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Abstract 

The purpose of this thesis was to synthesise nanomaterials with a variety of chemical and physical 

properties to find the optimum design of heterogeneous catalysts for a variety of applications in 

heterogeneous catalysis. The aim for chapter 3 was to synthesise support free Pd NPs which are 

stabilised by a range of small organic ligands and polymers for the application in the pharmaceutical 

synthesis. It was vital to identify the correct capping ligand to stabilise the NP to find the optimal catalyst 

for the reductive amination reaction. A range of material characterisation methods were used to 

evaluate the impact of ligands and the role of steric and electronic effects on the selectivity behaviour 

of the Pd NPs when they were stabilised by different capping ligands which helped identify the best 

catalytic system. PVP stabilised Pd NPs was found to be the best performing catalyst displaying the best 

overall yield of the desired product. XPS and FTIR revealed that the presence of PVP ligands at the NP 

surface gives rise to combination of steric and electronic effects and it was shown that electron donation 

from the PVP carbonyl group to the Pd NP occurred. 

Chapter 4 focused on plasmonic photocatalysis which allows harvesting of visible light as an abundant 

and renewable energy source to drive a myriad of chemical reactions. The novelty of this work is that it 

combines a two- dimensional (2D) metal catalyst and plasmonic photocatalysis which has not been 

reported in literature. The high proportion of exposed surface atoms and large surface area of ultrathin 

2D nanosheets results in high atom efficiency. Light-harvesting catalysts allow lower reaction 

temperatures and enhanced reaction rates, enabling more energy efficient and greener routes to 

chemical synthesis. The chapter developed a new synthesis method for 2D alloyed PdAu nanosheets 

using long chain surfactants to template the growth. Tuning the surface chemistry was critical to 

controlling the two-dimensional growth and maintaining high catalytic activity. The catalysts display 

outstanding activity for visible-light driven room-temperature Suzuki cross coupling reactions, greatly 

outperforming commercial Pd catalysts. 

The need for the development of efficient catalysts for the chemical recycling of PET to tackle the global 

issue of plastic waste was the motivation of Chapter 5. Designing the optimum heterogenous catalyst 



was the main aim of this work with particular focus on immobilisation of metal ion and nanoparticle 

based catalysts. Surface modification of a catalyst support with organic linkers is a suitable strategy to 

immobilise transition metal ions onto a SiO2 support material. The nature of the organic ligand being 

connected to the ion influences the steric and electronic effects which influences the catalytic behaviour. 

The NP catalysts were found to be superior than the ion immobilsed catalysts in the degradation of PET 

to its monomer BHET, due to synergistic effects between the NP and the organic ligand. 

The aim for chapter 6 was to find the optimum metal free heterogeneous catalyst anchored on SiO2 

support. This work was inspired by the findings in chapter 5. Three guanidine catalyst with a range of 

nitrogen environments were synthesised as potential metal free catalysts for the degradation of PET 

and PLA. The catalysts were evaluated under conventional, and microwave assisted heating methods to 

find the best method for converting these plastics to their monomers with high yields. The catalysts 

were evaluated using material characterisation methods such as XPS, TEM and FTIR.  It was 

discovered that the best performing catalyst had the most nitrogen environments eluding that the 

nitrogen availability was an important feature for the catalyst activity for both PET and PLA degradation. 

Microwave assisted heating methods outperformed the conventional heating methods yielding high

conversions with less energy and time being required.   
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Introduction 
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Introduction 

Catalysis plays a very important role in the chemical industries that impact our everyday lives. 

Homogeneous catalysts offer a range of advantages, including, mild reaction conditions, high 

activity/selectivity, and tuneable reaction sites. Heterogeneous catalysis offers advantages such as 

higher thermal stability, easy separation of the catalyst from reaction mixture, and potential for 

recyclability. Commercial heterogeneous catalyst such as Pt or Pd on activated carbon, are widely 

used catalyst in industrial settings, but the major drawback of these catalysts is the lack of uniformity 

in nanoparticle size, shape and dispersion. Nanostructured materials show great promise and 

opportunities for the development of new catalyst materials with controlled and optimized 

properties that can be used diverse catalytic applications for chemical synthesis to 

electrocatalysis. Nanostructures can be classed into zero dimensional (0D), one dimensional (1D), two 

dimensional (2D) and three dimensional (3D) nanostructures as illustrated in Figure 1. Zero 

dimensional nanostructures, such as metal nanoparticles (NPs) have been studied in many organic 

transformations including Suzuki cross coupling1-3, heck4-5, and hydrogenation reactions6-8, 

electrocatalytic applications9 and photocatalysis.10 The use of metal nanoparticles in green 

chemistry has also become very popular in recent years. Using natural resources to drive chemical 

reactions such as light, is advantageous as it is an eco-friendlier and cost effective method 

when compared to traditional methods of enhancing performance such as higher reaction 

temperatures which is not energy efficient.  While zero dimensional (0D) nanostructures, 

have been the most common type of nanostructure employed for catalytic applications, 

there are many innovative examples of using the wide of nanomaterials as illustrated in 

Figure 1. One dimensional (1D) ultrafine Pt nanowires are rich high-index facets and coupled with 

their high conductivity have excellent electrocatalytic properties.11 Two dimensional (2D) 

nanostructures such as nanosheets have been used extensively as both catalyst supports and as 

the active catalyst.12 Three-dimensional (3D) nanostructure encompasses a wide variety of well 

known catalyst nanomaterials such as metal-organic frameworks (MOFs). The use of 3D 

nanostructures has been particularly well explored in the synthesis of electrodes for 
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electrochemical energy conversion and storage devices.13 There are myriad of chemical and physical 

properties that can be tuned when designing a heterogeneous catalyst. The below section outlines 

some of the main features that can be tailored to influence catalytic properties including size, shape, 

chemical composition, and the catalytic support.  

Figure 1: Schematic of the classification of nanostructures, zero- dimensional (0D), one-dimensional 

(1D), two-dimensional (2D) and three-dimensional (3D).14 

1 Designing nanomaterials for heterogeneous catalysis 

1.1 Tuning Nanoparticle Size 

Solution based colloidal synthesis is most common method used to prepare colloidal NPs as it allows 

for easy tuning of the synthesis parameters to alter the size and shape of NPs. A typical solution-based 

method involves the reduction or decomposition of a metal precursor in the presence of stabilising 

ligands. Stabilising ligands play an important role in directing particle growth and restricting particle 

size by interacting with the metal surfaces during the reaction. The types of stabilising ligands used 

range from organic molecules to polymers, to ionic salts. 

The LaMer model is widely used to explain the formation mechanism of colloidal NPs which describe 

three stages for the formation of NPs (i) super-saturation of the monomers, (ii) burst nucleation, and 
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(iii) controlled growth. The LaMer model is shown in Figure 2, where in the first stage, the 

concentration of monomers increases steadily as a reaction proceeds until it reaches the critical point 

of supersaturation. These monomers are formed from the metal precursor which is typically a metal 

salt and are stabilised by the capping ligands. The next stage, nucleation, begins once the 

concentration of monomers reaches supersaturation, after which small clusters are spontaneously 

generated. Nucleation causes a decrease in monomer concentration. When the concentration of 

monomers drops below the critical saturation, the nucleation of new particles stops and the 

monomers are now used for particle growth, marking the final stage. During the nucleation phase, 

growth may also occur simultaneously, resulting in size broadening of the NP diameter. Therefore, to 

achieve narrow NP size distributions, a short nucleation phase and slow growth kinetics are desirable. 

The nucleation and growth kinetics are controlled by regulating experimental parameters such as 

precursor concentrations, surfactant ratio, strength of reducing agent and reaction temperature. 

Figure 2: The LaMer model showing the three stages of the NP growth.15 

One of the earliest reports of modern colloidal synthesis was in 1951 when Turkevich and co- 

workers16, developed a method to prepare Au NPs by treating an aqueous HAuCl4 solution with citric 
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acid. Citric acid acted as both the stabilising agent and reducing agent in an aqueous solution. From 

this discovery, Frens and co-workers17 were able to modify the method and found that the size of Au 

NPs obtained by citrate reduction can be tuned by altering the sodium citrate concentration and the 

Au precursor to citrate ratio, indicating that the Au NPs were formed and grown through a rapid 

nucleation process followed by diffusion growth.18 In 1994, the seminal paper by Brust et al.19, 

reported organically soluble alkanethiol-stabilised Au NPs via reduction using a phase transfer reagent 

tetraoctylammmonium bromide (TOABr) and reducing agent sodium borohydride. This synthesis 

method produced small diameter NPs with the ability to tune the mean NP diameter from 1.5 to 5 nm 

by simply altering reaction conditions, such as reaction temperature, and ratio of Au precursor to 

alkanethiol.20 Similar synthesis methods emerged for other key catalyst methods such as Pt and Pd. 

In particular, the polyol method which involves suspending the metal precursor in a glycol solvent and 

subsequently heating the solution to a refluxing temperature is very successful in preparing 

monodisperse metal NPs such as Ru21, Pt22 and Ag.23 A polyol process is a convenient method for metal 

NPs as a reducing agent is not required because the polyalcohols e.g. ethylene glycol act as the solvent 

and reducing agent. Teranishi et al.24 reported an elegant demonstration of this method to synthesize 

Pt NPs with tuneable diameters of 1.5–5.0 nm. The method used chloroplatinic acid as a Pt precursor 

in the presence of PVP and an alcohol solvent, that also acted as the reducing agent. The NP size was 

controlled by regulating the nucleation rate through the choice solvent. The particle size decreased 

with an increasing reducing power of the alcohol solvent (methanol > ethanol > IPA), as more nuclei 

were generated by faster reduction rate. The NP size could also be tuned by the PVP:Pt precursor 

ratio. Decreasing the PVP concentration increased the NP diameter due to faster NP growth enabled 

by the lower concentration stabiliser. 

Teranishi et al.25 later reported a similar synthesis for size controlled Pd NPs NPs with diameters of 2- 

3 nm by altering the amount of protective polymer (PVP) and then by changing the alcohol solvent. 

They reported that increasing the amount of PVP decreased the Pd NPs diameter and that the type of 

solvent also determined the diameter of the NPs. The NPs diameter was smallest using methanol as a 
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solvent, and increased in the order of methanol > ethanol > IPA. This trend correlates with the lower 

reducing power of the alcohol solvent, suggesting that a rapid reduction rate of [PdCl4]2- ions was a 

vital factor to produce smaller diameter NPs. The conditions which produced the ~2 nm NPs was 

PVP:Pd ration of 10:1 and a 40 vol% ethanol in water solvent. They were also able to obtain larger NPs 

using seeded growth mechanism. 

1.2 Shape Control 

In catalysis, it is well-established that the activity of a metal NP can be enhanced by reducing its size, 

as this increases the surface area to volume ratio and also maximises the atom efficiency of the catalyst 

metal, which can be important for expensive noble metals typically used in catalysis. The selectivity, 

however, is usually most sensitive to the packing of atoms on the surface, which is determined by the 

exposed facets of a NP. The facets exposed on a nanostructure have a strong correlation with its shape. 

In the early 2000’s a new phenomenon of shape-controlled synthesis of nanostructures emerged 

which enabled unprecedented control of nanocrystal morphology. There are a vast range of shapes 

that have been produced to date these including spheres26-27, cubes28-29, tetrahedrons30, 

octahedrons31, icosahedral32-33, sheets34-35, rods36-37, wires38-39, plates40, and tetrapods41. To obtain 

such structures synthesis conditions are altered to control nucleation and growth, including the ratio 

of precursors, the use of surfactants and other capping ligands, temperature, and time. 

The NP seed formed at the last stage of nucleation, which is a cluster with well-defined structures, is 

critical in determining the overall final shape of the NP. In addition to the NP seeds, the presence of 

shape-directing ligands such as surfactants or ions, also determine the final shape of metal NPs. Shape 

control of metal nanostructures can be achieved by either homogeneous or heterogeneous 

nucleation. In homogeneous nucleation, seed particles are formed in situ and, typically, nucleation 

and growth proceed by the same chemical process. To obtain a high uniformity in shape-controlled 
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nanocrystals, nucleation must occur rapidly and instantaneously, as if nucleation proceeds over an 

extended time period, reactants would be unevenly depleted from solution leading to variations in 

the growth rate for seed particles formed at different reaction times. Fast nucleation can be achieved 

by slowly building up the concentration of metal ions in solution through serial injections of the 

precursor solution until nucleation occurs. The use of stabilising agents and coordinating ligands 

between metal precursor and surfactant also plays an important role. Another condition required for 

homogeneous nucleation is that it must produce seed particles that are single crystalline or 

possess single-crystalline surfaces. This requirement can be difficult to achieve with the common noble 

metal such as Pt, Pd, Au and Ag which tend to possess a high degree of twinning and produce seeds 

particles with numerous crystal defects. One successful strategy to prevent this is oxidative etching 

which refers to the presence of species e.g. dissolve oxygen or Cl- ions, that effectively etch particles 

with high-energy defect planes to produce single-crystalline seed particles. A successful application of 

this approach is the synthesis of Ag nanocrystalline octahedra polyhedral nanocrystals.42 

While homogenous nucleation is a simple one step process, its success does require several conditions 

to be met, as outlined above. In contrast, in heterogeneous nucleation, the nucleation and growth 

stages occur as separation synthesis steps and it can often be easier to obtain controlled growth. 

Shape control synthesis under these conditions can be considered as an overgrowth process 

where seed particles, prepared in a previous step are added to a growth medium to facilitate the 

reduction of metal ions. If the seed particles possess well-defined shapes, NP growth by 

heterogeneous nucleation can produce nanostructures with monodisperse sizes and exceptional 

shape control (>95 % uniformity). This synthesis approach has been well developed for many key 

catalytic metals such as Pt, Pd, Ru, Rd.43-45 

The use shape-controlled NPs has also allowed for a meaningful study of their shape-property 

relationships in catalysis. There have been some reports on how shape of NPs can influence the 

selectively of reactions and the corresponding turnover frequencies.46-47 For example, Bratlie et al.48 



17 

studied the facet dependent reactivity of Pt NPs on the selectivity of benzene hydrogenation using Pt 

cubes and cuboctahedra NPs. Both cyclohexane and cyclohexene were formed using cuboctahedra 

catalysts, whereas only cyclohexane was produced using the cubic shaped NPs. The specific selectivity 

effect was attributed to the presence of a single facet type on the Pt cubes i.e. the (100) facet, whereas 

cuboctahedra possess both (100) and (111) facets leading to poor selectivity in benzene 

hydrogenation. 

Since the discovery of graphene in 2004 by Geim et. al,49 the use of 2D materials has attracted a lot of 

attention in catalysis, for in their use a catalyst support12. More recently the use of 2D metallic 

nanostructures have seen much interest in catalysis and electrocatalysis as the active catalytic  

component. 2D materials like graphene are made from layered materials and can be synthesised by 

mechanical or chemical exfoliation of the bulk material.50 However, metals are not layered materials 

therefore this method is not applicable. 2D metal nanosheets can be formed using surfactants 

and stabilisers to direct the growth.51-52 Using this synthesis method, ultrathin metal 

nanosheets have been used in a range of applications such as supercapacitors53, batteries54 and 

as efficient catalysts for organic reactions.55-57 Xu et al.58 reported the bottom-up synthesis of Pd 

nanosheets via a surfactant template-assisted solution- phase growth whereby the nanosheet 

surface facets could be controlled by changing the capping ligand. By using capping ligands with 

different terminal functional head group, nanosheets with (111), (100) or (110) facets could be 

obtained. Yang et al.59 synthesised ultrathin Pd nanosheets via a surfactant assisted method 

using hexadecyltrimethylammonium bromide (CTAB) and Mo(CO)6 as catalysts for 

electrooxidation of ethanol. They reported that the presence of both CTAB and Mo(CO)6 was vital 

for the formation of the Pd nanosheets structure. The Mo(CO)6 acted as a CO source where the strong 

binding to the Pd (111) surface promotes 2D growth into nanosheets. The nanosheets displayed 

60% higher catalytic performance in ethanol oxidation compared to commercial Pd/C. Along with this 

result, the nanosheets showed better catalytic stability proving that these Pd nanosheets are 

efficient catalysts for this reaction. Kong et al.60 synthesised ultrathin Ru metal nanosheets which 
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displayed high activity toward water splitting. The nanosheets were synthesised using a solvothermal 

method, which they nucleated and grew into nanosheets with the aid of IPA and urea. IPA influenced 

the anisotropic growth into sheet-like structures, and urea stabilised them by preventing 

aggregation and enabled their growth into larger sheets. 2D Ru based catalysts displayed significantly 

better activity for water splitting compared with the commercial Pt/C and Ru/C powder. Atomically 

thick Au nanosheets were excellent catalyst for next-generation transparent and conducting 

electrodes.61 Single-atom-thick Rh nanosheets were highly active catalyst for hydrogenation and 

hydroformylation reactions. The activity of the Rh nanosheets was superior to that of commercial Rh/C 

and PVP capped Rh NPs (four and seven times more active respectively), in both the hydrogenation of 

phenol and the hydroformylation of 1-octene. 62 

1.3 Alloy and Bimetallic Nanoparticles in Catalysis 

In addition to controlling NP size and morphology, tuning the chemical composition through mixing 

with other metals is another key method for manipulating the catalytic behaviours of catalysts. 

Alloying is used extensively to alter the chemical properties of metal surfaces, and alloys often have 

catalytic properties that are substantially different from those of the individual constituents. Alloying 

effects in heterogeneous catalysis can be divided into ligand effects and ensemble effects. Ligand 

effects refer to changes in the chemical properties of the atoms as a result of alloying e.g. charge 

transfer effects and electronic effects. Ensemble effects are associated with particular arrangements 

of the active constituents and how they alter reactivity when the chemical composition of the 

ensemble changes.63 Bimetallic nanomaterials can be split into four general categories64, as shown in 

Figure 3 (a-d). Mixed alloyed nanostructures (Figure 3 (a)) is where the arrangement of the constituent 

metals can be random or ordered. Randomly mixed alloys are generally called alloyed NPs and ordered 

NP are usually referred to as intermetallics. Core shell alloyed NPs are composed of an inner core 

made from one metal and the outer shell comprised of another metal (Figure 3 (b)). Figure 3 (c) shows 

sub-cluster segregated alloyed NPs, which are made up of two small clusters of each metal, with either 

a shared inner interface or shared outer interface. 
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The advance of shape controlled nanocrystal synthesis has led to the development of multiple 

core-shell alloyed NPs, which can form complex arrangements, with two or more shells as illustrated 

in Figure 3 (d).64 

Figure 3: Different classification types of alloyed nanoparticles. 

Co-reduction is the simplest method to synthesise bimetallic (or trimetallic) alloyed NPs where 

simultaneous reduction of two metal precursors occurs in the presence of a stabilising agent(s). This 

method is particularly useful when the two metals have similar reduction potentials, that allows 

reduction to occur simultaneously, thereby creating an alloy NP. 65 This facile co-reduction method is 

robust approach and has been applied to many bimetallic alloys including Pt-Ru66 Pd-Cu67-68, Pt-Pd69, 

Pd-Au70, and PtFe.71 Seed mediated synthesis involving a two-step synthesis method where the 

preparation of seed NP are mixed with a second (or third) metal species can also been used for the 

synthesis of size and shape controlled alloy NPs. There have been a number of reports in the literature 

on the production of seed mediated synthesis of bimetallic nanoparticles.72-74 

Another common synthesis method for alloy NPs is galvanic replacement method which is particularly 

is popular for the synthesis of hollow NP displaying ultrathin walls in aqueous media and with relatively 

short reaction times (< 60 min). The galvanic replacement reaction consists of a redox process 

between a metal, used as a sacrificial template, and metal ions in the solution. The difference in the 

reduction potential between the sacrificial template and the metal ions in solution provide the driving

force for the reaction. Oxidation and dissolution of the template together with reduction of metal
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ions from solution and deposition at the surface of the template occur simultaneously. The classic 

example of galvanic replacement is the reaction between Ag NPs and AuCl4− ions. When a Ag NP is in 

contact with a AuCl4-
(aq) solution, the Ag atoms from the surface are oxidised to Ag+

(aq ) ions and dissolved

by AuCl4-
(aq) ions. This leads to the formation of small cavities at the NP surface. Simultaneously, Au

atoms are deposited on the NP surface bu reduction of AuCl4-
(aq). As Au and Ag are miscible at the

nanoscale, with the same face-centred cubic (fcc) crystal structure and similar lattices constants, 

uniform AgAu alloy NPs form.75 The composition of this alloy can be tuned by changing the amount of 

AuCl4−
(aq) ions employed in the reaction relative to the amount of Ag metal.76 This galvanic replacement

synthesis method has also been applied to the synthesis Cu-Pd77, Pd-Pt78  and Ag-Pt79 NPs. 

The synergistic effects between the two metals in a bimetallic NP can result in increased activity, 

selectivity, and stability when compared to their monometallic counterparts. 80-81 Wu et al.82 

compared the catalytic activity of monometallic Pd catalysts against their PdIn catalysts in a ethane 

dehydrogenation reaction performed at 600 °C. They found that the alloyed PdIn NPs had excellent 

catalytic behaviour which was far superior to that of monometallic Pd catalyst. It was found the Pd–In 

bond formation modified the electronic properties of Pd atoms, leading to an increase in the turnover 

rate by almost 10 times compared with monometallic Pd. The turnover frequency was 0.03 and 0.26 s-1 

for Pd and Pd-In, respectively. Another advantage of alloy NP has been the ability of combine 

expensive precious metals (Pt, Pd, Rh) with cheaper transition metals to reduce the cost of the catalyst 

while also maintaining or improving the catalytic ability, such as Pd, were it has been alloyed with 

many first row transition metals (Co, Cu, Fe and Ni).83-85 For example, Pd was alloyed with Ni and 

displayed good activity in an oxygen reduction reaction while also reducing the cost of the catalyst. 86 

PtNi alloyed NPs are ten times more catalytic active in an oxygen reduction reaction compared to 

monometallic Pt NPs.87 Troutman et al.88 synthesised PdAg NPs which lower the overall catalyst cost 

while simultaneously increasing the catalytic activity 3.4 times for the NO2
- hydrogenative reduction 

reaction. They reported that by alloying the Pd and Ag, a more favourable surface binding energy was 

created which is the reason for the increased activity.  
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1.4 Catalysis for sustainable chemistry – green chemistry and circular chemistry 

Catalysis is essential for many processes in sustainable chemistry as it is a vital part of chemical 

processes in industrial economies which rely on catalysts to lower energy outputs, cost and increase 

rate of reactions. Green chemistry has a relatively long history, with the twelve principles of Green 

Chemistry first in proposed by Anastas and Warner in the 1990s,100 illustrated in table 1. Green 

chemistry refers to the design of chemical products and processes that reduce or eliminate the 

generation of hazardous substances. Catalysis is directly addressed as one of the twelve principles 

‘Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.’ The term 

‘sustainable chemistry’ has been introduced more recently and in contrast to green chemistry has 

countless definitions. Sustainable chemistry was defined in the 90’s by The Organisation for Economic 

Co-operation and Development (OECD) as “a scientific concept that seeks to improve the efficiency 

with which natural resources are used to meet human needs for chemical products and services”. 101 

It outlines that it increases economic output while simultaneously protecting human and 

environmental health. For example, replacing an environmentally harmful organic solvent with water 

in a chemical process would align with the principles of green chemistry, however, if replacing the 

solvent requires excess water from natural sources to be used, then the process would be green but 

not sustainable. 

Noble metal NP catalysts with photo enhancement using visible light has become popular in the area 

of green chemistry in recent years. Monometallic and bimetallic nanostructures have been used for a 

range of organic transformations driven by visible light such as Suzuki cross coupling reactions. Using 

light as a source to drive chemical reactions aids the use of lower reaction temperatures compared to 

conventional thermal reactions, enhances reaction rates and improves selectivity which are the main 

advantages of using light-harvesting catalysts that enable more energy efficient and greener route to 

chemical synthesis.  

A key factor distinguishing green and sustainable chemistry is the concept of circularity. The circular 

economy takes into account the full cycle of a material i.e. how it is used, re-used and disposed, how 

to minimise waste and maximise resources in that process. Chemistry is central to the ideal of the 
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circular economy and Keijer et al.102 defined the twelve principles of circular chemistry which provide 

a useful framework from a chemistry perceptive, which are illustrated in table 1 and compared with 

the principles of green chemistry from Anastas. 

When compared together it is clear that green and circular chemistry are assigned as two separate 

economic models, linear and circular. The linear economy model is based on a “take, make and 

dispose” system where profitability is the priority and does not take into account the life cycle of the 

product. The aim of a circular economy is to develop a sustainable strategy of “make, use and recycle” 

as represented in figure 4. The twelve principles also illustrate the need for a holistic or life-cycle 

(system) thinking approach to achieve a transition to a circular economy. This is reflected in later 

principles that highlight the importance of government policy to implement chemical and 

environmental regulations and support sustainable supply chains, so circular chemistry innovations 

can be readily adopted by industry. 

Table 1: Principles of green and circular chemistry based off the work reported by Anastas et al.100 and 

Keijer and co-workers.102 
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Figure 4: Linear vs circular economy 

Using waste as a resource presents a huge challenge which requires the development of new chemical 

conversions that can deal with complex waste streams and use them as feedstocks for high value 

products. For example, plastic waste streams are to be often cross contaminated with other plastic 

types due to insufficient physical sorting. The presence of additives such a colorants and stabilisers 

can impact on the chemistry developed for their degradation. The development of chemical processes 

that can convert waste materials into higher value products is a key corner of enabling a materials 

circular economy. 

1.5 Surface immobilisation of catalysts 

The use of a support material is often an essential component of a heterogeneous catalyst. Commonly 

used support materials include carbon-based materials e.g. carbon black, carbon fibres, graphite and 

metal oxides such as alumina and silica. In general, a support material should have a large specific 

surface area, high porosity, and relative chemical inertness.89-91 Colloidal synthesis methods allows 

for the formation of the well-defined catalytic NPs that can then be immobilised onto a suitable 

support material. One of the easiest methods for immobilising NPs is based on surface adsorption, 

where NPs are preformed in a solution phase, are left in contact with a porous catalyst supports such 

as alumina or activated carbon for a period of time resulting in adsorption.92 The solvent layer should 

become colourless indicating adsorption of the metal NP to the support.  The solvent layer is then 

decanted and the metal on the support is the dried in an oven. 
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Metal NPs can also be immobilized on molecularly modified surfaces. The presence of molecular 

functionalities grafted on the surface of the support material can have a significant influence on the 

stabilization and reactivity of the NP. Strong synergistic effects can arise from interactions between 

the NPs and the molecular ligand. For example, Hou and co-workers93 demonstrated Ru NPs 

immobilised on sulfonic acid-functionalized silica produces a bifunctional catalyst with high activity for 

the hydrogenolysis of cellulose into sorbitol. Their bifunctional catalyst was more selective toward the 

formation of sorbitol than a physical mixture of its individual components. XPS and FTIR analysis 

showed strong interaction between the Ru NP and SO3-OH groups. Many examples of enhanced 

catalyst activity or selectivity of NPs is due to the presence of surface organic ligands are emerging in 

the literature and are nicely summarised in a recent review by Bordet et al.94 

Another important strategy in the design of heterogeneous catalysts is to immobilize a homogeneous 

catalyst or ion species on an insoluble support. Ordered mesoporous silicas such as FSM-16, MCM-41, 

and SBA-15, are particularly attractive due to the wide variety of structures and pore size available. 

Common methods for the immobilization of homogeneous catalysts, based on the interaction 

between the catalyst and the solid support include electrostatic interaction and covalent binding 

adsorption. Electrostatic interaction is a relatively simple method but often suffers from poor catalyst 

stability. It also requires the presence of a charged surface so can be limited in its application. Wager 

et al.95 report a highly successful demonstration of this method by immobilisation of cationic 

diphosphine Rh complexes on Al-containing MCM-41 materials. This catalyst displayed superior 

catalytic performance in asymmetric hydrogenation of dimethylitaconate compared to any 

commercial catalyst. 

Covalent modification is by far the most common approach of catalyst immobilisation and silica 

provides excellent opportunities for immobilization of organic ligands onto the surface. Jeongmyeong 

et al.96 adopted mesoporous cellular foam (MCF) SiO2 as a support for Pt catalysts and synthesised 

amine functionalised MCFs by attaching primary, secondary and tertiary amines on the SiO2 surface. 

They used the functionalised catalysts in an enantioselective hydrogenation of an α-keto ester (methyl 

pyruvate), and they compared their catalysts against Pt/Al2O3. The Pt/NH2 MCF catalyst gave superior 



25 

results despite the loading being 10 times lower than Pt/Al2O3. Pt/NH2-MCF yielded 100% conversion 

and 96% at 0.1 MPa H2 pressure and showed excellent reusability. The increased catalytic performance 

was due of the presence of electron-deficient Pt species originating from charge transfer between the 

amine and Pt. Huerta et al.97 grafted Au NPs onto modified SBA-15 SiO2 support modified with thiol 

groups where the strong thiol-Au interaction gave good catalyst stability. SBA-15 modified with (3-

aminopropyl)triethoxysilane (APTES) was used as a support for Au NP as a catalyst for the 

hydrogenation of quinoline to 1,2,3,4-tetrahydroquinoline.98 The Au-SBA-15 modified catalyst 

converted 97.6% of quinoline with 99.8% selectively towards 1,2,3,4-tetrahydroquinoline under mild 

conditions using an autoclave reactor with 0.1 g catalyst and temperature of 100 °C. The high specific 

surface area of the SBA-15 and low Au concentrations aided the formation of small diameter Au NP 

which led to high activity of the Au catalyst. 

Silylation chemistry allows the surface SiO2 to be functionalised with a range of organic ligands via 

condensation reactions. The first step in the silylation reaction is the physisorption of the organosilane 

molecule on to the hydrated Si surface. The silane head groups (Si-OR) react with the surface Si-OH 

groups through a condensation reaction forming a new Si-O-Si bond. This method of surface 

modification is attractive as there are a wide variety of commercially available precursor with different 

terminal functional group e.g. amines, thiols, epoxides and carboxylic acids. Step-wise reactions can 

be used to build up more complex organic functional layers on the SiO2 surface. One of the most 

commonly used silanes is APTMS. The terminal amine groups can be used to immobilise metals ions 

and NPs onto the SiO2 surface. Although the surface chemistry of the attached amine is often 

illustrated to be that as shown in Figure 5a the true surface is typically more complex with a variety of 

different surface coordination types possible, as shown in figure 5. 
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Figure 5: Bonding possibilities of 3-aminopropylsiliane on oxidised Si.99 

 

 
1.6 Chemical depolymerisation of PET 

 

The development of a plastics circular economy has become an important research topic in recent 

years. Plastics are a cheap, light weight, and durable materials with excellent thermal properties, that 

play a major role in everyday life for the vast majority of people around the world. 103-104 Their multi- 

use properties are advantageous and therefore it is not surprising that are one of the most used 

materials in the sectors from healthcare and laboratory settings to retail and transport. 103 What is 

sometimes overlooked is the amount of waste that is generated from plastic, and how it is disposed. 

Improper waste management strategies, particularly in less well developed countries can result in 

massive scale environmental pollution. Roughly, 4.8 to 12 million tons of plastic waste is generate and 

lost to the environment each year105, with 16 million tons of CO2 equivalents were emitted from the 

incineration of plastic packaging in 2015.106 Our current methods for recycling are to send waste to 

our landfills, incineration, and plastic recycling.107 The use of landfills and incineration are detrimental 

to the environmental as hazardous components are released into the environment. 108 Most plastic 

that is used for packaging are non-degradable and takes hundreds of years to degrade. Therefore, it 

is not surprising that there has been an increase in reports of banning the uses of such plastic 

materials. The global production of plastic is growing exponentially and there needs to be a solution. 
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Figure 6: Chemical recycling of PET – a plastics circular economy. 
 

Polyethylene terephthalate (PET) is a high-volume thermoplastic polyester and is one of the most 

commonly used polymers for single use plastics such as, cups, cutlery, bottles, and packaging for food. 

The recycling of PET can be carried out by either mechanical or chemical processes.109 Mechanical 

recycling consists of sorting, washing, drying, reduction of size, filtration and then reforming of the 

plastic.110 This process produces a plastic melt that can then be reformed into other plastic products. 

The main problem with mechanical recycling of PET is that the reforming process produces PET with 

inferior properties to virgin PET, therefore the economic demand for this type of product is low and 

mechanical recycling more accurately describes downcycling of PET. Chemical recycling of PET refers 

to conversion of PET into it monomeric compounds such as bis(2-hydroethyl) terephthalate (BHET) 

and terephthalic acid (TPA) that can then be used to make new PET with no loss in product quality.111 

Figure 6 demonstrates the chemical recycling of PET, which represents the goal of achieving a circular 

economy in the polymer life cycle. 

There are a variety of chemical recycling methods reported for the recycling of post-consumer plastics 

waste and these include, hydrolysis, methanolysis, glycolysis and aminolysis. Figure 7 details the 

different types of solvolysis of PET depolymerisation. Hydroylsis112-114 of PET can be carried out under 
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method is a 

basic, acidic, or neutral conditions at high temperatures. The acidic hydrolysis occurs with usually 

concentrated sulfuric acid. Alkaline hydrolysis usually occurs using aqueous sodium hydroxide and the 

neutral hydrolysis occurs with water and a metal salt as the catalyst. 115 Hydrolysis reaction is quite 

slow in comparison to other chemical recycling methods.116 Typically due to the high energy consumed 

during hydrolysis reactions are deemed inadequate in an industrial scale.112 Methanolysis117 of PET is 

a process whereby methanol is used at high temperatures and high pressures to degrade PET into 

dimethyl terephthalate (DMT) and ethylene glycol (EG). The most common catalyst used for this 

transesterification reaction is zinc acetate. For example, Hofmann et al.118 reported a simple 

methodology to depolymerise PET to produce DMT and EG., which was able to be used as monomers 

to resynthesise PET with the use of zinc acetate as the catalyst. They obtained excellent isolated yield 

of 95% DMT. There have been reports in literature for other catalysts used for the methanolysis 

of PET.117, 119 The methanolysis process is high costing for the production due to the need for 

separation and refining of the end products and when compared with other methods. Aminolysis 

form of chemical degradation which has not been researched as well as other methods.116 The process 

of degrading PET through an aminolytic chain cleavage forms diamides of terephthalic acid (TPA), 

known as terephthalamide (TPM), this method involves the use different amines such as allylamine, 

ethylamine, and ethanolamine under low reaction temperatures of 20-100°C. Catalysts commonly 

used for this reaction are zinc acetate, lead acetate and other metal salts.120-121 Glycolysis is another 

effective method for depolymerisation of PET to its monomer BHET as it can be achieved under mild 

conditions with a relatively low cost. PET with excess ethylene glycol and the catalyst undergoes a 

transesterification reaction producing BHET at relatively high temperatures (~190°C). The typical 

catalyst used for the degradation of PET to BHET is a zinc acetate salt.118, 122-123 
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Figure 7: Different solvolysis methods for PET depolymerization. 

 

There are a variety of factors which influence the activity of the glycolysis reaction, these include 

choice of catalyst, catalyst loading, time, temperature, and ratio of PET: glycol. As for the choice of 

catalysts, homogenous catalysts are often used to efficiently convert PET to its monomers. However, 

issues arise regarding recovery and recycling of the catalyst as it is common for metal salts to leach 

into the product.124 Metal salts125-127, metal oxides128-129 and ionic liquids.111, 130-131 are the most 

common homogeneous catalysts for the degradation of PET. The use of heterogeneous catalysts in 

the glycolysis reaction avoids this issue and are capable of being recovered and recycled which from a 

sustainability point of view is very attractive. 
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1.7 Aims and Objectives 

This introduction chapter presents a general overview in the design of nanomaterials for the 

application in heterogeneous catalyst such as size and shaped control nanostructures, alloy NPs, and 

the immobilisation of the catalysts onto support materials. The aim of this thesis is to design optimum 

catalysts for a range of pharmaceutical and chemical recycling applications. In Chapter 1, the aim was 

to illustrate the use of well-defined catalytic NPs for the application to important pharmaceutically 

relevant reactions for maintaining high activity and selectivity. Materials characterisation was used to 

reveal information about the pre and post reaction catalyst along with the interaction of steric and 

electronic effects.  The aim for the chapter 2 was to develop a new one-pot method for the synthesis 

of alloy AuPd nanosheets and their application to light enhanced Suzuki cross coupling reaction. 

The study of combining 2D morphology and photocatalysis was an important feature of this work as 

it is not reported well in literature. The aim final two chapters was to focus the development of 

heterogeneous catalysts for the depolymerisation of PET and PLA. This work displays a combination 

of using material synthesis and characterization, solid state NMR and  DFT calculations to find the 

optimum design for metal and metal free heterogenous catalysts.
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Chapter 2: 

2.1 Introduction 

This thesis has been drafted as thesis by publication. Chapter three outlines the work completed for a 

collaborative publication where second authorship has been attained. Chapter four has been accepted 

and published as a first author manuscript. Chapter five and six are in manuscript format as first author 

awaiting submission/in review. 

This chapter will briefly outline the characterisation techniques used. Techniques such as transmission 

electron microscopy (TEM), scanning electron microscopy (SEM), energy dispersive x-ray analysis 

(EDX), and x-ray photoelectron spectroscopy (XPS), x-ray diffraction (XRD), Fourier transform infrared 

spectroscopy (FTIR). Nuclear magnetic resonance (NMR) and Solid-state NMR (ssNMR) was used to 

identify the molecular structure of products that were obtained from reactions. 

2.2 Electron Microscopy 

Electron microscopy is a technique used to obtain high resolution images from atomic and micro level 

structures. It reveals information about the structural integrity and size of nanomaterials. The 

technique has applications in many areas such as materials science, biomedical sector and in industry 

for quality control. By comparing electron microscopy to optical microscopy, it is advantageous as the 

source of imaging radiation coming from electrons allows for better spatial resolution (picometers 

scale), whereas the optical microscopy uses photons which is around 200 nm. It also reveals 

information about the crystallinity, chemical composition, and electrical properties through electron 

microscopy. The two categories of electron microscopy are: Scanning electron microscopy (SEM) and 

Transmission electron microscopy (TEM) 

Scanning electron microscopy (SEM) is an electron microscopy technique that obtains detailed 

images of particles with high spatial resolution. The sample being investigated is exposed to an 

electron beam with high energy that is scanned in a raster pattern across the sample revealing 

information about morphology, and topography.1 SEM uses the scattering of 
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secondary and back scattered electrons. The electron beam is scanned along the surface of the 

sample. As soon as the electrons hit the sample, signals that are detected form an image of the surface 

of the sample.2 In this work, SEM was carried out on a FEI Helios NanoLab 600i operating at 30 kV and 

0.69 nA, with an attached EDX Oxford X-Max 80 detector. 

Transmission electron microscopy (TEM) is a technique where a high energy beam of electrons 

passes through the sample and forms a 2D high resolution image of the nanomaterials. The 

technique reveals information of the nanomaterial’s morphology eg, structure and size. The samples 

are deposited onto a TEM grid usually by drop casting where a few drops of the solution containing 

the sample containing the nanomaterial is added and left to dry. This technique requires controlled 

sample preparation to ensure that the TEM grid is not overloaded which would hinder the analysis as 

they would not be transparent enough for the electron beam to pass through without causing 

issues from inelastic scattering. The TEM grid is then clipped into the sample holder arm and then 

passed into the TEM under ultra-high vacuum and the samples can be observed once focused. TEM 

was used in this work to obtain high resolution images of nanoparticles, nanosheets to confirm their 

size and crystallinity. The microscope used in this work was a JEOL 2100 electron microscope at an 

operating voltage of 200 kV and FEI Titan TEM, at an operating voltage of 300 kV.  The image J 

software was used to determine diameters of each individual nanoparticle and the mean diameter 

was calculated through excel. For each size distribution, approximately 200 particles were used. The 

graphs are fitted with normal distribution.
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2.3 Energy Dispersive X-Ray Analysis (EDX) 
 

Energy dispersive x-ray analysis (EDX) is a characterisation tool where x-rays are used to identify the 

chemical composition of nanomaterials. This technique was employed to determine the metal 

composition and distribution throughout samples. This was completed by obtaining elemental 

mapping, line scans and point scans. Energy-dispersive X-ray (EDX) analysis was carried out on an FEI 

Titan TEM, at an operating voltage of 300 kV. The principle of EDX analysis is when x-rays are generated 

from the sample through the electron beam. When they are generated, they display characteristics of 

certain elements which are present in the sample. The results give quite accurate concentrations of 

the elements. EDX detector can be attached to either a TEM or SEM. There are three main components 

in an EDX set up, the x-ray detector, voltage processor and the PC system.3 The x- ray is located to 

avoid x-rays emitting from the sample. The x-rays coming from the sample are identified by the x-ray 

detector and when they pass into the detector an x-ray forms a current that then converts to a voltage 

pulse which is dependent on the energy from the x-ray. From this, it’s possible to obtain quantitative 

data, which represents the elemental analysis of the sample. 

 
 
 

 
2.4 X-ray photoelectron spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique that provides quantitative and 

qualitative information on the surface chemistry of a material. It measures the kinetic energy of 

electrons which are released from the sample after they are exposed to x-rays. These x-rays are usually 

from either a Al Kα or Mg Kα source. Kinetic energy of photoelectrons are converted to binding energy 

(BE). The intensity of the electrons that are produced from the surface of the sample the spectra can 

be obtained for the sample.4 When running a sample on the XPS, the first step is to scan the whole 

area from 0-1400 eV, this is called a survey spectrum. It detects all elements present in the sample. 

Next, the core levels are scanned, eg, C 1s, O 1s, N s and any other elements that are believed to be in 

the sample that is under investigation. It is worth noting that when the spectra are obtained there 

needs to be a carbon calibration, in this case the C 1s refence peak was at 284.8 eV. 
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In order for the XPS to operate, the system needs to be under ultra-high vacuum to measure the 

maximum number of electrons present in the sample.4 It calculates an approximation of elemental 

composition, identifies the chemical bonds present and the oxidation of the elements of the sample 

under investigation. The electron kinetic energy determines the elements present in the sample. A 

change in the binding energies of a sample can indicate the change in oxidation state of an element. 

Elements with a high oxidation state have higher binding energies and the ejected electrons have 

lower kinetic energies. These shifts are called chemical shifts, and they happen when core level of 

atoms change their environment. All XPS data was acquired using a KRATOS AXIS 165 

monochromatized X-ray photoelectron spectrometer equipped with an Al Kα (hv = 1486.6 eV) X-ray 

source. Spectra were collected at a take-off angle of 90. 

 
 

2.5 X-ray diffraction (XRD) 
 

X-ray diffraction is a characterisation tool used to analyse and determine the crystal structure of a 

material. XRD works by sending a beam of x-rays directly at the sample, the resulting elastic scattering 

of x-rays is due to the atomic arrangements of the material in the sample being identified at different 

angles. When the number of x-rays that are diffracted at each angle are counted the Braggs law 

equation nλ = 2d sin θ, can be applied to find the interplanar distance (d) of a crystal. Where λ is the 

wavelength of the x-rays and θ is the angle that the diffracted x-rays are found. An advantage of using 

XRD is that when the diffraction pattern is found for a material, it can be compared to literature results 

which are compiled in the library database from the XRD software which helps in determining the 

phase and composition of the sample. X-ray diffraction (XRD) was carried out using a Philips X’pert Pro 

MPD, equipped with a Panalytical Empyrean Cu X-ray tube and a Philips X’celerator detector. 
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2.6 Dynamic Light Scattering (DLS) 
 

Dynamic light scattering (DLS) is a technique to study diffusion behaviour of materials in solutions 

whereby using the diffusion coefficient and the hydrodynamic radii which is calculated from it all 

depend on the size of the molecule in question.5 DLS was used in this work to determine the 

nanoparticle size and to determine if the nanoparticles were agglomerated in colloidal solutions. It 

works by measuring the hydrodynamic size of particles, by which light scattering from a laser that is 

able to pass through the nanoparticles solution and analyses the scattered light intensity as a function 

of time. It was the Brownian motion theory which explained the molecular motion of particles, stating 

that particles were exposed to random forces because of constant collision with solvents which 

resulted in spontaneous movement of the particles and that the mean squared displacement of the 

particles was because of Brownian motion was proportional to time.5 DLS measurements were 

conducted on a Malvern Panalytical Zetasizer Nano ZSP using non-invasive backscattering (NIBS) 

technology. The scattering angle was set at 173° and the measurement temperature was set to 20 °C. 

Samples were dispersed in ethanol and sonicated to give a stable solution prior to analysis 

 
 

 
2.7 Fourier-transform infrared spectroscopy (FTIR) 

 

Fourier-transform infrared spectroscopy (FTIR) is a fast, non-destructive technique used to retrieve 

structural information regarding a sample which is being examined. The process involves infrared 

radiation in the region of 4000-450 cm-1. The structural determination is possible as radiation is 

absorbed by interatomic bonds in compounds. The FTIR process identifies functional groups present 

in the sample. Certain chemical bonds appear at a particular wavelength on the FTIR spectrum as the 

absorb different intensities and frequencies and therefore the peaks which appear at a particular 

wavelength can be assigned to bonds with the compound. There are several different movements a 

bond can vibrate, there can be more than one IR frequency for a bond. An IR spectrum is divided into 

two sections, 4000-2000 cm-1 where you find only a small number of peaks therefore easy to interpret 
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(usually O-H and CH2 peaks) and then 2000-450 cm-1 which is called the fingerprint region with a large 

number of peaks with can be difficult to distinguish between. The FTIR used in the work was Fourier 

transform infrared (FTIR) spectra were recorded on a Perkin Elmer Spectrum Two FT-IR Spectrometer 

operating in the range of 4000-450 cm-1 with a resolution of 4 cm-1 and spectra were averaged from 

20 scans. 

 
 

 
2.8 Thermo-gravimetric analysis (TGA) 

 

Thermogravimetric analysis is the technique used for monitoring the mass loss of a sample as a 

function of temperature over time. The technique produces quantitative and qualitative data and 

is carried out by placing the sample in a pan which hangs from a balance and enclosed inside a 

chamber. As the analysis proceeds, the weight loss is measured as a function of the temperature vs 

time. The technique is commonly used to measure decomposition of samples or evolution of 

water from porous materials. TGA was carried out in air at a heating rate of 10°C /min from 25°C to 

600°C. 

 
2.9 Nuclear magnetic resonance (NMR) 

 

Nuclear magnetic resonance (NMR) is a sensitive characterisation tool used to reveal the molecular 

structure of a sample at atomic level.6 NMR can also determine changes in the phase of a sample. 

Experimentally, NMR utilises the behaviour of nuclei when they interact with a magnetic field. It maps 

out the chemical state of a nuclei and from this information can be obtained. The principle of NMR 

spectroscopy is that all nucleus are charged and most display multiple spins. When an external 

magnetic field is applied it’s possible to form energy transfer between the initial energy to higher 

energy level. The energy transfer occurs at a wavelength that corresponds to radio frequencies and 

when the spin returns to its initial level, energy is emitted at the same frequency. The signal 

that matches this transfer is measured in many ways and processed in order to yield an NMR spectrum 

for the nucleus concerned. The most common magnetic nuclei are 1H, 13C and 29Si. All nuclear magnetic 

resonance (NMR) samples in this work were run in deuterated chloroform (CDCl3) or dimethyl 
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sulfoxide (d6-DMSO). 1H NMR spectra were recorded on Bruker Avance III 300 NMR spectrometers, 

in proton-coupled mode using tetramethylsilane (TMS) as the internal standard. 

 
 

 
2.10 Solid state Nuclear magnetic resonance (ssNMR) 

 

Solid state NMR was used for catalyst analysis. It is a technique used evaluate a solid sample at atomic 

level to identify and determine the chemical structure, 3D structure and dynamics. When compared 

to liquid state NMR spectroscopy the nuclear spin interactions and the effects of the magnetic fields 

and radiofrequency pulses were the same. Due to the orientation dependence of the nuclear spin 

interactions of the solid state, most of the high-resolution solid-state NMR is measured using magic 

angle spinning (MAS). This effects the type of radiofrequency pulse sequences needed to obtain the 

structural information of the sample and also reveals information of the dynamics. 7 Therefore, 

because of this solid state NMR can extract information which can be used to obtain quantitative data 

of the sample, this is not possible in by liquid state NMR. 

The analysis was completed for 1H and 13C CPMAS NMR experiments and were recorded at B0 = 14.09 

T (v0 = 600 MHz for 1H) with a wide-bore Varian magnet equipped with a 3.2 mm triple-resonance HXY 

magic angle spinning (MAS) probe, operated in double-resonance. The samples were spun at a MAS 

rate, νR = 14 kHz. The initial π/2 pulse lasted 2.17 μs corresponding to a rf of ~ 115 KHz and was 

followed by a CP contact time equal to 1 ms. Analysis as also carried out on 1H and 13C NMR 

experiments which were recorded at B0 = 22.3 T (0 = 950 MHz for 1H) with a narrow-bore magnet 

equipped with a Bruker AVANCE III console, using a 1.3 mm triple resonance HXY magic angle spinning 

(MAS) probe operated in double resonance mode. 1H MAS NMR spectra were acquired by averaging 

32 transients separated by a recycle interval of 12 s, using the DEPTH pulse sequence for probe 

background suppression,4 with 1 ≈ 80 kHz. The samples were spun at nR = 50 kHz. For all solid-state 

NMR experiments, rotors were packed in air. 1H and 13C chemical shifts were referenced using a solid 

sample of adamantane (1H iso = 1.85 ppm and 13C iso = 29.47 and 38.52 ppm). Data processing was 

carried out using Bruker TopSpin (version 4.1.3) and ssNake (version 1.3). 
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2.11 Synthesis of Surfactant Assisted Pd Nanosheets 
 

Pd NSs were synthesized by adding 5 ml of a 0.025 M C22-QA (Br-) solution in a glass sample vial along 

with 0.8 ml of 10 mM H2PdCl4 aqueous solution. The mixture was left to stir until ion exchange had 

occurred (15 min). 1 ml of a freshly prepared 0.3 M aqueous solution of L-ascorbic acid (AA) was 

injected slowly into the solution. The reaction solution was placed on an ice bath and left undisturbed 

at 0° C with reaction times between 1-6 h. Once the reaction had reduced, the product was sonicated 

with toluene and collected by centrifugation and washed with ethanol.  This purification procedure 

was repeated three times and the NSs were re-dispersed in ethanol. 

PdAu NSs were synthesized using the same procedure as the Pd NSs but with co-addition of the Pd 

and Au precursors with varying molar ratios. 
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Chapter 3: 

Synthesis of Support Free Pd Nanoparticles for Heterogeneous Catalysis 
 
 

3.1 Introduction 

Heterogeneous catalysis plays a vital role in modern day synthesis of chemicals and fuels. 1 Supported 

heterogeneous catalysts also allow the catalyst to be easily recovered after the reaction and recycled 

in sequential reactions, which is particularly attractive for expensive noble metal catalysts. Supported 

metal catalysts are extensively used in industry for a variety of organic reactions such as oxidation and 

hydrogenation.2-5 Generally, materials for catalyst supports possess high surface area, good chemical 

and mechanical stability and are capable of dispersing the active catalyst e.g. metal nanoparticles 

(NPs) over the surface. Typical catalyst support materials include carbon-based supports such as 

activated carbon and various oxide supports e.g. SiO2, Al2O3 and TiO2.6-9 The support material is more 

than just an anchor to enhance stability of the metal material, and the two components can interact 

giving rise to metal-support interactions (MSI). 10-11 The MSI can give rise to charge transfer from or to 

the metal NP, support-induced restructuring of metal NPs and formation of specific metal–support 

interfaces12. Tuning the nature of the MSI has been used to alter catalytic behaviour. For example, 

Magrez et al.13 reported a simple and efficient catalyst activation process for catalytic chemical vapour 

deposition of carbon nanotubes. They demonstrated that altering the acidity or basicity of the Al2O3 

support was found to have an impact on the activity and selectivity of the catalyst for the 

polymerisation of unsaturated hydrocarbons. 

While there are many advantages to the use of a support, they can hinder the catalyst activity and 

limit the accessible surface area of metal NP due to the interaction and immobilised on the a support.14 

The use of unsupported NPs i.e. solubilised NPs in solution has attracted interest in recent years as 

several NP properties e.g. size, shape and chemical composition can be easily tailored. The application 

of NPs solubilised in solution for chemical synthesis reactions, such as those used in the 
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pharmaceutical industry, holds significant potential for application with flow through synthesis where 

the use of conventional commercial carbon support material is not suitable. 15-16 

In the absence of a solid support, metal NP catalysts are stabilised by organic ligands. A wide variety 

of surface-immobilised ligands can be used for NP stabilisation such as small organic molecules, 

polymers, dendrites and even biomolecules.17-19 Surface capping ligands can play an important role in 

the catalyst selectivity by potentially directing a reaction pathway.20-21 Capping ligands influence 

catalytic properties of NPs through a variety of mechanisms such as steric or passivation effects, 

charge transfer occurring at the organic-metal interface, competitive adsorption or molecular 

recognition.22 Controlling the surface environment of heterogeneous catalyst to enhance selectivity 

has been most well developed for self-assembled monolayer (SAM)-modified NPs, in particular thiol 

stabilized metal NPs.23 Densely passivated NP surfaces with strongly bound head groups such as thiols, 

and well-solvated tail groups will result in high colloidal stability. However, a strongly passivated NP 

will also have poor catalytic activity due to limited surface accessibility of the reactants. Therefore, the 

use of more weakly bound surface ligands offer potential for improved activity. Polymer ligands are 

commonly used stabilisers in colloidal synthesis and typically have a weaker affinity for the NP 

surface than small ligand stabilisers. The application of polymer stabilised NPs as solubilised catalysts 

has been less well explored. Provided NP stability is maintained throughout the catalytic reaction to 

prevent NP aggregation, the use polymer-protected NPs is attractive due to the many water-soluble 

polymers available. Due to its high stabilising ability, nontoxicity and good solubility in many polar 

solvents, polyvinylpyrrolidone (PVP) is one of the most and widely studied capping agents in the 

synthesis of metal NPs.24-26 

This chapter will focus on the synthesis of Pd NPs for application in support-free heterogeneous 

catalysts for reductive amination. Reductive amination is the conversion of an aldehyde or a ketone 

into an amine via an intermediate imine.27 It is a versatile chemical reaction, particularly useful to 

synthesise complex amines, and the majority of amines prepared in the pharmaceutical industry are 
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made by this method. Reductive amination is often proposed as a greener way of constructing amines 

as it avoids having to use potentially toxic reagents like alkyl halides and sulphonates used in 

traditional synthesis reactions of amines with alkylating reagents. The reaction requires a reducing 

agent e.g. hydrogen and usually takes place in the present of a catalyst.28 

The impact of ligands and the role of steric and interfacial electronic effects on the selectivity behavior 

of Pd NPs stabilised with different surface capping ligands is evaluated to identify the best catalytic 

system. This work was in collaboration with Dr. Gerard McGlacken and Dr. David Jones who performed 

the organic synthesis, Dr. Andreas Larsson and Dr. Mikael Rasander who conducted modelling 

experiments for the project. The organic synthesis and computational aspects of this study are 

not reported in this chapter however the publication titled “A unified approach to the synthesis of 

amines through a highly selective and broadly applicable imine reduction using modified Pd- 

nanoparticles” can be found at: https://doi.org/10.26434/chemrxiv-2022-q72lk 

 
 

 
3.2 Experimental 

 

Palladium (II) chloride (H2PdCl4) (99.9%), potassium tetrachloropalladate (K2PdCl4) (98%) sodium 

tetrachloropalladate (NaPdCl4) (98%) polyvinylpyrrolidone (PVP) (Mw= 10,000 k, 40,000 k, 55,000 k & 

360,000 k), polyvinyl alcohol (PVA) (Mw= 10,000 k), polyallylamine (PAA) (20% wt solution in water), 

polyacrylonitrile (PAN), polyacrylic acid (PAA), polymethyl methacrylate (PMMA) (Mw= 15,000 k), N- 

methyl-2-pyyrolidone (NMP), NaBH4 (99.9%), 16-mercaptohexadecanoic acid (90%), dodecanethiol 

(DDT)(99%), dodecylamine (DDA) (99%), tetraoctylammonium bromide (TOABr) (98%) ethanol (99%), 

methanol (99%), acetone (99%) hydrochloric acid (35%), phosphoric acid (H3PO4), tetrahydrofuran 

(THF) (99.9%), toluene (99%) dichloromethane (DCM) (99%) and commercial Pd/C were all purchased 

from Sigma Aldrich. 
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Synthesis of mercaptohexadecanoic acid stabilised Pd NPs 
 

0.02 g of K2PdCl4 was dissolved in 2 ml of water and 10 ml of solvent THF. To the red coloured solution, 

250 µl of H3PO4 (85 %) and 0.009 g of 16-mercaptohexadecanoic acid was added. The colour of the 

solutions changed from red to orange-yellow. The solution was stirred for 5 min at room temperature. 

The temperature was then adjusted to 0° C using an ice bath and stirred for a further 5 min. A freshly 

prepared solution of NaBH4, prepared by adding 0.0232 g of NaBH4 to 1 ml water, was rapidly added 

to the solution. The solution turned black instantaneously, indicating the formation of NPs. Stirring 

was continued at 0 °C for 5 min, followed by a stirring at room temperature for a further 5 min. The 

THF was evaporated via rotary evaporator. The NPs were briefly sonicated and collected by 

centrifugation with DCM and H2O (10 ml) which was repeated three times before being redispersed in 

EtOH. Methanol and acetone were also screened as solvents for NP synthesis but were not effective 

due to poor solubility of the Pd precursor. 

 
 

 
Synthesis of dodecanethiol (DDT) stabilised Pd NPs 

 

Two synthesis method was used for the preparation of decanethiol (DDT) stabilised NPs, a two-pase 

synthesis and a single-phase synthesis. For the two phase synthesis, 0.25 g of K2PdCl4 was dissolved 

in water and transferred into the toluene phase via the addition of 50 ml water and 0.625 g of 

tetraoctylammonium bromide (TOABr), which is indicated by the colourless toluene layer becoming 

deep red. The aqueous layer is removed using a separating funnel. 94 µl of DDT was added to toluene 

solution under vigorous stirring, giving a 1:2 thiol/Pd molar ratio. The solution was cooled in an ice 

bath for 45 min. A freshly prepared solution of 0.30 g of NaBH4 in 5 ml of water was added to the 

solution and stirred at 0 °C for 10 min. The solution was left stirring for a further 3 h at room 

temperature. The solution was transferred into a separating funnel and the water layer was discarded. 

The majority of the toluene was removed via rotary evaporation leaving ~15 ml. The remaining 

solution was washed with EtOH three times and collected by centrifugation. The cleaning procedure 

was repeated three times and the NPs were redispersed in 
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toluene. The same procedure as described above was used for the preparation of DDT stabilised NPs 

with a thiol:Pd molar ratio of 1:1 by using 0.125 g of K2PdCl4 to 94 µl of DDT in the reaction. For the 

reduction step, 0.15 g of NaBH4 was dissolved in 2.5ml water. The NP separation and purification 

procedures were the same as described above. 

A one phase synthesis of DDT capped Pd NP was carried out taking 0.02 g of Na2PdCl4 dissolved in 2ml 

H2O and 18 ml of THF. 250 µl of H3PO4 (85%) was added along with 7.5 µl DDT (1:2 thiol/Pd ratio). The 

solution was stirred at room temperature for 5 min. A freshly prepared solution of 1 ml H2O and 23.2 

mg of NaBH4 was added rapidly to the solution and stirred for 10 min. The Pd NP solution was washed 

with water, methanol and acetone (10 ml x 3 for each). Sonication and centrifuge occurred in between 

each wash cycle. The NPs were redispersed in THF. 

 
 

 
Synthesis of dodecylamine (DDA) stabilised Pd NPs 

 

A one phase synthesis of DDA stabilised NP was carried out taking 0.02 g of Na2PdCl4 dissolved in 2 ml 

H2O and 18 ml THF. 250 µl H3PO4 was added along with 0.0057 g of DDA (1:2 amine/Pd ratio). 

The solution was stirred for 5 min. A freshly prepared mixture of 0.0232 g NaBH4 in 1 ml of H2O 

was added rapidly to the solution and stirred for 10 min. The Pd NP solution was washed with 

water, methanol and acetone (10 ml x 3 for each). Sonication and centrifugation were carried out in 

between each wash cycle. The NPs were redispersed in THF. 

For the two-phase synthesis, 0.23 g of Na2PdCl4 was dissolved in 5 ml of water. Separately, 0.825 g of 

TOABr was dissolved in 35 ml of toluene. The two solutions were combined and stirred vigorously for 

15 min. 1.705 g of DDA was added to the solution given an amine:Pd ratio of 12:1 and rapidly stirred 

for 45 min. The organic layer turned from red to light yellow and the aqueous layer became cloudy. A 

freshly prepared solution of 0.435 g of NaBH4 in 5 ml of water was added rapidly and the solution was 

stirred for 90 min, during which time the aqueous layer turned clear. The aqueous layer was removed 

via separating funnel and the toluene was removed via rotary evaporation leaving ~15 ml of solvent. 

The remaining solution was transferred to centrifuge tubes and washed with ethanol three times and
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and then redispersed in toluene. 

Synthesis of Polymer Stabilised Pd NPs 

All polymer stabilised NPs were prepared using a Pd precursor stock solution. A 2 mM Pd stock solution 

was prepared by dissolving 17.8 mg PdCl2 in 1 ml of a 0.2 M HCl and 49 ml distilled water. Pd NPs were 

prepared using PVP, PMMA, PAN, and PAA. In a typical procedure, a mixture of 15 ml of H2PdCl4 

(2mM), 26 mg of PVP (molecular weight ~40,000), 24.5 ml of water and 10.5 ml of EtOH were added 

to a 100 ml round bottom flask with a stir bar. The molar ratio of Pd:PVP was 1:7.8. This mixture 

was heated to reflux and aged for 3 h under air. The synthesis was repeated using PVP of 

different molecular weights, 10,000 and 360,000. The synthesis was also conducted with Pd:PVP 

molar ratio of 1:1 and 1:0.3. The synthesis of Pd NPs stabilised by PVA, PAN, PMMA was carried out 

using the same procedure but substituting for the relevant polymer. The synthesis of PAA 

protected Pd NPs was carried out using 15 ml of H2PdCl4 (2 mM), 0.13 g of PAA, 24.5 ml of water and 

10.5 ml of EtOH were added into a 100 ml round bottom flask with a stir bar. The solution was heated 

to reflux for 3h under air. A freshly prepared solution of 0.0056 g of NaBH4 in 0.5 ml of water was 

added for the reduction of Pd. 

Synthesis of PVP Stabilised Icosahedra Pd NPs 

30 µg PVP (molecular weight 40, 000) was dissolved in 2 ml ethylene glycol and heated in 160°C for 20 

min. 1 ml of H2PdCl4 (50 mM) was added rapidly. 1.5 ml of a 0.2 M HCl solution was added, and the 

solution was left to stir at 160 °C for 3 h. The reaction mixture was immersed in an ice bath for crash 

cooling to occur. The NPs were washed with acetone and water three times and collected by 

centrifugation. The NPs were redispersed in water.  

Reductive Amination reaction 

To a stirred solution of the imine (0.5 mmol) in EtOH (2.5 mL) in Schlenk tube, equipped with 

magnetic stirring bar aqueous Pd-PVP solution (2.5 mL, 0.3 mol%) was added . The Schlenk tube was 

then sealed with a septum and was subjected three vacuum-refill cycles with hydrogen gas from a 
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balloon. The contents of the reaction flask were then warmed to 35 oC with the aid of an oil bath. 

The resulting solution/suspension was vigorously stirred at this temperature for 22 hours, after 

which time the imine product was typically fully consumed. The crude reaction mixture was then 

partitioned between dichloromethane (20 mL) and water (3 mL) and separated using a separatory 

funnel. The aqueous phase was further extracted with dichloromethane (2 x 10 mL) and the 

combined organic phases were dried over magnesium sulfate, filtered and concentrated in vacuo 

before purification by column chromatography to afford the product as an off-white solid (0.46 

mmol).
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Material characterisation 
 

X-ray Photoelectron Spectroscopy (XPS) spectra were acquired using a KRATOS AXIS 165 

monochromatized X-ray photoelectron spectrometer equipped with an Al Kα (hv = 1486.6 eV) X-ray 

source. Spectra were collected at a take-off angle of 90 and all spectra were referenced to the C 

1s peak at 284.8 eV. Pd 3d core levels were fit with a Shirley backgrounds and Gaussian-Lorentzian 

profiles. To achieve best fit, the peak positions were allowed to float with a variable FWHM 

ranging from 1-1.5 for metallic Pd(0) and 1.2-1.7 for oxidised Pd components. Peaks shifted to binding 

energies (BEs) greater than +1.5 eV of the elemental Pd(0) peak were assigned to bulk oxide phases 

PdO. Transmission electron microscopy (TEM) analysis was performed using a JEOL 2100 electron 

microscope at an operating voltage of 200 kV and high-resolution TEM. Fourier transform infrared 

(FTIR) spectra were recorded on a Perkin Elmer Spectrum Two FT-IR Spectrometer operating in the 

range of 4000-450 cm-1 with a resolution of 4 cm-1 and spectra were averaged from 20 scans. Nuclear 

magnetic resonance (NMR) samples were run in deuterated chloroform (CDCl3). 1H NMR spectra were 

recorded on a Bruker Avance III 300 NMR spectrometers, in proton-coupled mode using 

tetramethylsilane (TMS) as the internal standard. 

 

3.3 Results and Discussion 
 

3.3.1 Synthesis of Colloidal Nanoparticles as Support Free Catalysts 
 

Small organic ligands such as thiols, amines and phosphines are commonly used as stabilising ligands 

for colloidal synthesis. Due to the strong Pd–thiol interaction, the synthesis of Pd NPs with thiolated 

ligands results in NPs which typically have excellent colloidal stability. To achieve successful NP 

formation, it is imperative that the metal precursor and the stabilising ligand are both soluble in the 

synthesis solvent. Metal NP precursors are usually simple salts and therefore water-soluble, while 

common stabilising ligands are long alkyl chain surfactants so are usually soluble in non-polar solvents. 

A phase transfer catalyst (PTC) is typically used to achieve solubility of both metal salt and the capping 

ligand in the organic phase. While effective, PTCs are often used at high concentrations (molar excess) 
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and so require lengthy cleaning procedures to ensure their removal. An alternative approach to a two- 

phase synthesis with a PTC is the use of a one-phase synthesis where both the metal precursor and 

ligand are dissolved in the same solvent. A one-phase synthesis methodology has the clear advantage 

of not requiring a PTC, however an appropriate solvent system to achieve solubility of all regents needs 

to be first identified. Figure 1 compares the reaction scheme for the one phase and two-phase 

synthesis methodologies. 

 

 

Figure 1: Reaction scheme of one phase vs two phase for the synthesis of DDT stabilised Pd 

nanoparticles 

Thiol stabilised Pd NPs were prepared using a conventional two-phase synthesis with a PTC, trioctyl 

ammonium bromide, and a one-phase solvent system. A mixture of toluene and water in ratio of 10:1 

for two phase method and THF:water in a ratio of 9:1 was determined to be a suitable solvent system 

for one phase . Figure 2 (a) and (b) shows the TEM image of DDT-stabilised Pd NPs prepared by a two- 

phase synthesis and one phase synthesis, respectively. Both synthesis methods produced well- 

defined, small diameter NPs. The mean diameter of the Pd NPs prepared by the conventional two- 

phase synthesis was 1.9 nm. The mean diameter of NPs prepared by the one-phase was 2.7 nm and 

was slightly less monodisperse. The molar ratio of Pd:thiol was altered to 1:1 for the two- phase 

synthesis during the reaction optimisation process, and it was observed that the NPs formed quickly 

aggregated. When using a 1:2 Pd:thiol molar ratio the NPs were more monodispersed and had a higher 

stability as excess thiols were stabilising the Pd NPs. 
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Figure 2: TEM images of DDT-stabilised Pd NPs prepared via (a) two phase and (b) one phase 
 
 
 

Long chained alkane thiols e.g. dodecanethiol are most commonly used for NP synthesis and 

consequently the Pd NPs are soluble in non-polar solvent such as toluene and hexane and this limits 

their catalytic application to non-polar solvents. To enable NP solubility in polar and more green 

solvents e.g. water, polar functionalities must be incorporated into the thiol capping ligand. To achieve 

solubility in polar solvents, a bifunctional ligand, mercaptohexanoic acid (MHA) containing a terminal 

-SH group on one end and a carboxylic acid group on the other end was used. This ligand was used for 

the one-phase synthesis of MHA-capped Pd NPs. Acetone and methanol were evaluated as reaction 

solvents but resulted in precipitation of the metal after addition of the MHA. Water and THF in a ratio 

of 1:5 was successful for dissolving both precursor and ligand. Figure 3 shows a TEM image of the 

MHA-capped Pd NPs. The NPs had a mean diameter of 2 nm. The NPs were soluble in water and other 

polar solvents such as ethanol. 



59 

 

 

(a) 
 
 
 
 

 
(b) 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

Figure 3: (a) Reaction scheme for the synthesis of mercaptohexanoic acid (MHA) stabilised Pd NPs, (b) 

TEM image of the MHA-capped Pd NPs. 

Thiol capping ligands are highly effective for stabilising Pd NPs due to the high binding affinity of thiol 

functional groups to the Pd surface; however, thiols are also well-known to deactivate catalytic surfaces 

through strong coordination to catalytically active sites. Therefore, we synthesised Pd NPs with weaker 

binding amine ligands to compare their stability and catalytic activity. Similar to the DDT- stabilised Pd 

NPs, the DDA-Pd NPs were synthesised using both two phase and one phase methods. It was 

observed that the two-phase method produced more well-defined and monodisperse NPs. Figure 4(a) 

shows a TEM image of the well-defined DDA Pd NPs via two phase with the corresponding size 

distribution profile in the inset showing a mean diameter of 2.5 nm. The mean diameter is similar to 

previous reported DDA Pd NPs prepared using a two-phase synthesis.29 Figure 4(b) shows the DDA-Pd 

NPs produced via the one phase method. The NPs are not as well defined and dispersed as the NPs 

produced by the two-phase method. The size distribution profile in the inset shows the mean diameter 
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of 2.5 nm which was similar to the diameter obtained in a two-phase NP synthesis. It was observed 

that the shelf life of the DDA-Pd NPs was shorter than the DDT-Pd nanoparticles, as they aggregated 

after 2 months. This is most likely due to the thiol-Pd interaction being stronger than that of amine- 

Pd, thereby resulting in NP agglomeration. 

Figure 4: TEM images of DDA-Pd NPs with corresponding size distributions for (a) two phase and (b) 

one phase methods. 

3.3.2 Synthesis of Polymer Stabilised Pd Nanoparticles as Support Free Catalysts 

Pd NPs stabilised with numerous polymer capping ligands were synthesised to evaluate the effect on 

NP size and morphology. Figure 5 illustrates the polymers used, specifically polyvinylpyrrolidone 

(PVP), polyvinyl alcohol (PVA), polyacrylic acid (PAA), poly acrylonitrile (PAN), polyallylamine (PAH), 

poly (methyl methacrylate) (PMMA) and N-methyl-2-pyrrolidone (NMP). Polymer ligands typically 

have a weaker binding affinity for the NP surface, while their large size provides an effective steric 

barrier against NP aggregation. Due to its high stabilizing ability, nontoxicity and low cost, 

polyvinylpyrrolidone (PVP) is one of the most versatile and widely utilized capping agents and has been 

applied to the synthesis of all noble metal NPs.24-26 As PVP contains a hydrophilic pyrrolidone ring and 

a hydrophobic alkyl backbone, it displays good solubility in both aqueous solutions and polar solvents 
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making it an attractive stabiliser for surface-modified heterogeneous catalysis. PVP prevents the 

aggregation of NPs by repulsive forces from the hydrophobic carbon chains that extend into solvents and 

interact with each other, this is known as the steric hinderance effect. Hirai et al.30 demonstrated that the 

carbonyl groups of the PVP partly coordinate to the surface Pd atoms of the Pd nanoparticles. An 

important feature is the presence of carbonyl oxygen in PVP which are able to hydrogen bond solvent 

molecules. 

 

 

 
Figure 5: Polymers used to stabilize Pd NPs 

 

Figure 6 (a) shows a TEM image of Pd NPs stabilized by PVP (Mw 40,000) synthesised using a Pd:PVP 

ratio of 1:7.8 (repeating unit). Figure 6 (b) shows the associated NP diameter distribution with a mean 

diameter of 2.1 nm. Dynamic light scattering (DLS) was used as a convenient method to verify the 

batch-to-batch reproducibility of PVP stabilised NP in solution. DLS is an easy method used to measure 

NP size, and also to evaluate their stability over time in solution. Unlike TEM, which measures the 

actual NP diameter DLS reports a hydrodynamic radius (RH) of particles in a solution. The 

hydrodynamic radius is influenced by the thickness of the PVP coating and its interaction with the 

solvent. Well solvated ligands tend to have large hydrodynamic radius as the ligands extend into 

solution. A typical DLS  spectrum can been seen in inset figure 6 revealing one peak which indicates



62 

a single NP size. Capping ligands can significantly alter the chemical and physical properties of NPs. 

Figure 6: (a) TEM image and DLS size distribution of Pd NP stabilised by PVP and (b) corresponding 
size distribution profile from TEM. 

Figure 7 shows TEM analysis and associated size distribution histograms of Pd NPs synthesized with 

a range of polymer capping ligands. PVA stabilised NPs, shown in Figure 7 (a) had a mean diameter 

of 5.2 nm. PAA produced well-defined Pd NPs with a mean diameter of 4.9 nm shown in Figure 7 (b), 

PAN stabilised NPs, shown in Figure 7(c) yielded a mixture of faceted NPs with a mean diameter of 

14.7 nm. PAH was the only polymer ligand that did not undergo reduction by the ethanol 

solvent, which was attributed to the formation of a Pd:amine complex. Therefore, NaBH4 

was added to reduce the Pd precursor. The PAH-Pd NPs shown in figure 7(d) had a mean 

diameter of 1.9 nm. PMMA shown in Figure 7 (e) produced aggregated NPs attributed to 

the weak passivating ability of the ester group. PVP was replaced with the solvent NMP, to evaluate 

the role of a lactam ring in the absence of the polymer backbone. NMP formed poorly defined NPs 

as expected but could still sufficiently stabilise Pd NPs seen in fig 7 (f). 
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Figure 7: TEM images and associated size distribution analysis of Pd NPs stabilised with (a) PVA, (b) 

PAA, (c) PAN, (d) PAH, (e) PMMA and (f) NMP. 

 
 
 
 

3.3.3 Catalytic Evaluation of colloidal Nanoparticles in Reductive Amination 
 

Reductive amination is a methodology for the synthesis of amines from aldehydes or ketones. The 

reaction takes place in two parts. The first is the nucleophilic addition of the carbonyl group to form 

an imine, followed by reduction of the imine to an amine using a reducing agent.  The imine is often 

formed and reduced in situ but in this catalytic study the imine was pre-formed and isolated, which 

was reduced to the secondary amine using molecular H2 in the presence of the Pd NP catalysts, as 

shown in Figure 8. The desired product is the formation of a 2° amine but undesired products including 

over-reduction to the aniline, aldehyde and alcohol formation can also occur. The ligand-stabilised i.e. 

alkanethiol and alkylamine capped NPs and polymer stabilised NPs were screened in the reductive 



64 

 

 

amination reaction to identify the most suitable catalyst system. The hydrogenation of an imine was 

conducted in aqueous ethanol solvent at 35°C under 1 atm of H2 gas. 

 

Figure 8: Reaction scheme for the reductive amination catalysed by Pd NPs 
 

The DDT-stabilised Pd NPs failed to catalyse the reaction to any extent. The amine stabilised Pd NP 

produced low yields ~10%. The poor reactivity of the ligand stabilised NPs may be due to their highly 

passivated surfaces. In contrast, the polymer stabilised NPs showed excellent catalytic activity, but the 

catalytic behaviour was influenced by the nature of the capping ligand.  Figure 9 shows the imine 

conversion and yields of the 2° amine for the reductive amination reaction catalysed by different 

polymer stabilised Pd catalysts. The PVP stabilised NP were the best performing catalysts with the high 

yield of the amine (93%) and only trace undesired impurities. The PAA-Pd NPs also performed well, 

with the low side product formation. The poorest performing catalysts being PMMA-Pd NPs, which is 

most likely due to the size and poor stabilising ability of PMMA. The PVP NPs exhibited no side product 

formation such as the alcohol or, aldehyde or aniline. The enhanced selectivity of the PVP-protected 

Pd NPs is highly advantageous to pharmaceutical synthesis chemistry. 

In addition, an extensive substrate scope was studied for the reductive amination reaction using the 

PVP NPs carried out by Dr. David Jones, which will not be discussed here. The Pd-PVP colloidal NPs 

showed excellent applicability for reductive amination with varying side groups. The PVP NPs were 

also successfully applied to pharmaceutically relevant compounds, Adaphostin and Laptinib, obtained 

in excellent yields. 
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Figure 9: Comparison of catalytic performance of polymer stabilised Pd NP and Pd/C, for the reductive 

amination reaction using PVP, PAA, PAH, PAN and PMMA as the stabilizers for Pd NPs. 

Water and ethanol are used as solvents for this transformation which are both classified as desirable 

solvents in a green chemistry context. The reaction also proceeded well in other solvents such as N,N- 

dimethylformamide and dimethyl sulfoxide although immiscible solvents such as dichloromethane, 

ethyl acetate and tetrahydrofuran led to aggregation of catalyst. The use of PVP as the stabiliser is also 

significant as it is non-toxic, cheap and widely available in most economic markets due to its numerous 

applications in other fields, including the food industry. In addition to the mild conditions under which 

this reaction proceeds, another benefit of this approach is that the PVP stabilised Pd NPs used are 

relatively straight-forward to prepare, utilising a highly robust, reproducible synthetic method which 

reliably yields NPs with a mean diameter of 2.5 nm. 

Several synthesis parameters used for the colloidal catalyst solutions were varied to probe the role of 

steric effects on the reaction selectivity. As the PVP binding conformation is influenced by the metal: 

polymer molar ratio and the polymer molecular weight, NPs were prepared using PVP molecular 

weights of 10,000 and 360,000, and Pd:PVP molar ratios 1:1 and 1:0.3. Changing the solvent and shape 
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of NPs were also evaluated. Figure 10 shows TEM images and corresponding size distribution 

histograms of Pd-PVP 1:1, Pd-PVP 1:0.3, Pd-PVP 1:1 with MeOH as solvent and Pd icosahedral NPs. 

 

 

Figure 10: TEM images and corresponding size distribution histograms of (a) Pd-PVP 1:1, (b) Pd-PVP 

1:0.3, (c) Pd-PVP with MeOH as solvent and (d) Pd icosahedral NPs 

All the Pd-PVP colloidal solutions yield comparable results with almost identical selectivity to the 

original colloidal catalyst with a molecular weight of 40,000 and a Pd:PVP molar ratio of 1:7.8, 

indicating that steric effects in the length of the polymer backbone, choice of solvent and shape of NP 

do not play a dominate role. TEM analysis of the NPs and their associated size distributions before and 

after the reaction (Figure 11 (a)) show the NP diameter to be retained with a marginal increase in 

mean diameter from 2.1 nm to 2.5 nm. 
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Figure 11: TEM images and corresponding size distribution of PdPVP NPs (a) pre reaction and (b) 

post reaction. 

 
 
 
 

Changes to reaction selectivity are often associated with electronic effects arising from the metal- 

ligand interactions, therefore the interaction between PVP and the Pd NP, was analysed by XPS and 

ATR-FTIR before and after the reaction. The NPs recovered post-reaction could be redispersed in 

ethanol indicating at least some retention of the capping ligands. Based on the N:Pd XPS ratio, 77% of 

the PVP is lost from the catalyst. Despite its wide use in colloid synthesis, the interaction between 

adsorbed PVP molecules and metal surfaces remains controversial. Some studies have found that PVP 

adsorbs through the carbonyl O atom, with charge transfer occurring from PVP to the metal surface,31 

while others have found PVP to adsorb through the N atom.32 PVP conformation and the direction of 

charge transfer is dependent on NP size33, surface facet34, metal oxidation state35 and even the 

presence of solvent molecules can influence the adsorption behavior of PVP. 31 Analysis of the N 1s 

core level spectra of pure PVP and PVP-Pd NPs before and after the reaction are illustrated in Figure 

12 (a). The binding energy (BE) of the N 1s peak for pure PVP polymer consists of a single component 

centered at 399.9 eV, characteristic of the pyrrolidone N.36 The PVP stabilized NPs show a peak at 
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399.9 eV arising from unbound PVP, indicating that the majority of N groups do not interact with the 

Pd surface or their interaction does not modify the N electronic properties. The N 1s core level also 

consists of a second lower intensity peak at a higher B. E. of 400.4 eV, which is correlated to the 

presence of electron deficient N groups.33 These species can arise from electron donation from the 

pyrrolidone N to the Pd or through resonance structure with O, as depicted in Figure 12. Pd NPs 

analysed after the reaction show only the N component at 400.4 eV, indicating that the unbound PVP 

is removed during the reaction. Analysis of the O 1s core level presents further evidence of electron 

donation from the O to Pd which shows a positive shift of + 0.5 eV in the O 1s B. E. for the PVP-Pd NPs 

compared to pure PVP. Similarly, the Pd 3d core level also confirms charge transfer from PVP to Pd. 

As the BEs are size dependent, a freshly reduced Pd on carbon catalyst was used as a reference for 

bare Pd. The Pd 3d5/2 peak for the PVP-stabilized NPs displays a shift to lower B. E. centered at 335.0 

eV, consistent with electron donation from PVP to the Pd surface. The upward shift in the used catalyst 

is associated with oxidation of the surface due to loss of capping ligands. 

 

 

Figure 12: XPS Analysis of (i) PVP, (ii) freshly prepared catalyst and (iii) catalyst recovered post-reaction 
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Further confirmation of PVP binding through the carbonyl group is provided by FTIR analysis shown in 

Figure 13, which compares the FTIR spectra of PVP and PVP-stabilized Pd NPs. The two stretching 

vibrations for the N-C bonds are observed around 1780 cm-1. The strongest absorption is seen at 1654 

cm-1 assigned to the carbonyl stretching vibration and this peak is red shifted to 1643 cm-1 for the Pd 

NPs, attributed to charge transfer from the carbonyl O, correlating well with the XPS data. Notably, 

the shift in the carbonyl vibration is considerably smaller than that observed for other metal NPs such 

as Pt, Rh and Au, suggesting a weaker PVP-Pd interaction.35, 37 

The PVP polymer was replaced with NMP during the synthesis of the colloidal catalyst and while the 

morphology of the resultant NPs were poorly defined, as can be excepted from the low stabilising 

power of NMP, the colloidal catalyst solution still displayed high selectivity suggesting the 

enhanced catalytic selectivity is not solely attributed to the steric effects of the organic ligand and that 

coordination of the head group contributes to the reactivity behaviour. Increased electron density of 

metal NPs by electron donating ligands results in weaker adsorption of electron rich intermediates 

which has been shown to influence product selectively in a number of hydrogenation reactions. 38-39 
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Figure 13: FTIR of PVP polymer, Pd-PVP aqueous solution and Pd-PVP post reaction. 
 
 

 
Although PVP capping ligands gave superior performance, PAA-Pd NPs also displayed high selectivity, 

which was further assessed by FTIR and XPS to identify the ligand conformation. Figure 14 shows the 

FTIR spectra of Pd NPs stabilized by PAA and pure PAA. The carbonyl absorption of pure PAA located 

at 1703 cm-1 is broadened considerably and downshifted to 1647 cm -1 for the PAA-Pd NPs, again 

consistent with electron donation from the carbonyl group. Some contribution of the asymmetric 

stretching vibration νas(COO-) at 1567/1517 cm-1 also appears, indicating the presence of ligands 

adsorbed as the carboxylate (COO-)40. 
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Figure 14: FTIR spectra of Pd NPs stabilized by PAA and pure PAA and corresponding binding modes. 
 
 
 

This binding mode is also supported by XPS analysis of the Pd-PAA NPs as shown in Figure 15. Figure 

15(a) shows the O 1s core level XPS spectra of pure PAA and PAA-Pd NP where the O=C-O peak in the 

pure PAA is observed at 530.8 eV and C-O-H peak at 533.2 eV. A considerable decrease in the peak 

intensity associated with the C-O-H bonds are observed in the O 1s core level of PAA bound the Pd 

NPs compared to pure PAA, as shown in Figure 15(a). Changes are also observed the C 1s core level 

with the appearance of an additional peak at a BE of 289.1 eV, associated with electron deficient 

carbon, is observed for the PAA-Pd NPs.41 
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Figure 15: (a) O 1s and (b) C 1s core level spectra comparing pure polyacrylic acid (PAA) and PAA- 

 
stabilised NPs and FTIR analysis of PAA and PAA-stabilised Pd NPs 

 

The adsorption of the substrates to be hydrogenated compete with the pre-adsorbed PVP molecules 

on the Pd surface. Selective hydrogenation of alkynes to alkene was shown to be controlled by the 

binding energy of the capping ligand, and when the adsorption energy of capping agents on the 

catalyst surface is higher than that of alkene intermediates, the reaction could proceed with high 

selectivity56. In this study, polymeric ligands which give rise to electron donation from the ligand to Pd 

display superior chemoselectivity compared to weakly co-ordinating ligands. Despite the ubiquitous 

use of PVP in colloidal synthesis, the exact nature of the interaction with the surface remains elusive. 

While both XPS and FTIR provide evidence of charge transfer from PVP to Pd, the electronic interaction 

appears to be weaker compared to other metal NPs. 

Density functional theory (DFT) was employed to further elucidate the molecular conformation of PVP 

on a model Pd surface and determine the binding energy of PVP compared to the reaction 

intermediates. Computational work was carried out by Dr Råsander. Computation studies reveal that 

PVP is not chemisorbed to the Pd surface but physisorbed with a binding energy of 1.13 eV. The BE of 
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PVP is higher than the reaction intermediates that could be hydrogenated to result in undesired side 

products. The computational study (not presented here) support the experimental findings in that the 

strong adsorption of PVP inhibits the reaction pathway of undesired side products through a 

surface passivation effect leading the enhanced selectivity observed for the reductive amination. 

 

3.4 Conclusion 
 

In this chapter a variety of Pd NPs stabilised with a range of small organic ligands and polymers where 

prepared and evaluated as solubilised i.e. support-free heterogeneous catalysts. TEM, XPS and FTIR 

analysis was used to understand the steric effect of the capping ligands. The catalytic activity of the 

NPs was evaluated in the reductive amination. This chemistry proceeds in excellent yields under mild 

conditions and can be considered as a green process as it uses benign solvents and low catalyst 

loading. The ligands most effective in minimising undesired side products demonstrated charge 

transfer from the ligand to the Pd, in contrast, weakly coordinating polymers, in particular PVA 

afforded undesired side products. The PVP-stabilised NPs also displayed the highest reaction 

selectivity compared to commercial Pd/C. The presence of PVP ligands at the Pd NP surface gives rise 

to a combination of steric and electronic effects. XPS coupled with FTIR analysis show electron 

donation from the PVP carbonyl group to the Pd NP. This work shows the enormous potential of 

judiciously choosing stabilising ligands for surface functionalised heterogeneous catalysts and their 

application to organic synthesis. 
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PdAu Nanosheets for Visible Light Driven 

Suzuki Cross-Coupling Reactions 
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Abstract 
 

Combining a two-dimensional (2D) morphology and plasmonic photocatalysis represents an efficient 

design for light driven organic transformations. We report a one pot synthesis of surfactant templated 

PdAu nanosheets (NSs). Transmission electron microscopy (TEM) and x-ray photoelectron 

spectroscopy (XPS) analysis show the formation of 2D PdAu structures was initiated through 

nanoparticle seeds dispersed in the alkyl ammonium salt surfactant which acted as a template for the 

growth into NSs. The PdAu NSs were used for visible light enhanced Suzuki cross coupling. The PdAu 

bimetallic NSs outperformed monometallic Pd NSs and commercial Pd/C in room temperature Suzuki 

cross-coupling reactions. The high catalytic activity is attributed to a combination of the 2D 

morphology giving rise to plasmon enhanced catalysis, high density of surface atoms, the electron- 

rich Pd surface due to alloying and the presence of weakly bound amines.  A comparative study of 

surfactant assisted NSs and CO-assisted NSs was also carried out to assess the influence of surface 

ligands on the catalytic and photocatalytic enhancement of NSs with similar morphology.  The 

surfactant-assisted NSs showed substantially superior performance compared to the CO-assisted for 

room temperature Suzuki coupling reactions. 
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4.1 Introduction 
 

Noble metals are ubiquitous in catalytic applications from chemical synthesis to energy storage and 

conversion. 1-3 The use of 2D metal nanosheets (NSs) for catalysis has attracted attention due to their 

unique chemical, physical and surface related properties. 1,4-5 As catalytically active sites are located 

on the surfaces or edges of catalysts, the presence of a high proportion of exposed atoms and large 

interfacial area of 2D metal NSs, enables them to operate with high atom utilisation efficiency, 

particularly advantageous to noble metal catalysts.6-7 2D metal NSs have been used for water splitting, 

CO2 reduction and organic synthesis reactions.8-9 Pd NSs prepared using layered double hydroxide 

templates display nearly 40 % higher turnover frequency compared to Pd nanoparticles (NPs) for the 

hydrogenation of nitrobenzene to aniline.10 Rh NSs exhibited remarkably higher catalytic activity in 

the hydrogenation of phenol and cyclohexane compared to commercial Rh/C and PVP-Rh NPs and 

improved selectivity for aldehyde product in the hydroformylation of 1-octene.11 

The intrinsic catalytic activity of noble metals such as Pd can also be significantly increased through 

alloying with plasmonic metals such as Au and Ag, by exploiting the local surface plasmon resonance 

(LSPR) of these nanostructures.12-14 The development of noble metal catalysts with visible light 

enhancement has seen much interest in recent years with Pd and Pd alloy nanostructures used for an 

extensive range of organic transformations driven by visible light such as coupling reactions, 

hydrogenation and oxidation.15-17 The main advantages of using light-harvesting catalysts are lower 

reaction temperatures compared to conventional thermal reactions, enhanced reaction rates and 

improved selectivity18, enabling more energy efficient and greener route to chemical synthesis. The 

design of light harvesting heterogeneous catalysts are typically based on plasmonic metal- 

semiconductor junctions or multi-metallic nanostructures consisting of a plasmonic component 

(usually Au and Ag) and a catalytic component working synergistically, such as alloys or core shell 

nanostructures.19-20 The ability to combine plasmonic enhancement with a 2D catalyst morphology 

represents an effective design for energy efficient catalyst driven by visible light. The LSPR peak of Pd 
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is typically located in the ultraviolet spectral range but 2D Pd NS have a LSPR that reside in the visible 

region of the spectrum.21 

The synthesis of 2D metallic NSs is challenging due to tendency of metals to form three-dimensional 

close-packed structures but there have been advancements in this field in recent years. 22 Zheng et 

al.21 was the first to report ultrathin Pd NSs with a thickness of 1.8 nm using CO as a structure directing 

agent. CO is highly effective in controlling the anisotropic growth of 2D metal NSs due to the strong 

adsorption of CO molecules on the Pd(111) planes which restricts growth along the [111] direction. 

CO can be replaced with W(CO)6 which conveniently removes safety and toxicity issues associated with 

gaseous CO.23 The CO-assisted synthesis method has also been applied to the formation of Pd alloy 

NSs such as PdFe, PdCo, PdNi, PtCu and PtPdAg 24-26. While a CO-assisted route to 2D metal NSs is 

undoubtedly convenient for high yield and relatively low cost synthesis, a major drawback of using CO 

as a structure directing agent is that the surfaces of the NS are highly passivated which can be 

unfavourable or even detrimental for catalytic applications. Xu et al.27 demonstrated the bottom-up 

synthesis of Pd NSs with controlled surface facets through a template-assisted solution-phase growth. 

By understanding the role of capping ligands, they can be tailored to enhance reactivity of metal 

nanostructure catalysts which has also been a topic gaining attention. Yang et al.24 showed that 

replacing oleic acid ligands on CuPd NSs with ethylenediamine ligands led to a highly active catalyst 

for formic acid oxidation. Amine groups resulted in electron donation to the CuPd interface and is 

beneficial for the absorption of electron-deficient reactants like formic acid. A combination of amine 

capping ligands, a NS morphology giving a high electrochemically active surface area and synergistic 

effects between Cu and Pd, resulted in superior catalytic performance for formic acid oxidation 

compared to other Pd-based catalysts. 

Here we report the one-pot synthesis of PdAu bimetallic NSs using an alkyl quaternary ammonium salt 

as a soft template. Time evolved TEM and XPS was used to understand the formation mechanism of 

the NSs and identify changes in the surface chemistry of the NSs. A Suzuki cross coupling reaction was 
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used to assess their catalytic performance under visible light irradiation. Both monometallic Pd and 

bimetallic PdAu NSs displayed catalytic enhancement with higher yields obtained when the reaction 

was carried out under visible light compared to conducting the reaction in the dark. The bimetallic 

NSs also outperformed the monometallic NSs, for example at a catalyst loading of 0.2 mol% Pd the 

PdAu NSs gave full conversion after 3 h at room temperature, while the Pd NSs gave a yield of 69% 

under the same conditions. The high performance of the surfactant assisted NSs is in part attributed 

and the presence of a weakly co-ordinating amine ligands at the surface. Stabilising ligands such as 

polymers, small organic molecules and inorganic species such as Br— ions are commonly used in wet 

chemical synthesis, yet despite the many literature studies on light-enhanced Suzuki cross coupling, 

the catalytic role played by the capping ligands have been poorly addressed. To gain insight into ligand- 

enhanced catalytic and photocatalytic activity, surfactant-assisted NSs were compared with CO- 

assisted NSs. The surfactant assisted and CO-assisted NSs displayed markedly different performance 

profile for room temperature cross coupling reactions. 

 
 
 

4.2 Experimental 

 

Chemicals 
 

Metal precursors palladium (II) chloride (H2PdCl4) (99.9 %), palladium acetylacetonate Pd(acac)2 (99 
 

%), silver nitrate (AgNO3) (99.9 %), gold chloride (HAuCl4) (99.9 %) and tungsten carbonyl W(CO)6 were 

purchased from Sigma Aldrich. All other synthesis chemicals and solvents were purchased from Sigma 

Aldrich except for 1-bromodocosane (95 %) which was purchased from ABCR. 

Synthesis of surfactant assisted nanosheets 
 

Surfactant assisted Pd NSs were synthesized using a modified literature procedure.27 Briefly, the long 

chain alkyl quaternary ammonium surfactant C22-QA (Br-) was first prepared by the addition of 1.95 g 
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of 1-bromodocosane (10 mmol) and 1.77 ml of trimethylamine (15 mmol) with 75 ml of acetonitrile 

and refluxed at 95 C under N2 for 22 h. After cooling, the solvent was removed via rotary evaporation. 

The crude product was washed with diethyl ether three times and dried overnight. 

For the synthesis of Pd and PdAu NSs a 10 mM Pd precursor stock solution was prepared by dissolving 

89 mg of PdCl2 in 50 ml of a 0.2 M HCl. Pd NSs were synthesized by adding 5 ml of a 0.025 M C22-QA 

(Br-) solution in a glass sample vial along with 0.8 ml of 10 mM H2PdCl4 aqueous solution. The mixture 

was left to stir until ion exchange had occurred (15 min). 1 ml of a freshly prepared 0.3 M aqueous 

solution of L-ascorbic acid (AA) was injected slowly into the solution. The reaction solution was placed 

on an ice bath and left undisturbed at 0 C with reaction times between 1-6 h. Once the reaction had 

reduced, the product was sonicated with toluene and collected by centrifugation and washed with 

ethanol. This purification procedure was repeated three times and the NSs were re-dispersed in 

ethanol. 

PdAu NSs were synthesized using the same procedure as the Pd NSs but with co-addition of the Pd 

and Au precursors. For example, PdAu NSs with a molar ratio of 5:1 were prepared by adding 5 ml of 

a 0.025 M C22-QA (Br-) solution along with 0.665 ml of a 10 mM H2PdCl4 and 0.135 ml of 10 mM HAuCl4 

aqueous solution. PdAu NSs with a molar ratio of 10:1 were synthesized using 0.728 ml of 10 mM 

H2PdCl4 and 0.072 ml of 10 mM HAuCl4 aqueous solution. After the reaction, the product was 

sonicated with toluene and collected by centrifugation and washed with ethanol. This purification 

procedure was repeated three times and the NS were re-dispersed in ethanol. 

Synthesis of CO assisted nanosheets 
 

16 mg Pd(acac)2, 30 mg PVP, 10 mg citric acid and 60 mg cetyltrimethylammonium bromide (98%) 

CTAB were placed in a test tube vial with 10 ml of DMF and the solution was bubbled with Ar for 15 

min (solution 1). In a separate two neck round bottom flask, 100 mg of tungsten hexacarbonyl (97 %) 

W(CO)6 was added and purged with Ar. Solution 1 was injected via cannula into the W(CO)6 and heated 

to reflux at 80 C. The reaction was left to age for 1 h. The product was collected by 
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centrifugation and washed with acetone ( 4) to remove excess reagents. The Pd NSs were 

redispersed in ethanol and used as seeds for the synthesis of PdAg and PdAu NSs. The synthesis was 

also conducted by changing the polymer ligand from PVP to polyvinyl alcohol (PVA) and exchanging 

the CTAB with other quaternary ammonium salts of different carbon change lengths C8, C12 and C22 

i.e. n-octyltrimethylammonium bromide (98 %), dodecyltrimethylammonium bromide (98 %), and n- 

docosyltrimethylammonium bromide, respectively. CO-assisted alloy PdAg and PdAu NSs were 

synthesized using the same procedure as the Pd NSs but once the NSs were left to age, a solution 

containing 15 mg PVP and 0.692 ml of a 0.025 M AgNO3 or 1.66 ml of a 0.01 M AuCl3 was added and 

heated to reflux at 80 C for a further 1h. The reaction vessel was wrapped in alumina foil as AgNO3 

is photosensitive. The product was collected by centrifugation and washed with acetone ( 4) to 

remove excess reagents and redispersed in ethanol. 

 

Optimisation reactions: A number of reaction parameters such as the surfactant ligand, surfactant 

concentration, Au:Pd molar ratio, ascorbic acid concentration and temperature were altered to find 

the optimum reaction conditions for the formation of the NS. 

Catalytic Evaluation: Suzuki Coupling reaction with and without illumination 
 

Suzuki cross-coupling: In a typical experiment 0.026 g of phenylboronic acid (0.22 mmol). 0.046 g of 4-

methoxyiodobenzene (0.2 mmol), 0.0553 g (0.4 mmol) of K2CO3 were added to 12 ml of ethanol/water 

(3:1) in a glass vial. The reactions were initiated by the addition of the catalyst (0.05-0.2 mol %) 

and stirred continuously using a magnetic stirrer. A LED light source was used for reactions carried out 

under visible light with broad band emission between 400 and 800 nm. The emission spectrum of the 

LED is given in Supporting Information, see Figure S1. Reactions were carried out in the dark by 

covering the entire reaction with foil. Reactions were carried out at room temperature (20 C) or at 80 

C with reaction times between 1-6 h. Reactions were carried out in thermostated reactor to ensure 

temperature regulation and the reaction temperature was continually monitored. After the reaction 

was completed, the solution was filtered and washed with DCM (10 ml  2), the aqueous layer was 

removed and washed with DCM (10 ml  2) and then dried 
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with MgSO4. The DCM was removed by rotary evaporation and product remained. The product was 

purified before NMR analysis with deuterated chloroform. 

 
Materials Characterization 

 

X-ray Photoelectron Spectroscopy (XPS) was acquired using a KRATOS AXIS 165 monochromatized X- 

ray photoelectron spectrometer equipped with an Al Kα (hv = 1486.6 eV) X-ray source. Spectra were 

collected at a take-off angle of 90 and all spectra were referenced to the C 1s peak at 284.8 eV. Pd 3d 

core levels were fit with a Shirley backgrounds and Gaussian-Lorentzian profiles. To achieve best fit, 

the peak positions were allowed to float with a variable FWHM ranging from 1-1.5 for metallic Pd(0) 

and 1.2-1.7 for oxidised Pd components. Peaks shifted to binding energies (BEs) greater than 

+1.5 eV of the elemental Pd(0) peak were assigned to bulk oxide phases PdO. Transmission electron 

microscopy (TEM) analysis was performed using a JEOL 2100 electron microscope at an operating 

voltage of 200 kV and high-resolution TEM and energy-dispersive X-ray (EDX) analysis was carried out 

on an FEI Titan TEM, at an operating voltage of 300 kV. Scanning electron microscopy (SEM) was carried 

out on a FEI Helios NanoLab 600i operating at 30 kV and 0.69 nA, with an attached EDX Oxford X- Max 80 

detector. X-ray diffraction (XRD) was carried out using a Philips X’pert Pro MPD, equipped with a 

Panalytical Empyrean Cu X-ray tube and a Philips X’celerator detector. Fourier transform infrared (FTIR) 

spectra were recorded on a Perkin Elmer Spectrum Two FT-IR Spectrometer operating in the range of 

4000-450 cm-1 with a resolution of 4 cm-1 and spectra were averaged from 20 scans. Nuclear magnetic 

resonance (NMR) samples were run in deuterated chloroform (CDCl3). 1H NMR spectra were recorded 

on Bruker Avance III 300 NMR spectrometers, in proton-coupled mode using tetramethysilane (TMS) 

as the internal standard. 
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4.3 Results and Discussion 
 

Synthesis of Alloy Surfactant Assistant Nanosheets 
 

Bimetallic 2D NSs with extended sheet lengths were synthesized by reduction of Pd and Au precursor 

in the presence of long chain alkyl quaternary ammonium surfactant templates, as illustrated in 

Scheme 1. Figure 1(a) shows a TEM of NSs formed using a Pd:Au molar ratio of 5:1 and Figure 1(b) 

shows NSs produced using a molar ratio PdAu 10:1 NS, which have an irregular morphology. The TEM 

image shown in Figure 1(c) displays two overlapping sheets, with the inset figure showing the NSs to 

be crystalline. Figure 1(d) shows a high resolution image of a NS with a lattice spacing of 0.23 nm, 

which is close to that of (111) face centred cubic Pd, although the d-spacing of individual Au and Pd 

are quite close, i.e. 0.236 and 0.225 nm, respectively.28 The TEM image also shows a high density of 

atomic steps along the edge of the NS. The mean thickness of the NS estimated by TEM, as shown in 

the inset of Figure 1(d), was ca. 5 nm, equivalent to over 20 atomic layers thick, which is greater than 

previously reported thickness of surfactant template monometallic Pd NSs ca. 2.5 nm.27 

 

 
Scheme 1: Surfactant assisted synthesis of PdAu NSs. 
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Figure 1: TEM images of (a) PdAu 5:1 NSs, (b) PdAu 10:1 NSs and (c) and (d) HRTEM with lattice planes 

of a PdAu 5:1 NS. 

Elemental analysis was used to assess the distribution of Au and Pd in the NSs.  Figure 2(a) and (b) 

show a low resolution TEM image and corresponding STEM image with EDX point analysis, 

respectively. The Pd:Au quantification data given in Figure 2(b) were consistent across different areas 

and also in good agreement with the Au and Pd precursor molar ratio used for the synthesis (5:1). 

Figure 2(c) displays an EDX line scan across a PdAu NS, and confirm the presence of both Au and Pd. 

Figures 2(d)-(f) shows the Pd, Au and the overlaid EDX maps for the PdAu 5:1 NS and Figures 2 (g)-(i) 

show the Pd, Au, and overlaid EDX maps for the 10:1 NS, respectively. The individual elemental EDX 

maps show uniform dispersion of Au and Pd, however closer evaluation of the overlaid maps reveals 

the presence of Pd-rich regions along the edges. Noticeably in Figure 2(h), which corresponds to the 

PdAu 10:1 NSs, the Au concentration along the edges is clearly lower than the central portion. 
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Additional EDX maps illustrating this pattern of dispersion are shown in the Supporting Information 

(see Figure S2). The presence of PdAu alloy and Pd-rich domain is also indicated by the XRD analysis. 

The XRD pattern shown in Supporting Information Figure S3 further supports the formation of 

crystalline NSs, with the characteristic peaks of Pd (111) and (200) observed at 2θ values of 40.1° and 

46.6°, respectively for the monometallic Pd NSs.29 The XRD pattern of the PdAu NSs shows a Pd (111) 

peak downshifted to 39.8 , which was broader (FWHM = 0.46) compared to monometallic Pd NSs 

(FWHM = 0.32), typical of a PdAu alloy. An additional shoulder was also observed at 38.4, attributed 

to the Au (111) peak but upshifted from the standard Au 111 diffraction peak.30 A truly homogeneous 

alloy would be expected to display a single (111) diffraction peak for Au and Pd and the XRD analysis 

supports the EDX analysis indicating the presence of two alloy domains. 
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Figure 2: (a) TEM image of PdAu NSs 5:1, (b) STEM image and corresponding EDX quantification of 

atomic concentrations, (c) EDX line map of PdAu 5:1 NSs (scale bar is 100 nm), (d-f) Pd, Au and overlaid 

EDX maps for PdAu 5:1, (g-i) Pd, Au and overlaid EDX maps for PdAu 10:1 NSs. 

 
 

 
XPS analysis was carried out to provide further insight into the modified electronic properties of the 

bimetallic NSs. Figure 3(a) compares the Pd 3d core level spectra of Pd, PdAu 10:1 and PdAu 5:1 NSs. 

The Pd 3d5/2 core level of the monometallic Pd NSs was centred at a BE of 335.3 eV, consistent with 

Pd(0). Minor oxide contributions were observed at 336.4 eV, corresponding to PdO and surface oxide 

species and a smaller shoulder peak at 337.8 eV, which is assigned to PdO2.29 The BE of Pd 3d was 
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negatively shifted from 335.3 eV in the Pd NSs to 334.9 eV in the PdAu NSs. These BE shifts indicate a 

change in the electronic structure and d-band modification of Pd, due to charge transfer between Au 

and Pd when they are alloyed. Peaks shifts were also observed in the Au 4f core level, shown in Figure 

3(b). No Au was detected in the Pd NSs, as expected. The BE for Au(0) is usually reported at 84 eV31 

and the Au 4f7/2 peak of the Pd:Au 10:1 was centred at 83.9 eV, while the Pd:Au 5:1 peak was centred 

at 83.6 eV. This negative peak shift in the Au 4f BE can be attributed to the electronic modification of 

Au species by Pd. 

 

 
Figure 3: XPS analysis of (a) Pd 3d and (b) Au 4f core levels of Pd, PdAu 5:1 and 10:1 NS. 
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A number of reaction parameters such as the surfactant ligand, surfactant concentration, Au:Pd molar 

ratio, ascorbic acid concentration and temperature were altered to determine their effect on NS 

formation, which are summarised in Table S1 in Supporting Information. As outlined in Table S1 the 

optimal conditions for NS formation were using a C22-QA surfactant at a concentration of 0.025 M, a 

surfactant:Pd molar ratio of 1:0.025, reaction temperature of 0 °C and 6 h. Under these conditions, 

tuning the Pd:Au molar ratio produces PdAu 10:1 or 5:1 NSs, as previously shown in Figures 1 and 2. 

Increasing the Au concentration further using a Pd:Au molar ratio of 2:1 gave a mixture of poorly 

defined NSs and NPs due to heterogeneous nucleation of the Au precursor, as shown in Figure S4 in 

the Supporting Information. Increasing the molar ratio of the Pd precursor relative to surfactant 

concentration (1:0.25) produced NSs but competitive growth of NPs was also evident as shown in 

Figure 4 (a)-(c). The higher surfactant concentration is required for surfactant templating growth of 

NSs and minimising the growth of NPs. Temperature was also a critical factor in the synthesis, with 

NSs only forming at an aging temperature of 0 C and reactions at a higher temperature produced only 

irregular NPs. The head group of the surfactant also played a critical role in the synthesis. Xu et al.27 

reported that long chain alkyl ammonium salts with alkyl groups, carboxylates and pyridyl head groups 

all served as templates for Pd NSs, but this was not observed for the PdAu NSs, where the alkyl 

quaternary ammonium salt was the only capping agent successful in achieving a NS morphology. 

Substituting the methyl group on the ammonium salt for a carboxylic acid, formed irregular 

nanostructures, as shown in the TEM analysis, see Figure 4(d). While the carboxylic acid surfactant 

was not successful for the synthesis PdAu NSs it was effective for making monometallic Pd NS (Figure 

4(e)), which may be attributed to the low coordinating ability of carboxylic acid groups towards Au. 

When the alkyl ammonium salt terminated with a pyridyl group was used, cuboctahedral nanocrystals 

were formed, as shown in Figure 4 (f). 
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Figure 4: TEM images of nanostructures obtained with surfactant concentration of 0.025 M and Pd:Au 

molar ratio of (a) 5:1 (b) 2:1 and (c) 1:5. (d) PdAu nanostructures synthesized using C22N-COOH (Br-) 

surfactant, (e) Pd NSs synthesized using C22-COOH (Br-), (f) cuboctahedral NP formed using a C22-Py  

(Br-) surfactant. 

 
 
 

Growth mechanism of PdAu alloy nanosheets 

To understand the formation mechanism of the PdAu NSs, aliquots were taken from reaction solutions 

at various times and analysed by TEM. The TEM analysis was further correlated with XPS and 

EDX analysis of uncompleted reactions to determine changes in the chemical state and composition 

of the NSs. Figure 5(a) displays a TEM image 1 h after the reaction, using a Pd:Au molar ratio of 5:1, 

which shows the presence of small diameter NPs (~ 2 nm) dispersed in a carbon matrix consisting of 

the long chain alkyl ammonium salt. HR TEM of the NPs shown in Figure 5(a) inset show an interplanar 

distance of 0.235 nm which in is good agreement with the face centred cubic structure of Au (111).32 

As the reaction proceeds the formation of NSs is observed at 3 h, as shown in Figure 5(b). 
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EDX analysis of a NSs isolated from the incomplete reaction showed the presence of a Au-rich NSs, as 

shown in EDX the line scan in Figure 5(c). Correlating the TEM and EDX analysis with XPS analysis, 

(Figure 5(d)) this incomplete reaction mixture confirmed the presence of metallic Au, as indicated in 

the Au 4f spectra with the BE of 84 eV, consistent with Au0 and indicating reduction of the Au 

precursor. The Pd 3d core level shows the presence of both metallic Pd0 centred at 335.3 eV and Pd2+ 

centred at 337.8 eV, indicating partial reduction of the Pd precursor at this stage of the reaction.

Analysis of the peak areas in the deconvoluted Pd 3d5/2 core level determined that ~35 % of the Pd 

precursor had been reduced to Pd0. In addition to Pd0 and Pd2+ species there was a small peak at a 

BE of 336.5 eV, typically associated with electron deficient Pd species (Pdδ+) such as a surface oxide.33 

XPS analysis of NSs from the completed reaction (6 h) are also displayed in Figure 5(d). The Au 4f BE of 

the NSs after 6 h was downshifted with the Au 4f7/2 peak now centred at 83.6. eV. The corresponding 

Pd 3d core level of the NSs after 6 h showed primarily Pd0, due to reduction of the remaining precursor 

and the Pd 3d5/2 peak position after 6 h was also downshifted to 334.9 eV, compared to the NS analysed 

at 3 h. This downshift is likely attributed to increased electron density of Pd associated with alloying. 

Negative shifts of both the Au 4f and Pd 3d core level bands in bimetallic species have been reported. 34 

Based on the ratio of the Au 4f to Pd 3d peaks, XPS analysis determined a Pd:Au ratio of 9.4:1 in the 

uncompleted reaction and 9:1 for the completed NS reaction, which is in excellent agreement with the 

starting molar ratio of the Pd and Au precursors (10:1). These studies imply that the formation 

mechanism of the PdAu NS is initiated by the formation of small diameter Au NP seeds dispersed in the 

long chain alkyl quaternary ammonium salt surfactant which serve as a template for the growth of NSs. 

The faster reduction of Au is understandable given the different standard reduction potential of Au and 

Pd ions (AuCl4
–/Au, 1.002 V, PdCl4

2–/Pd, 0.591 V).35-36 Au-rich alloy NSs are initially formed and the Pd 

concentration increases with reduction of the precursor as the reaction proceeds.  This mechanism 

accounts for the observed EDX mapping analysis showing the Pd-rich regions located around the NS 

edges, as after the Au precursor has been consumed, continued growth of the NS produces Pd -rich 

domains as identified by EDX. 
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Figure 5: (a) TEM image 1 h after reaction showing NP formation, (b) TEM image from an incomplete 

reaction (3 h) showing formation of NSs, (c) EDX line map of NS after 3 h, (d) Au 4f, Pd 3d and N 1s XPS 

core levels from incomplete and complete NS reactions. 

 
 

 
The evolution of changes to the NS surface chemistry during growth was also evaluated by assessing 

the N 1s core level which are shown in Figure 5(d). The N 1s core level of the incomplete reaction 

mixture showed a single peak at a BE of 402.5 eV, which is characteristic of the quaternary ammonium 



94 

 

 

salt.37 The N 1s of the NSs formed showed the presence of two peaks, one centred at 402.5 eV due to 

the ammonium salt, and a second peak at a lower BE at 399 eV, which is characteristic of amine species 

or metal bound amines.38 There are approximately equal amounts of these two N environments (52 

% and 48 % attributed to species at a BE of 399 and 402.5 eV, respectively, based on the deconvoluted 

N 1s spectrum. As the reaction proceeds, there is also significant reduction in the Br- ion species (see 

Supporting Information, Figure S5). Based on the N 1s and Br 3d signal the N:Br ratio in the incomplete 

reaction is 1:2.3 which falls to 1:0.54 in the NSs formed, suggesting that the surface of the NSs are 

passivated with a mixture of the non-coordinated quaternary ammonium salts (C22-N+Br-) and a more 

electron-rich N functionality. Quaternary ammonium salts undergo C-N cleavage to form amines in 

the presence of many metals, which may explain the presence of the peak at 399 eV. 39 FTIR analysis 

of the surfactant and the NSs are shown in the Supporting Information Figure S6 and display significant 

peak broadening of the C-N vibration (950-1100cm-1) for the Pd and PdAu NSs compared to the bulk 

quaternary ammonium salt. 

 
 

 
Catalytic evaluation of nanosheets 

 

The catalytic performance of the NSs was assessed in the Suzuki cross-coupling reaction of 4- 

iodoanisole (4-methoxyiodobenzene) and phenylboronic to give 4-methoxybiphenyl. Table S2 in the 

Supporting Information summaries some literature reports of Suzuki cross coupling reactions under 

conventional heating and light driven catalysts.40-49 

The photocatalytic enhancement was evaluated by conducting reactions under visible light irradiation 

using an LED light source and in the dark (see Experimental Section for further details). NMR analysis 

confirmed no homocoupling of the boronic acid occurred and the cross coupled biphenyl was the only 

product formed in the reaction (See Supporting Information, Figure S7).  The effect of catalyst 

concentration, temperature and reaction time were also evaluated. To investigate the effect of the 

NS surface chemistry, NSs prepared via a CO-assisted route were also synthesized and their catalytic 
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performance was studied as a comparison to the surfactant-assisted NSs. The catalytic activity of the 

Pd and PdAu (5:1) NSs in the Suzuki cross-coupling reaction show two distinct enhancement effects, 

one attributed to the alloy effect and the other to a photocatalytic enhancement. Figures 6(a) and (b) 

show reaction yields obtained for Pd and PdAu NSs, respectively, under light illumination and in the 

dark, at reaction times of 1, 2 and 3 h. The Pd catalyst concentration in both reactions was 0.1 mol % 

i.e. the Pd concentration was equivalent in the reactions catalysed by monometallic and bimetallic 

NSs. Both Pd and PdAu NSs showed improved yields under light illumination. After 3 h the yield 

obtained for the Pd NSs increased from 0 to 51 % under light illumination, while the PdAu NSs 

increased from 30 % (dark) to 98 % (LED). One notable difference between the Pd and PdAu NSs was 

the longer induction period displayed by the Pd catalysts compared to the bimetallic catalyst. 

Induction periods are commonly observed with nanoparticle catalysed Suzuki reactions and often 

attributed to the formation of active Pd species that are generated from the surface. 50 After 1 h at a 

0.1 mol % Pd loading, no product was formed using Pd NSs, compared to a 32 % yield after 1 h for the 

PdAu NSs. The higher performance of Pd alloys toward Suzuki coupling has been reported in numerous 

alloys and be may attributed to the increased electron density of the Pd, which correlates with XPS 

analysis, indicating the Pd is more electron-rich in the bimetallic NSs.51-52 The increased electron of 

the Pd facilitates oxidative addition of the aryl halide.53 

Nanoparticle catalysed Suzuki reactions are known to depend on catalyst concentration.  Increasing 

the catalyst concentration can sometimes decrease the activity due to catalyst aggregation. The 

reaction was evaluated at catalyst concentrations of 0.1 and 0.2 mol %. The same reactivity trend was 

observed using 0.2 mol % loading, with the bimetallic NSs outperforming the monometallic Pd NSs 

and yields were greater under visible light irradiation compared to reactions carried out in the dark, 

as shown in Figures 6 (c) and (d). The higher catalyst loading improved yields generally, e.g. Pd NSs 

showed no activity in the dark at 0.1 mol % but this increased to 38 % at 0.2 mol %. For the PdAu NSs 

there was an even larger yield improvement under light irradiation, increasing from 44 % at 0.1 mol % 
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to 93 % at 0.2 mol% after a 2 h reaction time. A yield of 93 % after 2 h for a Suzuki reaction carried 

out at room temperature is significant. 

Figures 6 (e) and (f) highlight the effect of using a bimetallic catalyst compared to a monometallic 

catalyst. The PdAu NSs display better photocatalytic enhancement compared to the monometallic NSs 

having higher yields at all reaction times. Even in the absence of light, the PdAu NSs produce higher 

yields that the Pd NSs, indicating the presence of the alloy enhancement. XPS analysis revealed that 

the surface is electron rich in the PdAu NSs, which is known to favour the oxidative addition of the aryl 

halide and this may account for the higher activity of the PdAu NSs even in the absence of light. The 

combined catalytic enhancement effect when using light and a bimetallic catalyst is significant; at a Pd 

concentration of 0.1 mol % using monometallic Pd NSs in the dark, no product was formed after 3 

h. Keeping the same Pd concentration, but using the PdAu NSs and under visible light illumination, 

the reaction goes to completion in the same time period. Commercial Pd on carbon was also evaluated 

as a reference catalyst to compare performance improvement when using a NS morphology.  At a 

catalyst concentration of 0.2 mol % the yield obtained at room temperature was only 16 % after 3 h 

with commercial Pd/C. 
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Figure 6: (a-f) Catalytic evaluation plots of the cross-coupling Suzuki reaction catalysed using Pd and 

PdAu NSs at 0.1 and 0.2 mol% under visible light irradiation and in the dark. 

 
 

 
Catalysis by plasmonic nanostructures can be attributed to hot carriers or photothermal effects, and 

both have been observed in Suzuki cross-coupling reactions.16, 54 Teranishi and co workers showed 

that plasmon enhanced catalytic activity of Pd hexagonal nanoplates was dominantly driven by hot 

electron injection.49 In AuPd nanostructures photothermal effects can be significant and give rise to 

considerable increases in the solution temperature e.g. Buskens et al.55, reported Pd NP tipped Au 
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nanorods increased the solution temperature from 25 to 60 °C under illumination but the large heating 

effect was attributed to the photothermal heat generation by the Au nanorod. To assess photothermal 

effects in the nanosheets, the temperature of the reaction solvent (EtOH:water) in the presence of 0.2 

mol% catalyst was monitored over a 3 h period. A small increase of 3 °C (average of 3 runs) was 

observed for AuPd NSs while negligible increase was observed for the Pd NSs. The minimal heating 

effect is attributed to the low absorption cross section of the NSs and the use of LED illumination. 56 

While a photothermal contribution cannot be ruled out, as the bulk temperature of the reaction 

solution may differ substantially from the local surface temperature of the nanosheets, hot electrons 

that undergo oxidative addition with the aryl halide rather than a photothermal effect is likely the 

dominant mechanism of the photocatalyzed Suzuki reaction. 

The high catalytic performance of the NSs can also be attributed to their 2D morphology, with a high 

density of surface atoms. The presence of weakly coordinating ammonium salts should play a role in 

influencing the catalyst activity. To further evaluate the role of capping ligands on the catalytic 

behaviour of the NSs in the Suzuki cross coupling reaction, CO-assisted Pd NSs alloyed with traditional 

plasmonic metals were synthesized. The strong adsorption of CO onto Pd (111) facets produces well 

defined hexagonal NSs, as showed in the low-resolution TEM image in Figure 7(a). In addition to CO, 

organic stabilising ligands PVP and the CTAB are also required to prevent aggregation of the NSs (see 

Experimental Section for further details). The inset shows the image of a NS solution which have a 

characteristic blue appearance. The UV-vis spectra of the surfactant-assisted and CO-assisted NSs are 

shown in Figure 7(b). The surfactant-assisted NSs show increasing absorption across the visible 

spectrum (400-900 nm). The Pd and AuPd and spectra are similar and is attributed to the relatively 

low Au concentration in the nanosheets.57 Furthermore, the absence of a peak observed at 530 nm 

i.e. the LSPR for Au NPs further indicates that Au is present within the nanosheets with very few 

spherical Au NPs in the suspension.58 In contrast, the PdAu CO-assisted NSs display an increase in 

absorption around 500 nm associated with the presence of the Au NPs that formed from 

heterogeneous nucleation of the Au precursor. TEM analysis confirmed that the synthesis of PdAu NS  
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using a CO-assisted method produced a mixture of NSs and nanoparticles, due to heterogeneous 

nucleation of the Au (see Supporting Information, Figure S8). The surface chemistry of the CO-assisted 

NS was investigated by XPS. Figure 7(c) shows the N 1s core level of the Pd, PdAg and PdAu NSs.  The 

Pd NSs showed the presence of two N peaks, one at 398.8 eV attributed to the PVP ligands and another 

at402.6 eV, attributed to the quaternary ammonium salt surfactant.59 The PdAu and PdAg NSs displayed 

primarily one peak associated with the PVP ligands, with minor peaks associated to the ammonium 

surfactant. 

 
Figure 7: (a) Low resolution TEM image, (b) uv-visible spectra of surfactant-assisted and CO-assisted 

NSs and (c) N 1s core level of Pd, PdAg and PdAu CO-assisted NSs. 

Figure 8(a) compares the reaction yields obtained for surfactant-assisted NSs and CO-assisted NSs in 

the Suzuki cross coupling reaction, carried out at 0.2 mol% in the dark and under light irradiation at 



100 

 

 

room temperature and at 80 °C. In contrast to the excellent activity observed for the surfactant- 

assisted NSs, the CO-assisted NSs showed no activity at room temperature and there was no impact 

of light illumination for reactions carried out at room temperature when catalysed by Pd, PdAg or 

PdAu. A catalyst concentration of at least 3 mol% was required before any product was formed at 

room temperature. While the surfactant-assisted and CO-assisted NSs have structural differences, 

e.g. the surfactant-assisted NSs are thicker and larger (~100 nm) compared to the CO-assisted NSs (45 

nm),23, 27 the poor catalytic activity of the CO-assisted NS is primarily attributed to the heavily 

passivated surface due to the presence of CO, PVP and CTAB. The reaction temperature was increased 

to 80 °C to promote remote removal of physisorbed surface ligands.50 The elevated reaction 

temperature resulted in higher yields, as shown in Figure 8(a). The yield of the CO-assisted NSs 

synthesized at a temperature of 80 °C in the dark remained poor, at only 18%, but there was a 

significant photocatalytic enhancement in the presence of light, with a yield up to 99 % obta ined. A 

similar photocatalytic enhancement was observed for the CO-assisted PdAg NSs, with the yield 

increasing to 40 % in the dark to 96 % under light. Although the PdAu CO-assisted NSs contained a 

mixture of sheets and Au NPs, a higher yield was obtained under illumination (71 %) compared to in 

the dark (26 %), due to the presence of a discreet plasmonic component (Au NPs) and a catalytic 

component (Pd NSs). As observed with the surfactant-assisted NSs, the bimetallic CO-assisted NSs 

showed superior performance to the monometallic Pd NS, both the absence and presence of light 

irradiation, attributed to the synergistic alloy effect. 
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Figure 8: (a) Reaction yields obtained from surfactant assisted NSs (SANS) and CO-assisted NSs (CO- 

NS) after 3 h with 0.2 mol % Pd at room temperature (RT) and at a temperature of 80 °C. Note that 

the PdAu CO-assisted NSs is comprised of a mixture of Au NPs and NSs and (b) Reaction yields of 

biphenyl product obtained from CO-assisted Pd NSs synthesized using alkyl quaternary ammonium 

salts with different chain lengths (C8, C16, C12 and C22). 

 
 

 
Efforts to partially remove surface ligands, which would be advantageous for catalysis, proved 

challenging. Solvent washing was ineffective, while chemical cleaning using NaBH4 led to dissolution 

of the NSs as confirmed by TEM analysis (see Supporting Information Figure S10). By alternating the 

capping ligands used in the synthesis reaction it was found that the presence of CO, PVP and a long 

chain alkyl ammonium salt, e.g. CTAB, were all essential for successful NS formation. When the PVP 

was substituted for other polymers, such as PVA (polyvinylalcohol) no NSs formed due to the 

insufficient stabilising ability of the polymer. When the alkyl quaternary ammonium salt was removed 

from the synthesis, NSs did not form, however ammonium salts with different alkyl chain lengths could 

be exchanged. Changing the surfactant chain length did not impact on the 2D morphology of the NSs 

but there was as an increase in their mean size when synthesized using a shorter chain length 

surfactant. As shown in the size distribution analysis in Figure S11 (Supporting Information) the mean 

width for the NSs using C22, C16, C12 and C8 were 29 nm, 22 nm, 43 nm, 57 nm, respectively. Figure 

8(b) shows the yield of the biphenyl after 3 h at 80 °C, using CO-assisted NSs prepared with different 
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alkyl chain lengths. The product yield increased with decreasing chain length going from 68 % for C8 

to 18 % for C22. While it is difficult to disentangle a potential size effect on catalytic behaviour, the 

chain length of the ammonium salt surfactant has an impact on the catalytic behaviour. The higher 

performance of the shorter chain length is most likely attributed to the steric effect associated with a 

longer alkyl chain length impeding access to the surface of the NSs.60 This study further highlights the 

importance of considering the impact of the capping ligands on the catalytic performance of the 

nanostructures with similar morphology. 

 
 

 
4.4 Conclusions 

 

We report a one pot synthesis of surfactant-templated PdAu NSs. TEM, EDX and XPS analysis indicate 

that the growth mechanism of the NSs is initiated through the formation of Au NP seeds dispersed 

within the quaternary ammonium salt surfactant. These NP seeds grow into 2D PdAu NSs and due to 

fast reduction of the Au precursor the edges of the NSs are Pd-rich as demonstrated by EDX. The 

catalytic and photocatalytic activity of the Pd and PdAu NSs were evaluated in room temperature 

Suzuki coupling reactions under light and dark conditions. A significant increase in product yields were 

observed under visible light illumination and the PdAu NSs showed the greatest photocatalytic 

enhancement compared to Pd NSs. The catalytic activity is attributed to the 2D morphology of the 

NSs, the electron rich Pd surface and the presence of weakly bound capping surface ligands.  We 

further synthesized CO-assisted NSs to gain insight into the impact of surface chemistry using catalysts 

with a similar 2D morphology. A comparative study shows that the catalyst surface chemistry has a 

significant impact on both the catalytic and photocatalytic behaviour of ligand-stabilised NSs, with the 

heavily passivated CO-assisted NSs having poor reactivity. Both the surfactant-assisted and CO- 

assisted NSs showed the same trend with the bimetallic NSs displaying greater lighter enhancement 

compared to monometallic Pd NS. This work highlights the importance of considering the catalyst 

surface chemistry in addition to catalyst morphology for light enhanced reactions. 



103 

 

 

Author Information 

 
*To whom correspondence should be addressed: Tel: +353 (0)21 4205143. E-mail: g.collins@ucc.ie 

 

Orcid iD: 0000-0002-5950-2457 

 

 
Notes 

The authors declare no competing financial interest. 
 
 

 
Supporting information 

Additional analysis and results can be found in the supporting information. These include, TEM, XRD, 

EDX, FTIR and XPS survey scan of the surfactant assisted nanosheets, TEM and size distribution 

profiles of the CO assisted nanosheets, NMR spectra of the product of the Suzuki reaction, table of 

reaction parameters, literature results and TOF of each catalyst 

 
 

 
Acknowledgements 

 

This research was funded by Science Foundation Ireland (AMBER Grant No: 12/RC2278_P2). We thank 

Dr. Raman Bekarevich and Dr Eoin McCarthy from the Advanced Microscopy Laboratory at Trinity 

College Dublin and the Bernal Institute at University of Limerick for XPS. 

 

B(OH)2 +   

mailto:g.collins@ucc.ie


104 

 

 

4.5 References 
 

1. Ling, T.; Wang, J.-J.; Zhang, H.; Song, S.-T.; Zhou, Y.-Z.; Zhao, J.; Du, X.-W., Freestanding 
Ultrathin Metallic Nanosheets: Materials, Synthesis, and Applications. Advanced Materials 2015, 27 
(36), 5396-5402. 
2. Feng, J.; Gao, C.; Yin, Y., Stabilization of noble metal nanostructures for catalysis and sensing. 

Nanoscale 2018, 10 (44), 20492-20504. 
3. Yang, T.-H.; Ahn, J.; Shi, S.; Wang, P.; Gao, R.; Qin, D., Noble-Metal Nanoframes and Their 
Catalytic Applications. Chemical Reviews 2021, 121 (2), 796-833. 
4. Chen, Y.; Fan, Z.; Zhang, Z.; Niu, W.; Li, C.; Yang, N.; Chen, B.; Zhang, H., Two-Dimensional 
Metal Nanomaterials: Synthesis, Properties, and Applications. Chem Rev 2018, 118 (13), 6409-6455. 
5. Luo, M.; Yang, Y.; Sun, Y.; Qin, Y.; Li, C.; Li, Y.; Li, M.; Zhang, S.; Su, D.; Guo, S., Ultrathin two- 
dimensional metallic nanocrystals for renewable energy electrocatalysis. Materials Today 2019, 23, 
45-56. 
6. Ma, Y.; Li, B.; Yang, S., Ultrathin two-dimensional metallic nanomaterials. Materials 
Chemistry Frontiers 2018, 2 (3), 456-467. 

7. Gupta, A.; Sakthivel, T.; Seal, S., Recent development in 2D materials beyond graphene. 
Progress in Materials Science 2015, 73, 44-126. 
8. He, C.; Tao, J.; Shen, P. K., Solid Synthesis of Ultrathin Palladium and Its Alloys’ Nanosheets 
on RGO with High Catalytic Activity for Oxygen Reduction Reaction. ACS Catalysis 2018, 8 (2), 910- 
919. 
9. Fan, Z.; Huang, X.; Tan, C.; Zhang, H., Thin metal nanostructures: synthesis, properties and 
applications. Chemical Science 2015, 6 (1), 95-111. 
10. Wang, J.; Du, C.; Wei, Q.; Shen, W., Two-Dimensional Pd Nanosheets with Enhanced 
Catalytic Activity for Selective Hydrogenation of Nitrobenzene to Aniline. Energy & Fuels 2021, 35 
(5), 4358-4366. 
11. Yin, J.; Wang, J.; Ma, Y.; Yu, J.; Zhou, J.; Fan, Z., Recent Advances in the Controlled Synthesis 
and Catalytic Applications of Two-Dimensional Rhodium Nanomaterials. ACS Materials Letters 2021, 
3 (1), 121-133. 
12. Zhang, Z.; Zhang, C.; Zheng, H.; Xu, H., Plasmon-Driven Catalysis on Molecules and 
Nanomaterials. Accounts of Chemical Research 2019, 52 (9), 2506-2515. 
13. Li, S.; Miao, P.; Zhang, Y.; Wu, J.; Zhang, B.; Du, Y.; Han, X.; Sun, J.; Xu, P., Recent Advances in 
Plasmonic Nanostructures for Enhanced Photocatalysis and Electrocatalysis. Advanced Materials 
2021, 33 (6), 2000086. 
14. Liu, D.; Xue, C., Plasmonic Coupling Architectures for Enhanced Photocatalysis. Advanced 
Materials 2021, 33 (46), 2005738. 
15. Gu, Q.; Jia, Q.; Long, J.; Gao, Z., Heterogeneous Photocatalyzed C−C Cross-coupling Reactions 
Under Visible-light and Near-infrared Light Irradiation. ChemCatChem 2019, 11 (2), 669-683. 
16. Gellé, A.; Jin, T.; de la Garza, L.; Price, G. D.; Besteiro, L. V.; Moores, A., Applications of 
Plasmon-Enhanced Nanocatalysis to Organic Transformations. Chemical Reviews 2020, 120 (2), 986- 

1041. 
17. Wang, F.; Li, C.; Chen, H.; Jiang, R.; Sun, L.-D.; Li, Q.; Wang, J.; Yu, J. C.; Yan, C.-H., Plasmonic 
Harvesting of Light Energy for Suzuki Coupling Reactions. Journal of the American Chemical Society 
2013, 135 (15), 5588-5601. 
18. Quiroz, J.; Barbosa, E. C. M.; Araujo, T. P.; Fiorio, J. L.; Wang, Y.-C.; Zou, Y.-C.; Mou, T.; Alves, 
T. V.; de Oliveira, D. C.; Wang, B.; Haigh, S. J.; Rossi, L. M.; Camargo, P. H. C., Controlling Reaction 
Selectivity over Hybrid Plasmonic Nanocatalysts. Nano Letters 2018, 18 (11), 7289-7297. 
19. Verma, P.; Mori, K.; Kuwahara, Y.; Raja, R.; Yamashita, H., Plasmonic nanocatalysts for 
visible-NIR light induced hydrogen generation from storage materials. Materials Advances 2021, 2 
(3), 880-906. 



105 

 

 

20. Collins, G.; Lonergan, A.; McNulty, D.; Glynn, C.; Buckley, D.; Hu, C.; O'Dwyer, C., 
Semiconducting Metal Oxide Photonic Crystal Plasmonic Photocatalysts. Advanced Materials 
Interfaces 2020, 7 (8), 1901805. 
21. Huang, X.; Tang, S.; Mu, X.; Dai, Y.; Chen, G.; Zhou, Z.; Ruan, F.; Yang, Z.; Zheng, N., 
Freestanding palladium nanosheets with plasmonic and catalytic properties. Nature Nanotechnology 
2011, 6 (1), 28-32. 
22. Yu, Q.; Yang, Y., Synthesis of Two-dimensional Metallic Nanosheets: From Elemental Metals 
to Chemically Complex Alloys. ChemNanoMat 2020, 6 (12), 1683-1711. 
23. Li, Y.; Yan, Y.; Li, Y.; Zhang, H.; Li, D.; Yang, D., Size-controlled synthesis of Pd nanosheets for 
tunable plasmonic properties. CrystEngComm 2015, 17 (8), 1833-1838. 
24. Yang, N.; Zhang, Z.; Chen, B.; Huang, Y.; Chen, J.; Lai, Z.; Chen, Y.; Sindoro, M.; Wang, A.-L.; 
Cheng, H.; Fan, Z.; Liu, X.; Li, B.; Zong, Y.; Gu, L.; Zhang, H., Synthesis of Ultrathin PdCu Alloy 
Nanosheets Used as a Highly Efficient Electrocatalyst for Formic Acid Oxidation. Advanced Materials 
2017, 29 (29), 1700769. 
25. Fan, J.; Yu, S.; Qi, K.; Liu, C.; Zhang, L.; Zhang, H.; Cui, X.; Zheng, W., Synthesis of ultrathin 
wrinkle-free PdCu alloy nanosheets for modulating d-band electrons for efficient methanol 
oxidation. Journal of Materials Chemistry A 2018, 6 (18), 8531-8536. 
26. Hong, J. W.; Kim, Y.; Wi, D. H.; Lee, S.; Lee, S.-U.; Lee, Y. W.; Choi, S.-I.; Han, S. W., Ultrathin 
Free-Standing Ternary-Alloy Nanosheets. Angewandte Chemie International Edition 2016, 55 (8), 
2753-2758. 
27. Xu, D.; Liu, X.; Lv, H.; Liu, Y.; Zhao, S.; Han, M.; Bao, J.; He, J.; Liu, B., Ultrathin palladium 
nanosheets with selectively controlled surface facets. Chemical Science 2018, 9 (19), 4451-4455. 
28. Yang, M.; Wang, Z.; Wang, W.; Liu, C.-j., Synthesis of AuPd alloyed nanoparticles via room- 
temperature electron reduction with argon glow discharge as electron source. Nanoscale Research 
Letters 2014, 9 (1), 405. 
29. Pramanick, B.; Kumar, T.; Halder, A.; Siril, P. F., Engineering the morphology of palladium 
nanostructures to tune their electrocatalytic activity in formic acid oxidation reactions. Nanoscale 
Advances 2020, 2 (12), 5810-5820. 
30. Dong, Y.; Chen, Q.; Cheng, X.; Li, H.; Chen, J.; Zhang, X.; Kuang, Q.; Xie, Z., Optimization of 
gold–palladium core–shell nanowires towards H2O2 reduction by adjusting shell thickness. 
Nanoscale Advances 2020, 2 (2), 785-791. 
31. Anderson, D. P.; Alvino, J. F.; Gentleman, A.; Qahtani, H. A.; Thomsen, L.; Polson, M. I. J.; 
Metha, G. F.; Golovko, V. B.; Andersson, G. G., Chemically-synthesised, atomically-precise gold 
clusters deposited and activated on titania. Physical Chemistry Chemical Physics 2013, 15 (11), 3917- 
3929. 
32. Shi, Y.; Huang, J.-K.; Jin, L.; Hsu, Y.-T.; Yu, S. F.; Li, L.-J.; Yang, H. Y., Selective Decoration of Au 
Nanoparticles on Monolayer MoS2 Single Crystals. Sci Rep 2013, 3 (1), 1839. 
33. Maize, M.; El-Boraey, H. A.; Ayad, M. I.; Holmes, J. D.; Collins, G., Controlled morphology and 
dimensionality evolution of NiPd bimetallic nanostructures. Journal of Colloid and Interface Science 
2021, 585, 480-489. 

34. Zhu, X.; Guo, Q.; Sun, Y.; Chen, S.; Wang, J.-Q.; Wu, M.; Fu, W.; Tang, Y.; Duan, X.; Chen, D.; 
Wan, Y., Optimising surface d charge of AuPd nanoalloy catalysts for enhanced catalytic activity. 
Nature Communications 2019, 10 (1), 1428. 
35. Polotnyanko, N. A.; Khodakovskii, I. L., Thermodynamic properties of Pd chloride complexes 
and the Pd2+(aq) ion in aqueous solutions. Geochemistry International 2014, 52 (1), 46-56. 
36. Lingane, J. J., Standard potentials of half-reactions involving + 1 and + 3 gold in chloride 
medium: Equilibrium constant of the reaction AuCl4− + 2Au + 2Cl− = 3AuCl2−. Journal of 
Electroanalytical Chemistry (1959) 1962, 4 (6), 332-342. 
37. Graf, N.; Yegen, E.; Gross, T.; Lippitz, A.; Weigel, W.; Krakert, S.; Terfort, A.; Unger, W. E. S., 
XPS and NEXAFS studies of aliphatic and aromatic amine species on functionalized surfaces. Surface 
Science 2009, 603 (18), 2849-2860. 



106 

 

 

38. Truica-Marasescu, F.; Wertheimer, M. R., Nitrogen-Rich Plasma-Polymer Films for 
Biomedical Applications. Plasma Processes and Polymers 2008, 5 (1), 44-57. 
39. Wang, Z.-X.; Yang, B., Chemical transformations of quaternary ammonium salts via C–N bond 
cleavage. Organic & Biomolecular Chemistry 2020, 18 (6), 1057-1072. 
40. Xu, J.; Wilson, A. R.; Rathmell, A. R.; Howe, J.; Chi, M.; Wiley, B. J., Synthesis and Catalytic 
Properties of Au–Pd Nanoflowers. ACS Nano 2011, 5 (8), 6119-6127. 
41. Swain, S.; M. B, B.; Kandathil, V.; Bhol, P.; Samal, A. K.; Patil, S. A., Controlled Synthesis of 
Palladium Nanocubes as an Efficient Nanocatalyst for Suzuki–Miyaura Cross-Coupling and Reduction 
of p-Nitrophenol. Langmuir 2020, 36 (19), 5208-5218. 
42. Xiao, Q.; Sarina, S.; Jaatinen, E.; Jia, J.; Arnold, D. P.; Liu, H.; Zhu, H., Efficient photocatalytic 
Suzuki cross-coupling reactions on Au–Pd alloy nanoparticles under visible light irradiation. Green 
Chemistry 2014, 16 (9), 4272-4285. 
43. Koohgard, M.; Hosseini-Sarvari, M., Enhancement of Suzuki–Miyaura coupling reaction by 
photocatalytic palladium nanoparticles anchored to TiO2 under visible light irradiation. Catalysis 
Communications 2018, 111, 10-15. 
44. Chatterjee, S.; Bhattacharya, S. K., Size-Dependent Catalytic Activity and Fate of Palladium 
Nanoparticles in Suzuki-Miyaura Coupling Reactions. ACS Omega 2018, 3 (10), 12905-12913. 
45. Xiao, Q.; Sarina, S.; Bo, A.; Jia, J.; Liu, H.; Arnold, D. P.; Huang, Y.; Wu, H.; Zhu, H., Visible 
Light-Driven Cross-Coupling Reactions at Lower Temperatures Using a Photocatalyst of Palladium 
and Gold Alloy Nanoparticles. ACS Catalysis 2014, 4 (6), 1725-1734. 
46. Raza, F.; Yim, D.; Park, J. H.; Kim, H.-I.; Jeon, S.-J.; Kim, J.-H., Structuring Pd Nanoparticles on 
2H-WS2 Nanosheets Induces Excellent Photocatalytic Activity for Cross-Coupling Reactions under 
Visible Light. Journal of the American Chemical Society 2017, 139 (41), 14767-14774. 
47. Hosseini-Sarvari, M.; Bazyar, Z., Visible Light Driven Photocatalytic Cross-Coupling Reactions 
on Nano Pd/ZnO Photocatalyst at Room-Temperature. ChemistrySelect 2018, 3 (6), 1898-1907. 
48. Huang, X.; Li, Y.; Chen, Y.; Zhou, H.; Duan, X.; Huang, Y., Plasmonic and catalytic AuPd 
nanowheels for the efficient conversion of light into chemical energy. Angewandte Chemie 
(International ed. in English) 2013, 52 (23), 6063-7. 
49. Trinh, T. T.; Sato, R.; Sakamoto, M.; Fujiyoshi, Y.; Haruta, M.; Kurata, H.; Teranishi, T., Visible 
to near-infrared plasmon-enhanced catalytic activity of Pd hexagonal nanoplates for the Suzuki 
coupling reaction. Nanoscale 2015, 7 (29), 12435-12444. 
50. Collins, G.; Davitt, F.; O’Dwyer, C.; Holmes, J. D., Comparing Thermal and Chemical Removal 
of Nanoparticle Stabilizing Ligands: Effect on Catalytic Activity and Stability. ACS Applied Nano 
Materials 2018, 1 (12), 7129-7138. 
51. Collins, G.; Rahme, K.; O'Connell, J.; Holmes, J. D., Embedding colloidal nanoparticles inside 
mesoporous silica using gas expanded liquids for high loading recyclable catalysts. Catalysis Science 
& Technology 2016, 6 (19), 7212-7219. 

52. Singh, A. K.; Xu, Q., Synergistic Catalysis over Bimetallic Alloy Nanoparticles. ChemCatChem 
2013, 5 (3), 652-676. 
53. McMullin, C. L.; Fey, N.; Harvey, J. N., Computed ligand effects on the oxidative addition of 
phenyl halides to phosphine supported palladium(0) catalysts. Dalton Transactions 2014, 43 (36), 
13545-13556. 

54. Kazuma, E.; Kim, Y., Mechanistic Studies of Plasmon Chemistry on Metal Catalysts. 
Angewandte Chemie International Edition 2019, 58 (15), 4800-4808. 
55. Verkaaik, M.; Grote, R.; Meulendijks, N.; Sastre, F.; Weckhuysen, B. M.; Buskens, P., Suzuki- 
Miyaura Cross-Coupling Using Plasmonic Pd-Decorated Au Nanorods as Catalyst: A Study on the 
Contribution of Laser Illumination. ChemCatChem 2019, 11 (19), 4974-4980. 
56. Sarhid, I.; Abdellah, I.; Martini, C.; Huc, V.; Dragoe, D.; Beaunier, P.; Lampre, I.; Remita, H., 
Plasmonic catalysis for the Suzuki–Miyaura cross-coupling reaction using palladium nanoflowers. 
New Journal of Chemistry 2019, 43 (11), 4349-4355. 



107 

 

 

57. Sun, D.; Zhang, G.; Huang, J.; Wang, H.; Li, Q., Plant-Mediated Fabrication and Surface 
Enhanced Raman Property of Flower-Like Au@Pd Nanoparticles. Materials 2014, 7 (2), 1360-1369. 
58. Kim, J.; Song, B.; Chung, I.; Park, J.; Yun, Y., High-performance Pt catalysts supported on 
amine-functionalized silica for enantioselective hydrogenation of α-keto ester. Journal of Catalysis 
2021, 396, 81-91. 
59. Hu, X.; Lin, X.; Zhao, H.; Chen, Z.; Yang, J.; Li, F.; Liu, C.; Tian, F., Surface Functionalization of 
Polyethersulfone Membrane with Quaternary Ammonium Salts for Contact-Active Antibacterial and 
Anti-Biofouling Properties. Materials (Basel) 2016, 9 (5), 376. 
60. Gao, M.; Yang, Y.; Guo, J., Revealing the Role of Chain Length of Ligands on Gold Nanoparticles 
Surface in the Process for Catalysis Reduction of 4-Nitrophenol. Catalysis Letters 2019, 149 (8), 2110-
2118. 



108 

 

 

4.6 Supporting Information 
 

 
 

Figure S1: Emission Spectra of LED light 
 
 

 

 

Figure S2: EDX of PdAu 10:1 NS’s. 
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Figure S3: XRD of Pd and PdAu 5:1 NS’s 
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Table S1: Reaction parameters 
 
 

Moles of Pd Moles of Au Moles of surfactant Moles of AA Temp (c) Time Results 

1.6x10-5 - 2.5x10-4 3x10-4 0°C 6h Nanoparticle 
formation 

1.6x10-5 - 5x10-4 3x10-4 0°C 6h Nanoparticle 
formation 

1.6x10-5 - 2.5x10-4 3x10-4 0°C 3h No reduction 

1.6x10-5 - 5x10-4 3x10-4 0°C 3h No reduction 

8x10-6 - 2.5x10-4 3x10-4 0°C 6h NS formation 

8x10-6 - 5x10-4 3x10-4 0°C 6h NS and NP 

8x10-6 - 2.5x10-4 3x10-4 0°C 3h NS and NP 

8x10-6 - 5x10-4 3x10-4 0°C 3h NS and NP 

1.6x10-5 - 2.5x10-4 6x10-4 0°C 6h No reduction 

8x10-6 - 2.5x10-4 6x10-4 0°C 6h No reduction 

1.33x10-5 2.66x10-6 2.5x10-4 3x10-4 0°C 6h Nanoparticle 
formation 

1.33x10-5 2.66x10-6 5x10-4 3x10-4 0°C 6h Nanoparticle 
formation 

1.33x10-5 2.66x10-6 2.5x10-4 3x10-4 0°C 3h NS and NP 

1.33x10-5 2.66x10-6 5x10-4 3x10-4 0°C 3h NS and NP 

6.65x10-6 1.35x10-6 5x10-4 3x10-4 0°C 6h NS and NP 

6.65x10-6 1.35x10-6 2.5x10-4 3x10-4 0°C 6h NS formation 

6.65x10-6 1.35x10-6 2.5x10-4 3x10-4 0°C 3h NS and NP 

6.65x10-6 1.35x10-6 5x10-4 3x10-4 0°C 3h NS and NP 
1.33x10-5 2.66x10-6 2.5x10-4 6x10-4 0°C 6h No reduction 

6.65x10-6 1.35x10-6 2.5x10-4 6x10-4 0°C 6h No reduction 

7.28 x10-6 7.2 x10-7 2.5x10-4 3x10-4 0°C 6h NS formation 

1.456x10-5 1.44x10-6 5x10-4 3x10-4 0°C 6h NS and NP 
1.456x10-5 1.44x10-6 2.5x10-4 3x10-4 0°C 3h NS and NP 
1.456x10-5 1.44x10-6 5x10-4 3x10-4 0°C 3h NS and NP 
1.456x10-5 1.44x10-6 2.5x10-4 6x10-4 0°C 6h No reduction 
1.456x10-5 1.44x10-6 2.5x10-4 6x10-4 0°C 6h No reduction 

8x10-6 - 2.5x10-4 3x10-4 35°C 6h No reduction 

6.65x10-6 1.35x10-6 5x10-4 3x10-4 35°C 6h No reduction 

1.456x10-5 1.44x10-6 2.5x10-4 3x10-4 0°C 6h No reduction 
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Figure S4: TEM image of PdAu 2:1 NS’s. 
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Figure S5: Survey scan of Pd NS, PdAu 5:1 NS and PdAu 10:1 NS with incomplete* and 

complete reduction. 
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Figure S6: FTIR of the surfactant C22-QA(Br-), Pd and PdAu nanosheets. 
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Table S2: Summary of literature reports of catalysts used for Suzuki cross coupling under conventional 
 

(thermal) and light driven catalysis. 
 

 

Catalyst 
 

Surface 
Ligand 

 

Reaction conditions 
 

% Yield 
 

Ref 

Conventional Suzuki Cross Coupling 
PdAu nanoflower PVP 80°C, 15 min, 0.3 wt% 93 % 1 

Pd Nanocube CTAB Room temperature, 30 min, 4 wt%, 95 % 2 

AuPd Nanoparticles N/A 30 °C, 6 h, 3 wt% 96 % 3 

Pd NP-TiO2  28 °C, 4 h, 5 wt% 93 % 4 

Pd nanoparticles PVA 60 °C, 30 min, 0.2 mol% 79 % 5 

Light-driven Suzuki Cross Coupling 

PdAu NPs on ZrO2  45°C, 24h , Visible light 80 % light 
10 % Dark 

6 

Pd NP on 2H-WS2 PVP RT, 3h, 60 W LED, 2.85 µg catalyst 90% 7 

Pd/ZnO  RT, 1.5 h, visible light 96 % Light 
Trace Dark 

8 

AuPd nanowheels  50 °C, 90 min, Xe lamp, 0.2 mg catalyst 100 % Light 
18 % dark 

9 

Pd hexagonal 
nanoplates 

PVP 25°C, 3 h, Xe lamp 
0.005 mmol catalyst loading 

90 % 10 

Pd/Au nanosheets C22-QA 0°C, 6h, Visible light, 0.2 mol% catalyst 
loading 

99% This 
work 
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Figure S7: NMR of 4-methoxybiphenyl from the Suzuki cross couple reaction. 
 
 
 

 
4-methoxybiphenyl: white solid, 1H NMR (300 MHz CDCl3) 

δ= 7.56-7.55 (m, 4H), 7.41 (t, J=7.35Hz, 1H), 6.99 (d, J=8.8 Hz, 2H), 3.85 (s, 3H) ppm all in 

agreement with literature reports. 
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Catalyst mol % °C Time % Conversion TON(a) TOF(h-1)(b) 
Pd Dark 0.1 25 2 h 0 0 0 

Pd LED 0.1 25 2h 10 100 50 
Pd Dark 0.2 25 2h 11 55 27.5 
Pd LED 0.2 25 2h 10 50 25 

PdAu Dark 0.1 25 2h 48 480 240 

PdAu LED 0.1 25 2h 58 580 240 
PdAu Dark 0.2 25 2h 36 180 90 

PdAu LED 0.2 25 2h 93 465 232.5 
 
 

Table S3: TOF for Pd and PdAu catalysts in the dark and under LED light at 0.1 and 0.2 mol% 

where (a) TON= moles of product x conversion/moles of Pd) and (b) TOF= TON/time (h) 
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Figure S8: TEM images of CO-assisted Pd/Au nanosheets 
 
 
 
 

 
 
 

Figure S9: (a)TEM image and (b) EDX line scan of PdAg NS. 
 

 
The CO-assisted methodology was successful for PdAg NSs. Supporting information, Figure S9 (a) 

shows a TEM image of PdAg NSs with a well-defined morphology and a mean length of 24 nm. It shows 

a single PdAg NS and alloy formation was confirmed by EDX analysis, as displayed in Figure 9 

(b), showing a homogenous distribution of Pd and Ag across the NS. 
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Figure S10: TEM images of nanosheets which were destroyed by chemically cleaned using 

NaBH4 

 

 
Figure S11: Size distribution profile of Pd NS with chain lengths (a) C8, (b) C12, (c) C16 and 

(d) C22 
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Abstract 

 
The development of efficient catalysts for the chemical recycling of PET is essential to tackling the 

global issue of plastic waste. Heterogeneous catalysts have the advantage of being easier to remove 

and reused in the reaction. In this work, we develop ligand assisted Fe2O3 nanoparticle (NP) catalysts 

supported on SiO2. The ligand-Fe2O3 NP catalyst achieve full PET conversions and high BHET yields 

(70%) compared to bare Fe2O3 NPs, Fe3+ ion immobilised catalyst and homogenous FeCl3 salts, with 

equivalent Fe loading. DFT calculations revealed the reactivity of the ion immobilised catalysts is 

strongly correlated to the ligand binding energy. DFT studies further showed that the products in the 

glycolysis reaction catalysed by the NP catalysts are stabilised showing a significant exergonic 

character compared to single ion immobilised Fe3+ ions. XPS analysis indicates charge transfer between 

the ligands and Fe2O3 NPs and the electron donating ability of N containing groups likely plays a role 

in the higher performance of the ligand-Fe2O3 catalysts. This work demonstrates the significant 

potential of tuning the electronic structure of heterogeneous catalyst for enhanced activity. 
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5.1 Introduction 
 

In recent years, research into developing pathways to convert plastic waste polymers into monomers 

or value-added products has grown exponentially with the key goal of achieving a circular economy in 

the polymer life cycle.1 Polyethylene terephthalate (PET) is a very useful polymer in our everyday life. 

It is a high-volume thermoplastic polyester and the reason for selecting recycling of PET in this work 

is because it has the largest market for textiles, packaging, high strength fibres, photographic films and 

most importantly for us bottles used for water/other beverages.2-3 However, it is also one of the largest 

components of the postconsumer plastics waste in landfills highlighting the need for effective recycling 

strategies for this polymer. This has gained huge interest for researchers to find low cost, and 

environmentally friendly way of degrading it to a useful monomer for other uses with the final goal of 

achieving a circular economy in the polymer life cycle.2, 4 There are a variety of methods of chemical 

recycling of plastic, these include, hydrolysis5-6, alcoholysis7-8 and glycolysis.3, 9 Glycolysis is the most 

effective method for recycling as it is low cost, mild reaction conditions and uses low volatility solvents. 

The process involves the transesterification reaction of PET with excess glycol, (usually ethylene glycol) 

to obtain bis-(hydroxyethyl) terephthalate (BHET).10 BHET can be repolymerised to PET and it is also 

used in the synthesis of unsaturated polyesters, rigid or flexible polyurethanes, and other fine 

chemicals.11 

The factors which can influence the outcome of the glycolysis reaction are temperature, time, catalyst 

loading, and PET:EG ratio. The degradation of PET is usually performed in the presence of a catalyst as 

the transformation of PET using any of the mentioned methods are very stagnant in the absence of 

catalysts.12-13 Homogenous catalysts such as metal salts14-16, metal oxides17-18 and ionic liquids.2, 12, 19 

are most commonly used, however, this leads to issues regarding catalyst recovery and recycling and 

contamination of the product. 

Numerous heterogeneous catalysts have been developed for PET glycolysis. Biomass derived 

heterogeneous catalysts have been prepared from waste orange peel ash,20 waste bamboo leaf ash 
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and calcium oxide based catalysts made from eggshells and seafood shells.21-22 Cobalt nanoparticles 

(3 nm) stabilised by tannic acid ligands showed high activity for PET glycolysis with 96% conversion 

and 77% BHET yield.23 Various metal oxides nanostructures have been reported as successful 

heterogeneous catalysts for depolymerising PET to BHET. Son et al.24 reported the use of their 

exfoliated manganese oxide nanosheets which were able to catalyse the glycolysis of PET leading to 

full conversion of PET and 100% yield of BHET at 0.01 wt % catalyst, at 200 °C after 30 min. Mo-doped 

ultrathin ZnO nanosheets were reported as excellent catalysts by Cao and co-workers25, for the 

depolymerisation reaction as it displays far superior yields of BHET than standard Zn catalysts which 

have been previously reported in literature. They report that undoped ZnO yields 54.7 % BHET which 

increases to 94.5 % when the ZnO was doped with Mo. The Mo atoms replace Zn atoms at defect sites 

forming Mo-Zn bonds, influencing the electronic structure of the catalyst and promoted electron 

transfer of the glycolysis reaction. Mesoporous SBA-15 catalysts doped with ZnO gave a 91% BHET 

yield, and the catalyst displayed good stability and high catalytic activity when recycled. Ion based 

heterogeneous catalysts such as metal organic frameworks (MOFs)26-27 and zeolites28 have also been 

reported as good catalysts for the depolymerisation reaction of PET due to their highly ordered 

structures, high surface areas and porosity.27 Yang et al.29 reported the use of metal azolate 

framework-6 catalyst (a sub class of MOFs) with a high density of zinc ion species immobilised on the 

surface achieving 92.4% conversion of PET and 81.7 % yield of BHET. Ionic liquids have become very 

topical in recent years especially in the glycolysis of PET. Wang et al.30 investigated the use of metal 

ions immobilised on polymer ionic liquids as a potential catalyst for the glycolysis of PET. By using the 

catalyst [[BVim]NTf2-Zn2+, the PET conversion was reported to be 95.4 % and they obtained 77.8 % 

BHET. 

It is evident from the literature that a wide variety for catalyst are effective for PET depolymerisation. 

The aim of this work is to find the optimum heterogeneous catalyst design for PET glycolysis with a 

particular focus on the immobilization of metal ion and nanoparticle-based catalysts. Surface 

modification of a catalyst support with organic linkers is a convenient strategy to immobilise transition 
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metal ions and can achieve high density of ions dispersed on the support material. The nature of the 

organic linker used to tether the ion can influence the steric and the electronic environment with the 

metal centre, which in turn can influence catalytic activity. 31 In this work metal ions were immobilised 

onto porous silica functionalised with different organic linkers, which are illustrated in scheme 1. The 

ion-based catalysts were then converted to NP catalysts either by calcination, which removed the 

organic ligands or by NaBH4-treatment (reduced) which preserves the ligand. Functionalisation of the 

SiO2 support enables the formation of well-dispersed small diameter Fe2O3 NP. The heterogeneous 

catalysts were evaluated for PET glycolysis to gain insight into how the immobilisation of the metal 

species and the organic ligands influenced catalytic performance. DFT calculations was used to 

correlate experimental observations. 

 
 

 
5.2 Experimental 

 
Chemicals 

 

Mesoporous cellular foam (MCF) was obtained from Glantreo. 3-aminopropylytrimethoxysilane 

(APTMS), 3-(2-aminoethyl-aminopropyl)trimethoxysilane (AEAPTMS), 2-pyridine carboxaldehyde, 

cyanuric chloride (CNC), N,N diisopropylethylamine (DIEA), sodium borohydride (NaBH4), iron (III) 

chloride (FeCl3.4H2O), ammonium hydroxide solution (30-33%), methanol, ethanol, toluene, 

acetonitrile, tetrahydrofuran and ethylene glycol were all purchased from Sigma Aldrich.  PET was 

obtained from waste water bottles after labels and lids being removed were cut into 1 mm x 1 mm 

pieces for glycolysis experiments. Repeating unit of 192.68 g mol−1 was used as the molecular weight 

of PET. 

Synthesis of surface modified mesoporous cellular foam SiO2. 
 

Synthesis of SiO2-NH2: 2 g of MCF SiO2 was placed in a round bottom flask along with 4 ml of 3-ATPMS 

and 75 ml toluene. The mixture was refluxed at 120 °C for 12 h under argon. Once reaction had 
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completed, the solid product (SiO2-NH2) was suction filtered and washed with ethanol before being 

dried at 60 °C. 

Synthesis of SiO2-NH2-SB: 1 g of the SiO2-NH2 prepared in the previous step, was placed in a round 

bottom flask along with 1.2 ml 2-pyridinecarboxaldehyde and 50 ml ethanol. The reaction mixture was 

refluxed at 60°C for 24 h. Once completed, the solid product (SiO2-NH-SB) was filtered and washed 

with ethanol before being dried at 60 °C. 

Synthesis of SiO2-NHNH2: 2 g of MCF SiO2 was placed in a round bottom flask along with 4 ml of 

AEAPTMS and 75 ml toluene. Mixture was refluxed at 120 °C for 12 h under argon. Once reaction had 

completed, the solid product (SiO2-NHNH2) was vacuum filtered and washed with ethanol before 

dried at 60 °C. 

Synthesis of SiO2-NHNH2 SB: 1 g SiO2-NHNH2 prepared in the previous step, was placed in a round 

bottom flask along with 1.2 ml 2-pyridinecarboxaldehyde and 50 ml ethanol. The reaction mixture was 

refluxed at 60 °C for 24 h. Once completed, solid product (SiO2-NHNH2 SB) was filtered and washed 

with ethanol before being dried at 60 °C. 

Synthesis of SiO2-Pincer 
 

1.4 g SiO2-NH2, 1.8 g cyanuric chloride (CNC), 1.8 ml DIEA and 40 ml THF were added to a round button 

flask. The reaction mixture was left to stir in an ice bath under argon for 8 h. The product SiO2-CNC 

was filtered off and washed with THF (5 x 20 ml) and dried overnight. In a three-neck round bottom 

flask, 1.5 g of the SiO2-CNC was dispersed in 30 ml dry acetonitrile, 2 g 2-aminopyridine and 2 ml DIEA 

were added and refluxed for 2 days. After completion, the solid product (SiO2-Pincer) was filtered off 

and washed with methanol (5 x 30 ml) and dried at 50 °C overnight. 

Fe ion immobilisation onto ligand modified SiO2 
 

Fe species were immobilised onto each of the functionalised SiO2 supports by stirring 2 g FeCl3.4H2O 

and 1 g of the ligand modified SiO2 with 50 ml H2O for 1 h. Once completed, 1 ml ammonium hydroxide 
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solution was added and pH of the solution adjusted from 2 to 12. The product was filtered off and 

washed with copious amounts of H2O. 

Synthesis of Fe2O3 NP on SiO2 
 

The Fe ion-based catalysts were converted into iron oxide nanoparticle catalysts by calcination 

or chemical reduction. Catalysts were annealed in a tube furnace at 450°C for 3 h in air. 

For the NaBH4-treated method, 0.5 g of the Fe-ion immobilised SiO2 were placed in a 50 ml beaker. A 

freshly prepared solution of NaBH4 (0.095g, 2.5 mmol) and 2 ml H2O was rapidly added under vigorous 

stirring, turning the catalyst from orange to brown-black. The solution was stirred for 1 h before 

filtering and washing with copious amounts of H2O. 

Glycolysis reaction of PET to BHET 
 

In a typical procedure, 1 g of PET, 0.1 g catalyst and 5 ml of ethylene glycol were refluxed at 190 °C for 

3 h. Once reaction was complete, 5 ml of ice-cold H2O was added to the reaction filtered off and dried. 

The catalyst was separated by filtration. The filtrate was placed in the fridge overnight after which the 

BHET crystallised out the solution. The BHET crystals were collected be filtration, washed with water 

and dried overnight before being weighed. During reaction optimisation, a number of reaction 

parameters were altered to understand their impact, such as temperature, time, catalyst loading and 

PET:EG ratio. The percentage PET conversion and isolated BHET yield calculated be the equations 

below. 

% Conversion of PET:  
𝑊0−𝑊1

𝑊0
 𝑥 100    eqn. 1 

 

Where W0 is the initial weight of the PET used and W1 is the weight of the unreacted PET after the 

reaction. 

 

% Yield of BHET: 
𝑊𝐵𝐻𝐸𝑇/𝑀𝐵𝐻𝐸𝑇

𝑊0/𝑀𝑃𝐸𝑇
 𝑥 100   eqn 2: 

 

Where, WBHET is weight of the BHET product after recrystallization, MBHET is the molecular weight of 

BHET, W0 is the initial weight of PET used and MPET is the repeating unit of PET. 
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NMR analysis confirmed that no formation of dimers or oligomers occurred and that BHET was the 

only product formed in the reaction. The 1H NMR spectrum of BHET can be seen in supplementary 

information Figure S1, where the four main peaks were a singlet at 8.12 ppm corresponding to an 

aromatic ring, an OH triplet at 5.01 ppm, CH2 triplet at 4.32 ppm and CH2 quartet at 3.77 ppm. Residual 

solvent d6-DMSO was located at 2.51 ppm. The results are in good agreement with literature values 

of BHET.32 

Materials Characterisation 
 

X-ray Photoelectron Spectroscopy (XPS) was acquired using a KRATOS AXIS 165 monochromatized X- 

ray photoelectron spectrometer equipped with an Al Kα (hv = 1486.6 eV) X-ray source. Spectra were 

collected at a take-off angle of 90 and all spectra were referenced to the C 1s peak at 284.8 eV. 

Transmission electron microscopy (TEM) analysis was performed using a JEOL 2100 electron 

microscope at an operating voltage of 200 kV and high-resolution TEM and energy-dispersive X-ray 

(EDX) analysis was carried out on an FEI Titan TEM, at an operating voltage of 300 kV.  Fourier 

transform infrared (FTIR) spectra were recorded on a Perkin Elmer Spectrum Two FT-IR Spectrometer 

operating in the range of 4000-450 cm-1 with a resolution of 4 cm-1 and spectra were averaged from 

20 scans. Nuclear magnetic resonance (NMR) samples were run in deuterated chloroform (CDCl3). 1H 

NMR spectra were recorded on Bruker Avance III 300 NMR spectrometers, in proton-coupled mode 

using tetramethysilane (TMS) as the internal standard. 

Density functional theory (DFT) simulations were carried out using the CP2K package. 33 The SiO2 

studied here has been computationally represented as a periodic amorphous silica (SiO2) surface. The 

surface selected showed a silanol density of 7.2 OH/nm2 assuring the maximum number of Si atoms 

available to be functionalized in the unit cell.34 In order to relax both geometry parameters and cell 

parameters, a cell optimization has been performed only with the SiO2 surface, dimensions of the 

optimized unit cell are 13.34 x 13.73 x 49.21 Å3. The following optimizations have been performed 

only relaxing the geometry parameters. Both cell and geometry optimizations of the periodic systems 
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were carried out with the CP2K package. The semi-local Perdew–Burke–Ernzerhof (PBEsol) functional 

was adopted35 combined with a double-ζ basis set (DZVP-MOLOPT-SR-GTH gaussian basis set) for all 

the atom types, together with the Grimme D3BJ correction term to the electronic energy, 36 and a 

cutoff set at 500 Ry for the plane wave auxiliary basis set. Core electrons were described with the 

Goedecker–Teter–Hutter pseudopotentials37 and valence ones with a mixed Gaussian and plane-wave 

(GPW) approach.38 Single point calculations have been performed to correct the energies considering 

solvation effect. Solvation has been calculated using the self-consistent continuum solvation (SCCS) 

model as implemented in CP2K, in order to reproduce experimental conditions water and ethylene 

glycol have been used as solvents.39 Binding energies (BE) have been then calculated considering basis- 

set superimposition errors (BSSE). In CP2K the interaction energy can be calculated defining 2 

fragments A and B, 

𝑬𝒊𝒏𝒕(𝒔) = 𝑬𝑨𝑩(𝒔) − (𝑬𝑨(𝒔) + 𝑬𝑩(𝒔))   Eqn. 3 

 
where Eint(s) is the interaction energy, E is energy, EAB is energy of the SiO2/metal structure, EA 

corresponds to the energy of silica, EB is energy of metal. All completed in a solvent. A corresponds to 

the SiO2 functionalized surface with the organic ligands and B the Fe+3 ion, all of them considering 

water as solvent. Finally, in order to elucidate the local minima and transition states, vibrational 

harmonic frequencies were calculated at the PBE-D3BJ/DZVP level using the finite differences method. 

A partial Hessian approach was used to reduce the computational cost of the calculations. Thus, the 

vibrational frequencies were calculated on the optimized geometries only for a fragment of the entire 

system, which included the metal centre and the organic ligands for the single atom (SA) Fe+3 

structures and, the nano-metal-cluster and the adsorbates for the FeO nanoparticle structures. 
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5.3 Results and discussion 

Catalyst design 

Silica is an excellent catalytic support material that allows the surface chemistry to be easily altered 

through surface functionalisation using silylation chemistry. Mesoporous cellular foam SiO2 is a three- 

dimensional (3D) connected pore structure and it was chosen as it has a relatively large pore diameter 

(100 nm) in comparison to other porous silicas. Scheme 1 (a) shows the synthesis pathways to 

prepare mesoporous SiO2 with five different capping ligands SiO2-NH2 (1), SiO2-NH2-SB (2), SiO2-

NH-NH2 (3), SiO2-NH-NH2-SB (4) and SiO2-pincer (5) (see Experimental section for reaction details). 

Scheme 1: (a) Synthesis pathways to prepare mesoporous SiO2 with five different capping ligands 

SiO2-NH2 (1); SiO2-NH2-SB(2); SiO2-NH-NH2(3), SiO2-NH-NH2-SB (4) and SiO2-pincer (5) and (b) the

catalysts preparation scheme 
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XPS was employed to verify successful functionalisation of the SiO2 support with each of the five 

ligands. After functionalisation, a N signal appeared in all the N 1s core levels as shown in Figure 1 (a) 

All catalysts displayed a dominant peak at a BE of 399 eV, attributed to the amine functional group 

and a shoulder peak at ~400-402 eV, attributed to protonated amines typically observed on modified 

SiO2.40 No N was detected in the bare SiO2. The O 1s core level, in Figure 1 (b) also confirms 

functionalisation with the BE of the bare silica centred at 533.75 eV is downshifted to 532.5 eV, 

associated with the loss of Si-OH groups after surface modification.41 The Si 2p core level, of bare SiO2, 

shown in the Supporting Information Figure S2, shows a single peak at 104.25 eV and after 

functionalisation, the Si 2p peak can be deconvoluted in several peaks associated with different Si 

environments. 

Figure 1: XPS analysis of the (a) N 1s spectra and (b) O 1s core level for bare silica, the functionalised 

SiO2 with -NH2, -NH2 SB, -NHNH2, -NHNH2 SB and pincer respectively 
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Figure 2: 13 C CPMAS of SiO2 with five different capping ligands SiO2-NH2 (1); SiO2-NH2-SB (2); SiO2-NH- 

NH2 (3), SiO2-NH-NH2-SB (4) and SiO2-pincer (5). 

Solid state NMR was used to further evaluate the surface chemistry of the modified SiO 2. Solid state 

cross-polarisation magic angle spinning carbon-13 nuclear magnetic resonance (CPMAS 13C NMR) of 

SiO2 functionalised with five different capping ligands; SiO2-NH2 (1); SiO2-NH2-SB (2); SiO2-NH-NH2 

(3), SiO2-NH-NH2-SB (4) and SiO2-pincer (5), are shown in Figure 2. The presence of the alkyl 

groups appearing in SiO2-NH2 (1) and SiO2-NH-NH2 (3) catalysts (from 60 to 10 ppm) confirms 

successful grafting of the NH2 and NH-NH2 ligands onto SiO2. The SiO2-NH2 SB (2) and SiO2-NH-NH2 SB 

(4) catalysts are prepared from catalysts 1 and 3 respectively, show the presence of aromatic peaks 

between 175-100 ppm confirming successful functionalisation with the Schiff base ligands. The alkyl 

groups were observed in the SiO2-pincer catalyst; however, aromatic groups were not detected. The 

absence of the aromatic groups could possibly be due to the low concentration as attachment of 

the pincer ligand occurs over two synthesis steps, therefore the concentration of the alkyl groups 

would be higher as that attachment occurs first, then the bulky aromatic rings are attached last. 
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The N 1s XPS spectra clearly indicates changes to the N environment, and an increase in the N:Si ratio. 

Detailed spectra 13C CPMAS spectra for each catalyst are found in the supplementary information 

Figure S3. 

After organic functionalisation, Fe ions were immobilised onto the SiO2 (see Experimental section for 

details). We chose iron as the metal catalyst as iron salts are effective for glycolysis of PET and have 

lower environmental impact compared to other effective metal ion catalysts such as Zn 2+. ICP-MS 

analysis was used to determine the Fe loading in each of the catalysts. Table S1 displays the 

quantitative results with the Fe loadings for each ligand, with the highest loading for the simple amine 

ligand SiO2-NH2 (4172.8 ppm) and lowest for the SiO2-pincer ligand (3904 ppm) which can be expected 

given the bulky nature of the ligand. 

The Fe ion immobilised catalysts were then converted to iron oxide nanoparticle catalysts by 

calcination at 450 °C, which removed the organic ligands on the SiO2 surface or with NaBH4 treatment 

(reduced) which persevered the organic ligands, as represented in scheme 1(b). XPS analysis of the NP 

catalyst were carried out to determine the chemical states of the iron oxide NP and assess the 

interaction of the ligand and the NPs. Figure 3(a) shows the Fe 2p spectrum for the SiO2-NH2-SB NP 

calcinated (C) and NaBH4 treatment (R) catalysts. The Fe 2p3/2 is located at a BE of 711 eV and is good 

agreement with that reported for Fe2O3.42 The Fe 2p3/2 also has a clear satellite peak at 718 eV, 

characteristic of Fe3+, further indicating Fe2O3. The Fe 3p shown in the supporting information Figure S4 

is fit to a single peak a BE of 55 eV, again indicating the presence of Fe3+ only. Magnetite (Fe3O4) does 

not have a satellite peak and the Fe 3p is usefully deconvoluted into the Fe3+ and Fe2+ species. Figure 3 

(b) shows the O 1s core level before Fe adsorption with a dominant peak at 532.6 eV associated with 

the SiO2. After NP formation an additional peak at a BE of 530.2 eV appears in the O 1s of both NP 

catalysts, which is in excellent agreement with the BE for Fe-O-Fe, consistent with the formation of 

NPs.43 The O 1s core level of the other NP catalysts, shown in the Supporting Information figure S5, 

display the same trend with the appearance of the Fe-O-Fe peak after NP formation. Figure 3(c) shows 

the N 1s core level of the SiO2-NH2-SB catalyst, with a dominant peak at a BE of 399 eV, attributed to 

the amine functional group and a shoulder peak at 401 eV, attributed to protonated amines, as 



133 

 

 

aminosilane protonation occurs from the support Si-OH.40 The peak intensity of the N 1s in the 

calcined catalyst decreases substantially, as excepted due to loss of the ligand but there are residual 

ligands present. The Si:N ratio estimate that ~85% of the ligands are removed. The N 1s peak of both 

the calcined and NaBH4-treated catalysts is upshifted to a BE of 339.8 eV, indicating charge transfer 

from the organic ligand to the Fe2O3 NPs. XPS analysis of the other catalysts also show the same trend 

with the N 1s core level shifting upward (see supporting information figure S6) 

 

 
Figure 3: XPS core level scans of Fe 2p, O 1s and N 1s for the SiO2-NH-SB and the corresponding Fe2O3 

NP catalysts prepared via calcination (C) and NaBH4-treated (R) methods. 
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Screening of catalysts 
 

The catalytic performance of all twenty catalysts for the glycolysis of PET was investigated under the 

same reaction conditions. Figure 4 (a-d) compares the catalytic performance of the ligand modified 

catalysts, the Fe ion-based catalysts, the NP-calcined catalysts, and the NP-reduced catalysts, 

respectively, showing the PET conversion and isolated yields of BHET. Interestingly, some of the ligand 

only catalysts display good PET conversion as shown in Figure 4(a). Good catalyst activity 

corresponded to the ligands with terminal primary amines i.e. the NH2 and NH-NH2 ligands, having a 

conversion of 61% and 75%, respectively. The activity is associated with the ligands being organic 

bases. The bare SiO2 support did not catalyse the reaction to any extent. 

 

 
Figure 4: % conversion of PET and % yield of BHET obtained from glycolysis reaction for the catalysts 

which are ligand only, ion immobilised, NP via calcination and NP via NaBH4 treated (reduced).
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Figure 4 (b) compares the catalytic results after Fe ion immobilisation. The PET conversion increased 

for Fe immobilised on the SiO2-NH2, and SiO2-NH2-SB, with conversions of 81 % and 84 %, respectively, 

which is expected due to the presence of Fe3+ ions. A notable conclusion from Figure 4(b) is the 

considerable difference in activity observed between the Fe ions immobilised onto SiO2 using the two 

Schiff base ligands. High conversion was observed for Fe ion immobilised using the SiO2-NH2–SB ligand 

(84%), however only a 10 % conversion was observed when using a SiO2-NH-NH2-SB ligand. The Fe 

loading on both catalysts is very similar indicating that the coordination chemistry of the iron on the 

surface modified SiO2 plays a crucial role in the observed catalytic behaviour. The Fe3+ ions immobilised 

using the pincer ligand did not catalyse the reaction to any extent, which was attributed to the tight 

binding the Fe ions to the ligand. 

Figure 4(c) and (d) show the PET conversion and isolated yields obtained using the NP catalysts 

obtained by calcination or NaBH4-treatment, respectively. Generally, the NP catalysts displayed similar 

or higher PET conversions and BHET yields compared to their ion-immobilised version, regardless of 

whether they were prepared by calcination or NaBH4-treatment, with exception of one catalyst: SiO2-

NH2. The conversion of PET decreased from 81% in the ion SiO2-Fe3+-NH2 catalyst to 45% when the 

catalyst was converted to NPs by calcination. However, when the catalyst was prepared by NaBH4 

treatment, a conversion of 90% was obtained. This trend is attributed to dual catalytic 

depolymerisation from the preservation of the amine ligands which are catalytically active in the 

reaction, as seen in Figure 4(a). All of the NP catalysts prepared by NaBH4 treatment were superior to 

catalysts prepared by calcination. We rationalised that the size of the NPs formed may differ depending 

on the nature of the ligand and whether a calcination or NaBH4-treated method was used, but this was 

not supported by TEM analysis. Figure 5 shows TEM analysis of the catalysts prepared by calcination 

and NaBH4-treatment, which also confirms the formation of small diameter (~1-2 nm) Fe2O3 NPs well 

dispersed throughout the SiO2 support. Due to the small size of the NPs and being embedded into the 

amorphous SiO2 support it was challenging to obtain accurate size distributions, however it is clear 

from the TEM analysis that the diameter of the NPs was similar for catalysts prepared by NaBH4 

treatment and calcination. Their similar NP size indicates that the higher activity of the NaBH4
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treated catalysts may be attributed to the presence of the organic ligand. Synergistics effects have 

been shown between metal salts and organic bases for PET glycolysis.44 However, several of the ligands 

used here are not bases, yet clearly have a beneficial impact on the catalytic performance. A recent 

report demonstrated that the addition of anisole to alkali metals salt catalysed PET glycolysis, 

facilitated a lower reaction temperature. DFT calculations suggested that the electron donating 

methoxy group in anisole transfers electron density to carbonyl O atom making it more nucleophilic 

and thereby susceptible to attack by metal ion species.45 The electron donating ability of N containing 

groups in the ligands may have a similar effect in aiding glycolysis. 

 

 
Figure 5: TEM images of Fe2O3 NPs supported on SiO2 prepared by (a) calcination and (b) chemical 
reduction. 

 

The catalytic evaluation highlights some important features on catalytic design in this system. The 

organic ligand used to bind the metal ion can significantly impact the catalytic performance as 

illustrated by the different reactivity behaviour. The metal oxide NP catalysts are in general superior 

to metal ion immobilised catalysts and the presence of both the organic ligand and metal oxide NP 

(i.e. catalysts prepared by NaBH4-treatment) gave the best performance. We used DFT to rationalise 

the observed catalytic trends. Firstly, to analyse the strength of the interaction between the iron ion 

and the functionalized surface, binding energies (BEs) have been calculated (see Experimental Section 

for details).
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We performed optimisations of the functionalised SiO2 surface in the presence of Fe3+ considering 

three possible spin states translated to three different multiplicities (M = 2, 4, 6), showing that the high-

spin M=6 is the ground state for the Fe+3 ion. Once the localized ground state for the Fe3 ion, had been 

determined binding energies have been calculated. The nature of the surface under study allows the 

SiO2 surface to be functionalised with up to three organic linkers in the same unit cell. Binding energies 

represented in Table 1 are for the different organic linkers containing one, two, or three ligands (1L, 

2L and 3L, respectively). 

The organic ligands present a similar trend, with BEs dramatically decreasing as fewer ligands are 

involved, meaning that the iron ion is trapped within a net of coordinating bonds between the organic 

ligands (see Figure 6). The two poorest performing catalysts, Fe3+ immobilised on SiO2-NH-NH2-SB and 

SiO2-pincer, had the highest binding energies as shown in Table 1, which effectively traps the ion in 

between the three sterically bulky organic ligands. For the SiO2-pincer catalyst, the Fe3+ is coordinated 

with six N groups of the three pyridine rings. For SiO2-NH-NH2-SB catalyst the Fe3+ is coordinated to 

the three imine and the three pyridinic N groups. For these ligands, Fe had the largest BEs with Fe3+ 

coordinated in an octahedral geometry, and so the metal centre is sterically blocked from reacting, 

giving poor performance as observed. In the SiO2-NH2-SB catalyst the Fe ion is coordinated between 

three pyridinic Ns and two imine groups but unlike the SiO2-NH-NH2-SB catalyst, the metal ion is not 

octahedrally coordinated, resulting in a slightly lower binding energy. This lower binding energy and 

coordination geometry results in a less sterically hindered Fe3+ centre likely explains the significantly 

better catalytic performance of the SiO2-NH2-SB catalyst (84% conversion) compared to SiO2-NH-NH2- 

SB catalyst (10% conversion). A high metal ion BE is also attributed to why the performance for the 

SiO2-NH-NH2 catalyst did not improve after Fe ion immobilisation. In this system, the ligand only 

catalyst demonstrated relatively good reactivity with 75% conversion. After Fe ion immobilization 

(loading 4043.3 ppm), there was no change in the PET conversion (73%). In this ligand system, Fe3+ is 

coordinated to six amine groups, combining three primary amines and three secondary amines, in an 

octahedral geometry. The high BE limits the participation of the Fe3+ in the reaction and furthermore, 
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the presence of Fe3+ also prevents the terminal amine groups from catalysing the reaction. This 

contrasts with the SiO2-NH2 catalyst where Fe3+ is coordinated only by three amine groups giving it a 

lower BE and so the PET conversion increased after Fe3+ immobilisation. 

 
 
 

Table 1: Binding energies (in kcal·mol-1) of Fe+3 ion coordination with the organic ligands in the solvent 

phase (water). 

 

Structure 1L 2L 3L 

SiO2-NH2 -1.66 -80.73 -143.30 

SiO2-NH-NH2 -123.83 -173.80 -258.27 

SiO2-NH2-SB -40.90 -172.47 -200.58 

SiO2-NH-NH2-SB -84.48 -227.11 -303.82 

SiO2-Pincer -132.54 -273.49 -290.01 

 

 

 
Figure 6: Representation of the optimized geometries for the different ligands coordinating the Fe+3 

ion. Colour scheme: grey (C), white (H), blue (N), orange (Fe), red (O) and beige (Si). 

The glycolysis reaction using the ion and NP catalysts were also modelled. The glycolysis of PET is the 

molecular degradation of the polymer by EG through a trans-esterification reaction where the ester 

linkage breaks and is replaced with hydroxyl groups. The reaction process starts with the coordination 

of PET to the metal centre by the oxygen of the carbonyl group of the ester. Since both ester groups 

are only separated by two -CH2 it is possible to face the coordination of both adjacent ester groups. 

The following step is the transesterification of the ester by the EG where the carbonyl carbon is 

attacked by the free electron pair present on the hydroxyl group of EG. This is followed by the binding 
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between the hydroxyl ethyl group of EG with the carbonyl carbon of PET, resulting in breaking the long 

polymer chain into two short oligomers. The subsequent glycolysis will break this oligomer forming 

the BHET product. 

The same mechanism for PET depolymerisation was modelled by constructing a molecular cluster that 

includes two repetitive units of the PET polymer (A) (See Figure 7(c)). The reaction was evaluated 

without a catalyst, and catalysed both by a single Fe+3 ion immobilised catalyst and the FeO NP catalyst 

in Figure 7 (a) and (b) respectively. In modelling the Fe+3 ion immobilised catalyst, it is important to 

consider the availability of the metal centre as the active site. Therefore, systems where the Fe+3 ion 

is fully coordinated or trapped between the most voluminous ligands will not perform well due to 

steric hindrance (e.g., SiO2-NHNH2-SB and SiO2-Pincer), as experimentally demonstrated. Therefore, 

the system selected to represent the single Fe+3 ion catalysts was the SiO2-NH2 catalyst (Figure 7). 

Although this is the system presenting the lowest BEs, it is the structure presenting the least steric 

impediments. To model the NP catalyst, in order to keep the model simple and affordable in terms of 

computational resources it has been modelled a FeO nanocluster adsorbed onto the amorphous SiO2 

seen in Figure 7 (b), obtained using the Bulk Cut Nanoparticle Model (BCN-M), a computational tool 

that automatically generates Wulff-like models for binary materials with controlled stoichiometry.46 

As shown in figure S7, PET fragment coordinates with the metal centre through the carbonyl group 

[Fe-O=C]. The trans-esterification reaction mechanism proposed here goes through one four-centred 

transition state (TSA-B) where the carbonyl carbon of the PET molecular cluster is attacked by the 

hydroxyl group of the EG subsequently forming the hydroxyl-carbonyl bond. 
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Figure 7: (a) Optimized geometry of the adsorbed PET molecular cluster over the Fe+3 ion. (b) Optimized 

geometry of the adsorbed PET over the FeO NP. Colour scheme: grey (C), white (H), blue (N), orange 

(Fe), red (O) and beige (Si). (c) Relative Gibbs energy profile at 190 °C (in kcal·mol-1) for PET glycolysis 

considering EG as a solvent, via uncatalyzed (blue colour), catalysed by a single atom Fe3+ (red colour) 

and catalysed by a FeO NP (purple colour). 

 
 

 
Figure 7 (c) depicts the potential energy surfaces (PES) for the reaction catalysed by single Fe3+ 

immobilised on SiO2-NH2 and the FeO NP catalyst. The PES show clear differences between the Fe ion 

and NP based catalysts structures under study. Energetic values show that the uncatalysed reaction 

not only goes through a higher barrier but also it presents and endergonic character and as expected, 

the activation energy is significantly reduced when performing the reaction with a catalyst. 

Interestingly, activation energies for both the Fe+3 and the FeO NP catalysts are similar (3.09 kcal mol- 

1 vs 1.35 kcal mol-1, respectively), however there is an important difference in the thermodynamics. 

Products in the reaction catalysed by the NP catalyst are stabilized showing a significant exergonic 

character. Therefore, when performing the glycolysis reaction catalysed by the NP based catalysts, it 

is enhanced not only kinetically as the activation energy is lower but also, thermodynamically. The 

increased exergonic character is the main difference between the single Fe3+ ion catalyst and the NP 
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system, due to stabilization of the products and so therefore the metal oxide NP catalyst show superior 

catalytic activity. The product (BHET) for each reaction is the same, the differences are the 

catalysts and their environments which is the reason for the energy differences.

Optimisation of reaction conditions 

Finally, we used the best performing catalyst as identified by the evaluation study i.e. the Fe2O3 NP 

catalysts prepared by NaBH4-treatment using the SiO2-NH2-SB and SiO2-pincer ligands, to further study 

the impact of reaction parameters such as temperature, time, catalyst loading and PET:EG ratio. Figure 

8(a) compares the effect of reaction temperature and catalyst concentration. The PET conversions 

increased with higher catalyst loading reaching full conversion at 100 mg. The optimal temperature 

of the reaction was found to be 190 °C, with PET conversions decreasing at lower temperatures. Figure 

8(b) shows the ratio of PET: EG was critical for the reaction with a ratio of 1:5 being optimal for full 

PET conversion. On decreasing the ratio to 1:3, there was insufficient EG to cover the PET for the 

reaction to proceed smoothly. Figure 8 (c) shows a reaction time series ranging from one to three 

hours of the heterogeneous catalysts compared with using a homogeneous FeCl3 catalyst. The 

reactions were carried out under the same conditions and iron loading. Both the heterogeneous 

catalysts display higher PET conversions compared to the homogeneous catalyst. It is clear that under 

these conditions the Fe2O3 NPs catalyst outperformed the ion-immobilised catalyst but also a 

homogenous catalyst of equivalent loading. This is attributed to the high dispersion of the NP on the 

SiO2 support and the presence of the organic ligand. An additional benefit of using a heterogeneous 

catalyst was the absence of the metal contamination in the BHET product, which was clearly evident 

in the isolated BHET using the homogeneous iron catalyst. Finally, the use of additives and colorants 

are commonly found in post-consumer plastic and their impact on catalyst performance is not always 

explored. The Fe2O3 NP catalyst was used to depolymerise black and green coloured PET as shown in 

Figure 8 (d), giving high PET conversions of 94 % for both black and green plastic showing that this 

catalyst can effectively be used for coloured plastic. 
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Figure 8: (a) Optimisation reactions and, (b) PET:EG ratio optimisation, (c) time series of FeCl3, Fe 

pincer NP reduced and Fe NH2 SB NP NaBH4-treated (reduced) (d) coloured plastic. 

5.4 Conclusions 

In conclusion, we investigated the catalyst design for the glycolysis of PET using heterogeneous 

mesoporous SiO2 catalysts. The SiO2 support was modified with a range of nitrogen containing ligands 

used for the immobilised of Fe ions. The Fe immobilised catalysts were then converted into Fe2O3 NPs 

via calcination or NaBH4-treatment (reduction) to find the optimum catalyst for the depolymerisation 

of PET to BHET. The NP based catalyst performed better than ion immobilised catalysts and that the 

presence of both the metal oxide NP and organic ligand display the best performance giving full PET 

conversion and high BHET yields, which was attributed to synergistic effects between the ligand and 

the NP. 
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This work also demonstrates the potential role of using organically modified SiO 2 supports for PET 

glycolysis without the presence of an active metal species. The SiO2 support functionalised with simple 

organic ligands, such as primary amines showed relatively good PET conversion (70 %). It was this 

observation that led to the motivation of the next results chapter which was to develop metal-free 

heterogeneous catalysts based on surface modification with highly basic organic ligands. 
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5.6 Supplementary information 
 

 

 
 

 
 
 
 
 

Figure S1: 1H NMR of the BHET product formed from the glycolysis of PET 

 
 
 

NMR analysis confirmed that no formation of dimers or oligomers occurred and that BHET was the 

only product formed in the reaction. The 1H NMR spectrum of BHET can be seen in figure 11, where 

the four main peaks were a singlet at 8.12 ppm corresponding to an aromatic ring, an OH triplet at 

5.01 ppm, CH2 triplet at 4.32 ppm and CH2 quartet at 3.77 ppm. Residual solvent d6-DMSO was located 

at 2.51 ppm. The results are in good agreement with literature values of BHET. 
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Figure S2: XPS analysis of the Si 2p core level for bare silica, the functionalised SiO2 with -NH2, -NH2 

SB, -NHNH2, -NHNH2 SB and pincer respectively 
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Figure S3: 13C CPMAS solid state NMR of each functionalised SiO2 catalyst. 

 
 
 

Table S1: ICP-MS results showing the Fe loading for each ion immobilised catalyst. 
 

 
Catalyst Fe Loading 

Fe NH2 4173 ppm 

Fe NH2SB 4981 ppm 

Fe NHNH2 4043 ppm 

Fe NHNH2 SB 3964 ppm 

Fe pincer 3904 ppm 
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Figure S4: Fe 3p spectrum of Pincer NP via NaBH4-treatment. 

Figure S5: O 1s core level spectra of ligand only and both calcined and NaBH4-treated (reduced) NP
 catalysts for SiO2-NH2, SiO2- NH-NH2, SiO2-NH-NH2 SB and SiO2-pincer ligands. 
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Figure S6: N 1s core level spectra of ligand only and both calcined and NaBH4-treated (reduced) NP 
catalysts for SiO2-NH2, SiO2- NH-NH2, SiO2-NH-NH2 SB and SiO2-pincer ligands. 

Figure S7: Proposed mechanism for the PET glycolysis reaction. 
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Metal free heterogeneous catalysts for 

chemical Degradation of PET and PLA 
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Abstract 

 
Chemical recycling is an important strategy to tackle the growing global problem of plastic waste 

pollution. The development of metal-free catalysts for depolymerisation of plastics is attractive as it 

avoids the use of metal salts which are potentially damaging to the environment. Here we report a 

metal-free heterogeneous catalyst for the glycolysis of polyethylene terephthalate (PET) to form the 

monomer bis(2-hydroxyethyl) terephthalate (BHET) and methanolysis of polylactic acid (PLA) to form 

methyl lactate (MeLa). The catalysts are based on covalent surface modification of mesoporous silica 

(SiO2) with guanidine ligands. The depolymerisation reactions were carried out under conventional 

thermal and microwave-assisted heating. Under thermal conditions the catalyst which gave the 

highest PET conversion in the shortest time was SiO2-DCD. The SiO2-DCD was also the best-performing 

catalyst under microwave conditions. We also observed that the role of the support material 

influenced catalyst performance under microwave conditions. For methanolysis of PLA, the SiO2-DCD 

catalyst gave the highest yield of MeLa. The work illustrates that surface-bound organocatalysts based 

on guanidine catalysts are versatile catalysts for plastic depolymerisation. 
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6.1 Introduction 

Plastics are ubiquitous to our everyday lives as it one of the most used materials around the world 

owing to their low cost, versatility, and ease of production.1 Their uses range from lifelong plastic 

materials for household appliances, building materials and electronics to the single use plastics such 

as shopping bags, straws, food packaging and water bottles.2 The main issues arising in these single 

use items as that there is such high demand as the production has already increased dramatically in 

the last 50 years from 15 to 311 million tons and is expected to double by 2035, this leads to a drastic 

increase in waste produced.3 Depending on the type of plastic, it can take anywhere from 20-500 

years to degrade, and this waste usually ends up in our landfills which it will inevitability not be able 

to withstand the increase waste over time. According to the Department of the Environment, Climate, 

and Communications4, 70% of all marine litter in the EU are found from the 10 most common single 

uses plastic items. The Irish Government have set obligations in a directive which will enforce PET 

plastic bottles (up to 3 litres in size) being banned from the Irish market from January 2025 unless the 

PET bottles contain a minimum of 25% recycled plastic. By January 2030, they must contain at least 

30% recycled plastic. In recent years, researchers have been developing pathways to convert plastic 

waste polymers into monomers or value-added products forming a circular economy in the polymer 

life cycle.5 

Polyethylene terephthalate (PET) is a thermoplastic polyester and used in wider ranging applications 

such as textiles, food packaging and water bottles.6 It is the most common polymer for single used 

plastics and a key contributor to the problem of post-consumer plastic waste. This polymer has been 

heavily researched in recent years to find an effective, environmentally friendly method to transform 

it to a useful monomer with the final goal of achieving a circular economy in the polymer life cycle 

rather than incineration which is harmful to the environment.7 Glycolysis is the most effective method 

for depolymerisation of PET to its monomer BHET as it can be achieved under mild conditions with a 

relatively low cost.8 9 The method involves a reaction between PET, excess ethylene glycol and a 

catalyst with the product BHET being obtained. The degradation occurs at relatively high temperature 
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(> 200 °C) in the absence of a catalyst but typically proceeds ~190°C in the presence of a catalyst. 10 

Zinc acetate is one of the most commonly used catalysts as it can achieve excellent conversions (> 

90%) of PET.11-12 A wide variety of catalyst are effective for PET glycolysis such as metal oxides13-14, 

metal salts11, 15, and organocatalysts.3, 9, 16-17 

Metal free catalysts are particularly attractive, as a green and sustainable alternative to metal based 

catalysts. It also avoids potential metal ion contamination in the end product. Guanidines have gained 

attention in catalysis as they are strong organic bases . Fukushima and co-workers18 reported the use 

of commercially available guanidine catalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as highly 

effective catalyst for the glycolysis of PET in the presence of ethylene glycol. PET was fully converted 

and an isolated yield of 78 % was obtained at 190 °C, 10 mol % catalyst, 1:5 ratio PET:EG after 325 min. 

For comparison, when the reaction was completed in the absence of TBD, PET was fully converted 

after 40 h at 190 °C. Le et al.19 reported the catalytic activity of TBD in a co-solvent assisted glycolysis 

reaction were 100 % conversion of PET and 82 % yield of BHET was achieved at 153 °C after 2 h. 

Chipurici et al.20 demonstrated a synthesis of heterogeneous catalysts with guanidine superbases 

chemically grafted on silica-coated Fe3O4 magnetic nanoparticles for microwave-assisted 

transesterification reaction of waste oil. They report that their three guanidine base catalysts 

performed well in the transesterification reactions yielding over 80 % fatty acid methyl ester. Fehér et 

al. 16 reported the novel synthesis of TBD supported on silica gel as an eco-friendly organocatalyst for 

PET glycolysis depolymerisation. They also tested three commercially available functionalised silicas 

for comparison with their newly designed catalyst in the same reaction. The Si-TBD catalyst had the 

highest catalytic activity achieving 100 % conversion of PET and 88 % yield of BHET. The optimal 

reaction conditions were 190 °C, 15.5 mol % catalyst, EG: PET molar ratio of 12.6, and 1.7 h reaction 

time. 

The use of microwave assisted glycolysis has seen a huge interest due to the significant reduction in 

reaction time and energy consumption, potentially improving the energy efficiency of the PET 
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glycolysis.21 The main advantage of microwave heating over existing conventional heating methods is, 

rapid heating rates and high temperatures, which is commonly known as “thermal effects”. This occurs 

through dielectric heating mechanism and can result in an increased reaction rates, product selectivity 

and increased yields over conventional thermal methods.22 Thermal effects in microwave assisted 

methods occur through hotspot generation, and selective species heating which is a unique 

characteristic of microwave-assisted heating. The most common catalysts reported for microwave 

assisted reaction glycolysis for the PET depolymerisation reaction are metal salts and metal oxides. 23 

Recently, there has been great interest in biodegradable plastics such as polylactic acid (PLA) as an 

alternative to fossil-fuel derived plastics material and the environmental issues regarding the waste 

from other plastic products. The PLA market has increased exponentially in recent years as the physical 

properties are similar to that of the current plastics PET, PP and HDPE and is able to be used as an 

alternative without having the waste disposal issues. While often branded as an eco-friendly 

biogradable plastic, PLA only degrades at an appreciable rate under specific conditions such as those 

generated in industrial composing facilities. In the natural environment, PLA persists for hundreds of 

years.24 Furthermore, designing a plastic to degrade in the environment affiliates with a linear plastics 

economy model and does not align to a circular model. Therefore, instead of disposing of PLA to 

composting sites, upcycling strategies are needed to enable a more sustainable use of the PLA. 

Methanolysis is a common method for the transformation from PLA to MeLa – which is a green 

solvent. There has been several reports of inorganic metal salts such as FeCl3 and ZnAc catalysts, 

however these salts are deemed environmentally damaging. Román-Ramírez et al.24 produced MeLa 

from chemical degradation of PLA using an ethylenediamine Zn(II) complex. They trialled three PLA 

sources during their study, including a cup, a toy, and a 3D printing material at 70, 90 and 110 °C. They 

report achieving high selectively and yields (>94%). Petrus and co workers25, synthesised multiple alkyl 

lactates using metal containing catalysts with temperatures ranging from 80 to 260 °C and they 

reported that a combination of high temperatures and pressure with excess alcohol leads to an 

increase in the lactate production and yield. 
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Previously, we reported metal NP based catalysts and through that study we were surprised to find 

SiO2 functionalised with simple amine ligands displayed relatively good PET conversion (~70%). 

Building on this, we aimed to develop more powerful organo heterogeneous catalysts. In this work, 

we prepare guanidine based heterogeneous catalysts by surface functionalised of SiO2 support. The 

catalyst were characterised by XPS, FTIR, TGA and BET and evaluated for conventional thermal and 

microwave assisted glycolysis of PET and methanolysis of PLA. The catalyst showed excellent activity 

for PET glycolysis with full PET conversion under both conventional thermal and microwave assisted 

heating. The catalysts were used in the methanolysis of PLA to MeLa under thermal and microwave 

heating with full conversions of PLA. Microwave assisted degradation of PLA was superior over thermal 

heating. DFT calculations was used to model the geometries of each of the ligands on the SiO2 surface 

and the reactivity of both the PET and PLA degradation reactions. 

6.2 Experimental 

Chemicals 

Mesoporous cellular foam (MCF) SiO2 was obtained from Glantreo. (APTES), N,N 

dicyclohexylcarbodimine (DCC), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 

dicyandiamide (DCD) , methanol, ethanol, toluene, tetrahydrofuran and ethylene glycol were all 

purchased from Sigma Aldrich. Commercial PET bottles were obtained from waste water bottles. 

Commercial PLA was obtain from Vegware lids. The plastics were cut into 1 mm x 1 mm pieces for 

glycolysis and methanolysis experiments. Repeating unit of 192.68 g/mol was used as the molecular 

weight of PET. 
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Synthesis of SiO2-DCG 
 

In a 100 ml round bottom flask, 2.1 g (10 mmol) N,N dicylcohexylcarbodimine (DCC) was dissolved in 

20 ml of dry toluene under argon. 2.1 ml of 3-aminopropyltriethoxylsilane (APTES) was added, and the 

reaction was refluxed at 100 °C for 24 h under Ar. Next 1 g of SiO2 was added and the reaction was left 

to reflux for a further 24 h. When the reaction had completed, the resulting mixture was filtered 

and washed with copious amounts of ethanol and the product, SiO2-DCG ((1,3-(dicyclohexyl) 2-(3- 

(triethoxysilyl)propyl) guanidine) was a solid powder dried at 60°C in an oven. 

Synthesis of SiO2-EDG 
 

In a 100 ml round bottom flask, 1.55 g (10 mmol) of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) was dissolved in 20 ml of dry toluene under Ar. 2.1 ml of APTES was added, and the reaction 

was refluxed at 100 °C for 24 h under argon. Next 1g of SiO2 was added and the reaction was left to 

refluxed for a further 24 h. When the reaction had completed, the resulting mixture was filtered and 

washed with copious amounts of ethanol and the product SiO2-EDG (1- ethyl, 3 (3-(3-dimethylamino 

propyl)) 2-(3-(triethoxysilyl)propyl) guanidine) was a solid powder was dried at 60 °C in an oven. 

 
 

 
Synthesis of SiO2-DCD 

 

In a 100 ml round bottom flask, 0.8408 g (10 mmoles) dicyandiamide (DCD) was dissolved in 20 ml of 

dry toluene under argon. 2.1 ml of APTES was added, and the reaction was refluxed at 100 °C for 24 h 

under argon. Next, 1 g of SiO2 was added and the reaction was left to refluxed for a further 24 h. When 

the reaction had completed, the resulting mixture was filtered and washed with copious amounts of 

ethanol and the product SiO2-DCD (imidocarbonimidic diamide- 2-(3-(triethoxysilyl)propyl) guanidine) 

was a solid powder was dried at 60 °C in an oven. 
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Thermal glycolysis of PET 
 

In a typical procedure, 1 g of PET, 0.1 g catalyst and 5 ml of ethylene glycol were refluxed at 190 °C for 

3 h. Once reaction was complete, 5 ml of ice-cold H2O was added to the reaction filtered off and dried. 

The catalyst was separated by filtration. The filtrate was placed in the fridge overnight after which the 

BHET crystallised out the solution. The BHET crystals were collected be filtration, washed with water 

and dried overnight before being weighed to calculate the % yield. PET conversion and yield were 

calculated be the equations below. 

Calculations 
 

% Conversion of PET:  
𝑊0−𝑊1

𝑊0
 𝑥 100    eqn. 1 

 

 

Where W0 is the initial weight of the PET used and W1 is the weight of the unreacted PET after the 

reaction. 

 
 

% Yield of BHET: 
𝑊𝐵𝐻𝐸𝑇/𝑀𝐵𝐻𝐸𝑇

𝑊0/𝑀𝑃𝐸𝑇
 𝑥 100   eqn. 2 

 

Where, WBHET is weight of the BHET product after recrystallisation, MBHET is the molecular 

weight of BHET, W0 is the initial weight of PET used and MPET is the repeating unit of PET 

Repeating unit of 192.68 g/mol was used as the molecular weight of PET. 

 
 

Methanolysis of PLA 
 

0.5 g PLA, 50 mg catalyst, 5 ml MeOH and 7.5 ml THF was placed in a 23 ml teflon vessel 

autoclave from Parr instrument Company and sealed tight. Autoclave was placed into oven at 130 °C 

for 20 h. Once reaction had completed, the resulting mixture was filtered and washed with excess 

MeOH, and the solvent was removed via rotary evaporation leaving the product MeLa. The unreacted 

plastic was collected from the filter paper and dried and weighed to calculate the PLA mass loss. 
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Microwave assisted glycolysis of PET 
 

1 g of PET, 0.1 g catalyst and 10 ml ethylene glycol were added to the Milestone Flexiwave SK-15 high 

pressure digestion rotors and the reactions were carried out at between 10-60 min ranging from 190- 

220 °C with a stir speed of 960 rpm, ramp time of 5 min and at 800 W. The recrystallisation step post- 

reaction was the same as for thermal glycolysis. 

Microwave assisted methanolysis of PLA 
 

0.5 g PLA, 50 mg catalyst, and a ratio of 2:3 methanol:THF were added to Teflon tubes and reaction 

takes place in the flexiwave microwave at 130°C with a ramp time of 5 min for times ranging from 10-

60 min and at 800 W. 

Optimsation reactions 
 

For the degradation of PET and PLA under both thermal and microwave assisted heating methods, a 

number of reaction parameters were altered, these include, time, temperature, catalyst loading, ratio 

of plastic to solvent and stir speed. 

Calculations 

 

% Conversion of PLA:  
𝑊0−𝑊1

𝑊0
 𝑥 100   eqn 3: 

 
Where W0 is the initial weight of the PLA used and W1 is the weight of the unreacted PLA after the 

reaction. 
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Materials Characterisation 

X-ray Photoelectron Spectroscopy (XPS) was acquired using a KRATOS AXIS 165 monochromatized X- 

ray photoelectron spectrometer equipped with an Al Kα (hv = 1486.6 eV) X-ray source. Spectra were 

collected at a take-off angle of 90 and all spectra were referenced to the C 1s peak at 284.8 eV. 

Transmission electron microscopy (TEM) analysis was performed using a JEOL 2100 electron 

microscope at an operating voltage of 200 kV and high-resolution TEM and energy-dispersive X-ray 

(EDX) analysis was carried out on an FEI Titan TEM, at an operating voltage of 300 kV.  Fourier 

transform infrared (FTIR) spectra were recorded on a Perkin Elmer Spectrum Two FT-IR Spectrometer 

operating in the range of 4000-450 cm-1 with a resolution of 4 cm-1 and spectra were averaged from 

20 scans. Nuclear magnetic resonance (NMR) samples were run in deuterated chloroform (CDCl3). 1H 

NMR spectra were recorded on Bruker Avance III 300 NMR spectrometers, in proton-coupled mode 

using tetramethylsilane (TMS) as the internal standard. Microwave reactions were performed in 

Teflon vessels in a milestone Flexiwave microwave synthesis platform with a SK-15 high pressure rotor 

equipped with an IR temperature sensor. 
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6.3 Results and discussion 
 

The use of porous SiO2 as a support enables surface modification via functionalisation with organic 

ligands. The aim of this work was to synthesise mesoporous SiO2 with three different guanidine 

capping ligands, DCG, EDG and DCD. All catalysts were synthesised in a one pot method which is 

advantageous. The structure of each catalyst can be seen in figure 1. 

 

 

Figure 1: Modified SiO2 with three different capping ligands 1) SiO2-DCG, 2) SiO2-EDG and 3) SiO2-DCD 
 

XPS was employed to verify successful functionalisation of the guanidine ligands to the SiO2 support. 

O 1s core level scans for each functionalised SiO2 catalyst is shown in Figure 2(a). O 1s core level scans 

indicate functionalisation with the binding energy (BE) of the bare silica centred at 533.8 eV is 

downshifted to 532 eV, associated with the loss of Si-OH groups due to covalent modification of the 

surface.26 Attachment of the ligands is also indicated by the appearance of a N 1s signal, as shown in 

Figure 2 (b). No N was detected in the bare SiO2. The N 1 s of the three catalysts revealed the presence 

of a dominant peak at 400.2, 400.2 and 399.78 eV, for SiO2-DCG, EDG and DCD catalysts, respectively, 

which is characteristic of amine species27. A small shoulder peak is observed at a higher BE assigned 
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to protonated N species. The Si:N ratio for the SiO2-DCD catalyst was greater than the DCG and EDG 

catalysts, which was expected as it has the most nitrogen environments. 

 

 

 
Figure 2: XPS analysis of core level scans (a) O 1s, (b) N1s and (c) Si 2p for SiO2, SiO2-DCG, SiO2-EDG 

and SiO2-DCD. 

Si 2p core level scans are seen in figure 2(c). Si 2p of bare SiO2 shows a single peak at 104.2 eV and 

after functionalisation, the Si 2p peak downshifts to 103.3 eV which is indicative of successful grafting 

of the guanidine ligands to the SiO2 support through reaction with the surface Si-OH groups. Survey 

scans for bare SiO2, SiO2-DCG, SiO2-EDG and SiO2-DCD are seen in Figure S1. 

TEM analysis of the guanidine catalyst, shown in Figure 3(a) confirmed the morphology of the SiO2 

was not affected by the functionalisation procedure. FTIR was employed to investigate the surface of 

the modified SiO2, as seen in Figure 3(b). Post functionalisation, there is a decrease in the peak 

intensity for the Si-OH bond around 955 cm-1 for each of the SiO2 guanidine catalysts, indicative of 

successful grafting of the guanidine ligands to the SiO2 support.28 
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Figure 3: (a) TEM of SiO2 post functionalisation and (b) FTIR spectra of bare SiO2 and each SiO2 

functionalised by different guanidine. 

TGA analysis was used to assess the thermal stability of each of the SiO2 guanidine catalysts and to 

reveal the amount of organics that was present after functionalisation. The profile of the bare SiO2 is 

substantially different from the functionalised catalysts. This can be seen in Figure S2, where the initial 

weight loss observed in all the guanidine grafted SiO2 is attributed to water and residual solvent 

molecules on the surface. The second weight-loss step can be assigned to the release of the 

organosilanes and the guanidine derivatives from the silica surface. The weight loss step for each 

catalyst begins after 200 °C which suggest the chemical attachment of the organosilanes to the surface 

of the SiO2. The EDG and DCD catalysts have a slightly higher thermal stability, with mass loss not 

occurring until ~250 °C, compared to the DCG ligand where mass loss starts to occur ~220°C. At 300 

°C the mass loss for DCG was ~21% while both DCD and EDG catalysts obtained a mass loss of ~13%. 
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Screening of catalysts-thermal vs microwave irradiation 
 

The catalytic performance of the three SiO2 supported guanidine catalysts was investigated for the 

depolymerisation of PET to BHET under conventional thermal and microwave assisted glycolysis. 

Figure 4(a) compares the PET conversion and isolated BHET yields obtained from each catalyst under 

thermal conditions at 190°C for 3 h and 100 mg catalyst. It’s worth noting that bare SiO2 did not 

catalyse the reaction to any extent. 

 

 
Figure 4: (a) DCG, EDG and DCD modified SiO2 catalysts for the depolymerisation of PET to BHET under 

conventional thermal heating reaction, and time series for the thermal reactions using (b) SiO2-DCG, 

(c) SiO2-EDG and (d) SiO2-DCD catalysts. 
 

The SiO2-DCD catalyst displayed the best catalytic activity giving full PET conversion and isolated yield 

of BHET was 70%. 1H NMR of the isolated BHET can be found in Figure S3. Analysis of the filtrate after 

recrystallisation revealed residual BHET in the solution but no dimers were detected by NMR.  The 

reason for SiO2-DCD being the best performing catalyst could be due to the structure having more 
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nitrogen environments as it has been reported in the literature that amine rich ligands are known for 

increasing the catalytic activity.29 The SiO2-DCG catalyst also displayed good performance, giving a 93% 

conversion of PET. The SiO2-EDG catalyst displayed the lowest activity with only 52% conversion of PET 

obtained after 3 h. The low performance of the EDG ligand is likely attributed bulky 3-(3- 

dimethylaminopropyl) group in the unsymmetrical guanidine, implying that steric effects play an 

important role in the activity of the heterogeneous catalysts. Figure 4(b-d) shows reaction time series 

for PET conversion and BHET yield obtained for each catalyst from 0-4 h. The SiO2-DCG and SiO2-DCD 

display similar reaction profiles with as at 3 h both catalysts obtained 100% PET conversions and 

isolated BHET yield of ~70%. At longer reaction times the BHET yield decreased, which is indicative of 

dimerization as mechanistically the glycolysis reaction undergoes an equilibrium reaction between the 

monomer and dimers which in turn lowers the yield of BHET.30 In contrast, the sluggish behaviour of 

the EDG ligand is clear from the time series with only 16% conversion at 2 h but this increases to 52% 

at 3h. 

Microwave assisted glycolysis has become popular due to the enhanced reaction rates, higher yields 

and increased energy efficiency compared to conventional thermal heating .31 An optimisation study 

of the reaction parameter for microwave assisted glycolysis was performed, as shown in in Table 1. 

The optimal conditions under standard thermal depolymerisation were reactions using 0.1 g catalyst 

and a PET:EG ratio of 1:10, at 190 °C was the optimal reaction temperature of 190 °C. Under 

microwave irradiation, it was found that increasing the temperature greatly increased PET conversion 

while lowering reaction times (30 min). Each of the catalysts performed best at 210 °C. Sufficient 

agitation of the reaction mixture by using a high stirring speed was important to containing high PET 

conversion using heterogeneous catalyst. Reactions carried out using the SiO2-DCD catalyst, at a 

stirring rate of 250 rpm gave 85% PET conversion, while 100% conversion was achieved using a stir 

speed of 960 rpm. It was found that the optimum reaction conditions were 210°C, 30 min, 960 rpm, 

100 mg catalyst and 1:10 PET:EG ratio. 
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Figure 5 (a) compares the catalytic performance of the three catalysts in microwave assisted glycolysis 

of PET performed at 30 min. The catalyst reactivity trend observed under microwave assisted glycolysis 

was different to conventional thermal glycolysis. Similar to conventional thermal glycolysis, the SiO2-

DCD was the best performing catalyst and the time to achieve full PET conversion was sign ificantly 

reduced from 3 h to 30 min, attributed to the microwave heating effect. The SiO2-EDG catalyst also 

performed well, with 85 % PET conversion and lastly SiO2-DCG had the lowest catalytic activity under 

microwave conditions converting only 50% PET. TGA analysis showed that the SiO2-DCG ligand had the 

lowest thermal stability, and this may contribution to the poor performance of this ligand under 

microwave conditions. 

 

 

Table 1: Optimisation of reaction parameters for microwave assisted glycolysis using SiO2-DCG, SiO2- 

EDG and SiO2-DCD catalysts. 
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Figure 5: (a) DCG, EDG and DCD modified SiO2 catalysts for the depolymerisation of PET to BHET 30 

min microwave reaction, and time series for the microwave reactions using (b) SiO2-DCG, (c) SiO2-EDG 

and (d) SiO2-DCD catalysts. 

Figure 5 (b-d) shows the reaction time of the catalysts from 0-40 min for the SiO2-DCG, SiO2-EDG and 

SiO2-DCD catalysts, respectively. Reaction conversions for each catalyst sharply increased between 20 

and 30 min. The SiO2-DCD and SiO2-EDG catalysts had similar reaction profiles under microwave 

conditions and the SiO2-DCG catalyst showed slower PET conversion. As it was observed, there seemed 

to be an induction period for the SiO2-EDG, and this is similar to how the catalyst performed thermally 

and it was suggested that it was due to the thermal stability that was seen in the TGA analysis. Overall, 

it is interesting that the catalysts perform differently depending on the method used for the glycolysis 

reaction and that these metal free catalysts are effective in both thermal and microwave assisted 

methods. 

The need for a higher temperature under microwave assisted heating may be attributed to support 

material. The best microwave-responsive catalysts are ideally those that can absorbed microwave 
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irradiation. While SiO2 is a microwave absorber, carbon-based catalysts have been widely used in 

microwave assisted reaction such as biomass conversion, phenol oxidation NOx reduction.32 We 

grafted the poorest performing guanidine ligand, DCG on acid-treated activated carbon and evaluated 

the performance under the same reaction conditions. The performance of the DCG ligand increased 

the conversions from (50 %) on SiO2 support to 100% PET conversion on activated carbon. This result 

demonstrates the important role of the support material on the catalytic behaviour of heterogeneous 

catalysts for microwave assisted glycolysis. 

 
 

 
We next explored the application of the heterogeneous guanidine catalysts for methanolysis of PLA. 

Typical catalysts for this reaction are homogeneous metal complexes and as our metal free SiO 2- 

guanidine catalysts demonstrated good catalytic behaviour for PET glycolysis, we were interested in a 

proof of concept for the versatility of the catalysts in this reaction. The transesterification of 

commercial grade PLA from waste coffee lids to MeLa was assessed under both thermal and 

microwave assisted heating. The reaction scheme for depolymerisation of PLA to MeLa can be seen in 

figure 6, where methanol and tetrahydrofuran are used as the protic source and solvent respectively. 

Mechanistically, there is an equilibrium between the formation of the MeLa product and the 

oligomers. There have been a number of reports in literature, where they obtain full conversion of 

PLA and their product is a mix of the internal PLA methine, chain end methine oligomers and MeLa, 

which can be monitored by NMR. Typically, the methanolysis of PLA to MeLa is carried out in a 

pressurised vessel at 120°C with reaction times reported up to 3 days.24, 33-34 As far we are aware, 

there are no reports for metal-free heterogeneous catalyst for PLA methanolysis. 

Initially, an optimisation study was performed thermally to find the best reaction conditions. This 

included altering the solvent ratios of MeOH:THF, catalyst loading, time, temperature, stir speed and 

heating methods (including refluxing, sealed vessels in sand bath/oil bath and autoclave). These can 

be seen in the table S1. The role of the THF is to increase the solubility of the PLA and reaction did not 
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proceed in the absence of THF. The depolymerisation was carried out under standard reflux conditions 

but resulted in low PLA conversions which was attributed to the low boiling points of MeOH and THF. 

Therefore, sealed glass vessels were used to achieve higher temperatures for the reaction. Lamberti 

et al.35 reported the mechanism is a two-step reversible reaction that the PLA chains quickly converted 

to chain end oligomers which then slowly forms the product MeLa. During the optimisation process, it 

was observed that as the reaction proceeded, the % of internal oligomers decreased as the polymer 

chains were broken up, producing more chain end oligomers and subsequently the MeLa monomer. 

Reactions with a higher yield of MeLa had a much lower % of internal oligomers and a higher % of 

chain end as the depolymerisation process had proceeded further. This can be observed with the NMR 

analysis used the evaluate the product distribution as shown in Figure 6. The 1H NMR of the products 

matched previously reported values well. These are Internal (Int) methine (5.09–5.21 ppm), chain end 

methine (CE) (4.30–4.39 ppm/5.09–5.21 ppm), and MeLa (4.23–4.29 ppm).24 This shows the 

equilibrium of the MeLa product and the intermediate oligomers. Using the sealed gas vessels,  with 

reaction conditions of 130 °C, 3 h, 250 rpm and 2:3 ratio of MeOH:THF, full conversion of PLA was 

achieved with yield of MeLa and both chain end and internal methine oligomers being 17, 54, 29%, 

respectively. Román-Ramírez and co-workers,24 achieved similar MeLa yield using a Zn catalyst under 

thermal conditions. The presence of the equilibrium reaction between the oligomers and MeLa, limits 

the yield of MeLa is to ~30 %. Removing the MeLa as it is formed can shift the reaction equilibrium 

and increase the yield. There have also been reports of using an autoclave to perform the degradation 

of PLA to MeLa, where the higher pressure can also increase MeLa yield.24, 35. Carrying out the reaction 

in an autoclave it was possible to get full conversion of PLA and a 42% yield of MeLa. The product 

distribution of MeLa, chain end oligomers and internal methine oligomers was 42, 54, and 4%, 

respectively with reaction conditions of 130°C, 0.05 g SiO2-DCD, 2:3 MeOH:THF and 72 h. The higher 

MeLa yields and minimal internal methine oligomers demonstrate the beneficial impact of the high 

pressure in the autoclave reactor. Figure 6 shows stacked 1H NMR spectra for the products 
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formed under the reactions conditions of (a) 4 h reaction using a sealed vessel, (b) 20 h using an 

autoclave and (c) 72 h reaction using an autoclave. 

The reaction was also evaluated under microwave irradiation conditions and similar to the thermal 

reactions, the equilibrium between the intermediate oligomers and MeLa observed. Polylatic acid 

(PLA) was fully converted yielding 30, 62, 8%, MeLa, chain end and, respectively. The significant 

advantage of the microwave was the shorter reaction time as similar PLA mass loss and yields of MeLa 

were observed in 30 min. In contrast, the autoclave reaction required 20-72 h for comparable 

yields which makes microwave assisted methods more attractive. 
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Figure 6: 1H NMR stacked spectra of the products obtained from the methanolysis of PLA to MeLa for 

 
(a) sealed vessel reaction at 4 h, (b) 20 h reaction in an autoclave and (c) 72 h autoclave reaction. Each 

reaction was performed at 130°C with 0.05g catalyst loading. 
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The 1H NMR of commercial MeLa the product formed from microwave reactions can be found in Figure 

S4 along with the optimisation results in table S2. PLA has been fully converted in both thermal and 

microwave assisted methods, but the microwave assisted method is more favourable. It has been 

reported in literature for increased yields of MeLa to be achieved the reaction must take place at 

higher temperatures/pressures, but our results are comparable to the yields reported using metal- 

based catalysts and this proves that these metal free guanidine catalysts have versatility as efficient 

catalysts for both the depolymerisation of PET and PLA. 

6.4 Conclusions 

SiO2 was functionalised with different guanidine ligands for the study of heterogeneous metal free 

catalysts for the depolymerisation of PET to BHET monomer. The three catalysts displayed good 

catalytic activity with high PET conversions under both thermal and microwave assisted methods. The 

SiO2-DCD catalyst performed best, and this is likely due to its nitrogen rich environment. To assess the 

versatility of our guanidine catalysts, we trialled them in a methanolysis of PLA to MeLa. 100 % 

conversion of PLA was achieved under both thermal and with microwave irradiation. The equilibrium 

between the internal and chain end oligomers was found to be challenging without the use of higher- 

pressure systems but overall it was possible to convert 100% PLA under both thermal and with 

microwave irradiation which proves that these guanidine based heterogeneous catalysts are effective 

for both recyclability of PET and PLA to high quality monomers. 
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6.6 Supporting Information 

Figure S1: XPS Survey scan for bare SiO2, SiO2-DCG, SiO2-EDG and SiO2-DCD. 
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Figure S2: Thermogravimetric analysis of bare SiO2, SiO2-DCG, SiO2-EDG and SiO2-DCD. 
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Figure S3: 1H NMR of the product BHET 
 

NMR analysis confirmed that no formation of dimers or oligomers occurred and that BHET was the 

only product formed in the reaction. The 1H NMR spectrum of BHET can be seen in figure 11, where 

the four main peaks were a singlet at 8.12 ppm corresponding to an aromatic ring, an OH triplet at 

5.01 ppm, CH2 triplet at 4.32 ppm and CH2 quartet at 3.77 ppm. Residual solvent d6-DMSO was 

located at 2.51 ppm. The results are in good agreement with literature values of BHET. 
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Table S1: Reaction optimisation of methanolysis of PLA under thermal conditions 
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Figure S4: 1H NMR of the product from the PLA degradation microwave reaction 
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Table S2: Reaction optimisation of methanolysis of PLA under microwave irradiation. 
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Chapter 7 

Conclusions 



182 

Conclusions 

This thesis work highlights the need for optimal catalyst design for a range of applications in 

heterogeneous catalysis in terms of size, morphology, surface capping ligands and the role of the 

support material. 

The aim for chapter 3 was to develop support-free polymer stabilised NPs for the application in 

pharmaceutical synthesis. This work highlighted the importance of choosing the correct capping ligand 

to stabilise NPs which was proven to be essential for achieving good catalytic activity in an organic 

transformation. Pd NPs stabilised by different stabilising ligands such as long chain thiols and amines 

and a variety of polymers were synthesised and evaluated as colloidal support- free heterogeneous 

catalyst for organic synthesis. The catalytic activity of the Pd NPs were examined for reductive 

amination a key industrial reaction in pharmaceutical synthesis. After each of the catalysts were 

screened, it was observed that the best performing stabiliser was PVP, giving a high yield of the desired 

amine with the least amount of undesired side product formation. The interaction between PVP 

molecules and the Pd metal surface has been a topic of controversy in the literature as some report 

that the PVP binds through the carbonyl O while others report that it occurs through the N atom. 

Materials characterisation methods such as XPS and FTIR were used access this interaction between 

PVP and the metal surface. It was revealed that the presence of PVP ligands at the NP surface gives 

rise to combination of steric and electronic effects and it was shown that electron donation from the 

PVP carbonyl group to the Pd NP occurred. The Pd-PVP NPs showed excellent applicability for 

reductive amination with varying side groups. It was also found that the Pd NPs were also successfully 

applied to pharmaceutically relevant compounds, Adaphostin and Laptinib, obtained in excellent 

yields. This work successfully demonstrated that the use of the polymer stabilised NPs were excellent 

candidates for hydrogenation catalysis. This work has future potential in flow synthesis.

Chapter 4 reports a new one pot synthesis of alloy PdAu nanosheets using a surfactant assisted soft 

template. The understanding of the formation mechanism of the nanosheets was an important 

feature of this work and this was investigated using a combination of characterisation techniques 
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such as, TEM, EDX and XPS analysis. It was found that the growth mechanism of the nanosheets

was initiated from the production of Au NP seeds dispersed within a soft surfactant template. The 

NP seeds then grew into 2D PdAu nanosheets and because of the fast reduction of the Au precursor 

the edges of the nanosheets. This mechanism accounts for the observed EDX mapping analysis 

which showed that there was Pd- rich regions located around the NS edges, and after the Au 

precursor has been consumed, continued growth of the NS produced Pd-rich domains as identified 

by EDX. The alloy nanosheets showed enhanced catalyst activity under visible light for Suzuki 

cross coupling reaction. The bimetallic nanosheets display better activity compared to the 

monometallic nanosheets both in the dark and under light irradiation which was attributed to 

synergistic alloy effects of electron donation from Au to Pd as suggested by XPS. The excellent 

catalytic activity of the nanosheets was associated with the presence of weakly co-ordinating 

amine ligands from the surfactant at the surface. To gain further insight into the role of ligands 

in light assisted catalysis, nanosheets with a similar 2D morphology but different surface 

capping ligands were also synthesised and evaluated in the Suzuki reaction. The CO- assisted 

NS were found to be heavily passivated displaying poor reactivity. Both the surfactant- assisted and 

CO-assisted NSs showed the same trend with the bimetallic NSs displaying better lighter 

enhancement compared to monometallic Pd NS. This work highlights the importance of considering 

the catalyst surface chemistry in addition to catalyst morphology for light enhanced reactions. It is 

the first studying combining two-dimensional (2D) metal catalyst and plasmonic photocatalysis. 

Catalysts using visible light energy to drive chemical reactions have great potential for green 

synthesis.

Chapter 5 demonstrates the need for the development of efficient catalysts for the chemical recycling 

of PET to help tackling the global issue of plastic waste. The design the optimum heterogeneous 

catalyst for the depolymerisation of PET to more value-added monomer, BHET was the motivation for 

this work. Porous SiO2 was functionalised by a range of different organic ligands using to immobilise 

the active Lewis acid catalyst. The ion immobilised catalysts were converted into Fe2O3 NP catalysts 

by calcination or NaBH4-treatment to produced ~1-2 nm size NP embedded into the SiO2 support. In 

total 20 catalysts were synthesised and further characterised by TEM, XPS, solid 
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state NMR along with DFT calculations. The NP catalysts were superior to the ion immobilised 

catalysts in the glycolysis reaction giving full PET conversion and high BHET yields. This was found to

be due to the presence of both the Fe2O3 NP and organic ligand, due to the synergistic effects 

between the ligand and the NP which has been nicely shown through the combination of material 

chemistry, solid state NMR and DFT calculations.  

The good catalytic activity of the organic ligand-based catalysts in Chapter 5 led to the motivation 

and aim for chapter 6, which was to synthesise metal-free heterogeneous using guanidine ligands 

which are highly basic organic compounds, anchored to a porous SiO2 support. Three catalysts were 

prepared with varying steric and nitrogen environments and were evaluated in the depolymerisation 

of PET to BHET. They were studied under thermal and microwave conditions to find the most 

effective method of converting PET to BHET achieving a high yield. It was discovered that the 

nitrogen environment of the catalyst was key in the performance of the catalysts, as the more 

nitrogen environments available led to higher performing catalytic activity with the microwave 

assisted method being the most advantageous. The versatility of the catalysts was assessed in 

a methanolysis reaction for the conversion of PLA to methyl lactate. The studies conducted and 

seen in literature reported that presence of the equilibrium reaction between the oligomers and 

MeLa, limits the yield of MeLa which is a more complication reaction when compared to the 

depolymerisation of PET. It was observed that when these guanidine based heterogeneous catalysts 

were evaluated in the methanolysis reaction, PLA was fully converted yielding the predictable 

mixture of product, which aligns nicely with literature reports. The results are comparable 

with metal-based catalysts which have been previously reported in literature, which shows 

the enormous potential for metal free guanidine based catalysts in the future. These guanidine 

based heterogeneous catalysts are effective for both recyclability of PET and PLA to high quality 

monomers, with the microwave assisted method being able to achieve excellent conversion of both 

PET and PLA with less time and energy being required making it the more attractive method from a 

green chemistry point of view.  Chapter 5 and 6 illustrate the huge potential for designing more 

active catalysts for plastic depolymerisation. Future work would be using these catalysts on other 

plastics such as polycarbonate and polyethylene.




