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Abstract 

The work presented in this thesis describes the preparation, characterisation 

and applications of novel classes of one-dimensional nanostructures comprising 

guest-species encapsulated within host-boron nitride and carbon nanotubes (BNNT 

and CNT respectively). A number of methods to open, shorten and purify the tubular 

host-nanostructures were evaluated in order to provide the most accessible route for 

guest-species into the internal volume of the nanotubes and maximise the filling 

yield. C60-fullerene was inserted into BNNT from the gas-phase and found to exhibit 

unusual and diameter-dependent stacking arrangements and temperature-

dependent dynamic behaviour inside nanotubes. Subsequent heating of this material 

resulted in the formation of a CNT inside BNNT – an important step toward realisation 

of the world’s smallest co-axial cable, now affordable on a preparative scale. Both 

liquid- and gas-phase impregnation of CNT and BNNT with ionic cadmium precursors, 

followed by confined reactions with sulphur-containing compounds, lead to the 

templated formation of cadmium sulphide quantum dots inside nanotubes. These 

novel photocatalytic nanoreactors were applied for the degradation of methylene 

blue, exploring the effects of quantum dot location (inside versus outside nanotubes) 

and the type of nanotube (CNT versus BNNT) on the rates of reaction. No effect of 

spatial confinement inside nanotubes was observed, but BNNT were seen to 

outperform CNT, a feat that has been attributed to the transparency of BNNT to 

visible light. These results further demonstrate the outstanding ability of CNT and 

BNNT to act as nanoscale containers and reaction vessels for molecules, affording 

unique materials with potential applications in electronic and catalytic devices.  
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1. Boron Nitride Allotropes as Catalyst Supports 

 

Carbon allotropes are heavily integrated into our everyday lives; the graphite 

in pencils can be found in every desk and school pencil case, whilst diamond is 

globally admired for its beauty and made into jewellery. Whilst these materials are 

both formed of carbon, it is the structural changes at the atomic scale that result in 

their markedly different properties (Table 1). In graphite, sp2 hybridised carbon 

atoms form three bonds with their nearest neighbour within hexagonal sheets, with 

weak interactions between these sheets, thus allowing the removal of these layers 

onto a leaf of paper, leaving a pencil mark. Diamond is formed of sp3 hybridised 

carbon atoms, with each atom bonded to four others, forming tetrahedral structures 

in the extended crystal.  
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Yet, much of the general public is unaware that the younger, synthetic 

analogues of these carbon allotropes even exists. Boron nitride (BN) consists of a 1:1 

ratio of boron and nitrogen, is isoelectronic with carbon and can be produced in a 

variety of allotropes, each possessing their own unique and remarkable properties. 

These include hexagonal (h-BN), rhombohedral (r-BN), cubic (c-BN) and wurtzite (w-

BN),4 some of which share morphologies and configurations analogous to carbon. For 

example, h-BN is related to graphite, forming sheets which can easily slide over each 

other, whereas c-BN is similar to diamond.  

BN sheets consist of alternate boron and nitrogen atoms which form 

hexagons with localised π bonding, a consequence of donation of a lone pair of 

electrons from the full pz orbital on nitrogen into the empty pz orbital on boron 

(Figure 1). 

 

Figure 1. The structure (a) and bonding (b) of boron nitride sheets.  
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Sheets of boron nitride have been synthesised in layered arrangements, 

stacking as either h-BN or r-BN (Figure 2). Both are sp2-bonded, but with a different 

layering structure: h-BN is the most common and stacks in AA’AA’ repeating layers 

with alternating B and N atoms along the c axis, whereas the rarer r-BN is layered in 

an ABCABC arrangement.5 Analogous to the better known graphite, h-BN is 

sometimes referred to as “white graphite”, a reference to the material’s complete 

transparency to visible light.  

       

Figure 2. Stacking arrangements of hexagonal and rhombohedral boron nitride.  

 
The π-bonding in BN sheets is much more localised than in graphite, yielding 

partially ionic characteristics. This minor structural difference between graphite and 

boron nitride sheets results in contrasting electronic properties. While graphite is 

metallic (resistivity between 5-15 µΩ·m at room temperature),6 the reduced electron 

mean free path in BN sheets renders the material a wide band gap semiconductor 

(band gap ca. 5.5 eV) and thus exhibits insulating behaviour.7 
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The strong B-N bonds (4 eV),8 comparable to C-C bonds in graphite (3.7 eV),8  

result in very high thermal and chemical stability.4 Yet, weak (primarily van der 

Waals)9 forces between the sheets means the layers are able to slide over each other. 

Moreover, the interaction within h-BN and graphite are similar,10 resulting in almost 

identical interlayer distances (h-BN = 3.30-3.33 Å,11-14 graphite = 3.33-3.35 Å).15-17 This 

characteristic renders them useful as lubricants and in cosmetic preparations.7  

Layered structures of BN under high pressure and temperature can transform 

into polymorphs with more densely packed sp3-bonding structures, such as c-BN and 

w-BN (Figure 3).5 The cubic structure is more common than the wurtzite crystal, and 

is appealing to materials scientists as it is an extremely hard material (second only to 

diamond), with chemical and thermal stability superior to diamond.4 Consequently, 

c-BN has applications as an abrasive.4 Wurtzite is a rare, metastable form of BN with 

astonishing hardness, calculated to be harder than diamond.18 Unfortunately, large 

single crystals cannot yet be synthesised at present to test this experimentally. If this 

material can be prepared, it has applications in cutting, grinding, abrasion or polishing 

tools as this superabrasive material sharpens itself during cutting.  

    

Figure 3. Structures of cubic and wurtzite boron nitride.  
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1.1 Nanoscale allotropes of carbon and boron nitride 

The atomic-scale configuration of the allotropes of carbon and boron nitride 

have a significant impact on the macroscale properties of the bulk materials. 

However, many more allotropes can be produced on the nanoscale, with their own 

distinct and interesting properties. For instance, a single sheet of graphite, called 

graphene, is truly two-dimensional (only a single atom thick) and possesses unique 

electrical properties, such as very high electron mobility, up to 200 000 cm-2 V-1 s-1 at 

room temperature,27, 28 which is ten times higher than the best semiconducting 

materials.29  

Conceptually, if a sheet of graphene is rolled up to form a cylinder, the 

structure forms a one-dimensional carbon nanotube (CNT). Depending on the 

orientation of the sheet rolling, CNT can therefore form a variety of chiralities (arm-

chair, zig-zag or chiral), determined by the circumferential vector C (in terms of unit 

cell vectors a1 and a2 and structural indices (n,m) (Figure 4), with the properties of 

the resultant CNT dependent on its chirality. For instance, if m-n = 3k (where m and 

n are structural indices and k is any integer including zero) the CNT is metallic, 

whereas if m-n ≠ 3k the nanotube is a semiconductor.30   
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Figure 4. The chirality of the nanotubes is determined as circumferential vector C, in terms 
of unit cell vectors a1 and a2 and structural indices (n,m). 

 

While graphene commonly refers to a single layer of graphite, the BN 

equivalent is often produced as few-layered sheets, referred to in the literature as 

graphene-like BN, few layered h-BN, white graphene or boron nitride nanosheets 

(BNNS). For consistency this material will be referred to as BNNS hereafter. 

Like with CNT, a single sheet of h-BN can be conceptually rolled up to form a 

boron nitride nanotube (BNNT) (Figure 5) with arm-chair, zig-zag and chiral structures 

possible, analogous to CNT.31 In this case, however, the properties are independent 

of the chirality of the nanotube. 
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Figure 5. Structure of an armchair carbon nanotube (CNT) and boron nitride nanotubes 
(BNNT). 

 

In contrast to CNT, pure BNNT are white and completely transparent to visible 

light. BNNT have a band gap of ca. 5.5 eV (independent of their chirality) so are 

electronically insulating. The thermal properties are also drastically different to CNT, 

with BNNT being stable to around 950 °C in air,32 whilst CNT oxidise in the range of 

450-500 °C in air (depending primarily on the nanotube’s diameter).32 Both materials 

have a very high mechanical tensile strength and are chemically inert under common 

reaction conditions.7 A summary of the nanostructured forms of carbon and boron 

nitride and their properties is presented in Table 3.  
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While there are many theoretical studies that appraise the properties and 

potential applications of BNNT,49-56 there are significantly fewer experimental studies 

reported. Techniques which produce BNNT on a large enough scale for use in 

standard laboratory experiments have not been developed until recently;57 

consequently, BNNT are often produced with a high impurity content, variable 

diameters and number of walls, all of which are expected to impact the properties of 

any material based on them. 

The first fabrication of BNNT involved arc-discharge between a BN powder-

packed hollow tungsten anode and a copper electrode.58 Various methods have been 

developed since then, such as: (i) ball milling crystalline boron in a nitrogen 

atmosphere, followed by heat treatment with NH3;59 (ii) LASER ablation,60 in which a 

CO2 LASER is used to obtain multi-walled BNNT from a single crystal of cubic boron 

nitride, or (iii) chemical vapour deposition (CVD),61 using the precursor borazine 

(B3N3H6), to form multi-walled BNNT in dense thickets on and in the vicinity of nickel 

boride catalyst particles at ca. 1100 °C.  

1.2 Applications of carbon and boron nitride nanomaterials 

The applications of carbon nanostructures have been extensively studied and 

reviewed.62-64 Graphene and CNT have found uses as field effect transistors,65-68 

sensors,66-69 transparent conductive films70, 71 and catalytic supports.72-74 Many 

applications of BN are still at their infancy stage, though recent research efforts 

include drug delivery,75  hydrogen storage,76-78 ceramic composites79 and polymeric 

composites for electron insulation and packaging.80 
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One of the most widely reported applications of the nanoscale allotropes of 

carbon are as supports of heterogeneous catalysts.72-74 Metal nanoparticles are 

extensively utilised in important chemical transformations as catalysts, aided by their 

remarkably high surface area and energy leading to high levels of catalytic activity. 

Yet, the catalytic properties can be further improved upon when supported onto a 

nanoscale support material, often reducing aggregation, promoting dispersion and 

thus prolonging the lifetime of the catalyst. Moreover, the composite material can be 

readily separated from a given reaction mixture often by simple filtration, enhancing 

recyclability. 

Like graphene and CNT, which have been studied in depth as catalytic 

supports, BN as both nanosheets and nanotubes have several properties in common 

which are favourable for this application. Namely, good chemical and thermal 

stability, allowing exposure to a range of reaction conditions. Furthermore, both have 

an exceptionally high surface area per unit of mass, which is vital for high catalytic 

activity in the composite material since heterogeneous catalysis occurs at the surface 

of the catalyst. 

1.3 Boron nitride as a nanoparticle supports 

Whilst bulk BN catalysts and supports,81-85 doped BN structures,86-89 graphene 

with BN domains,90 or boron carbon nitride91, 92 have been shown to exhibit their own 

catalytic properties, composites of nanoscale BN structures and catalytic 

nanoparticles are receiving increasing attention from the research community, owing 

to their ability to readily tailor their specific applications by careful consideration of 
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the materials used. Consequently, it is predominantly these materials that will be 

discussed hereafter. 

The current range of BN based nanocatalysts, are summarised in the Table 4.  
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1.3.1 Reduction reactions 

Hydrogenation reactions 

Palladium is a common catalyst for hydrogenation reactions,128-130 as 

hydrogen forms surface hydrides (Pd-H) which can be transferred to chemisorbed 

substrates (e.g. nitro-containing molecules or alkenes), thus increasing the rate and 

efficiency of hydrogenation. In the study of Sun et al.93 Pd nanoparticles (4-9 nm) 

were deposited onto BNNS (3-20 layers) and the application of this composite 

material in the hydrogenation of nitroaromatics explored (Figure 6). BNNS were 

chosen as they provide a high surface area to immobilise NP and were produced 

through the exfoliation of bulk h-BN in thionyl sulfide, resulting in ca. 1 wt.% of 

functional groups (NH, OH, Cl) on the BNNS at defect sites. It is these defect sites that 

the metal-BN interactions are theoretically predicted to interact,131-133 resulting in 

the high and even coverage of NP on the BNNS.  

 

 

Figure 6. Hydrogenation of nitroaromatics with Pd-BNNS. 

 

The yield of aminoaromatics is >99% for R=Me, COCH3, OH, OCH3, and 94.3% 

when R=Cl, within 4 hours (Figure 7) at 4.5 wt.% Pd loading. For the hydrogenation of 

nitrobenzene, the catalyst was recycled 14 times, with each run completed in the 

same duration. A parallel reaction was performed using palladium deposited onto 

bulk h-BN (Pd-h-BN); however, the catalytic activity was much lower and decreased 
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upon subsequent cycles. The author attributes these result to the aggregation of Pd 

when deposited on bulk h-BN, rather than nanosheets, due to the lack of functional 

groups on bulk h-BN which anchor Pd in place. However, the small increase in size 

from 6.6 nm to 8.0 nm for Pd-h-BN (calculated from X-ray diffraction using the Debye-

Scherrer equation) suggests NP growth through Ostwald ripening, rather than 

aggregation, decreases the surface area and thus the observed activity of the catalyst.  

 

 

Figure 7. Recyclability of Pd-BNNS and Pd-h-BN catalysis for the hydrogenation of 
nitrobenzene.93 

 

BNNS are an effective support for stabilising Pd NP over 15 reaction cycles, 

thus allowing Pd to remain highly active and well dispersed for effective catalysis. The 

authors conclude that Pd on BNNS is superior to commercial catalysts (Pd on C); 

however, no experimental evidence is provided. 
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Oxygen reduction reactions 

Another use for NP on BN is elegantly demonstrated with gold nanoparticles 

deposited onto BNNS, used to reduce the overpotential of oxygen reduction 

reactions (ORR) at a gold electrode, a critical barrier to overcome in the production 

of fuel cells.134-136 BNNS alone, deposited on gold electrodes lowers the overpotential 

by 270 mV; however, through increasing Au-BN interactions by depositing Au NP on 

BNNS this overpotential can be lowered by a further ca. 50 mV.94 It also creates a 4-

electron reduction route to water formation (Figure 8). The fraction of water formed 

is over 50%, compared to a bare Au electrode, or BNNS on a bare Au electrode of 0% 

and 20% respectively.  

 

Figure 8. Free energy diagram for ORR at BN monolayer/ Au(111) (black) and Au8-BN 
monolayer/ Au(111) (red) electrodes.94 

 

Photocatalytic hydrogen production 

CdS is effective for capturing visible light and harnessing the photogenerated 

excitons (electron-hole pairs) to split water.137-139 However, when grown on BNNS, 
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photocatalytic performance is improved. Ma et al. utilised these properties to 

fabricate  CdS on BNNS for photocatalytic hydrogen production,95 with the composite 

providing a higher catalytic surface area, due to many adsorption sites and 

photocatalytic reaction centres. Moreover, it is reported that the band gap of BNNS 

can be significantly decreased due to B- or N- vacancies and impurities, leading to 

semiconducting properties (Table 5).140,141  

 

Table 5. Calculated band gap energy for h-BN, BN with a nitrogen antisite (BN), BN with a 
boron antisite (NB), carbon substitution in a boron site (CB), carbon substitution in a 
nitrogen site (CN), a boron vacancy (VB) and a nitrogen vacancy (VN).141 

Layer type Eband gap (eV) 

h-BN 4.75 
BN 1.65 
NB 3.18 
CB 0.90 
CN 3.80 
VB 4.40 
VN 1.68 

 

 

Under photoirradiation, the number of photogenerated electrons increases 

as a result of CdS coupling with BNNS. Photoelectrons are produced by both CdS and 

the imperfections and edges of BNNS, and it is thought that electronic 

communication between CdS and BNNS occurs. Holes are removed by sacrificial 

agents, such as Na2S and Na2SO3 and electrons are said to be transferred to the 

surface of CdS (Figure 9), which in turn enhances the photocatalytic activity. 

Therefore, BNNS function, not only as a support for CdS, but as an active catalyst 

itself. 
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Figure 9. Schematic of the charge separation and transfer in CdS/BNNS.95 

 
The amount of hydrogen evolved was significantly higher when Pt was also 

loaded onto the composite (Pt/CdS/BNNS), attributed to the improved electrical 

conduction performance. The rate of hydrogen production for this material (5.96 

mmol h-1 g-1) was significantly higher than CdS nanoparticles alone (0.188 

mmol h-1 g-1) or CdS/Pt (0.439 mmol h-1 g-1) (Figure 10). 

 

Figure 10. The amount of H2 evolution of CdS, Pt/CdS and Pt/CdS/BNNS.95 

 

Other examples of reduction reactions facilitated by nanoparticles on 

nanoscale BN supports include the reduction of 4-nitrophenol by both Ag NP on 



1. Boron Nitride Allotropes as Catalyst Supports 

35 
 

BNNS96 and Au NP on Polydopamine (PDA) grafted BNNS,97 and the hydrogenation of 

methane catalysed by Ni NP encapsulated within a BN shell.98 In each of these cases 

the catalytic activity was enhanced by the addition of a BN support/ shell. 

1.3.2 Oxidation reactions 

Oxidative desulfurisation 

A high percentage of BN supported catalysts target desulfurisation reactions 

- an important process used to lower the sulfur content in petrol. Tungsten oxide 

(WOx) can be used alone as this type of catalyst,142 but the activity can be markedly 

improved upon through its deposition onto BN sheets.106  

Unusually for NP deposited onto BN supports, Wu and coworkers form WOx 

NP which are threaded through the h-BN plane, rather than deposited onto its 

surface though an in situ synthesis method, in order to improve the dispersion and 

stability of the NP (Figure 11).  

  

Figure 11. Design of BN sheets with (a) WOx traditionally supported and (b) WOx 
confined.106  

 

As the space within a single hexagonal BN ring would not provide enough 

space for WOx NP to sit, it is assumed that the displacement of B or N atoms must 
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occur. However, this is not explicitly specified within the study and it is hard to be 

sure that the nanoparticles are not simply deposited onto the surface of BNNS. 

In the presence of the catalyst and hydrogen peroxide, dibenzothiophene 

(DBT) is oxidised to yield dibenzothiophene sulfone (DBTO2), thought to be driven by 

the mechanism shown in Figure 12.  

 

  

Figure 12. (a) Reaction scheme to show the oxidation of DBT to DBTO2 and (b) the proposed 
mechanistic pathway for WOx / BN-catalysed oxidative desulfurisation.106  
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H2O2 reacts with WOx, generating the peroxotungsten intermediate, which 

then oxidised DBT to DBTO2. Gas chromatography-mass spectrometry (GC-MS) 

confirms that DBT is adsorbed onto the catalyst and oxidised by WOx. This high local 

concentration of DBT around WOX is thought to be a major contributor to the fast 

reaction rate, leading to 99.2% of sulfur removal. The catalyst could also be recycled 

5 times, with the oxidation of sulfur remaining above 85%. The role of BNNS in this 

case is both to stabilise the WOx NP, and to adsorb DBT through stacking interactions, 

thus increasing its concentration close to the NP. 

This catalytic activity is improved upon by Ji and coworkers, who explore a 

different tungsten containing catalyst supported on BNNS.107 Heteropoly acids, with 

a molecular formula of [XM12O40]n- (where X=P5+, As4+ or Ge4+ and M=Mo6+ or W6+) 

show excellent performance as organic catalysts;143-145 yet their applications are 

limited by their poor solubility in many solvents. This can be overcome through 

incorporation into silicon-based materials or metal-organic-frameworks (MOFs).144, 

146-149 However, the limitations of these materials are the poor stability under harsh 

reaction conditions and high cost/ complex synthesis respectively. Ji and coworkers 

formed phosphotungstic acid (H3PW12O40, denoted as HPW, representing heteropoly 

acids) on BN sheets for the desulfurisation of DBT, 4,6-dimethyldibenzothiophene 

(4,6-DMDBT) and benzothiophene (BT).107 The desulfurisation of DBT in the presence 

of hydrogen peroxide is 100%, whereas analogous reactions with BN sheets or HPW 

only are 40 and 10% respectively. This high activity is attributed to the large surface 

area of BNNS, providing highly dispersed HPW, which leads to many active sites for 

DBT and H2O2 to adsorb, increasing their proximity and consequent probability of 

reacting. Complementary orbital arrangement between DBT and BNNS allows strong 
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adsorption.150 The transfer of oxygen from H2O2 to [PW12O40]3- forms the peroxo 

species,151 which oxidises DBT to DBTO2 (Figure 13). This catalyst could be recycled 6 

times with the sulfur removal only dropping to 98%. 

 

 

Figure 13. The proposed mechanism of DBT oxidation on HPW/BN.107 

 

Again, BN increases the rate of reaction, by not only increasing the dispersion 

of NP, but through favourable stacking interactions between hexagonal BN layers and 

the reactant, increasing its concentration on the catalysts surface.  

BN as a support often retains its electronically insulating properties, yet, some 

NP can modify this property. Copper NP, threaded through BNNS have been explored 

for oxidative desulfurisation (ODS) of 4,6-DMDBT and DBT (Figure 15).108 The oxygen 

adsorbs onto BNNS, where the O-O bond can be weakened.152 As an insulator, the 

electron mobility in oxidation processes, such as sulfur oxidation, on the surface of 

BNNS is slow. However, when Cu is incorporated, fast electron transfer between 
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sulfur (in DBT or 4,6-DMDBT) and adsorbed oxygen is facilitated and the rate of 

oxidation of sulfur on BNNS improves drastically. Cu NP sit in confined environments, 

described by the author as micropores, which are formed in the in situ synthesis of 

the hybrid material (Figure 14). 

 

Figure 14. Schematic diagram of Cu/BNNS.108 

 

 The aerobic oxidation of aromatic sulfur compounds shows an increase in the 

catalytic activity from 62 to 99% (for DBT) and 63 to 97% (for 4,6-DMDBT) upon the 

addition of Cu NP, with the composite showing little decrease in activity after 

recycling 10 times. This method has the advantage of not requiring H2O2, a potential 

explosive. The activity is credited to the raised electron mobility within BN through 

the incorporation of Cu NP, while the stability is attributed to an improved oxidation 

resistance of Cu NP when incorporated into BN.  
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Figure 15. Aerobic oxidation of sulfur compounds over BNNS with confined metallic Cu 
NP.108  

 

Oxidative desulfurisation reactions have also been reported using BNNS 

alone.153 High conversion of DBT to DBTO2 of 98.8% has been attributed to high 

surface area and defect concentration. It is likely that local concentration effects of 

DBT on nanosheets also contributes to the high conversion, similar to the previous 

examples. Moreover, BNNS can be recycled 10 times with sulfur removal of more 

than 90%. BNNS have also been investigated for ODS applications with Brönsted acid 

ionic liquids.154 

 

Oxidation of Lactose 

A different type of oxidation reaction uses composites of Pd (2-30 nm) on 

alumina (Pd/α-Al2O3) and h-BN (ca. 1 µm, Pd/h-BN), to catalyse the oxidation of 

lactose to lactobionic acid (Figure 16).109 In this case, h-BN acts purely as a support 

for Pd NP, chosen based on its high thermal and chemical stability. The lack of surface 

functional groups (i.e. hydroxyl groups) are considered to limit side reactions and 

promote high selectivity, whilst stabilising the metal in its reduced form. 
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Figure 16. Reaction scheme of the oxidation of lactose to lactobionic acid.155 

 

Lactobionic acid is used as an antioxidant or in cosmetics,156, 157 and a main 

component of the organ preservation fluids required for transplantation.158 The 

by-products lactulose and 2-keto lactobionic acid are often formed during the 

heterogeneous catalytic oxidation,155 yet 100% selectivity for the production of 

lactobionic acid using Pd/h-BN was afforded, attributed to the absence of surface 

functional groups (which could lead to side reactions), small surface area and absence 

of micropores in h-BN and potentially to the particle size (too small can cause 

overoxidation). The corresponding Pd/α-Al2O3 resulted in selectivity below 100% and 

lower activity (yields between 8-38%, compared to 14-64%, depending on catalyst 

preparation conditions).  
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Since h-BN is hydrophobic, Meyers et al. discovered that by using methanol, 

instead of water, as a synthesis solvent the sedimentation time of h-BN is extended, 

thus increasing the interactions between the substrate and the Pd precursor 

[Na2PdCl4 or Pd(OAc)2(NHEt2)2] and leading to smaller, better dispersed NP on h-BN. 

The composite also proved effective for the oxidation of maltose and glucose, with 

100% selectivity in both cases and yields of 43 and 55% of maltobionic acid and 

gluconic acid respectively. 

 

Oxidation of alcohol 

While several catalysts have been formed from composites of NP and BNNS, 

very few examples are reported for other morphologies. Boron nitride nanocrystals 

(polyhedral, composed of two hexagons, and twelve side trapezoids, side length 650 

nm, thickness ca. 130 nm), with layered hexagonal BN structure, have been 

synthesised by Wang et al.110 When gold NP (1-8 nm) are deposited onto their surface 

they prove to be effective catalysts for the selective oxidation of benzyl alcohol to 

benzaldehyde in air.110 The reaction scheme is shown below (Figure 17). 

 

Figure 17. Oxidation of benzyl alcohol to benzaldehyde, with over-oxidation leading to 
the formation of benzoic acid. 
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Selective oxidation of alcohols is essential for the production of fine 

chemicals. The conversion and selectivity is reported as 30% and 98% respectively, 

somewhat better than analogous reactions using unsupported nanoporous pure gold 

(23% conversion and 98% selectivity),159 and double the conversion of BN 

nanocrystals alone (15% conversion and 99% selectivity).160 The author attributes 

these positive results to the high thermal conductivity and selectivity of BN 

nanocrystals, along with exposed {102} planes (on account of other exposed facets 

being important features for catalysis in Co3O4 nanorods161 and efforts towards the 

synthesis of nanocrystals with different geometries and exposed facets).162 Gold NP 

are recognised for their impressive selectivity and conversion of benzyl alcohol to 

benzaldehyde in isolation159 and when supported on nanoscale structures.163 Wang 

et al. do not claim to know the mechanism by which BN nanocrystals improve the 

rate and selectivity and therefore cannot distinguish whether BN functions as a 

support for Au NP or plays an active role in catalysis. Yet considering the properties 

of h-BN, it is plausible that favourable stacking interactions between benzyl alcohol 

and BN nanocrystals, along with oxygen activation from favourable h-BN-O2 

interactions increase the local concentration and reactivity of the reactants 

respectively, increasing conversion.   

 

Oxidation of CO 

A range of unusual structures have been explored for catalysis, with BN 

formed as spheres and cages, which can act as a protective barrier or modify the NP 

chemical properties and electronic structure after encapsulation.105, 111, 114, 115  A 

rather unconventional NP/BN structure has been formed by Sun et al. who coated Pt 
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NP with ammonia borane, then heated in the presence of ammonia to yield catalysts 

targeted at CO oxidation reactions (Figure 18).111 

 

Figure 18. Schematic of the preparation of Pt@h-BN.111 

 

Small molecules can permeate the BN shell to access the active metal core, 

hence CO and O2 were able to intercalate with the BN layers and adsorb onto the 

surface of platinum. CO adsorption is weakened by the shell, which alleviates CO 

contamination promoting CO oxidation and resulted in 100% CO conversion at 94 °C, 

while the same conversion was not achieved until ca. 120 °C for Pt NP supported on 

carbon. The BN shell acts as a protective layer for Pt under harsh reaction conditions, 

such as preventing sintering at high temperatures (Figure 19). 

 

Figure 19. Reactions for the core-shell nanocatalyst, in which most of the metal-core 
surface is accessible to the reactants.111 

 

In this example, the thermally and chemically stable shell acts as a shield to 

protect the encapsulated Pt NP and does not play a part in the catalytic mechanism. 

Bao and coworkers use the same approach for methanation reactions using Ni/BN 
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core-shell catalysts.98 CO oxidation reactions have also been catalysed by Pt/BNNS 

composites, where Pt NP interact strongly with vacancies on BNNS for improved rates 

of reaction.112 Interestingly, calculations indicate the reaction will be catalysed by 

single Co atoms embedded into the boron vacancies of BNNS.164 

 

Oxidation of ethanol to acetaldehyde 

Gold-copper (ca. 3 nm) catalysts have been incorporated into BN 

“nanospheres” (Au-Cu/BN-sphere) and work synergistically for the selective 

oxidation of ethanol to acetaldehyde (Figure 20).113  

 

Figure 20. Oxidation of ethanol to acetaldehyde, with possible by-products including CO2, 
acetic acid and ethyl acetate. 

 

CuxO are largely responsible for O-H cleavage through activating molecular 

oxygen,165 to form O2- or O-, while Au species provide a site for the notoriously 

difficult C-H cleavage,166 when in close proximity to oxygen. Thus Au-Cu/BN 

outperforms Au/BN-sphere and Cu/BN-sphere (Figure 21). The BN support enables a 

high NP dispersion, facilitating higher conversion when using Au-Cu/BN compared to 

Au and Cu on SiO2 (Au-Cu/SiO2), a more traditional catalyst.167  
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Figure 21. The effect of temperature on the aerobic oxidation of ethanol across a range of 
catalysts (b) TEM image of Au-Cu/BN-spheres. The larger, light areas are BN-spheres and 
the smaller, darker circles are Au-Cu NP.113 

 

Acetaldehyde is found to interact less strongly with Au-Cu/BN than 

Au-Cu/SiO2. Weaker interactions minimise the adsorption of acetaldehyde onto 

metal sites and thus prevents secondary reactions which form by-products. 

Therefore, Au-Cu/BN increase the selectivity of acetaldehyde (92%, compared to 61% 

for Au-Cu/SiO2) at low reaction temperatures. Additionally, the high dispersion of NP 

strongly interacts with the BN support, creating a highly stable catalyst. Even after an 

80 h reaction, the selectivity remained at ca. 93%, while conversion only dropped 

from 80 to 74%. 

These BN-spheres demonstrate dual functionality: they behave as a strong 

support for Au-Cu NP and also modify the strength of substrate-metal interactions to 

minimise by-product formation.   

 

Other oxidation reactions 

Enzyme catalysed substrate oxidation reactions have been catalysed by 

microperoxidase-11 (MP-11) attached to Au NP deposited onto BNNT.116 An 
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increased rate of substrate oxidation is observed when MP-11 is deposited on BNNT, 

in this case the Au NP act purely as probes. 

Other examples of a NP/BN catalysed oxidation reactions reported recently 

include the oxidation of hydrogen catalysed by Ni NP within h-BN shells114 and 

methane reformation catalysed by Ni NP within h-BN cages.115  All show favourable 

catalytic properties resulting from the BN support, such as improved activation 

energy of the reaction,114 high NP stability against sintering from a BN protective 

shell,115 or a reduced decomposition temperature.127 

1.3.3 Simultaneous oxidation and reduction reactions 

Photocatalytic dye degradation 

Silver iodide has been reported to show good photocatalytic performance for 

the degradation of organic pollutants under visible light irradiation.168 Choi et al. 

formed AgI NP on BNNS to improve the visible light degradation of Rhodamine B 

(RhB).117 A significant improvement in photocatalytic activity was determined, 

attributed to the synergistic effect of AgI with BNNS. For instance, the composites are 

hydrophobic with a high surface area and a strong adsorption ability for RhB. The 

dispersion of AgI NP is improved when attached to BNNS, therefore the accessible 

surface area and number of active sites of the NP is increased. 

Pure AgI is unstable in light due to low aqueous solubility and susceptibility to 

photocorrosion, so the recyclability for photocatalytic reactions is often poor. After 

five cycles, only 25% RhB is degraded. Yet, if the adsorption onto insoluble BNNS is 

strong, as in this reported case, AgI remain stable in aqueous solution. After the same 
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number of cycles 87.8% degradation efficiency was achieved (Figure 22). Thus, BNNS 

are an effective support for stabilising AgI NP. 

 

Figure 22. Recyclability of AgI-BN compared to AgI for the degradation of RhB under solar 
light. 

 

In addition to the high stability of AgI NP, similar to the results concluded by 

Ma et al.,95 the high photocatalytic activity of the composite is attributed to the 

electron transfer between the NP and BNNS, increasing the charge separation, 

transportation and efficiency. Consequently, the photogenerated hole is also more 

available to oxidise OH- (since H2O  H+ + OH-) to OH•. Hence, BNNS play an active 

role in the photocatalytic reaction.  
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Figure 23. Schematic of the flow of photo-induced electrons in the AgI-BNNS composite 
under simulated solar light.117 

 

This material was also used to catalyse the reduction of 4-nitrophenol to 4-

aminophenol; no reaction was observed without the catalyst present. 

Photocatalytic reactions have also been carried out using “navy bean” shaped 

AgI/AgBr nanoparticles on BNNS, resulting in the degradation of RhB and methylene 

orange (MO).118 The photocatalyst degrades at 97.4% RhB and 95.0% MO in 6 

minutes, compared to 51.1% RhB and 55.6% MO for AgI/AgBr navy beans only. 

Furthermore, there is little decrease in activity over 5 cycles.  

A possible mechanism involves the electron transfer of photoexcited 

electrons from AgI, through AgBr, to the BNNS to reduce O2 to O2
•- which can then 

degrade organic dyes, with photogenerated holes also acting to degrade RhB (Figure 

24).  
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Figure 24. The possible photocatalytic mechanism of AgI/AgBr/BNNS for the degradation 
of organic dyes under visible light irradiation.118 

 

In this instance, the role of the BNNS is not to stabilise the AgI/AgBr navy 

beans, rather to accept electrons from AgI/AgBr and thus prevent electron-hole 

recombination. 

Similarly, photoactive Ag2CrO4 NP deposited onto BNNS increased the 

degradation of RhB.119 Composites degraded 96.7% of the dye in 120 minutes 

compared to 75% degradation for NP alone. The principal role of the BNNS is to 

accept photoexcited electron from Ag2CrO4 NP, preventing electron-hole 

recombination and forming active species O2
•- and OH• for dye degradation (Figure 

25). 
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Figure 25. The possible photocatalytic mechanism of Ag2CrO4/ BNNS for the degradation 
of RhB under visible light irradiation.119 

 

It is also shown from UV-vis diffuse reflectance spectroscopy that the band 

gap of the NP decreases from 1.64 to 1.60 eV when the NP are deposited onto BNNS. 

Although no explanation is provided, it is possible that particle growth could be the 

cause of this.  

Similar behaviour has been observed using nanoparticles of BiPO4,120 

Ag3PO4,121, 122 Au,124 and WO3
123 supported on nanoscale BN. 

 

Hydrogen production through hydrolysis of ammonia borane 

BN supports have also proven useful for hydrolysis. For example, copper on 

BNNS drastically increases the rate of reaction, with the mass of hydrogen/ mass of 

ammonia borane increasing to ca. 2.9 for Cu on BNNS in the first hour of reaction, 

from ca. 1 for unsupported Cu NP.99 The result is attributed to the highly dispersed 

Cu NP on BNNS. Additionally, the activation energy of the reaction is low for 
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Cu/BNNS, measured at around 23.8 kJ mol-1, compared to other reported catalysts, 

including zeolite confined copper nanoclusters (51.8 kJ mol-1),169 Cu/reduced 

graphene oxide (38.2 kJ mol-1)170 and CuCO/C (51.9 kJ mol-1),171 and close to that of 

some Pt-based catalysts.172, 173 The predicted mechanism is shown in Figure 26. 

 

 

Figure 26. Predicted mechanism for the hydrolysis of ammonia borane catalysed by 
Cu/BNNS.99 

 

Similar catalysts have also been targeted for hydrogen production from the 

hydrolysis of ammonia borane, including Ni nanoparticles supported by BN 

nanospheres and sheets103, 104 and CoNi NP encapsulated within BN shells.105 

Additionally, reversible hydrogen production/removal has been investigated using 

LiBH4/BNNS, with BNNS reducing the temperature of dehydrogenation of LiBH4 to 

175 °C and the peak temperature of hydrogen release reduced by 80 °C compared to 

pre-milled LiBH4.174 
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1.3.4 Cross-coupling reactions 

Suzuki-Miyaura reactions 

Another example of BNNS composites as effective catalysts is demonstrated 

by Fu and coworkers, who use Pd-Fe core-shell NP on BNNS to catalyse a range of 

Suzuki-Miyaura reactions (Figure 27).125  

 

 

Figure 27. Suzuki-Miyaura coupling reactions of bromo- or iodo- aromatic molecules with 
boronic acids, where X=Br or I and R= H, COCH3, COH, NO2, OCH3, NH2 or OH. 

 

The material showed promising results, for example, greater than 90% yield 

was achieved in 30 minutes for the coupling of bromobenzene and phenylboronic 

acid, whereas the BNNS alone showed poor or no yield. Over 6 cycles the average 

yield was above 90% for the coupling of bromobenzene with phenylboronic acid, 

demonstrating effective recyclability. In contrast to many Suzuki-Miyaura reactions, 

benign solvents are used and no special conditions (inert gas, surfactants, or specific 

ligands) are employed. The low Pd content and short reaction times (i.e. 10 minutes 

for iodobenzene) still enables equivalent or superior catalytic activity to state-of-the-

art Suzuki-Miyaura reactions.175, 176 

As a control, reduced graphene oxide (rGO) was used instead of the BNNS. 

This proved to be drastically less effective under the same conditions (the yield for 
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bromobenzene-phenylboronic acid reacting pairs was 64% for Pd-Fe/rGO, in 

comparison to 99% for Pd-Fe/BNNS).  

The strong metal-BNNS interactions are accredited for the high recyclability 

of the catalyst. Yet, the BNNS clearly function as more than just a support for the NP. 

The full mechanism and synergistic effects of the material is not fully understood at 

present but clearly provides an advantage over analogous materials.  It is likely that 

the combination of NP stabilisation and high dispersion are responsible for the 

effective catalysis. 

 

3-Compondent cross-coupling reactions 

3-Component coupling reactions have been catalysed by CuO, Cu(O) and CuS 

on few-layered BNNS (Figure 28),126 however, rGO outperformed BNNS as support 

catalyst (CuO/rGO = 95% yield, CuO/BNNS = 92% yield). The result is accredited to 

enhanced interactions between CuO and rGO, compared to BNNS, resulting in a 

uniform distribution of small CuO NP. 

 

Figure 28. 3-Component coupling reaction where R1, R2 = H or Me and R2 = Cl or H. 
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1.4 Scope for further investigation 

It is clear that allotropes of nanoscale BN are powerful components for the 

future of catalysis. Through the incorporation of different nanoparticles/ metals, they 

can be targeted to almost any heterogeneous catalytic application, proving superior 

to many existing catalyst. Their affinity for stabilising nanoparticles increases the 

dispersion and number of accessible catalytic centres. Although the interaction 

energy of NP with h-BN is unknown, surprisingly, the binding energy of cobalt 

adatoms onto h-BN (1.03 eV) is calculated to be weaker than graphene (1.60 eV), due 

to the increased availability of low-energy electronic states in graphite, resulting in 

charge transfer and more efficient interactions.177 This is surprising considering the 

increased interaction energies of NP on BNNS discussed earlier. Yet, the presence of 

defects significantly increases the adsorption energy, as calculated through 

simulations of Fe nanoparticles on h-BNNS with B- or N- vacancies.178 In the case of 

BNNS, the electronically insulating properties of bulk BN are altered as the size 

reduces, and is considered to become semiconducting due to defects and 

imperfections.140, 141 Then, under visible light irradiation, BNNS are thought to 

enhance the number of photoelectrons generated and transferred to the NP, thus 

changing the catalytic mechanism.117, 95 

In most of the catalytic materials described above, nanoparticles are either 

deposited onto the surface,93-95, 109, 110, 117 or confined within the plane of h-BN.106, 108 

The elegant alternative of encapsulating nanoparticles inside hollow BN 

nanostructures has not been widely explored, yet Pt encapsulated within h-BN 

formed by Sun and coworkers,111 and  Au-Cu/BN-sphere formed by Wang et al.55 to 
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name just two examples, have shown to be beneficial for stabilising the confined 

nanoparticles against harsh reaction conditions.111 This increased stability is 

analogous to the encapsulation of metals inside the more established carbon 

nanotube-based nanoreactors.179, 180  

The confinement of molecules inside nanocontainers allows for the 

properties and reactivity to be studied.181-185 By analogy, metal catalyst particles can 

be encapsulated within the nanotubes and the catalytic performance probed. The 

catalyst is thus stabilised by the nanotube and positioned close to a high 

concentration of precursor molecules, and can additionally be modified by nanotube-

metal interactions.72, 180, 186, 187  

To date, boron nitride nanotubes have not been commonly reported as 

supports for metal nanoparticles aimed at catalysis applications. This is somewhat 

surprising given that they have many appealing properties, such as strength,38  

chemical7 and thermal stability,32 with the additional benefit of being hollow 

cylindrical structures, predicted to behave as nano-test-tubes to confine and 

template chemical reactions.188 

The simple explanation for the current limited reports on these types of 

materials is that the essential methods of opening and filling boron nitride nanotubes 

is underexplored, with only a select number of research groups focusing their 

attention on solving this problem.189-191 Methods for filling BNNT sometimes requires 

expensive, specialised equipment so the topic remains a niche research area. 

However, the confinement of molecules and nanoparticles inside BNNT may help to 

understand important molecular transformations in confined spaces and thus further 

exploration of these materials is critically required.  
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2. Opening and Purification of BNNT 

2.1 Introduction  

Carbon nanotubes (CNT) – often described as the world’s smallest test tube – 

behave as excellent nanoscale containers for molecules,1-3 metals4-6 and metal 

halides,7 where the spontaneous encapsulation is driven by van der Waals forces that 

stabilise the confined guest-species in the internal channel of the host-nanotube.8 

Moreover, a good geometric fit between the critical dimensions of the encapsulated 

guest and the internal dimensions of the host can result in van der Waals forces that 

are sufficiently high that insertion is irreversible. This effective nanoscale 

confinement permits the study of the structure,9, 10 motion11 and dynamics12, 13 of 

individual molecules. 

Whilst less well explored relative to CNT, boron nitride nanotubes (BNNT) 

represent a remarkable class of one-dimensional nanoscale containers for            

metals,14-19 metal halides20, 21 and molecules, such as C60.22 Yet, the significant 

difference in chemical properties between BNNT and CNT, such as the polarity of 

interatomic bonding, delocalisation of π electrons and polarizability, are likely to 

affect the structure and properties of the encapsulated guest materials. The lack of 

literature reported for the filling of BNNT means that many of these important 

questions remain unanswered.  

A fundamental requirement for the transfer of any guest-species into the 

inner cavity of a host-nanotube is the presence of accessible holes through which the 

guests can pass. At present, there are no established methods to reliably and 
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reproducibly open BNNT.  Moreover, as-prepared BNNT often contain a variety of 

impurities, such as elemental boron, h-BN and amorphous particles, which can inhibit 

the access of guest-molecules to the internal channel of BNNT and preclude a 

complete understanding of physicochemical properties of BNNT in host-guest 

systems. Together, these represent major barriers restricting the advancement of 

BNNT as nanocontainers and nanoreactors. 

Whilst the opening and purification of CNT has been refined over the years, 

with methods including ball milling23 and high temperature oxidation in air,5 these 

approaches are potentially not directly transferable to BNNT owing to differences in 

the fundamental chemical reactivity of CNT and BNNT. Nevertheless, several possible 

strategies for the selective opening and purification of BNNT have been explored.  

The surfactant purification approach utilises surface-active agents, or 

surfactants, to control the interfacial tension of the various components present in a 

raw, unprocessed BNNT sample and thus enables the selective removal of impurities. 

Chunyi Zhi et al. have reported an effective method for the removal of BN particles 

and fibres with large diameters from BNNT utilising π-π interactions between poly(m-

phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV) and BNNT to 

selectively wrap and solubilise the nanotubes.24 PmPV tends to coiling and form 

helical structures, believed to easily wrap around the nanotube. Sonication of 

wrapped BNNT makes them soluble. The mixture is then centrifuged, and the 

insoluble impurities are removed. However, this approach is not effective for opening 

BNNT or removing any impurities encapsulated within the internal channel.  

BNNT are extremely chemically robust nanoscale structures and so highly 

reactive species are typically required to covalently modify the exterior surface. For 
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example, sonication of BNNT in aqueous ammonia solution has been reported as an 

effective route towards the modification of the surface functionality.25 Analogous to 

the high temperature treatment of CNT in air, this procedure can both selectively 

remove the end-caps and reduce the mean length of BNNT. In this approach, the lone 

pair of electrons on the N atom of the ammonia molecules interact with the empty 

pz orbital of B in the as-received BNNT (Figure 29), activating B-N bonds towards 

hydrolysis and causing the corrosion, thinning and removal of the BNNT end-caps.  

 

 

Figure 29. Schematic to show the bonding between boron nitride nanotubes and ammonia 
molecules. A pair of electrons are donated from the sp3 orbital of nitrogen in ammonia to 
the pz orbital of boron in the boron nitride nanotubes. Purple atoms represent nitrogen, 
pink represent boron and white represents hydrogen. 

 

The interaction of multiple ammonium molecules may significantly weaken 

the B-N bonds and make them much more susceptible to sonication-assisted 
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hydrolysis.25 The end-caps typically contain strained four- or eight- membered 

rings,26, 27 making them more reactive towards water molecules than the less strained 

six-membered rings forming the sidewalls and thus are selectively removed. The 

resultant BNNT are terminated with either ammonia, or hydroxyl groups as a result 

of hydrolysis, causing them to be more hydrophilic and dispersible in water. 

A simple method to remove fine boron nitride particles,  described by  Chen 

et al.,28 involves heating the raw BNNT sample at 800 ˚C for 1 h and results in the 

selective oxidation of most of the fine boron nitride particles present, whilst 

preserving the structure of thin BNNT. It was reported that heating at 750 ˚C partially 

oxidised boron nitride particles, whereas heating at 850 ˚C resulted in the undesired 

damage to some of the nanotubes. After oxidation, the formed boron oxide (B2O3) 

can simply be washed away with hot water and the pure BNNT collected by filtration.  

A range of approaches are reported for opening and purifying BNNT, yet no 

one particular method stands out or has become established, and there are a number 

of limitations to all of the methods reported. By understanding the chemical 

behaviour of BNNT, it is likely that heating will oxidise the entire surface of the BNNT, 

adding material to the outer walls, instead of removing the caps. Methods like 

sonication assisted hydrolysis could severely damage the nanotubes. The removal of 

impurities from surfactant wrapped BNNT, while reported to be successful for longer 

BNNT, may not be as effective for shorter/ opened BNNT. Other methods which have 

not been attempted for opening and/or purifying BNNT could prove to be even more 

successful than those reported. For instance, ball-milling has not been explored for 

opening BNNT, yet has the potential to be a clean method of opening BNNT through 
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physically breaking the nanotubes. A range of methods must therefore be evaluated 

to determine the most desirable technique.  

2.2 Aim and Objectives 

In order to produce BNNT which are suitable for filling with guest molecules 

and nanoparticles, the principle challenge is to selectively remove the end-caps and 

remove any impurities which could block the cavity. The aim of this study is therefore 

to explore a range of different methods of opening and purifying BNNT. Three 

methods will be appraised herein: oxidation in air (Method 1), ball milling (Method 

2) and hydrolysis, followed by oxidation in air (Method 3). These methods were 

chosen owing to their reported success for the effective opening of either BNNT or 

CNT. For systematic comparisons, a common batch of BNNT is necessary and 

therefore BNNT synthesised by the pressurised vapour/condenser (PVC) method and 

sourced from www.bnnt.com – the only current commercial supplier of BNNT at the 

time of writing – will be used throughout this study. 

To evaluate the success of these methods, the reduction in length and the 

percentage of open nanotubes was appraised using statistical analysis of 

transmission electron microscopy (TEM) images. This technique is used to directly 

observe nanomaterials and can be used to assess the structure of the BNNT. An 

electron gun is used to generate electrons, which are accelerated towards an anode, 

through a condenser lens and focused upon a sample. Elastically scattered electrons 

pass through a variety of lenses to reach a detector and generate an image. A typical 

resolution of 0.2 nm is achieved. 
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The purity of the sample was evaluated by attaining the B:N elemental ratio 

from energy dispersive X-ray (EDX) spectroscopy. In this technique, electrons in the 

sample are excited under an electron beam, leading to the release of an X-ray, 

characteristic of the elements. The relative intensities corresponding to each element 

can then be used to calculate the relative atomic percentages and thus the 

stoichiometry/ composition of the appraised material. An ideal, impurity-free sample 

of BNNT should comprise an elemental ratio of 1:1. The procedure judged to be the 

most successful was applied to BNNT for all further work in this thesis.  

2.3 Results and Discussion 

2.3.1 Analysis of as-received BNNT                                

In order to determine the nanoscale structure and purity of the as-received 

BNNT product, samples were initially analysed by a range of spectroscopy and 

microscopy approaches. Simple visual inspection of the solid implied that non-BNNT 

impurities were present, with the grey colouration consistent with the inclusion of 

elemental boron in the supplied fluffy powder. To examine the structure of the 

as-received material Raman and IR spectroscopies and powder X-ray diffraction 

(PXRD) were employed (Figure 30). In Raman spectroscopy, a photon of a fixed 

energy interacts with the material, and the change in energy of the scattered photon 

is detected as the Raman shift. Information about molecular vibrations, phonons and 

other processes in the material can then be obtained, providing insight into the 

structure of the material. In IR spectroscopy, infrared radiation interacts with the 

material causing stretching and bending modes. The absorbance of IR light by the 
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sample provides information about these modes and thus the nature of the material. 

PXRD involves irradiating the sample with X-rays, which may then be diffracted, 

depending on the incident angle, to reach a detector. The technique works by 

scanning through a range of angles and detecting where diffraction has occurs, to 

provide information about the atomic spacing in the material. 

 

  

Figure 30. (a) The UV Raman spectrum of as-received BNNT shows the characteristic peak 
at 1371 cm-1 which corresponds to a B-N stretching vibrational mode of E2g symmetry in 
hexagonal boron nitride (h-BN). (b) Powder X-ray diffraction (PXRD) analysis shows peaks 
at 25.9, 42.1 and 53.0˚ corresponding to the (002), (100) and (004) planes of BNNT.  
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In the UV Raman spectrum (λex = 355 nm) only one peak was observed at 

1371 cm-1 which correlates well with the B-N stretching vibrational mode of E2g 

symmetry in h-BN. This was confirmed by IR spectroscopy (data not shown), where 

peaks at 1363 and 802 cm-1 corresponding to νBN in-plane (ip) stretch and BN out-of-

plane (oop) buckling mode in BNNT respectively were noted. Moreover, strong 

luminescence observed in the UV Raman spectrum, contributing to a non-zero 

baseline, confirmed the presence of non-BNNT impurities.29 The three features in the 

PXRD spectrum of as-received BNNT at 25.9, 42.1 and 53.0˚ were identified as the 

(002), (100) and (004) planes of BNNT.30, 31 No further features were present, 

suggesting that any impurities present in the sample were amorphous.   

As neither spectroscopy nor diffraction approaches enabled definitive 

identification of the structure and purity of the as-produced BNNT material, a small 

sample was dispersed in methanol and deposited on lacy carbon films supported on 

a copper grids and analysed by TEM (Figure 31). 
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Figure 31. TEM analysis showing (a) the closed termini of BNNT and (b) the broad range of 
BNNT diameters and boron impurities present. A measured d-spacing of 0.34 nm (d) is 
consistent with the (0002) lattice plane in hexagonal boron nitride. (c) Statistical analysis 
of multiple micrographs revealed that the mean internal and external diameters of BNNT 
were 2.45 ± 1.19 and 4.32 ± 2.09 nm respectively, the number of walls ranged between 1 
and 5 (with 2 or 3 the most common) and the mean length was greater than 200 μm.  

 

TEM observations indicated that nanotubes were extremely long (LNT > 200 

µm) and whilst the internal diameter of BNNT (dNT
INT = 2.45 ± 1.19 nm) was large 

enough to accommodate the majority of small molecules, e.g. C60 has a van der Waals 

diameter of 1.0 nm, most nanotubes were capped and possessed a moderate amount 

of boron-containing impurities which would prohibit the transport of C60 into the 

inner channel. Furthermore, EDX spectroscopy was used to appraise the composition 

of the material (Figure 32).  
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Figure 32. Energy dispersive X-ray (EDX) analysis indicates that the ratio of B:N is 61:39, 
confirming the presence of elemental boron as an impurity. Copper and carbon are 
detected from the TEM grid. 

 

From this analysis, a significant excess of boron relative to nitrogen (B:N is 

61:39) was observed and thus an effective method for opening and purification of 

BNNT was critically required. 

2.3.2 Opening and purifying BNNT                                

2.3.2.1 Method 1: Oxidation in air 

The first method employed for the opening and purification of BNNT involved 

heating the as-received material from room temperature to 800 ˚C at 10 ˚C min-1 in 

air and then maintaining at 800 ˚C for 60 min. This experiment was conducted inside 

a thermogravimetric analyser, in order that the thermal properties could be 

appraised, whilst simultaneously producing a purified BNNT material (Figure 33). The 



2. Opening and Purification of BNNT 

74 

 

initial grey, fluffy BNNT turned white and brittle after heating, qualitatively indicating 

the removal of impurities of elemental boron. The yield of 4.13 mg, compared to the 

starting mass of 3.86 mg, shows the gain in material through this method, rather than 

simply removing impurities and opening the caps.  

 

  

Figure 33. Thermogravimetric analysis (TGA) of BNNT, highlighting the excellent thermal 
stability of BNNT in air. The small increase in mass above 500˚C is caused by oxidation of 
boron (B + O2  B2O3) and boron nitride (BN + O2  B2O3 + NO + NO2) in the presence of 
atmospheric oxygen. 

 

It is important to note that this experiment highlights the excellent thermal 

stability of BNNT, as no mass loss was observed across the entire heating range. This 

contrasts with CNT, which combust at elevated temperatures (300-800 °C) in the 

presence of oxygen, resulting in a mass loss associated with the formation of carbon 

dioxide.   

A mass loss at approximately 100 ˚C was observed, attributed to the 

evaporation of associated water. Above 500 ˚C, a mass gain of 10% was noted, 
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associated with the oxidation of boron (as impurities, Equation 1) and boron nitride 

(from impurities and the nanotubes themselves, Equation 2). 

 

B + O2  B2O3 (600 – 1100 °C) 32      (1) 

BN + O2  B2O3 + NO + NO2 (760 – 860 °C*)    (2) 

* ca. 760 – 860 °C* for amorphous BN nanoparticles, ca. 860 – 1000 °C for bulk BN.33  

 

The formation of boron oxide was confirmed by IR spectroscopy analysis of 

the sample after heating in air (data not shown). It was found that in addition to peaks 

at 1373 and 801 cm-1, corresponding to known BN stretching and buckling modes in 

BNNT, new peaks at 3205 cm-1 (νOH stretch in B-OH), 1438 cm-1 (νBO stretch) and 1196 

cm-1 (νBOH ip stretch) were observed. Whilst only the vibrational mode at 1438 cm-1 

could be directly attributed to B2O3, it is known that when exposed to water, boron 

oxide reacts to form boric acid (Equation 3) and as such all other peaks are associated 

with formation of this further product.  

 

B2O3 + 3H2O  2B(OH)3     (3) 

  

To probe the nanoscale structure of the resultant material, TEM was 

performed (Figure 34). 
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Figure 34. (a) TEM analysis of BNNT heated to 800 ̊ C in air indicates that the termini remain 
closed, with no discernible reduction in length observed. (b) EDX analysis shows the ratio 
of B:N to be 87:13, consistent with the loss of boron nitride due to the formation of boron 
oxide under these conditions. 

  

Analysis of the material subsequent to heating to 800 ˚C in air using TEM 

shows that this procedure is ineffective at opening BNNT as most of the nanotubes 

(>99%) remained closed with no significant change in the length measured (LNT > 200 

µm). Furthermore, many nanotubes appeared to be passivated with an amorphous 

coating, the composition of which was likely to be boron oxide, consistent with the 

IR spectroscopy observations and the noted decrease in the nitrogen content 

determined by EDX spectroscopy (B:N is 87:13) as boron nitride reacts with molecular 

oxygen at elevated temperatures to form B2O3.  

2.3.4.2 Method 2: Ball milling 

The second method explored involved ball milling, which subjects the 

nanotubes to high energy collisions from the ball and has proved a useful method for 

opening CNT.23 In order to evaluate the transferability of this method, BNNT were 

loaded in a hardened steel jar equipped with a hardened steel ball and milled at 10 

Hz for 90 min. The compressed grey solid was subsequently analysed by TEM and EDX 
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(Figure 35) to investigate if the nanotubes had been opened and if there was any 

noticeable change in the impurities present. No change in mass occurred since only 

mechanical deformations took place. 

 

 

Figure 35. (a) TEM analysis of BNNT subjected to ball milling indicates that the afforded 
BNNT were largely open (80%) and significantly shorter (mean length is 1.98 ± 0.78 µm) 
than the as-received material. (b) EDX analysis shows the ratio of B:N to be 57:43.  

 

TEM analysis indicated that around 80% of the BNNT were opened and 

appeared to have been significantly shortened (LNT = 1.98 ± 0.78 μm). Shortening of 

the nanotubes is an attractive result, since transport resistance of molecules within 

the internal volume may be dependent on the length of the cylindrical container. An 

amorphous material, presumed to be boron or boron nitride, appeared to be coating 

and blocking some of the nanotubes which may lead to further difficulties when 

attempting to fill the nanotubes at a later stage. The observed decrease in the boron 

to nitrogen ratio (from 61:39 to 57:43 after ball milling) was unexpected as no 

mechanism of purification was provided utilising this approach. Thus this apparent 

difference in composition is more likely to reflect the inhomogeneity of the appraised 

sample.  
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2.3.4.3 Method 3: Hydrolysis followed by oxidation in air 

The final method appraised in this study involved the dispersion of as-

received BNNT in an aqueous solution of ammonium hydroxide using tip 

ultrasonication. The duration of tip ultrasonication was varied, where t = 4, 10 or 24 h, 

to enable the optimum treatment time to be identified. Extended exposure is likely 

to completely destroy the nanotubes structure, while too short a treatment may not 

open and shorten the BNNT. Changes to the surface functionality of BNNT during this 

treatment was evident in changes to the extent of suspended material. The initial 

clumps of grey and fluffy solid floated on the surface due to the high hydrophobicity 

of the material; however, as the sonication treatment proceeded, increasing 

amounts of the nanotubes became dispersed as ammonia reacted and the surface of 

the nanotubes became more hydrophilic. Any visible clumps of BNNT which had not 

dispersed were discarded and the resultant suspended grey/brown solid was 

collected by filtration and washed with deionised water. The collected solid was next 

heated to 800 ˚C to oxidise boron impurities and boron nitride nanoparticles.28 The 

resulting BNNT were extracted into hot (ca. 90 ˚C) deionised water to remove water 

soluble B2O3 that formed during heating, washed with further hot water, collected by 

filtration and analysed by TEM and EDX spectroscopy (Figure 36). A reduction in mass 

from 100 mg to 52 mg (4 h-treated BNNT) was indicative of the removal of impurities, 

opening and/or shortening of BNNT.
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Statistical analysis of TEM images confirmed that a very high proportion of 

nanotube were open subsequent to this procedure (>80% independent of reaction 

time). Furthermore, a drastic reduction in the mean BNNT length was observed, with 

longer reaction times confirming greater reductions in nanotube length (LNT = 

0.55 ± 0.72, 0.16 ± 0.05 and 0.14 ± 0.06 µm for t = 4, 10 and 24 h respectively). 

Moreover, the purity of the samples, as determined by EDX spectroscopy, was greatly 

improved, approaching the ideal boron to nitrogen ratio of 50:50 (i.e. 1:1) in all cases. 

It is important to note, however, that as 4 h sonic treatment was sufficient to open, 

shorten and purify BNNT, extended sonication is not required and may potentially 

facilitate further damage to the nanotube sidewall structure. 

2.3.4.4 Comparison of opening methods 

The comparative success of the appraised methods are presented (Table 6) 

and highlight a significant amount of variation in the nanotube length, percentage of 

open nanotubes and purities as a function of the specific method applied. 
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Table 6. Comparison of methods for opening and purifying BNNT. 

Method Conditions LNT / µm a % open a B : N b 

- as-received > 200 < 1 61 : 39 

1 oxidation in air (800 ˚C, 1 h) > 200 < 1 87 : 13 

2 ball milling (10 Hz, 90 min) 1.98 ± 0.78 80 57 : 43 

3a hydrolysis (4 h), oxidation in air 
(800 ˚C, 1 h) 

0.55 ± 0.22 83 51 : 49 

3b hydrolysis (10 h), oxidation in air 
(800 ˚C, 1 h) 

0.16 ± 0.05 81 55 : 45 

3c hydrolysis (24 h), oxidation in air 
(800 ˚C, 1 h) 

0.14 ± 0.06 88 55 : 45 

a Determined by statistical analysis of TEM images. b Determined by EDX spectroscopy. 

 

From this, it is evident that hydrolysis for 4 h, followed by high temperature 

oxidation in air (Method 3a) represents the ideal method for opening and purification 

of BNNT as it results in a significant reduction in the mean nanotube length from over 

200 µm to 0.55 ± 0.22 µm, with a significant proportion of the nanotube tips removed 

(83%), which are generally free of the boron impurities.  

2.3 Conclusions 

A range of procedures for the opening, shortening and purification of BNNT 

have been appraised to test which strategy results in the most suitable BNNT host-

material for filling with guest molecules and nanoparticles. 

Through a combination of microscopy and spectroscopy approaches it was 

determined that oxidation in air (Method 1) is largely ineffective for opening and 

purifying BNNT (less than 1% of nanotubes were open) and is undoubtedly the least 

useful method of those explored. A marginal improvement was observed using ball 
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milling (Method 2) which resulted a high percentage of open BNNT (80%) and a 

moderate reduction in the amount of boron-containing impurities (B:N is 57:43). 

However, the combined method of hydrolysis followed by high temperature 

oxidation in air (Method 3) produced the most suitable material for filling with guest 

species as BNNT treated under these conditions were significantly shorter, mostly 

open and had fewer impurities. Moreover, it was found that 4 h of tip sonication 

during the initial hydrolysis step was sufficient to affect these improvements in 

structure (LNT = 0.55 ± 0.22 µm,% of open tubes = 83) and purity (B:N is 51:49), whilst 

inhibiting the introduction of surface disorder and maintaining the tubular 

morphology of BNNT. Consequently, this method is the sole method that will be used 

for opening and purifying BNNT in subsequent chapters.  

2.4 Experimental 

All common reagents and solvents were purchased from Sigma-Aldrich, UK 

and used without further purification unless stated otherwise. Water was purified (> 

18.0 MΩ cm) using a Barnstead NANOpure II system. BNNT were purchased from 

BNNT LLC, produced using the high temperature high pressure method. TEM imaging 

was performed using a JEOL 2100F TEM (field emission gun source, information limit 

< 0.19 nm) at 100 kV at room temperature. EDX spectra were recorded using an 

Oxford Instruments 30mm2 Si(Li) detector or an Oxford Instruments x-Max 80 SDD 

running on an INCA microanalysis system. Samples for TEM EDX were typically 

prepared by casting several drops of a suspension of nanotubes onto copper-grid 

mounted “lacy” carbon films. Raman spectroscopy was conducted using a laser 

wavelength of 355 nm. IR spectroscopy was performed using a Bruker IFS 66v FTIR 
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spectrometer, using KBr pellets at room temperature. Thermogravimetric analysis 

(TGA) was performed using a TA Instruments SDT Q600 under a flow of air at a 

heating rate of 10 °C min-1 from room temperature to 1000 °C. Powder X-Ray 

diffraction measurements were performed on a PANalytical X’Pert PRO 

diffractometer equipped with a Cu Kα radiation source (λ = 1.5418 Å) in Bragg-

Brentano geometry using a Si zero-background holder. 

2.4.1 Opening and purifying BNNT 

2.4.1.1 Method 1- Oxidation in air  

As-received BNNT (3.86 mg) were heated from room temperature to 800 ˚C 

at 10 ˚C min-1 in air and then held at 800 ˚C for 60 min. The initial grey, fluffy BNNT 

turned white and brittle after heating. Mass = 4.12 mg. 

2.4.1.2 Method 2- Ball milling 

As-received BNNT (5.05 mg) were loaded in a hardened steel jar (1.5 mL 

capacity) equipped with a hardened steel ball (10 mm diameter) and milled (10 Hz, 

Retsch Mixer Mill MM400) for 90 min at room temperature. Mass = 4.35 mg. 

2.4.1.3  Method 3- Hydrolysis followed by oxidation in air 

To as-received BNNT (100 mg) was added an aqueous solution of ammonium 

hydroxide (200 mL, 10% in water) and the suspension homogenised by tip 

ultrasonication (20 kHz, 130 W Sonics Vibracell CPX150 ultrasonic processor) for 4, 
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10 or 24 hr at room temperature. Any visible clumps of BNNT which had not dispersed 

were discarded. The resultant suspended grey/brown solid was collected by vacuum 

filtration (0.2 μm PTFE membrane) and washed with deionised water (20 mL). This 

was further heated at 800 ˚C for 1 hr in air, washed with hot (ca. 90 ˚C) deionised 

water (ca. 500 mL) and collected by vacuum filtration (0.2 μm PTFE membrane). Mass 

= 52 mg. 
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3. Growth of Carbon Nanotubes inside Boron Nitride Nanotubes by 

Coalescence of Fullerenes: Towards the World’s Smallest Co-axial Cable 

3.1 Introduction 

The effective nanoscale confinement of guest-species inside host-nanotubes 

creates an interesting opportunity to study of the structure,1, 2 motion3 and 

dynamics4, 5 of the confined guest. Furthermore, the extreme spatial confinement in 

nanotubes allows us to probe the kinetics and pathways of chemical reactions and 

processes at the nanoscale, including the formation of one-dimensional materials 

templated by the internal channel of the host-nanotube.6, 7, 8 The simplest and most 

widely studied confined transformation in single-walled carbon nanotubes (SWCNT) 

is the conversion of C60@SWCNT, so-called ‘peapods’, into double-walled carbon 

nanotubes (DWCNT) via the thermally activated polymerisation and coalescence of 

guest-fullerenes to an internal carbon nanotube.7,9 Numerous more complex 

processes have also been observed inside nanotubes, such as unusual  

oligomerisation and polymerisation reactions,2, 10, 11 the growth of graphene 

nanoribbons,12-14 and the  formation of molecular nanodiamonds8 from encapsulated 

fullerenes and organic molecules respectively. As such, chemical reactions inside 

carbon nanotubes open up new avenues for the synthesis of nanoscale materials with 

unique structures and functional properties inaccessible by other means. 

 BNNT are a more recently discovered and comparatively underexplored 

alternative to CNT as nanocontainers and nanoreactors. Like CNT, the encapsulation 

of guest-species into BNNT is modulated by ubiquitous van der Waals forces between 
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host and guest.15 Yet, as the polarity of interatomic bonding, delocalisation of π 

electrons and polarisability differs significantly between CNT and BNNT, the extent to 

which these properties can influence the interactions between BNNT and molecules 

are at present not fully understood. Moreover, experimental studies on the structure, 

motion and dynamics of molecules in BNNT are still extremely limited, with rare 

examples being the formation of metal particles from metal halides16 and the 

preparation of graphene nanoribbons from coronene.17 

3.2 Aim and Objectives 

The aim of this study is to make the first important steps towards establishing 

BNNT as a nanoreactors through the polymerisation and coalescence of C60 (Figure 

37). This is a classical model reaction in CNT and thus provides an effective test 

reaction for BNNT as nanoreactors. 

 

Figure 37. Schematic representation of the filling of BNNT with C60 followed by the 
formation of CNT inside BNNT.  
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The first objective is to fill BNNT with C60 and study the structure of the 

confined guest-molecules inside the nanotubes. This will involve careful analysis by 

TEM, where C60 is observed as distinctive dark circles between the long parallel lines 

that comprise the sidewalls of the nanotube, to appraise the stacking arrangements 

and molecular spacing. The filling yield will be evaluated through comparative 

techniques such as UV-vis and IR spectroscopies, which measure transitions between 

electronic and vibrational levels respectively, and the interactions between C60 and 

BNNT carefully examined using variable temperature analysis.  

The second objective is to heat C60@BNNT at elevated temperatures in 

vacuum in order to form an encapsulated CNT (CNT@BNNT). The formation method 

of this novel material will be optimised by variation of reaction time and temperature, 

to maximise the yield of the confined CNT. Finally, this material will be thoroughly 

characterised to probe its structure and physicochemical properties and thus discern 

the ability of BNNT to act as an effective template of one-dimensional 

nanostructures, in this case leading to the formation of CNT@BNNT, where an 

electrically conducting CNT is embedded within an insulating BNNT. Such a 

nanostructure – the world’s smallest co-axial cable – is predicted to have a wealth of 

unique functional properties for applications in nanoelectronics and sensing 

devices.18-20  
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3.3 Results and Discussion 

3.3.1 Encapsulation of C60 into BNNT 

The internal diameter of BNNT (dNT
INT = 2.45 ± 1.19 nm) is large enough to 

accommodate C60, which has a van der Waals diameter of 1.0 nm. The BNNT were 

opened and purified through sonication assisted hydrolysis, followed by oxidation in 

air, as described in Chapter 2, providing a route for C60 into the BNNT cavity. The 

encapsulation of C60 into BNNT was carried out at 600 °C in vacuum which was based 

on an effective method for the preparation of C60@CNT.1 The encapsulation of C60 

into CNT is known to be a highly exothermic and generally irreversible process (up to 

3 eV per C60, depending on the specific van der Waals contact area between the 

convex external surface of C60 and the concave internal surface of the CNT channel),21, 

22 in which adsorbed C60 migrates along the surface of the CNT before entering at the 

termini and at accessible defect sites along the sidewall. Provided the CNT diameter 

is large enough to accommodate C60 molecules (0.6 nm wider than the diameter of 

the guest molecule), the CNT will be completely filled.23-25 Whilst the encapsulation 

of C60 into BNNT has been reported,26 no experimental studies to date report the 

energy of encapsulation of C60 into BNNT. However, the calculated energy of 

adsorption for C60 onto graphene (0.85 eV) is comparable to C60 onto hexagonal 

boron nitride sheets (0.83 eV),22 suggesting similar interactions for C60@BNNT and 

C60@CNT.27 Moreover, the calculated energy for encapsulation into CNT and BNNT 

suggests that the energy gain for the insertion of C60 into BNNT (C60@(10, 10)BNNT 

ΔE = 4.38 eV) may surpass that of the CNT analogue (C60@(10, 10)CNT ΔE = 3.02 eV).15  
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TEM imaging confirmed the filling of BNNT under our conditions (Figure 38). 

Similarly to CNT with internal diameters matching the van der Waals diameter of C60, 

the guest-molecules of C60 confined within narrow BNNT lined up in a single-chain, 

with separations of ca. 0.3 nm between the neighbouring fullerenes and between the 

fullerene and the internal walls of BNNT (Figure 38 (a)). The inter-fullerene distance 

was ca. 0.9-1.0 nm (depending on the diameter of the host-nanotube), consistent 

with a previous study of C60 in BNNT26 and the minimum separation in the bulk fcc-

crystal (1.0 nm)28, 29 and slightly smaller than in SWCNT (1.1 nm)23 as a result of tighter 

packing arrangements. These measurements indicate that the nature of C60-BNNT 

interactions is similar to that of C60-CNT interactions.  
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Figure 38. TEM images and schematic representation of C60@BNNT demonstrating the 
dependence of the stacking arrangement of C60 on the internal diameter of the respective 
BNNT: (a) 1.2 nm (top), 2.1 nm (bottom), (b) 2.4-2.6 nm, (c) ca. 2.6 nm and (d) 4.4-5.2 nm. 
The stacking arrangements are assigned to (a) linear (top), two layer phase (bottom), (b) 
helical, (c) helical and (d) amorphous.  

 

In wider BNNT, fullerenes adjusted their positions to maximise the 

interactions with the host-nanotube and to fill the cylindrical cavity in the most 

efficient way (Figure 38 (b-d) and Figure 39), which is analogous to the behaviour of 

C60 in wider CNT.23 This formed packing patterns of C60 which were clearly ordered in 

some cases (Figure 38 (a) and (c)), but more disordered in others (Figure 38 (b) and 

(d)). For example, there was no real packing order in the very large BNNT in Figure 38 
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(d) possibly due to the wide, yet variable, diameter of BNNT in this instance. Figure 

38 (c) appears to show a corkscrew arrangement of C60 inside the BNNT with an 

internal diameter of 2.6 nm which agrees with previous studies of C60 in BNNT,26 but 

some other corkscrew packing patterns, such as in Figure 38 (b) appear to be 

discontinuous along the length of the nanotube, possibly due to the non-uniform 

diameter of the host-BNNT. Non-helical packing patterns were also present (Figure 

38 (a)), such as the two-molecule layer phase inside a 2.1 nm diameter BNNT, 

narrower than that described for C60 inside a ca. 2.6 nm DWCNT.23 Statistical analysis 

of multiple electron micrographs indicated that around 25% of the BNNT were 

completely filled. 

Complimentary to TEM, the sample was further analysed by electron energy 

loss spectroscopy (EELS) and energy-filtered TEM (EFTEM) imaging, which maps the 

location of each element within the hybrid nanomaterial (Figure 39).  

 

  

Figure 39 (a) Bright field and (b-d) energy filtered TEM images of a BNNT. The line widths 
are as follows: bright field=3.3 nm, boron=3.3 nm, nitrogen=3.2 nm and carbon=2.2 nm. 
This analysis confirmed the encapsulation of C60 within BNNT.  
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The linear contrast identifying the location of carbon (2.2 nm wide) was much 

narrower than that of boron (3.3 nm), and nitrogen (3.2 nm), consistent with the 

confinement of C60 within the internal channel, with no fullerene attached to the 

outer walls of the BNNT observed.  

TGA was performed to probe the composition of the material (Figure 40). A 

weight loss between 360 and 600 °C was clearly observed and is the result of the 

oxidation of carbon (as C60) in air to form carbon dioxide. Whilst TGA can in principle 

be used to approximate the filling of C60 in BNNT (8.5% by mass in this instance), it is 

important to note that it is likely that larger nanotubes, with lower host-guest contact 

area and hence weaker van der Waals interactions between the fullerene and the 

BNNT, would not retain all of the C60 molecules inside the nanotube upon heating 

and as such the observed value of 8.5% loading was not representative of the sample 

as a whole.   

 

Figure 40.  TGA of C60@BNNT indicates a weight loss of 8.5% between 360 and 600 °C 
consistent with the oxidation of carbon within BNNT. 
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To further probe the efficiency of encapsulation of C60 in BNNT, IR and UV-vis 

spectroscopies were performed (Figure 41). Being electrically insulating and optically 

transparent, BNNT should allow the vibrations of guest-molecules to be directly 

analysed by IR spectroscopy, unlike CNT that have often hindered such analysis.30 

Indeed, the IR spectrum of toluene-washed C60@BNNT (Figure 41 (a)) contained 

prominent bands at 803 and 1375 cm-1 corresponding to the out-of-plane radial 

buckling (R) mode and the in-plane stretching modes of h-BN in BNNT respectively,31 

32 as well as weak features at 527, 576 and 1183 cm-1 consistent with known 

vibrational modes of T1u(1), T1u(2) and T1u(3) symmetry in C60.33 Through correlation 

of the dependence of the absorbance intensity at 527 cm-1 (T1u(1)) with the mass of 

C60 (Figures 3 (b) and (c)), the quantity of C60 in C60@BNNT was found to be ca. 29 

wt.%. Corresponding UV-vis spectroscopy analysis (Figure 41 (d-f)) indicated that the 

amount of C60 extracted from C60@BNNT through extensive sonication in toluene was 

ca. 37%.  
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Figure 41.  (a) IR spectrum of C60@BNNT. (b) Baseline-corrected IR spectra of C60 with 
varying C60 content (0.036, 0.111, 0.112 and 0.230 mg) in potassium bromide (265 mg) used 
to construct the calibration curve (c) which correlates the intensity of the absorbance at 
527 cm-1 (T1u(1)) with C60 content. The amount of C60 in C60@BNNT using this method was 
found to be 0.059 mg in 0.260 mg (mass ratio ca. 29%). y=1.509x, R2=1.000, standard error 
= 0.01. (d) UV-vis spectrum of C60 extracted from C60@BNNT through extensive sonication 
in toluene (4 mL). (e) UV-vis spectra of C60 at a variety of concentrations in toluene (0.0013, 
0.0026, 0.0052, 0.0104 and 0.0208 mg mL-1) used to produce the calibration curve (f) which 
correlates the intensity of the absorbance at 335 nm with the concentration of C60 in 
toluene. The amount of C60 extracted from C60@BNNT using this method was found to be 
0.019 mg in 0.07 mg (mass ratio ca. 37%). y=64.7x, R2=0.998, standard error=1.15.  

 

It is important to note that both the IR spectroscopy method, where C60 

remained within the internal channel of BNNT during analysis, and the UV-vis 

spectroscopy approach, where C60 was removed, gave approximately the same 
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loading of C60 in BNNT as was observed by TEM analysis. Moreover, comparison of 

the spectroscopy approaches confirms that C60 can be effectively and fully removed 

from within BNNT by excessive sonication in organic solvent (toluene), a feat that 

cannot be achieved from within CNT. This suggests that the host-guest interactions 

in C60@BNNT are likely to be weaker than in C60@CNT; however, the poor host-guest 

fit (the van der Waals diameter of C60 of 1.0 nm is smaller than the mean internal 

diameter of BNNT of 2.45 ± 1.19 nm) precludes a large number of C60-BNNT contacts 

and as such the encapsulated fullerenes could be solvated in a manner analogous to 

that observed in the bulk fcc-crystal. This observation also indicates that caution has 

to be exercised when purifying the products: repeated rinsing with toluene should be 

used for removing C60 molecules from the surface but sonication should be avoided 

as it results in emptying of the BNNT.   

Temperature dependent IR spectroscopy was used to identify the different 

vibrational modes of guest-molecules of C60 inside BNNT as orientational order 

develops with lowering temperature (Figure 42). 
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Figure 42. High resolution IR spectra of C60@BNNT at 80 and 300 K in the range 500-1300   
cm-1 (a) and 700-750 cm-1 (b). The height of the peaks at 712.1 and 739.6 cm-1 (Hu) vary as a 
function of temperature (c). The band at 526.7 cm-1 (T1u(1)) increases in intensity and splits 
into two peaks at 525.9 and 526.6 cm-1 (d), the band intensity at 1182.2 cm-1 (T1u(3)) 
increases and shifts to higher energy (e) and the band at 1428.3 cm-1 (Gu/T1u(4)) splits into 
three bands when cooled from 300 K to 80 K. 

 

At 300 K, the spectrum of C60 in C60@BNNT contained only the four IR-active 

T1u modes of the icosahedral C60 molecule. As the temperature decreased below the 

orientational phase transition temperature the molecular rotation was restricted 

leading to a symmetry lowering as the molecules had to adjust to the crystal 
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structure. This resulted in splitting of the triply degenerate T1u modes and the 

appearance of previously IR-inactive new modes (Figure 42 (a)). The new bands at 

712.1 and 739.6 cm-1 (Figure 42 (b)), assigned to Hu symmetry,34 increased in intensity 

with decreasing temperature (Figure 42 (c)). The temperature where they appeared 

was around 250 K, exactly where the orientational phase transition occurs in fcc C60.54 

Splitting of the T1u modes, such as the 526.7 cm-1 band (T1u(1)) becoming two at 

525.9 cm-1 and 526.6 cm-1 (Figure 42 (d)) and the 1428.3 cm-1 band (Gu/T1u(4)) 

splitting into three bands at 1427.9, 1431.0 and 1431.5 cm-1 (Figure 42 (f)), along with 

the lack of splitting of the T1u(3) mode (Figure 42 (e)), are also consistent with earlier 

observations in the bulk fcc crystal.59 This temperature-dependent behaviour 

suggests that C60 molecules are in a similar environment when encapsulated in the 

BNNT. Vibrational spectroscopy, however, reflects short-range rather than long-

range order: the lowering of symmetry indicates that the molecular rotation had 

stopped due to interactions with neighbouring fullerenes. The orientational 

transition temperature is determined by the intermolecular distance35 rather than 

the long-range crystal structure; so long as the intermolecular distance is similar, 

these results can be reconciled with any arrangement shown in Figure 38.  
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Figure 43. UV Raman spectra of BNNT, C60 and C60@BNNT at room temperature (λex =  355 
nm is required due to the onset of significant luminescence using alternate visible 
excitation). The presence of C60 is evident in the spectra of the filled tubes. The broad band 
centred at ca. 1600 cm-1 in the Raman spectrum of C60@BNNT corresponds to the G band 
of a graphitic nanostructure – most likely a carbon nanotube – that is formed through 
either thermal or photochemical decomposition of C60 under the conditions of spectral 
acquisition. 

 

The presence of C60 was further confirmed by Raman spectroscopy (Figure 

43). Five of the ten Raman-active modes36 could be clearly identified in the Raman 

spectrum of C60@BNNT. This is regarded as sufficient, as the remaining modes have 

small intensity. It is important to note that in these experiments encapsulation did 

not cause a measurable shift in the frequency of C60 vibrational modes, unlike what 

has been reported for C60 in narrow-diameter carbon nanotube peapods.37 Such an 

unshifted C60 Raman line has been observed in carbon nanotube peapods with a large 

mean diameter and a broad diameter distribution, similar to our BNNT.38  
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3.3.2 Forming CNT@BNNT 

The polymerisation and coalescence of guest C60 molecules into a CNT inside 

the host-BNNT offers an exciting opportunity to form a conducting nanowire inside 

an insulating BNNT. Previous attempts to fabricate CNT@BNNT have been made by 

other routes, such as the coating of CNT with boron nitride.39-46 However, the 

formation of CNT within pre-formed BNNT would be more desirable because the 

structure of the outer insulating nanotube is well-defined and easier to control with 

uniform coverage of BN. Furthermore, this approach also permits the formation of 

very narrow SWCNT in BNNT, a nanostructure with favourable properties in chemical 

sensing.47 One specific example of forming CNT@BNNT involved the electron 

irradiation of amorphous carbon inside BNNT,48 though the inherent nature of this 

method is not scalable.  

Previous studies on the thermal transformations of C60@CNT suggest that 

confined C60 molecules begin to coalesce at ca. 800 ˚C inside a CNT9 and at 1200 ˚C 

most of the C60 has rearranged to form an internal CNT within the host-CNT.49 The 

templating effects of the host-CNT were shown to be important in the CNT formation, 

as the diameter of the inner CNT is dependent on the outer nanotube and completely 

independent of the size of C60.9 In this study, C60@BNNT was heated at 1200 °C for 

6 h under argon to stimulate the polymerisation and coalescence processes (Method 

1), similar to those well-documented for C60@CNT, and the resulting material 

analysed by TEM (Figure 44). It is important to note that during the heating process, 

C60 desorbs from within the wider (>2 nm diameter) BNNT, and as such CNT are only 
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formed in narrow BNNT, consistent with the previously reported desorption of C60 

from wider CNT.50 

 

 

Figure 44. Bright field TEM images of CNT@BNNT formed by heating C60@BNNT at 1200 °C 
for 6 h.  

 

TEM imaging of C60@BNNT after heating at 1200 °C for 6 h revealed that most 

molecules have undergone coalescence to tubular structures with mean diameters 

of 1.1 ± 0.2 nm and lengths of 4.3 ± 2.9 nm, with a modal van der Waals separation 

of ca. 0.34 nm between the CNT and BNNT.  

In an attempt to enhance the length and structural ordering of the confined 

carbon nanotube, a series of additional experiments were conducted. The first 

involved increasing the reaction temperature from 1200 to 1400 ˚C (Method 2- 

Figure 45). The second explored the effect of reaction time by increasing the duration 

of heating at 1200 ˚C from 6 to 10 h (Method 3- Figure 46). The final modification 

involved refilling the CNT@BNNT produced by thermal decomposition of C60@BNNT 

at 1200 ˚C for 6 h with further C60 and then repeating the heating step (1200 ˚C for 6 

h) in an attempt to increase the amount of carbon available to produce the 

encapsulated CNT (Method 4- Figure 47). The extent of nanotube filling and the 
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length of the afforded CNT was then correlated with experimental conditions (Table 

1).  

 

  

Figure 45. TEM of single-walled carbon nanotubes formed inside a triple-walled BNNT from 
C60@BNNT when heated at 1400 ˚C for 6 h (Method 2).  

 

 

 

Figure 46. TEM of single-walled carbon nanotubes formed inside a double-walled BNNT 
from C60@BNNT when heated at 1200 ˚C for 10 h (Method 3).  

 

 

  

Figure 47. TEM of single-walled carbon nanotubes formed inside BNNT (Method 4). The 
newly formed carbon nanotubes (a,b) are of similar length to those produced in the original 
single filling procedure. The additional carbon added appears to coat the exterior of BNNT 
as an amorphous layer €.  
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Table 7. Comparison of the methods used to form CNT@BNNT from C60@BNNT. 

Method Conditions Filling / % LCNT / nm 

1 Heat C60@BNNT at 1200 °C for 6 h ca. 25 4.3 ± 2.9 

2 Heat C60@BNNT at 1400 °C for 6 h ca. 25 4.2 ± 2.5 

3 Heat C60@BNNT at 1200 °C for 10 h ca. 25 4.5 ± 2.7 

4 Heat C60@BNNT at 1200 °C for 6 h, repeat C60 
filling then heat C60@BNNT at 1200 °C for 6 h 

> 25 3.8 ± 2.6 

 

It is evident from thorough statistical analysis of TEM images that none of 

these additional experiments were effective for increasing the length of the confined 

CNT and as such only CNT@BNNT materials produced by Method 1 were explored 

further. 

To confirm that the cylindrical structures observed in the TEM images of 

CNT@BNNT were in fact carbon nanotubes encapsulated in boron nitride nanotubes, 

the sample was analysed by EELS and EFTEM imaging (Figure 48). 
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Figure 48. (a) Bright field TEM image of CNT@BNNT produced by heating C60@BNNT. EELS 
EFTEM elemental maps showing the distributions of boron (b), nitrogen (c) and carbon (d) 
in the same nanotube. Line widths for boron, carbon and nitrogen are 3.9, 3.2 and 3.9 nm 
respectively. € A representative electron energy loss spectrum of CNT@BNNT.  

 

The linear contrast showing the location of carbon in the CNT@BNNT 

structure was visibly narrower (3.2 nm) than those attained for boron (3.9 nm) and 

nitrogen (3.9 nm), providing further evidence that the structures were indeed CNT 

embedded within BNNT. Since BNNT are electrical insulators, charge induced by the 

e-beam during TEM analysis built up and could not be removed from the sample. This 
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caused the BNNT to move around, thus blurring EFTEM images during the data 

acquisition, such as in the case of upper CNT@BNNT in Figure 48 which appeared 

broader as a result. The bottom nanotube in Figure 48, however, was fixed firmly at 

both ends on the TEM grid, restricting the movement and producing clearer 

elemental maps. It is also worth noting that with B:N = 1:1, the nitrogen signal 

appears much weaker than the boron signal, as the relationship between core-loss 

intensity and energy is approximately that of an inverse power law.51 

To further probe the composition of the afforded CNT@BNNT material, TGA 

was performed. This analysis indicates a clear reduction in the carbon content of the 

material by a factor of 4, from 8.5% of C in C60@BNNT before heating (Figure 40) to 

around 2.4% after (Figure 49) commensurate with the expected loss of C60 from 

within wider BNNT during the high temperature treatment.  

 

Figure 49. TGA of CNT@BNNT indicates a weight loss of 2.4% between 530 and 700 °C 
consistent with the oxidation of carbon nanotubes within BNNT. This carbon loading is 
approximately four times lower than in C60@BNNT, consistent with the loss of C60 from the 
internal channel of BNNT during the high temperature treatment. 
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The Raman spectrum of C60@BNNT showed clear changes on annealing 

(Figure 50): the C60 modes disappeared and those of carbon nanotubes were 

observed, namely the D and G modes at ca. 1350 and ca. 1600 cm-1 respectively. The 

growth of inner nanotubes proves that the majority of C60 molecules were 

encapsulated.  

 

Figure 50. Raman spectra of BNNT and C60@BNNT annealed at 1200 °C (forming 
CNT@BNNT) collected using 355 nm excitation. The two new bands in the annealed sample 
are assigned to carbon nanotube modes: the D mode – a ring breathing vibrational mode 
of A1g symmetry in a disordered graphitic lattice that is activated by the presence of a 
defect – at around 1300 cm-1 and the G mode – a stretching mode of E2g symmetry, present 
in all graphitic nanostructures (see for example the spectrum of SWCNT) – at around 1600 
cm-1. The presence and high intensity of the D band (relative to the G band) in the Raman 
spectrum of CNT@BNNT indicates a high level of structural disorder within the graphitic 
lattice that comprises the internal carbon nanotube.  

 

UV-vis spectroscopy was used as a tool to understand the size of the 

electronic band gap of the new material CNT@BNNT (Figure 51).  
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Figure 51. (a) UV-vis spectra of open and purified BNNT, C60@BNNT and CNT@BNNT. The 
determined band gaps are 6.04 eV (205.3 nm) for open and purified BNNT, 6.00 eV 
(206.5 nm) for C60@BNNT and 5.98 eV (207.4 nm) for CNT@BNNT. A shoulder at 212 nm in 
the spectrum of CNT@BNNT (b) is consistent with the π-π* absorption of a narrow SWCNT. 

 

The absorption maximum shifted to a higher wavelength as the BNNT was 

opened and purified, filled with C60 and then finally transformed into CNT@BNNT. 

For CNT@BNNT, the electronic structures of the BNNT and CNT in the composite was 

predicted to change when compared to the pristine nanotube analogues due to the 

stretching of C-C bonds and compression of B-N bonds,52 explaining our measured 

change in the band gap of BNNT when the CNT was encapsulted. However, the BNNT 

would remain insulating and the CNT core would be electonically conducting.52 The 

most significant result from the UV-vis spectroscopy measurements was that the 

absorption band of CNT@BNNT was significantly broader than for any other samples 

and had a distinct shoulder at 212 nm (Figure 51 (b)), corresponding to the π – π* 

excitation of a single-walled carbon nanotube with a diameter of 0.90 nm.53 This 

value is consistent with the diameter of a carbon nanotube formed from C60 inside 

BNNT measured in TEM images of CNT@BNNT (0.9-1.2 nm at the widest point, with 

narrow parts of as small as 0.4 nm). 
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3.3 Conclusions 

Boron nitride nanotubes have been demonstrated as effective nanoscale 

containers and reactors for molecules of fullerene C60 which can be inserted into 

BNNT from the gas phase to form ordered quasi-one-dimensional arrays. The packing 

arrangement of fullerenes in C60@BNNT was shown to be different to the packing of 

C60 in the bulk crystal and highly dependent on the internal diameter of the host-

nanotube, but IR spectroscopy analysis of the guest-molecules suggest that the 

dynamic behaviour and temperature-controlled phase transitions of C60 in BNNT are 

the same as in the bulk fullerene crystal. The thermal treatment of C60@BNNT at 

1200 °C in argon triggers drastic transformations of the guest-molecule which 

polymerise and coalesce into carbon nanotubes inside boron nitride nanotubes thus 

forming a hybrid nanostructure CNT@BNNT, as confirmed by high resolution bright 

field TEM imaging and EELS EFTEM elemental mapping of individual CNT@BNNT 

structures, which clearly indicate that B and N comprise the shell and C is located in 

the core of this hybrid nanostructure. Furthermore, UV-vis absorption spectroscopy 

indicates a new optical transition in CNT@BNNT material (absent in BNNT or 

C60@BNNT) suggesting that the average diameter of the guest carbon nanotube is ca. 

0.9 nm which correlates well with that measured by TEM. Overall, the concentric 

structure CNT@BNNT with insulating BNNT as the outer shell, and conducting CNT as 

the inner core, represents an excellent candidate material for nanoscale coaxial 

cables which are required for several electronic and sensing applications. This 

method of carbon nanotube growth from molecules, directly inside BNNT builds on 

the concept of nanoreactors developed for carbon nanotubes, and provides the first 



3. Growth of Carbon Nanotubes inside Boron Nitride Nanotubes by Coalescence of Fullerenes 

109 

 

scalable method for the controlled growth of conducting nanotubes inside insulating 

nanotubes.  

3.4 Experimental 

All common reagents and solvents were purchased from Sigma-Aldrich, UK 

and used without further purification unless stated otherwise. Water was purified (> 

18.0 MΩ cm) using a Barnstead NANOpure II system. TEM imaging was performed 

using a JEOL 2100F TEM (field emission gun source, information limit < 0.19 nm) at 

100 kV at room temperature. EEL spectra were acquired using a Gatan Tridiem energy 

filter from regions defined by the selected area aperture to exclude any contribution 

from the supporting carbon film. Acquisition parameters were a 2 mm spectrometer 

aperture, with a dispersion of 0.3 eV/pixel. EDX spectra were recorded using an 

Oxford Instruments 30mm2 Si(Li) detector or an Oxford Instruments x-Max 80 SDD 

running on an INCA microanalysis system. Samples for TEM, EELS and EDX were 

typically prepared by casting several drops of a suspension of nanotubes onto 

copper-grid mounted “lacy” carbon films. Raman spectroscopy was conducted using 

a laser wavelength of 355 nm. FTIR spectroscopy was performed on a Bruker IFS66v 

spectrometer using the KBr pellet technique. UV-vis spectroscopy was performed by 

an Ocean Optics QE65000 spectrometer or Perkin-Elmer Lambda 25 UV-vis 

spectrometer. Thermogravimetric analysis (TGA) was performed using a TA 

Instruments SDT Q600 under a flow of air at a heating rate of 10 °C min-1 from room 

temperature to 1000°C. Powder X-Ray diffraction measurements were performed on 

a PANalytical X’Pert PRO diffractometer equipped with a Cu Kα radiation source (λ = 

1.5418 Å) in Bragg-Brentano geometry using a Si zero-background holder. 
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3.4.1 Filling BNNT 

Open and purified BNNT (as reported in Chapter 2, 10 mg) and C60-fullerene 

(10 mg, SES Research) were sealed under vacuum (10-5 mbar) in a Pyrex tube and 

heated at 600 ˚C for 20 h. The solid was collected by vacuum filtration (0.2 μm PTFE 

membrane) and washed extensively with toluene until the filtrate became colourless. 

Mass = 8.2 mg. 

3.4.2 Formation of CNT@BNNT  

3.4.2.1 Method 1 

C60@BNNT (9.0 mg) was sealed under Ar (0.7 bar) in a quartz ampoule and 

heated at 1200 ˚C for 6 h. Mass = 7.1 mg. 

3.4.1.2 Method 2: Increased reaction temperature 

C60@BNNT (5.0 mg) was sealed under Ar (0.7 bar) in a quartz ampoule and 

heated at 1400 ˚C for 6 h. Mass = 4.0 mg. 

3.4.1.3 Method 3: Increased reaction time 

C60@BNNT (5.0 mg) was sealed under Ar (0.7 bar) in a quartz ampoule and 

heated at 1200 ˚C for 10 h. Mass = 4.0 mg. 
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3.4.1.4 Method 4: Repeated filling 

C60@BNNT (5.0 mg) was sealed under Ar (0.7 bar) in a quartz ampoule and 

heated at 1200 ˚C for 6 h. The sample (3.0 mg) was then sealed with C60-fullerene (3.0 

mg) in a quartz tube under vacuum (10-5 mbar) and heated at 600˚C for 16 h, then 

sealed under Ar (0.7 bar) at 1200˚C for 6 h. Mass = 2.0 mg. 
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4. Synthesis of Photoactive Nanoparticles inside Nanotubes 

4.1 Introduction  

There are many remarkable materials that harness light to drive processes or 

reactions. Nature has evolved extraordinary molecules for this purpose, namely, 

chlorophyll which absorbs sunlight, resulting in energy harvesting for plants. 

Chemists have synthesised fascinating molecules, and more recently nanoparticles 

(NP), that are able to capture light as a form of cheap, clean and renewable energy. 

Light energy can then be converted into a whole range of desired forms for specific 

processes. 

For instance, molecular sensors have been developed which absorb sunlight 

and produce electricity in dye sensitised solar cells.1 Recently, nanoparticles have 

been explored in more depth owing to their unusual and extraordinary size-

dependent properties.2 With dimensions of 1-100 nm, NP bridge the gap between 

bulk materials and molecular structures. Quantum dots (QD) are a remarkable class 

of semiconducting nanoparticles which possess size-tuneable band gaps, in which the 

absorption and emission wavelengths can be tailored to suit the desired function.2 

When photons are absorbed by QD, an electron can be excited from the valence band 

to the conduction band, producing an electron hole pair, called an exciton (Figure 

52). 
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Figure 52. Mechanism of exciton formation in a QD. Absorption of a photon leading to 
excitation of an electron from the valence band to the conduction band, across the 
electronic band gap (Eg),  to form an electron-hole pair (exciton).3  

  

The electron and hole can recombine radiatively, emitting a photon at lower 

energy than the incident photon, as fluorescence. The energy of the photon emitted 

by fluorescence correlates with the bandgap, and hence diameter (or radius), of the 

QD,4, 5 as shown in Equation 1; Equation of Brus, where Eg is the band gap of the bulk 

material, ħ is the reduced Plank’s constant, r the radius of spherical nanocrystals, e is 

the charge of the electron, ε is the semiconductor dielectric constant, me and mh are 

effective masses of the electron and holes respectively. 

 

E = Eg + ħ2π2/2r2 (1/me + 1/mh) – 1.8e2/εr      (1) 

 

This fluorescence can be incredibly useful for applications, such as biological 

labelling, although a significantly more attractive use is to prevent recombination of 

the electron-hole pair. Photogenerated electrons and holes can be transferred to 

another material where they can then be utilised to generate a current or instigate a 

chemical reaction.6-10 A high ratio of excited electrons can be generated from the 
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absorbed photons, so QD have understandably attracted attention for potential 

applications in solar cells11 and hydrogen production.12  

In order to modulate the properties of QD, by preventing excitons 

recombining through fluorescence, research effort has focused on depositing them 

on various substrates. For instance, carbon nanotube (CNT) supports can stabilise the 

QD and together form an exciting new hybrid structure.13 

CNT are extended cylinders of sp2 hybridised carbon, with attractive chemical, 

optical, mechanical and electrical properties.13 CNT can be functionalised on the 

surface, yet remain chemically inert under many harsh chemical environments.13  The 

unique structure of CNT provides ballistic conduction, with resistance independent 

of the nanotubes length.14 This can provide an exceptional pathway for stabilising 

and transporting electrons. Strong dependence of the CNT properties on the 

structure of the CNT means that by carefully selecting the diameter, length, number 

of walls and chirality of the CNT, the functionality can be tailored.  

The CNT represent a suitable nucleation site for controlled growth of 

nanoparticles in the absence of a stabiliser, while the high surface area of CNT allows 

high QD coverage. Furthermore, the high electron-storage capacity of CNT allows 

many photoexcited electrons, generated from QD, to be stabilised effectively. The 

long-range π electronic conjugation of CNT can successfully accept electrons from QD 

and transport them away from the QD to prevent recombination. Thereafter, 

electrons can then be utilised for further reactions or electronic applications. 

Hence, these incredible hybrids are directed at applications such as hydrogen 

production,12, 15 dye degradation for water purification,16 electrochemical 

sensors,17 and optoelectronic devices.18  Through careful and effective assembly of 
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these hybrid structure, the interesting and unusual electrochemical properties can 

be utilised further to yield hybrid materials with new and unexpected properties.  

4.2.1 Formation of QD/CNT hybrid materials 

A wide range of interesting hybrid structures have been prepared using 

different nanotubes, QD and synthetic approaches, yielding composite materials 

comprising QD of different size, shape and density on CNT, and harnessing different 

fundamental interactions to drive their self-assembly (Table 8). 
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The general approaches for formation of QD/CNT hybrids can be split into two 

distinctive methods: i) in situ and ii) ex situ (Figure 53). In situ approaches can provide 

a convenient and effective route to CNT hybrid materials with high QD coverage, 

formed in the absence of stabiliser. Ex situ methods involve the synthesis of QD 

followed by adhesion to the surface of CNT, which allows effective control of the QD 

size through colloidal chemistry. Thus, QD in solution can be directly compared to 

those adsorbed on a surface. However, methods of attachment to CNT can be much 

more complex, and QD have to be capped during preparation in order to prevent 

aggregation. These capping ligands have to be carefully selected or modified post-

synthesis to maximise attractive interactions that will drive self-assembly with other 

materials, such as CNT.  

 

 

Figure 53. Schematic representation of in situ (i) and ex situ (ii) formation of CdS/CNT 
hybrid materials. 

 

In situ synthesis is believed to be aided by electrostatic interactions between 

a functionalised CNT and ions dissolved in the reaction mixture (Figure 54). Most 
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commonly, carboxylic acid groups are introduced to the surfaces of CNT through 

oxidation in air12, 27 or acid treatment,12, 19, 22, 26, 27 resulting in electrostatic attractions 

between CNT-COO- and cations in solution e.g. Cd2+. When combined with counter 

ions from solution (S2-, Se2-) QD form on the CNT (Figure 54).  

 

 

Figure 54. Schematic depicting the formation of CdS on CNT through oxidation of CNT. 

 

Polymer wrapping of CNT is another common approach, which introduces 

functional groups capable of interacting with QD-precursors. In some cases, the 

polymers also improve the stability of CNT in aqueous suspensions. Incorporating a 

polymer will result in a polymer coating on the QD, which may also be advantageous 

for controlling the growth of QD by acting as a surfactant to passivate the QD surface 

and limit the growth phase, or even as a conductive coating for high hole mobility38 

but could block access of molecules to the surface of the nanotubes, and reduce the 

nanotube’s internal volume.  

In contrast, ex situ methods involve the use of QD that are predominantly 

capped with carboxylic acid/ amine-containing molecules, which then form 
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interactions with functionalised CNT. For example, Pan et al. proved the importance 

of electrostatic interactions by comparing the self-assembly of carboxyl-capped QD 

on the surface of carboxyl-, alcohol-, and amine-capped MWNT. The group reported 

the formation of a dense coating of carboxyl-capped QD on the surface of amine-

capped MWNT, yet very few nanoparticles bound to the surface of carboxyl- or 

alcohol-capped MWNT.28 

As with in situ approaches, polymer wrapping of MWNT is another method of 

introducing functional groups to CNT. Grzelczak et al. report attaching QD to MWNT 

utilising the electrostatic interactions between ammonia cations (R2N+(CH3)2) from 

the polymer (poly(diallyldimethylammonium chloride) -PDDA) adsorbed on 

nanotubes, and thioglycolic acid groups (RCOO-) on CdTe.30  

Engtrakul et al.35 exploit van der Waals (vdW) forces between bundles of 

single-walled carbon nanotubes (SWNT) and InP and CdSe QD (capped with 

trioctylphosphine/ trioctylphosphine oxide (TOP/TOPO)). The grooves in the bundles 

of nanotubes act as a one-dimensional template for QD to attach to.  While many NP 

are formed on the surface of SWNT through this method, no further examples of 

QD/NT hybrids have been reported using this approach. 

4.2.2 Scope for further investigation 

Despite polymers being commonly used during the in situ formation and 

solubilisation of photoactive hybrids, the use of surfactants (or capping group) as a 

method of controlling the crystal structure of QD formed through the in situ approach 

is comparatively underexplored. This is slightly surprising given that surfactants are 

widely recognised to improve the structure of QD grown in isolation in solution, and 
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that the specific nature and even the length of surfactant chosen can significantly 

alter the size, shape and crystal structure of the QD.39-42 Through the use of 

surfactants during the in situ formation of CdS on nanotubes, control over the 

structural characteristics of the QD could be significantly improved and warrants 

further investigation. 

When QD are formed on CNT, there are several competing forces acting 

between the reactants and the nanotube, including electrostatic interactions and 

vdW forces; as such, formation mechanisms are often complex and difficult to 

confidently determine experimentally. However, the encapsulation of QD reduces 

the number of competing forces and simplifies the mechanism. If QD are formed in 

the internal cavity of nanocontainers, where the surface is very inert, 13 it is possible 

to simply harness vdW interactions, which are enhanced due to the greater contact 

surface area between QD and CNT. 

The formation of QD on the external surface of CNT is of significant interest and has 

been reported comprehensively, yet the formation of QD inside the internal cavities 

of CNT is significantly underexplored and has the potential to form far superior 

materials. For example, the QD on the concave surface of the CNT (i.e. encapsulated 

inside the CNT) could exhibit enhanced electron transfer from QD to CNT, compared 

to QD on the external surface, through increased contact surface area and by being 

attached to the more electron deficient surface of the carbon nanotube.43, 44 This 

phenomenon has been shown for encapsulated ruthenium, 45 iron (III) oxide46, 47, and 

metallic iron.48 It is therefore reasonable to predict that photogenerated electron-

hole pairs produced in QD will be stabilised through charge transfer to the concave 

surface of the CNT.  
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Additionally, entrapment of QD inside CNT could lead to the enhanced 

stability of the QD, possibly shielding them from the external environment and 

making their removal under applied conditions less likely. This increased stability of 

encapsulated NP, compared to NP on the surface of carbon supports, has been 

recognised to improve the recyclability of nanoparticles in nanotubes, such as copper 

NP inside graphitised nanofibers in the cycloaddition of azides to alkynes.49  

The nanotube host could template the QD and control its size and shape, as 

observed for the formation of CNT from the thermal decomposition of C60 inside 

boron nitride nanotubes (BNNT) (Chapter 3), either by physically limiting the size of 

the encapsulated CdS to grow, or by helping to stabilise CdS leading to larger 

nanoparticles.  

While CNT have been explored as supports for CdS, the use of boron nitride 

nanotubes as an alternative vessel has never been investigated and no reports of 

encapsulating QD inside BNNT have been documented. The most likely reason being 

that BNNT have not been synthesised on a large scale until recently. Moreover, 

effective opening methods are not widely available, hence the encapsulation of any 

materials inside BNNT is very limited. The structural differences between BNNT and 

CNT, such as the polarity of interatomic bonding, delocalisation of π electrons and 

polarizability, may result in altered interactions between the nanotubes and the QD 

or QD precursors, which in turn could change the structure of the resulting QD on the 

host. Formation of CdS QD on the surface of boron nitride nanosheets (BNNS) has 

been reported,50 with the authors stating that strong B-O-S covalent bonds between 

QD and edges of BNNS are responsible for their self-assembly. Hence, QD may also 

selectively form at the edges of BNNT.  
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4.2 Aim and Objectives 

The aim of this study is to probe the assembly of QD inside nanoscale tubular 

containers. This will involve an exploration of how the encapsulation of QD can be 

controlled as a result of reaction conditions and nanocontainers used. Consequently, 

new materials with improved properties can be designed for targeted applications. 

  It is critically important to carefully select the type of QD studied, as this 

affects the properties, and hence applications, of the resulting composite. CdS 

absorbs visible light,16 making CdS an ideal candidate for solar light driven devices. 

Cadmium chalcogenides are a popular choice and have proven to possess a number 

of outstanding properties for a photoactive nanoparticle; they absorb light across a 

broad spectrum and have high molar absorptivity ca. 105-107 M−1 cm−1.51-53 The 

bandgap can be controlled by changing structural parameters, and the solubility can 

be controlled by functionalising the surface of the chalcogenides with groups that can 

impart solubility in water.54 Therefore, the construction of superstructures based on 

CdS will be explored. 

CNT, specifically MWNT, and BNNT are chosen as the nanocontainers, since 

both are chemically stable in common reaction conditions, so will not be damaged 

during QD formation reactions. The nanotubes selected are wide enough to allow 

encapsulation of nanoparticles (inner diameter MWNT = 5.1 ± 1.5 nm, inner diameter 

BNNT = 2.45 ± 1.19 nm) yet narrow enough to impose spatial confinement effects. 

MWNT form a dispersion in water more readily than narrower CNT and can be 

exposed to harsher conditions, without completely destroying their structure. 

The first objective is to open CNT to maximise the efficiency of filling. By 

opening the ends of the nanotubes, QD precursors should be able to enter and 
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react to form QD, where they are stabilised by vdW forces. Increasing the number 

of entry points, by creating pores in the side walls, is expected to further enhance 

the filling efficiency.  

For CNT, acid-mediated oxidation will open the caps, which are the most 

reactive part of the nanotube, and subsequently corrode the surface to form pores. 

It is important to note, however, that oxidation introduces carboxylic acid groups 

to the outer walls of CNT, which increases the number of sites for cationic QD 

precursor ions to attach. This subsequently could increases the coverage of QD on 

the outer wall of the CNT as oppose to encapsulating them. Since there are two 

competing factors which both result from the oxidation of CNT, it is important to 

determine the optimum level of oxidation to maximise the extent of encapsulation 

and limit the external surface adsorption. 

The second objective is to explore the effect of CNT diameter and the internal 

structure. The internal diameter of the CNT determines how large an encapsulated 

QD can grow, or if it can even form in the first place. While the internal structure can 

affect the stability of encapsulated NP, for instance, graphitised nanofibers (GNF) 

interior resembles stacked cups, and these step-edges provide anchoring points for 

NP. Therefore, a range of carbon nanocontainers with various internal diameters and 

internal structures should be investigated to understand its effect on the size, shape 

and location of the QD formed.  

The third objective is to investigate how the type of nanotube used to form 

the hybrid material can affect the structure. The nature of the nanotube selected will 

result in specific interactions with QD and contribute different chemical, physical and 

optical properties to the hybrid. For instance, the ionic character of interatomic 

bonding, polarisability and delocalisation of the π electrons varies significantly 

between BNNT and CNT, so interactions between the NT and QD will be different.  
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In order to probe the efficiency of different filling strategies both liquid and 

gas phase filling will be explored. The difference between the filling conditions and 

how QD precursors are transported to the inner cavity of the nanotubes will affect 

the concentration of encapsulated material, and hence the filling efficiency. For 

instance, gas phase filling may have a higher filling efficiency as no solvents may block 

the cavity of the nanotube or interact with the precursor molecules.  

4.3 Results and Discussion 

4.3.1 The effect of oxidation of nanotubes  

To determine the optimum level of oxidation to the nanotubes required for 

maximum QD filling, the MWNT were treated in nitric acid for various durations. 

Aqueous nitric acid is commonly used to oxidise CNT and is an established method 

for effective oxidation.55, 56 Nitric acid breaks the C=C bonds of graphitic MWNT and 

introduces oxygen-containing groups, such as carboxylic acids, aldehydes, alcohol 

and carbonyl groups. The acid then continues to attack sequential graphitic layers to 

eventually form craters.57 This allows Cd2+ ions to enter, increasing the filling yield. 

The level of oxidation can be controlled through varying the reaction time or 

concentration of acid. In these experiments, the durations were chosen to produce 

CNT which span a range of levels of oxidation, from mild to extreme. Longer oxidation 

or higher concentrations are likely to result in significant structural disruption to the 

carbon nanotube. 
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MWNT were heated in 5 M nitric acid to reflux for 1, 16 or 96 h (Figure 55). 

The black solid was collected by vacuum filtration and washed until the filtrate was 

pH neutral.  

 

Figure 55. Functionalisation of CNT by oxidation in refluxing acid. 

 

To evaluate the success of these procedures, the most oxidised (96 h-treated) 

and least oxidised (0 h-treated) MWNT were characterised using a range of 

spectroscopic and gravimetric approaches.  

Raman spectroscopy was the first technique used to examine the structure of 

the nanotubes. The Raman spectrum of MWNT exhibits a number of key bands: the 

G band is a C-C stretching vibration of E2g symmetry, present in all graphitic structures 

at ca. 1600 cm-1; the D band is a ring-breathing mode of A1g symmetry in a disordered 

graphitic lattice at ca. 1350 cm-1, activated by a defect e.g. sp3, heteroatom, 

vacancy.58 By measuring the relative intensities of these two bands, ID:IG, a 

quantitative measurement of the degree of disorder in the CNT is provided. From this 

analysis (Figure 56), it is clear that extensive treatment in nitric acid results in the 

formation of a more defective MWNT, as ID:IG increased from 0.73 to 1.26 in the 

untreated and 96 h-treated samples respectively. Bands observed at 1138 cm-1 and 

1544 cm-1 in 96 h-treated MWNT, which were not present in 0 h-treated MWNT, have 

been tentatively assigned to C-O stretches. This also signifies a high level of oxidation 

to the MWNT after treatment. 
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Figure 56. Raman spectra for 96 h-treated MWNT (normalised to the G band). The spectrum 
was acquired at excitation wavelength, λex=532 nm.  

 

Thermogravimetric analysis (TGA) could further probe the structure of the 

MWNT. For example, carbon nanotubes react with oxygen to form carbon dioxide 

when heated, but the temperature of this reaction depends on a range of factors, 

such as the diameter of the CNT, the number of graphitic layers and whether any 

metal catalyst remains from CNT synthesis. The oxidation of 0 h-treated MWNT was 

expected to occur at a lower temperature than the 96 h-treated MWNT because the 

defects and holes make the nanotubes easier to oxidise.  
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Figure 57. TGA of 0 h-treated MWNT and 96 h-treated MWNT. The weight loss at 400 °C (96 
h-treated) and 550 °C (0 h-treated) correspond to the oxidation of carbon of the CNT to 
CO2. A higher level of oxidation introduces more oxygen groups to the surface of the 
MWNT, weakens C=C bonds and creates a higher surface area, which leads to combustion 
at a lower temperature. Residual weight of 9.8% for 0 h-treated MWNT due to residual iron 
catalyst, and 6.9% for 96 h-treated MWNT. 

 

Oxidation of 96 h-treated MWNT occurred at a lower temperature (400 °C) 

than 0 h-treated MWNT (550 °C) as a result of weakened C=C bonds, more oxygen-

containing functional groups on the surface of the MWNT, and a higher surface area 

for oxygen to react with, which made the structure more susceptible to combustion. 

Also, while the 0 h-treated MWNT remained the same mass before combustion, the 

96 h-treated analogue lost mass between ca. 25-300 °C, indicative of the loss of 

functional groups from the surface of the MWNT through decarboxylation reactions.  

After heating to 1000 °C, the MWNT synthesis catalyst (iron) was not removed 

but was likely oxidised to Fe2O3, with residual wt.% calculated at 9.8% for 0 h-treated 
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MWNT and 6.9% for 96 h-treated MWNT. This discrepancy demonstrates that 

refluxing MWNT in nitric acid for 96 hours also removes some of the iron catalyst. 

Through the analysis of both 0 h-treated MWNT and 96 h-treated MWNT, it 

is clear that the oxidation significantly changed the structure of the MWNT by 

introducing oxygen-containing functional groups and structural defects. To see how 

this affected the structure and location of QD synthesised with these nanotubes, a 

series of experiments was carried out. 

Adapted from a method reported by Park. et al,12 a typical experiment 

involved dispersing MWNT (oxidised for 0, 1, 16 or 96 h) in water, followed by the 

addition of cadmium acetate dihydrate, which readily dissociates into Cd2+ in water. 

The mixture was stirred for 90 minutes, before the addition of 1-thioglycerol and 

1,2-dithioglycerol as surfactants. The mixture was then allowed to stir for 16 hours. 

Sodium sulfide nonahydrate was then added to the mixture and stirred for 16 hours, 

while the S2- ions diffuse to Cd2+ leading to nucleation. Further diffusion of S2- ions 

allows QD growth, while the surfactants stabilise the growth and prevent aggregation 

(Figure 58).59 The equation for the reaction can be expressed as (Equation 2): 

 

Cd(OAc)2.2H2O + Na2S  2NaOAc + CdS + 2H2O     (2) 

 

Figure 58. Schematic representation of the formation of CdS QD inside CNT.  
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The reaction product was collected by vacuum filtration to yield a black 

powder. It is interesting to note that during the QD formation reaction the 

suspensions remained black due to the CNT absorbing all of the visible light, masking 

any macroscopic aggregates of CdS suspended in the solutions. However, after 

filtering the mixtures to separate the hybrid material from the aqueous phase, a weak 

orange colour was always observed in the filtrate presumably from QD suspended in 

solution.  

The resulting black powder was analysed using transmission electron 

microscopy (TEM) as it is the only technique that allows the location of NP (inside or 

outside of nanotubes) to be accurately determined. In addition, the sub-nanometre 

resolution images can provide information about the size, shape, crystallinity and 

distribution and was therefore used as the principle technique for analysis of the 

structures. 

Figure 59 shows the structure of the MWNT after oxidation for 96 hours in 

nitric acid. Pores were created in the walls, ranging from the 1 nm to 6 nm in size.  

 

 

Figure 59. TEM images of (a) CdS/MWNT with smooth, intact walls and (b-c) pores in the 
walls of MWNT, caused by 96 h oxidation in 5 M nitric acid.  

The structure of the 0 h-treated MWNT appeared smooth and intact (Figure 

60). Whereas, the 96 h-treated MWNT were much more damaged and irregular as 
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the prolonged acid-treatment had altered the physical structure of the nanotubes 

and etched away at the graphitic layers. This shows that defects were introduced to 

the nanotubes through prolonged acid treatment, supporting Raman spectroscopy 

and TGA data. 

TEM images for the range of acid-treated MWNT (0, 1, 16, 96 h treated) are 

displayed below. 

 

 

Figure 60. (a-f) TEM images to show hybrid of NP and 0 h-treated MWNT. A d-Spacing of 
3.3 Å is clearly observed across the nanoparticle, corresponding to the (111) crystal planes 
of CdS. 
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Figure 61. (a-c) TEM images to show hybrids of QD and 1 h-treated MWNT.  

 

 

Figure 62. (a-e) TEM images to show hybrids of NP and 16 h-treated MWNT. 
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Figure 63. (a-d) TEM images to show hybrids of NP and 96 h-treated MWNT.  

 

Statistical analysis of the coverage and size of NP associated with the MWNT 

was carried out by counting the number of discrete NP on the MWNT for a measured 

length of nanotube. This was repeated until a statistically significant number of 

measurements were recorded. The coverage was then calculated as the number of 

discrete NP on the MWNT per µm of the nanotube length. Similarly, the filling rate of 

discrete NP encapsulated within the MWNT was also calculated. The mean diameters 

of the NP were determined by measuring both the long and short axis. These two 

measurements were recorded because most of the NP were not spherical, and this 

method provides information about the shape of the NP as a result of the interactions 

with the MWNT. The results are presented in Table 9. 
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Table 9. Coverage of QD on MWNT, with variable MWNT oxidation. 

Reflux time/ hours 0 1 16 96 

NP (discrete) on per μm 83 12 0 19 

NP (discrete) encapsulated per μm 5 22 3 70 

NP size/ nm 5.0 x 2.4 * * 4.6 x 3.5 

*NP size could not be accurately determined due to the formation of clusters. 

 

The highest number of discrete NP associated with the MWNT resulted from 

0 and 96 h-treated MWNT. The former has no functionalisation to the outer walls of 

the MWNT so NP are likely to be attached through vdW forces. However, when the 

coverage of carboxylic acid groups on the external surface of the MWNT increased 

through increased treatment time in acid, the number of NP associated with the 

MWNT decreased and NP formed large clusters. This could be the result of 

unfavourable interactions between thiols on the NP and carboxylic acids groups on 

the MWNT, destabilising individual NP. Many NP then clustered together, thereby 

increasing the vdW forces between several NP. As the oxidation time of MWNT was 

further increased to 96 hours, MWNT were opened, creating an accessible route for 

NP precursors to enter the MWNT. NP then formed inside the MWNT preferentially 

as they are stabilised by van der Waals forces between the NP and the concave 

surface of the MWNT. 

It was remarkable to discover an incredibly high NP filling rate of 70 NP per 

µm in 96 h-treated MWNT. The capability to form NP encapsulated within MWNT 

almost exclusively, shows how powerful the pre-treatment of MWNT is as a tool for 

controlling the interactions between the nanotube and NP to tailor the hybrid.  
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Figure 64. Schematic to show the opening (through oxidation in HNO3) and subsequent 
filling process for the formation of NP inside MWNT. 

 

When pores are formed in the walls of MWNT, capillary forces drive NP 

precursors inside the MWNT. As the nanocrystals grow, they interact with the 

nanotube walls through vdW forces, the cumulative effect of these forces is much 

higher when nanoparticles are encapsulated, as oppose to on the outer wall, as the 

contact surface area significantly increases. It is clearly the structure of the MWNT 

that affects the location of these NP on MWNT, rather than its surface. 

Since highly filled nanotubes, as formed with 96 h-treated MWNT, were the 

target material, only this structure was characterised further. Having found that QD 

were encapsulated inside MWNT, further TEM was warranted in order to study the 

structure in more detail. To confirm that the NP thought to be inside 96 h-treated 

MWNT were definitely encapsulated, the material was rotated inside the electron 

microscope, around the nanotube growth axis, and images collected at a range of 

angles, producing a tilt series (Figure 65). 
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Figure 65. Tilt series (+20° to -20°) of TEM images of NP in 96 h-treated MWNT.  

 

The amorphous material coating the MWNT was presumably excess 

1-thioglycerol and 1,2-dithioglycerol used as a surfactant. From the TEM analysis the 

average diameter of these NP was measured to be 4.6 ± 1.0 x 3.5 ± 0.9 nm, with a 

long axis and a short axis, i.e. the NP were non-spherical. The inner diameter of the 

MWNT was measured to be 5.1 ± 1.5 nm, suggesting that MWNT templated the long 

dimension of the NP (4.6 ± 1.0 nm) when the standard deviation is considered.   

To confirm that encapsulated NP were templated by the MWNT, the size of 

NP in solution was probed. Analysis of the filtrate using UV-vis spectroscopy showed 

a peak maximum at 512 nm, correlating to CdS with the mean diameter of 8.34 nm.52 

This method for analysing the diameter of CdS is a bulk scale technique, so was 

representative of the entire sample. The diameter of CdS in the filtrate was much 

larger than the NP encapsulated within MWNT (4.6 nm x 3.5 nm), suggesting that 

MWNT limit the growth of NP. This clear size discrimination between NP 

encapsulated in CNT and CdS in solution, must also mean that QD can grow 

simultaneously in solution, and in CNT.  
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Comparisons between the long and short dimensions of NP in MWNT are 

reported to highlight the distribution of diameters formed. The results were 

measured from TEM images, recorded for both the long and short NP axis, shown in 

the histogram below (Figure 66). 

 

 

Figure 66. (a) Histograms to show the size distribution of NP in MWNT for dimensions 
measured along both the short and long axis of the NP, dNP= 4.6 ± 1.0 nm x 3.5 ± 0.9 nm. 
(b) Schematic representation of the short and long dimensions of QD measured inside 
MWNT. 

 

The aspect ratio (long dimension/ short dimension) was calculated to be 1.38, 

representative of the elongated shape of the QD. The long dimension of the NP 

appear to be templated by the concave surface of the MWNT, completely filling the 
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cross section of the nanotube. It is likely that the length of the QD parallel to the 

MWNT is then dependent on the amount of NP precursors available. 

The NP formed showed clear lattice spacing of 3.3 Å, consistent with the (111) 

crystal planes of cubic CdS (Figure 67).60 Here, the atomic contrast from CdS was 

much higher than of carbon forming the walls of the MWNT, resulting from the higher 

atomic number of cadmium and sulfur, compared to carbon. Thus, while graphitic 

CNT walls and CdS have very similar d-spacing, the encapsulated NP was not 

composed of carbon. 

 
 

 
 

Figure 67. TEM micrograph of CdS quantum dots showing d-spacing. A lattice spacing of 3.3 
Å corresponds to the (111) crystal planes of CdS.  

 

CdS QD in this size range (ca. 4 nm) are most commonly formed as zinc blende 

crystals,61, 62 with factors such as the molarity of the capping agents63 also playing a 

part. In our experiments, the concentration of thiols (<0.2 M) was consistent with the 

formation of a zinc blende crystal structure of CdS.  

Energy-dispersive X-ray spectroscopy (EDX) was used to appraise the 

elemental composition of a material (Figure 68). 
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Figure 68. EDX spectrum of CdS in 96 h-treated MWNT, showing the presence of cadmium 
and sulfur. 

 

As expected, both cadmium and sulfur were detected in this material. The 

ratio of Cd:S was found to be 1:1.6, with the excess sulfur attributed to the thiol 

coating, observed in TEM images. Combining this with the information obtained 

through TEM, the circular structures inside the MWNT could confidently be identified 

as CdS. Having confirmed that CdS QD were encapsulated within the 96 h-treated 

MWNT, the material can now be referred to as CdS@MWNT. 

EDX and TEM are useful techniques for determination of the elemental 

composition and visualisation of the morphology of QD on CNT. As both are local 

probe techniques, it was important to use bulk analytical methodologies to appraise 

the chemical properties of the entire sample. The first example of such a 

characterisation technique is powder X-ray diffraction (PXRD). A peak corresponding 

to the graphitic planes of MWNT was expected, along with crystal planes from CdS 

QD.     
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Figure 69. PXRD for CdS@MWNT (blue), and MWNT only (black). The XRD patterns of bulk 
wurtzite and zinc blende CdS are included for reference, reported by Dzhagan et al.64 
(JCPDS no. 75-0581 and JCPDS no. 80-0019). 

 

As expected, the highest intensity peaks were present for CdS@MWNT at 26˚ 

and ca. 43˚, corresponding to MWNT (002) and (100) planes respectively.12, 65 

However, the peak at 26° was also the result of the (111) crystal planes of zinc blende 

CdS,8 with a clear shoulder which could be the contribution from the (200) plane. The 

broad diffraction peak is a direct result of the small diameter of the QD, with peak 

broadening observed as the nanoparticle size decreases.41 An additional, broad peak 

was present at ca. 47°, which is not from MWNT and instead is likely resulting from 

the (220) and (311) crystal planes of cubic (zinc blende) CdS,8 but may also be a 

contribution from wurtzite crystal planes (110) and (103). Similarly broad peaks were 
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observed by Neelgund and coworkers who formed CdS on MWNT,25 and Wageh et 

al.66  Due to the peak broadness and overlap, the full width at half maximum cannot 

be accurately measured, thus the Scherrer equation would not be useful for 

calculating CdS diameters. Whilst the size of the QD could not be quantified by PXRD 

measurements, they agree with the TEM analysis that the QD must be very tiny and 

do not conflict with the size measured through TEM analysis of 4.6 x 3.5 nm.  

Raman spectroscopy was another bulk method used to indicate the presence 

of CdS. In addition to the peaks from MWNT, features corresponding to CdS were 

also expected in CdS@MWNT. 

   

 

Figure 70. Raman spectra for CdS@MWNT (normalised to the G band). The spectrum was 
acquired at excitation wavelength, λex=532 nm. Bands at 289 and 585 cm-1 from the first-
order longitudinal optical (1LO) phonon and second-order longitudinal optical (2LO) 
phonon of CdS QD, respectively.  
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There was some variation in  position and relative intensities for MWNT  upon 

the introduction of CdS (D, G and 2D bands at 1352, 1589 and 2700 cm-1 

respectively,67 shifted to 1338, 1572 and 2681 cm-1) due to heating effects. CdS 

absorbed light from the laser (λex=532 nm, corresponding to photon energy of 2.3 

eV), and converted phonons into thermal energy. This thermal effect then shifted the 

D and G bands of MWNT by 14 and 17 cm-1 respectively. Studies have shown 

correlation between the positions of the G bands in SWNT and highly oriented 

pyrolytic graphite as a function of temperature, agreeing that red-shifting occurs with 

heating (ca. -0.03 cm-1 K-1).68, 69 This downshifting of 17 cm-1 indicates a ca. 567 °C 

increase in the temperature of CdS@MWNT compared to MWNT alone.  

There was also a decrease in the ID:IG ratio from 1.26 to 0.97, also attributable 

to this heating effect. More interestingly, new bands at 289 and 585 cm-1 were 

observed from the first-order longitudinal optical (1LO) phonon and second-order 

longitudinal optical (2LO) phonon, respectively. The band position was very similar to 

that reported by Goswami and coworkers,5 ca. 294 and ca. 588 cm-1 for 1LO and 2LO 

phonon modes, respectively, for two sets of QD with diameters of 4.84 and 2.74 nm.  

The medium surrounding the QD affects the vibrational properties of the 

material and if the phonon cannot propagate through the surrounding medium, in 

this case thiols and MWNT, then the confinement effects are similar to an isolated 

particle.70 The bands become broader and red shifted as the QD size decreases (bulk 

CdS has peaks at 305 cm-1 (1LO) and 605 cm-1 (2LO)).71, 72 This is  due to a combination 

of factors, namely, energy-minimization-driven reconstructions, accompanied by 

changes in the bond lengths and elastic properties upon the reduction in size.64 A 
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large QD size distribution, the presence of defects, thermal effects from the laser and 

phonon confinement also play a part.73 

There is disagreement in the literature as to whether the size can be 

accurately determined from the shift, with Zeiri et al. showed that the size (between 

2-5 nm) and shape (rod or sphere) does not correlate with the band position,74 in 

agreement with Shiang and coworkers (ca. 1-15 nm).75  While other studies on larger 

CdS nanowires (9-22 nm)76 report a large red shift with decreasing size. Alternatively, 

theoretical equations by Vasilevshiy and coworkers77 are backed up by Kostić78 to 

calculate the diameter of the QD from the 1LO shift. If this correlation is applied to 

our Raman spectra, the 1LO band at 289 cm-1 correlates with a CdS diameter of 

around 2.6 nm, which is close to the short dimension of the QD, and could be within 

the error. But again, disagreement within the literature is noticed as ultrasmall CdS 

nanoparticles showed 1LO bands at 300 cm-1 for both 1.8 nm and 3.0 nm size CdS, 

with the appearance of a surface optical (SO) mode at smaller diameter, leading to a 

change in the shape of the band at 300 cm-1.64 

The 2LO:1LO ratio is often used to determine the electron-phonon coupling 

strength in polar semiconductors and thus determine the size of the QD.79 In this case 

a 2LO/1LO value of 0.165 would be the result of weak electron-phonon interactions, 

to confirm the zinc blende structure of CdS observed in TEM images.80 It is also within 

the range of values reported for 5 nm QD over a range of excitation wavelengths 

(0.14-0.38).74 However, other works have reported independence of the 2LO/1LO 

value,81, 82 and both increases75 or decreases83, 84 of the 2LO/1LO  value with NP size. 

The electron-phonon coupling is determined by a mixture of properties, including the 

QD internal structure, and the electronic coupling between the electronic states of 
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the QD and the surfactant/capping groups, so cannot be used to determine the size 

of the QD. 

Irrespective of these factors, the Raman bands clearly confirm the presence 

of CdS in the sample, signifying that the TEM images are representative of the entire 

material, and show that QD are small, likely in the size determined by TEM analysis.  

Further evidence of CdS formation was obtained through TGA analysis of the 

composite material in air (Figure 71). A series of weight loss steps were expected 

corresponding the successive evaporation of thiols, combustion of CNT and oxidation 

and/or evaporation of CdS.  

 

 

Figure 71. Thermogravimetric analysis (TGA) of CdS@MWNT and 96 h-treated MWNT in air 
with temperature increasing at a rate of 5 ˚C min-1. 

 

The weight loss between 200-300 °C was assigned to the decomposition of 

1-thioglycerol and 1,2-dithioglycerol. This is higher than the reported boiling points 
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of 118 ˚C for 1-thioglycerol85 and 140 ˚C for 1,2-dithioglycerol, as the energy barrier 

to break bonds between sulfur and cadmium had to be overcome. A reduction in 

mass due to the combustion of CNT was detected as two weight loss steps (500 ˚C 

then 600 ˚C) for CdS@MWNT. This could be the result of some MWNT filled with CdS, 

while others are empty. In this case, filled MWNT may combust at a higher 

temperature as the interactions between CdS and MWNT must be overcome. 

Reports in the literature state that between 200-300 ˚C, thiols are removed 

from the surface of the QD, but sulfur and oxygen coordinated groups are left 

behind.86,87 Then, between 640-850 ̊ C, the evaporation of sulfur occurs,87 with a final 

weight loss step above 840 ˚C resulting from the removal of oxygen from the QD 

surface.66 However, the large weight loss of 8% reported herein cannot possibly be 

due to the removal of surface coordinated groups alone so another explanation must 

be found. 

Alternatively, various endothermic processes are reported to occur in the 

temperature range 500 ˚C to 1000 ˚C, several of which could explain the observed 

weight loss.88  

 

 CdS(s)CdS(g)                                  850 ˚C     (3) 

 CdS + 2O2CdSO4                      400–800 ˚C   (4) 

 CdSO4CdO + SO3             820–1000 ˚C   (5) 

 3CdS + 5O2(CdO)2.CdSO4 + 2SO2            820–1000˚C   (6) 

 2CdS + 3O2 2CdO + 2SO2         820–1000 ˚C   (7) 
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Many of these reactions would result in a mass increase, which indeed is seen 

in other examples in the literature. For instance, a gain in mass is observed in the 400-

750 °C range, as CdS is oxidised to CdSO4.89 However, no increase in mass was 

observed in our TGA measurements. 

To draw more accurate conclusions about the transformations occurring 

during the heating process it was beneficial to know how much cadmium was in the 

sample. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 

therefore utilised, with the analysis showing 33% cadmium by weight for 

CdS@MWNT. Considering the residual mass in the TGA was 37%, 33% cadmium 

content was calculated to form 37% CdO, so the weight change can now confidently 

be ascribed to CdS forming CdO through Equation 7. Kristl et al. also saw a similar 

mass loss from isolated CdS QD, but attributed the result to the mixture of new crystal 

phases CdO and CdSO4·2CdO forming.90 This, however, was unlikely to cause a large 

weight loss alone. In our TGA, the mass of 50% at 800 °C was higher than expected 

for CdS of 33% Cd content (predicted wt.% CdS = 42%), the difference could be the 

result of incomplete combustion of MWNT which were partially covered with CdS. 

There is also the possibility of partial CdS sublimation in addition to the oxidation 

process.  

TGA further confirmed the presence of CdS within the material but since 

several reactions occurred simultaneously and could not be deconvoluted, it was not 

possible to fully quantify the mass of CdS in the samples through TGA, thus the 

cadmium content obtained through ICP-OES (33% cadmium by weight) provided a 

more accurate result.  
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A large amount of information about the structure and composition of 

CdS@MWNT was gained through TEM and EDX. Following this, PXRD, Raman 

spectroscopy and TGA were predominantly used to clarify that the TEM images were 

representative and consistent with the structure and composition of the bulk 

material through the detection of CdS diffraction peaks, vibrational bands and weight 

loss steps respectively. 

Having thoroughly and systematically investigated the formation of CdS QD in 

MWNT, it is evident that the excessive treatment of MWNT produces pores, which 

drives the formation of CdS exclusively inside MWNT. The MWNT acts as a template 

resulting in CdS QD with dimensions of 4.6 x 3.5 nm.  

4.3.2 The effect of nanotube’s diameter and internal structure 

The next objective was to discover how the CNT diameter affects the size, 

shape and distribution of CdS on the CNT, by transferring the optimised formation 

procedure for CdS@MWNT to other carbon nanocontainers with different diameters 

and graphitic layers. Single-walled carbon nanotubes are well studied and have been 

filled with a wide range of different molecules and nanoparticles. Yet, due to the very 

narrow internal diameter (SWNT, d = 1.3 nm), significant steric restrictions towards 

encapsulation of precursors for CdS formation is imposed. However, as nanotubes 

often bundle together in solvent in order to increase the vdW forces between 

SWNT,91,92 CdS may form in between the grooves of SWNT, and in turn affect the size 

and shape of the QD.  

As-received SWNT are capped so first needed opening to allow QD precursors 

to enter the nanotube. The reactivity varies inversely with the diameter of the 
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nanotube, as such, oxidation in acid can quickly degrade the entire structure, to form 

fragments of carbon. Therefore, unlike the oxidation of MWNT, which are more 

chemically robust, the acid treatment must be very short for SWNT. The oxidation 

procedure would also introduce carboxylic acid groups to the surfaces of the 

nanotubes, which should increasing their dispersibility in water and may prevent 

bundling. 

 SWNT were oxidised by heating to reflux in nitric acid for 1 h or 16 h. The 

mixture was then diluted with water, collected by vacuum filtration and washed until 

the filtrate was pH neutral. However, the 16 h-treated SWNT could not be collected 

as they passed straight through the PTFE membrane, demonstrating that these 

conditions have cause too much damage to the SWNT, as they had been shortened 

to <0.2 µm. However, 1 h-treated SWNT could be isolated.  

Composites of CdS and SWNT were prepared in a method analogous to 

CdS@MWNT, using 1 h-treated SWNT. Once the formation reaction was complete 

the most useful form of analysis to determine the structure of the material formed 

was TEM. The images revealed that QD formed on the surface of bundles of SWNT, 

predominantly as clusters (Figure 72). 

 

 

Figure 72. TEM of the composite of CdS and SWNT showing the formation of QD on the 
surface of clusters of SWNT.  
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Figure 73. EDX spectra of composites of CdS and SWNT, showing the presence of cadmium 
and sulfur. 

 

In this material, EDX was also utilised to determine elemental ratios, and 

showed the percentage of cadmium and sulfur to be 1:3.8. The high ratio of sulfur is 

demonstrative of large amounts of surfactant coating the bundles of SWNT with only 

a small numbers of CdS QD attached. Bundling of SWNT is a known phenomenon,91,92 

but one which poses difficulties when forming the hybrid materials. Cd2+ and S2- ions 

could not enter the bundles to form isolated QD on individual SWNT, instead clusters 

of QD only grew on the surface of the bundles. The cluster size of QD on SWNT 

bundles ranged between 6 nm x 2 nm to 40 nm x 26 nm with no isolated QD observed 

in the sample. 

The CdS cluster formation was similar to that observed previously for CdS on 

1 or 16 h-treated MWNT. When CNT were carboxylic acid functionalised, the 

formation of individual QD on the MWNT surface was destabilised and as a result 

clusters were formed. If there are enough accessible pores in MWNT then QD form 
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inside the cavity of the MWNT. However, this did not happen for CdS on SWNT, either 

due to insufficient oxidation of SWNT, or because the internal diameter of the SWNT 

is too narrow to accommodate CdS QD. 

This result is consistent with the hypothesis that vdW forces control QD 

formation; however, the most stable arrangement in this case was the formation of 

clusters of CdS and bundles of SWNT. Effective contact between QD and CNT is 

required in order to harness the properties of both in a composite. Yet, as SWNT 

bundle, effective contact is not possible, and therefore SWNT are not a good material 

to use to form hybrids of CdS encapsulated in CNT. 

In contrast to SWNT, graphitised nanofibers (GNF) are large hollow, carbon 

nanostructures; they have the highest number of graphitic walls and largest internal 

diameter (dGNF
INT = 30-50 nm). Unlike SWNT, GNF do not bundle in aqueous 

suspensions which may prevent clusters of QD forming.  

QD are likely to form inside GNF for two reasons. Firstly, the size of the cavity 

in GNF is very large compared to MWNT and SWNT and as-received GNF are not 

capped. This provides a large opening for Cd2+ and S2- ions to enter, and no pre-

treatment is required.  Secondly, the structure of GNF are slightly different to MWNT 

in that the interior is corrugated, resembling stacked cups and outer walls are 

smooth. This corrugated interior of GNF provides step edges; here the vdW forces 

between the GNF and nanoparticles are highest,93 and thus provide excellent 

anchoring points where NP are stabilised.  

The method of forming CdS QD encapsulated within GNF was analogous to 

CdS@MWNT. TEM images showed many dark circles inside the thick GNF walls, 
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representing an astonishingly high filling of CdS QD inside the GNF as densely packed, 

discrete particles (Figure 74). Some clusters were also observed on the outer wall. 

 

Figure 74. TEM images to show CdS@GNF. White circles show the location of the QD.  

 

Presumably a high local density of precursor ions were encapsulated within 

the GNF, which allowed a high density of QD to form in the thiol filled cavity of the 

nanofibre. The vdW forces between QD and GNF would be highest at the step edges, 

which explains why a number of QD were located here (Figure 74 (d)). But QD were 

also evenly distributed throughout the GNF cavity, hence, QD interactions with the 

surfactants may be just as important in controlling the structure of the hybrid 

material.   

It also appears as though the GNF were filled with an amorphous material, 

most likely attributed to surfactant or solvent. This meant the QD became difficult to 

visualise through TEM due to the poor contrast between CdS, GNF and surfactant. 

Hence, analysis of the sample was extremely difficult and the size, shape, coverage 

and location of most of the QD could not be reliably determined. 
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The percentage of sulfur and cadmium seen in the EDX spectra was 1:1.7, 

which is very close to the ratios seen in CdS@MWNT.  It could be rationalised that in 

CdS in GNF and CdS/MWNT, QD were coated with the same amount of surfactant, 

and what appeared to be amorphous material inside the GNF was just the result of 

very densely packed QD rather than surfactant. This result agrees with the earlier 

statement that if enough room is provided for precursor ions to enter the 

nanocontainer, QD will form inside the cavity.   

Whilst the formation of CdS in GNF hybrids showed remarkably high filling, 

and provided further insight into the interactions with CdS and large carbon 

nanocontainers, accurate quantitative analysis of the size, shape, and coverage of QD 

was not possible due to the poor contrast in the TEM images. Due to the thick carbon 

walls of the GNF blocking interactions/ masking any signal from CdS, analysis using 

microscopy, spectroscopy and diffraction would not be able to detect CdS. Hence, no 

bulk characterisation techniques were performed and this material was not taken any 

further. 

4.3.3 Effect of the container and filling mechanism 

Having successfully confined CdS QD inside MWNT, it was desirable to 

develop a procedure for filling BNNT in an effort to make new materials with original 

and useful properties. BNNT are isoelectronic to CNT, but the intramolecular bonds 

are more ionic, with more localised π bonding, than in CNT. This would affect the 

CdS-nanotube interactions and likely impact the size and shape of the QD formed. 

As demonstrated earlier, filling MWNT with QD is dictated by the 

pre-treatment of MWNT to create pores and permit QD precursor ions to enter. Since 
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BNNT cannot be oxidised in this way, difficulties with encapsulation of CdS into BNNT 

were anticipated. The dimensions of the BNNT (dNT
INT = 2.45 ± 1.19 nm, dNT

EXT = 4.32 

± 2.09 nm) are slightly smaller than MWNT (dNT
INT = 5.1 ± 1.5 nm, dNT

EXT = 30 ± 15 nm) 

but should still permit filling, though may result in smaller QD if BNNT template the 

formation of CdS, analogous to that observed for MWNT.  

Two filling methods were explored in order to investigate the filling efficiency 

of gas and liquid filling (Figure 75). The solution method was analogous to 

CdS@MWNT formation due to the success of this approach. By contrast, a gas filling 

method, in which materials are sublimed by heating in vacuum, has proven effective 

for filling CNT with metal halides and organic molecules, as well as filling BNNT with 

C60 (Chapter 3), as molecules become encapsulated due to vdW interactions with the 

concave surface of the nanotube.94, 95  

Sublimation methods may be advantageous over solution filling since solvent 

molecules will not block the nanotubes or interact with other encapsulated 

molecules, so conceptually, this could be a beneficial approach. However, it is very 

unusual to form CdS QD in this way, with limited examples of CdS filling in CNT 

through sublimation of precursors,96 and no examples inside BNNT. 
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Figure 75. Encapsulation of CdS@BNNT through (a) a solution filling method and (b) a gas 
filling method. 

In both filling experiments, BNNT were already opened through sonication-

assisted hydrolysis in ammonium hydroxide solution, followed by thermal oxidation, 

as described in Chapter 2. 

The solution filling method was analogous to the formation of CdS@MWNT. 

BNNT were stirred in an aqueous solution of cadmium acetate, a source of Cd2+ ions, 

for 90 minutes to allow diffusion of the ions into the BNNT. Thiols were added to 

control the growth of QD, and sodium sulfide was later added as the S2- source. A 

pale pink colour was observed, likely due to QD suspended in solution. 

While the sublimation route was based on a method reported by Eliseev, in 

which CdS formed inside SWNT through the sublimation and reaction of precursors.96 

Firstly, cadmium iodide was encapsulated in open BNNT through heating the two 

materials in a Pyrex ampoule under vacuum. The ampoule was heated well above the 

sublimation temperature of 448 °C, for 6 hours to allow maximum encapsulation. 

Secondly, sulfur was encapsulated in the BNNT through sublimation, which could 
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then react with cadmium iodide to form cadmium sulfide QD inside the BNNT. The 

two-step process is shown below: 

 

   CdI2 + BNNT  CdI2@BNNT (+2S, -I2)  CdS@BNNT 

 

Both solution and sublimation filled BNNT were analysed by TEM. Images of 

solution filled BNNT (Figure 76) indicated that QD formed on both the outer walls and 

encapsulated in the BNNT, with a greater density located within the internal channel 

(44 QD are encapsulated per µm compared to 33 QD attached to the external wall 

per µm of BNNT). The crystal structure of the solution-filled BNNT is clearly that of 

CdS, as the 3.3 Å d-spacing corresponded to the (111) plane of zinc blende CdS (Figure 

76 (l)). 
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Figure 76. (a-l) TEM images of CdS@BNNT. QD are formed both inside the BNNT and on the 
external surface with 44 QD encapsulated per µm and 33 QD attached to the external 
surface per µm of BNNT. (l) The d-spacing of 3.3 Å corresponds to the (111) plane of cubic 
CdS.  
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To probe the location of QD further, and thus determine whether QD were 

inside or outside of the BNNT, the sample was rotated around the BNNT growth axis 

and imaged at different levels of angular tilt (Figure 77). 

 

 

Figure 77. Tilt series of CdS@BNNT.  

  

Interestingly, the internal diameter of BNNT appeared to be templating the 

width of encapsulated QD, with those encapsulated forming elongated, rod-like 

structures with mean dimensions of 4.7 ± 2.4 x 2.1 ± 0.6 nm. The inner channel of the 

BNNT (2.45 ± 1.2 nm) was very similar to the short dimension of the QD, hence, when 

the vdW radius of the two materials was factored in, QD were restricted to ca. 2.1 

nm. This is clear when the long and short dimensions are displayed as a histogram 

(Figure 78), with a narrow size distribution for the short dimension of CdS but a very 

broad size distribution for the long dimension. The resulting aspect ratio was then 

calculated as 2.4, clearly much higher than for CdS@MWNT.  
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Figure 78. (a) Histograms to show the size distribution of NP in MWNT for dimensions 
measured along both the short and long axis of the NP, dNP=2.1 ± 0.6 x 4.7 ± 2.4b nm. (b) 
Schematic representation of the short and long dimensions of QD measured inside MWNT. 

 

 In contrast, QD on the outer wall of the BNNT were more spherical, with 

mean dimensions of 5.9 ± 2.4 x 4.2 ± 1.7 nm and aspect ratio of 1.51, demonstrating 

that templating did not occur for QD on the convex surface of the BNNT. 

Sublimation-filled BNNT were also analysed through TEM (Figure 79). Small, 

dark circles in the TEM images shown in Figure 79 (a) depicts CdS inside the BNNT. 
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Figure 79. TEM image of CdS@BNNT, filled through sublimation and reaction of CdI2 and Sx, 
forming quantum dots (a), continuous CdS crystals (b), with many BNNT remaining empty 
(c).  

 

In the absence of solvent CdI2 occupied all available space within the BNNT, 

resulting in extended CdS structures, rather than QD (Figure 79 (b)). This suggests 

that the solution filling method prevents elongated CdS structures forming through 

the use of surfactant to cap the CdS and by dispersing the concentration of precursor 

ions more evenly throughout the nanotube’s cavity. 

It must be acknowledged that the TEM images showed the filling rate to be 

very poor (<1% of BNNT filled- Figure 79 (c)), compared to >90% filling using the 

solution route.  

The elemental composition of the encapsulated species was also explored 

through EDX analysis (Figure 80).  
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Figure 80. EDX spectra of CdS@BNNT, filled through (a) solution method with Cd:S ratio of 
1:3.6, and (b) sublimation method with Cd:S ratio of 1:1.6. The copper, silicon and oxygen 
signals are from the TEM grid.  

 

The ratio of Cd:S was 1:3.6 in the solution-filling method, which suggested a 

high excess of thiols on the nanotubes, possibly resulting from preferential 

interactions of thiols with the surface of BNNT, compared to CNT. In contrast, the 

Cd:S ratio was almost 1:1.6 when the sublimation method was utilised, making this 

technique favourable for better controlling the elemental ratios in the QD.  

As well as looking at the hybrid structure directly, the dimensions of the QD 

formed through the solution route could be investigated further through analysing 
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the filtrate which had been separated from the solid hybrid material by UV/vis 

spectroscopy. A low intensity peak at 510 nm was detected and from this, the 

diameter of the QD was calculated as 8.23 nm.52 This is consistent with analogous 

experimental analysis on CdS@MWNT. It appears that irrespective of MWNT or BNNT 

being used, larger QD (ca. 8 nm) form in solution, and smaller QD grow inside the 

nanotube due to templating effects. This is further evidence of the effective size 

control imposed by nanotubes on QD formation. 

To examine the Cd content on the bulk scale, as opposed to the local scale 

determined through TEM and EDX analysis, ICP-OES was performed. From this, 36 

wt.% cadmium in the sample was calculated, which was slightly higher than the 33% 

measured in the MWNT samples, suggesting higher loading on BNNT.  

To probe the crystallinity of the QD and gain further insight into their 

structure, PXRD was recorded (Figure 81). It was predicted that sharp peaks would 

be observed from BNNT, with broad peaks resulting from CdS crystal planes, similar 

to those observed for CdS@MWNT.  
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Figure 81. PXRD diffractogram of CdS@BNNT. Broad peaks are the result of the small 
dimensions of the QD. The weak intensity results from the high percentage of BNNT 
compared to CdS. The peak at 26˚ corresponds to the (002) planes of BNNT and the (111) 
plane of cubic CdS. The broad peak at 48˚ is assigned to the contribution of (100) and (004) 
planes of BNNT, which are expected at 42 and 53˚, and the (220) crystal planes of cubic CdS 
which is expected at 45˚. The XRD patterns of bulk wurtzite and zinc blende CdS are 
included for reference, reported by Dzhagan et al.64 (JCPDS no. 75-0581 and JCPDS no. 
80-0019). 

 

In addition to the peaks at 26, 42 and 53˚ corresponding to (002), (100) and 

(004) planes of BNNT,97, 98 a new peak ca. 48˚ corresponding to the (220) and (311) 

crystal planes of CdS, and broadening of the peak at 26˚, corresponding to the (111) 

crystal plane of CdS, confirmed the composition of the hybrid material. The peaks 

resulting from CdS were very broad due to the small dimensions of the nanocrystals, 
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but could also result from a mixture of zinc blende and wurtzite crystal structures in 

the sample, consistent with the results observed previously for CdS@MWNT. 

Through TEM, EDX and PXRD, it is evident that using the solution method, 

some CdS QD formed on the surface of BNNT but most of these QD were 

encapsulated inside the BNNT (57 QD per µm encapsulated compared to 43 QD per 

µm on the external surface).  

To confirm the structure of QD in BNNT as CdS, Raman spectroscopy was 

performed (Figure 82). It was expected that the spectra of CdS@BNNT would be very 

similar, whether formed through a sublimation route or a solution route, with peaks 

corresponding to BNNT, and LO phonon modes of CdS.  

 

 

Figure 82. Raman spectra for BNNT and CdS@BNNT formed through sublimation and 
solution methods. The spectrum was acquired at excitation wavelength, λex=532 nm. The 
peaks at 1360 cm-1 results from the E2g mode of BNNT.  The feature at 293 and 587 cm-1 is 
a result of the 1LO and 2LO phonon modes of CdS respectively.  
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In addition to peaks at ca. 1360 cm-1 observed across all of the samples, 

corresponding to the E2g B-N stretching mode of BNNT, peaks were clearly visible at 

293 cm-1 and ca. 587 cm-1 in CdS@BNNT formed through solution filling. These result 

from the 1LO and 2LO phonon mode of CdS, indicative of QD formation. The peaks 

were not shifted as much as CdS@MWNT (1LO =289, 2LO=585 cm-1), which could be 

due to the QD being slightly larger. Both the 1LO and 2LO modes were weaker when 

the sublimation method was employed, attributed to the relative concentration of 

CdS in the sample. Moreover, the broad features between 1300 and 1600 cm-1 in 

CdS@BNNT formed through the solution route were likely to be D and G bands from 

amorphous carbon. As these were absent when the sublimation method was used, 

this route can be described as cleaner.  

So far, it has been shown that CdS@BNNT can be produced through two 

different methods. QD@BNNT formation through sublimation was demonstrated, 

which represented a cleaner route than the solution method, with less amorphous 

carbon in the sample and better control over the elemental ratio in CdS. However, 

the poor filling rate highlights the inefficiency of this method, possibly due to 

cadmium iodide interacting weakly with the interior of the BNNT. Furthermore, the 

sizes of encapsulated CdS are variable between 0D and 1D nanocrystals, making the 

sublimation route unfavourable. To take the project forwards and utilise the practical 

application of the superstructures, the wet-chemistry route is preferred. 
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4.4 Conclusions 

An effective method for forming CdS QD within MWNT is described. A high 

filling rate of 70 QD per μm occurs through pre-treating MWNT by extended oxidation 

(96 hour reflux in 5M nitric acid) to form pores in the walls of the nanotubes, followed 

by the reaction of QD precursors. If an accessible route is provided for CdS precursors 

to enter the nanotube, QD are predominantly encapsulated. Here, the vdW surface 

area between the QD and the nanotube is highest, leading to the conclusion that vdW 

forces are the overriding interaction responsible for the formation and location 

control of CdS in the hybrid structures. The MWNT also template the growth of QD, 

with the long dimension of the CdS (4.6 ± 1.0 nm) growing to fit the carbon 

nanocontainer (5.1 ± 1.5 nm).  

The internal dimensions and structure of the nanotube has a significant 

impact on the filling of CdS. SWNT were too narrow and bundled too much to allow 

effective filling. Whereas, GNF were well filled but with QD, solvent and surfactant 

encapsulated, structural characterisation of the material was inhibited.  

The filling of BNNT with CdS was appraised using two comparative 

approaches. The resulting hybrid materials are either inefficiently filled but clean 

(sublimation filling) or efficiently filled but contain amorphous carbon and a greater 

excess of sulphur from surfactants (solution filling). 

When BNNT are used instead of MWNT, the encapsulated QD size remains 

similar (4.6 ± 1.0 x 3.5 ± 0.9 nm for CdS@MWNT, compared to 4.7 ± 2.4 x 2.1 ± 0.6 nm 

for CdS@BNNT); however, the aspect ratio increases from 1.4 to 2.4 as the BNNT 

restrict the growth of the QD perpendicular to the nanotube. The distribution of 
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encapsulated QD compared to those on the outer walls of the nanotubes varies 

between MWNT (70 encapsulated and 19 on the eternal wall per µm) and BNNT (44 

encapsulated and 33 on the eternal wall per µm), resulting from BNNT being much 

less open than MWNT, with no pores along the walls for CdS precursors to enter. 

4.5 Experimental 

All common reagents and solvents were purchased from Sigma-Aldrich 

Chemicals®, UK and used without further purification, unless otherwise stated. Water 

was purified (>18 MΩcm) using a Barnstead NANOPure II system.  

MWNT (PD30L520) were purchased from NanoLab, internal diameter 5.1 ± 

1.5 nm, external diameter 30 ± 15 nm, Chemical Vapour Deposition (CVD) synthesis, 

>95% purity, oxidation temperature 560 °C. SWNT were purchased from Helix 

Material Solutions, internal diameter 1.3 nm, length 0.5-3 µm, arc discharge 

synthesis, 50-70% purity, oxidation temperature 400 °C. GNF (PR24) were purchased 

from Applied Sciences, external diameter 96 nm ± 32 nm, internal diameter 30-50 

nm, length 50-200 µm, CVD synthesis, 99.99% purity, oxidation temperature 580 °C. 

BNNT were purchased from BNNT LLC, internal diameter 2.45 ± 1.19 nm, external 

diameter 4.32 ± 2.09 nm, number of walls = 1 to 5 (2 or 3 is most common). 

All experimental procedures were performed using conventional glass 

apparatus, unless otherwise stated. Heating was carried out using a silicon oil bath 

atop a ceramic hot plate (Fisher Scientific) capable of heating to 310 ˚C, with the 

temperature stated referring to that of the reaction mixture as opposed to the 

heating block. 
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UV-vis absorption spectra were recorded in solution at room temperature, 

using 1cm quartz cuvettes, using a Perkin-Elmer Lambda 25 UV-vis 

Spectrophotometer at a scan rate of 240 nm min-1 over the range 190-900 nm. The 

position and intensity of the absorbance maximum was obtained using the `find 

peaks' function within the UV WinLab ES software with the threshold set at 0.01. 

Powder X-Ray Diffraction measurements were performed on a PANalytical 

X’Pert PRO Diffractometer equipped with a Cu Kα radiation source (λ = 1.5418 Å) in 

Bragg-Brentano geometry using a Si zero-background holder. Generator voltage = 40 

V, Tube current = 40 V. 

Transmission electron microscopy (TEM) imaging was performed by Prof. 

Andrei Khlobystov, Rhys Lodge or Craig Stoppiello using high resolution TEM on either 

a JEOL JEM-4000EX (LaB6 source, information limit < 0.12 nm) or a JEOL 2100F TEM 

(field emission gun source, information limit < 0.19 nm) at room temperature. 

Samples were typically prepared by casting several drops of solution onto copper-

grid mounted ‘lacy’ carbon films and allowing the grid to dry on filter paper.  

Local EDX spectra were acquired for samples mounted on TEM grids using an 

Oxford Instruments INCA X-ray microanalysis system. The electron beam was 

condensed onto areas of specimens (bulk specimen or nanotube bundles) suspended 

over holes of the amorphous carbon film. 

Thermogravimetric analysis (TGA), unless otherwise stated, was performed 

using a TA Instruments SDT Q600 under a flow of air at a rate of 90 mL min-1 at a 

heating rate of 5 °C min-1 from room temperature to 1000°C.  

Raman spectroscopy was conducted using a HoribaJY LabRAM HR 

spectrometer with a laser wavelength of 532 nm. Samples were dropcast from 
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methanolic solutions onto Si(100) wafers and a minimum of five spectra recorded 

from different areas of the sample. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 

recorded on a Perkin Elmer, Optima 2000 DV ICP-OES with S10 autosampler. Samples 

and standards were prepared with a final solution composition of 2% nitric acid (69%, 

VWR Chemicals) in deionized water. CdS@MWNT was prepared by heating 5 mg of 

the hybrid material in a box furnace to oxidise the nanotubes. The remaining material 

was dissolved in 2 mL of nitric acid, exposed to ultrasonic irradiation for 15 minutes 

before mixing on an orbital shaker (Grant Instruments Orbital Shaker PSU-10i at 200 

rpm) for 16 h and gradually diluted to 20 mL, at an expected concentration of 2% 

nitric acid. Blank samples were prepared using an identical method, without the 

addition of the hybrids. CdS@BNNT sample was prepared by adding 4 mL of nitric 

acid to 1 mg of CdS@BNNT and heating at 100 °C for 16 h, before filtering and 

gradually diluting to an expected concentration of 2% nitric acid. A blank sample was 

prepared using an identical method, without the addition of the hybrids. A radial 

detection method was used at wavelengths of 214.4 nm and 228.8 nm, with 228.8 nm 

producing the most accurate result, which was used to determine the final 

concentration of Cd2+ in solution. Calibrations were formed from solutions of 0.005, 

0.01, 0.05, 0.1 and 0.2 mg mL-1 with linear regression coefficient of 0.9998. Blanks 

show 0.00 mg L-1 of cadmium. Corrected coefficients are measured as CdS@MWNT 

= 0.9998, CdS@BNNT = 0.9967. 
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4.5.1 Analysis of 0 h-treated MWNT 

Raman (532 nm) ν/cm-1 1339 (D-MWNT), 1573 (G-MWNT), 2673 (2D-MWNT), 2915 

(D+D’-MWNT), 3216 (2D’-MWNT)  

ID:IG = 0.73 

4.5.2 Oxidation of MWNT 

CNT (40 mg) were added to 5 M nitric acid (40 mL) and heated to reflux for 1 

h, 16 h, and 96 h durations. The reactions were then allowed to cool prior to filtration. 

CNT were washed with deionised water (200 mL) until neutral (the addition of sodium 

hydroxide (7 mL) if necessary) and dried under vacuum. These acid treated CNT were 

then used for further reactions to form hybrids as indicated in the results and 

discussion.  

Mass/ mg: 1 h-treated (MWNT) = 35.3, 16 h-treated (MWNT) = 31.1, 96 h-treated 

(MWNT) = 13.4, 1 h-treated (SWNT) = 7.22, (16 h-treated (SWNT) could not be 

isolated due to extreme oxidation).  

96 h-treated (MWNT) = Raman (532 nm) ν/cm-1 1352 (D-MWNT), 1584 (G-MWNT), 

1618 (D’-MWNT), 2695 (2D-MWNT), 2945 (D+D’-MWNT), 3243 (2D’-MWNT)  

ID:IG = 1.26 

4.5.3 CdS/MWNT formation 

Reactions were based on the synthetic method used by Y. K. Kim and H. Park.12 

To a dispersion of CNT (MWNT oxidised for 0, 1, 16 or 96 h- described above, SWNT 

oxidised for 1 h, or GNF) (10 mg) in deionised water (16.7 mL) was added cadmium 
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acetate dehydrate (44 mg), which was stirred at r.t. for 90 minutes before addition 

of 1-thioglycerol (0.1 mL) and 1,2-dithioglycerol (2,3-Dimercapto-1-propanol, 0.04 

mL) and the mixture allowed to stir for 16 h. Finally, sodium sulfide nonahydrate (1.67 

mL, 0.1 M stock solution) was added dropwise and allowed to stir for 16 h. The 

product was collected by vacuum filtration using a 0.2 µM PTFE membrane and dried 

under vacuum to yield a black power. The hybrid was removed from the PTFE 

membrane and studied using TEM imaging. Some reactions were carried out on a 

smaller scale, where stated. 

4.5.4 CdS/ 0 h-treated MWNT 

Mass/ mg =27 

TEM (200 kV) 83 QD per µm, 5 QD encapsulated per µm, dNP/ nm = 5.03 ± 1.7 x 2.35 

± 0.72 

4.5.5 CdS/1 h-treated MWNT  

(Scaled down to 1/3) 

Mass/ mg = 2.8  

TEM (200 kV) 12 QD per µm, 22 QD encapsulated per µm, highly clustered QD 

4.5.6 CdS/16 h-treated MWNT 

Mass/ mg = 18  

TEM (200 kV) 0 QD per µm, 3 QD encapsulated per µm, almost exclusively clustered 
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4.5.7 CdS/96 h-treated MWNT  

(Scaled down to 1/3) 

Mass/ mg = 3.0 

TEM (200 kV) 19 QD per µm, 70 QD encapsulated per µm, dNP/ nm = 4.6 ± 1.0 x 3.5 ± 

0.9 

EDX (Cd:S)= 1:1.6 

Raman (532 nm) ν/cm-1 289 (1LO-CdS), 585 (2LO-CdS), 1338 (D-MWNT), 1572 (G-

MWNT), 1608 (D’-MWNT), 2681 (2D-MWNT), 2926 (D+D’-MWNT), 3228 (2D’-MWNT) 

ID:IG = 0.97 

ICP-OES/ wt.%  cadmium: 33  

4.5.8 CdS/SWNT formation 

(Scaled down to 3 mg SWNT) 

Mass/ mg = 3  

EDX (Cd:S) = 1:3.8 

4.5.9 CdS/GNF formation 

Mass/ mg = 44  

EDX (Cd:S) = 1:1.7 

4.5.10 CdS@BNNT (solution route) 

To dispersion BNNT (opened and purified as described in Chapter 2) (10 mg) 

in deionized water (16.7 mL) was added cadmium acetate dehydrate (44 mg), forming 
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a white suspension which was stirred at r.t. for 90 minutes. Addition of 1-thioglycerol 

(0.1 mL) and 1,2-dithioglycerol (0.04 mL) turned the white suspension cloudy, and 

the mixture allowed to stir for 16 h. Finally, sodium sulphide nonahydrate (1.67 mL, 

0.1 M stock solution) was added dropwise and the mixture allowed to stir for 16 h, 

turning pale pink. The product was collected by vacuum filtration using a 0.2 µM PTFE 

membrane, producing a pink/red filtrate, and dried under vacuum to yield a pale 

orange power. 

Mass/ mg = 17  

TEM (100 kV) 33 QD per µm, 44 QD encapsulated per µm, dNP (external surface)/ nm 

= 5.9 ± 2.4 x 2.6 ± 1.1, dNP (encapsulated)/ nm= 4.7 ± 2.4 x 2.1 ± 0.6 

EDX (Cd:S) = 1:3.63 

Raman (532 nm) ν/cm-1 293 (1LO-CdS), 587 (2LO-CdS), 1357 (E2g-BNNT) 

ICP-OES/ wt.% cadmium: 36  

4.5.11 CdS@BNNT (sublimation route) 

Cadmium iodide (50 mg) and open BNNT (10 mg) were sealed in a Pyrex 

ampoule under vacuum (10-5 mbar) and heated and heated at 488 ˚C for 6 hours in a 

preheated box  furnace, then cooled slowly (20 h) to improve crystallinity of CdI2 in 

BNNT.  

CdI2 in BNNT (10 mg) and sulfur (10 mg) were sealed in a Pyrex ampoule under 

vacuum (10-5 mbar) and heated from 0 ˚C to 288 ˚C, held at this temperature for 2 

hours, then cooled slowly to room temperature.  

Mass/ mg = 8 

EDX (Cd:S) = 1:1 
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Raman (532 nm) ν/cm-1 293 (1LO-CdS), 587 (2LO-CdS), 1360 (E2g-BNNT) 
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5. Photocatalytic Activity of CdS Quantum Dots Attached to Nanotubes 

5.1 Introduction 

Composites of quantum dots (QD) and carbon nanotubes (CNT) can be used 

for a range of photocatalytic reactions, such as for photocurrent generation,1, 2 

hydrogen production3-5  and water decontamination.6-10 Their use of light as a source 

of cheap, clean and renewable energy has rendered photocatalysts as desirable 

materials, hence significant research efforts have been directed towards 

understanding and improving the efficiency of these materials. 

In these composite materials, QD harvest visible light to generate excitons 

(electron-hole pairs). 11 The separation of the photogenerated electron from the hole 

can be achieved by electron transfer to a CNT, helping to prevent recombination and 

enabling the electron and hole to drive chemical transformations (Figure 83).  
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Figure 83. (a) Schematic depicting the mechanism of photocatalysis by CdS/MWNT. QD 
absorb a photon resulting in excitation of an electron, which is then transferred via the CNT 
to a reactant. Photogenerated holes are usually removed by either sacrificial reagents3 or 
water7  (b) Band alignment of CdS/MWNT.12-14  

 

Some examples of the types of reactions that use CdS-CNT photocatalysts and 

the associated reaction conditions, are displayed in the table below (Table 1). 
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CdS/CNT materials are targeted at photocurrent generation, hydrogen 

production and dye degradation for water decontamination, with the latter two 

dominating the field. For hydrogen production, it is advantageous to perform the 

reaction under anaerobic conditions (because molecular oxygen scavenges 

photogenerated electrons making them unavailable for the target reaction)15 and 

with the addition of a sacrificial agent and metal co-catalyst to assist the transfer of 

multiple electrons. Whereas dye degradation is achieved in oxygenated conditions, 

as single photoexcited electrons generate radicals which trigger degradation of 

organic pollutants. This reaction occurs spontaneously (ΔG°<0) but is shown to be 

improved at low pH, increased temperature or through the addition of hydrogen 

peroxide.  

Powerful light sources are used in most cases (most commonly 300 W Xe 

lamps), usually with a filter to cut out UV light. However, there is wide variation in 

the concentration of catalyst added, contributing to the disparity in catalytic 

efficiencies. 

Current studies on the application of QD-CNT composites for photocatalytic 

transformations are limited to those where QD are deposited on the exterior surface 

of CNT, yet QD confined within the internal channel of CNT are predicted to be 

favourable for photocatalytic applications. The previous chapter has shown the 

ability to selectively encapsulate QD inside CNT, where it is thought to be stabilised 

by the nanotube,16 and more effective for electron transfer17-20 due to being located 

on the concave surface of the CNT which is more electron deficient than the convex 

surface (Figure 84).Thus, this material creates the opportunity to probe the influence 
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of confinement of QD inside CNT on the mechanisms and pathways of photocatalytic 

reactions. 

 

 

Figure 84. Schematic depicting the mechanism of photocatalysis by CdS@MWNT. QD 
absorb a photon to excite an electron, which is then transferred via the CNT to a reactant. 

 

5.2 Aim and Objectives 

The aim of this study is to explore the effect of confinement of QD inside 

hollow tubular nanoscale containers (multi-walled carbon nanotubes (MWNT) and 

boron nitride nanotubes (BNNT)) on photocatalytic reactions. 

The first objective is to prepare a control sample comprising of CdS on the 

outer surfaces of CNT (CdS/MWNT). This material can be prepared in an analogous 

fashion to that used to fabricate CdS@CNT (Chapter 4), with the use of closed, 

as-received CNT as opposed to those opened in nitric acid, thus ensuring no internal 

CNT surfaces for formation of CdS. 

The second objective is to develop a probe reaction and methodology to study 

the photocatalytic properties of our composites. An ideal reaction must adhere to 

several criteria in order to be suitable for photocatalysis using the hybrids formed: (i) 
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it must involve a reduction reaction, so that photogenerated electrons are 

transferred to the reacting species; (ii) the reduced product must be measurable and 

quantifiable in order to reliably monitor the effect of the catalyst, e.g. a chemical 

change resulting in distinct NMR shifts or the detection of a measurable volume of 

gas produced; (iii) the photocatalytic reaction must use a visible light source, since 

CdS QD are activated by absorbing light in this region; (iv) the reaction must be 

carried out under ambient conditions, which should prevent changes to the catalyst 

i.e. growth of QD through Ostwald ripening.21 

Of the three main reactions reported for composites of CdS and CNT 

(photocurrent generation, hydrogen production and dye degradation) the first is 

unsuitable, since metallic nanotubes must be in contact with an electrode for 

photocurrent generation, excluding the use of CdS encapsulated in BNNT 

(CdS@BNNT- Chapter 4). While the second requires a metal co-catalyst to be 

attached to the nanotubes, which is not present in the photocatalysts formed and 

would introduce an additional variable, thus making it more difficult to distinguish 

the effects being explored in this study. However, composites of CdS and CNT are also 

commonly targeted at the degradation of brightly coloured dye molecules, such as 

Brilliant Red,9 Rhodium B,22 methylene orange7  or methylene blue.6 These dyes are 

used in the textile industries and are released in significant amounts as waste, which 

then contaminate water supplies.23 Photocatalysts, without the addition of metal 

co-catalysts, degrade the dyes through a spontaneous reaction which results in 

decolourisation. This is very convenient for analysis as it creates the opportunity to 

monitor the degradation of dye in solution using UV-vis spectroscopy. 



5. Photocatalytic Activity of CdS Quantum Dots Attached to Nanotubes 

 

186 

 

Methylene blue (MB) (Figure 85) has been explored previously in the 

literature as a probe for photocatalytic reactions6, 24, 25 and is known to adsorb onto 

CNT due to the extended π structure of both MB and CNT.26 The surface of nanotubes 

is thought to be the site of catalysis,27 so good adsorption should help degradation of 

the dye. MB will therefore be an ideal candidate to measure the photocatalytic 

activity of the hybrid structures.  

 

 

Figure 85. Structure of methylene blue. 

 

The experimental conditions will require some method development in order 

to optimise the experimental set-up, such as modifying the amount of light reaching 

the photocatalysts, or the volume of the reaction mixture, in order to discriminate 

between the activities of each of the photocatalysts. 

The third objective is to appraise the photocatalytic abilities of CdS on CNT 

(CdS/CNT), CdS encapsulated in CNT (CdS@CNT) and CdS encapsulated in BNNT 

(CdS@BNNT). Doing so will permit examination of the effect of location on the 

photocatalytic properties of the material to be assessed. It will also show how the 

nature of the nanocontainer effects the functionality of the hybrid, specifically 

between MWNT and BNNT since their photocatalytic mechanisms of action and 

optical properties are quite different: metallic MWNT can accept photoexcited 

electrons from CdS, whilst BNNT, are wide band gap semiconductors, which are 
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predicted to act purely as supports for CdS with no electron transfer. However, 

studied have shown that defects in BN nanostructures can significantly decrease this 

band gap,28 thus allowing electronic communication between CdS and BN.29 

5.3 Results and discussion 

CdS/MWNT was formed using an analogous method to CdS@MWNT (called 

CdS/96 h-treated MWNT Chapter 4), replacing oxidised MWNT with the as-received 

equivalent. Since these MWNT were not open, QD precursors had no entry route into 

the MWNT so were expected to from on the external wall (Figure 86).  

 

Figure 86. Schematic to show the formation of CdS on MWNT. 

 

After dispersing MWNT in water, cadmium acetate dihydrate was added and 

the mixture stirred for 90 minutes. 1-thioglycerol and 1,2-dithioglycerol were added 

as surfactants, and the mixture stirred for 16 hours before the addition of sodium 

sulfide nonohydrate with 16 hours of stirring. The product was then isolated by 

vacuum filtration as a black powder.  

The outer walls of the CNT comprise carbonyls and carboxylic acids as a result 

of imperfections and are present in most CNT. These oxygen-containing groups can 

sequester Cd2+ from solution, leading to a higher concentration of Cd2+ on the 

nanotubes surface.30 
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Analysis using TEM was the primary technique to probe the structure of the 

material formed as this is the only technique which can accurately probe the location 

of the NP, but also allows the size, shape, crystallinity and coverage of the QD to be 

simultaneously determined (Figure 87).  

 

Figure 87. TEM images to show QD/MWNT hybrid materials. The mean QD diameter, 
recorded as a short and long axis, is measured as 5.0 ± 1.7 x 2.4 ± 0.7 nm. 83 QD are attached 
to the surface per μm, with only 5 encapsulated per μm of nanotube length. 
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Statistical analysis of the images revealed a high coverage of 83 QD per μm of 

MWNT with only few QD encapsulated (5 QD per μm), attributed to pre-existing 

defects within the CNT, which allowed a small amount of ions to diffuse into the 

internal volume during synthesis. Moreover, most of the QD were isolated 

nanoparticles, as oppose to clusters, which is important for good contact between 

the CdS and nanotube.  

Both the long and short dimensions of individual QD are measured from the 

TEM images and the results are displayed as a histogram (Figure 87). The formation 

of elongated QD, with dimensions of 5.0 ± 1.7 x 2.4 ± 0.7 nm and aspect ratio (long 

dimension/ short dimension) of 2.31, was the result of the maximised vdW contact 

area between the QD and MWNT. As a comparison, QD encapsulated within MWNT 

(Chapter 4) were more spherical, with dimensions of 4.6 ± 1.0 x 3. 5 ± 0.9 nm and 

aspect ratio of 1.38, stabilised and templated by the cavity (5.1 nm).   

For further characterisation and analysis a range of spectroscopic and 

gravimetric techniques were employed (Figure 88). 
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Figure 88. Analysis of CdS/MWNT. (a) EDX spectroscopy showing the presence of cadmium 
and sulfur, measured at a ratio of 1:1.6, (b) PXRD diffractogram with peaks at 26˚ and ca. 
43˚, corresponding to MWNT (002) and (100) planes, and broader peaks at 2Ѳ values of 26˚ 
and 45˚, which are likely to be a contribution from the (111) and (220) crystal planes of 
cubic (zinc-blende) CdS. (c) TGA of MWNT and CdS/MWNT at a heat rate of 5 ˚C.min-1 in air, 
weight loss between 200-300 °C is assigned to the decomposition of 1-thioglycerol and 
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1,2-dithioglycerol, oxidation of the CNT occurs at 500 °C, the oxidation of CdS to CdO 
(800 °C - 1000 °C)- similar to those in CdS@MWNT in Chapter 4. 

 

EDX spectroscopy was used for elemental identification, confirming cadmium 

and sulfur were both present at a ratio of 1:1.6, with the excess of sulfur arising due 

to the presence of sulfur-containing surfactant. PXRD detects small, polycrystalline 

CdS in the spectrum of CdS/MWNT in addition to the MWNT (26˚ and 43˚, 

corresponding to MWNT (002) and (100) planes). The broad peaks at 26˚ and 45˚ are 

likely to be a contribution from the (111) and (220) crystal planes of cubic (zinc-

blende) CdS. The peak broadness indicates very small QD, since broadness increases 

as the diameter of the nanoparticles decreases.31 TGA showed CdS loading and 

complex thermal behaviour of CdS, consistent with CdS@MWNT (Chapter 4). A 

weight loss between 200-300 °C was assigned to the decomposition of 1-thioglycerol 

and 1,2-dithioglycerol. Oxidation of the CNT occurred at 500 °C, and the oxidation of 

CdS to CdO occurred between 800 °C and 1000 °C with partial sublimation of CdS.32 

Additionally, ICP-OES quantified the Cd2+ content as 34%, similar to that obtained for 

CdS@MWNT (33%) in Chapter 4. This thorough characterisation confirmed that CdS 

had successfully formed on the surface of MWNT with high coverage and dispersion. 

5.3.1 Development of probe reaction 

The decolourisation of MB was used to probe the photocatalytic activity of 

the materials. This is an important reaction for the decontamination of polluted 

water23 and is suitable as a probe reaction owing to its ability to adsorb onto CNT.26 

Its bright colour in water is lost after reduction/ decomposition allowing the 

concentration to be monitored using UV-vis spectroscopy.    



5. Photocatalytic Activity of CdS Quantum Dots Attached to Nanotubes 

 

192 

 

The mechanism of MB degradation using CdS QD is shown below. Having 

generated excitons, sequential reactions eventually lead to the formation of hydroxyl 

radicals resulting in the degradation of MB (Figure 89, Equation 1-5).33, 34  The OH• 

radicals can attack the C-S+=C functional groups of MB,35 which degrades the dye 

(Figure 90).  

 

Figure 89. Photocatalytic mechanism for the degradation of MB by CdS QD.  

 
 
CdS + hν  CdS (h+ + e-)       (1) 

O2 + e-  O2
• -         (2) 

H2O  H+ + OH-        (3) 

OH- + h+  •OH     or    O2
•- + (H2O  H+ + OH-)  OH•   (4) 

MB + •OH  degradation (CO2 + H2O + H2SO4 +HCl + HNO3)  (5) 
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Figure 90. Proposed mechanism for the degradation of methylene blue. 

 

However, two processes act to reduce the concentration of MB (i) the 

adsorption of dye onto the nanotubes and (ii) the photocatalytic degradation of MB. 
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While both are important for dye removal it is necessary to delineate the two 

processes. 

 For effective catalysis, is it key that dye molecules adsorb strongly onto the 

surface of the nanotubes since this is the site of catalysis.27 A high content of MB 

adsorbed onto BNNT would provide a concentrated dye environment around the QD 

to contribute to the rate of photocatalysis. In order to gain insight into the amount 

of dye which could be adsorbed onto the hybrid materials, a series of adsorption tests 

were performed. Nanotubes without QD attached were tested in order to make the 

experiments comparable and rule out any effect from non-equivalent QD coverage. 

Nanotubes were suspended in aqueous solutions of methylene blue and stirred for 

16 h. This exceeds the time required for an equilibrium to be reached between 

adsorbed molecules and those in solution, as theoretically most of the MB molecules 

assemble around the surface of CNT in water after 1 ns.26 All samples were kept in 

the dark during this time to eliminate premature photocatalysis from ambient light 

in the laboratory. The stirring was stopped and the nanotubes were allowed to settle, 

thus separating them from the solution of methylene blue. Aliquots were taken for 

analysis by UV-vis spectroscopy, in order to quantify the change in MB concentration 

and hence the amount adsorbed onto the nanotubes. The amount of MB adsorbed 

at equilibrium, Qe (mg g-1), was calculated using the equation below (Equation 6), 

where C0 (mg L-1) is the initial concentration of MB in solution, Ce (mg L-1) is the 

equilibrium concentration of MB in solution, V in L is the volume of MB solution and 

W in g is the mass of nanotubes used in the experiment. The results are summarised 

in the table below (Table 2). 
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Qe=V(Ce-C0)/W                                                    (6) 

 

Table 2. Adsorption of methylene blue (MB) by different nanotubes. Ɛ=58711 L mol-1 cm-1, 
0.20 mg of MB in 30 mL of water at 25 °C. 

Material Qe/ mg g-1 MB adsorbed/ % 

Open BNNT 65.4 33 
As-received BNNT 55.0 28 

Open MWNT* 157 79 
As-received MWNT 85.6 43 

*Oxidised through 96 hour reflux in nitric acid. MWNT remained dispersed in the solution 
and could not be removed prior to recording the UV-vis spectra. Consequently, the 
absorbance reported is obtained from the difference in absorbance (CNT in MB solution and 
CNT in aqueous solution of the same concentration). The concentration of MB was 
determined using the Beer-Lambert law and experimentally determined ε. For MB (at 664 
nm) ε=58711 L mol-1 cm-1. 

 

Appraisal of the adsorption of MB onto different nanotubes elucidated the 

strength of interactions and the available surface area for MB to attach. Open 

nanotubes adsorbed more MB than closed nanotubes for both CNT and BNNT. Upon 

opening of the MWNT through oxidation, the surface area of the MWNT available to 

MB almost doubled and, consequently, the percentage of MB adsorbed increased 

from 43% to 79%. Open MWNT (i.e. 96 h-treated in nitric acid) also possess more 

functional groups with negative charge (e.g. carboxylate) on its surface to improve 

the adsorption of cationic methylene blue through electrostatic interactions. BNNT 

have a smaller increase in adsorption of 5% after opening, as MB mostly adsorbs to 

the outer walls. This is where the majority of the electron density of the π bonds 

(electrons provided by nitrogen lone pair) are situated, and are more available to 

interact with MB.  
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The increases in MB adsorption upon opening nanotubes is consistent with 

surface area effects but also proves that MB can access all surfaces of the nanotube, 

which is crucial if they are to function as nanoreactors. 

When comparing the adsorption behaviour for CNT and BNNT, it is clear that 

more MB is adsorbed onto CNT than BNNT, suggesting the π- π interaction between 

MB and CNT are stronger than for MB and BNNT. Seemingly, the extended π structure 

of CNT is favourable to the more ionic character of BNNT.  

MB is known to be very stable on CNT. Simulations showed how MB forms 

strong interactions with the nanotube (interaction energy, ΔE = -32.8 kcal mol-1) 

(Figure 91), as it bends around the convex wall to maximise surface contact.26 

Movement in the form of sliding along the nanotube and rotation of dimethylamino-

groups are reported, yet the strong interactions between the tricyclic plane of MB 

and the CNT prevent dissociation. It is the combination of hydrophobic interactions, 

π-π and cationic-π interactions, along with charge transfer interactions that create 

such stability.26  

 

 

Figure 91. Optimised structure of MB+ with CNT determined by Chagovets et al. using 
molecular mechanics method for optimisation modeling.26 
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The simulations discussed above were modelled on very narrow (10,10) CNT, 

rather than larger MWNT used in this report. Although, as the diameter of the CNT 

increases, the curvature is reduced which in turn will only strengthen the interactions 

between MB and CNT, as it becomes less strained when positioned on a flatter 

surface. For instance, graphene-MB interactions are calculated to be much stronger 

than (10,10) CNT-MB interactions (-42.1 and -45.0 kcal mol-1 for the adsorption of MB 

onto graphene at different orientations).26 The interaction energy of MB onto MWNT 

will therefore be somewhere between that of MB onto SWNT and graphene.  

The cumulative effect of good adsorption of MB onto the nanotubes, 

combined with a high photocatalytic decomposition rate, should result in adsorption-

photocatalytic synergistic removal of pollutants. Having explored the amount of MB 

adsorbed onto the nanotubes, the photocatalytic activity of the photocatalysts was 

investigated. 

 

5.3.2 Method 1: 

  

Figure 92. Schematic representation of the apparatus set-up in Method 1. 
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Figure 93. A selection of annotated photographs showing the components of the 
photocatalytic reaction set-up used in Method 1. The thermostatically controlled cell 
holder, holder for the filter and water filter. The measurements of the horizontal and 
vertical positioning of the cell holder are shown. Reproduced from C. A. Clark’s thesis.36 

 

The design of Method 1, shown in Figure 92 and Figure 93, was based on a 

similar setup used previously for CO2 reduction,36 and the careful consideration of a 

range of conditions required for photocatalysts. A powerful light source was expected 

to result in a high rate of photocatalysis, with many literature examples using 300 W 

Xe lamps for similar reactions.1, 3, 5, 7, 9 These examples show clear concentration 

changes over time, therefore a similar lamp (250 W Xe lamp) was employed (Figure 

94).  
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Figure 94. Xenon arc lamp housing, with schematic, used for Method 1. 

 

The lamp housing, in addition to housing the bulb, also contained a rear 

reflector and two fused silica condenser lenses enabling collimation of the light to an 

area of ca. 25 x 25 mm2, ensuring the light was directed to the reaction mixture for 

photocatalysis. The irradiance at 60 cm from the light source is shown in Figure 95. 

When the reaction mixture is placed at a distance of 24 cm from the light source, 

according to the inverse square law of light, the irradiance is estimated at 

ca. 937 µW cm-2 in the range in which CdS QD will absorb light (590-620 nm). By 

keeping each sample at the same position and orientation, combined with the known 

stability of the light source, the intensity of radiation hitting the sample should be 

identical in each experiment. 
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Figure 95. Irradiance from the light source at a distance of 60 cm with no filters present. 
The irradiance output was measured using a calibrated Ocean Optics Flame UV-vis 
spectrometer fitted with a cosine corrector.  

 

The broad wavelength light source should excite electrons over the bandgap 

of QD spanning a broad sizes range. A filter (λ > 400 nm) was employed to cut out any 

UV light, which would cause the photochemical degradation of MB rather than 

photocatalysis.  

 A quartz filter containing water was placed in front of the lamp aperture, 

which absorbs some of the IR light given out (removing heat) and some of the UV 

light. The cuvette holder is a custom built copper block with internal pipework which 

allows cooling water to flow around and maintain a constant temperature of ca. 15 °C 

(Figure 96), removing thermal degradation or temperature fluctuations which are 

known to effect the reaction kinetics of dye degradation.10  

 



5. Photocatalytic Activity of CdS Quantum Dots Attached to Nanotubes 

 

201 

 

 

Figure 96. Photograph of the thermostatically controlled cell holder, showing the 
dimensions and pathway for recirculating water. Made by the School of Chemistry 
workshops. 

 

A rectangular aperture was fixed to the front of the cuvette holder enabling a 

consistent irradiated area. The cuvette holder sat on top of a magnetic stirrer, 

allowing the stirring speed to be controlled. This allows the photocatalyst to be 

dispersed within the mixture to increase the amount of light hitting the 

photocatalyst. 

Prior to the photocatalytic reaction, each photocatalyst (CdS@MWNT, 

CdS/MWNT or CdS@BNNT, 0.6 mg) was stirred with MB (3 mL of 15 mg L-1 or 30 

mg L-1 MB) in the dark for 16 hours to allow equilibration between MB in solution and 

MB absorbed on the nanotubes. Monolayers of MB cover the surface of hydrophobic 

nanotubes and promote dispersion of the hybrid material in water.26 

The concentration of MB in solution at t=0 (i.e. after equilibration) varied 

between experiments due to different adsorption capacities of the photocatalysts. 



5. Photocatalytic Activity of CdS Quantum Dots Attached to Nanotubes 

 

202 

 

For instance, the adsorption experiments for a range of nanotubes showed the 

percentage adsorption to range between 28% for as-received BNNT and 79% for open 

MWNT. Yet, in order to accurately and reliably monitor the concentration of MB 

throughout the experiment, the concentration must be within a specific range (UV-vis 

absorbance between ca. 0.3-1.0 a.u.). Therefore, the initial concentration was varied 

(15 mg L-1 or 30 mg L-1). In addition to this, to reliably compare the photocatalytic 

activity of the hybrid materials, MB degradation was plotted as a normalised 

concentration change over time. 

 Absorption spectra were measured at the rear of the cell holder using an 

Ocean Optics Flame spectrometer with the light attenuated using a series of ND 

filters. In this setup the Xenon arc lamp was used as both the pump light source for 

the reaction and as a probe for the spectroscopy. The in situ approach avoids aliquots 

of solution being removed, so the reaction volume did not change during the 

experiment, thus an unlimited number of spectra can be recorded. Typically, UV-vis 

spectra were recorded every 2.5 minutes producing a high number of data points for 

an accurate fit on the degradation curve (Figure 97). However, a consequence of the 

reaction set up is that the reaction volume was limited to the size of a cuvette (1 x 1 x 

3.8 cm), so the entire reaction was performed on a small scale.  
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Figure 97. Normalised temporal MB concentration change (C/C0). Based on Method 1 at 
25 °C. 

 

Here, the high intensity of the lamp quickly degraded the small volume of MB 

in the cuvette across all of the experiments, with no statistically significant changes 

in the rate of decomposition with the addition of a photocatalyst.  

Another drawback with this experimental setup was that the simultaneous 

photocatalysis and UV-vis analysis resulted in both aspects being compromised. 

Rapid stirring of the mixture to suspend the photocatalysts would result in nanotubes 

scattering light and false absorbance values. To compensate for this, stirring was kept 

relatively slow, however, this limited the amount of light reaching the photocatalyst 

due to it settling at the bottom of the cuvette, outside of the direct pathway for 

irradiation. Consequently, Method 1 was dismissed as unreliable and a new method 

became necessary. 



5. Photocatalytic Activity of CdS Quantum Dots Attached to Nanotubes 

 

204 

 

5.3.3 Method 2: 

   

Figure 98. Schematic representation of the apparatus set-up in Method 2. 

 

The new method involved stirring a much larger dispersion of the 

photocatalyst (ca. 11 mg) in an aqueous solution of MB (30 mL, 15 mg L-1 or 

30 mg L-1). As previously, the mixture was allowed to stir in the dark for 16 h to reach 

an equilibrium. Subsequently, the suspension was placed at a distance of 20 cm from 

the lamp and irradiated under visible light with vigorous stirring to create maximum 

light absorbance from the catalyst.  

In this method, an LED light was employed (comprised of  1000 lumen 5* 

CITIZEN LEDs on a mounted block); while still bright, this light source was less 

powerful than the Xe lamp used in Method 1, so predicted not to degrade the MB as 

rapidly. The lamp was fan cooled so the heat emission from the lamp was very low, 

preventing thermal effects influencing the rate of photocatalysis. 



5. Photocatalytic Activity of CdS Quantum Dots Attached to Nanotubes 

 

205 

 

 

Figure 99. 5* CITIZEN LED block – fan cooled used for photocatalysis using Method 2. Built 
by the chemistry department workshops. The irradiance output was measured using a 
calibrated Ocean Optics Flame UV-Vis spectrometer fitted with a cosine corrector.  

 

 Another benefit of an LED light source was the production of white light 

which covers a broad range of wavelengths in the visible spectrum to excite the band 

gap of CdS QD over a broad size range, but did not produce any UV light (Figure 100) 

and so a filter was not required. 

 

Figure 100. Irradiance from the light source at a distance of 10 cm. At a distance of 20 cm, 
the irradiance will be ¼ of that measured at 10 cm. 
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 The reaction was performed on a much larger scale than in Method 1 and 

rapid stirring was permitted to disperse the photocatalyst within the MB solution; the 

light reaching the photocatalysts should be significant to allow photocatalytic activity 

to be observed. The irradiance of the LED lamp was estimated from irradiance 

measurements to be 62 µW cm-2 at 550 nm, and reduced only slightly in the range in 

which the CdS QD absorb light (590-620 nm). 

To monitor the degradation of MB, aliquots of the mixture were removed 

periodically, then stored in the dark while the photocatalyst was allowed to settle at 

the bottom of the reaction mixture, making separation of the aqueous phase simple. 

These aliquots were then analysed by UV-vis spectroscopy to determine the 

concentration of methylene blue remaining in solution.  

As with Method 1, MB degradation is plotted as a normalised concentration 

change over time (Figure 101).  
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Figure 101. Normalised temporal MB concentration change (C/C0) based on Method 1 for 
(a) MB only, MWNT, CdS/MWNT and CdS@MWNT and (b) MB only, BNNT and CdS@BNNT. 

  

A definite variation in the rate of degradation could be seen using this 

method, and the activity of the catalysts could be clearly discriminated. Quantitative 

comparisons were made between the photocatalysts, plotted as the percentage MB 

degradation in the first 360 minutes of the reaction (Figure 102). 
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Figure 102. Percentage of MB degraded in 360 minutes using the as-prepared samples 
under visible light irradiation using Method 2. 

 

Simply by looking at the plots in Figure 101 and Figure 102, it is immediately 

obvious that the rate of reaction is effected by both the location of the QD and the 

nature of the nanotube host. As expected, irradiation of MB solution alone showed 

the slowest degradation rate, since no catalyst was present to increase the 

degradation rate. The change in absorbance measured over the 700 minute timescale 

was much slower than in Method 1, and did not prevent photocatalytic effects being 

observed. Hence, when the photocatalysts were present, the degradation rate 

increased across all of the experiments.  

It is also clear, when comparing CdS/MWNT and CdS@MWNT, that the 

location of the QD crucially affected the rate of decomposition of MB; with QD on the 

surface of MWNT outperforming those encapsulated within MWNT. From the 

proposed mechanism of MB decomposition, the effect of the location of QD on the 

rate of degradation can be explained by two cumulative effects. Firstly, QD on the 

external surface of CNT absorb more photons and could therefore produce more 
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excitons for photocatalysis. Since, 2.3% of light is absorbed by the CNT per graphitic 

layer,37, 38 around 42% of incident photons are absorbed by the average MWNT used 

to produce these hybrids. Secondly, more water is in contact with quantum dots if 

they are outside of the nanotubes, so the photogenerated holes are able to oxidise 

water to hydroxyl radicals which in turn degrades MB.  

The hybrids composed of CdS and BNNT stood out as the best photocatalyst 

for MB degradation. The rate was, astonishingly, more than four times that of the 

carbon analogue (0.270 h-1 compared to 0.066 h-1 for CdS@MWNT). The most 

obvious conclusion is that the transparency of BNNT to visible light is very important 

for photocatalysis.  

Another branch of thought is that semiconductors (in this case CdS) can 

transfer photogenerated holes to the BNNT to increase the rate of photocatalysis. 

One example reported in the literature showed improved photocatalytic activity of 

the semiconducting nanoparticle,TiO2, when deposited on BNNT.39 Whilst, no other 

known examples are reported for nanoparticles on BNNT, similar results were 

reported for BN nanosheets (BNNS) and BN nanoparticles. Xu et al. 40 demonstrated 

that photogenerated holes could be transferred from semiconducting nanoparticles 

(WO3) to BNNS, which were then responsible for an increased rate of photocatalytic 

degradation of RhB. While Fu et al.41 showed hole transfer from TiO2 to hexagonal-

BN nanoparticles, suggesting that N edges, caused by defects in the structure of BN 

and resulting in negatively charged BN, could be the site that holes migrated to. The 

transfer could be helped by the electrostatic attraction of the positive holes with the 

negative charge of BN. Since the nanosheets/ nanoparticles have a very similar 

structure to BNNT, albeit flat rather than rolled up, the mechanism could be very 
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similar. Further experiments would be required to determine if this is true, and the 

band gaps and electronic energy levels of all the materials should be probed. 

However, BNNT alone increased the rate of catalysis comparable to 

CdS/MWNT. This is a fascinating observation as the luminescent and photoactive 

properties of BNNT are still controversial.  One likely explanation is that structural 

defects/ dopants in a small percentage of BNNT nanotubes can significantly reduce 

the electronic band gaps,42, 43 resulting in semiconductors capable of producing 

excitons for photocatalysis. However, the photocatalytic properties of BNNT are still 

undetermined so at present, the mechanism can only be speculated. 

Using Method 2 for the photocatalytic degradation of MB, it is clear that the 

efficiency of the photocatalyst is determined by both the location of QD and the 

nature of the nanotube host. QD on the convex surface of MWNT (CdS/MWNT) are 

shown to drastically increase the rate of photocatalytic degradation of MB, attributed 

to significantly more photons reaching the QD than in the encapsulated equivalent 

(CdS@MWNT – ca. 85% of light is absorbed by the MWNT). If MWNT are exchanged 

for BNNT (CdS@BNNT), the rate of photocatalysis is significantly increased again. The 

optical properties of the hybrid structure are thought to be responsible, as BNNT are 

completely transparent to visible light, increasing the amount of incident photons 

absorbed by CdS.  

5.4 Conclusions 

Cadmium sulfide quantum dots have been formed on the surface of multi-

walled carbon nanotubes and their size and structure characterised. In contrast to 

the encapsulated analogue (CdS@MWNT), the QD are elongated as the templating 
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from the MWNT is lost. However, the coverage and QD content is comparable to 

CdS@MWNT, making this a good control sample. 

A probe reaction has been developed, with two experimental designs 

(Method 1 and Method 2), to study the photocatalytic decolourisation of methylene 

blue. Method 1 utilises a high power xenon lamp, with in situ UV-vis spectroscopy. 

Method 2 uses LED lights and ex situ UV-vis spectroscopy, allowing the reaction 

volume to be probed on a larger scale. 

Both methods have both been applied to appraise the photocatalytic abilities 

of CdS/MWNT, CdS@MWNT and CdS@BNNT. Method 1 resulted in such rapid 

decomposition that the effect of photocatalysis could not be explored. However, 

Method 2 clearly distinguished the photocatalytic activity of the materials. The 

catalytic activity of the hybrid materials can be ranked from most to least active as 

CdS@BNNT > CdS/MWNT > CdS@MWNT, consistent with the intensity of light able 

to reach the QD. Confinement of CdS in MWNT lowers the photocatalytic activity, 

compared to the non-confined equivalent, assigned as less light reaching the QD. 

Encapsulation of CdS inside BNNT results in the highest photocatalytic activity due to 

favourable photocatalytic properties and the BNNT transparency to visible light. 

After these experiments were performed a paper was published detailing a 

similar photocatalytic reaction, agreeing with the results in this study in which CdS 

encapsulated within CNT degrades the dye slightly less rapidly than CdS deposited 

outside the CNT.44 Although, the difference is much more subtle, possibly due to the 

shorted timescale of their reactions.  
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5.5 Experimental 

All common reagents and solvents were purchased from Sigma-Aldrich 

Chemicals®, UK and used without further purification, unless otherwise stated. Water 

was purified (>18 MΩcm) using a Barnstead NANOPure II system. All experimental 

procedures were performed using conventional glass apparatus, unless otherwise 

stated. UV-vis absorption spectra were recorded in solution at room temperature, 

using 1 cm quartz cuvettes, using a Perkin-Elmer Lambda 25 UV-vis 

Spectrophotometer over the range 400-700 nm unless stated otherwise.  

Powder X-Ray Diffraction measurements were performed on a PANalytical 

X’Pert PRO Diffractometer equipped with a Cu Kα radiation source (λ = 1.5418 Å) in 

Bragg-Brentano geometry using a Si zero-background holder. Generator voltage = 40 

V, Tube current = 40 V. 

Transmission electron microscopy (TEM) imaging was performed by Prof. 

Andrei Khlobystov, Rhys Lodge or Craig Stoppiello using high resolution TEM on either 

a JEOL JEM-4000EX (LaB6 source, information limit < 0.12 nm) or a JEOL 2100F TEM 

(field emission gun source, information limit < 0.19 nm) at room temperature. 

Samples were typically prepared by casting several drops of solution onto copper-

grid mounted ‘lacy’ carbon films and allowing the grid to dry on filter paper.  

Local EDX spectra were acquired for samples mounted on TEM grids using an 

Oxford Instruments INCA X-ray microanalysis system. The electron beam was 

condensed onto areas of specimens (bulk specimen or nanotube bundles) suspended 

over holes of the amorphous carbon film. 
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Thermogravimetric analysis (TGA), unless otherwise stated, was performed 

using a TA Instruments SDT Q600 under a flow of air at a rate of 90 mL min-1 at a 

heating rate of 5 °C min-1 from room temperature to 1000°C.  

Raman spectroscopy was conducted using a HoribaJY LabRAM HR 

spectrometer with a laser wavelength of 532 nm. Samples were dropcast from 

methanolic solutions onto Si(100) wafers and a minimum of five spectra recorded 

from different areas of the sample. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 

recorded on a Perkin Elmer, Optima 2000 DV ICP-OES with S10 autosampler. Samples 

and standards were prepared with a final solution composition of 2% nitric acid (69%, 

VWR Chemicals) in deionized water. CdS/MWNT was prepared by heating 5 mg of the 

hybrid material in a box furnace to oxidise the nanotubes. The remaining material 

was dissolved in 2 mL of nitric acid, expored to ultrasonic irradiation for 15 minutes 

before mixing on an orbital shaker (Grant Instruments Orbital Shaker PSU-10i at 200 

rpm) for 16 h and gradually diluted to 20 mL, at an expected concentration of 2% 

nitric acid. Blank samples were prepared using an identical method, without the 

addition of the hybrids. CdS in BNNT sample was prepared by adding 4 mL of nitric 

acid to 1 mg of CdS in BNNT and heating at 100 °C for 16 h, before filtering and 

gradually diluting to an expected concentration of 2% nitric acid. A blank sample was 

prepared using an identical method, without the addition of the hybrids. A radial 

detection method was used at wavelengths of 214.4 nm and 228.8 nm, with 228.8 nm 

producing the most accurate result, which was used to determine the final 

concentration of Cd2+ in solution. Calibrations were formed from solutions of 0.005, 

0.01, 0.05, 0.1 and 0.2 mg mL-1 with linear regression coefficient of 0.9998. Blanks 
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show 0.00 mg.L-1 of cadmium. Corrected coefficients are measured as CdS/MWNT = 

0.9997. 

5.5.1 CdS/MWNT 

To a dispersion of MWNT (10 mg) in deionised water (16.7 mL) was added 

cadmium acetate dehydrate (44 mg), which was stirred at r.t. for 90 minutes before 

addition of 1-thioglycerol (0.1 mL) and dithioglycerol (2,3-Dimercapto-1-propanol, 

0.04 mL) and the mixture allowed to stir for 16 h. Finally, sodium sulfide nonahydrate 

(1.67 mL, 0.1 M stock solution) was added dropwise and allowed to stir for 16 h. The 

product was collected by vacuum filtration using a 0.2 µM PTFE membrane and dried 

under vacuum to yield a black power. The hybrid was removed from the PTFE 

membrane and studied using TEM imaging. Some reactions were carried out on a 

smaller scale, where stated. 

Mass/ mg =27 

TEM (200 kV) 83 QD per µm, 5 QD encapsulated per µm, dNP/ nm = 5.0 ± 1.7 x 2.4 ± 

0.7 

EDX (Cd:S) = 1:1.6 

ICP-OES/ wt.%  cadmium: 34 

5.5.2 Methylene blue (MB) 

Solutions of methylene blue were prepared by adding deionized water (100 

mL) to methylene blue (15 mg, 4.69 x 10-5 mol, ACROS organics) to form a stock 

solution (150 mg L-1). The stock solution was then diluted further to produce solutions 

with concentration 15 mg L-1 and 30 mg L-1 respectively. 
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5.5.3 Calibration curves 

UV-vis spectra were recorded for samples of methylene blue at concentration 

of 0.048, 0.24, 1.2, 3.0, 4.0, 5.0 mg L-1 to form a calibration plot of concentration 

against absorbance maximum at 664 nm. The molar absorption coefficient (Ɛ) = 

58711 L mol-1 cm-1 was then calculated. Error (R2) = 0.992. 

 5.5.4 Adsorption tests 

The amount of methylene blue which can be adsorbed onto the nanotubes 

was determined by adding MWNT (1.097 mg), 96-h oxidised MWNT (0.984 mg), and 

BNNT (0.957 mg) to solutions of methylene blue (15 mL, 15 mg L-1) and stirring in the 

dark for 16 hours. After stirring had stopped, nanotubes settled at the bottom of the 

solution and aliquots of MB were removed for UV-vis spectroscopy.  

A control sample was prepared as above, in the absence of nanotubes (MB 

control) and a blank sample was prepared using MB solution with no additional 

treatment (MB-blank). 

5.5.5 Method 1 

Photocatalysts (0.6 mg) were added to MB (3 mL, 15 mg L-1) and stirred in a 

quartz cuvette in the dark to equilibrate for 16 h. The mixture was then irradiated 

using a xenon arc lamp (Newport Oriel, Model No: 6258). The lamp housing (Newport 

Oriel, Model No. 66902), in addition to housing the bulb, also contains a rear reflector 

and two fused silica condenser lenses enabling collimation of the light to an area of 

ca. 25 x 25 mm2. The power supply (Newport Oriel, Model No: 69911) is able to vary 
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the power output of the bulb from 240-330 W, though in practice an output power 

of 250 W was used for all experiments. A quartz filter containing water was placed in 

front of the lamp aperture.  

A 400 nm cut off filter was used, λ > 400 nm (Newport, FSQ-GG400). The 

cuvette holder is a custom built copper block with internal pipework which allows 

cooling water to flow around and maintain a constant temperature  

(of ca. 15°C). A rectangular aperture is fixed to the front of the cuvette holder 

enabling a consistent irradiated area. The cuvette holder sits on top of a magnetic 

stirrer (Hanna Instruments, H190M). The position of the setup was kept the same 

throughout the series of experiments.  

Absorption spectra were measured at the rear of the cell holder using an 

Ocean Optics Flame spectrometer with the light attenuated using a series of ND 

filters. Absorbance is monitored at 620 nm. 

5.5.6 Method 2 

Photocatalysts (ca. 11 mg) were added to an aqueous solution of MB (30 mL, 

15 mg L-1 or 30 mg L-1) and allowed to stir in the dark for 16 h. The samples were 

irradiated using a LED light source (5* CITIZEN LED block – fan cooled) placed 20 cm 

away from the stirring mixture. Aliquots (2 mL) of the homogenous mixture were 

removed periodically and stored in the dark to allow the photocatalyst to settle, 

before recording the UV-vis spectra. The absorbance was recorded at its maxima. 
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6. Concluding Remarks 

As hollow, one-dimensional nanoscale materials, carbon nanotubes (CNT) 

offer the exciting opportunity to confine guest-species in the internal cavity, and thus 

study the structure, motion and dynamics of molecules in these nanosized test tubes. 

Moreover, the spatial restriction imposed inside CNT permits exploration of the 

templated transformations of guest-molecules into other, potentially more valuable 

nanoscale materials.  

Whilst the properties of CNT as nano test tubes and reactors has been 

extensively investigated, the applications of the younger, isoelectronic and 

isostructural analogue boron nitride nanotubes (BNNT) has been comparatively 

unexplored to date. BNNT possess many of the attractive attributes as CNT, such as 

high mechanical, thermal and chemical stability, but also present new 

physicochemical properties, including transparency to visible light and modified 

interatomic bonding rendering BNNT electronically insulating. BNNT, therefore, offer 

an interesting host-structure for the formation of new composite materials with 

potentially enhanced properties, whilst also aiding the analysis of encapsulated 

guest-species through spectroscopic techniques unavailable for CNT equivalents.  

The encapsulation of guest-species into BNNT requires the nanotubes to be 

open at the end tips and free from impurities which may block the internal channel. 

Reducing the length of BNNT is also expected to improve the filling efficiency of 

guest-species, since transport resistance has been shown in CNT to depend on 

nanotube length. Three classes of methods for treating as-received BNNT were 

systematically investigated and their effectiveness at opening, shortening and 

purifying the nanotubes appraised. It was determined that a strategy based on 
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hydrolysis, followed by high-temperature oxidation in air was most effective, yielding 

a BNNT material with 83 % of the nanotubes open, lengths of 0.55 ± 0.22 µm and a 

B:N ratio of 51:49. Thus, this method was applied for all subsequent experiments 

involving confinement of guest-species inside BNNT.  

Following documented literature procedures for the formation of C60@CNT 

‘peapods’, molecules of C60-fullerene were encapsulated within BNNT from the gas-

phase. Careful TEM analysis indicated that the packing arrangements of the 

fullerenes inside BNNT were critically dependent on the nanotube diameter. 

Furthermore, IR spectroscopy established that the dynamic behaviour and 

temperature-controlled phase transitions of C60 were the same when encapsulated 

in BNNT as in the bulk crystal. The transformation of C60 into CNT at elevated 

temperature – templated by the internal dimensions of the thermally stable BNNT – 

resulted in the formation of an electronically conductive CNT confined within an 

electronically insulating BNNT. Dubbed the world’s smallest co-axial cable, this 

fascinating hybrid nanoscale architecture is predicted to have a wealth of unique 

functional properties targeted at application such as nanoelectronics and sensing 

devices. 

The encapsulation of photoactive nanoparticles of cadmium sulphide (so-

called quantum dots) into both multi-walled carbon nanotubes (MWNT) and BNNT, 

by both liquid- and gas-phase insertion of cadmium and sulphur precursor molecules 

into the inner nanotube channels and subsequent confined reaction within the 

internal volume, was explored, yielding a series of materials to be applied as 

photocatalytic nanoreactors. Remarkably high filling rates (70 quantum dots per μm 

of MWNT) were achieved inside MWNT subject to extreme pre-treatment conditions 
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of oxidation prior to encapsulation. The quantum dots were found to be stabilised by 

ubiquitous van der Waals forces between host and guest, with nanoparticle 

dimensions strongly templated by the nanotube. Translation of this strategy to single-

walled carbon nanotubes (SWNT, diameter 1.3 nm) was not possible, due to 

diameter-dependent limitations of access to the internal space by guest molecules 

and issues of bundling; larger diameter graphitised nanofibres (GNF, internal 

diameter 30-50 nm) could be filled with quantum dots, however, determination of 

their structural characteristics by electron microscopy was hampered by the large 

number of graphitic shells that comprise the external walls. Open and purified BNNT 

were successfully filled with quantum dots, but significant proportions of the 

photoactive materials remained deposited on the exterior surfaces (44 encapsulated 

inside, 33 on the external walls of BNNT per µm length). The templating effects of the 

nanotube were observed, resulting in the formation of anisotropic CdS quantum 

dots. 

The composites of quantum dots and nanotubes – CdS@MWNT and 

CdS@BNNT – were then applied as photocatalysts for the degradation of methylene 

blue, a major source of water contamination from the textile industry. An additional 

photocatalyst, with cadmium sulfide formed on the surface of MWNT (CdS/MWNT), 

was also prepared as a control using closed MWNT in a route analogous to that used 

for the preparation of CdS@MWNT. The efficiency of the photocatalysts was then 

explored through two experimental designs and the activity determined. The most 

effective catalyst was CdS@BNNT, followed by CdS/MWNT, then CdS@MWNT, a 

result that has been correlated with the amount of light reaching CdS from the 

source. 
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In conclusion, this study has involved: (i) the development of novel 

procedures to open and purify BNNT and CNT, thus permitting the encapsulation of 

guest-species in the internal channel; (ii) exploration of the encapsulation, structural 

characteristics and thermal transformations of C60 molecules inside BNNT, ultimately 

yielding CNT@BNNT – a nanoscale co-axial cable; (iii) investigation of the 

confinement, structural attributes and photocatalytic properties of quantum dots of 

cadmium sulphide inside CNT and BNNT. The new discoveries reported in this thesis 

demonstrate the controlled formation and applications of innovative nanotube-

based hybrid materials, and thus represent an important and substantial contribution 

to the field of nanomaterials. Moreover, the work described herein provides an 

essential founding for many areas of further research. As the production of BNNT 

inevitably improves, to yield BNNT with narrower and more controllable diameter 

distributions at a lower cost, the applications of BNNT are certain to expand. The 

route to open and purify BNNT established during these studies is expected to be 

transferable to BNNT prepared by other methods and therefore provides the 

opportunity for an almost unlimited number of materials to be confined within BNNT, 

studied and exploited at the nanoscale. Importantly, the formation of nanoscale co-

axial cables needs to be further explored, with determination of the electronic 

properties absolutely essential if these materials are to be integrated into nanoscale 

electronic devices. Furthermore, demonstration of the ability of BNNT to act as 

photochemical nanoreactors, facilitating and controlling the confined reactions of 

guest-molecules driven by visible light inside this optically transparent host nanoscale 

reactor, warrants significant further investigation. 

 


