacing in graphite. The Fe@Cn nanoparticles are distributed both 

inside and mostly outside of the GNF sidewalls with an average diameter of 23.9 ±14.9 

nm (Figure 3.5).  

Scheme 3.3 Schematic illustration of the experimental procedure for synthesis of carbon coated 

FeNPs attached to GNF ((Fe@Cn)/GNF). 

GNF (Fe@Cn)/GNF 

Under vacuum 
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 350 °C, 24 h  500 ° C,  
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In contrast to the Co@Cn/GNF system, where the majority of nanomagnets are deposited 

and thus located on the outer surface of the GNF, the majority (>60 %) of the Fe 

nanomagnets are adhered to the internal channels of the GNF structure. This could be a 

results of the step edges providing better adsorption sites for individual ferrocene 

molecules during the decomposition process. Thus, as the iron material is already inside 

the channel, upon rapid thermal decomposition the resultant carbon coated Fe 

nanomagnets are formed, and therefore located, primarily inside the GNF channel. In 

addition to this, the conjugated surface is probably a good for nucleation of Fe@Cn. It is 

proposed that the small percentage of iron nanomagnets located on the outside of the 

GNF are either a result of the small portion of ferrocene molecules which were initially 

Figure 3.5. a) HRTEM image of a graphene like carbon coated iron nanomagnet in  

(Fe@C
n
)/GNF where the graphene layers can be seen in the close-up of the particle, b) particle 

size distribution of  Fe@C
n
 (the size of  Fe and graphitic shell were measured together using more 

than 80 particles c-d) HRTEM images of  Fe@C
n
 non-covalently attached to the GNF.  
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adsorbed on outer of the GNF and/or a result of ferrocene molecule from the inside which 

rapidly desorbed from the step edges into the gas phase before they have time to 

decompose during the decomposition step and therefore deposit on the outside of the 

GNF when formed. 

The structure of the FeNPs was also analysed by powder XRD, revealing the presence of 

a metallic Fe phase which is in good agreement with the diffraction pattern of α-FeNPs 

reported previosuly (Figure 3.6a).49 The residual Fe loading (wt.%) in the (Fe@Cn)/GNF 

was quantified using TGA (Figure 3.6b).  

 

Similar to (Co@C
n
)/GNF,  TGA study showed that the presence of Fe in (Fe@Cn)/GNF 

led to a significant decrease in the oxidation temperature of the GNF from  ̴ 700 °C to 

 5̴00 °C. The carbon content of the material completely burned at  ̴ 820 °C and up to this 

temperature no weight gain was observed as a result of oxidation of the Fe due to the 

protection of the FeNPs by the carbon shell and GNF.  The mass of residual Fe observed 

between 820-850 °C from the material was essentially constant, however, after 850 °C a 

Figure 3.6. a) Powder XRD patterns of (Fe@C
n
)/GNF, metallic iron and GNF for comparison, 

b) TGA measurements of (Fe@C
n
)/GNF (green) and GNF (grey) showing residual weights 

(wt.%) of 8.5 ± 0.6 and ~0.5, respectively, at 1000 °C. 
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small weight gain, presumably oxidation of the Fe, was observed. Therefore, the residual 

Fe content (wt.%) was recorded as the average mass between 820-850 °C, and was 

observed to be 8.5  ± 0.6 wt.%, (Figure 3.6b), i.e. a very similar metal loading to the 

(Co@Cn)/GNF material. 

3.2.3 Evaluating the efficiency of the magnetic separation of (Co@Cn)/GNF and 

(Fe@Cn)/GNF 

Separation of the resultant functionalised GNF composite suspensions from the solvent 

was achieved by placing a magnet (0.1T) on the external wall of the sample tube for a 

short period of time (90 s) (Figure 3.7a). The effect of varying the extent of loading of 

both Co@Cn and Fe@Cn on the separation of the GNFs was evaluated using an 

ultraviolet–visible (UV-Vis) spectroscopy in which (Co@Cn)/GNF and (Fe@Cn)/GNF 

samples were suspended separately in hexane by stirring and exposed to an external 

magnet for different lengths of time (see Experimental section 3.4.14 for full details). 

UV-Vis spectroscopy was used to evaluate the concentration of Co@Cn/GNF and 

Fe@Cn/GNF remaining suspended in the hexane after application of the magnet. We used 

the intensity of absorbance measured by UV-Vis spectroscopy to determine the 

concentration of GNF-magnetic material composite remaining as a suspension after 

magnetic separation at the visible wavelength range, 350-700 nm. We approximate that 

the visible light passing through the GNF suspension is absorbed and/or scattered by the 

GNF present and the extent of this, i.e. the absorbance observed, is directly proportional 

to the concentration of GNF present, in accordance with the Beer-Lambert law.50-51   

Excellent separation for both materials was achieved after exposure to the magnetic field 

for very short time periods of ~ 90 s (Figure 3.7).  
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a) 

b) Co@C
n
/GNF in hexane Fe@C

n
/GNF in hexane 

Figure 3.7. a) Suspensions of (Co@C
n
)/GNF (left) and (Fe@C

n
)/GNF (right) after applying a 

magnetic field for 90 s. b) UV-Vis measurements for the solutions of Co@C
n
)/GNF (left) and 

(Fe@C
n
)/GNF (right) after magnetic separation at various times. c) Plot of optical density at 

500 nm of the solutions from (Co@C
n
)/GNF and (Fe@C

n
)/GNF separations in hexane versus 

the length of time that the magnetic field (0.1 T) was applied for.  

c) 
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UV-Vis spectroscopy measurements for the separation of each material follow a linear 

trend over time at a single wavelength (500 nm) as shown in Figure 7c. The absorbance 

is observed to decrease over time upon application of the magnetic field for each material, 

however, (Co@Cn)/GNF is observed to reach lower absorbances faster than 

(Fe@Cn)/GNF, which shows a slower decrease in absorbance, i.e. (Co@Cn)/GNF is 

separated from hexane more quickly. The magnetic properties of iron, nickel and cobalt 

nanoparticles have been investigated previously and it is reported that ferromagnetism is 

stronger for bigger magnetic nanoparticles.52 Though the magnetic Co and Fe 

nanoparticles in our materials both have a broad distribution of sizes, the average 

diameter of the cobalt nanoparticles (29 nm) is slightly larger than the iron nanoparticles 

(23 nm) which could explain the slightly faster separation of the (Co@Cn)/GNF system.  

With the principal aim of developing high performance magnetically recyclable 

nanoreactors, the magnetic behaviour of (Co@C
n
)/GNF and (Fe@C

n
)/GNF  was studied 

in depth (Experimental section 3.4.13). The magnetic response of both systems under an 

external applied magnetic field displayed the hysteresis loops shown in Figure 3.8 and 

exhibited the magnetic parameters summarised in Table 3.1. While at 5 T (Fe@C
n
)/GNF 

reaches higher magnetic saturation values than (Co@C
n
)/GNF at both 2 K and 300 K, at 

low magnetic fields (below 0.1 T) the magnetisation values observed for (Co@C
n
)/GNF 

are slightly higher than that of the Fe analogue. These observations are also in agreement 

with the thermal variation measurements of the magnetisation performed for both 

materials at 0.1 T. As shown in Figure 3.8.c, (Co@C
n
)/GNF showed higher magnetisation 

values than that of (Fe@C
n
)/GNF for all of the temperature range studied (2-300 K).  
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These results are consistent with our UV-vis measurements for which we observed a 

better separation with (Co@C
n
)/GNF in comparison to (Fe@C

n
)/GNF when a small 

magnetic field (<0.1 T) was applied for the separation at room temperature. 
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Table 3.1. Magnetisation, remanent and coercivity magnetic fields for (Co@C
n
)/GNF and 

(Fe@C
n
)/GNF at 2 K and 300 K. 

 

 

 

 

 

Magnetisation        

at 5T      

(emu/gsample) 

Remanent 

magnetisation 

(emu/gsample) 

Coercivity 

magnetic field 

(T) 

Magnetisation 

at 0.1 T 

(emu/gsample) 

(Co@C
n
)/GNF        

at 2K 

11.65 6.91 0.14 5.22 

(Co@C
n
)/GNF         

at 300 K 

10.76 1.56 0.045 5.36 

(Fe@C
n
)/GNF           

at 2 K 

15.84 1.59 0.04 4.45 

(Fe@C
n
)/GNF          

at 300 K 

15.58 1.42 0.026 4.35 
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3.2.4 Catalytic chemical reactions within magnetically recoverable carbon 

nanoreactors                            

3.2.4.1 Catalytic carbon nanoreactors 

After successful demonstration of the magnetic separation of (Co@Cn)/GNF and 

(Fe@Cn)/GNF nanoreactors the next step was to confine catalytically active metal 

nanoparticles within the nanoreactors in order to utilise these materials in a suitable 

catalytic reaction. The reduction of nitrobenzene was chosen as it is a very important 

reaction both in industry and academia, with aniline used as a precursor in the synthesis 

of chemicals, dyes and pharmaceuticals.53 Palladium (PdNPs) and platinum nanoparticles 

(PtNPs) were selected as they have been demonstrated as highly active catalysts for the 

solution phase reduction of nitrocompounds previously.54-62 In addition, they are both 

paramagnetic metals, so no competing magnetic effects are expected in the final 

composite materials. The formation of Pd and Pt nanoparticles supported by the GNF 

nanoreactor (MNPs@GNF; MNPs stands for metal nanoparticles) was initially 

investigated in the absence of the magnetic nanoparticles so that suitable formation 

conditions could be found. The Pd and PtNPs@GNF were synthesized using suitable 

metal procursors, (see Experimental section 3.4.4 for details), and then tested in the 

reduction of nitrobenzene using a high pressure H2 glass vessel (Scheme 3.4).  
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Two different Pd metal precursors were utilised to form palladium nanoparticles in GNF 

(PdNPs@GNF) to find the optimal system. PdNPs@GNF-1 was produced by the thermal 

decompostion of Pd(acac)2 to form Pd nanoparticles inside the GNF and HRTEM 

confirmed the formation of PdNPs with an average particle size of 10.79 ± 3.86 nm (see 

Experimental section 3.4.4 and Figure 3.9a-b). PdNPs@GNF-2 was synthesised using an 

adapted method based on work reported by Pentsak et al. in which nanoparticle palladium 

species are generated in a chloroform solution of Pd2dba3 in the presence of GNFs and 

the resultant PdNPs preferentially attach to the step edges of the GNF (see Experimental 

section 3.4.4).63 This resulted in the formation of very small and well distributed PdNPs, 

observed mostly inside the GNF by HRTEM with an average diameter of 2.26 ± 0.56 nm 

(Figure 3.9a and 9b).  
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Scheme 3.4. a) The high-pressure glass reactor, and b) a schematic of the high-

pressure glass hydrogenation batch system (right). 
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The powder XRD patterns for PdNPs@GNF-1 and PdNPs@GNF-2 were studied and the 

presence of metallic Pd phases for PdNPs@GNF-1 was confirmed via comparison to the 

Pd reference patterns (Figure 3.10a).64 However, XRD measurement of PdNPs@GNF-2 

did not exhibit clear Pd diffraction patterns due to the presence of only very small Pd 

nanoparticles. Therefore, we re-synthesised a new PdNPs@GNF-2* material with a 

higher metal loading (15 % Pd by wt.) using the same procedure to synthesis 

PdNPs@GNF-2  and observed distinctive Pd diffraction patterns by XRD (Figure 3.10b). 
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PtNPs@GNF-1 and PtNPs@GNF-2 were produced using the Pt(acac)2 and Ptdba3, using 

similar experimental procedures66 to those used to make PdNPs@GNF-1 and 

PdNPs@GNF-2, respectively (Experimental section 3.4.6 and 3.4.7). HRTEM images 

for PtNPs@GNF-1 showed Pt nanoparticles precisely distributed within the step edges 

of the nanoreactor with an average particle size of 4.21 ± 1.54 nm (Figure 3.11a-b).  

HRTEM of PtNPs@GNF-2 revealed very small particles with an average particle size of 

1.55 ± 0.48 nm located mostly in the interior of the nanoreactor (Figure 3.11c-d).  
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The powder XRD patterns for PtNPs@GNF-1 and PtNPs@GNF-2 were investigated and 

displayed in Figure 3.10c and 3.10d, respectively. As PtNPs@GNF-1 and 

PtNPs@GNF-2 did not exhibit clear Pd and Pt diffraction patterns due to the small size 

of Pt nanoparticles, we re-synthesized all these material with a higher metal loading (15% 

Pt by weight) resulting in bigger nanoparticle size and therefore allowing clear diffraction 

patterns for each material which are used to confirm the presence of metallic Pt phases 

for both materials when compared to the reference Pt metal pattern65 (Figure 3.10c and 

3.10d). 
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The reduction of nitrobenzene reactions was then tested in the presence of all catalysts 

using high pressure glass equipment and molecular H2, and quantified by 1H NMR 

(Experimental section 3.4.5). The reaction with empty GNFs displayed no catalytic 

activity at all.  The lower reactivity of PdNP@GNF-1 compared to PdNPs@GNF-2 

(containing very small PdNPs) in the reduction of nitrobenzene can be attributed to the 

larger size, and thus lower catalytic surface area of the PdNPs in PdNPs@GNF-1. In 

contrast, no reactivity was observed for the smaller PtNPs in PtNPs@GNF-2 compared 

to the larger PtNPs in PtNPs@GNF-1, which were surprisingly reactive (Table 3.2).  

Therefore, PdNPs@GNF-2 and PtNPs@GNF-1, which showed a significant activity and 

better aniline selectivity compared to n-phenylhydroxylamine (the danger of explosion 

in the accumulation of n-phenylhydroxylamine was considered, however it was 

reported67 that it could become if the reaction temperature gets close to 250 °C), were 

chosen as candidates to couple with the magnetic nanoparticle GNF systems. The reason 

for the lack of reactivity for the small PtNPs in PtNPs@GNF-2 material is unknown and 

requires further investigation but it is hypothesised that such small nanoparticles could 

be quite amorphous and therefore have poorly defined sites for catalysis. Addition to this, 

the catalyst surface may be less structured and contain some residual dba due to the 

preparation. This is supported by the lack of observed crystallographic planes in XRD 

and HRTEM. 
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Catalyst Time 

Conversion of 

 Ph-NO2 (%)  

Selectivity (%) 

Ph-NHOH                        Ph-NH2                        

- 24 h 0 0 0 

GNFa 24 h 0 0 0 

PdNPs@GNF-1 30 min 3.5 71 29 

PdNPs@GNF-2 30 min 77 15 85 

PdNPs@GNF-2 50 min 100 0 100 

PtNPs@GNF-1 30 min 24 36 64 

PtNPs@GNF-1 200 min 100 0 100 

PtNPs@GNF-2 30 min 0 0 0 

PtNPs@GNF-2b 24 h 0 0 0 

Reaction conditions:  Nitrobenzene (0.08 mL, 0.78 mmol), ethanol (0.5 mL), catalyst (0.00047 

mmol of metal), H2 (8 bar), RT. All reactions were performed in duplicate and nitrobenzene 

conversion was determined by 1H NMR with an error of ± 2 %.  aGNF were annealed at 450 C for 

1 hour prior to use. bPtNPs@GNF-2 was annealed under H2 flow for 5 h at 150 °C prior to the reaction 

to get rid of any impurities on the surface of Pt which can cause deactivation of the catalyst.  

Catalyst 
  

Ethanol 
H

2 
(8 bar), RT 
30 min 

  

Table 3.2. Reduction of nitrobenzene in the presence of the prepared Pd and Pt composite 

catalyst materials using a high pressure H
2
 glass reactor. 

+ 
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Due to the lack of reactivity of PdNPs@GNF-1 and PtNPs@GNF-2, we did not further 

investigate these materials in the reduction of nitrobenzene, continuing only with the 

PdNPs@GNF-2 and PtNPs@GNF-1.   

For a better understanding of the performance of the reaction, the surface area of  

PdNPs@GNF-2 and PtNPs@GNF-1 was investigated using BET enabling the number of 

active sites for each catalyst to be approximated. BET surface areas and pore size 

distributions were studied for GNF, PdNPs@GNF-2 and PtNPs@GNF-1 (Table 3.3 and 

Figure 3.12).  

 

Table 3.3. BET measurements for GNF, PdNPs@GNF-2 and PtNPs@GNF-1. 

*GNF were annealed at 450 °C for 1 h prior to use. 

 

 

 

 

 

Pore volume, 

cm³/g 

Pore sizes, 

Å 

BET surface area, 

m2/g 

GNFa 0.023237 32/54/63/93/252/503 12.08 

PdNPs@GNF-2 0.033801 32/54/63/93/252/503 16.06 

PtNPs@GNF-1 0.030408 32/54/63/93/252/503 15.67 
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As we reported in Chapter 2, GNF have a surface area of 12 m2/g  and contain mesoporous 

(2-50 nm) and some macroporous (> 50 nm) pores in the carbon structure which is 

consistent with the size of the step edges (height = 3-5 nm) and the inner channel of the 

GNF (diameter = 10-100 nm).[61]  

 

After adding Pd or Pt nanoparticles to the GNF support, a similar increase in BET surface 

area is observed for each catalyst, ~16 m2 g-1 for PdNPs@GNF-2 and ~15.7 m2 g-1 for 

PtNPs@GNF-1. This increase in surface area is attributed to the metal nanoparticles in 

the GNF. This gave surface areas of 3.985 m2 g-1 for the PdNPs in PdNPs@GNF-2) and 

3.596 m2 g-1 for PtNPs in PtNPs@GNF-1.  

 

 

Figure 3.12. Pore size distributions for GNF, PdNPs@GNF-2 and PtNPs@GNF-1. 
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3.2.5 Magnetically recoverable metal loaded carbon nanoreactors 

Magnetically recoverable carbon nanoreactors were fabricated by developing two 

different methodologies for the combination of the catalyst and magnetic nanoparticle 

formation steps.  To fabricate magnetic nanoreactors containing catalytic metal 

nanoparticles using Co@Cn, catalytic Pd or Pt NPs was firstly encapsulated within GNF 

using the solution method and gas phase filling method respectively and then 

subsequently combined with commercially available Co@Cn in hexane using the 

ultrasound conditions previously optimised (see Experimental sections 3.4.4).  

Figure 3.13. a) Representative HRTEM image of PdNPs@((Co@C
n
)/GNF), white and black 

arrows shows PdNPs and Co@C
n
 attached to the GNF nanoreactor, respectively. b) Schematic 

diagram depicting the PdNPs@((Co@C
n
)/GNF) material with PdNPs (blue) and Co@C

n
 

(purple) both attached to the GNF. c) Representative HRTEM image of 

PtNPs@((Co@C
n
)/GNF), white and black arrows shows PtNPs and Co@C

n
 both attached to 

the GNF, respectively. d) Schematic diagram depicting the PtNPs@((Co@C
n
)/GNF) material 

with PtNPs (red) and Co@C
n
 (purple) both attached to GNF. 

  

20 nm 

a) b) 

20 nm 

c) d) 
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HRTEM analysis of both PdNPs@((Co@C
n
)/GNF) and PtNPs@((Co@C

n
)/GNF), 

Figure 3.13a and 3.13c respectively, confirmed the successful combination of Co@Cn 

with PdNPs@GNF and PtNPs@GNF. To fabricate catalytic magnetic nanoreactor using 

Fe@Cn, the magnetic component was produced initially to give (Fe@Cn)/GNF and then 

the catalytic Pd or Pt NPs were encapsulated within (Fe@Cn)/GNF using solution and 

gas phase filling methods, respectively (see Experimental sections 3.4.10 and 3.4.12 for 

full details). HRTEM images of PdNPs@((Fe@C
n
)/GNF) and PtNPs@((Fe@C

n
)/GNF) 

are shown in Figure 3.14a and 3.14b resepctively, confirming successful formation of the 

two MNPs@(Fe@Cn)/GNF systems. 

Figure 3.14. a) Representative HRTEM image of PdNPs@((Fe@C
n
)/GNF), white and black 

arrows shows PdNPs and Fe@C
n
 attached to the GNF nanoreactor, respectively. b) Schematic 

diagram depicting the PdNPs@((Fe@C
n
)/GNF) material with PdNPs (blue) and Fe@C

n
 (green) 

both attached to the GNF. c) Representative HRTEM image of PtNPs@((Fe@C
n
)/GNF), white 

and black arrows shows PtNPs and Fe@C
n
 both attached to the GNF, respectively. d) Schematic 

diagram depicting the PtNPs@((Fe@C
n
)/GNF) material with PtNPs (red) and Co@C

n
 (green) 

both attached to GNF. 

  

20 nm 

a) 

c) 

20 nm 

b) 

d) 
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3.2.6 Catalytic chemical reactions within magnetically recoverable 

MNPs@((Fe@Cn)/GNF) and MNPs@((Co@Cn)/GNF) catalysts  

The catalytic activity of the Pd and Pt catalysts confined within the carbon nanoreactors 

was also tested using the reduction of the nitrobenzene to give a turnover frequency 

(TOF) for each catalyst (Table 3.4).  

Reaction conditions:  Nitrobenzene (0.08 mL, 0.78 mmol), ethanol (0.5 mL), catalyst (0.00051 

mmol), H2 (8 bar), RT. All reactions were performed in duplicate and nitrobenzene conversion was 

determined by 1H NMR with an error of ± 2 %. The TOFs were calculated as the ratio of the number 

of molecules of substrate consumed in the reaction per the number of true active catalyst sites 

calculated by BET measurements per minute. 

Table 3.4. Reaction data for the reduction of nitrobenzene in the presence of (Co@Cn)/GNF, 

PdNPs- and PtNPs@((Co@Cn)/GNF), (Fe@Cn)/GNF, and PdNPs- and PtNPs@((Fe@Cn)/GNF) 

using a high pressure H2 glass reactor. 

Catalys 

Conversion of Ph-NO2 

(%) / TOF (min-1) 

Selectivity (%) 

Ph-NHOH                  Ph-NH2 

PdNPs@GNF-2 77 / 72.3 15 85 

PtNPs@GNF-1 24 / 25.2 36 64 

(Co@Cn)/GNF 0 0 0 

PdNPs@((Co@Cn)/GNF) 74 / 69.5 14 86 

PtNPs@((Co@Cn)/GNF) 23 / 24.2 43 57 

(Fe@Cn)/GNF 0 0 0 

PdNPs@((Fe@Cn)/GNF) 72 / 69.1 16 84 

PtNPs@((Fe@Cn)/GNF) 22 / 23.2 32 68 
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Pd catalysts functionalised with (Co@Cn)/GNF and (Fe@Cn)/GNF performed very 

similarly with nitrobenzene TOFs of 69.5 and 69.1, respectively. This is also very similar 

to the catalytic performance of the PdNPs@GNF-2 in the absence of the magnetic 

nanomaterials (c.f. TOF of 69.1). PtNPs@((Co@Cn)/GNF) and PtNPs@((Fe@Cn)/GNF) 

also exhibited similar  nitrobenzene conversions (TOFs of 24.1 and 23.2, respectively) 

both to each other and that of the unmodified PtNPs@GNF-1 catalyst (c.f. TOF of 25.2). 

All combined experiments demonstrate that both (Co@Cn)/GNF and (Fe@Cn)/GNF do 

not contribute to the reaction or change the product selectivity in the absence or presence 

of the metal nanoparticle catalysts. 

Several studies have been reported the reduction of nitro compounds performed under 

high pressures and temperatures in the presence of Pd and Pt catalyst supported by 

different materials.54-62 Karwa et al. studied the effect of reaction temperature, hydrogen 

pressure and solvent on the selectivity of reduction of nitrobenzene in the presence of Pd 

and Pt catalysts on carbon supports and reported that they observed the formation of 

phenylhydroxylamine as a by-product to the transformation of aniline at low temperatures 

and a better selectivity of phenylhydroxylamine in the presence of Pt catalysts compared 

to Pd catalysts.54 They also demonstrated that hydrogen pressures between 7-21 atm do 

not alter the selectivity of the reaction however the solvent used in the reaction 

significantly affected the selectivity of phenylhydroxylamine, especially solvents with 

higher dielectric constants such as methanol (32.7) which gave lower selectivity for 

aniline. This is rationalised as a result of the increased solubility and thus desorption of 

phenylhydroxylamine into the solvent preventing further hydrogenation to aniline. 

Takenaka et al. studied the catalytic ability of Pt/C and Pt/SiO2 in the reduction of 

nitrobenzene at room temperature using molecular hydrogen (1 and 10 bar) and observed 

very high selectivity for phenylhydroxylamine (>95%).58 These results are consistent 
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with our data in which we observed a higher selectivity of phenylhydroxylamine in the 

presence of PtNPs@GNF compared to PdNPs@GNF while getting higher aniline 

selectivity overall for each catalyst. Sangeetha et al. studied the catalytic activity of Pd 

supported on hydrotalcite (HT), MgO and -Al2O3 between 225-300 °C and obtained the 

best activity in the presence of Pd/HT with a maximum turnover frequency of  ̴ 0.8 s-1 (48 

min-1). 57 Gelder et al. investigated the catalytic ability of Pd supported on different active 

carbon materials in the reduction of nitrobenzene using methanol and isopropyl alcohol 

as solvents at 50 °C and observed better catalytic activity in methanol with a turnover 

frequency of 0.27 s-1 (16.2 min-1) which is quite low compared to our Pd catalyst 

supported within a carbon nanoreactor (c.f. our TOF = 72.3 min-1).55 

The mechanism of the reduction of nitrobenzene is still not been fully understood. 

However, the Haber mechanism is generally accepted in the literature and proposes two 

different reaction routes; direct and indirect.56-62, 68 The direct route is based on the 

reduction of nitrobenzene to nitrosobenzene (Ph-NO) and consecutive formation to 

phenylhydroxylamine (Ph-NHOH) and aniline (Ph-NH2). In the light of the Haber 

mechanism, several research groups have proposed different additions/alterations to the 

reduction mechanism.69-71 Gelder et al. has recently proposed a new mechanism which is 

contrary to the Haber process and showed that nitrosobenzene cannot be an intermediate 

in the formation of aniline (Scheme 3.5).64 
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Our study revealed reduction of nitrobenzene to phenylhydroxylamine to form aniline 

which is consistent with the direct Haber process, however we did not observe 

nitrosobenzene or any other side products. We can therefore accept that the Gelder 

mechanism is also consistent with our results. 

 

 

 

 

Scheme 3.5. Proposed reaction pathways of the reduction of nitrobenzene by Gelder 

mechanism.
69
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3.2.7 Stability tests after the magnetically recovery of MNPs@(Co@Cn)/GNF and 

MNPs@(Fe@Cn)/GNF  

We investigated the reusability and stability of PtNPs- and PdNPs@(Co@Cn)/GNF and 

@(Fe@Cn)/GNF in the reduction of nitrobenzene, respectively, and compared with a 

traditional filtration based separation method. In each case the catalyst was separated 

from the product after each run by applying a magnetic field and reused after washing 

with ethanol and drying in air without any other treatment and compared to the traditional 

catalyst recovery of PdNPs and PtNPs @GNF by filtration using a PTFE membrane filter 

and washing with ethanol (Table 3.5-3.6, Figure 3.15-3.16 and see Experimental 3.4.9-

3.4.10).  

Recyclability tests showed a significant decrease in nitrobenzene conversion during the 

five recoveries of each catalyst (Table 3.5-6 6, Figure 3.15-16), however magnetic 

recovery compared to traditional catalyst recovery by filtration using a PTFE membrane 

filter demonstrated slightly lower loss in nitrobenzene conversion during the five runs. 
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Table 3.5. Stability test data showing the activity of PdNPs@GNF-1 in the reduction of 

nitrobenzene in sequential reactions after conventional recovery based on the filtration using a 

PTFE membrane paper  vs. PdNPs@(Co@Cn)/GNF and PdNPs@(Fe@Cn)/GNF in the reduction 

of nitrobenzene in sequential reactions after magnetic recovery. 

 

 

Experiment 

no. 
Catalyst 

Conversion of Ph-NO2 

(%) / TOF (min-1) 

Selectivity (%) 

Ph-NHOH               Ph-NH2 

1st cycle 

PdNPs@GNF-2a 

PdNPs@(Co@Cn)/GNFb 

PdNPs@(Fe@Cn)/GNFb 

77 / 72.3 

74 / 69.5 

72 / 69.1 

15 

14 

16 

85 

86 

84 

2nd cycle 

PdNPs@GNF-2a 

PdNPs@(Co@Cn)/GNFb 

PdNPs@(Fe@Cn)/GNFb 

57 / 57.3 

70 / 65.7 

68 / 64.4 

18 

17 

13 

82 

83 

87 

3rd cycle 

PdNPs@GNF-2a 

PdNPs@(Co@Cn)/GNFb 

PdNPs@(Fe@Cn)/GNFb 

48 / 45.1 

64 / 60.1 

59 / 55.8 

20 

17 

20 

80 

83 

80 

4th cycle 

PdNPs@GNF-2a 

PdNPs@(Co@Cn)/GNFb 

PdNPs@(Fe@Cn)/GNFb 

50 / 46.9 

42 / 39.4 

55 / 52.1 

26 

28 

22 

74 

72 

78 

5th cycle 

PdNPs@GNF-2a 

PdNPs@(Co@Cn)/GNFb 

PdNPs@(Fe@Cn)/GNFb 

37 / 35.6 

46 / 43.2 

47 / 44.5 

29 

26 

19 

71 

74 

81 

Reaction conditions:  Nitrobenzene (0.08 mL, 0.78 mmol), ethanol (0.5 mL), catalyst (0.00051 

mmol), H2 (8 bar), RT. All reactions were performed in duplicate and nitrobenzene conversion 

was determined by 1H NMR with an error of ± 2 %. The TOFs were calculated as the ratio of the 

number of molecules of substrate consumed in the reaction per the number of true active catalyst 

sites calculated by BET measurements per minute. 
a
Recovered by filtration. 

b
Recovered by 

magnetic separation. 
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Table 3.6. Stability test data showing the activity of PtNPs@GNF-1 in the reduction of 

nitrobenzene in sequential reactions after conventional recovery based on the filtration 

using a PTFE membrane paper  vs. PtNPs@(Co@Cn)/GNF and PtNPs@(Fe@Cn)/GNF 

in the reduction of nitrobenzene in sequential reactions after magnetic recovery. 

Experiment 

no. 
Catalyst 

Conversion of Ph-NO2 

(%) / TOF (min-1) 

Selectivity (%) 

Ph-NHOH               Ph-NH2 

1st cycle 

PtNPs@GNF-1a 

PtNPs@(Co@Cn)/GNFb 

PtNPs@(Fe@Cn)/GNFb 

24 / 25.2 

23 / 24.2 

22 / 23.1 

36 

43 

32 

64 

57 

68 

2nd cycle 

PtNPs@GNF-1a 

PtNPs@(Co@Cn)/GNFb 

PtNPs@(Fe@Cn)/GNFb 

18 / 21.8 

20 / 21 

19 / 19.9 

41 

50 

52 

59 

50 

48 

3rd cycle 

PtNPs@GNF-1a 

PtNPs@(Co@Cn)/GNFb 

PtNPs@(Fe@Cn)/GNFb 

15 / 15.6 

19 / 19.9 

16 / 16.8 

50 

47 

56 

55 

53 

44 

4th cycle 

PtNPs@GNF-1a 

PtNPs@(Co@Cn)/GNFb 

PtNPs@(Fe@Cn)/GNFb 

15 / 15.6 

15 / 15.7 

16 / 16.8 

43 

47 

53 

57 

53 

47 

5th cycle 

PtNPs@GNF-1a 

PtNPs@(Co@Cn)/GNFb 

PtNPs@(Fe@Cn)/GNFb 

13 / 13.5 

15 / 15.7 

15 / 15.7. 

48 

47 

53 

52 

53 

47 

Reaction conditions:  Nitrobenzene (0.08 mL, 0.78 mmol), ethanol (0.5 mL), catalyst (0.00051 

mmol), H2 (8 bar), RT. All reactions were performed in duplicate and nitrobenzene conversion 

was determined by 1H NMR with an error of ± 2 %. The TOFs were calculated as the ratio of the 

number of molecules of substrate consumed in the reaction per the number of true active catalyst 

sites calculated by BET measurements per minute. 
a
Recovered by filtration. 

b
Recovered by 

magnetic separation. 
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Figure 3.15. Comparison of the nitrobenzene conversion as TOF during the 5 recyclability 

tests in which PdNPs@GNF-2 was recovered by filtration using a PTFE membrane paper 

and PdNPs@((Fe@C
n
)/GNF) and PtNPs@((Co@C

n
)/GNF) by magnetic separation. 

Figure 3.16. Comparison of the nitrobenzene conversion as TOF during the 5 recyclability 

tests in which PtNPs@GNF-1 was recovered by filtration using a PTFE membrane paper 

and PtNPs@((Fe@C
n
)/GNF) and PtNPs@((Co@C

n
)/GNF) by magnetic separation. 
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To further explore the larger decrease in catalytic activity by traditional recovery 

compared to magnetic recovery, PdNPs@GNF-2 after traditional recovery and 

PdNPs@((Co@Cn)/GNF) and PdNPs@((Fe@Cn)/GNF) by magnetic recovery were 

weighted after each recovery step and an appreciable degree of catalyst loss is observed, 

c.f. 10 % by traditional recovery versus <0.5 % by magnetic recovery during the five 

recycling (Figure 3.17a).  The principle cause of catalyst loss during filtration is that 

significant materials is irreversibly absorbed onto the PTFE membrane filter (Figure 

3.17b).  

 

The reduced activity of each catalyst during the reaction, using both traditional and 

magnetic recovery, is most likely to be related to sintering of the migrated nanoparticles 

during the recyclability process, along with the leaching of Pd and Pt NPs into the reaction 

medium. To further investigate the reason for the decrease in nitrobenzene conversion 

after either magnetic or traditional recovery and to probe whether there is loss of active 

a) b) 

Figure 17. a) Comparison of the loss of PdNPs@GNF-2 catalysts during the five recyclability 

tests for the reduction of nitrobenzene. The recovery of PdNPs@GNF-2 was achieved by 

filtration using a PTFE membrane, whilst PdNPs@((Fe@C
n
)/GNF) and 

PdNPs@((Co@C
n
)/GNF) were recovered by applying magnetic separation (Experimental 

sections 3.4.9 and 3.4.10). b) Residual PdNPs@GNF-2 material left on a PTFE membrane after 

the recovery of PdNPs@GNF-2 via filtration. 
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catalyst nanoparticles from the GNF by leaching during the recyclability tests, the precise 

metal loading of both PdNPs@GNF-2 and PtNPs@GNF-1 as synthesised and after 5 

cycles by filtration were determined by ICP-OES (Table 3.7).  ICP-OES results indicated 

a 3.76 % leaching of PdNPs from GNF compared to a 3.56 % leaching of PtNPs. 

 

 

 

These results imply that leaching of Pd and Pt nanoparticles from the GNF are negligible 

and therefore cannot be the reason for the reduction of the catalyst activity during the 

recycling. However, nanoparticle growth via Ostwald ripening or particle migration and 

coalescences, as well as the agglomeration of smaller nanoparticles could also be 

occurring during the recyclability process that would result in a decrease in active catalyst 

surface area, and thus a reduction of the activity of catalyst. Therefore, further to the 

ICP-OES, PdNPs@GNF-2 and PtNPs@GNF-1 were studied by HRTEM imaging after 

5 reaction cycles (Figure 3.18)  

Table 3.7. Data showing the precise loading of Pd and Pt metal in PdNPs@GNF-2 and 

PtNPs@GNF-1, for the catalyst materials as synthesised and after recycling them for 5 times 

measured by ICP-OES.  

 

PdNPs (% wt.) in 

PdNPs@GNF-2 

Before  the reaction 

PdNPs (% wt.) in 

PdNPs@GNF-2 

After the 5.recovery 

PtNPs (% wt.) in 

PtNPs@GNF-1 

Before the reaction 

PtNPs (% wt.)  in 

PtNPs@GNF-1 

After the 5. recovery 

% amount of 

catalyst by 

ICP-OES 

0.532 ±0.04 0.512 ±0.02 0.842 ±0.06 0.813 ±0.02 
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 Some aggregation of the PdNPs was observed whilst the PtNPs seem to remain 

well-dispersed. However, the average particles size after the fifth cycle measured by 

HRTEM of 2.4 ± 0.42 nm for PdNPs, and 4.43 ± 0.99 nm for PtNPs, was almost identical 

to the average size of the nanoparticles before the reaction. Therefore, the reduction in 

activity must be related to another factor, this could be a number of things, e.g. reordering 

of the nanoparticle structure or poisoning of the surface, further work is required to 

understand this fully. 

3.3 CONCLUSIONS 

This study represents an exciting development in the area of recyclable, catalytically 

active carbon nanoreactors and shows two different approaches for the magnetic 

functionalisation of carbon nanoreactors involving the non-covalent attachment of 

commercial carbon coated Co magnets and the in situ formation of carbon coated Fe 

magnets. Here, we have proven that both methodologies enable the separation of catalytic 

nanoreactors from the products mixtures in a fast, easy and efficient way by simply 

applying a magnetic field which has a significant advantages over traditional filtration 

methods.  

20 nm 20 nm 

Figure 3.18. HRTEM images of a) PdNPs@ GNF-2, and b) PtNPs@GNF-1 after five 

recycles of the catalyst tested in the reduction of nitrobenzene. 

b) a) 
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These magnetic nanoreactors ((Co@Cn)/GNF and (Fe@Cn)/GNF) have been successfully 

coupled with catalytic metal nanoparticles (Pd and Pt). The catalytic ability of these 

catalytic and magnetic nanoreactors were probed in the reduction of nitrobenzene in 

which both PdNPs@GNF-2 and PtNPs@GNF-1 material exhibited excellent activity, 

especially PdNPs@GNF-2.  

The activity of each catalyst was measured over 5 cycles, separating the catalyst either 

by magnetic recovery or by traditional filtration using a PTFE membrane. No significant 

leaching of Pd or Pt was detected, with the change in catalytic activity of the magnetically 

separated catalyst was comparable to filtration. Retention of the catalyst was more 

complete in the case of magnetic separation as compared to a loss of of ~10% of the 

catalyst by PTFE membrane filtration. 

Magnetic nanoreactors allow a combination of confinement and recyclability of 

catalytically active metals offered by the GNF with the magnetic functionality enabling 

facile re-use of the catalytic system. Overall, this project lays the foundations for 

generation of magnetically separable carbon nanoreactors and future development of 

metal-catalysed reactions in magnetic carbon nanoreactors, which in the long term may 

be scaled up and applied for chemical processes of industrial importance replacing 

inefficient and energy consuming filtration and centrifugation.  

3.4 EXPERIMENTAL 

GNF were purchased from Pyrograf Products Inc (PR19, chemical vapor deposition), 

USA. Co@Cn was purchased from Turbobeads LLC, USA. All other reagents and 

solvents were purchased from Sigma-Aldrich (UK) and used without further purification. 

All of the glassware required to perform the experiments was thoroughly cleaned with 

‘aqua regia’ (concentrated hydrochloric and nitric acids (3:1)) and rinsed with deionised 
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water prior to use. 

3.4.1 Characterisation techniques 

1H NMR spectra were recorded using a Bruker DPX300 NMR spectrometer. 1H NMR 

spectra were taken in CDCl3 and were referenced to residual trimethysilane (TMS) (0 

ppm) and reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 

triplet, dd= doublet of doublet, m = multiplet).  

HRTEM analysis was performed on a JEOL 2100 Field emission gun microscope with 

an information limit of 0.12 nm at 100 kV. Samples for HRTEM analysis were prepared 

by dispersing the materials in HPLC grade iso-propanol using ultra-sonication, then drop 

casting the resultant suspension onto a lacey carbon film coated copper grid.  

TGA analysis was performed on a TA Instruments TGA-SDTQ600 analyser. Samples 

for TGA analyses were heated in air up to 1000 °C with a heating rate of 10 °C/min.  

The powder X-ray diffraction patterns were obtained using a PANanalytical X’Pert PRO 

diffractometer equipped with a Cu-Ka radiation source (λ= 1.542) operating at 40 kV and 

40 mA, with 0.05252° step size and a step time of 5925.18 seconds. 

Surface area analysis was performed using the Brunauer–Emmett–Teller (BET) method 

based on adsorption data in the relative pressure (P/Po) range 0.02 to 0.22 by measuring 

nitrogen sorption isotherms of the samples (50 mg) at -196 °C on a Micromeritics ASAP 

2020 sorptometer.  Before analysis, the samples were evacuated for 12 hr at 200 °C under 

vacuum.  The pore size distributions were obtained from a Non-Local Density Functional 

Theory (NLDFT) method using nitrogen-sorption data. 

3.4.2 Synthesis of (Co@Cn)/ GNF   

GNF (15 mg, annealed at 450 C in air for 1 hour prior to use) in hexane (20 mL) and 

Co@Cn (1.5 mg, corresponding to 10 % by wt. Co in the final (Co@Cn)/GNF material) 
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in hexane (5 mL) were dispersed separately using ultrasound (10 min). Once dispersed 

the Co@Cn hexane suspension was slowly added to the GNF dispersion in small portions 

(0.2 mL) whilst being treated with ultrasonic waves, the resultant dispersion was then 

sonicated for a further 10 min. Separation of resultant (Co@Cn)/GNF as a black powder 

was achieved by applying a magnet to the outside of the vial and decanting the hexane 

solvent. 

3.4.3 Synthesis of (Fe@Cn)/ GNF   

Ferrocene (5 mg, corresponding to 10 % by wt. Fe in the final (Fe@Cn)/GNF) was 

combined with GNF (15 mg, annealed at 450 C for 1 hour prior to use) in a Pyrex tube 

and sealed under vacuum (10-6 bar) using a vacuum pump. The material was then heated 

at 350 °C for 1 day, and the temperature was then increased to 500 °C for a further day. 

The sample was the cooled and opened to yield the (Fe@Cn)/GNF material as black 

powder. 

3.4.4 Catalyst Preparation 

3.4.4.1 PdNPs@GNF-1  

Pd(acac)2 (0.22 mg, corresponding to 0.5 % by wt. Pd in the final PdNPs@GNF-1) was 

combined with GNF (15 mg, annealed at 450 C for 1 hour prior to use) in a Pyrex tube 

and sealed under vacuum (10-6 bar) using a vacuum pump and heated at 150 °C for 3 

days. After 3 days, the sample inside the Pyrex tube was cooled by immersing in an ice 

bath. The sample was then removed from the Pyrex tube and sealed in a separate Pyrex 

tube under argon atmosphere and heated at 550 °C for 3 hours. The final material was 

then cooled to give PdNPs@GNF-1 as black powder. 
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3.4.4.2 PdNPs@GNF-2 

GNF (15 mg, annealed at 450 C for 1 hour prior to use) were dispersed in CHCl3 (2 mL) 

using ultrasound for 10 min. A solution of tris(dibenzylideneacetone)dipalladium(0)-

chloroform adduct (Pd2(dba)3.CHCl3) (0.375 mg, corresponding to a 0.5 % by wt. of Pd 

in the final PdNPs@GNF-2 material) in CHCl3 (1 mL) was then slowly added to the GNF 

dispersion in small portions (0.1 mL) whilst being treated with ultrasonic waves and 

stirred at 40 °C for 4 hours until the solution became colourless. PdNPs@GNF was then 

separated from the reaction mixture by filtration and washed repeatedly with acetone (20 

mL) using a 0.2 µm PTFE membrane filter to remove free dibenzylideneacetone (dba) to 

yield the PdNPs@GNF-2 material as black powder. 

3.4.4.3 PtNPs@GNF-1 

Pt(acac)2 (0.30 mg, corresponding to a 1 % by wt. of Pt in the final PtNPs@GNF-1 

material) was combined with GNF (15 mg, annealed at 450 C for 1 hour prior to use) in 

a Pyrex tube and sealed under vacuum (10-6 bar) using a vacuum pump and heated at 

170 °C for 3 days. After 3 days, the sample was cooled by immersing in an ice bath and 

then removed from the Pyrex tube and sealed in a separate Pyrex tube under an argon 

atmosphere and heated at 550 °C for 3 hours. The final PtNPs@GNF-1 was then 

recovered as black powder. 

3.4.4.4 PtNPs@GNF-2 

GNF (15 mg, annealed at 450 C for 1 hour prior to use) were dispersed in CHCl3 (2 mL) 

using ultrasound for 10 min. A solution of tris(dibenzylideneacetone)platinum(0) 

(Pt(dba)3) (0.69 mg, corresponding to a 1 % by wt. of Pt in the final PtNPs@GNF-2 

material) in CHCl3 (1 mL) was then slowly added to the GNF dispersion in small portions 
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(0.1 mL) whilst being treated with ultrasonic waves and stirred at 70 ° C for 1 day until 

the solution became colourless. PtNPs@GNF was then separated from the reaction 

mixture by filtration and washed repeatedly with acetone (20 mL) using a 0.2 µm PTFE 

membrane filter to remove free dibenzylideneacetone (dba) and obtain the final 

PtNPs@GNF-2 material as black powder. 

3.4.4.5 Magnetic PdNPs@((Co@Cn)/GNF) 

PtNPs@GNF-1 (15 mg) in hexane (20 mL) and Co@Cn (1.5 mg) in hexane (5 mL) were 

dispersed separately using ultrasound for 10 min. The Co@Cn hexane suspension was 

then added to the GNF dispersion in small portions (0.1 mL) whilst being treated with 

ultrasonic waves, the resultant dispersion was then sonicated for a further 10 min. The 

separation of catalyst from the solution was controlled by an external magnet (0.1 T) to 

give PdNPs@((Co@Cn)/GNF) as black powder. 

3.4.4.6 Magnetic PdNPs@((Fe@Cn)/GNF) 

(Fe@Cn)/GNF (15 mg) was dispersed in CHCl3 (2 mL) using ultrasound for 10 min. Once 

GNF was dispersed, Pd2(dba)3.CHCl3 (0.34 mg) dissolved in CHCl3 (1 mL) were added 

to GNF dispersion in small portions (0.1 mL) whilst being treated with ultrasonic waves 

and stirred at 40 C° for 4 h until the solution became colourless. PdNPs@GNF was then 

separated from the reaction mixture by filtration using a 0.2 µm PTFE membrane filter 

and washed repeatedly with acetone (20 mL) to remove the free dibenzylideneacetone 

and give PdNPs@((Fe@Cn)/GNF) as black powder. 

3.4.4.7 Magnetic PtNPs@((Co@Cn)/GNF) 

PtNPs@GNF (15 mg) in hexane (20 mL) and Co@Cn (1.5 mg) in hexane (5 mL) were 

dispersed separately using ultrasound for 10 min. Once dispersed the Co@Cn in hexane 
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were slowly added to GNF dispersion in small portions whilst being treated with 

ultrasonic waves, the resultant dispersion was then sonicated for a further 10 min. 

Separation of the resultant PtNPs@((Co@Cn)/GNF) as black powder was achieved by 

applying a magnetic field (0.1 T) to the outside of the vial and decanting the hexane 

solvent. 

3.4.4.8 Magnetic PtNPs@((Fe@Cn)/GNF) 

Pt(acac)2 (0.3 mg, 1% by wt. Pd) was combined with (Fe@Cn)/GNF (15 mg) in a Pyrex 

tube, sealed under vacuum (10-6 bar) using a vacuum pump and heated at 170 °C for 3 

days. The sample inside the Pyrex tube was then cooled by immersing in an ice bath. The 

sample was removed from the Pyrex tube and sealed in a separate Pyrex tube under an 

argon atmosphere and heated at 550 °C for 3 hours. PtNPs@((Fe@Cn)/GNF) was then 

isolated as black powder. 

3.4.5 Reduction of nitrobenzene using high pressure H2 glass reactor 

The selected catalyst (10 mg, equivalent to 0.00051 mmol of metal nanoparticles) and an 

ethanol (0.5 mL) solution of nitrobenzene (0.78 mmol) were stirred in a high-pressure 

reactor (10 mL volume). The reactor volume was then degassed thoroughly with H2 for 

15 min. The reactor was then sealed and pressurised with H2 (8 bar) and left for 30 

minutes at room temperature. At the end of the reaction, the reactor was slowly 

depressurized and analysed via 1H NMR spectroscopy using CDCl3 solvent. 

 

Nitrobenzene (Ph-NO
2
): 

1
H NMR (300 MHz, 297 K, CDCl

3
,
 
δ, ppm): 8.20-8.17 (m, 2 

H), 7.69-7.63 (m, 1H), 7.53-7.48 (m, 2 H). 
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N-phenylhydroxylamine (Ph-NHOH): 1H NMR (300 MHz, 297 K, CDCl3, δ, ppm): 

7.23-7.18 (m, 2 H), 6.95-6.93 (d, J= 7.54 Hz, 2H), 6.90-6.85 (m, 1 H). 

 

Aniline (Ph-NH2): 
1H NMR (300 MHz, 297 K, CDCl3, δ, ppm): 7.13-7.07 (t, J=7.86 Hz, 

2H), 6.73-6.69 (m, 1H), 6.68-6.64 (m, 2H). 

 

 

Figure 3.20. 
1
H NMR of spectrum of the reaction mixture of catalytic reduction of nitrobenzene 

(Ph-NO2) to phenylhydroxylamine (Ph-NHOH) and aniline (Ph-NH2) recorded in CDCl3 at 300 

MHz. 

2H 

2H 

1H 

2H 

2H 
3H 

3H 

d-Chloroform 
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3.4.6 UV–Visible spectroscopy measurements 

 (Co@Cn)/GNF (10 mg) and (Fe@Cn)/GNF (10 mg) were suspended in hexane (10 mL) 

by stirring at 500 rpm using a magnetic stirrer for 2 min and then a magnetic field was 

applied for a set periods of time (10, 30, 60 and 90 seconds). For example, after applying 

a magnetic field for 10 s, 2 mL of solution were taken from the magnetically separated 

solution using a micro pipette then analysed by UV–Vis spectroscopy between 350–700 

nm (wavelength step: 1 nm, scan speed: 240 nm min-1 ) using a Perkin Elmer Lambda 11 

spectrophotometer. The 2 mL solution was then returned to the starting solution and the 

solution was redispersed and the same procedure was repeated.  

3.4.7 Magnetic measurements 

Magnetic measurements on (Co@Cn)/GNF and (Fe@Cn)/GNF were carried out in a 

commercial Quantum Desing MPMS-XL5 Superconducting Quantum Interference 

Device (SQUID) magnetometer. Samples were carefully prepared using a plastic capsule 

with a negligible diamagnetic contribution. For both samples variable-temperature 

(1.8─300 K, with 0.1 T applied field) and field dependent (at 2 K and 300 K with a 

maximum field of 5 T) magnetisation measurements were carried and compared by 

dividing the magnetic signal per mass of the measured sample. 

3.4.8 ICP-OES measurements 

As GNF do not completely digest in strong acids inductively coupled plasma optical 

emission spectroscopy (ICP-OES) analysis of GNF samples is problematic. To solve this 

problem PdNPs@GNF-2 and PtNPs@GNF samples (3 x 2 mg), were burned in a boiling 

tube using a bunsen burner to fully oxidise and hence remove the GNF. The remaining 

residual metal was then digested in acid (1 mL, aqua regia,) at room temperature using 

ultra-sonication for 1 h and the resultant solution was diluted with ultrapure water to make 
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a dilute aqua regia solution (10 % by volume in water).  ICP-OES was used to determine 

the Pd and Pt % loadings of the solutions, respectively using a Perkin Elmer, Optima 

2000 DV ICP-OES with S10 autosampler with an axial detection method at wavelengths 

of 340.458 nm for Pd and 214.423 nm for Pt. Calibration Pd and Pt solutions (0.1, 0.2, 

0.5, 1 and 5 mg L-1) were prepared using a Pd standard (Sigma Aldrich) and a Pt standard 

(VWR Chemicals) and aqua regia (10 % by volume in water), and gave a linear plot with 

an R coefficient of 0.999999. Blanks showed 0.00 mg L-1 of Pd and Pt, respectively. 

Corrected concentrations of Pd and Pt were then measured as number of mg of Pd and Pt 

per litre for each sample and correlated to Pd and Pt % loadings.  

3.4.9 Catalyst recovery by applying a magnetic field 

After each experimental cycle, the catalyst mixed with reaction products were extracted 

into ethanol (5 mL) and then magnetic field was applied. As the catalyst accumulated on 

the wall of reaction vessel, the solution mixture was easily separated from the catalyst 

using a pipette. Ethanol (5 mL) was then added to the catalyst and the same procedure 

was repeated until no signs of starting materials or products could be observed by 1H 

NMR. The catalyst was then left to dry at room temperature. 

3.4.10 Catalyst recovery by filtration 

After each experimental cycle, the catalyst, mixed with reaction products, was extracted 

into ethanol (5 mL) and then washed with ethanol (20 mL) using a filtration assembly 

and a PFTE membrane followed by drying at ambient conditions.  The washings were 

repeated until no signs of starting materials or products could be observed by 1H NMR. 

The catalyst was then collected from the filtration membrane using a spatula.  
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4 PALLADIUM NANOPARTICLES IN CARBON NANOREACTORS AS HYBRID 

ELECTROCATALYST FOR HYDROGEN-EVOLUTION AND HYDROGEN-

OXIDATION REACTIONS 

4.1 INTRODUCTION 

In the last two decades, there has been an increasing interest on clean and renewable 

energy sources as alternative to fossil fuels.1-4 For instance, the water-splitting reaction, 

which consists of the hydrogen and oxygen evolution half-reactions (HER and OER, 

respectively), has attracted great attention as a sustainable source of hydrogen.5-7 This gas 

(H2) is an attractive energy carrier that can be used to produce clean electricity in fuel 

cells, where the hydrogen oxidation and oxygen reduction reactions (HOR and ORR, 

respectively) convert chemical energy into electrical energy.7-8 Furthermore, driving the 

HER with renewable sources of energy can lead to a sustainable source of hydrogen fuel 

that be used in a zero-emission fuel cell of combustion engine. 

The hydrogen evolution reaction (HER, 2 H+ + 2 e− → H2) that is the cathodic reaction 

in electrochemical water splitting is a classic example of a two-electron transfer reaction 

with one catalytic intermediate, H* (where * indicates a site on the electrode surface), 

and may occur through either the Volmer-Heyrovsky or the Volmer-Tafel mechanism as 

shown below.  

                                                 Volmer step: H+ + e– + * → H*                               Equation 4.1. 

                                            Heyrovsky step: H* + H+ + e– → H2 + *                       Equation 4.2. 

                                                    Tafel step: 2H* → H2 + 2*                                    Equation 4.3. 

The hydrogen oxidation reaction (HOR) involves the same reaction steps as the HER 

except in reverse.  
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Achieving high energy efficiency for water splitting requires the use of a catalyst to 

minimize the overpotential necessary to drive the HER. Platinum(Pt)-based catalysts are 

the best-performing catalyst for HER (and HOR), owing to their negligible overpotential 

to achieve high reaction rates and durability in acidic solutions.7-12 However, the high 

cost and scarcity of this noble metal lead researchers to explore inexpensive alternatives 

to Pt-based electrocatalyst.11-18 Among those alternatives, transition metal-based 

materials have received a lot of attention due to their high abundance and low price. 

Nevertheless, due to their much higher overpotentials their performances are still 

inadequate. Palladium (Pd) is considered a cheaper and more abundant alternative to Pt 

as electrocatalyst, because of its higher electrocatalytic activity and stability than those 

of transition metal-based materials and their alloys. Recently, different synthetic 

strategies have been explored to design cost effective Pd-based electrocatalysts aiming to 

increase the number of active sites and/or their intrinsic activity including 

nanostructuration, bimetallic alloying and dispersion on carbon.17-21   

Heydari-Bafrooei et al. synthesized a number of MoS2 composites and studied in HER. 

They reported that the modification of MoS2 with palladium provided more active sites 

for the reactants and improved the HER activity compared to that of MoS2. They also 

sythesised Pd-MoS2 supported on MWNT demonstrated that an excellent HER activity 

for Pd-MoS2/MWNT compared to that observed for the free standing Pd-MoS2  and 

MoS2/MWNT.18 Using MWNT as a support material for Pd-MoS2 increased the number 

of free active sites while facilitating the electron transfer alongside the nanotube, and 

provided an excellent stability in acid media showing a very slight activity loss after a 

500 potential-cycling tests. 

One of the major drawback of carbon-supported catalysts has been their low durability 

towards the HOR, as they can be oxidized at cathodic potentials under strongly acidic 
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conditions.30-38 Highly graphitized carbon materials such as carbon nanotubes have been 

put forward due to their unique corrosion resistance. However, the chemical inertness of 

the perfect basal plane of a multi-walled carbon nanotube (MWNT) results in low 

dispersion and facile-agglomeration of metallic nanoparticles after potential cycling, 

leading to a rapid decrease of the electrochemical surface area and activity that 

detrimentally affect the catalyst durability. 

Owing to the catalytic activity of heteroatom-doped graphene materials towards the HER 

showing overpotentials <200 mV vs RHE to attain 10 mA cm-2, hybridization of Pd 

nanoparticles (NP) with these carbon nanomaterials represents an appealing strategy for 

designing highly efficient and cost-effective electrocatalysts.22-29 Browmik et al. studied 

the HER/HOR activity in acidic media of PdNPs supported on carbon nitride graphene 

(Pd-CNx) that shows a large number of active binding sites (triazine units) for NP 

dispersion.22 The HER/HOR activity and durability observed is higher than that of 

commercial Pt/C and Pd/C after 10000 cycles. 

The size and coverage of supported Pd clusters seem to play an essential role in promoting 

the HER/HOR activity. However, no studies have been focused on the confinement effect 

on the activity and durability of PdNPs, while restricting particle migration and 

coalescence by providing active binding sites. Previous studies in our group have shown 

that GNFs have a great potential as electroctalytic nanoreactors where the internal step 

edges of GNFs can act as effective anchoring points for electrocatalytic nanoparticles and 

enable the controlled growth of NPs by stabilizing them and restricting their migration 

during electrochemical cycling.39-42 In 2016, our group demonstrated the superior 

electrocatalytic stability of PtNPs supported at the internal step edges of GNFs after 

50000 cycles of oxygen reduction reaction compared to a commercial Pt/C catalyst.42  
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In this chapter, a Pd-based electrocatalyst material was designed showing both palladium 

nanoparticles (PdNPs) supported on ( ̴ 20% of PdNPs on (/)  s-GNF) and encapsulated 

inside ( ̴ 80% of PdNPs inside (@) s-GNF) ball-milled graphitised carbon nanofibers 

through in-situ reduction of Pd2dba3 in solution, which was expressed as (PdNPs/-

PdNPs@)s-GNF. The electrocatalytic activity and stability of (PdNPs/-PdNPs@)s-GNF 

were investigated towards the HER/HOR in acidic media using Pd/C and Pt/C 

commercial catalysts as benchmarks in this study. High-resolution transmission electron 

microscopy (HRTEM) imaging used here to investigate the structural changes in the 

(PdNPs/-PdNPs@)s-GNF hybrid under electrocatalytic cycling helps to unravel the 

observed increased activity after electrochemical cycling. An enhanced activity and 

stability of (PdNPs/-PdNPs@)s-GNF in HER was discovered compared to Pd/C and Pt/C 

standards. The initial HER activity of (PdNPs/-PdNPs@)s-GNF was lower than Pd/C and 

Pt/C reactions with a Tafel slope of 61 mV/dec. However, it exhibited a Pt-like onset 

potential at -14 mV and an exchange current density of 0.289 mA/cm2
, which was already 

much better than that of Pd/C. Surprisingly, after stability tests of 30000 HER potential 

cycles our material exhibited an outstanding stability and an increasing HER activity 

surpassing Pt/C performance. HRTEM studies after cycling confirmed that the size of the 

encapsulated PdNPs supported at the step edges remained practically unchanged  thanks 

to the migration barrier imposed by GNF corrugated interiors,while there was significant 

PtNPs growth due to weak interactions of PtNPs with the carbon support. Further to this, 

s-GNF support also exhibited an increased HER activity and stability after 5000 HER 

cycles which can be attributed to electrochemical transformations in graphitic step-edge 

structure, which also has implications for carbon-palladium bonding in the hybrid 

material which was revealed by HRTEM.  
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Overall, the superior HER/HOR activity and stability of (PdNPs/-PdNPs@)s-GNF was 

attributed to the reactions taking place in a confined nano-environment of s-GNF 

nanoreactors with highly stabilized and active PdNPs anchored at the step edges. 

Moreover, structural transformations on step edges, i.e. opening of some step edges 

promoted the reactions and provided strong interactions improving electron transport, 

and synergetic effect between the s-GNF and PdNPs.  

 

4.2 RESULT AND DISCUSSION 

GNF were shortened by mechanical milling at 10 Hz for 90 min prior to the insertion of 

PdNPs in which no significant structural nanoscale defects were observed on GNF 

(Experimental 4.4.1). By shortening GNF, we eliminate the length depended mass 

transport resistance in HER/HOR (Figure 4.1) and enhance the solubility of these carbon 

materials in conventional solvent facilitating the film formation on the electrode. The 

statistical analysis performed using HRTEM confirmed a significant reduction of the 

mean GNF length from  ̴ 0.5-60 μm to 880 ±600 nm by ball milling (Figure 4.1), while 

maintaining their internal nano-cone structure (step-edges) intact .  
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Figure 4.1. (a-c)  HRTEM images of S-GNF (c) HRTEM images of S-GNF, red rectangular 

shape shows the closed step edges with a 2.95 nm high , d)  s-GNF length distribution measured 

by HRTEM (more than 80 nanofibers) and e) EDX of s-GNF after ball milling, green rectangular 

shapes show the O peaks with an atomic ratio% of C:O as 99.5:0.5 (Cu peaks are due to a copper 

TEM support grid). 
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The (PdNPs/-PdNPs@)s-GNF hybrid was prepared using an adapted method from the 

literature by Pentsak et al. in which PdNPs are formed in-situ from a chloroform solution 

of Pd2dba3 in the presence of s-GNF (Experimental 4.4.2).43 The resultant material was 

imaged by HRTEM confirming the formation of very small and well distributed PdNPs 

with an average diameter of 4.37 ±1.03 nm, with more than a 80% of PdNPs chemically 

attached to the s-GNF interiors (Figure 4.2b).  
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Figure 4.2. (a-c) HRTEM images of (PdNPs/-PdNPs@)s-GNF, b) crystal lattice of PdNPs in 

GNF with a distance between adjacent planes of 0.224 nm that corresponds to the peak centred 

at 39.5° (as 2Ɵ°) from XRD and d) the size distribution of PdNPs inside and outside  s-GNF 

by the measurements of more than 80 nanoparticles via HRTEM.  
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HRTEM also confirmed the metallic nature of the PdNPs in (PdNPs/-PdNPs@)s-GNF 

with the metallic lattice fringes of face-centered cubic Pd (111) plane with a lattice 

spacing of 0.224 nm (Figure 4.2d), which corresponds to the diffraction peak centred at 

39.5° (2Ɵ) shown in powder XRD. On the other hand, comparative studies of the powder 

XRD patterns for (PdNPs/-PdNPs@)s-GNF with s-GNF and a Pd reference were carried 

out to ascertain the undoubtelly presence of metallic Pd on the hybrid material (Figure 

4.3).44 The small size of the PdNPs is reflecting on the broadening and intensity reduction 

of all its X-ray diffraction peaks. 
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The Pd loading (wt%) in the hybrid was quantified using TGA and shown to be 14.1 ± 

0.05 % as the amount of palladium remaining after all carbon of (PdNPs/-PdNPs@)s-

GNF being burn out at 1000 °C in air (Figure 4.4). TGA studies of (PdNPs/-PdNPs@)s-

GNF showed that there was a small weight loss (~ 2%) starting at ~ 200 C which was 

possible due to the residual dibenzylideneacetone (dba) left after washing the material 

with acetone to get rid of (during the formation of PdNPs from Pd(dba)3.CHCl3, see 

Experimental 4.2.2). A significant decrease in the oxidation temperature of the GNF from 

  ̴ 700 °C to  550 ° C was also observed due to the Pd content. Carbon content of the 

material was then burned at  ̴ 700 °C. However, another weight loss has been observed 

between   ̴ 800-815 °C which can be due to the non-burned carbon residual. The left 

material was attributed the residual Pd. The weight gain of left Pd between  815-1000 °C 

was negligible, therefore we get an average Pd amount showing the material to be 14.1 ± 

0.05 % (wt) Pd. 
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% ± 0.05 and ~0.5 % residual material by weight, respectively.  
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Commercially available 20 wt% Pd/C and 20 wt% Pt/C in which both the PdNPs and 

PtNPs were located on the surface of carbon black were used as benchmark towards the 

HER/HOR. HRTEM confirmed that both PdNPs and PtNPs were distributed throughout 

the carbon support in Pd/C and Pt/C, respectively (Figure 4.5).  
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Figure 4.5. HRTEM images and particle size distributions of Pd/C (a-b) and Pt/C (c-d) by 

the measurements of more than 80 nanoparticles for each catalyst via HRTEM.  
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Pd/C shows similar NPs size distribution to (PdNPs/PdNPs@)s-GNF, with a mean 

diameter of 4.48 ± 0.7 nm, while Pt/C has a size distribution of 3.07 ± 0.6 nm. Both 

commercial catalysts showed very similar or slightly smaller particle size, as in the case 

of Pt/C, than the size of the PdNPs observed in our hybrid material (Table 4). 

Table 4.1. Summary of the average values for nanoparticle size obtained as the mean diameter 

assuming a spherical shape and metal loading (%) by weight for (PdNPs/PdNPs@)s-GNF, Pd/C 

and Pt/C. 

 

4.2.1 Study of HER on (PdNPs/-PdNPs@)s-GNF hybrid electrocatalyst  

Prior to HER measurements, (PdNPs/-PdNPs@)s-GNF electrode was prepared by the 

dispersion of (PdNPs/-PdNPs@)s-GNF in hexane, followed by the deposition onto a 

glassy carbon electrode (GCE) by drop casting (Experimental 4.4.3). A three electrode 

set up system was used for the electrochemical measurements where (PdNPs/PdNPs@)s-

GNF, Pt wire and reversible hydrogen electrode (RHE) were used as working, counter 

and reference electrode, respectively. The electrochemical activity of each catalyst was 

investigated in HER using linear sweep voltammetry (LSV) measurements between 0.2 

and -0.9 V vs RHE at a sweep rate of 10 mV/s in a hydrogen saturated 0.1 M perchloric 

acid solution at room temperature and recorded using NOVA software (Experimental 

Catalyst 
NPs size (nm) Metal loading (%wt) 

(PdNPs/PdNPs@)s-GNF 4.37 ± 1.03 ̴ 14 

Pd/C 4.48 ± 0.7 20 

Pt/C 3.07 ± 0.6 20 
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4.4.3). Polarization curves were obtained by plotting the current density (j) vs the 

potential, where the current density was normalised by dividing the current (i) by the 

geometric surface area of the glassy carbon electrode and the potential was corrected by 

the ohmic resistance in the solution for each catalyst (Figure 4.6). The accumulation of 

hydrogen bubbles over time on the surface of the electrode is eliminated after each HER 

measurement.  

 

As expected, Pt/C displayed the smallest onset potential with nearly 0 mV that is in 

agreement with what is known in the literature as the best active catalyst in HER. 

Commercial Pd/C and (PdNPs/-PdNPs@)s-GNF exhibited similar characteristic 

polarization curves where two distinct potential ranges have been observed compared to 

Pt/C that is consisted with the literature.22,45 according to our results, the first region from 
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Figure 4.6. Comparison of the ohmic drop corrected HER polarisation curves for (PdNPs/-

PdNPs@)s-GNF electrocatalyst with the commercial benchmarks (Pd/C and Pt/C). The small 

ripples observed in the polarization curves are due to the accumulation of hydrogen 

bubbles over time on the surface of the electrode. 
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the Figure 4.6, between 30mV and -60mV, for Pd/C was assigned to the electrochemical 

hydrogen adsorption and desorption region, while the second region (<-60mV) 

corresponded to the hydrogen evolution region. (PdNPs/PdNPs@)s-GNF, however, 

displayed a very small onset potential of  ̴ 14 mV compared to that observed for the Pd/C 

(61mV). 

Furthermore, the potential required to achieve a current density of -10 mA/cm2 is also 

used to evaluate the electrocatalytic activity of the catalyst material.46-49 Polarisation 

curves for the studied electrocatalyst materials showed the next trend for the current 

density values at -10 mA cm-2
geo (normalized by the geometric electrode surface area of 

the glassy carbon (GC) electrode): Pt/C (52 mV) < Pd/C (74 mV) < (PdNPs/-PdNPs@)s-

GNF (148 mV) (Figure 4.6 and Table 4.2).  

In addition to the onset potential and the potential required to achieve a current density 

of -10 mA/cm2, the Tafel slope is a fundamental parameter to discern the rate determining 

step in the HER mechanism at the electrode/electrolyte interface and indicates the 

potential difference required to increase the current density by ten-fold.50-54 As we 

mentioned, HER has a three elementary reaction steps in acidic electrolytes which are the 

Volmer (electrochemical adsorption of H+ on the electrode), the Heyrovsky 

(electrochemical desorption of H2 formed by the reaction of H+ with the proton from the 

solution), and the Tafel (chemical combination of the adsorbed H+ on the electrode to 

form H2) steps.50, 55-56 Tafel slopes for the Volmer, Heyrovsky, or Tafel steps are predicted 

as about 120, 40, or 30 mV/dec for the rate-determining step, respectively, when Pt is 

used as an electrocatalyst. Thus, there are two possible reaction mechanisms to evolve 

H2, either the Volmer-Heyrovsky or the Volmer-Tafel mechanism. 

Tafel slopes can be calculated from the slope of the linear fitting in the polarization curves 

using the Tafel equation simplified from the Butler-Volmer equation.  
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                        
𝑎

=
0.059

(1−𝛼𝑐)𝑛
𝑙𝑜𝑔(𝑗0) −

0.059

(1−𝛼𝑐)𝑛
𝑙𝑜𝑔(𝑗)   at 25 °C             Equation 4.4 

Here 𝜂 is overpotential (𝜂=E0-E, i.e. the difference between the potential applied (E) and 

equilibrium potential (E0) versus RHE, which is 0 for HER in acid), J0  is the exchange 

current density at 0 overpotential. Equation 4.4 can be simplified as 

                                              = 𝑎 + 𝑏 𝑙𝑜𝑔(𝑗)                                       Equation 4.5 

This equation indicates a linear relationship between the overpotential and the log (j) and 

thus a slope b is generated and described as Tafel slope when the overpotential is plotted 

as a function of 𝑙𝑜𝑔𝑗 (Figure 4.7).  

Figure 4.7. Tafel plots for (PdNPs/-PdNPs@)s-GNF electrocatalyst compared to the 

commercial benchmarks Pd/C  and Pt/C.  

 

Here, Pt/C showed the best catalytic activity with a Tafel slope of nearly 29 mV/dec and 

slightly smaller than Pd/C with a Tafel slope value of nearly 33 mV/dec (Figure 4.7). 

Tafel slope analysis for both benchmark electrocatalysts suggest the dominant Volmer-

Tafel mechanism during the HER process, indicating extremely rapid reaction kinetics, 
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the recombination of Hads being the rate-determining step. On the contrary, (PdNPs/-

PdNPs@)s-GNF showed the highest Tafel slope (61 mV/dec), indicated the Volmer-

Heyrowsky mechanism where Heyrowsky step was the rate determining step.  

The exchange current density (j0) indicates the intrinsic activity of the catalyst in HER 

and can be obtained from the Tafel equation or by extrapolating the linear region to zero 

overpotential from the Tafel plot.57-59 A summary of this values together with other 

electrochemical parameters (including onset potential, overpotential and Tafel slope 

values) that are required for a better evaluation of the electrocatalyst activity in HER are 

shown in Table 4.2. 

An ideal catalyst is expected to have a low onset potential near to the standard hydrogen 

reduction potential (0 VRHE) combine with a small Tafel slope, but a large exchange 

current density value.11 However, on some occasions a catalyst can exhibit 

simultaneously a small Tafel slope with a small exchange current density or a high Tafel 

slope with a high exchange current density. From the Tafel plots, we obtained the highest 

exchange current density for Pt/C as 0.378 mA/cm2
geo, which is very close to that 

observed for (PdNPs/-PdNPs@)s-GNF and nearly 7 times larger than that of Pd/C, (Table 

4.2). Shao et al. recently studied the HER activity of Pt/C (20 wt%) in 0.5 M H2SO4 and 

measured a Tafel slope of 30 mv/dec and an exchange current density of 0.3567 

mA/cm2
geo which was consistent with that of the Pt/C in our study (Table 4.2).13 Although 

the low HER kinetics associated with (PdNPs/PdNPs@)s-GNF, it had a very small onset 

potential and higher current density values similar to Pt/C and this can be attributed to 

active PdNPs supported by the highly conductive s-GNF.  
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4.2.2 Stability of (PdNPs/-PdNPs@)s-GNF versus Pd/C and Pt/C in HER after 

5000 potential cycles. 

The long-term stability is a key factor in determining the performance of a electrocatalyst 

towards HER. The stability of (PdNPs/-PdNPs@)s-GNF after 5000 potential cycles was 

probed by continuous applied linear potential sweeps between 0.4 and -0.2 V versus RHE 

at 50mV/s scan rate and compared with Pd/C and Pt/C benchmarks electrocatalysts. 

During stability tests, the electrode surface was exposed to oxidation and reduction 

cycles. The electrochemical activity of each catalyst was evaluated as the initial and after 

the 5000 cycles using the polarization curves and the corresponding Tafel slopes (Figure 

4.8 and Figure 4.9). 
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Figure 4.8. HER polarization curves for (PdNPs/-PdNPs@)s-GNF electrocatalyst compared to 

commercial benchmark Pd/C  and Pt/C initial and after 5000 cycles, respectively.  
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After 5000 HER cycles, (PdNPs/-PdNPs@)s-GNF exhibited an excellent catalytic 

activity with an onset potential of 0 V and a very low Tafel slope (25.7 mV/dec), which 

is in contrast with the negligible change on the Tafel slopes observed for Pd/C (31.4 

mV/dec) and Pt/C (27.3 mV/dec) (Figure 4.9).  

 

Furthermore, the largest exchange current density was obtained for (PdNPs/-PdNPs@)s-

GNF that increased from 0.289 to 0.357 mA/cm2
geo after durability tests. However, the 

exchange current density of Pt/C decreased from 0.378 to 0.272 mA/cm2
geo, whilst Pd/C 

was improved from 0.050 to 0.069 mA/cm2
geo, but it was still not comparable to the value 

of obtained for (PdNPs/-PdNPs@)s-GNF and Pt/C. Moreover the potential value required 

to obtain a current density of -10 mA/cm2 was consisting with other parameters following 

the next trend, (PdNPs/-PdNPs@)s-GNF (41 mV) < Pt/C (47 mV) < Pd/C (66 mV), 
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which was a significant improvement for our catalyst (Figure 4.8 and Table 4.2). This not 

only proved the excellent stability but also the improvement on the electrocatalytic 

activity of (PdNPs/-PdNPs@)s-GNF in HER compared to Pt/C and Pd/C. 

Table 4.2. Summary of the onset potential, overpotential at -10 mA/cm2, Tafel slopes and 

exchange current density values for the HER measurements initial and after the stability test of 

5000 cycles for (PdNPs/-PdNPs@)s-GNF, Pd/C and Pt/C. 

 

 Onset potential 

(mV) 

Overpotential (mV) 

at -10 mA/ cm2 

Tafel Slope 

(mV /dec) 

J0 

(mA/cm2
geo) 

(PdNPs/PdNPs@)s-GNF 

Initial 

-14 148 60.7 0.289 

(PdNPs/PdNPs@)s-GNF 

after 5000 cycles 

0 41 25.7 0.357 

Pd/C Initial -61 74 32 0.050 

Pd/C 

after 5000 cycles 

-56 66 31.4 0.069 

Pt/C Initial 0 52 30 0.378 

Pt/C 

after 5000 cycles 

0 47 27.3 0.282 
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To further understand the observed electrochemical performance toward HER after 

durability test, changes on the structure of the electrocatalayst material 

((PdNPs/PdNPs@)s-GNF) was carefully analysed by HRTEM and compared with the 

commercial electrocatalyst benchmarks (Pd/C and Pt/C) after 5000 cycles (Figure 4.10 

and 4.11). Interestingly, PdNPs adsorbed on the atomically flat external surface of s-GNF 

appears to migrate and grown during potential cycling, in contrast to that observed for 

PdNPs anchored to the corrugated interiors of s-GNF at the step-edges preventing NP 

migration. (Figure 4.10 a-c). 

 

Figure 4.10. (a-c)  HRTEM images of  (PdNPs/-PdNPs@)s-GNF after the stability test of 

5000 cycles b) PdNPs on s-GNF as d = 0.224 nm corresponding to the peak centred at 39.5° 

(as 2Ɵ°) from XRD and d) the size distribution of PdNPs at the step edges within s-GNF 

(PdNPs@s-GNF) and on the external of s-GNF (PdNPs/s-GNF), respectively by the 

measurements of more than 80 nanoparticles for each via HRTEM.  
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Statistical particle size distribution obtained via HRTEM confirmed the presence of 

smaller PdNPs at the step edges (4.97 ± 1.5 nm) with an increase of only ~0.5 nm with 

respect to the PdNPs size observed in (PdNPs/-PdNPs@)s-GNF before cycling (4.49 ± 

0.8 nm) (Figure 4.2a and Figure 4.10d), while much bigger PdNPs are found on the 

external surface of s-GNF (7.94 ± 5.1 nm) confirming their growth during stability tests. 

A significant particle growth is also observed in Pt/C (6.47 ± 5.2 nm) and Pd/C (8.63 ± 

5.3 nm) after 5000 cycles, which is in agreement with the slightly worsening of the 

electrochemical performance (Figure 4.5 and Figure 4.11). 

 

Figure 4.11. a)HRTEM images of Pd/C after 5000 cycles b) the size distribution of Pd/C by 

the measurements of more than 80 nanoparticles via HRTEM c)HRTEM images of Pt/C after 

the stability test of 5000 cycles d) the size distribution of Pt/C by the measurements of more 

than 80 nanoparticles via HRTEM. 
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Furthermore we examined the CV profiles of PdNPs/PdNPs@)s-GNF, Pd/C and Pt/C 

before and after the stability test of 5000 cycles, and described the hydrogen adsorption 

and desorption regions on the CV of Pt/C as it is well understood catalyst in the literature 

(Figure 4.13.c).60-62  

 

Figure 4.12. CVs of  a) (PdNPs/-PdNPs@)s-GNF b) Pd/C and  c) Pt/C in the hydrogen adsorption/ 

desorption potential region at scan rates of 50 mV/s between 0 V and 1 V in N2 saturated 0.1 M 

HClO
4
. (Currents was normalized by the geometric electrode surface area of the GC electrode). 
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In CV profile a cathodic peak below the ~0.4 V versus RDE is considered as 

underpotential deposition (UPD) region of Pt/C.61-62 The desorption peak at lower 

potential between the 0 and 0.2 V corresponds to desorption of weakly bonded H while 

the desorption peak at higher potential between 0.2 and 0.4 corresponds to desorption of 

strongly bonded H and described as HUPD-des for Pt/C (Figure 4.12c). It enables one to 

calculate the electrochemical surface area (ECSA) of the catalyst from the charge 

required to form a monolayer of adsorbed hydrogen on the catalyst surface. However, in 

the case of palladium, it is reported that hydrogen adsoption simultaneously occurs with 

hydrogen absorption process on Pd surface which confounds the determination of 

hydrogen monolayer formation by adsorption.63-65 Therefore,  HUPD was not applicable to 

calculate the ECSA of palladium in our study, ie PdNPs/PdNPs@)s-GNF and Pd/C. For 

this reason, we optimised the all polarisation curves by dividing to the geometric surface 

area of the GC electrode assuming that the catalyst spreaded completely over the whole 

surface of the GC.  

4.2.3 Investigating the effect of s-GNF support in HER 

Carbon based metal free materials with unique electronic properties such CNTs, graphene 

sheets, graphite nanoplatelets, carbon nitride, and three-dimensional (3D) carbon 

architectures have recently been proposed for the development of advanced metal-free 

catalysts with promising catalytic performances as an alternative to the metal based 

materials in electrochemical applications.55, 66-76 In addition to their long term chemical 

stability in acid, their high electrical conductivity, tunable composition, relatively low 

cost and abundance of carbon in earth made them exciting candidates for HER. In 2014, 

pristine MWNTs activated via acid oxidation has been reported for the first time as highly 

active one dimensional metal free catalyst to generate hydrogen with a very low onset 
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potentials as -50 mV and -220 mV to achieve a current density of 10 mA/cm2 with a 

Tafel slope of 71.3 mV/dec and an exchange current density of 0.016 mA/cm2.77  

In order to appraise the contribution of s-GNF in the electrochemical performance of 

(PdNPs/PdNPs@)s-GNF, we investigated the HER activity of s-GNF before and after 

cycling. The initial HER polarization curves indicated a good catalytic activity for s-GNF 

with a small onset potential about -27 mV, which means that it starts to generates current 

near to the HER equilibrium potential (0 V), however a large current density (422 mA) 

to achieve a current density of -10 mA/cm2
 is observed (Figure 4.13). After 5000 cycles, 

s-GNF exhibited a significantly increased HER activity similar to (PdNPs/-PdNPs@)s-

GNF with a Pt/C like onset potential of 0 V and nearly two fold reduction of the potential 

required to achieve a current density of -10 mA/cm2 ( 261 mV). 
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Figure 4.13. HER polarization curves for s-GNF and (PdNPs/-PdNPs@)s-GNF electrocatalyst 

initial and after stability tests of 5000 cycles , respectively.  
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The Tafel slope of s-GNF before and after 5000 cycles were 100.6 and 77.3 mV/dec, 

respectively (Figure 4.14).  

 

The smaller Tafel slope observed after cycling indicates a faster reaction rate but both 

values indicate that Volmer-Heyrowsky mechanism is involved during HER process 

where the Volmer step is the rate-determining step. Furthermore, a considerably large 

exchange current density is observed for s-GNF before cycling (0.0977 mA/cm2
geo), which 

is two times higher than that of the initial Pd/C (Table 4.2 and 4.3). After stability tests, 

a further increase of the exchange current density is clearly observed (0.222 mA/cm2
geo ) 

(Table 4.3). 
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Figure 4.14. HER Tafel plots for s-GNF and (PdNPs/-PdNPs@)s-GNF electrocatalyst initial 

and after stability test of 5000 cycles, respectively. 
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Table 4.3. Indication of the onset potential, overpotential at -10 mA/ cm2, Tafel slopes and 

exchange current density values for the initial HER measurements and after the stability tests of 

5000 cycles for s-GNF and (PdNPs/PdNPs@)s-GNF. 

 

It is important to find out the significantly improved HER activity and stability of s-GNF 

during the stability test (5000 cycles). It can be due to the several factors.  It is known 

that the edges of nanotubes and defects promote the electron transfer and the catalytic 

activity. 55-56,73-76 The shortening process via ball milling which increased the number of 

nanotubes and thus the number of the open edges increased with some defects on the 

outer GNF surface. A large number of catalytically active sites containing edge carbon 

atoms and the residual oxygen functional groups can act as active sites for HER. 

 

Onset 

potential 

(mV) 

Overpotential 

(mV) 

at -10 mA/ cm2 

Tafel Slope 

(mV /dec) 

J0 

(mA/cm2
geo) 

s-GNF 

Initial -27 422 100.6 0.0977 

s-GNF 

after 5000 cycles 0 261 77.3 0.222 

(PdNPs/-PdNPs@)s-

GNF                           

Initial -14 148 60.7 0.289 

(PdNPs/-PdNPs@)s-

GNF                       

after 5000 cycles 0 41 25.7 0.357 



155 
 

However, this process can also generate some residual carbon as a results of some 

defected tubes which is observed by HRTEM and the presence of these residual carbons 

with different surface and electronic properties in comparison to GNFs may limit the 

initial HER activity of s-GNF.  It may provide binding sites for HER and the reactants 

binding to the residual carbon surface may slow the reaction kinetic by the mass transport 

problems due the pore structure which is unknown. Moreover, the presence of some 

residual dba (dibenzylacetonate) complex due to the PdNPs formation can also inhibit 

the activity of PdNPs as it can block the surface of PdNPs leading the limitied access for 

the reactants. The electrical properties of these residual carbons and presence of residual 

dba may also reduce the HER activity.  Therefore,  the improved HER activity of s-GNF 

and PdNPs/PdNPs@)s-GNF during the stability test can be attributed due to the depletion 

of residuals resulting in the enhanced interactions of the reactants between the cleaned s-

GNF and (PdNPs/-PdNPs@)s-GNF to evolve H2. 

For a better understanding, s-GNF after the stability test  was analysed by HRTEM  and 

was observed that some of the graphitic step egdes undergo transformation (opening) 

during the continuous electrocatalysis compared to the initially closed structure of them 

in s-GNF (Figure 4.1 and 4.15).  
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Figure 4.15. (a-c) HRTEM images of s-GNF after the HER stability test of 5000 cycles. Green 

oval shapes in a) and enlarged region in b) show some opened step edges, d) EDX of s-GNF after 

ball milling, inset region in the enlarged red rectangular shape shows the oxygen peak with an 

atomic ratio% of C:O as 99.24:0.76 . 
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The observed opening of the step edges shown in Figure 4.15 via HRTEM is rationalised 

to be a result of hydrogen atoms forming covalent bonds with the carbon atoms in the 

curved part of the graphitic step edges. This is in agreement with previous work which 

reported the hydrogenation of graphene by free H atoms in the presence of a 

perpendicular electric field.78  It is proposed that the C=C bonds in the curved carbon 

surface at the step edge interact with hydrogen radicals via catalytic hydrogenation to 

form a chain of C-H bonds assuming along the zigzag direction of the carbon sheet.79 

This results in the conversion of sp2 hybridised carbons into sp3 carbon centres.   

Subsequently, the C-H bonds can then either act as a site to interact with further protons 

from the solution to form H2 and reform the initial curved sp2 hybridised carbon structure, 

or alternatively the newly formed C-H bonds can undergo further hydrogenation, 

promoting strain relieving unzipping of the graphitic step edge, rupturing the C-C bonds 

along line of C-H bonds and forming two planar graphitic layers (Scheme 4.1).  
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The Pd nanoparticles embedded in s-GNF catalyst, (PdNPs/-PdNPs@)s-GNF, exhibited 

enhanced HER activity during the stability tests (Figure 4.14). This improved activity can 

be partly explained by considering the analogous improvement in HER activity exhibited 

by s-GNF alone during identical HER stability tests. This implies that the observed 

improvement in activity of the (PdNPs/-PdNPs@)s-GNF over time are actually a result 

of changes in the support during the experiments. However, the HER activity of 

(PdNPs/-PdNPs@)s-GNF, both initially and after the stability test, was much better than 

that of s-GNF alone implying that the Pd NPs are also playing an important role in the 

observed HER activity.  

+ H
+ 
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H
+  

 + H
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Scheme 4.1. Proposed mechanism showing how protons interact with the C=C bonds of the 

curved graphtic step edge along the zigzag direction of the carbon sheet.  Initially they  reversibly 

forming a line of C-H bonds and then further hydrogentaion leads to rupturing of the curevd 

carbon sheet and the formation of C-CH
3
 teminated flat graphene layers. 
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It is proposed that the accessible step edges of the s-GNFs are perfectly structured for  

selective growth of PdNPs compared to the ‘featureless’, smooth outer walls of the GNF.  

The resultant PdNPs/GNF structure at the step edge provides an active binding site for 

hydrogen ions to produce hydrogen, and the PdNP could conceivably act as a catalyst to 

lower the energy barrier to hydrogenation and rupturing processes.  The PdNPs at the 

step edges can be bound to the s-GNF in two possible ways: (i) via strong hybridisation 

between the Pd atoms and carbon π orbitals in the s-GNF forming a π-bond80 (Scheme 

4.2a), and, (ii) via covalent interaction of Pd atoms and the C-CH bonds in the 

hydrogenated step edges to strong covalent Pd-C bonds81-83 (Scheme 4.2b). It is proposed 

that initially the majority of the Pd NPs are bound to the step edges via π-bonds but over 

time, as hydrogenation occurs and more C-H bonds are formed, more sigma C-Pd bonds 

are formed which the interactions of Pd cluster with the opened step edges was observed 

via HRTEM (Figure 4.22d). This leads to more effective conduction from the electrode, 

through the GNF to the NP and thus higher HER activity over time.  
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These strong interactions of PdNPs at the step edges was also confirmed by HRTEM 

where the nanoparticle growth and degradation was mostly indicated on the external of 

s-GNFs due to migration of the nanoparticles on the smooth external of s-GNF in acid, 

while there was no significant nanoparticles growth due to the highly stabilised 

nanoparticles at the step edges (Figure 4.22).  

Scheme 4.2. Schematic represantation of (a) a Pd atom interacted to the curved carbon sheet 

of the step edge via π bonding (left) and a model of a Pd cluster (purple) interacted with step 

edges (dark grey), and, (b) the unzipping of the curved carbon sheet of the step edges leading 

to covalent interactions between the Pd atoms of the NPs and the hydrogenated, planar 

graphitic sheets and a model of a Pd cluster (purple) interacted with the opened step edges 

(dark grey) via sigma bond.  

b) 

a) 

Pd 

Pd 
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In addition to these, the nano-confined space of  GNF, in particularly around step edges 

with  ̴ 3 nm high may increase the local concentration of the reactions enabling a faster 

HER kinetic. As a result, we demonstrated HER activity and stability of 

PdNPs/PdNPs@)s-GNF was superior that of Pd/C and Pt/C after the stability test of 5000 

cycles due to the cleaned surface and improved electron transfer and synergetic effect 

between the s-GNF and PdNPs.  

Furthermore we examined the CV profiles of s-GNF and PdNPs/PdNPs@)s-GNF before 

and after the stability test of 5000 cycles. In CV profile both HUPD-des and desorption peaks 

of s-GNFs and PdNPs/PdNPs@)s-GNF were illustrated in Figure 4. 26, and observed an 

increase of desorption peak area in current for both s-GNFs and PdNPs/PdNPs@)s-GNF 

Figure 4.16. CVs of s-GNFs and PdNPs/PdNPs@)s-GNF as initial and after the stability test of 

5000 cycles at scan rates of 50 mV/s between 0 V and 1 V in N2 saturated 0.1 M HClO4. (Currents 

was normalized by the geometric electrode surface area of the GC electrode). 
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after the stability test which can mean that during the stability the surface of the catalyst 

was cleaned which enhanced surface area and enabled an efficient mass transport through 

the both catalysts leading to increase in the HER activity. 

4.2.4 Investigating the activity and stability of (PdNPs/-PdNPs@)s-GNF in HER 

as a function of the cycling number 

Electrocatalytic stability of (PdNPs/-PdNPs@)s-GNF were studied as a function of 

cycling number. The electrochemical activity of  (PdNPs/-PdNPs@)s-GNF towards HER 

were investigated after 2500, 50000, 10000, 20000 and 30000 cycles and compared with 

Pt/C electrocatlayst benchmark after 5000 and 30000 cycles (Figure 4.20). HER 

polarization curves at different cycling numbers are shown in Figure 4.17. We observed 

an enhanced HER activity by the increasing cycling number and summarized all 

parameters used to evaluate the HER catalyst in Table 4.4. 

 

Figure 4.17. HER polarization curves for (PdNPs/-PdNPs@)s-GNF electrocatalyst material as 

initial and after the stability test at different cycling numbers as, 2500, 5000, 10000 20000 and 

30000 with initial Pt/C. 
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Figure 4.18. Tafel plots for (PdNPs/-PdNPs@)s-GNF electrocatalyst as initial and after the 

stability test performed at different cycling numbers as 2500, 5000, 10000, 20000 and 

30000, respectively. 

 

As can be seen from Figure 4.17, after the initial HER measurement, the onset potential 

of (PdNPs/-PdNPs@)s-GNF stayed at 0 mV and the Tafel slopes and the potential 

required to achieve a current density of -10 mA/cm2gradually decreased during to 

stability cycling up to 30000 cycles, (Figure 4.18 and Table 4.4). Polarisation curves and 

Tafel slopes of (PdNPs/-PdNPs@)s-GNF after  20000 and 30000 HER cycles showed 

similar trend; however, the largest exchange current density was obtained for (PdNPs/-

PdNPs@)s-GNF as 0.545 mA/cm2
geo after the 30000 cycles (Table 4.4). 
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Table 4.4. Onset potential, overpotential, Tafel slopes and exchange current density values for 

the initial HER measurements of (PdNPs/-PdNPs@)s-GNF and after the stability tests at different 

cycling numbers as 2500, 5000, 10000, 20000 and 30000, respectively.  

 

 

 

 

 

 

 

Onset potential 

(mV) 

Overpotential (mV) 

at -10 mA/ cm2 

Tafel Slope 

(mV /dec) 

J0 

(mA/cm2
geo) 

Initial -14 148 60.7 0.289 

after 2500 

cycles 0 42 26.3 0.291 

after 5000 

cycles 0 41 25.7 0.357 

after 10000 

cycles 

0 37 25.4 0.376 

after 20000 

cycles 

0 28 21.1 0.476 

after 30000 

cycles 

0 27 22 0.545 
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The  CV profiles of PdNPs/PdNPs@)s-GNF as initial and after the stability test with  

different cycling numbers demonstrated a gradual increase of desorption peak area in 

current for PdNPs/PdNPs@)s-GNF showing that the surface area of the catalyst was 

increased during the cycling and enabled a superior HER activity. 
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Figure 4.19. CVs of PdNPs/PdNPs@)s-GNF as a function of cycling number at scan rates of 50 

mV/s between 0 V and 1 V in N2 saturated 0.1 M HClO4. (Currents was normalized by the 

geometric electrode surface area of the GC electrode) 
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Furthermore, we investigated the stability of Pt/C up to 30000 HER cycling and 

compared with PdNPs/PdNPs@)s-GNF. On the contrary to PdNPs/PdNPs@)s-GNF, 

HER activity of Pt/C significantly decreased in comparison to its initial activity.  

 

 

 

 

 

 

 

 

Figure 4.20. HER polarization curves for Pt/C and (PdNPs/-PdNPs@)s-GNF 

electrocatalyst materials as initial and after the stability test at different cycling numbers 

as 5000 and 30000. 
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Although the Tafel slope, i.e. the reaction mechanism remain unchanged,   initial onset 

potential (0 V) changed as -25 mV, the overpotential required to achieve a current density 

of -10 mA/cm2gradually significantly increased from 52 mV (initial) to 67 mV after 

stability test of 30000 cycles ( Figure 4.21 and Table 4.5).  

 

A sharp decrease was also observed in the exchange current density for Pt/C from 0.378 

mA/cm2
geo (initial) to 0.149 mA/cm2

geo after the 30000 cycles which was not comparable 

that of  PdNPs/PdNPs@)s-GNF (Table 4). PdNPs/PdNPs@)s-GNF and Pt/C after the 

stability test of 30000 cycles  were analysed by HRTEM (Figure 4.22 and 4.23). 

PdNPs/PdNPs@)s-GNF indicated that the PdNPs at the step edges was very well 

stabilised and remained still small in size, 5.2 ± 1.7 nm while the PdNPs on the outer of 

s-GNFs  agglomerated to the bigger NPs, 7.6 ± 3.6 nm and there was comparably less 

NPs on the outer of s-GNF from the initial sample. It can be explained that some NPs 

migrated from the s-GNF surface to the solution due to the strong acidic environment 
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during the reaction. However, it was not applicable to quantify the  amount of the PdNPs 

after the stability test . 

 

Table 4.5. Exhibition of the onset potential, overpotential, Tafel slopes and exchange current 

density values for the HER measurements as initial and after the stability test of 5000 and 30000 

cycles for (PdNPs/-PdNPs@)s-GNF and Pt/C. 

 

 

 Onset potential 

(mV) 

Overpotential (mV) 

at -10 mA/ cm2 

Tafel Slope 

(mV /dec) 

J0 

(mA/cm2
geo) 

(PdNPs/-PdNPs@)s-GNF                    

Initial 

-14 148 60.7 0.289 

Pt/C  Initial 0 52 30 0.378 

(PdNPs/-PdNPs@)s-GNF                      

after 5000 cycles 

0 41 25.7 0.357 

Pt/C                              

after 5000 cycles 

0 47 27.3 0.282 

(PdNPs/-PdNPs@)s-GNF                      

after 30000 cycles 

0 27 22 0.545 

Pt/C                              

after 30000 cycles 

-25 67 27.3 0.149 
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Figure 4.22. (a-d) HRTEM images of (PdNPs/-PdNPs@)s-GNF after 30000 cycles d) PdNPs 

bonded to opened step edges (blue arrows) and d spacing value of  PdNPs (black arrows) and  

graphene layers (yellow arrows) on s-GNF as 0.224 nm and 0.336 nm, respectively, 

corresponding to Pd (111) and C (002) e) particle size distribution (measured using more than 

80 NPs d) EDX analysis of PdNPs@s-GNF. 
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HRTEM images of Pt/C exhibited the NPs growth after 30000 cycles, however with 

similar particle size distribution after the stability test of 5000 cycles (Figure 4.23). 

 

These can be attributed to the degradation of Pt/C and oxidising of carbon support during 

the stability test as the electrode surface was exposed to oxidation and reduction cycles 

and thus altered electronic properties of the catalyst. However,  PdNPs/PdNPs@)s-GNF 

displayed superior durability and increasing activity in strong acidic media in comparison 

to Pt/C due to the step edges stabilised the PdNPs and (PdNPs/-PdNPs@)s-GNF 

enhanced its electronic properties during the stability test.  
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Figure 4.23. (a-b) HRTEM images of Pt/C after 30000 cycles c) particle size distribution 

of Pt (measured using more than 80 NPs d) EDX analysis of Pt/C.  
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The  CV profiles of PdNPs/PdNPs@)s-GNF and Pt/C as initial and after the stability tests 

of 5000 and 30000 cycles, respectively were examined (Figure 4.24). 

 

PdNPs/PdNPs@)s-GNF demonstrated a gradual increase of desorption peak area in 

current and also bigger oxygen reduction peak between the 0.6-0.9 V however did not 

affect the HER performance as s-GNF is very stable in acid environment. However, the 

desorption peak area of Pt/C got smaller compared to the initial CV measurement and the 

CV profile of Pt/C slightly changed after the 30000 cycles. It also gave a bigger oxygen 

reduction peak between the 0.6-0.9 V compared to the initial measurement, which is 

consistent with our evaluation that Pt/C degrades showing that the surface area of the 

catalyst was increased during the cycling and enabled a superior HER activity. 
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4.2.5 Study of HOR on (PdNPs/-PdNPs@)s-GNF hybrid electrocatalyst 

Hydrogen oxidation reaction  (HOR, H2 → 2H+ + 2 e) that is the consider the reverse of 

the HER is an important cathode reaction in fuel cell. It is generally accepted that HOR 

can be limited by the mass transport of H2 to the electrode surface as evidenced by the 

plateau in the polarization curves which can be attributed to the limited solubility of 

H2.  Therefore it is crucial to use the rotating disk electrode (RDE) to eliminate the limited 

mass transport of H2 onto the electrode surface.84  

HOR activity of (PdNPs/-PdNPs@)s-GNF was then studied by applying a potential 

between -0.2 to 0.9 V versus RHE in H2 saturated 0.1 M HClO4 solution by rotating the 

electrocatalyst at 400, 900, 1600 and 2500 rpm rotation speeds at room temperature. HOR 

polarisation curves were obtained to examine the kinetic of HOR activity of (PdNPs/-

PdNPs@)s-GNF by plotting the current density versus potential after the currents were 

normalized to the geometric area of the glassy carbon electrode and the potentials were 

corrected by the iR correction. The current density (j) was observed to gradually increase 

with the increase in the rotation speed applied from 400 to 2500 rpm from the polarisation 

curves which was consistent with the literature (Figure 4.25a).  
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According to the Koutecky-Levich equation, the current density ( j ) experimentally 

obtained from RDE measurements depends on two parameters: the kinetic current density 

(jk) and the diffusion limiting current density (jlim) (Equation 4.6). 

1

𝑗
=

1

𝑗𝑘
+

1

𝑗𝑙𝑖𝑚
                                      Equation 4.6   

HOR reaction at 400, 900,1600 and 2500 rpm rotating speed was obtained by plotting j-1 

versus ω-1/2 at a particular potential (Koutecky-Levich plot). The Koutecky-Levich plot 

of (PdNPs/-PdNPs@)s-GNF obtained at 0.4 V gave a straight line passing through the 

origin which confirms that the limiting current at 0.4 V was fully controlled by diffusion 

of H2 mass (Figure 4.25b).  

 

 

 

Figure 4.25  a) HOR polarisation curves (positive direction) and b) Koutecky–Levich plot 
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There are only a few studies available in the literature on HOR activity of Pd-based 

catalyst to compare with our results.84-85 Pronkin et al.86 studied the HOR activity of Pd/C 

in 0.1 M H2SO4  using RDE and reported an exchange current density of ∼0.22 mA cm−2 

geo which was comparable to initial HOR activity of (PdNPs/-PdNPs@)s-GNF (Figure 

4.25 and Table 4.6).  

We also studied the HOR activity of Pt/C as a benchmark catalyst to compare with that 

of the (PdNPs/-PdNPs@)s-GNF and observed a similar trend to (PdNPs/-PdNPs@)s-

GNF by plotting j-1 versus ω-1/2 at 0.4 V where the current density (j)  gradually increased 

with the increase in the rotation speed applied from 400 to 2500 rpm (Figure 4.22a). The 

Koutecky-Levich plot of Pt/C at 0.4 V gave a straight line passing through the origin 

similar to that of (PdNPs/-PdNPs@)s-GNF (Figure 4.26b). 

 

 

 

 

Figure 4.26 a) HOR polarisation curves (positive direction) of Pt/C and b) Koutecky–Levich 

plot (j
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−0.5

) of Pt/C at 400, 900, 1600 and 2500 rpm rotating speeds. 
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To evaluate the HOR activity of (PdNPs/PdNPs@)s-GNF, the kinetic parameters such as 

Tafel plots and exchange current density were obtained from the plot of the logarithmic 

kinetic current (log jk) versus the overpotential (𝜂) using the Butler-Volmer equation. The 

diffusion limited  current density (jlim) can be determined either using the  Levich 

equation: 

j lim = 0.62nFD2/ 3ν−1/6C0ω
1/2                                         Equation 4.7 

 

(where D the diffusion coefficient of the reactant (cm2/s), F is the Faraday’s constant 

(96,498 C/mol), n the number of electrons in the HOR (n = 2), ν the kinematic viscosity 

of the electrolyte (cm2/s),  ω rotation speed (rpm), C0 is the H2 concentration in the 

solution and BC0 is a constant related to the concentration and diffusivity of the solubility 

of H2 gas) 

or by extracting the kinetic current density (jk) from the Koutecky-Levich equation:  

𝑗𝑘 = (𝑗 ∗  𝑗𝑙𝑖𝑚)/(𝑗lim −𝑗)                                               Equation 4.8 

Here, j is the measured current density (mA/cm2) at 1600 rpm and jlim is the diffusion 

limiting current. The diffusion limiting current densities were determined from the 

polarisation curves, for instance the initial polarisation curves of (PdNPs/-PdNPs@)s-

GNF and Pt/C reached the plateau at ∼0.3 V and ∼0.06 V vs. RHE, respectively and the 

corresponding currents were used as the diffusion limiting currents to calculate the kinetic 

current densities for each catalyst using Equation 4.4  (Figure 4.27a). Tafel plots 

corresponding to the diffusion limited current density for initial (PdNPs/-PdNPs@)s-

GNF and Pt/C were then produced by plotting the logarithmic kinetic current (log jk) 

versus overpotential (𝜂) for each electro catalyst at 1600 rpm (Figure 4.27b).  
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Table 4.6. Indication of the onset potential, overpotential, Tafel slopes and exchange current 

density values of (PdNPs/-PdNPs@)s-GNF and Pt/C as initial and after the stability test of 5000 

cycles, respectively.  

 

 Tafel Slope 

(mV /dec) 

J0 

(mA/cm2
geo) 

(PdNPs/-PdNPs@)s-GNF 

Initial 60.1 0.157 

(PdNPs/-PdNPs@)s-GNF 

after 5000 cycles 

27 0.278 

Pt/C Initial 29.1 0.269 

Pt/C                                                      

after 5000 cycles 

28 0.201 

Figure 4.27. a) HOR polarisation curves (positive direction) and (b) Tafel plots
 
of         

(PdNPs/-PdNPs@)s-GNF and Pt/C at 1600 rpm rotating speed. 

a) b) 
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The obtained initial HOR Tafel slopes of (PdNPs/-PdNPs@)s-GNF indicated the 

Volmer-Heyrowsky mechanism where Heyrowsky step was the rate determining step 

with the Tafel slope of nearly 60 mV/dec, while Pt/C had a Volmer-Tafel mechanism and 

the desorption of hydrogen atoms was the rate-limiting step.  

The HOR stability of (PdNPs/-PdNPs@)s-GNF and Pt/C was also investigated by 

continuous applied linear potential sweeps between 0.4 and -0.2 V versus RHE at 50 

mV/s scan rate by the 5000 potential cycles and the electrochemical activity of the 

catalyst was evaluated after the 5000 cycles using the HOR polarization and the 

Koutecky-Levic plots at 400, 900, 1600 and 2500 rpm rotating speeds (Figure 4.28). After 

the stability test of  (PdNPs/PdNPs@)s-GNF, an extra oxidation peak was observed at 

~0.06-0.13 V potential range which was consistent for literature in the use of Pd due to 

the hydrogen adsorption/desorption reaction on the PdNPs (Figure 4.28a).12,87 (PdNPs/-

PdNPs@)s-GNF exhibited dramatically enhanced HOR activity after the stability test 

with a Tafel slope of 27 mV/dec which suggests that it has a Volmer-Tafel mechanism 

and the Tafel step  is the rate-determining step. We also observed a two magnitude higher 

exchange current density after the stability test. This is consistent with the HER results 

of (PdNPs/-PdNPs@)s-GNF before and after the stability test of 500 cycles.  
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Figure 4.28. a) HOR polarisation curves (positive direction) and b) Koutecky–Levich plot 

of (PdNPs/-PdNPs@)s-GNF after 5000 HER/HOR cycles at 400, 900, 1600 and 2500 rpm 

rotating speeds c) HOR polarisation curves (positive direction) and d) Koutecky–Levich 

plot of Pt/C after 5000 HER/HOR cycles at 400, 900, 1600 and 2500 rpm rotating speeds. 
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HOR Tafel plots for (PdNPs/-PdNPs@)s-GNF and Pt/C were then produced by plotting 

the logarithmic kinetic current (log jk) versus overpotential (𝜂) for each electro catalyst at 

1600 rpm after 5000 HOR cycles (Figure 4.2). 

 

Overall, the strong interactions of s-GNF support with PdNPs, in particularly the PdNPs 

interacted with open step edges could provide an efficient electron transport between the 

s-GNF and PdNPs. These strong interactions of PdNPs at the step edges were also 

confirmed by HRTEM that the nanoparticle growth and degradation was mostly indicated 

on the external of s-GNFs due to migration of the nanoparticles on the smooth external 

of s-GNF in acid, while there was no significant nanoparticles growth due to the highly 

stabilised nanoparticles at the step edges.  

 

Figure 4.29. a) HOR polarisation curves (positive direction) and (b) Tafel plots
 
of (PdNPs/-

PdNPs@)s-GNF and Pt/C at 1600 rpm rotating speed. 
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4.3 CONCLUSION 

In this chapter, a novel (PdNPs/-PdNPs@)s-GNF hybride material was designed and 

demonstrated that the superior HER activity of (PdNPs/-PdNPs@)s-GNF in comparison 

to commercial Pd/C and Pt/C in acidic media. The intitial HER activity of (PdNPs/-

PdNPs@)s-GNF was lower than that of the commercial Pt/C and Pd/C catalyst but it was 

still comparable to them due to its Pt-like HER behavior. However, it indicated an 

outstanding stability and gradually increased HER activity during the continuous 

electrochemical HER cycling (up to 30000 cyles). The effect of metal free s-GNF support 

was studied in HER and observed that an increase in HER activity and stability during 

the 5000 electrochemical cycling. HRTEM revealed for the first time the presence of 

some opened step-edges in the s-GNF during the electrochemical cycling. Thefore, the 

enhanced HER activity of s-GNF after 5000 cycles was accredited to the some opened 

step edges in s-GNF enabling active sites to form hydrogen and promoting charge 

transfer. This observation helped to understand the significantly improved HER/HOR 

activity of (PdNPs/-PdNPs@)s-GNF hydrid during the electrochemical cycling. Overall, 

superior HER/HOR activity of (PdNPs/-PdNPs@)s-GNF during the electrochemical 

cycling can be attributed to the several factors. Firstly,  reactions taking place in a 

confined nano-environment of s-GNF could enhance the activity of HER/HOR by 

increasing the local concentrations of the reactants and enabling better interactons of 

reactans with the Pd catalyst. Secondly, the enhanced interactions between PdNPs ansd 

s-GNF promoted the HER/HOR due to the chemical transformations of some step edges, 

i.e. opened step edges, during the electrochemical cyling. The opened step edges enabled 

stronger interactions between s-GNF and PdNPs, and thus improved the electron transfer 

and synergetic effects between PdNPs and s-GNF.  Thirdly, HRTEM investigation of all 

catalyst after the stability test proved that the size of PdNPs  remained nearly unchanged 
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due to the strong interactions of PdNPs with step edges, while the migration and growth 

of PdNPs on the external of s-GNF and PtNPs on carbon support. This can mean that the 

strong interactions between the step edges and PdNPs prevented the migration of 

nanoparticles and aggregate to larger clusters leading to some loss in the active surface 

sites of the catalyst, while there was significant PtNPs growth due to weak interactions 

of PtNPs with the carbon support. Finally, some residuals formed during the synthesis of 

(PdNPs/PdNPs@)s-GNF, either on s-GNF such as amorphous carbon or on the PdNPs 

surface such as dba could have hindered the intial HER/HOR activity of 

(PdNPs/PdNPs@)s-GNF. Thus, it could be cleaned during the cycling and improved the 

HER/HOR activity. 

In conclusion, this study presents (PdNPs/-PdNPs@)s-GNF hybrid material as promising 

candidate for fuel cell reactions due to the its outstanding HER/HOR activity and stability 

It also provides a significant contribution to the field with lack of Pd-based electrocatalyst 

in HER/HOR. The unique structure and electrochemical properties of s-GNF presents an 

exciting prospect for the future fuel cell applications to be used as either a metal-free 

catalyst or support material for other metals catalysts.  
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4.4 EXPERIMENTAL 

GNF were purchased from Pyrograf Products Inc (PR19, chemical vapor deposition), 

USA. Nafion® (5% solution in a mixture of lower aliphatic alcohols and water) and all 

other reagents and solvents were purchased from Sigma-Aldrich (UK) and used without 

further purification. Graphitised nanofibers (GNF) were supplied by Pyrograf® Products 

Inc. Pt/C (20 wt%, HiSPECTM 3000)  and Pd/C commercial catalysts was supplied by 

Johson Matthey and Alfa Aeser, respectively. Ultra-pure water purified with Millipore 

Advantage A10 water equipment (resistivity 18.2 MΩ•cm at 25 ˚C) was used in all 

experiments. 

HRTEM analysis was performed on a JEOL 2100 Field emission gun microscope with 

an information limit of 0.12 nm at 200 kV. Samples for HRTEM analysis were prepared 

by dispersing the materials in HPLC grade iso-propanol using ultra-sonication, then drop 

casting the resultant suspension onto a lacey carbon film coated copper grid.  

TGA analysis was performed on a TA Instruments TGA-SDTQ600 analyser. Samples 

for TGA analyses were heated in an inert atmosphere up to 1000 °C with a heating rate 

of 10 °C/min.  

The powder X-ray diffraction patterns were obtained using a PANanalytical X’Pert PRO 

diffractometer equipped with a Cu-Ka radiation source (=1.5418 Å) operating at 40 kV 

and 40 mA, with 0.05252° step size and 5925.18 second step time. 

4.4.1 Shortening the GNF using ball milling 

50 mg of GNF (PR19) as received with a length of ~15 ±12 μm as we reported in section 

2  were mechanically ground in an ambient atmosphere using a Retsch MM 400 ball mill 

instrument, containing a steel ball with a diameter of 10 mm. The rolling speed of the 

milling machine is fixed at 10 Hz for 1.5 hours to obtain the desired s-GNF. 
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4.4.2 Preparation of (PdNPs/-PdNPs@)s-GNF 

s-GNF (15 mg, annealed at 450 C for 1 hour prior to use) were dispersed in CHCl3 (40 

mL) using ultrasound for 10 minutes. A solution of Pd(dba)3.CHCl3 (11.2 mg, 

corresponding to a 15 wt %) in CHCl3 (20 mL) was then slowly added to the s-GNF 

dispersion in small portions (0.5 mL) whilst being treated with ultrasonic waves and 

stirred at 40 ° C for 1 day until the solution became colorless. PdNPs@GNF was then 

separated from the reaction mixture by filtration and washed repeatedly with acetone (20 

mL) using a 0.2 µm PTFE membrane filter to remove free dba and obtain the final 

(PdNPs/-PdNPs@)s-GNF material as a black powder. 

4.4.3 Electrochemical measurements  

The electrochemical experiments were performed by three electrode set up using Autolab 

potentiostat PGSTAT204 with a glassy carbon electrode (GCE) as the working electrode 

in a commercial (Pine Instruments), a Pt wire as a counter electrode and a HydroFlex 

reversible hydrogen electrode (RHE) as the reference electrode, respectively. This system 

was coupled with a NOVA software. The GCE was cleaned with 0.05µm principal 

particle size alumina powder solution (Agar Scientific Ltd.) on a polishing paper to 

remove any impurity which may affect electrochemical measurements. An catalyst ink 

solution was prepared for each catalyst where catalyst (1 mg) was dispersed in hexane (1 

mL) using ultrasonication for 15 mins, respectively.  (PdNPs/-PdNPs@)s-GNF ink 

corresponding of a resultant metal loading of 100 µg/cm2
geo

 were deposited onto the GCE 

with a 0.196 cm2 geometric surface area by drop casting and the resultant film was 

covered by a Nafion solution (5 % Nafion in a mixture of lower aliphatic alcohols and 

water, 20 μL) and then dried under argon flow at room temperature for 30 min. Pt/C and 

Pd/C was also prepared using the same procedure but with a resultant metal loading of 

100 µg/cm2
geo. 
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The potential was cycled at fast scan rates (200 mV/s) for 50 cycles between 0 V and 1.2 

V were taken in order to remove any impurities and unwanted species from the surface 

of the electrode prior to cyclic voltammetry (CV) and HER/HOR measurements. 

Impedance measurements, the cell resistance was measured immediately after HER/HOR 

measurements taking the ac impedance spectra from 32 to 0.1 kHz and a voltage 

perturbation of 10 mV. The real part of the resistance at 1 kHz was taken as the cell 

resistance and was used to obtain the IR-free potential of the working electrode. All of 

the I-E curves was corrected by the solution resistance by using E= Eexperimental-(I*R). 

CV measurements were performed in nitrogen saturated 0.1 M HClO4 at scan rates of 50 

mV/s between 0 V and 1 V. HER measurement were performed between 0.2V and -0.9 

V vs RHE at a sweep rate of 10 mV/s in hydrogen saturated 0.1M HClO4 at room 

temperature. HOR measurements were performed between 0 V and 1 V vs RHE with a 

variety of rotating speed at 400, 900, 1600 and 2500 rpm using the rotating disk electrode 

(RDE). Electrochemical stability test was carried out by continuously applying linear 

potential sweeps up to 20000 cycles from -0.2 to 0.4 V vs RHE at 50 mV in hydrogen 

saturated 0.1 M HClO4 at 1600 rpm to get rid of the hydrogen bubbling evolved on the 

electrode surface during the cycling.  
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5 CONCLUDING REMARKS 

Carbon nanoreactors have the potential to provide materials which will revolutionise 

many areas such catalysis, electro-catalysis and electronic devices due to their unique 

physicochemical properties. However, the fundamental relationship between how the 

structure of carbon nanoreactors, e.g. size, shape, atomic bonding, number of defects etc. 

affects the fabrication of metal nanoparticles and subsequent chemical reactions within 

the confined space they possess is still remarkably underdeveloped and poorly 

understood. In particular, SWNTs as the narrowest nanoreactors with the most extreme 

spatial confinement are least extensively studied compared to wider carbon nanoreactors, 

such as MWNTs. In Chapter 2, SWNTs were investigated as active supports for RuNPs 

and compared with other carbon nanostructures, which impose different degrees of 

confinement, using exploratory hydrogenation reactions.   The catalytic activity of RuNPs 

encapsulated into the extremely confined space of SWNT (dSWNT ~1.5 nm) was compared 

with that of RuNPs confined inside wider, hollow GNFs (dGNF ~50 nm) and, RuNPs 

supported on commercial Ru/C, which represented a ‘confinementless’ control. The 

carbon nanoreactor supported RuNPs were then probed in both single and competitive 

hydrogenation both with small, norbornene, and relatively larger aromatic group 

containing, benzonorbornadiene, reactants. This study revealed that controlling the 

nanoscale environment around catalysts can efficiently enhance the efficiency of 

chemical reactions due to the stabilised nanoparticles and heightened interactions of the 

catalyst with the reactants. RuNPs@GNF exhibited TONs of 11216 for norbornene and 

4145 for benzonorbornadiene which were dramatically higher than that of unconfined 

RuNPs in commercial Ru/C (cf. TONs of 7428 for norbornene and 3058 for 

benzonorbornadiene).   In addition to this, with competitive hydrogenation reactions, the 
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conversion of aromatic reactants was observed to increase for the confined catalyst due 

to an increased affinity of the aromatic groups to the interior of nanoreactors resulting in 

a change in the ratio of products formed, e.g. RuNPs@GNF and RuNPs@SWNT both 

exhibited higher benzonorbornadiene conversion and selectivity compared to 

norbornene, with benzonorbornadiene:norbornene ratios of 1:0.5 and 1:0.79, 

respectively.  This is in stark contrast to the complete absence of product selectivity in 

the presence of Ru/C. However, the presence of RuNPs in the narrow SWNT also blocked 

some of SWNT channels resulting in lower accessible surface areas and thus lower 

turnover numbers than predicted. Surprisingly, RuNPs confined in the much wider GNFs 

resulted in the most significant enhancements, demonstrating remarkable activity and product 

selectivity compared to unconfined RuNPs on the outer surface of SWNTs or carbon black. 

This was attributed to the fact that nanoscale graphitic step-edges within the GNF are 

completely accessible and possess the correct shape to interact favourably with the reactant 

molecules resulting in high local concentrations of reagents at the step-edges.  As the step-

edges are also the correct shape to act as anchoring points for the RuNPs this leads to high 

local concentrations of reactant molecules at the catalytically active RuNPs. This results in 

accelerated reaction kinetics and therefore the highest observed activity. Therefore, GNFs can 

be an attractive alternative to the extremely narrow SWNT nanoreactors for preparative 

catalysis.  

Carbon nanoreactors are excellent supports for heterogeneous catalyst systems, however, 

the low density and hydrophobicity of carbon nanoreactors makes using them in liquid 

phase reactions problematic.  Issues with the separation of them from the reaction 

solution is challenging using conventional separation techniques such as filtration and 

centrifugation resulting in the need for expensive equipment and secondary processes. 

Therefore, creating recoverable and recyclable nanoreactor catalyst systems in an easy, 
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cheap and efficient way for liquid phase reactions, and hence reducing the negative 

economic and environmental impact of multiple stage separations, is essential if they are 

to be exploited fully in preparative chemistry. Chapter 3 outlines the development of a 

methodology to combine catalyst formation and magnetic functionalisation steps to 

produce catalytically active, magnetically separable carbon nanoreactors. The work 

focussed on creating magnetically recyclable and catalytic carbon nanoreactors: by firstly 

attaching commercial graphene-like carbon coated magnetic Co nanomagnets to the GNF 

sidewalls using non-covalent interactions (van der Waals forces). Secondly, by the in situ 

formation of carbon coated iron nanomagnets (Fe@Cn) on the GNF. UV-Vis 

measurements demonstrated the excellent separation of both (Co@Cn)/GNF and 

(Fe@Cn)/GNF with a low magnetic nanoparticle loading (~8-9 wt%) from the solution, 

which was achieved in a short period of time (~90s) by applying a magnetic field. 

Additionally, Pd and Pt nanoparticles supported by GNF nanoreactors were synthesised 

and initially tested in the reduction of nitrobenzene using a high pressure H2 glass vessel 

in the absence of magnetic nanoparticles to explore suitable reaction conditions. Overall 

PdNPs@GNF-2 demonstrated the highest activity with a TOF of 72.3 min-1, and high 

aniline selectivity (85%) at room temperature. Finally, active metallic catalyst formation 

and magnetic functionalisation steps were combined and the sustained activity of the 

hybrid PtNPs- and PdNPs@(Co@Cn)/GNF and @(Fe@Cn)/GNF materials was probed 

using magnetic recovery cycles in heterogeneous nitrobenzene reduction reactions. These 

experiments indicated that both (Co@Cn)/GNF and (Fe@Cn)/GNF supports do not 

contribute to the reaction and the product selectivity in the absence or presence of the 

metal nanoparticle catalysts remained essentially the same. Moreover, the recyclability 

and stability of these magnetic and catalytic nanoreactors in the reduction of nitrobenzene 

were measured over 5 reaction/separation cycles using magnetic separation and 
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compared with a traditional filtration based separation method. A significant amount of 

catalyst loss (>10% by wt.) was observed during traditional filtration separations, while 

negligible catalyst loss (< 0.5% by wt.) was observed by magnetic recovery.  

All of these steps were successfully performed, and as a result novel magnetically 

separable and catalytic carbon nanoreactor systems were created allowing an easy and 

efficient combination of different metal catalyst and nanoreactors to investigate the 

confinement and recyclability of catalytic nanoreactors. This work represents an exciting 

development in the area of recyclable, catalytically active carbon nanoreactors. It may 

open a new door for the future developments of this field which in the long term may be 

scaled up and applied for chemical processes of industrial importance replacing 

inefficient and energy consuming conventional separation techniques. 

Carbon nanoreactors are also interesting as materials for energy related applications such 

as the hydrogen fuel cells and water splitting reactions where they can act as 

electrocatalysts due to their unique properties such as high electrochemical conductivity 

and surface area.  However, there is a gap in the literature with respect to the role that 

confinement affects the activity and durability of metal catalyst such as palladium in 

hydrogen evolution and hydrogen oxidation reactions (HER/HOR). In Chapter 4, the 

GNFs were shortened using a newly developed ball milling procedure, and combined 

with PdNPs to form ((PdNPs/PdNPs@)s-GNF. HRTEM revealed that some PdNPs were 

located within the s-GNF while some of them immobilised on the external of s-GNF. The 

s-GNF supported PdNPs were probed in HER/HOR and compared to commercial Pd/C 

and Pt/C materials in acid media. A significant enhancement in the activity and stability 

of (PdNPs/-PdNPs@)s-GNF (studied over 30000 cycles) was observed under electro-

catalytic cycling in HER/HOR compared to that of commercial Pt/C, which exhibited a 

lower activity and durability. The initial HER activity of (PdNPs/-PdNPs@)s-GNF was 
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lower compared to commercial Pd and Pt nanoparticles supported by carbon black. 

Initially, it exhibited a Tafel slope of 61 mV/dec; however, a Pt-like onset potential at -

14 mV and exchange current density of 0.289 mA/cm2 were observed, which was much 

higher than that of Pd/C. After 5000 cycles, (PdNPs/-PdNPs@)s-GNF showed an onset 

potential at 0 mV, a Tafel slope of 25.7 mV/dec, an exchange current density of 0.357 

mA/cm2 and an overpotential of -41 mV which achieved a current density of -10 mA/cm2 

in HER. After 30000 cycles, (PdNPs/-PdNPs@)s-GNF exhibited an onset HER potential 

of 0 mV, a current density of 10 mA/cm2 at a very small overpotential of 27 mV, a Tafel 

slope of 22 mV/dec and an exchange current density of 0.545 mA/cm2, and most 

importantly, revealed better stability than that of Pt/C and any other catalysts reported 

previously. Furthermore, s-GNF nanoreactors were explored for the first time as a metal 

free electrocatalyst and support in HER, showing enhanced HER activity and stability 

during the 5000 electrochemical cycling preformed. In similar fashion to (PdNPs/-

PdNPs@)s-GNF, the s-GNF showed an onset potential of 0 mV, a current density of 10 

mA/cm2 at an overpotential of 261 mV, a Tafel slope of 77.3 mV/dec and an exchange 

current density of 0.222 mA/cm2
geo after 5000 cycles, which was much higher than that 

of the initial HER values of s-GNF and other metal free HER catalysts.  HRTEM imaging 

enabled the investigation of structural changes in the s-GNF and (PdNPs/-PdNPs@)s-

GNF hybrid material and was used to rationalise the increase in activity after 

electrochemical cycling. TEM revealed chemical transformation of the step edges (the 

presence of some opened step edges, formed during the electrochemical cycling, were 

observed) which are believed to enhance the activity of the nanoreactor. Furthermore, 

HRTEM confirmed stronger interaction between PdNPs and the open step edges after 

electrochemical cycling. Therefore, the size of the PdNPs remained nearly unchanged 

due to stabilisation at the step edges, while there was a significant growth of Pd and Pt 
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nanoparticles on the control, carbon black support. HOR activity of (PdNPs/-PdNPs@)s-

GNF was also studied using a rotating disc electrode (RDE) and demonstrated that the 

current density gradually increased at increasing rotation speeds as a result of reduced 

mass transport limitations. Initially, (PdNPs/-PdNPs@)s-GNF exhibited a slow HOR 

kinetic at 1600 rom rotation speed with a Tafel slope of 60 mV/dec and exchange current 

density of 0.157 mA/cm2
geo compared to that of Pt/C with a Tafel slope of 29 mV/dec 

and exchange current density of 0.269 mA/cm2
geo. However, (PdNPs/-PdNPs@)s-GNF 

exhibited enhanced HOR activity with a Tafel slope of  27 mV/dec and exchange current 

density of 0.278 mA/cm2
geo after 5000 cycles, while Pt/C indicated a decreased activity 

and stability with an exchange current density of  0.201 mA/cm2
geo. In conclusion, it was 

demonstrated that HER/HOR catalysed by PdNPs in the confined nano-environment of 

s-GNF nanoreactors exhibited an excellent electro-activity and stability up to 30000 

cycles due to improved charge transfer and a synergetic effect between the PdNPs and s-

GNF. This may be a significant contribution to the future studies on Pd-based carbon 

nanoreactors in the use of fuel cell reactions. It has the potential to be developed for 

industrial applications and provides an insight for the development of new hybrid 

materials using different metals and s-GNF carbon nanoreactors.  

In summary, the work presented in this thesis provides a significant contribution to the 

development of metal-nanoreactor based hybrid materials, providing essential 

fundamental understanding, which is vital if the materials are to find application in as 

catalysts in industrial catalytic reactions and act as efficient, magnetism based, catalyst 

recovery systems. More specifically, this study advances the use of carbon nanomaterials 

in relatively underdeveloped electrochemical fuel cell applications exploiting the 

nanoconfinement effects of carbon nanoreactors to increase the stability and activity of 

the catalytic nanoparticles. Therefore, this work paves the way for further research into 
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the development of GNF based carbon nanoreactors as electro-catalysts and supports in 

a variety of electrochemical applications. 

 




