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Abstract 

This Ph.D. project is aimed to discover new strategies to develop materials to utilize in the fields of Green 

Energy and Green Chemistry and it was directed at the application of 2D Materials in particular. This thesis is 

divided into five main chapters where we presented five exemplary systems in which we focused our 

attention on different aspects of materials design. Each chapter comprises an introduction and a conclusion 

section, in which we tried to go into the details of each targeted application and of the specific design strategy 

employed. However, at the beginning and at the end of the thesis, the reader can find an Introduction and a 

Conclusion section where we tried to collocate the goals and challenges of this work within a broader context 

of materials science and catalysis/electrocatalysis. 

In our studies in the Green Energy area, we focused on the use of MoS2-based materials in water splitting 

cathodic half-reaction in order to obtain the best possible performance in hydrogen generation in different 

conditions. To do that, different strategies were developed to drive the original material to adapt to specific 

application. In detail, in Chapter Two we investigated the design of three-dimensional MoS2 structures doped 

with different amount of Ni in order to activate MoS2 for the Hydrogen Evolution Reaction (HER) performed 

in alkaline environment, which typically hinder this reaction. We carried out an extensive structural 

characterization in order to establish the role of each type of active sites formed on the material in the HER 

activity and kinetics. In Chapter Three, we developed an electrodeposition method for preparing amorphous 

MoS2/Ag2S hybrid using recycled DVD as the support; this revealed as a viable opportunity to turn an 

abundant waste into an added-value material. After a suitable investigation to understand what kind of 

material was formed upon electrodeposition, MoS2/Ag2S/DVD was tested for HER in acidic medium. In 

Chapter Four another kind of hybrid was prepared by designing a one-pot solvothermal synthesis of MoS2(1-

x)Se2x nanosheets grown on N-doped reduced Graphene Oxide (N-rGO). The goal was the control of the 

optoelectronic properties of the final material, since the combination of MoS2(1-x)Se2x and N-rGO allows to 

form p-n nanojunctions, which induce an enhancement of HER activity upon illumination with visible light. 

Then we used different techniques to prove what was the best Se:S ratio to optimize both the absolute 

performances in HER and  the enhancement upon light irradiation. 

Regarding Green Chemistry area, we used Graphene Acid (GA) as starting material and we exploited its 

uniform surface functionalization to prepare materials for heterogeneous catalysis for different reactions, 

comparing them with the benchmark Graphene Oxide (GO), modified with the same protocol. In Chapter 

Five, we synthesized a heterogeneous catalyst by covalently grafting Ferrocene (Fc) moieties to –COOH 

surface groups of GA and GO. The resulting Fc-modified graphene derivatives have been tested as 

heterogeneous catalysts for the C-H insertion of aryl diazonium salts into several arene substrates. The tests 

revealed a strong influence of the support, which we could attribute the intrinsic properties of GA. In Chapter 

Six, we have grown Pd nanoparticles on GA to prepare a catalyst for Suzuki-Miyaura cross coupling reaction. 

We have studied the effect of surface functionalization on the nanoparticles formation process and on the 

derived capability on the controlling the size distribution. The catalysts were tested in Suzuki cross coupling 

in green conditions and we could highlight the influence of nanoparticles size on activity. Moreover, we 

studied the same catalysts also for boronic acid homocoupling reaction, that can provide similar final 

products, but in a more atom economically way. 



 



 
 

1 Chapter One 

Chapter One: 
Introduction 
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3 Chapter One 

1.1 Introduction 

Nowadays, energy is one of the main challenge of our society. Indeed, the continuous population raising, the 

colossal economy growth of several countries and the more and more energy demanding lifestyles are 

severely struggling the actual energetic policy based on fossil fuels. Moreover, also the way we manage the 

energetic resources is under debate, because, even if the actual energetic resources based on fossil fuels 

would be enough, the consequences of their use are devastating the world welfare by increasing pollution 

and global warming.  The transition to a more sustainable energetic policy is a dramatically urgent issue that 

the whole scientific community is addressing in a common multidisciplinary way. In this scenario, materials 

scientists, chemists and physicists are in the forefront, and main efforts are currently focused both on 

renewable primary energy sources, sustainable methods for energy conversion and more efficient ways to 

manage the energy services (see scheme below). The International Energy Agency (IEA) yearly releases the 

World Energy Outlook (WEO), which can be considered the main reference for the world energetic policy.1 

 

Switching to renewable energy sources (i.e. energy that comes from resources which are naturally 

replenished on a human timescale) is the unique perspective answer that scientific community has found as 

effective to find a solution to the mentioned world problems.  Especially in the last decade, an extraordinary 

amount of resources have been spent in order to find viable substitutes to fossil fuels. As already anticipated 

by Jules Verne in its prophetic fantasy book “The Mysterious Island” (1874, where he says that water will be 

the coal of the future), water is the most abundant source for hydrogen, and molecular hydrogen is actually 

retained the most promising alternative fuel, since its reaction with oxygen provides clean energy, being 

A schematic diagram illustrating the concept 

of conversion of primary energy sources 

into energy services 
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water the unique exhaust product. In this context, a sustainable, clean and cost-effective way to produce 

hydrogen is required to make the so called hydrogen economy feasible.2,3  

The most common method to produce large quantities of hydrogen, i.e. steam reforming of methane or light 

alcohols, is neither clean nor sustainable. In addition, the final product contains small amounts of CO that 

constitutes a poison for the Pt-based catalysts used in Fuel Cells (FCs), limiting their lifecycles.4  

Electrolyzers, based on the electrocatalytic water splitting (WS), are emerging as the best devices to obtain 

clean hydrogen through hydrogen evolution reaction (HER).5 However, to be exploitable, WS must be 

boosted by suitable electrocatalysts. Consequently, preparation and optimization of new electrocatalysts for 

sustainable electrochemical  conversion  devices  is fundamental to bring innovative solution from laboratory 

to industrial scale and improve the quantity and the quality of the energy we use. 

In this context, Materials Science plays a pivotal role, since it can provide an effective approach to prepare 

and study completely new materials and all the related properties, up to applications. Graphene is the perfect 

example of this roadmap: it completely shook up scientific community 15 years ago and now it is 

progressively going toward commercial productions and applications. As reported in Nature Nanotechnology 

for the 10th anniversary from the seminal work of Geim and Novoselov,6–8 in 2004-2014 decade, from the first 

isolation of graphene from graphite by using adhesive tape, graphene has been prepared by many different 

methods (see Figure 1.1) and graphene sheets are now produced in hundreds of tonnes and tens of 

thousands of square metres. In 2009, only a few USA-based small start-up companies were making large 

volumes of small graphene sheets. In the following five years, tens of graphene manufacturing companies 

have sprung up all over the world, which produce not only micrometric graphene sheets but also large-area, 

high-quality graphene films on an industrial scale. In particular, the production industry of graphene materials 

in China has been developing very rapidly, and its total annual production capacity of small graphene sheets 

and graphene films exceeds 400 tonnes and 110,000 m2, respectively, demonstrating how the drastic 

approach above mentioned can kick off the business of companies. 
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Figure 1.1. Comparison of the quality and cost of graphene products manufactured by different methods. 

Reproduced from Ref. 4. 

1.2  Motivations of Ph.D. Project 

Considering the unsustainable energetic situation, the development of innovative materials to facilitate the 

transition to fully sustainable energetics is necessary. Generally speaking, the most popular definition of 

sustainability is that from the Brundtland Report (Our Common Future, by the World Commission on 

Environment and Development, 1987, p. 43.) which says: 

“Sustainable development is development that meets the needs of the present without compromising the 

ability of future generations to meet their own needs.” 

This very general definition of sustainability can be supported by dividing it in three categories: 

► Environmental sustainability is the ability to maintain rates of renewable resource harvest, pollution 

creation, and non-renewable resource depletion that can be continued indefinitely;  

► Economic sustainability is the ability to support a defined level of economic production indefinitely; 

► Social sustainability is the ability of a social system, such as a country, to function at a defined level 

of social well-being indefinitely.  

This Ph.D. project clearly is aimed at large at developing a Green Economy, whose general definition is: an 

economy that aims at reducing environmental risks and ecological scarcities, and that aims for sustainable 

development without degrading the environment. More specifically the project can be fitted in the sub-fields 

of Green Energy and Green Chemistry. 
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1.2.1 Green Energy: Fuel Cells and Electrochemical Water Splitting 

The concept of Green Energy is as simple in theory as difficult in practice, and it is made by three key 

components: 

► Production: the way we convert the primary sources for our needs. For example, if we produce 

electricity via combustion of coal, it may be effective but surely not green because the byproducts of 

the reaction will pollute seriously the atmosphere, harming people and environment. So a green 

energy production should be effective without generating dangerous byproducts. Renewable energy 

sources are the best primary sources since they respect our future because they are naturally 

replenished on a human timescale, such as sunlight, wind, rain, tides, waves, and geothermal heat.9 

► Utilization: it is related to the efficiency and the energy saving of the devices needed by our life-

styles. Being at the moment renewable sources still more expensive than fossil ones (there is a great 

debate on this point), it is crucial anyway to use the energy we produce in the most effective way. 

► Environmental Impact: if the energy production should not impact on the environment, devices that 

consume that energy should not do it as well. This component is strongly related to utilization, since 

typically energy saving induce a lower environmental impact (e.g. a car that burns less fuel will 

release less COx into the atmosphere). In this context, recycling plays a pivotal role since it provides 

a value to wastes, allowing to save primary resources. The way to consider properly the balance is 

considering the whole life-cycle assessment of the products and production methods.  

In the last two decades, the scientific community is making great efforts to find out realistic and scalable 

solutions to effectively substitute fossil fuels and conversion energy systems (e.g. fuel cells, FCs), both for 

stationary and mobile applications. Molecular hydrogen is nowadays retained the most promising alternative 

fuel since its reaction with oxygen provides clean energy, being water the unique exhaust product. Indeed, 

FCs work according to the following half-reactions, that are Oxygen Reduction Reaction (ORR) at the cathode 

and Hydrogen Oxidation Reaction (HOR) at the anode: 

�� + 4���
�
+ 4�

	
→ 2��� 

			2�� 	→ 4���
�
+ 4�

	 

Generally, ORR is the main challenging reaction, due to the difficulty of transferring simultaneously  

4 electrons from the catalyst to the adsorbed species, causing kinetics hindrance.  In the ORR process, Pt-

based catalysts are the benchmarks for what concern peak performances, but, having low tolerance to 

byproducts such as methanol/CO, they undergo to a limited operating life (durability), highlighting the 

urgency for more durable ORR electrocatalysts.10–12 In addition, platinum group metals (PGMs) are nowadays 

considered as critical raw materials and their replacement is needed as well.13,14  

In this context, a sustainable, clean and cost-effective way to produce hydrogen is required to put the basis 

for the already mentioned hydrogen economy15.  Electrolyzers, based on the electrocatalytic WS,  are 

nowadays commercial devices (still in the phase of optimization) to obtain clean hydrogen through HER at 

the cathode,5 giving as “byproduct” molecular O2 at the counter electrode through Oxygen Evolution 

Reaction (OER). Therefore, the ideal technological loop consists of WS in an electrolyzer through the HER and 
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OER for fuel generation, followed by power generation through the ORR and HOR in fuel cells, giving green 

solutions for energy production and utilization (see Figure 1.2) . 

 

Figure 1.2. Scheme of ideal energy loop based on hydrogen generation/storage/utilization. 

The overall electrocatalytic reaction of WS is very simple in principle: 

�
�����: 																						���	 → �� +��																																			∆� � 1.23	� 

Where ΔG is equilibrium for water electrolysis (i.e. the thermodynamical limit), therefore in ideal conditions 

with ideal electrodes WS could be achieved by applying a small overpotential above 1.23 V. But kinetics can 

complicate such a simplicity.  

The overall reaction can be split in two half-reactions, HER is the cathodic process, whereas OER is the anodic 

one. Even if overall reaction remain the same, half-reactions are pH-dependent because of the change of 

species to react in the electrolyte. 

In alkaline conditions (pH 14) the corresponding half-reactions are:16 

			4��� + 4�
	
→ 2�� + 4��

	
																												��

°
� �0.826	� 

4��
	
→ �� + 2��� + 4�

	
																															� 

°
� 0.404	� 

where E°c and Eo
a are the equilibrium half-cell potentials at standard conditions of 1 atm and 25 °C.  

In neutral solutions (pH 7): 

			4��� + 4�
	
→ 2�� + 4��

	
																												��

°
� �0.413	� 

2��� → �� + 4���
�
+ 4�

	
																													� 

°
� 0.817	� 

In acidic electrolyte (pH 0): 

			4���
�
+ 4�

	
→ 2��																																						��

°
� 0.00	� 

2��� → �� + 4���
�
+ 4�

	
																												� 

°
� 1.23	� 

Actually, the main problem of WS is water itself, because of its stability. Indeed, water electrolysis is relatively 

favourable in acid and alkaline conditions due to the presence of deprotonated water molecules available for 

OER in alkaline solutions or protonated water molecules for HER in acid solutions. Therefore, in acidic 



 
 

8 Ph.D. Thesis, Dario Mosconi 

environment HER would be favoured because the active species would be H3O+ while OER is slowed down 

and viceversa in basic conditions. This also explains why water electrolysis in neutral condition is kinetically 

more difficult. 

However, since the OER is kinetically more critical than HER, the complete WS has not the same overall 

efficiency in acid or base. Indeed, OER has to go through a kinetically sluggish 4 electrons process, being 

unfavourable for removing of four electrons to form O=O bond.17 Therefore, the tendency is to optimize the 

electrocatalysts for WS in basic conditions. So, to summarize, the more urgent reactions to study are OER 

and HER in alkaline environment to achieve a feasible large-scale WS. However, HER in acidic electrolyte has 

to be considered as well, since, in principle, is possible to achieve excellent H2 generation, but substitution of 

rare and expensive PGMs is mandatory in order to enlarge the production scale. 

At the moment, noble metals are the benchmarks for these reactions, in particular Pt is the reference for 

HER, while Ir- and Ru-based oxides are for the OER.  However, as already mentioned, there is a strong issue 

in maintaining PGMs at the basis of sustainable electrocatalytic processes. This has given rise to a global race 

for developing innovative electrocatalysts based on non-PGMs materials, which would be also difficult to 

manage in acidic conditions.  

In the present thesis we are focusing on 2D materials for WS.  As will be deeper discussed below, these 

materials, compared to others such as nanowires or nanoparticles, show two important features when 

considered as electrocatalysts: they are tunable and uniformly expose lattice plane while having unique 

electronic properties.18 Moreover, 2D materials have significantly high specific surface areas and robust 

mechanical properties, ideal properties for platforms for practical applications.19 For instance, most layered 

materials are easily fabricated into freestanding films with uniform thickness.20,21 Compared to powdered 

catalysts, freestanding electrodes are much more suitable for actual utilization as they can prevent catalyst 

agglomeration and exfoliation from supports.22 In section 1.3 we will outline the current status of such 

materials, particularly aiming at their use in electrocatalysis and catalysis.  

1.2.2 Green Chemistry: Catalyst Heterogenization 

Green Chemistry is a branch of chemistry and chemical engineering that regards the design of chemical 

reactions and processes with the goal of lowering the environmental impact of chemistry and applies across 

the life cycle of a chemical product, including its design, manufacture, use, and ultimate disposal.  Clearly, 

this process goes through the utilization of safer and environmental friendly chemicals and the reduction or 

the elimination of hazardous byproducts.23  

Moreover, the use of renewable material feedstocks and energy sources and the design of energy efficient 

processes are required. This fact becomes more evident considering that one of the largest energy demands 

of our society is due to the production of fine chemicals, which accounts for approximately 25% of industrial 

energy consumption.24 

Developed by Paul Anastas and John Warner,25 the following list of 12 principles outlines an early conception 

of what would make a greener chemical, process, or product: 
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1. Prevention 

It is better to prevent waste than to treat or clean up waste after it has been created. 

2. Atom Economy  

Synthetic methods should be designed to maximize the incorporation of all materials used in the 

process into the final product. 

3. Less Hazardous Chemical Syntheses  

Wherever practicable, synthetic methods should be designed to use and generate substances that 

possess little or no toxicity to human health and the environment. 

4. Designing Safer Chemicals  

Chemical products should be designed to affect their desired function while minimizing their toxicity. 

5. Safer Solvents and Auxiliaries  

The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be made unnecessary 

wherever possible and innocuous when used. 

6. Design for Energy Efficiency  

Energy requirements of chemical processes should be recognized for their environmental and 

economic impacts and should be minimized. If possible, synthetic methods should be conducted at 

ambient temperature and pressure. 

7. Use of Renewable Feedstocks  

A raw material or feedstock should be renewable rather than depleting whenever technically and 

economically practicable. 

8. Reduce Derivatives  

Unnecessary derivatization (use of blocking groups, protection/deprotection, temporary 

modification of physical/chemical processes) should be minimized or avoided if possible, because 

such steps require additional reagents and can generate waste. 

9. Catalysis 

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

10. Design for Degradation  

Chemical products should be designed so that at the end of their function they break down into 

innocuous degradation products and do not persist in the environment. 

11. Real-time analysis for Pollution Prevention  

Analytical methodologies need to be further developed to allow for real-time, in-process monitoring 

and control prior to the formation of hazardous substances. 

12. Inherently Safer Chemistry for Accident Prevention  

Substances and the form of a substance used in a chemical process should be chosen to minimize 

the potential for chemical accidents, including releases, explosions, and fires. 
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As it can be observed, the 9th principle said that the utilization of catalysts is welcome, since typically 

catalysed reactions provides higher yield and selectivity. Often the best-performing catalysts are 

homogeneous, meaning that are in the same phase of the reactants. The classical example are soluble metal 

complexes, whose catalytic sites are all accessible and they grant the possibility to tune the chemo-, regio- 

and enantioselectivity of the catalyst.26 Moreover, homogeneous catalysts have a number of other 

advantages such as better yields, and easy optimization of catalytic systems by modification of ligand and 

metals. This catalyst category is extensively used in a number of commercial applications, but the problematic 

separation from the final product creates economic and environmental barriers to broadening their scope. 

Despite their advantages and their wide use, many homogeneous catalytic systems have not been 

commercialized because of the difficulty encountered in separating the catalyst from the final reaction 

product. Removal of trace amounts of catalyst from the target chemical is crucial since metal contamination 

is strongly regulated, especially in pharmaceutical industry. Even with the extensive and careful use of various 

techniques such as distillation, chromatography, or extraction, removal of trace amounts of catalyst remains 

a challenge. Evidently, the contamination issue is in contrast with the Green Chemistry policy and the 

necessity of further purification steps as well generates more wastes and increases the costs of the process. 

Moreover, homogenous catalyst are usually not reusable because of the recovery issues, which is cause of 

further increment of costs and resources utilization. 

To overcome the separation problems in homogeneous catalysis, chemists and engineers have investigated 

a wide range of strategies and the use of heterogeneous catalyst systems looks as the best logical solution.27–

29 The common structural feature of these materials is the anchoring of the catalytic moiety on a scaffold that 

must have a good stability (thermal and chemical) and high surface area to ensure enough contact between 

active species and reactants (e.g. mesoporous silica scaffold).30,31 Anchoring can be achieved by covalent 

binding of the molecules or by simple adsorption, but covalent anchoring is clearly more robust and it can 

withstand harsh reaction conditions and it allows reusing the material several times. Although attempts have 

been made to make all active sites on solid supports accessible for reaction, allowing rates and selectivities 

comparable to those obtained with homogeneous catalysts, only sites on the surface are available for 

catalysis, which decreases the overall reactivity of the catalyst system. Therefore, the use of scaffolds that 

grant the best accessibility to catalytic centres is a smart route to push the application of heterogeneous 

catalysts.  

In this view, 2D-Materials are very appealing just because of their bidimensional nature, which makes 

coinciding their surface chemistry with the bulk one and consequently making all the catalytic centres equally 

available. For instance, graphene combines this advantage to the typical characteristics required for a catalyst 

support such mechanical strength, tunable porosity and chemical inertness in most reaction media.32 

Moreover, as will be discussed in section 1.3, graphene exhibits properties like high electronic33 and thermal 

conductivity,34–38 that can boost catalytic processes. A large variety of graphene derivatives has been 

developed recently, offering a large gamut of materials characterized by an extremely rich surface chemistry, 

which can be exploited for advanced functionalization protocols. Among these, graphene oxide (GO) is the 

most widely used, given its easy and scalable synthesis and because of plenty of surface oxygenated groups 

(i.e. tertiary alcohols, epoxide, carboxyl and carbonyl groups), 39 but other scaffold have been developed as 

well.  
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1.3 Evolution of 2D Materials and State of the Art 

1.3.1 First Generation of Graphene: Aiming the Perfection 

The conceptual evolution on graphene was so intense and rich of extraordinary ideas that there have been 

three generations of graphene related materials with different properties, aims and purposes in less than 15 

years. Indeed graphene started to be discussed theoretically since the 1947 by Wallace,40 but it took almost 

60 years to isolate the first sample to characterize experimentally. At the discovery of Flatland, the 

outstanding properties of graphene came out instantly: for instance, high optical transparency (ca. 98% of 

transmitted light in the visible range),41,42 superior and anisotropic thermal conductivity (up to  

2500 W·m-1
·K-1)34–38 and the highest mechanical strength ever measured (1 TPa Young’s modulus and 130.5 

GPa tensile strength)43 made immediately appear graphene as a revolutionary material. Nevertheless, the 

more intriguing properties were uncovered when the electronic structure was studied. According to its band 

structure, graphene was found to be a zero-gap semiconductor, since valence and conduction bands meet at 

the six K-points of the Brillouin zone, generating the so-called Dirac cones structure.6,33,44–47 Thanks to the 

linear dispersion relation, graphene exhibits a huge in-plane carrier mobility, because fermions results to be 

substantially massless, allowing the hole and electron mobility to exceed 15000 cm2
·V-1

·s-1.33 The 

combination of these properties made the material appearing as ideal for application in microelectronics, 

such as fabrication of ultrathin field effect transistors, inducing physics community to take the lead of 

graphene research main lines. Indeed, after finding that the dominant scattering mechanism is the one  from 

defects and that the intrinsic limits of room temperature mobility is 2·105 cm2⋅V−1⋅s−1, the research focused 

on scaling up the production and on obtaining the most perfect graphene possible, with the aim of getting 

as near as possible to the hypothetical limit.48  

1.3.2 Second Generation of Graphene: Chemically Modified and 3D-Structured Graphene 

From the chemical point of view, defects are high-energy spots in the material scaffold that may be exploited 

to catalyse chemical or electrochemical reactions. Moreover, the theoretical surface area of monolayer 

graphene was calculated to be 2630 m2/g, a huge value that, combined with graphene electronic properties, 

makes this material an ideal support for catalysts and other materials to use in energy conversion and 

storage.49 Therefore, Material Scientists began a parallel study (that is Second Generation Graphene) on 

methods to prepare graphene in suitable quantities to use in the typical wet chemistry procedures. The 

following natural step was to insert intentionally defects in controlled ways in order to tune graphene 

properties with the aim, in this case, to enhance the catalytic properties.50 These studies allowed to develop 

a wide gamut of techniques to obtain larger and more processable quantities of modified graphene, with 

tunable properties and higher defectivity. Roughly, materials that came out from these second research 

branch may be divided in two main categories: 

► Chemical Modified Graphene (CMG), that are materials made of graphene sheets modified by 

doping, so with relatively small quantity of substitutional heteroatoms (B, N, S, P,…) or even 

decorated with different functional groups;51–53 

► 3D Graphene Architectures (3DG), where graphene or CMG morphology is controlled in order to 

obtain a three-dimensional network, for instance to expose higher active area, to activate some 
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catalytic sites or in general to use as base for more complex hybrids.54 

Surely the most popular CMG is Graphene Oxide (GO): being typically produced by modified Hummer’s 

method,55 that consists of treating graphite with strongly oxidizing agents (such as H2SO4, H3PO4, H2O2 and 

KMnO4), GO usually shows different functional groups on its surface, like epoxides, hydroxyl, carbonyl and 

carboxylic acid moieties.56 The presence of these oxygenated groups makes graphene sheets much more 

processable, since the increased polarity allows to suspend GO in polar solvent such as water, N,N-

dimethylformamide (DMF) and N-methylpyrrolidone (NMP). The defectivity of GO tends to hamper the 

properties promoted by crystallinity (i.e. electrical conductivity), but they can be restored by reducing GO to 

reduced-GO (rGO) following several different methods (chemical, electrochemical or thermal). For this 

flexibility, GO actually became the benchmark for graphene-like materials. The main disadvantage of GO is 

however is ill-defined structure and inhomogeneity.  

Very recently, another surface functionalized CMG, conceptually similar to GO, has been prepared, the so-

called Graphene Acid (GA), synthesized by Otyepka and coworkers.57 GA is prepared from commercial 

fluorographite, whose C-F bonds undergo to nucleophilic substitution by reacting with sodium cyanide, giving 

the intermediate cyanographene. In the following step, nitrile moieties are converted to –COOH via acidic 

hydrolysis. Thanks to this well-designed synthesis route, GA has more homogeneous surface 

functionalization compared to GO, both as composition (mainly –COOH are present) and as distribution, 

being distributed uniformly on basal plane, in contrast with GO where functional moieties are especially on 

the edges. More interestingly, GA combines high surface functionalization with excellent electrical 

properties, comparable to rGO. Hence, GA is, in principle, a perfect substrate for catalyst heterogenization, 

giving an elegant example of how conventional chemistry can be applied on graphene to obtain the aimed 

properties. 

The other family in CMGs is heteroatoms-doped graphene, where, instead of acting on surface 

functionalization, atoms like B, N, S, P are inserted in substitutional position in the graphene sheet.52,53,58–61 

As for other semiconductor, the introduction of the heteroatom may strongly influence the electronic 

properties, for instance giving a preferential conductivity (n or p-type) and generating defects that can 

catalyse chemical or electrochemical reactions.  

Among doped graphene materials, certainly N-doped graphene is the more deeply investigated.62–64 

Typically, N-Graphene has been produced by Chemical Vapour Deposition (CVD) methods (annealing of GO 

or graphene in NH3 or other precursors), in solution or via electrochemical reduction.  
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Figure 1.3. Schematic representation of N-doped graphene with highlighted the typical defects produced in 

the honeycomb lattice. Reproduced from ref. 21. 

As shown in Figure 1.3, several kind of defects can be generated in the lattice and actually one of the 

challenges of this materials is to generate selectively just one type of defect, even if some procedure to obtain 

prevalent pyridinic or quaternary N-doping have been developed in recent years.65,66 This achievement is very 

important, since it has been proven that these defects can be exploited in appropriate applications, since, for 

instance, graphitic nitrogen is the main responsible for the n-conductivity of N-graphene and pyridinic 

nitrogen was found to be an active site for Oxygen Reduction Reaction (ORR).66 

As mentioned above, the other massive category of materials of Second Generation Graphene is the  

3D-Graphene Architectures (3DG). In the case of 3DG, graphene or CMG are shaped in order to exploit the 

properties of graphene in systems with high surface area. The prototypical 3DG is graphene aerogel produced 

by freeze-drying or supercritical CO2 drying of CMG suspension, generating self-standing 3D-networks with 

Brauner-Emmett-Teller (BET) surface area higher than 1000 m2/g.67–71 However, even other structures can 

be synthesized, like hollow nanospheres, crumpled sheets and capsules.54,72–76 

Often, metallic templates have been used to shape up 3DGs: for instance, commercial Ni foams were used 

to produce supported graphene networks that, thanks to ultra-low density and high electrical conductivity, 

are appealing composites for a wide range of applications, like electrodes, supercapacitors and batteries.77–

79  

In other cases, metals are used as sacrificial templates, so are chemically removed after synthesis in order to 

further increase the exposed area of the graphene. Nice examples are the works from research groups of 

Choi and Qu.80,81 In the early case, Ni nanoparticles (NPs) were coated with a polyol molecules, that were 

incorporated in the NiNPs by carburization at 250 °C. The following steps, annealing at 500 °C and treatment 

in HCl, allowed to form the multi-layer graphene on NiNPs surface and dissolve the template, respectively, 

achieving the final hollow graphene spheres. In the work of Qu, GO suspension was put in a glass pipeline, 

where a Cu wire was previously inserted. To form the extremely sharp shaped microtubes presented, the 
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glass pipeline was heated at 230 °C to hydrothermally reduce GO, followed by a treatment in aqueous FeCl3 

to dissolve the Cu. This strategy allowed the authors to grow metal NPs selectively on the outer or on the 

inner wall, paving the way to multiple functionalities integrated on the same 3DG. 

Clearly, these strategies are just some examples of an impressive number of papers in literature for preparing 

3DGs and, in principle, each of these strategies can be applied to all CMGs with a huge number of possible 

combinations, depending on the final application the material is aimed to. 

It is quite evident that CMGs and 3DGs are more relevant for energy applications compared to First 

Generation Graphene. The fine tuning of morphological, structural and electronic properties grants the 

possibility to adapt these materials to different research scopes, like the already mentioned catalysis, 

electrocatalysis, supercapacitance and other forms of energy storage and conversion. Naturally, the extreme 

flexibility exhibited by graphene-based materials put in the spotlight also other 2D layered materials and 

transferring the knowledge acquired from graphene to other 2D-materials pulled the trigger on the Third 

Generation Graphene.  

 1.3.3 Third Generation of Graphene: Graphene Related Materials 

Despite the outstanding properties shown by graphene, CMGs and 3DGs, it was unavoidable to face a failure 

in some applications. Curiously, graphene is still missing promises in one of the earlier application of the First 

Generation, which is the use as channel material in Field Effect Transistors (FETs). Indeed, the electronic 

properties that attracted electron-device community are also the main issue for FET applications. Briefly, as 

showed by Schwierz,82 if graphene is used as channel semiconductor, it becomes troublesome to turn off the 

FET, since the absence of the band gap implies that, even if no potential is applied to the FET gate, the 

material switches from electron to hole conductivity instead of stopping the carriers flow. The consequence 

is the On/Off current ratio was found to be between 2 and 20, which is completely insufficient considering 

that the minimum recommended value is 103. In principle, using CMGs is possible to tune the gap from 0 to 

0.5 eV, but On/Off current ratio is still far from values suitable for practical applications and for competing 

with mainstream silicon technologies.83 The immediate consequence was that other “continents” of the 

Flatland started being explored in order to have a channel material with a real band gap, but also some 

fascinating properties of 2D-materials like the definite layer structure without dangling bonds and atomic-

level thickness.  

Even if this is just an example, a similar evolution occurred also in other research fields. In electrocatalysis, 

graphene itself showed bad activity in electrochemical WS, having actually no active sites for Hydrogen 

Evolution Reaction (HER) and Oxygen Evolution Reaction (OER). Ab initio calculations84 showed that better 

performances could be obtained by coupling graphene with metal surfaces or by using CMGs, since the 

interruption of the lattice due to the presence of heteroatoms may acts as catalytic site for WS. However, it 

has to be considered that not all the defects are prone to perform the same electrocatalytic reaction, so 

chemical modification has to come together with a fine defects tuning in order to obtain competitive 

performances. For these objective difficulties, very few works have been published on the experimental 

utilization of pure CMGs in electrochemical WS. Zhang and Dai recently prepared and tested N,P,F-Tri-doped 

graphene as multifunctional catalyst for ORR and WS,85 but more than 2 V were necessary to drive 10 
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mA/cm2, that is 0.8 V above the thermodynamical limit of 1.23 V for WS. Better results were obtained in 

Yao’s research group, where graphene with high concentration of topological defects was synthesized and 

tested for ORR and overall WS.86 With respect to previous case, defective graphene in WS needs 0.6 V 

overpotential to reach 10 mA/cm2, that it is a good result for a metal-free catalyst, but far from the 

benchmarks, especially in alkaline HER. Consequently, at the state of the art of WS, graphene and CMGs are 

mostly used as support for other metal-based materials, with the aim of exploiting electrical properties or to 

implement some synergies by forming a junction with the active material. 

As demonstrated by these cases, graphene and CMGs, even if revolutionary materials, are not the magic 

bullet to all the challenges that scientific community has been facing in the last decade. However, the 

impressive knowledge acquired on graphene was decisive in processing, characterizing and improving 

performance of the other 2D-materials. Actually, graphene-related materials (GRMs) are complementary to 

graphene: GRMs are associated to CMGs and graphene being layered, on the other hand they have 

completely different electronic structure and chemical composition. The most notorious members of GRMs 

family are depicted in Figure 1.4. 

 

Figure 1.4. Ball and stick models of best known GRMs. 
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As written above, all these materials have some common peculiarities due to their 2D nature: 

► Atomic-level thickness; 

► Definite layer structure; 

► No dangling bonds: carriers conducted on the surface of the material encounter very low roughness, 

reducing the scattering probability; 

► Tunability of optoelectronic properties with of layers; 

► Application of similar protocols for processing materials (e.g. exfoliation, purification, morphology 

modification). 

However, their chemical composition is really very heterogeneous: Graphitic Carbon Nitride (g-C3N4) is still a 

carbon based materials, Hexagonal Boron Nitride (h-BN) and Phosphorene has no carbon in their structures 

but they are metal-free, Transition Metal Dichalcogenides (TMDCs) and layered MnO2 can exploit the 

chemistry of metals, but being chalcogenides and oxides, respectively, direct them in completely different 

applications. Curiously, considering graphene, CMGs and GRMs, 2D semiconductors band gaps can cover 

continuously the energy range from 0 to 2.6 eV (from far-IR to cyan light) plus an insulator like h-BN (ca. 5.9 

eV),87 giving a wide selection of optoelectronic properties for the use of 2D-materials in specific applications 

(see Figure 1.5). 

 

Figure 1.5. Schematic diagram of 2D-Materials band gaps. Reproduced from 57. 

Among GRMs, Graphitic Carbon Nitride (g-C3N4) can be considered the most similar to graphene, since its 

structure can be associated with that of a strongly N-doped graphene. g-C3N4 is a good electrocatalyst and, 

thanks to its 2.6 eV band gap, its performances can be boosted via visible light irradiation.88,89 For instance,  

g-C3N4 is a promising catalysts for the ORR due to the high content of pyridinic and graphitic N and abundant 

edge amine sites, but it was also successfully tested in photocatalytic CO2 Reduction Reaction (CRR) to further 

processable organic feedstocks (CO, formic acid, formaldehyde,…).90,91 Moreover, the natural vacancies in  

g-C3N4 can be patched by growing highly monodispersed nanoparticles, resulting in interesting synergistic 

effects.88 However, g-C3N4, being a sort of defective graphene, suffers of poor electronic conductivity, limiting 

large scale applications, so this material is often used in combination with conductive 2D-materials (i.e. 

graphene or CMGs) in order to improve electrochemical performances.92 
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Also h-BN has the same honeycomb lattice of graphene and it is isoelectronic as well, but the polar nature of 

B–N bonds make the band gap to pass from 0 to almost 6 eV. Obviously, the insulating behaviour of h-BN 

seriously hamper applications in electrochemistry, so it is mostly used as dielectric substrate for other GRMs 

or as substitute of SiO2 in all-2D FETs.93–95 However, recent works showed that via chemical doping is possible 

to reduce the h-BN gap down to 2 eV.96 

Phosphorene is the black allotrope of phosphorous, reduced to the monolayer thickness. Phosphorene 

structure notably differs from graphene’s honeycomb, because of the presence of 5 electrons in P 3p orbitals 

that gives rise to sp3 hybridization, explaining the non-planarity of the 2D sheet.97 This particular GRMs is 

interesting because of the combination of a small band gap (from 0.3 eV in bulk to 1.88 eV in monolayer) 

with a good electrical conductivity.98 Indeed, in recent years some works have been published on the use 

phosphorene both as electrocatalyst and photoelectrocatalyst, showing some interesting results in HER and 

OER.99–101 Unfortunately, the main drawback of using black phosphorous in electrocatalysis is the low stability 

in atmospheric conditions, since it degrades in contact with water and oxygen, which is also a visible light 

pronounced process. Therefore, at the moment, the main application scopes of phosphorene are the ones 

in controlled atmosphere, like fabrication of FETs and batteries.102,103 

δ-MnO2 is the only layered of six polymorphs of MnO2, and it comes with a 2.1 eV band gap in bulk 

crystals,104,105 meaning that this oxide may be used as visible light activated photocatalyst.106 Interestingly, δ-

MnO2 tends to intercalate cations and water molecules in the interlayer space, modifying both the band gap 

and the electrochemical performances.106  Being an oxide, δ-MnO2 suffers of low conductivity, but compared 

with other GRMs it exhibits excellent stability in oxidative conditions.107 Therefore, δ-MnO2 has been found 

to catalyse OER and photo-OER with moderate overpotentials.105,108,109 However, δ-MnO2 catalytic activity is 

not limited to water oxidation, but it was found to be a well-performing catalyst also in ORR and in other 

reactions, like formaldehyde oxidation.107,110 Typically, δ-MnO2 was considered to be inactive for the WS 

cathodic half-reaction, due to its unsuitable electronic structure and low conduction band level. However, as 

demonstrated by the Second Generation of Graphene, defects engineering can pave the way to generate 

new active sites in the same material, and this was for MnO2. Wang et al. observed half-metallic character in 

monolayer nanosheets doped with Mn and O vacancies, a property not observed in bulk counterparts, 

providing a new strategy for improving the electronic properties and conductivity of  δ-MnO2 for overall 

WS.111 In a following work, Zhao et al. synthesized a hierarchical composite δ-MnO2/Ni-foam with high 

vacancies abundance:112 during tests for WS, a remarkable 0.5 V global overpotential at 10 mA/cm2 was 

recorded, with about 560 mV improving of HER onset with respect to bulk δ-MnO2.  

Finally, TMDCs are the most investigated GRMs (together with graphene-based materials), as established by 

the about 104 publications in 2016.102 TMDCs are a wide family of materials with a common rough formula 

MX2 (M = Mo, W, V, Nb, Ta, Ti, Re, Zr,… and X = S, Se or Te) and a sandwich-like hexagonal structure with a 

layer of metal atoms enclosed between two chalcogenide atoms layer (see Figure 1.4). Consequently, with 

respect to most GRMs, in TMDCs there is possibility to tune optoelectronic properties also by composition: 

considering the prototypical TMDC (i.e. MoS2), studies were carried out to proof the excellent controlling of 

properties by making alloys mixing both metals (e.g. Mo(1-x)WxS2) and chalcogenides (e.g. MoS2(1-x)Se2x),113–118 

coming up with precise band gap engineering and modulation of related properties, like photoluminescence. 
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Moreover, all TMDCs has more than one polymorph, with different properties and activities, and also 

amorphous material were found to be very active in some electrocatalytic reactions. Considering again MoS2, 

it can exist in three polymorphic forms, schematically represented in Figure 1.6. The most common is the 

hexagonal 2H-phase, which exhibits semiconducting behaviour with band gap from 1.2 to 1.9 eV when 

decreasing the number of layers. The distorted tetragonal 1T-phase is typically obtained upon alkali 

intercalation and following exfoliation into nanosheets, it is metallic and basically metastable and very 

defective, characteristics that grant to this polymorph to perform extremely well in HER.20,119 The rarest 

polytype is the rombohedral 3R-phase, that has to be synthesized through specific growing procedures and 

behave like a semiconductor (indirect band gap 1.3 eV).120–122 Each of these polymorphs possesses unique 

structures and electronic properties from where different catalytic properties can emerge due to the 

different active sites. 

 

Figure 1.6. 3D models of different 1T, 2H and 3R MoS2 polymorphs, respectively. The symmetry group of the 

crystallographic unit cell is reported in brackets. 

Moreover, amorphous MoS2 and non-stoichiometric MoSx (2 < x < 3) can be easily synthesized from suitable 

precursors and, thanks to high number of defects, they may have different active sites, exhibiting also in this 

case very interesting activity in electrocatalysis.123–126 

It is quite evident that the intrinsic activity of TMDCs, combined with the huge tuning possibilities, is the 

reason for the high focus on these GRMs, considering that all the strategies applicable to other 2D-materials 

can be actualized (i.e. doping, 3D-structuring, hybrids, …) as well. Actually, the application of TMDCs spans 

substantially in every field where an electroactive material is required, thanks to their versatility comparable 

to graphene one. For example, in microelectronics field MoS2 has been successfully tested as channel 

material in FETs and logic devices,94,95,127–129 and as part of MoS2/Graphene heterostructure for non-volatile 
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memory cells130 and photodetectors.131 Similarly, TMDCs were largely tested in lithium ion batteries132–134 

and supercapacitors,20,135–138 taking advantage of all the approaches developed for graphene and CMGs for 

selectively improving the required properties. Concerning electrocatalysis, TMDCs are among the benchmark 

materials in HER. Indeed, especially MoS2 and MoSe2 based electrocatalysts exhibited extremely good 

performances even if the HER reaction was mostly tested in not ideal conditions (i.e. in basic electrolyte). 

Considering HER in the typical conditions (0.5 M H2SO4), it is well-known that 1T-MoS2 can perform HER with 

low overpotentials and kinetics close to Pt, which is believed being related to the high number of defects 

generated during the stressing exfoliation process.119 Another example is a 3D-structured composite 

prepared by growing MoS2(1-x)Se2x on a selenized Ni-foam. Even if three steps were necessary to achieve the 

final material, an outstanding 69 mV overpotential was sufficient to draw 10 mA/cm2 and about 110 mV for 

100 mA/cm2.139 In OER the activity of MoS2 is low due to a certain lack of stability, but a nice work from 

Mattevi’s group showed improved performance making a bulk heterojunctions combining MoS2 and WS2.140 

Finally, TMDCs showed excellent performances also in CRR, with just the help of some ionic liquid in the 

electrolyte to suppress HER, being two competitive process in the same potential window.141,142 In this case 

the best performing material was found to be WSe2, whose overpotential for CRR was found to be 54 mV.  

1.4 Ph.D. Thesis Structure 

This Ph.D. project, as extensively discussed in section 1.2, is aimed to discover new strategies to develop 

materials to utilize in the fields of Green Energy and Green Chemistry and it was directed at the application 

of 2D Materials in particular. Section 1.3 reported part of the huge work made by scientific community on 

these materials and underlined the still unexpressed potential that lies in them.  

In our studies in the Green Energy area, we focused on the use of MoS2-based materials in WS cathodic half-

reaction in order to obtain the best possible performance in hydrogen generation in different conditions. To 

do that, different strategies were developed (i.e. metal doping, inorganic and organic/inorganic hybrids) to 

drive the original material to adapt to specific application. 

Regarding Green Chemistry area, we used a specific CMG, that is the already mentioned Graphene Acid (GA), 

and we exploited its uniform surface functionalization to prepare materials for heterogeneous catalysis for 

different reactions, comparing them with the benchmark GO, modified with the same protocol. 

The Thesis work is divided in 5 main chapters. In Chapter Two we investigated the design of three-

dimensional MoS2 structures doped with several amount of Ni in order to activate MoS2 for the HER 

performed in alkaline environment, which typically hinder this reaction. Nevertheless, the introduction of a 

different cation in the lattice can causes the modification of the structure, which can also influence the HER. 

We prepared 3D-structured MoS2 samples (hereafter 3D-MoS2) obtained starting from ammonium 

tetrathiomolybdate (ATM) using a procedure that also allows to easily introduce the dopant in a single pot. 

We tested several conditions in order to find the procedure that would allow to expose as much active sites 

as possible. We then studied the effects of different amount of Ni doping both on the 3D-MoS2 structure and 

the catalytic performances in HER, both in acidic and in basic media. The investigation was carried on 

combining several techniques. Morphology was examined by electronic microscopies, both Scanning (SEM) 

and Transmission Electron Microscopy (TEM). During the same measurements, we also performed Energy 
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Dispersive X-Ray analysis (EDX) to verify the effective distribution of the dopant, since eventual 

inhomogeneity would indicate the segregation of distinct dopant-based species (MxOy or MxSy), a process 

that may happen especially with relatively high loadings. The influence of Ni on MoS2 lattice was investigated 

by mean of X-Ray Diffraction Analysis (XRD) and Raman Spectroscopy. The combination of these techniques 

was helpful to reveal the dopant influence on the lattice parameters and the defectivity and stacking of the 

MoS2 layers. X-Ray Photoemission Spectroscopy (XPS) was decisive in bridging the structural information with 

HER activity. Indeed, XPS was helpful to observe the dopant chemical environment, figuring out the different 

kind of active sites produced on the material. Moreover, the shifts in Binding Energy (BE) of the signals 

relative to the scaffold showed how the dopant influenced the MoS2 electronic structure. We performed an 

extensive electrochemical characterization in acidic (0.5M H2SO4) and alkaline (1.0M KOH) electrolytes to find 

out the role of each active species in catalysing HER depending on the available species to react, both in 

terms of pure performances and of reaction kinetics. The result was a contrasting behaviour of the materials 

due to the different abundance of active sites generated by Ni on MoS2 edge or basal plane. 

In Chapter Three, we developed a method for preparing amorphous MoS2/Ag2S hybrid using recycled DVD as 

the substrate; this revealed as a viable opportunity to turn an abundant waste into an added-value material. 

We produced the hybrid materials by exposing the Ag patterned layer of commercial DVD and by electro-

depositing the material from a 50 mM ATM aqueous solution for 3 minutes. The reduction of ATM 

simultaneously cause the deposition of MoS2 and the generation of SH- anions that sulphidize metallic Ag to 

Ag2S, forming MoS2/Ag2S n-p nanojunctions. To proof the role of MoS2, we grown pure Ag2S and MoO2 films 

as blank experiments. The evolution of the DVD support was followed by using SEM, XRD and Raman 

Spectroscopy, for morphology, crystal phases and structural modifications, respectively. SEM showed a 

strongly increased roughness of the DVD substrate, while XRD and Raman measurements revealed the 

amorphous nature of materials deposited through this protocol. XPS further confirmed the amorphous 

nature of the films and allowed to quantify the ratio among the sulphides. We operated electrochemical tests 

by combining polarization curves, Electrochemical Impedance Spectroscopy (EIS) and double-layer 

capacitance measurements, resulting in a very cheap and effective catalyst for HER. Moreover, thanks to the 

presence of n-p junctions (proofed by Mott-Schottky analysis), a nice 10% performance enhancement under 

visible light irradiation was observed. 

In Chapter Four another kind of hybrid was prepared by designing a one-pot hydrothermal synthesis of 

MoS2(1-x)Se2x nanosheets grown on N-doped reduced Graphene Oxide (hereafter N-rGO). This study was 

focused on optimizing a synthesis that allows a precise and easy-to-tune Se:S ratio, with the goal of 

controlling  optoelectronic properties. In the synthesis we utilized ATM as MoS2 precursor in the presence of 

Dimethyl Diselenide (DMDSe) as selenizing agent. Through a series of blank experiments, we found that a 

two-temperatures synthesis was the best to obtain the target material: a first step at 180°C to allow the 

growth of MoSx slabs without the competition with selenization reaction and subsequently a step at 200 °C 

to activate DMDSe and substituting S anions on the nanosheets. The materials that we obtained were found 

to be amorphous due to low process temperature. Therefore two different goals were chased: the as-

produced materials were tested for HER in acidic environment, while crystalline materials, obtained by 

annealing at 600 °C, were destined to photoinduced HER. The reason resides on the different crystallinity: 

the amorphous samples, being highly defective, were expected to have higher intrinsic catalytic activity but 
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worse interaction with light because of defects-mediated exciton recombination; on the other hand, 

crystallizing the materials would allow losing pure performance but improving the exciton lifetime, favouring 

the photoinduced reaction. Indeed, this hybrid material is based on the interaction between two moieties 

that are responsible for the creation of a p-n nanojunction and have two synergistic roles (imparting good 

electric conduction the N-rGO, and granting a low overpotential the MoS2(1-x)Se2x) inside a unique catalytic 

reaction. The tuning of Se:S ratio was followed by the evolution of Raman modes with the changes in 

composition,  as in the case of XPS, that was used to determine the Se:S ratio. HER activity and kinetics was 

firstly investigated for all the produced samples, revealing that, in the case of amorphous samples, the 

introduction of Se had no beneficial effects, since amorphous MoS2/N-rGO was the best performing material. 

On the other hand, after annealing the intrinsic defectivity of Se-containing samples completely reverted the 

trends. Subsequently, photoinduced HER was studied for selected samples: as expected, amorphous samples 

were found to be much less responding to light irradiation compared to crystalline counterparts. On the 

latter, UV-Vis, transient photocurrent and Incident Photons to Current Efficiency (IPCE) studies were made 

to observe the evolution of performance with different Se contents. 

The contents of Chapter Five move from electrocatalysis to heterogeneous catalysis. We synthesized a 

heterogeneous catalyst by covalently grafting Ferrocene (Fc) moieties to –COOH surface groups of GA and 

GO. The resulting Fc-modified graphene derivatives have been tested as heterogeneous catalysts for the  

C-H insertion of aryl diazonium salts into several arene substrates, a reaction of pivotal importance for 

organic chemistry since it activates a rather inert system, opening new reaction pathways in the synthetic 

research. The materials were extensively characterized along every synthetic step.  SEM and TEM 

experiments were performed to check the morphology, Raman spectroscopy was used to calculate the ID/IG 

ratio and we observed in UV-Vis spectra the appearance of Fc bands. Thanks to XPS measurements we were 

able to follow the evolution of C core level along the functionalization steps. XPS was used as well to 

determine the amount of Fe in the final materials, crosschecking the results with EDX analysis and with charge 

integration measurement in Cyclic Voltammetry (CV) experiments. Once the successful functionalization of 

the GA and GO supports with Fc was demonstrated, and considering that molecular Fc shows a good catalytic 

activity in the C-H insertion of diazonium salts into arene substrates reaction, the GA- and GO-based materials 

were tested as heterogeneous catalysts for the same reaction. The catalytic activity and kinetics were 

observed via Nuclear Magnetic Resonance (NMR), resulting not only in a successful heterogenization of Fc, 

but also in a clear superiority of GA as scaffold with respect to GO. 

A different type of graphene-based catalyst was investigated in Chapter Six, in particular we have grown Pd 

nanoparticles  on GA and GO to create a material for Suzuki-Miyaura cross coupling reaction. The literature 

is full of reports where researchers tackle the combination of Pd and graphene in form of small metallic dots, 

with diameter ranging from big clusters (less than 2 nm) to big nanoparticles (80-100 nm). However, the 

mechanism on how the nanoparticles grow on surface is not addressed. It is believed that surface oxygen 

groups on GO or rGO play a role. In order to shed light about this fundamental question, we employed GA as 

platform to grow Pd nanoparticles. The uniform surface chemistry become crucial to understand the 

chemical transformation involved in the nucleation and growing of the supported metallic nanoparticles. We 

characterized the synthesized materials by mean of XPS, which was essential in observing the changings of C 

line upon impregnation and of Pd core level, where both chemical state and capacitive effects due to 
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quantum confinement could be observed. Moreover, an estimation of Pd loading could be calculated and 

further confirmed by EDX and Inductively Coupled Plasma Mass Spectrometry (ICP-MS). On GA, different Pd 

loadings were essayed to obtain smaller (i.e. more active) Pd nanoparticles. TEM analysis demonstrated that 

much narrower Pd nanoparticles size distribution could be obtained on GA with respect to GO, proofing the 

importance of surface moieties in controlling nanoparticles growth. Also UV-Vis spectroscopy confirmed 

these hypothesis, since it is known that the size of the Pd nanoparticle can affect the optical properties 

regarding the corresponding maximum of the plasmonic effect. Regarding the catalytic activity, the Suzuki-

Miyaura reaction is one of the most widespread employed cross-coupling reactions to form C-C bonds. Pd 

nanoparticles supported on graphene derivatives have already been reported to have activity on the cross 

coupling of boronic acids with different halides, demonstrating good catalytic performance with high 

stability, cyclability and versatility even working under green conditions. Other authors, however, reported 

the synthesis of homocoupling catalysts of boronic acids instead of the cross-coupling ones. Thanks to Pd 

nanoparticles homogeneity, derived from uniform surface functionalization of GA, we found that our GA-Pd 

system is able to perform selectively and in green conditions both reactions with a simple control of the 

reagents involved. 
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2.1 Introduction 

As already mentioned in Section 1.2.1, hydrogen economy is one the most promising perspectives in the 

Green Economy area. The most common method to produce large quantities of hydrogen, i.e. steam 

reforming of methane or light alcohols, is neither clean nor sustainable. In addition, the final product contains 

small amounts of CO that constitutes a poison for the Pt-based catalysts used in FCs, limiting their lifecycles.1 

Electrolysers, based on the electrocatalytic water splitting (WS), are emerging as the best devices to obtain 

clean hydrogen through hydrogen evolution reaction (HER).2 However, to be exploitable, WS must be 

boosted by suitable electrocatalysts. In other words, the role of HER electrocatalysts at the cathode is 

fundamental: they must be based on cost-effective non-critical raw materials (i.e. noble metals-free) and 

guarantee efficiency, durability in operating condition and cost-effectiveness.  Moreover, the electrocatalyst 

has to work efficiently also in basic media, where HER is usually hindered, in order to boost the oxygen 

evolution reaction at the counter electrode.  

The influence of the pH on the cathodic half-reaction can be easily described taking into consideration the 

two accredited mechanisms for HER (i.e. Volmer-Heyrovsky and Volmer-Tafel) that result from the 

composition of two out of the following reactions steps:3,4 

Volmer step (Electrochemical Hydrogen Adsorption):  
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Heyrovsky step (Electrochemical Desorption):  
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Tafel Step (Chemical Desorption): 

2���� ⇆ �� 

Hence, the electrocatalyst HER performances can be dramatically influenced because different species have 

to be adsorbed and reduced in steps that are affected by pH change. For instance, Durst et al. demonstrated 

that kinetics parameters of some noble metals (Pt, Ir and Ru) are strongly pH dependent and that a two order 

of magnitude activity decrease on all these surfaces when going from low to high pH. 3 These issues arise 

from the extra energy needed for breaking the covalent H-OH bond, which clearly is harder to cleave than 

the dative +H-OH2 bond.4 Moreover, hydroxyl anions could poison metal sites, hindering the catalytic activity, 

even in precious metal-based catalysts. 

For these reasons, in literature a relatively low number of papers addressing HER in alkali media are present 

with respect to the huge amount of catalyst explored for HER in acid. On the other hand, when exploring 

catalysts in acidic conditions, stability issues of non-noble metals may arise.  As an alternative to the 

unsustainable noble-metal based catalysts, earth-abundant transition metals-based catalyst are currently 

investigated,5,6 in the form of metal or alloys, carbides and nitrides,7 and, above all, transition metals 

dichalcogenides (TMDCs).8 TMDCs are 2D-layered materials and, especially MoS2 has been extensively 

studied as HER electrocatalyst, mainly in acidic media, whereas few people studied it at different pH. As 
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elegantly demonstrated by Wiensch and coworkers, MoS2 has diverse preferential sites for the HER at 

different pH: 9 Mo-terminated edge sites are active at low pH because of thermoneutral adsorption of 

hydrogen on Mo site, but in hydroxyl rich environment the formation of Mo-H is inhibited and S-rich terraces 

become the preferential site for HER.10 Therefore, in MoS2-based materials exposing high quantity of edges 

only HER in acid would be enhanced, while paradoxically HER in alkaline medium would be enhanced by 

exposing large terraces. Indeed, as proven by calculations, on Mo-edge the prior dissociation of water is the 

limiting step in alkaline HER, because of the formation of strong Mo-OH bond, slowing down OH- desorption 

and consequently tearing down the turnover number of the Volmer step.11,12 However, the work of Wiensch 

demonstrated as well that in polycrystalline and defective MoS2, exposing similar quantity of edge-like and 

basal plane sites, it is possible to obtain similar performances in acidic and alkaline ambient. 

Hence, one actual goal is to design MoS2 catalysts to obtain pH-independent HER. This can be addressed also 

by taking advantage of the knowledge about the handling of 2D-layered materials gained in the last few years 

from the graphene field. In particular, in recent years the attention moved from simple 2D sheets13–19 to 3D-

structured systems,20–26 that ensure higher surface areas and number of exposed catalytic sites. To improve 

the intrinsic catalytic activity of MoS2, also doping with transition metals has been proposed. Theoretical 

calculations were carried out and a better catalytical performance was predicted because of the doping.27,28  

In 2015 Tsai et al. published the results of their calculations, in which they covered the effect of doping of a 

wide array of 19 transition metals on MoS2.
29 Nevertheless, the introduction of a different cation in the lattice 

can cause the modification of the structure, which can also influence the HER.  

In this paper, we prepared 3D-structured MoS2 samples (hereafter 3D-MoS2) obtained starting from 

ammonium tetrathiomolybdate (ATM) using a procedure that also allows to introduce the dopant by a simple 

one-pot. We then studied the effects of Ni doping both on the 3D-MoS2 structure and the catalytic 

performances in HER, both in acidic and in basic media.10,21,30  

2.2 Experimental Section 

ATM Synthesis 

Ammonium Molybdate (NH4)6Mo7O24 · 4H2O (3 g; 2.43 mmol, from Sigma-Aldrich) was dissolved under 

stirring in 45 ml of aqueous (NH4)2S (20 %wt, from Fluka) in a closed bottle. When a clear solution was 

obtained, stirring was stopped and the solution was keep at r.t. for 1h. Afterwards, the solution was kept at 

4°C overnight to allow the formation of deep red needle-like crystals. ATM crystals were filtered under a 

gentle Ar flow and washed with cold water and cold ethanol. The product was then dried under nitrogen and 

stored in inert gas (3.5 g; yield 79.1 %). 

3D-MoS2 Synthesis 

ATM (300 mg; 1.15 mmol) and the dopant precursor NiCl2·6H2O were dissolved in the selected volume of 

water (milliQ 18.2 MΩ, degassed with N2 for 1h) by helping with 2h sonication. 
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ATM concentration (mg/ml):  Water Volume (ml): 

5  60 

10  30 

25  12 

Dopant %at. (vs Mo): NiCl2·6H2O (mg): 

2% Ni 5.5 

5% Ni 13.7 

10% Ni 27.4 

15% Ni 41.1 

Table 2.1. Summary of the samples prepared in the present paper. 

After cooling down at r.t., the so-obtained grey powder was collected apart and stored under nitrogen to 

prevent surface oxidation. 

Physico-chemical characterization 

X-ray photoemission spectroscopy (XPS) data was acquired by a custom-designed UHV system equipped with 

an EA 125 Omicron electron analyzer with five channeltrons, working at a base pressure of 10−9 mbar. Core 

level photoemission spectra were taken in normal emission using the Mg Kα line (hv = 1253.6 eV) of a 

nonmonochromatized dual-anode DAR400 X-ray source. High resolution spectra were acquired using 0.5s 

dwell time, 0.1 eV energy steps, and 20 eV pass energy. In the case of Ni 2p3/2 region, the parameters were 

set to 0.25s dwell time, 0.2 eV energy step and 50 eV pass energy, in order to obtain a better signal-to-noise 

ratio. In the same conditions, a set of measurement (not shown) of Mo 3d and S 2p core levels was acquired 

as well to calculate the surface composition. The multipeak analysis of S 2p, Mo 3d and Ni 2p3/2 photoemission 

lines was performed by means of Gaussian−Lorentzian funcLons and subtracLng a Shirley background using 

the KolXPD software. 

Scanning electron microscopy (SEM) micrographs were acquired using a field emission source equipped with 

a GEMINI column (Zeiss Supra VP35) with an acceleration voltage of 5 kV using secondary electrons detection.  

Raman spectroscopy was carried out with a ThermoFisher DXR Raman microscope. The spectra were 

recorded using a laser with an excitation wavelength of 532 nm (0.1 mW), focused on the sample with a 50× 

objective (Olympus). 

EDX analysis and mapping were performed by using a FEI Tecnai G2 F20 TWIN TMP with a Schottky emitter 

operated at 200 kV. The EDX analyses have been acquired using a Bruker XFlash 6|T30 silicon-drift detector 

(SDD), with 30 mm2 effective area. 

The X-ray diffraction (XRD) characterization was performed with a Philips PW 1729, configured with a 

glancing angle geometry, operating with Cu Kα radiation (λ = 0.15406 nm) generated at 30 kV and 40 mA. The 

mean crystallite size was calculated from the MoS2(002) peak using the Scherrer equation:  

Lc = k·λ/ß·cosθ, where k is the shape factor (k = 0.9), λ is the X-ray wavelength, ß is the line broadening at 

half the maximum intensity of the peak, and θ is the Bragg angle. 
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Electrochemical Characterization 

The electrochemical studies were performed in a conventional three-electrode electrochemical cell, using an 

Ag/AgCl (3M KCl) electrode (calibrated as +0.218 V vs. the reversible hydrogen electrode, RHE) and a Pt wire 

as reference and counter electrode, respectively. For the long duration chronopotentiometric 

measurements, a glassy carbon (GC) rod was used as counter electrode. The working electrode was prepared 

by depositing 2.5 µl of catalyst ink on a GC electrode (2.8 mm diameter), corresponding to an active material 

loading of 142 µg cm-2. The catalyst ink consisted of 2 mg of active material and 2 mg of Vulcan XC-72 carbon, 

grinded in a mortar and subsequently suspended in 0.5 mL of N,N-dimethylformamide and 5 μL of Nafion 

solution. The measurements were carried out in N2-saturated 0.5 M H2SO4 or 1.0 M KOH at room 

temperature. Polarization curves were recorded from +0.2 V to -0.5 V vs RHE using a scan rate of 0.005 V s-1. 

V-t curves were recorded at 10 mA/cm2 for 15 h. Currents presented in the text are normalized by the 

geometrical area and iR-corrected by using the resistance determined by electrochemical impedance 

spectroscopy (EIS) measurements. EIS was performed at η = 0.28 V and fitted using a R(RQ) as equivalent 

circuit. 

2.3 Results and Discussion 

2.3.1 Preliminary study on 3D-MoS2 scaffold 

It is already reported in literature that using a freeze-drying process ATM can form 3D networks, that are 

maintained also during the chemical conversion to MoS2, whose density can be tuned  by changing the 

precursor concentration,21 because the volume of the final product is related to the volume of the ice formed 

during the freeze-drying process. Starting from this literature achievement, in the first part of this work we 

tried to optimize the morphology/stability of the MoS2 scaffold. We performed the synthesis using ATM 

solutions with several different concentrations. In order to demonstrate the limit of the mechanical stability 

of the final material, that is if ATM is too diluted, the 3D-network can collapse during the freeze-drying 

process. We report here the results achieved with 5, 10 and 25 mg/ml ATM solutions (hereafter named as 

MoS2-5, MoS2-10 and MoS2-25, respectively). We found that the samples obtained with ATM solutions of 10 

and 25 mg/ml concentration maintained their shape both during freeze-drying and during the annealing step, 

while the material obtained with 5 mg/ml solution underwent to network collapse during the drying step.  

To decide the best scaffold, preliminary HER tests on these materials were performed 0.5 M H2SO4. In Figure 

2.1, polarization curves and Tafel plots for the three samples are reported. From the kinetics point of view, 

samples MoS2-10 and MoS2-25 show a better Tafel slope, which may be due to a higher amount of defects in 

the scaffold. As expected, the materials behaved similarly at low overpotential: the differences in the onset 

potential and overpotential at 10 mA/cm2 were lower than 30 mV among the three samples. However, at 

higher overpotentials, differences in the current densities were observed, being the MoS2-10 sample the 

most active one. Therefore, study on doped materials was based on MoS2-10 scaffold, hereafter named 

simply as undoped 3D-MoS2. 
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Figure 2.1. Polarization curves (A) and Tafel plot (B) for undoped 3D-MoS2 materials prepared with different 

starting solutions.  

2.3.2 Synthesis and physico-chemical characterization 

In Figure 2.2A, we report SEM image of 3D structure of the designed scaffold in which the typical lamellar 

structure of MoS2 is clearly evident.  The same lamellar structure is also maintained in all Ni-doped 3D-MoS2 

samples (2, 5, 10 and 15 % at. vs Mo) as can be seen in Figure 2.3. This suggests that the metal doping has 

not a significant effect on the morphology, although a slightly denser structure can be observed when higher 

Ni loadings are used. In all cases, as shown via TEM and EDX chemical mapping (Figure 1B-Q), we observe a 

homogeneous distribution of Ni in the 3D-MoS2 lattice independently of the percentage of the Ni-doping. 

 

Figure 2.2. A) SEM image of undoped 3D-MoS2-10 undoped sample (scale bar: 2 µm). TEM image with EDX 

chemical mapping of Mo, S and Ni for the Ni-doped 3D-MoS2 samples (scale bar: 300 nm) with the Ni-doping 

of 2 % (B-D), 5 % (F-I), 10 % (J-M) and 15 % (N-Q), respectively. 
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Figure 2.3. SEM images for Ni-doped 3D-MoS2 (scale bar: 2 µm). 

The incorporation of Ni in the MoS2 lattice was investigated by XRD and Raman spectroscopy and the results 

are reported in Figure 2.4. Figure 2.4A shows the XRD patterns of the Ni-doped 3D-MoS2 and as well undoped 

3D-MoS2. All the samples show four main peaks at 2θ values of 13.8°, 33.1°, 39.3° and 58.9° attributed to the 

(002), (100), (103) and (110) reflections of the hexagonal structure of MoS2 (see XRD pattern of the 

commercial MoS2).31 The diffraction peaks slightly shift to higher 2θ values when the Ni content increases, 

suggesting a contraction of the MoS2 lattice cell due to the incorporation of Ni into the MoS2 structure. This 

result is in agreement with the fact that Ni has an atomic radius (1.49 Å) smaller than that of Mo (1.90 Å). In 

addition, the diffraction peaks become narrower when the Ni doping increases. This indicates that Ni induces 

the growth of MoS2 crystallites above a certain amount.  No extra-peak clearly associated with Ni 

sulfides/oxides is observed, further confirming the Ni incorporation into the MoS2 structure. The crystallite 

size was calculated from the (002) peak by using the Scherrer equation. The undoped 3D-MoS2 sample 

showed a crystallite size of 3.8 nm that remained almost unchanged when a 2-5 at.% of Ni was added (~ 4.0 

nm). However, when the Ni content increased up to 10 and 15 at.%, the crystallite size was 5 nm and 9.7 nm, 

respectively (see Figure 2.4B). This is further confirmed by the appearance of high index reflections of MoS2 

lattice at 38.3° and 44.5°, assigned to (104) and (009) facets. The increase of particles dimensions can be also 

associated to the formation of [Ni(MoS4)2]2- complex in the starting ATM  solution, that may induce a different 

behavior during the synthesis with respect to uncomplexed ATM.32,33 
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Figure 2.4.  XRD and Raman data of the Ni-doped 3D-MoS2 as a function of Ni loading. (A) XRD patterns, bulk 

MoS2 data are reported as a reference; (B), crystallite size and 2θ (002) using the Scherrer equation; (C)  

Raman spectra and (D) detail of A1g peak for the 3D-MoS2 samples. Reference XRD data: ICDD Nr. 00-086-

2308.  

Figure 2.4C shows the Raman spectra for the 3D-MoS2 samples and the commercial bulk MoS2 sample 

(Aldrich). All the samples show two bands at around 380 cm-1 and 405 cm-1 that correspond to the in-plane 

E1
2g and out-of-plane A1g vibrational modes, respectively, characteristic of 2H-MoS2.34 Compared to the bulk 

commercial sample, the 3D based samples show a broader A1g band that can be associated with a small 

number of stacked layers along the c axis,35 confirming the limited growth and smaller size of the 3D-MoS2 

lamellae and the defective nature of 3D materials. As the amount of Ni dopant increased, a slight shift of the 

A1g band toward higher values was observed (Figure 2.4D). The separation between the E1
2g and A1g bands is 

usually adopted to calculate the number of stacked layers,35 indicating that high Ni loadings induce a higher 

stacking of the MoS2 layers, in agreement with the XRD results. However, the differences were not significant 

and all the materials range between 4 and 5 layers.  

XPS was used to further investigate the incorporation of Ni in the MoS2 structure and the relative electronic 

effect, since it can reveal different chemical environments as well as variations of the electronic structure of 

the 3D-MoS2 scaffold.10 First of all the XPS data allow to obtain the surface composition of the whole series 

of Ni-doped samples (Table 2.2): in all the cases the Ni surface composition is proportional to the nominal Ni 

loading values set during the one-pot synthesis.  
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 % Mo % S % Ni S/Mo Ni/Mo 

Bulk MoS2 32.9 67.1 - 2.0 - 

Undoped 3D-MoS2 33.5 66.5 - 2.0 - 

2%Ni 3D-MoS2 33.0 66.1 0.9 2.0 2.7 

5%Ni 3D-MoS2 33.3 65 1.7 2.0 5.1 

10%Ni 3D-MoS2 32.2 64.4 3.4 2.0 10.6 

15%Ni 3D-MoS2 32.4 62.2 5.4 1.9 16.7 

Table 2.2. Surface composition of Bulk MoS2, undoped and Ni-doped 3D-MoS2 materials. 

Mo 3d and S 2p XPS core levels of the are shown in Figure 2.5, whereas the corresponding regions Ni 2p3/2 

can be found in Figure 2.6. Mo 3d and S 2p XPS regions of the commercial bulk sample are also presented for 

comparison in order to gauge the effect of the morphology on the electronic structure of the material. Mo 3d 

peak of the bulk MoS2 was fitted using two doublets whose larger components are at a binding energy (BE) 

of 229.1 eV and 232.2 eV, assigned to Mo(IV) in 2H-MoS2 and to Mo(VI) in MoO3 surface oxide (due to the 

oxidation in air, 4 at.% of total Mo), respectively (Figure 2.5). S 2p peak was fitted with a single component 

at 161.8 eV in agreement with the values reported in the literature.36 For undoped 3D-MoS2, the 

deconvolution of Mo 3d XPS peak revealed one main component at BE of 228.9 eV (2H-MoS2) and a smaller 

amount of MoO3 (232.1 eV) with respect to bulk MoS2 (1.3 at.%). The analysis of the S 2p region showed the 

presence of a single component at 161.7 eV, assigned to S2- species. It is worth noting that the absence of 

components related to a S2
2- dimer (expected at ca. 163.0 eV) is a clear indication that there is no residual 

precursor in the samples, so that conversion from ATM to MoS2 was complete.37,38 The small BE shift of the 

Mo 3d and S 2p XPS peaks of the bulk MoS2 with respect to the 3D-MoS2 is attributed to the higher 

nanoparticles size of the former.39  

The same analysis was performed on Ni-doped 3D-MoS2 samples and similar features were found, i.e. a main 

component attributed to 2H-MoS2, as well as a minor component related to MoOx species (4-6 at.%, slightly 

higher than undoped 3D-MoS2). This means that the Ni addition does not induce any restructuring of the 

MoS2 layers and that a small number of Mo atoms transforms the Mo-S bonds into Mo-O bonds when Ni 

atoms are introduced. A 0.1 eV shift toward lower BEs was observed in the MoS2 component of the Mo 3d 

peak, compared to the undoped sample. This shift can be attributed to the modification of the electronic 

environment of Mo due to the incorporation of Ni.  This is expected to have an effect on the electrochemical 

properties of MoS2, since it indicates an electron-richer surface.10  
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Figure 2.5. Mo 3d and S 2p XPS 

regions for Bulk MoS2, undoped and 

Ni-doped 3D-MoS2 samples. Dotted 

lines in graphs refer to BE values 

found for undoped 3D-MoS2. 



 
 

44 Ph.D. Thesis, Dario Mosconi 

 

Figure 2.6. Multipeak analysis of Ni 2p3/2 photoemission region for Ni-doped 3D-MoS2 samples at different Ni 

loadings: A) 2%Ni; B) 5%Ni; C) 10%Ni and D) 15%Ni. 

According to the literature, the Ni atoms are incorporated in the MoS2 network by substituting Mo atoms 

and, according to DFT calculations and other studies reported in the literature, such substitutional doping is 

believed to start from edges to subsequently pass to basal plane insertion.29,30,40,41  Let us see if our XPS data 

can be interpreted following such a picture from the analysis of Ni 2p3/2 core-level spectra.  

The Ni 2p3/2 peak was separated into chemically shifted components in order to gauge the nature of the Ni 

species. Three components at BEs of 853.5 eV, 855.0 eV and 856.6 eV were included in the fit, which were 

tentatively attributed to edge-substitional Ni, basal plane-substitutional Ni and NiOx species, 

respectively.32,33,42,43 Then, we analyzed the evolution of each component as a function of the Ni doping (Table 

2.3, Figure 2.7), comparing the results with the existing models for Ni doping.  Following such a method, we 

have found a decrease of the lower BE component with the increase of the Ni amount, while the component 

at 855.0 eV follows the opposite trend. In other words, our XPS data suggests that the substitution of Mo 

atoms at the edge is first favored (Ni-edge component), whereas the substitution of Mo atoms in the basal 

plane is favored for higher amounts of dopant after the substitution of edge Mo atoms (Ni-basal component). 

This is exactly what is expected on the basis of the DFT predictions and other studies reported in the 

literature: substitutional doping is believed to begin from edges to subsequently pass to basal plane 
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insertion.29,30,32,40–44 This is also in tune with our XRD data that say that Ni is substitutional.  When in the basal 

plane, Ni tends to relax assuming an under-coordinated structure with respect to Mo (4-fold S coordination 

vs 6-fold S for Mo), leaving unbounded S atoms and justifying the BE shift observed between the edge and 

bulk Ni components of the Ni 2p3/2 line.40,45–49  On the other hand, the NiOx component, seems to be 

independent on the Ni content, and in all the samples is about a 30 at.% of the total Ni.   

 

Figure 2.7. Evolution of Ni species as a function of the Ni content determined from the XPS analysis. 

 % Ni Edge % Ni Basal % NiOx 

2%Ni 3D-MoS2 49 27 24 

5%Ni 3D-MoS2 34 30 36 

10%Ni 3D-MoS2 26 36 38 

15%Ni 3D-MoS2 17 51 32 

Table 2.3. Composition of Ni 2p3/2 photoemission line. 

 

2.3.3 Electrochemical Characterization 

The electrochemical HER activities of the Ni-doped 3D-MoS2 materials were tested in alkaline and acid 

conditions to correlate their performances with the Ni doping (see Figure 2.8). Commercial bulk MoS2 

(Aldrich) and 20 wt.% Pt/C (Johnson Matthey) are also included for comparison. Tafel slopes and 

overpotentials at 10 mA cm-2 (η10mA/cm2) are reported in Table 2.4.  
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Figure 2.8. Polarization curves and Tafel plots in 1.0M KOH (A,C) and in 0.5M H2SO4 (B,D), respectively,  for 

the 3D-MoS2 and Ni-doped 3D-MoS2 materials. 

The Ni-doping of 3D-MoS2 increases the activity in all cases, shifting the onset potential to lower 

overpotentials and increasing the current density. However, the differences observed among the Ni-doped 

3D-MoS2 samples leads to interesting considerations about the Ni sites and their effect on the HER kinetics 

in acid and alkaline conditions. It is important to note that the undoped 3D-MoS2 sample behaves similarly 

in acid and alkaline solutions. On the contrary, when Ni doping is included, relevant differences are found in 

the different electrolytes.  

In the case of catalytic performance in alkaline conditions an increase of the activity with the amount of Ni is 

observed up to a 5 at.% doping (Figure 2.8A and Table 2.4), whereas higher Ni loadings result in a decrease 

of the activity. In the literature, it has been reported that the doping of MoS2 with Ni accelerates the HER 

kinetics by lowering the energy barrier for the water dissociation and OH- desorption steps (see Scheme 

1A).11,12,50 Indeed, late transition metals tends to form weaker bonds with OH- with respect to Mo, favoring 

the byproducts desorption. Moreover, as seen by XPS, the introduction of Ni causes a slight electron 

enrichment of Mo, facilitating desorption of Hads species and hence accelerating the Heyrovsky step.10,51–53 
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Scheme 1. Schematic representation of different catalytic sites for HER in alkaline (A) and acidic (B) 

conditions.  

From the different Ni species distribution determined from XPS, an interesting correlation between them 

and the HER activity comes up. The activity increases with the amount of substitutional Ni atoms at the edge 

(Ni-edge) up to a 5 at.% doping and then starts to decrease due to the promotion of basal plane substitution 

for high Ni loadings (see Table 2.3). In terms of absolute values, the amount of edge-Ni sites always increases 

with the Ni content; however, the fact that the HER activity decreases for loadings higher than 10 at.% can 

be explained taking into account the larger crystallite size and denser morphology of these materials, that 

results in a lower amount of active sites (edge sites) and as well in higher charge transfer resistance as 

measured by EIS experiments  (see Figure 2.9A and Table 2.5). This result suggests that the Ni-basal species 

do not promote the HER activity in alkaline medium. This is also confirmed by the analysis of the HER kinetics 

through the Tafel slope values (Table 2.4). They follow the same trend than the HER activity, that is, the Tafel 

slope decreases with the amount of Ni up to a 5 at.% Ni-doping and increases for higher Ni loadings. The 

lowest value (65 mV dec-1) is obtained for the 5 at.% Ni-MoS2 sample. 

 Overpotential at 10 mA/cm2 (V) Tafel slope (mV/dec) 

 0.5M H2SO4 1.0M KOH 0.5M H2SO4 1.0M KOH 

Commercial MoS2 - - 123 124 

Undoped 3D-MoS2 0.35 0.35 112 111 

2%Ni 3D-MoS2 0.34 0.27 85 69 

5%Ni 3D-MoS2 0.25 0.22 64 65 

10%Ni 3D-MoS2 0.3 0.29 74 84 

15%Ni 3D-MoS2 0.35 0.33 83 92 

Pt/C 0.02 0.17 28 47 

Table 2.4. Overpotentials at 10 mA cm-2 and Tafel slopes for the undoped and Ni-doped 3D-MoS2, commercial 

MoS2 and 20 wt.% Pt/C in 0.5M H2SO4 and 1.0M KOH. 
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Figure 2.9. Nyquist plot for doped and undoped 3D-MoS2 recorded at η = 0.28 V in 1.0 M KOH (A) and in 0.5 

M H2SO4 (B). 

 
Rct (Ω) 

0.5M H2SO4 

Rct (Ω) 

1.0M KOH 

Undoped 3D-MoS2 384 152 

2%Ni 3D-MoS2 260 50 

5%Ni 3D-MoS2 34 34 

10%Ni 3D-MoS2 160 76 

15%Ni 3D-MoS2 370 128 

Table 2.5. Charge transfer resistance (Rct) calculated in 0.5 M H2SO4 and 1.0 M KOH. 

Interestingly, HER activities in acidic conditions show some differences with respect to those observed in 

alkaline conditions, suggesting variations in the active sites involved. The introduction of 2 at.% Ni does not 

induce an enhancement of the HER activity in terms of both onset potential and current density respect to 

the pristine 3D MoS2, contrary to what happens in alkaline media. This result suggests that the Ni-edge sites, 

main Ni species in this sample, do not have any role in the HER mechanism. However, a further increase of 

Ni-doping up to 5 at.% significantly improves the HER activity by decreasing the η10mA by 0.1 V. Taking into 

account that the relative amount of Ni-basal and Ni-edge species increases and decreases, respectively, 

compared to the 2% Ni-MoS2 sample, we could attribute the enhancement of HER activity to the Ni-basal 

species. When the amount of Ni-basal species increases (10% and 15% Ni samples), the HER is enhanced 

compared with the pristine and 2% Ni-MoS2 sample, confirming the key role of these species. However, these 

materials show a lower activity than the 5 % Ni-MoS2 sample due to an increase of charge transfer resistance 

(see Figure 2.9 and Table 2.5) caused by the enlargement of the particle size, as mentioned above. 

In order to elucidate the role of the different Ni species, the structural changes caused by the addition of Ni 

have to be considered. As mentioned above, Ni atoms inserted in the basal plane of MoS2 network assume a 

relaxed structure, leaving two unbounded sulfur atoms as shown in Scheme 1B. In agreement with the 

literature,10,40,44  the presence of these unsaturated S atoms can favor the proton adsorption step (Volmer 

step), which is the rate determining step for pure MoS2, as demonstrated by Tafel analysis. The lowering of 

the Tafel slope with the addition of Ni confirms the acceleration of the proton adsorption. Moreover, as in 

the case of HER in alkaline medium, XPS proofed the electron enrichment induced by Ni to the catalyst 

A B 
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surface, hence the adsorption strength of H atom will be weakened, making the following H recombination 

and release process easier and quickening the overall reaction kinetics.10,51–53 

 

Figure 2.10. Evolution of Tafel slope (A) and Overpotential at 10 mA/cm2 with the Ni content in both 

electrolytes. 

Interestingly, as shown in Figure 2.10, kinetics in 10 and 15 at.% Ni 3D-MoS2 slow down in sulfuric acid in less 

marked way with respect to alkaline environment. This is a clear indication that abundance of Ni-Bulk sites 

allows a preferential pathway for protons adsorption cleaving H+-OH2 molecules, but not for the adsorption 

and the dissociation of neutral water molecules at higher pH. 

2.4 Conclusion 

In this Chapter, we studied the effects on the electrocatalytic performances of several amounts of Ni 

introduced in a 3D-structured MoS2 scaffold.  We observed that introducing large quantities of dopant could 

strongly influence affect the scaffold structure, by modifying the crystallites growth process and then the 

crystallinity of the resulting materials and their performances in HER. Moreover, thanks to XPS analysis, we 

could proof experimentally that Ni atoms tends to preferentially substitute Mo on the edges when the 

loading is low enough, while the basal plane substitution become preferential for larger amounts of dopant. 

Finally, we could correlate the electrocatalytic behavior in different environments with the Ni species 

detected by XPS, observing that Edge Ni species are prone to promote HER in alkaline medium, while the 

Basal Ni showed preferential activity at low pH. 
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3.1 Introduction 

The fabrication of efficient, stable and cheap electrodes for electrochemical1 and photoelectrochemical2 

production of H2 is nowadays a very challenging and widespread research topic. Both Ag2S and MoS2 have 

been studied for quite a long time as efficient and convenient electrocatalysts for HER.3–8 It is now well 

established that bulk MoS2 is a poorly active HER electrocatalyst, whereas, when 2D nanosheets are 

considered, their edge sites show a noticeable HER activity. Therefore, many efforts have been devoted 

primarily to the preparation of exfoliated MoS2 materials to exploit their HER catalytic activity.9,10 However, 

if we want exploit the Solar energy to increment the efficiency of the HER process, the photo-electrocatalytic 

(PEC) approach must be pursued and in this case designing a composite catalyst is the main challenge. A 

current strategy is that of decorating the MoS2 nanosheets with metal nanoparticles (NPs) that can act as 

carrier sinks and/or produce more efficient active sites.3 In fact, noble metals have a large work function, i.e. 

lower Fermi level, which can easily trap the photoexcited electrons to extend the average lifetime of electron-

hole pairs. Among the noble metals, Pt has the lowest Fermi level, and thus possesses the best abilities for 

trapping electrons and the highest HER activities. 

Alternatively, the formation of heterojunctions is a suitable strategy to burst the PEC-HER process, e.g. the 

MoS2-CdS p-n junction.11 In this view, Ag2S offers the possibility to form an alternative p-n junction: in fact, 

Ag2S presents a good solar energy absorption, and has already been applied as an electrocatalyst, photo-

electrocatalyst and photocatalyst in HER experiments.8,12 When considering the Ag2S/MoS2 composite 

material, Ag2S, according to Pearson absolute electronegativity values, has a favourable position of 

conduction band (CB) and valence band (VB) edges so that a type-II13 heterojunction might be formed.14 In 

addition, it is important to recall that the combination of MoS2 with highly conductive materials is also a very 

important issue to enhance charge transportation and catalytic efficiency.14 In a recent paper by Tran and co-

workers it was shown that the transformation from an amorphous to crystalline MoS2 material surprisingly 

did not reveal beneficial with respect to HER: being more defective, the amorphous material possesses a 

better HER activity and appears to be more tolerant to oxidation stress.15 

Considering all these evidences and having in mind the goal of sustainability, we decided to pursue an easy 

and cheap approach to the preparation of a composite Ag2S/MoS2 PEC material using as support the 

nanostructured Ag layer present in a commercial Digital Versatile Disc (DVD), thus turning an abundant waste 

into an added-value material. Actually, a writable DVD contains a 1µm thick Ag layer sandwiched between 

two polycarbonate discs containing a 400 nm periodic nanostructure, i.e. the DVD grooves. It is possible to 

delaminate the sandwich and expose the Ag layer nanostructure after washing with ethanol the dye that 

coats the Ag surface. This procedure is easy and can be performed in few minutes.16–18 Therefore, this 

abundant and cheap substrate is ideal to assemble an electrode taking advantage of a highly conductive 

substrate (i.e. Ag) that can serve also as a Ag source for the formation of Ag2S,16,17 eventually producing the 

composite Ag2S/MoS2 material. By using the Ag DVD surface as an electrode, the following  well-known 

electrochemical reduction of MoS4
2- can be performed:19,20 MoS4

2- + 2e- + 2H2O → MoS2 + 2SH- + 2OH- and 

the sulphide anions produced in solution (depending on the pH), can simultaneously sulphidize the native 

Ag2O naturally present on the Ag surface and transform it into Ag2S. In this Chapter, we describe the 

preparation and characterization of such an electrode: we obtained a nanocomposite material containing 

amorphous MoS2, Ag2S and, of course, metallic Ag. The final MoS2/Ag2S/Ag-DVD electrode can be considered 
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as a convenient route to recycle the existing large stock of unused/used DVDs. These results have been 

published21 and reproduced with the permission of the American Chemical Society. 

 

3.2 Experimental Section 

Synthesis of MoS2/Ag2S/Ag-DVD and Ag2S/Ag-DVD 

The deposition of the composite MoS2/Ag2S/Ag-DVD was performed following the recipe reported in 

reference19 and consisting in the potentiostatic reduction of (NH4)2MoS4 (50mM solution) using a standard 

three electrode equipment. A standard calomel electrode (SCE) and a Pt wire were used as reference and 

counter electrode, respectively. The deposition was performed in a N2 purged solution at potentials of -1.0 

and -1.1 V vs SCE for 180s. 

The deposition of only Ag2S on the Ag-DVD surface, to be used as control material in XPS and electrochemical 

experiments, was performed by dipping the Ag-DVD surface in a solution obtained by addition of elemental 

S to a concentrated NaOH solution. The following reaction occurs: 4S + 6NaOH 
��°�
��� Na2S2O3 +2Na2S + 3H2O 

(0.04 M Na2S). After several seconds (60-120 s) of immersion a dark brown Ag2S film appears. Alternatively, 

the deposition can be performed by applying a potential of 0.02 V vs SCE for 15-20 s with the Ag-DVD 

electrode immersed in the same solution. The Linear Sweeps Voltammetry (LSV) and XPS spectra reported in 

the results refer to Ag2S samples prepared in this way. 

Chemical and structural characterization 

Samples were characterized by field-emission scanning electron microscopy (SEM, Zeiss Supra 35VP 

equipment). Energy dispersive X-ray spectroscopy (EDX) elemental maps were acquired with the same 

instrument. Raman spectra were acquired with a ThermoFisher DXR Raman microscope using a 532 nm laser 

(0.1 mW), focused on the sample with a 50x objective (Olympus) obtaining a spot size of about 1 μm. Grazing 

incidence X-ray diffraction (GIXRD) patterns were recorded in the diffraction angular range 10-50° 2θ by a 

Philips X’Pert PRO diffractometer, working in the reflection geometry and equipped with a graphite 

monochromator on the diffracted beam (CuKα radiation). The surface chemical composition of the samples 

was investigated by X-ray photoemission spectroscopy (XPS) using a home developed equipment working at 

a base pressure of 10-10 mbar and adopting an EA 125 Omicron electron analyzer with a five channeltron 

detector. The XPS data were collected at room temperature using the Mg Kα line (hv = 1253.6 eV) of a non-

monochromatized dual-anode DAR400 X-ray source. High resolution spectra were acquired using 0.1 eV 

energy steps, and 20 eV pass energy. The multipeak analysis of S 2p and Mo 3d photoemission lines was 

performed by means Voigt function and subtracting a Shirley background using KolXPD software. 

Electrochemical characterization 

The electrochemical (EC) and photoelectrochemical (PEC) HER measurements were carried out in a custom 

designed three-electrode configuration cell using an Autolab PGSTAT-204 (Ecochemie) potentiostat. A Pt wire 

was used as a counter electrode, whereas an Ag/AgCl(3M KCl) electrode, calibrated with respect to the 

reversible hydrogen electrode (RHE), was the reference electrode. All potentials reported in the text and 

figures are referred to the (RHE) and corrected according to the equation: E(RHE) = E(Ag/AgCl) + 0.225 V + 

0.059 pH. The EC and PEC experiments were carried out in Ar-saturated 0.5 M H2SO4 solution prepared from 
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high-purity reagents (Sigma-Aldrich) and ultrapure Milli-Q water with a resistivity of 18.2 MΩ·cm. The area 

during EC was limited by Teflon tape to 0.07 cm2. The polarization curves were recorded in in the potential 

range between + 0.05 and -0.5 V vs RHE at a 5 mV/s scan rate.  Curves were iR-corrected using the resistance 

found in Electrochemical impedance spectroscopy (EIS). EIS were measured at overpotential of η = 0.18 V 

and superimposing a small sinusoidal voltage of 10 mV over the frequency range 0.1 MHz to 100 mHz. The 

PEC measurement was conducted by applying constant cathodic potential (-0.18 V vs RHE) to the working 

electrode and the current respond was measured under chopped light illumination from a white neutral LED 

(LDCNW, Metrohm, Autolab LED Driver kit), with the light intensity of 97 mW/cm2. A calibrated photodiode 

was used to measure the light intensity after the light goes through the glass window of PEC cell. The double-

layer capacitance was measured according to the model proposed by McCrory et al..22  

3.3 Results and Discussion 

In Figure 3.1 we report the SEM image acquired from a MoS2/Ag2S/Ag-DVD electrode obtained after a 

potentiostatic deposition from a (NH4)2MoS4 solution by applying a potential of -1.1 V vs SCE for 180 s. The 

image, acquired from a freshly deposited sample, shows that the original morphology of the Ag-DVD layer 

(400 nm periodic structure) is maintained although the roughness of the surface is much higher than that of 

a clean DVD (inset in Figure 3.1a). Spherical particles with a dimension between 10 and 25 nm appear as 

uniformly distributed on the surface. There is also no evident difference between the edges and the bottom 

of the grooves. The increment in roughness was further confirmed with double-layer capacitance (CDL) 

measurements:22 CDL increased from 0.004 mF to 0.114 mF after formation of MoS2/Ag2S/Ag-DVD (Figure 

3.2), a 2 order-of-magnitude improvement due to hybrid deposition. 

 

 

 

 

 

 

Figure 3.1. a-b) SEM images of as prepared MoS2/Ag2S/Ag-DVD, inset in (a) show the morphology of clean 

Ag-DVD. c) Capacitive current at 0.0125 V vs RHE with scan rate for Ag-DVD and MoS2/Ag2S/Ag-DVD. Cyclic 

voltammetry of (d) MoS2/Ag2S/Ag-DVD, (e) Ag-DVD recorded in 0.5 M H2SO4 at scan rates of 5, 10, 25, 50, 75, 

100 mV/s. Reproduced from Ref. 21. 

c) d) e) 
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In order to proof that both MoS2 and Ag2S were homogeneously generated on the DVD surface, EDX 

elemental map, reported in of Figure 3.2, shows the presence of S, Ag, and Mo with a uniform distribution. 

 

Figure 3.2. a) SEM image of area used for the EDX mapping, (b)-(d) EDX mapping of MoS2/Ag2S/Ag-DVD 

sample showing the uniform distribution of Ag, Mo and S. Reproduced from Ref. 21. 

Figure 3.3 reports the XRD analysis of the MoS2/Ag2S/Ag-DVD sample, showing a featureless spectrum with 

a very large amorphous signal between 2θ =14 and 23°. No signals corresponding to crystalline MoS2, Ag2S 

or MoOx were detectable. The only detectable signals at 2θ = 38.1° (Ag(111)) and 2θ = 44.3° (Ag(200)) 

correspond to crystalline Ag of the substrate.  

More details about the sample composition can be obtained from the Raman and XPS data. The Raman 

spectra of MoS2/Ag2S/Ag-DVD samples are all very similar and apparently independent of the potential 

applied during the potentiostatic deposition (0.9 – 1.1 V) and whether the deposition is performed under 

nitrogen or in air. A typical Raman spectrum obtained from a sample deposited at -1.1 V vs SCE for 180 s is 

reported in Figure 3.3. The low intensity of the bands and the lack of sharp signals is indicating the presence 

of an amorphous sample or of a partially crystallized sample where the crystallization process is probably 

induced by the heating of the laser beam (laser power 0.5 mW). Nevertheless, it is possible to distinguish 

some features that can be attributed to the presence of amorphous MoS2 (band at 410 cm-1, vibration A1g 

of crystalline MoS2
15), Ag2S (shoulder at about 190-200 cm-1 corresponding to ν Ag-S23,24), while the very large 

and featureless bands at about 350 and 900 cm-1 can be due to amorphous MoOx.25–27 Other Raman signal, 

typical of amorphous MoS2 at 150, 200-250 and about 330 cm-1 are most probably overlapping with MoOx 

and Ag2S signals.28 The lack of Raman signal at 1072 and 1100 cm-1 also indicates that the amount of  Ag2O 

within the detection depth is rather low.29 
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Figure 3.3. Left: GIXRD spectra of MoS2/Ag2S/Ag-DVD and clean DVD samples. Right: Raman spectra of 

MoS2/Ag2S/Ag-DVD samples. The red curve corresponds to the Raman signal obtained from a sample grown 

in a N2 purged solution and in a N2 atmosphere. Reproduced from Ref. 21. 

More details on surface composition can be obtained from the XPS data reported in Figure 3.4. We show the 

S 2p peak recorded for MoS2/Ag2S/Ag-DVD and Ag2S/Ag-DVD obtained after the potentiostatic deposition at 

0.02 V vs SCE for 15s in a 0.04 M Na2S solution. In the first case the S 2p peak can be easily fitted with 2 

doublets, corresponding to the S 2p3/2 and S 2p1/2 signals, at 160.9 and 161.5 eV (the BE value is the one 

corresponding to the 2p3/2 component). It is immediately evident, after comparing the S 2p peak obtained 

from the Ag2S/Ag-DVD sample, that the S 2p signal corresponding to Ag2S is at 160.9 eV, while the one 

corresponding to MoS2 is at 161.5 eV. It is therefore straightforward to calculate the ratio between MoS2 and 

Ag2S which is, expressed as atomic %, 44 (MoS2) and 56 (Ag2S) (taking in account of the different S:Metal ratio 

in the compounds). The Mo 3d peak is also rich of information: it can be fitted with 3 doublets at 228.5, 230.1 

and 232.0 eV (again the position refers to the 3d5/2 component of the doublet) corresponding to MoS2, MoOx 

and MoO3 respectively. As shown in Figure 3.4b the further peak at 225.8 eV corresponds to the S 2s signal. 

Interestingly, the Mo 3d5/2 component is shifted to lower binding energy if compared with the pure 2H-MoS2. 

This shift can be associated to both amorphous nature of MoS2 and a quite strong interaction between Ag2S 

and MoS2 corresponding to the formation of a n-p junction (see following paragraphs). The presence of Mo 

oxides, mostly as MoO2, is not unexpected. In fact, tetrathiomolybdate may undergo a partial hydrolysis in 

H2O (MoO4
2- + 4H2S ⇌	MoS4

2- + 4H2O) forming molybdate and H2S and thermodynamics tells us that, in any 

case, at a potential of -0.50 vs SHE in a solution containing Ag+, MoO4
2- and H2S the predominant species, at 

pH values between 8 and 11, are Ag(s), Ag2S(s) and MoS2(s). If the concentration of sulfide is lower than that 

of MoO4
2-, the amount of MoO2 and MoS2 are comparable. As discussed above, the S 2p peak allows to 

distinguish between Ag2S and MoS2. Therefore, by considering the S 2p intensity of the peak assigned to MoS2 

(161.5 eV) it is possible to obtain a Mo/S atomic ratio of 1/2. Finally, the MoOx amount (MoO3 + MoOx) is 

about 44% with respect to the total amount of Mo. The calculated Mo/O ratio is 1/2.8 and this number 

indicates that the amount of Ag2O is quite low. In fact, supposing that the Mo 3d signal at 230.1 eV 

corresponds to MoO2, from the ratio of Mo 3d signals at 232.0 and 230.1 eV it is possible to obtain the molar 

fraction of MoO3 (0.2) and MoO2 (0.8) with respect to the total amount of oxidized Mo. Therefore, the 

number of O moles is simply given by: 
��
���	��	����� + 
��
���	��	����� = 2.2. This means that 

about 20% of the O 1s intensity is due to the presence of Ag2O. In any case, we think that this small amount 
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of Ag2O (highly segregated in at the surface, see the Raman evidence) should not have any effect on the 

electrochemical properties of this composite material since in the 0.5 M H2SO4 solution used to characterize 

the electrochemical HER activity Ag2O should be completely soluble. 

 

Figure 3.4. High resolution core-level XPS spectra of (a) S 2p of as-prepared MoS2/Ag2S/Ag-DVD, Ag2S/Ag-

DVD, and (b) Mo 3d of as-prepared MoS2/Ag2S/Ag-DVD and reference 2H MoS2. Reproduced from Ref. 21. 

 

The electrochemical HER activities of the as prepared catalysts were then investigated using the procedure 

described in the experimental section. Comparison of the HER activity of clean Ag-DVD, Ag2S/Ag-DVD, 

MoOx/Ag-DVD and MoS2/Ag2S/Ag-DVD are reported in Figure 3.5. Overpotential (η) values, Tafel slopes and 

charge transfer resistances are all reported in Table 3.1. In the inset of Figure 3.5a we also report, for 

comparison, the polarization curve for Pt/C commercial catalyst (Johnson Matthey, 20 wt%) on GC electrode. 

The MoS2/Ag2S/Ag-DVD presents an enhanced HER activity in comparison to the clean Ag-DVD, MoOx/Ag-

DVD and Ag2S/Ag-DVD electrodes, with an overpotential for a current density of 10 mA cm-2 as low as 0.206 

V vs RHE. The same current density, in the case of the clean Ag-DVD, MoOx/Ag-DVD and Ag2S/Ag-DVD 

electrodes can be reached at higher overpotentials of 0.348 V, 0.456 V and 0.266 V, respectively. It is 

interesting to note that the Ag2S/Ag-DVD electrode exhibits a lower overpotential (η = 0.056 V vs RHE) in 

comparison to MoS2/Ag2S/Ag-DVD (η = 0.121 V vs RHE) if one considers the onset of H2 evolution on the 

electrode surface. The exhibition of better overpotential for Ag2S/Ag-DVD than MoS2/Ag2S/Ag-DVD catalyst, 

but on the other hand worse overpotential required to reach current density of 10 mA cm-2 can be deduced 

from Tafel slope which is often utilized to validate the efficiency of catalytic reaction. A smaller Tafel slope 

means a faster increase of the HER rate with the increased overpotential. Therefore, in order to determine 

the Tafel slope, the polarization curves were fitted into the Tafel equation (η = a + b log J, where b is the Tafel 

slope, a is exchange current density, and J is the current density).8,30–32 
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Figure 3.5. (a) HER performance of MoS2/Ag2S/Ag-DVD, Ag2S/Ag-DVD, MoOx/Ag-DVD, Ag-DVD catalysts and 

Pt/C as reference. HER polarization curves recorded with scan rate of 5mV/s, 0.5 M H2SO4 as electrolyte and 

purged with Ar. (b) Tafel plot for the HER. ((a) and (b): solid/dashed line before/after iR correction, 

respectively).  (c) EIS Nyquist plots acquired at overpotential of η = 0.18 V. (d) The durability test of 

MoS2/Ag2S/Ag-DVD recorded at 10mA/cm2. Reproduced from Ref. 21. 

 

As shown in Figure 3.5b, the Tafel slope of the Pt/C catalyst is 30 mV/dec, which is in accordance with the 

literature.8 Moreover, the MoS2/Ag2S/Ag-DVD also exhibits a very small Tafel slope of 41 mV/dec, which is 

much smaller in comparison to clean Ag-DVD (96 mV/dec), Ag2S/Ag-DVD (107 mV/dec) and as well as to 

MoOx/Ag-DVD (122 mV/dec), indicating an excellent HER activity.  

In the acidic media, the HER reaction proceeds through three principal reaction steps:  

Volmer adsorption step: 

H3O+ + e- → Had + H2O   (1) 

Heyrovsky desorption step: 

Had + H3O+ + e- → H2 + H2O  (2) 

Tafel recombination step: 

2Had → H2    (3) 
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where Had is the hydrogen adsorption site onto the surface of the catalyst. The Volmer (1) process is called a 

discharge reaction and is the first step. After that, there are two possibilities that the reaction now may follow 

an electrochemical desorption reaction called Heyrovsky process (2), or recombination step (3), called the 

Tafel step. Depending of the rate-determining step of the HER reaction the value of the Tafel slope should be 

120 mV/dec for the Volmer step, and for the Heyrovsky process and Tafel process 40 and 30 mV/dec, 

respectively.8,30–32 Therefore, the HER reaction for the studied MoS2/Ag2S/Ag-DVD sample follows the 

Volmer-Heyrovsky mechanism, but in the case of Ag-DVD and Ag2S/Ag-DVD the rate-determining step is the 

Volmer process. 

 

 
Onset η 

[V] 

η at J = 10 mA cm-2  

iR Corrected 

[V] 

Tafel Slope 

iR Corrected 

[mV/dec] 

Charge-Transfer 

Resistance 

[Ω] 

Ag-DVD 0.169 0.341 96 1870 

MoOx/Ag- DVD 0.308 0.456 122 3440 

Ag2S/Ag- DVD 0.056 0.259 107 756 

MoS2/Ag2S/Ag- DVD 0.121 0.198 41 26 

Pt/C 0 - 30 - 

Table 3.1. Onset Overpotentials, Overpotentials at J = 10 mA/cm2, Tafel slopes and Charge Transfer 

Resistances obtained from Ag-DVD, Ag2S-/Ag-DVD and MoS2/Ag2S/Ag-DVD. All η are referred to RHE. 

 

The enhanced electrocatalytic activity of MoS2/Ag2S/Ag-DVD may be attributed to a co-catalyst effect of Ag2S 

(usually n-type) on MoS2 (usually p-type) with formation of many nanoscale n-p junctions uniformly 

distributed on the electrode surface. If one considers the conduction band (CB) and valence band (VB) edges 

approximate position, as reported in Figure 3.6a (red lines), obtained from Mott-Schottky plots (MS) of p-

type MoS2
33 on carbon paper and n-type Ag2S/Ag34 (Figure 3.6c), it is easy to see that the relative position of 

(Fermi levels) (EFs), slightly above the VB for MoS2 and slightly below the CB for Ag2S, would require a 

rearrangement to be aligned. After thermal equilibrium the EFs alignment is due to an electron flow from 

Ag/Ag2S to MoS2. The result is that the VB for MoS2 is shifted upward, to a more favorable position for HER. 

The more favorable position of VB for the HER will of course imply a lower overpotential. We think that a 

contribution from Ag NPs decorating both Ag2S and MoS2 may also be considered. The n-p junction formation 

is confirmed by the “V” shaped MS plot reported in Figure 3.6b.33 In the MS plot, the part of the curve 

characterized by a positive slope is due to the presence of a n-type semiconductor, i.e. Ag2S, while the curve 

with a negative slope corresponds to MoS2. In this case, we do not have a direct indication that MoS2 is 

characterized by a p-type conductivity, but a comparison of the Mott-Schottky plot with a similar system33 

led us to safely attribute the part of the curve characterized by a negative slope to the MoS2 contribution. 

When the n-p junction forms, there is electrons transfer to MoS2, confirmed by XPS data, and the 

corresponding EF alignment, as recently described by Parida et al. in the case of CeO2/MoS2 n-p junction35. 

The approximate position of CB and VB edges, obtained from the MS plot for both Ag2S and MoS2, is shown 

in Figure 5a (solid black lines), assuming in both cases the energy gaps of bulk materials.  
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Figure 3.6. a) Approximate position of VB and CB edges of MoS2 and Ag2S before and after the n-p junction 

is formed. Approximate values for CB and VB edges, after EF alignment, are represented as black rectangles. 

In both cases, the band gap values are assumed equal to those of bulk materials. Yellow arrows indicate the 

carriers direction under illumination. (b-c) Mott-Schottky plot obtained from MoS2/Ag2S/Ag-DVD (b) and 

Ag2S/Ag-DVD (c). The values of the plot were extracted using a simplified Rs-(Rc) circuit. Reproduced from 

Ref. 21. 

 

Moreover, also the occurrence of a photocurrent, as shown in the chronoamperometry of Figure 3.7, is an 

indirect information about the formation of the n-p junction. It is clear that after the junction has formed 

MoS2 VB edge is in a more favorable position for HER. Photocurrents as high as 0.6 mA/cm2 can be recorded 

at η= 0.2 V with about 10% improvement in the total current density. This situation is comparable to what 

already found in the case of p-type MoS2/n-type (N-doped)-GO nanocomposites, where similar photocurrent 

densities were recorded, showing also very similar MS plots as well.33 Other literature examples are the 

MoS2/Ag2S composites, where the Ag2S nanoparticles were grown on MoS2 nanosheets by a simple 

precipitation method, and CdS/MoS2 heterostructures recently studied by Fang et al..14,36,37  

 

Figure 3.7. J−t curves of MoS2/Ag2S/Ag-DVD sample under light (ON) and dark (OFF) conditions at −0.18 V vs 

RHE. Reproduced from Ref. 21. 

 

A possible contribution of MoO2 to the electrocatalytic process, as well, may not be excluded considering the 

fact that in the literature there are several examples where MoO2 works as an “active” support for MoS2 or 

MoSe2 nanostructures38,39 and that, like Ag2S, MoO2 is an n-type oxide40. In any case, we have also performed 

the electrochemical growth of amorphous MoOx (mixture of MoO2 and MoO3) on a clean DVD substrate from 

c) 
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a 50mM (NH4)2MoO4 solution and verified that this layer is virtually inactive in the HER process (see Figure 

3.5 orange curve). Moreover, the position of EFb, extrapolated from the MS plot of MoOx/Ag-DVD plot and 

corresponding to an n-type semiconductor as shown in Figure 3.8c, is not found at a potential compatible 

with the V-shaped MS plot of the composite material reported in Figure 3.6b. 

 

Figure 3.8. (a) High resolution core-level XPS spectrum of Mo 3d of as-prepared MoOx/Ag-DVD, (b) Raman 

spectrum of as-prepared MoOx/Ag-DVD and (c) Mott-Schottky plot obtained from MoOx/Ag-DVD. 

Reproduced from Ref. 21. 

Finally, the easier charge transfer in the case of the MoS2/Ag2S/Ag-DVD system is also confirmed by the EIS 

data reported in Figure 4c. The much lower semicircle radius in the case of the MoS2/Ag2S-Ag-DVD electrode 

indicates a much smaller charge transfer in the HER process. The EIS data were fitted by a simple Equivalent 

Circuit where Rs indicates the solution resistance, while the composite layer is represented by a Rc in parallel 

with a constant phase element (CPE). The calculated values are reported in Table 1.  

Durability is another important aspect of an HER electrocatalyst. To assess this, a chronopotentiometry 

measurement was performed for more than 20h at a cathodic current density of 10 mA/cm2. In this case, to 

prevent material loss caused by the small cracks in the Ag film due to the very high turbulence during the H2 

evolution process, as shown in the SEM images in Figure 3.9, it was necessary to add, by drop casting, a 

Nafion® solution on the electrode surface. The Nafion® solution was prepared by dissolving 10 μL of Nafion® 

(5 wt.%, Sigma-Aldrich) in 90 μL of ethanol. The Nafion® layer thickness was calculated considering the 

deposited mass and the surface area of the electrode, assuming the density of dry Nafion® to be 2 g cm-3,41 

and resulted to be ~ 0.5 μm. This Nafion® layer greatly increased the stability of the catalyst (see Figure 3.5d). 

Finally, it is interesting to make a comparison with other MoS2 based electrocatalysts considering efficiency 

(Tafel slopes and overpotentials), ease of preparation and starting material costs. For instance, in a recent 

review on 2D nanomaterials for electrochemical hydrogen evolution,4 the overpotentials for pure MoS2 at 10 

mA current density are ranging from 0.3 to 0.1 V with the lowest overpotential referring to a porous 1T-MoS2 

phase obtained with a sophisticated liquid-ammonia lithiation route.42 Instead, the overpotentials at 10 mA 

current density for composite materials containing MoS2 in different phases are reported between 0.078 V, 

for a hierarchical MoS2 vertical graphene nanosheets structure, to 0.232 V for a MoS2/r-GO nanosheets.5 

Particularly, comparable composite materials, also based on MoS2/Ag2S/Ag nanostructures,24,14 were 

showing overpotentials at 10 mA current density of about 0.40 V and lower than 0.20 V respectively, but in 

both cases the preparation procedure requires several steps and is much more time consuming and 

expensive with respect to our procedure. Similar considerations could be done also considering other MoS2-

based hybrids, FeS2 or NiS2 nanoparticles on MoS2/rGO scaffold, which required 110 and 123 mV 
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overpotential to deliver 10 mA cm-2, but the preparation in autoclave limits the application in large scale. 

Even lower onset potential was obtained on MoS2(1-x)Se2x/NiSefoam, but also in this case the need of two high 

temperature processes hinder the use of this material in everyday systems.43 

 

Figure 3.9. a) SEM image of area used for the EDX mapping, (b)-(d) EDX mapping of MoS2/Ag2S/Ag-DVD 

sample after electrochemistry measurements showing the uniform distribution of Ag, Mo and S. Reproduced 

from Ref. 21. 

3.4 Conclusions 

We have prepared efficient electrodes for HER from commercial DVDs. The use of the Ag layer as substrate 

for the electrochemical deposition of MoS2 leads to the concomitant formation of Ag2S and MoOx NPs 

because of the high concentration of HS- ions in solution as the result of the MoS4
2- ion reduction and partial 

hydrolysis.  

 

Figure 3.10. Example of the large area MoS2/Ag2S/Ag-DVD electrode. Reproduced from Ref. 21. 



 
 

68 Ph.D. Thesis, Dario Mosconi 

The obtained deposit is a composite amorphous layer, characterized by a uniform distribution of nano n-p 

junctions (between MoS2-44% and Ag2S-56%) and Ag NPs that are responsible for the very good 

electroactivity of this material. Its performances can be further enhanced (≈+10%) exploiting visible light, 

with a photocurrent as high as 0.6 mA/cm2 at η=0.2 V. These electrodes also showed a very good durability, 

with stable currents for more than 20h.  

In conclusion, an overpotential of 0.198 V, the ease of preparation, low cost of materials, recycled DVDs, 

coupled to an added photocatalytic effect make this material very interesting. We would like to stress the 

fact that these electrodes can be prepared, literally, in minutes using commercial writable DVDs that are 

becoming quickly obsolete substrates and often are thrown into the garbage can. Moreover, large area 

electrodes can be obtained easily and quickly by adopting the same deposition procedure on the whole DVD 

surface as demonstrated in Figure 3.10. 
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4.1 Introduction 

Hydrogen production using photoelectrochemical (PEC) water splitting (WS) has received a great deal of 

attention as a sustainable and clean way to convert solar to chemical energy. The material requirements of 

PEC cells (i.e., high visible absorption, slow recombination, and fast carrier transport,...) have some analogies 

to those of solar cells, but PEC-WS is possibly even more challenging due to side redox reactions that may be 

triggered by photogenerated carriers. To improve the reaction kinetics, the development of HER cocatalysts 

with low overpotential is a very important issue. For MoS2 most research has focused on increasing the 

number of exposed edges, based on the understanding that these are the primary catalytically active sites 

for HER in acid environment.1 In contrast to this point of view, Voiry et al. reported that the conductivity of 

the basal plane is a critical factor in the catalytic performance of MoS2.2 Based on this idea, graphene has 

been used to support MoS2 support and consequently to  enhance the charge transfer properties and to 

impart a better electrical conductivity with respect to MoS2 alone.3,4 However, while graphene itself can 

improve the electrochemical (EC)  performance in the hydrogen production due to the contribution to the 

raise to the conductivity, being a semimetal gapless material, it cannot participate directly in PEC processes.  

Indeed, to enhance the PEC properties of MoS2, usually two main routes are pursued: 

• the former is to couple MoS2 with a suitable material in order to form p-n junctions, which help in 

enhancing the photogenerated excitons life (as showed in Chapter Three);  

• the latter is to tune the optoelectronic properties (i.e. bandgap engineering) aiming to optimize the 

light absorption and the energy level matching.  

As mentioned in Section 1.3.3, a useful way to tailor the optoelectronic properties of TMDCs is the 

composition alloying, i.e. exploiting ternary compounds by varying the molar fraction of the metal (i.e.  

Mo(1-x)WxS2) or of the chalcogenide (i.e. MoS2(1-x)Se2x).5–13  In these studies, a precise control over the 

nanosheets composition, shape5, band gap10  and optical properties11 has been reached, as demonstrated  by 

several techniques like SEM, TEM, Raman and UV-Vis Spectroscopy, XPS and EDX, giving rise to materials that 

have been utilized also in hydrogen production with excellent results.9,12,13 This modification route allows to 

have a precise control of the chemical composition and physical properties. However, quite often not easily 

scalable synthetic methods are employed, e.g. Chemical Vapor Deposition (CVD). Moreover, especially when 

the chalcogenide fraction has to be tuned, generating harmful gases such as H2Se and H2S are produced. On 

the contrary very few works were published about wet chemistry routes for synthesizing MoS2(1-x)Se2x.14 So 

the design of a safe and scalable synthetic method for TMDCs alloys can pave the way to the utilization of 

these materials,  overcoming the CVD limitations connected to the low throughput.  

In this Chapter, we describe a one-pot solvothermal synthetic method to produce MoS2(1-x)Se2x with easy-to-

tune Se:S ratio, alternative to the CVD one. Nevertheless, having in mind the goal of hydrogen production via 

PEC-WS, we decided to grow the alloy directly on Nitrogen-doped reduced Graphene Oxide (N-rGO), in order 

to improve both the electrical conductivity and the photocatalytic properties, thanks to the formation of p-n 

junction between MoS2(1-x)Se2x (p-type) and N-rGO (n-type). The materials have been extensively 

characterized by mean of XPS, Raman and UV-Vis spectroscopy techniques and their electrocatalytic and PEC 

properties have been deeply explored.  
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4.2 Experimental Section 

Synthesis of N-rGO 

The GO was synthesized following a modified Hummer’s method.15  

An amount of 3.0 g of graphite was mixed with 75 ml of 9:1 mixture of H2SO4 and H3PO4. Then an amount of 

9.0 g of KMnO4 was slowly added while cooling the mixture in an ice bath. The mixture was stirred for 3 h at 

0 °C and then overnight at room temperature. After that, a volume of 150 ml of water was added during 

heating at 80 °C. After stirring for 1 h, the obtained mixture was sonicated for 1 h at 35 °C. To quench the 

reaction, 3 mL of 30 %wt. of H2O2 was added, stirred for additional 2 h, sonicated for 1 h and finally, diluted 

with additional water. The supernatant was profusely washed with water, dialyzed 72 h against DI water and 

8 h against Milli-Q quality water, and finally lyophilized. 

N-doped reduced GO (N-rGO) was synthesized according to literature procedure.16 First, a 200 mg of GO and 

1 g of melamine were grounded in a mortar for 5 minutes and transferred to a combustion boat. Then, the 

boat was inserted in a tubular furnace with lid and purged with Ar for 10 min at 600 sccm. After that the Ar 

flow was set at 30 sccm and the temperature was raised to 300 °C (20 min; ramp 5 °C min-1) to allow the 

adsorption of melamine molecule to GO flakes. Subsequently, the material was annealed at 900 °C (1 h; ramp 

5°C min-1) and then cooled down naturally in inert atmosphere. 

Synthesis of Ammonium Tetrathiomolybdate (ATM) 

The ammonium Molybdate (NH4)6Mo7O24 · 4H2O (3 g; 2.43 mmol, from Sigma-Aldrich) was dissolved under 

stirring in 45 ml of aqueous (NH4)2S (20 %wt, from Sigma-Aldrich) in a closed bottle. When a clear solution 

was obtained, stirring was stopped and the solution was keep at r.t. for 1h. Afterwards, the solution was kept 

at 4°C overnight to allow the formation of deep red needle-like crystals. ATM crystals were filtered under a 

gentle Ar flow and washed with cold water and cold ethanol. The product was then dried under nitrogen and 

stored in inert gas (3.5 g; yield 79.1 %). 

Synthesis of MoS2(1-x)Se2x/N-rGO 

N-rGO (15 mg) and ammonium tetrathiomolybdate (ATM, 33 mg) were mixed in 15 ml of  

N,N-dimethyformamide (DMF) in a closed glass vial. Different amounts of Dimethyl Diselenide (DMDSe)  

(0, 3, 6, 12, 24, 96 µl) were added to the suspension as Se source. The mixture was bath-sonicated for 20 min 

and then transferred to a Teflon-lined autoclave (23 ml liner). The heating was conducted in two steps in an 

electric oven:  15h at 180 °C to allow the heterogeneous growth of MoSx slabs on N-rGO plus additional 5h 

at 200 °C to activate the selenizing agent. To remove molecular byproducts, materials were centrifuged for 

8 min at 10000 rpm (23478-g) in DMF and ethanol two times each and then dried in vacuum.  

In order to obtain the crystalline product, powders were inserted in a tubular furnace and annealed at 600 °C 

for 1h (ramp 5 °C min-1) in 95:5 Ar:H2 atmosphere. 

For comparison, two synthesis with 6 µl of DMDSe were conducted with one-step heating (15h at 200°C) and 

with shorter growth step (10h at 180°C + 5h at 200°C).  
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Synthesis of MoSe2/N-rGO 

To ensure the role of ATM in heterogeneous nucleation and the behaviour of DMDSe at different 

temperatures, two synthesis with MoCl5 and DMDSe were realized. N-rGO (15 mg) and MoCl5 (34 mg) were 

poured in a glass vial. 15 ml of DMF and 45 µl of DMDSe were added to the mixture, that was subsequently 

sonicated for 20 min and transferred to a 23 ml Teflon-lined autoclave. The reaction was carried out for 15h 

at 180 °C or with stepped heating 15h at 180 °C plus 5h at 200 °C. After natural cooling down, materials were 

cleaned by centrifugation for 8 min at 10000 rpm (23478-g) in DMF and ethanol two times each and then 

dried in vacuum.  

Physico-chemical Characterization 

The surface chemical characterization of the hybrids has been carried out using X-ray photoelectron 

spectroscopy (XPS) in a custom-made UHV system working at a base pressure of 10−10 mbar, equipped with 

an Omicron EA150 electron analyzer and an Omicron DAR 400 X-ray source with a dual Al−Mg anode. Core 

level photoemission spectra (Mo 3d, S 2p, Se 3p, Se 3d, C 1s, N 1s and O 1s regions) were collected at rt with 

a non-monochromated Mg Kα X-ray source (1253.6 eV) and using an energy step of 0.1 eV, 0.5 s of integration 

time, and a 20 eV pass energy. The multipeak analysis of core level photoemission lines was performed by 

means of Gaussian−Lorentzian funcMons and subtracMng a Shirley background using the KolXPD software. 

The samples were dispersed in 2-propanol and drop casted on an Al support. The nano- and microscale 

morphology of materials was studied by scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). The SEM images were acquired using a field emission source equipped with a GEMINI 

column (Zeiss Supra VP35) and an Oxford energy-dispersive x-ray spectroscopy (EDX) microprobe, and 

micrographs were obtained with an acceleration voltage of 5 or 10 kV using in-lens high-resolution detection. 

The TEM images were acquired using a FEI Tecnai 12 microscope with an acceleration voltage of 100 kV. The 

Raman spectra were collected using a ThermoFisher DXR Raman microscope using a laser with an excitation 

wavelength of 532 nm (0.3 mW), focused on the sample with a 50× objective (Olympus). The UV−Vis 

absorption spectroscopy data were acquired using a Varian Cary 50 Spectrophotometer in the 300-800 nm 

range. In this case, powder samples were dispersed in DMF, forming a stable colloidal dispersion. All spectra 

were recorded using 1 cm optical path quartz cells. The concentration and the experimental parameters were 

optimized to minimize scattering effects. 

Electrochemical Characterization 

The EC and PEC HER measurements were carried out in a custom designed three-electrode configuration cell 

using an Autolab PGSTAT-204 (Ecochemie) potentiostat. A Pt wire was used as a counter electrode, whereas 

an Ag/AgCl(3M KCl) electrode, calibrated with respect to the reversible hydrogen electrode (RHE), was the 

reference electrode. All potentials reported in the text and figures are referred to the (RHE) and corrected 

according to the equation: E(RHE) = E(Ag/AgCl) + 0.225 V + 0.059 pH. The EC and PEC experiments were 

carried out in Ar-saturated 0.5 M H2SO4 solution prepared from high-purity reagents (Sigma-Aldrich) and 

ultrapure Milli-Q water with a resistivity of 18.2 MΩ·cm. The working electrode was prepared by depositing 

12 µl of catalyst ink on a GC electrode (area delimited to 4.5 mm diameter). The catalyst ink consisted of 5 mg 

of active material, 1.0 mL of N,N-dimethylformamide and 25 μL of Nafion solution. Polarization curves were 
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recorded from +0.2 V to -0.35 V vs RHE using a scan rate of 0.005 V s-1. All V-t curves were recorded at 

overpotential (η) equal to 0.18 V. Curves were iR-corrected using the resistance found in Electrochemical 

impedance spectroscopy (EIS). EIS were measured at overpotential of η = 0.18 V and superimposing a small 

sinusoidal voltage of 10 mV over the frequency range 0.1 MHz to 100 mHz. The PEC HER enhancement was 

quantified by measuring polarization curves under light illumination from a white neutral LED (WLED) 

(LDCNW, Metrohm, Autolab LED Driver kit), with the light intensity of 97 mW/cm2. Transient current 

measurement was conducted by applying constant cathodic potential (-0.18 V vs RHE) to the working 

electrode and the current respond was measured under chopped light from WLED. The same experiments 

were carried out with different monochromatic LEDs (655 nm, 627 nm, 617 nm, 590 nm, 530 nm, 505 nm 

and 470 nm) for Incident Photon to Current Efficiency (IPCE) analysis. 

4.3 Results and Discussion 

4.3.1 N-rGO Structural Characterization 

The utilization of N-rGO is fundamental to improve the PEC performances of the final catalysts, since N-rGO 

can impart two fundamental properties. In particular, the use of a scaffold for MoS2(1-x)Se2x with optimal 

electrical properties can help in the electron transfer processes and moreover the n-type conductivity of N-

rGO allows to form p-n nanojuctions with MoS2(1-x)Se2x, being the latter typically p-type when synthesized via 

bottom-up methods.17,18 Therefore, we synthesized N-rGO according to the literature in order to obtain a 

marked N-doping and we used a quite high annealing temperature in order to restore as much as possible a 

good electronic conduction.16 N-rGO was characterized by mean of SEM, Raman Spectroscopy and XPS.  

 

 

 

 

 

 

 

 Figure 4.1. (A) SEM image of N-rGO and (B) Raman spectra of pristine GO and N-rGO. 

Figure 4.1A reports a SEM micrograph showing the typical N-rGO flake, with lateral size of approximately 20 

µm, compatible with the typical values reported for a materials synthesized by the modified Hummer’s 

method. The Raman spectra of pristine GO and N-rGO display the classical graphene-like features, with the 

D-band at 1350 cm-1 and G-band at 1590 cm-1, with the 2nd order spectrum in the 2750 cm-1 range. 

Interestingly, the ID/IG ratio increases from 0.96 in the GO to 1.09 in the N-rGO. This increase in disorder may 

be due to the eventual insertion of nitrogen, since, in several configurations (i.e. pyridinic or pyrrolic), it 

causes the interruption of the honeycomb lattice. 
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A more detailed characterization was obtained by XPS.  The surface composition (see Table 4.1) highlights 

the presence of 5.3 %at. of N, indicating the achievement of N-doping.  

Material C (%at.) O (%at.) N (%at.) C/O N/C 

GO 74.1 25.9 - 2.9 - 

N-rGO 86.7 8.0 5.3 10.8 0.06 

Table 4.1. Surface composition for pristine GO and N-rGO synthesized at 900 °C.  

The N/C atomic ratio as well is within the expected range for this kind of procedure16 and the 4-fold increment 

on the  C/O ratio, proves the reduction of GO. A multipeak analysis of C 1s and N 1s core levels was performed 

to understand the evolution of the material after the doping procedure (Figure 4.2). Table 4.2 summarizes 

the components used to fit both photoemission lines, with the associated percentages and binding energies 

(BEs).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. High resolution spectra of C 1s (left) and of N 1s (right) photoemission lines. 
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C 1s C Vacancy C sp2 C sp3 C-O / C-N Epoxy 
Carbonyl / 

Amide 

Carboxylic 

Acid 

Binding Energy 

(eV) 
283.8 284.6 285.6 286.4 287.0 288.0 288.8 

GO 1.6 53.4 10.6 14.0 9.6 3.8 7.0 

N-rGO - 65.5 12.3 14.4 2.3 4.1 1.0 

N 1s Pyridinic Pyrrolic Graphitic NOx    

Binding Energy 

(eV) 
398.1 399.2 400.8 402.0    

GO - - - -    

N-rGO 46.4 16.9 26.6 10.1    

Table 4.2. Summary of components percentages in C 1s (upper part) and N 1s (lower part) core levels. 

The C 1s line reveals a remarkable increment in the C sp2 component at the expenses of the oxygenated 

moieties, in particular epoxides and carboxylic acids groups, further confirming the achievement of the 

graphene lattice healing. The band relative to C involved in the bonds with heteroatoms, like N and O, 

remains substantially constant upon doping procedure, which is not surprising considering the introduction 

of N in the material. 

The multipeak analysis of N 1s core level allows to detect what kind of compounds were formed during the 

synthesis, considering that there are several ways for N to enter in the graphene lattice.19  In our material, 

four components were necessary to achieve a satisfying fitting of the N 1s region, i.e. peaks assignable to 

Pyridinic N (398.1 eV), Pyrrolic N (399.2 eV), Graphitic N (400.8 eV) and oxidized N (402.0 eV) were found. In 

particular, the presence of Graphitic Nitrogen (26.6 % of total N signal) is crucial, since this kind of defect 

imparts the n-type conductivity to N-rGO.20–22 

4.3.2 Morphological Analysis on MoS2(1-x)Se2x/N-rGO hybrids 

Having in mind the goal of synthesizing a photoelectrocatalyst, a good electric contact is necessary between 

the components to take advantage of the formation of p-n nanojunctions. Different synthetic conditions 

were tested in order to achieve a preferential heterogeneous nucleation of MoS2(1-x)Se2x nanosheets on larger 

N-rGO flakes, since homogeneous nucleation would form MoS2(1-x)Se2x particles that are only weakly bound 

to the scaffold. Cleary, a morphological analysis is mandatory in this context to optimize the nucleation-

growth conditions. In Figure 4.3, we report the SEM analysis of MoS2(1-x)Se2x/N-rGO hybrids prepared with 

different combinations of reaction times and temperatures, in order to study their effect on the nucleation 

process. According to the literature, the MoS4
2- should decompose at about 180 °C, nucleating MoSx slabs on 

N-rGO.23 The key role of the ATM in the formation of a hybrid nanostructure was confirmed by performing 

an additional experiment in which MoCl5 and DMDSe where used as Mo and Se source. In this case a very 

different structure (nanoparticles) was observed (see Figure 4.3D). Furthermore, it was found that the 

DMDSe is activated as selenizing agent at higher temperature (200 °C) in comparison to ATM (180 °C).  When 

the synthesis of MoS2(1-x)Se2x/N-rGO hybrid is performed directly at 200°C, the homogenous nucleation of 

MoS2(1-x)Se2x particles can be observed,  without any nanosheets grown on N-rGO (see Figure 4.3A). This may 

be ascribed to two factors: the higher temperature induces a faster decomposition of ATM or/and due to 
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selenization process which prevent the heterogeneous nucleation as observed in the synthesis of MoSe2/N-

rGO (Figure 4.3D). On the other hand, in the low temperature regime, both homogeneous and 

heterogeneous nucleation are possible but the latter is kinetically favoured by the slower decomposition of 

ATM (Figure 4.3B). Extending the growth step at 180°C (Figure 4.3C), the density of nanosheets increases, 

with 40 nm flakes assemblies. In all the cases, no substantial differences were observed before and after the 

thermal annealing, as proved by TEM images reported for 6µl MoS2(1-x)Se2x/N-rGO before (E) and after 

annealing (F). 

 

 Figure 4.3. (A-D) SEM images of MoS2(1-x)Se2x /N-rGO (see text for more infos): A) without step-temperature 

heating; B-C) with different growth step dwell time and D) with MoCl5 as Mo source. (scale bar: 200 nm)  

(E-F) TEM images of the same sample represented in Figure 4.3C, before (E) and after (F) the annealing step. 
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4.3.3 Structural and chemical characterization 

Raman spectroscopy was used, together with X-ray Photoemission Spectroscopy (XPS), to follow the 

composition of the hybrid material depending on the amount of the DMDSe precursor used in the synthesis.11 

Figure 4.4 shows the Raman spectra of MoS2(1-x)Se2x/N-rGO hybrids prepared with different amount of 

selenizing agent,  before and after the annealing at 600 °C .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Raman spectra for samples with different Se loading before (A) and after annealing at 600°C (B). 

Raman spectra of blank MoSe2/N-rGO before (C) and after (D) annealing are reported as well. 

The samples before annealing show weak and broad peaks, indicating the amorphous nature of the  

MoS2(1-x)Se2x, as often reported in hydro- or solvothermal synthesis of TMDCs.24–28 However, some trends can 

be observed: MoS2/N-rGO (0 µl sample) exhibits two broad bands centred at about 350 and 460 cm-1 

(defective form of E1
2g and A1g normal modes of MoS2)29. Increasing the DMDSe volume, both these bands 

tend to downshift to lower wavenumbers, which is a consequence of the substitution of S with the heavier 

Se anion. Starting from the 3 µl MoS2(1-x)Se2x sample, another weak mode appears at 260 cm-1 (A1g of MoSe2) 

and moving toward low wavenumbers with the increment of Se amount.  

The annealing process of the amorphous samples induces a crystallization as it can be deduced by Figure 

4.4B, which exhibit spectra with sharper vibrational bands. Moreover, as in the case of amorphous samples, 

we observe a shift of the bands as a function of the content of Se. The Raman spectrum of MoS2/N-rGO shows 
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the typical spectral fingerprint of semiconducting 2H-phase MoS2, with E1
2g and A1g at 383 and 405 cm-1, 

respectively. The difference between the centroids of these peaks is a useful tool to estimate the average 

number of layers in MoS2 particles and, according to the literature, the measured 22 cm-1 separation indicates 

about 3 layers per stack.30,31  

In the case of crystalline samples by increasing the Se content, it can be clearly seen a typical “two mode 

behaviour”, which does not entail phase separation.32–34 The two-mode behaviour occurs when the 

frequencies of phonon modes in the pure compounds (e.g. MoS2 and MoSe2) differs sufficiently from one 

another. The phonon features of pure MoS2 and MoSe2 are separated of about 200 cm−1, which allows for 

the observation of the two-mode behaviour in MoS2(1-x)Se2x/N-rGO hybrid. The consequence is that E1
2g and 

A1g vibrations of MoS2 tends to downshift as S is exchanged for Se, with a concomitant broadening of E1
2g. 

Similarly, MoSe2-like features start appearing at 270 cm-1 in 3 µl sample and shifts down to 253 cm-1 in 96 µl 

sample, at the same time getting narrower. It is worthwhile to mention that above 12 µl few changes can be 

observed in Raman analysis and moreover, the typical Raman spectrum of MoSe2 (single sharp peak at 238 

cm-1, see Figure 4.4D) was not observed. This may be due to an equilibrium between Sx- and Sex- species 

during the synthesis, which would not allow reaching the full anion exchange and obtaining pure MoSe2/N-

rGO. 

These considerations were further confirmed by an extensive XPS study. Mo 3d core levels are shown in 

Figure 4.5A (amorphous) and B (crystalline), in both cases a clear shift to lower BE of Mo 3d5/2peak is observed 

by increasing the amount of Se precursor. Considering crystalline samples, the Mo 3d line of MoS2/N-rGO (0 

µl) has the expected position of the semiconducting 2H-phase of MoS2 (228.9 eV);35 increasing the quantity 

of Se causes the BE to shift continuously toward lower values. The value observed for the 96 µl sample was 

228.6 eV (0.3 eV lower than 0 µl) and, even if close, it is not the same BE (228.5 eV) observed for commercial 

MoSe2 and MoSe2/N-rGO obtained from the blank experiment with MoCl5 (see Figure 4.23A in the appendix). 

This is an additional indication that using the combination of ATM and DMDSe is not possible to reach full 

anion exchange, at least within the tested conditions. The deconvolution of Mo 3d region always shows the 

presence of a main component related to MoS2(1-x)Se2x, with a minor component at 232.1 eV ascribed to MoOx 

due to surface oxidation. Moreover, the evolution of S 2s (226.0 eV) and Se 3s (229.1 eV) spectra is consistent 

with the progressive introduction of Se in MoS2 lattice.  

Additionally in the case of amorphous samples, the XPS analysis confirms the hypothesis made from Raman 

spectroscopy, since the Mo 3d photoemission lines of amorphous MoS2(1-x)Se2x/N-rGO show broader peaks 

with respect to the crystalline counterpart, with an average 24% broadening of Full Width at Half Maximum 

(FWHM) of Mo 3d5/2 band. Furthermore, an average BE downshift of 0.5 eV was found comparing amorphous 

and crystalline samples, which has already been reported phenomenon for amorphous materials.36 
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Figure 4.5. High resolution XPS spectra of Mo 3d core levels for amorphous (A) and crystalline (B)  

MoS2(1-x)Se2x/N-rGO samples. Evolution of S 2p and Se 3p regions of crystalline samples (C), with related Se 

content calculated by multipeak analysis (D). 

The XPS study was performed also on chalcogenides core levels: the overlap between S 2p and Se 3p lines 

makes the fit challenging for high Se contents, but allows a precise quantification at Se percentages lower 

than 50%. The multipeak analysis was performed both on amorphous and crystalline samples and the 

obtained spectra are showed in the appendix Sections 4.5.1 and 4.5.2, respectively. The first analysis was 

made on S 2p photoemission line of 0 µl material (Figure 4.10B), since the presence of S2
2- dimer (163.0 eV) 

in the pre-annealing sample would indicate a certain amount of MoS3 present in the amorphous MoS2 

matrix.37,38 The deconvolution revealed a major component at 161.4 eV, ascribed to monomer S2-, and a small 

amount of S2
2- at 163.0 eV (<4 %at.), indicating that most of ATM is completely decomposed before the 

annealing step. After annealing at 600 °C, no S2
2- species were detected, but the crystallization of MoS2 

induced a substantial narrowing of the monomer component and also a shift to 161.6 eV.  

With the introduction of Se, a progressive enhancement of the Se 3p band was observed, allowing an 

estimation of the Se percentage in the MoS2(1-x)Se2x/N-rGO. As previously suggested by Raman spectroscopy, 

the composition tends to saturate at about 70:30 Se:S ratio: indeed, the increment in % of Se from 12 µl to 

96 µl sample is just 14%, despite of the 8-fold concentration of DMDSe in the reaction environment. A similar 

analysis was performed on amorphous samples and, despite the peak broadening, an excellent accord with 

crystalline samples was found, especially for a low Se loading. Clearly, at higher loading, the error in the 

determination of the composition  is higher because of the gradual disappearance of the S 2p peak.  
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The Se 3d (see C panels of Figure 4.11-4.15 and 4.18-4.22) peak shows a behaviour similar to other regions: 

the Se 3d peak in crystalline samples was found at 53.9 eV, only at 0.1 eV higher than the value observed in 

commercial MoSe2 and MoSe2/N-rGO obtained from the blank experiment with MoCl5 precursor (53.8 eV) 

(Figure 4.16). Only the 3 µl sample, characterized 24% Se, shows a slight shift to 54.0 eV, suggesting a 

composition dependent position. As in the previous analysis, the amorphous samples display broadened 

features, downshifted of about 0.3 eV. 

4.3.4 Electrochemical and Photoelectrochemical Characterization 

Both amorphous and crystalline materials were tested in typical HER conditions (0.5 M H2SO4) in dark and 

under illumination. In principle, we expect the amorphous samples to be more active than crystalline 

analogues in dark conditions because of the higher defectivity that should provide a higher number of active 

sites. On the other hand, the more ordered structure and lack of recombination centres in crystalline samples  

should help in light-driven experiments with photons light absorption. Moreover, photo-HER should be 

helped by the formation of p-n junctions between the typically p-type MoS2(1-x)Se2x and n-type N-rGO and it 

should depend on the composition, being MoS2(1-x)Se2x bandgap tunable by adjusting the Se:S ratio.10,11,18 

Linear Sweeps Voltammetries (LSVs) in dark conditions, revealed outstanding performances for most of the 

amorphous samples (Figure 4.6). Surprisingly, the best performance was found for MoS2/N-rGO (0 µl) sample, 

that needed only 160 mV to drive 10 mA/cm2 current density. The insertion of low dosages of Se (3 and 6 µl) 

cause overpotential at 10 mA/cm2 (η10 mA/cm2) to shift to 190 mV (see Table 4.3). For further Se additions,  

η10 mA/cm2 tends to increase progressively, even if the 12 and 24 µl samples are swapped with respect to the 

expected trend. Also from the kinetic, point of view amorphous MoS2/N-rGO exhibits a superior 39 mV/dec 

Tafel slope, indicating a pure Volmer-Heyrovsky mechanism for HER. As for another figure of merit such as 

η10 mA/cm2 similar trends were observed, with the 3 and 6 µl materials showing intermediate kinetics with 

respect to MoS2 and the 12, 24 and 96 µl samples. 

 

 Overpotential at 10 mA/cm2 (mV) Tafel Slope (mV/dec) 

V DMDSe (µl) Amorphous Crystalline Amorphous Crystalline 

0 160 320 39 102 

3 190 330 47 89 

6 190 210 52 56 

12 220 240 62 72 

24 200 250 61 80 

96 230 250 63 92 

Table 4.3. Overpotential at 10 mA/cm2 and Tafel slopes for amorphous and crystalline MoS2(1-x)Se2x/N-rGO. 
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Figure 4.6. Polarization curves for amorphous (A) and crystalline (B) MoS2(1-x)Se2x/N-rGO samples. The related 

Tafel plots are reported as well for amorphous (C) and crystalline (D) samples. 

The LSVs of annealed samples reveal completely different trends. The samples containing 0 and 3 µl of 

DMDSe were, together with 6 µl one, the best performing among amorphous materials, underwent to a 

dramatic performance drop after the thermal treatment: the overpotential needed to draw 10 mA/cm2 

increased twice in the case of MoS2, and analogously for MoS2(1-x)Se2x with lowest Se content. In principle, 

pure MoSe2 has better or equal onset potentials with respect to a MoS2 sample with same morphology and 

number of active sites, thanks to improved electrical properties.39,40 Clearly, after crystallization the MoS2 

structure was re-established, repairing defects and, therefore, lowering the number of active sites, as proven 

by the change in η10 mA/cm2. The outstanding Tafel slope of 39 mV/dec clearly does not come only from the 

typical edge-site of MoS2, but most probably from the coexistence of with other lattice defects, such as the 

presence of residual S2
2- that are known to have low energy barriers for H2 formation.41 Evidently, the 

equivalent defects in amorphous MoSe2 are much less suitable for HER than in sulphide, as also proved by 

the modest performances reported in the literature.42 Indeed, no evident changes in the morphology were 

seen from SEM and TEM after the annealing (i.e. no substantial edges loss) and also the Tafel slope is in 

compatible with the typical literature values, indicating that the Volmer step (i.e. adsorption of H species 

from H3O+) is the rate determining step. In 3 µl sample, despite the presence of 24% of Se, the structure is 

still very similar to MoS2, as proven by Raman spectroscopy and by XPS. The latter, in particular, indicates 

that this amount of Se is not enough to induce a strong modification of the electronic structure, as 



 

 

87 Chapter Four 

demonstrated by the small shift (ca. 0.1 eV) in the Mo 3d region. Therefore, only a slight improvement in the 

activity (Tafel slope from 102 to 89 mV/dec) is determined by the introduction of this amount of Se. On the 

contrary, the 6 µl sample (about 39% Se) has an intermediate structure and, thanks to its intrinsic defectivity, 

it maintains an excellent performance even after annealing, requiring only additional 20 mV on η10 mA/cm2. This 

is further validated by Tafel slope, which remains very similar after annealing. So, even if the structure 

crystallizes (as observed in changing of Raman and XPS spectra) repairing lattice defects, this MoS2(1-x)Se2x 

outperforms low dosages materials because of its intrinsic defectivity. Increasing the amount of Se confirms 

that with presence of a medium quantity of Se (40-70 %), the material can preserve the performances after 

the thermal treatments, even if the overall performance is worse. Moreover, the progressively worsening of 

Tafel slope for increasing Se percentages demonstrates that optimal Se amount is around 40%. 

 

Figure 4.7. Polarization curves in dark (solid line) and under illumination (dashed line) for several amorphous 

(A) and crystalline (B) MoS2(1-x)Se2x/N-rGO samples. In panel (C) the J-t curve (η = 180 mV) comparing the light 

response of amorphous and crystalline 6 µl MoS2(1-x)Se2x/N-rGO. (D-F) Mott-Schottky plots for 0, 6 and 24 µl 

crystalline MoS2(1-x)Se2x/N-rGO and (G-I) the related EIS Nyquist plots performed at η = 180 mV in dark and 

under illumination. 

Considering other works in literature about MoS2(1-x)Se2x prepared via wet chemistry routes, similar 

performances were found.14 Indeed, Gong et al. designed an hot injection protocol for non-supported  

MoS2(1-x)Se2x and they found as well that mixed chalcogenides material (in particular sample with x  = 1) 
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exhibited performances better than pure species, with similar proportions to the ones we found. In addition, 

similar overpotentials (170 mV to drive 10 mA/cm2) and Tafel slopes (48 mV/dec) were measured in their 

material. Looking at graphene-TMDCs hybrids,17,26 if MoS2 or MoSe2 were used as active material, generally 

worse HER activity were recorded, with η10 mA/cm2 above 0.25 V. However, in other cases MoS2(1-x)Se2x-based 

materials exhibited even better performances, recording η10 mA/cm2 even lower than 0.1 V, but in all the cases 

CVD protocols were required to achieve sulphidization or selenization.9,12,13,43 

HER performed under illumination with white LED (WLED, Figure 4.7A and 4.7B) confirmed the hypothesis 

presented above: amorphous samples show a very small improvement at 10 mA/cm2, especially for MoS2 

and high Se-loaded sample. The highest improvement was found on 6 µl sample, with a gain on  

η10 mA/cm2 of about 5%. On the other hand, the gain on η10 mA/cm2 in crystalline samples was found to be 

doubled, reaching 10% in the case of 6 µl sample. Tafel slope remained the same in dark and under 

illumination in all the measured samples. Chronoamperometric measurements with chopped WLED light of 

6 µl MoS2(1-x)Se2x/N-rGO were recorded as example material: as it is possible to see in Figure 4.7C, amorphous 

material has slow and weak response to light, even if a 0.4  mA/cm2 enhancement was found when light was 

turned on. Besides, annealed sample shows a sharper response when irradiated by WLED and in this case the 

improvement was about 1 mA/cm2, for a 20% current density gain upon irradiation. 

Mott-Schottky analysis (Figure 4.7D-F) and Electrochemical Impedance Spectroscopy (EIS) (Figure 4.7G-I) 

were performed as well on crystalline samples. Mott-Schottky plot is an electrochemical technique that 

allows to know the conductivity type of the semiconductor at the working electrode, having the plot a 

positive (negative) slope when the analyzed material is n-type (p-type). Obviously, when Mott-Schottky 

analysis is carried out on a multi-component material, the contribution of all the semiconducting constituents 

will be traced in the plot. Hence, in the case of p-n junctions both p- and n-type contributions have to be 

observed, resulting in a “V-shaped” plot. This kind of plot was found in all the analysed materials and, 

considering the works in the literature, we can safely attribute the positive slope contribution to N-rGO and 

the other to MoS2(1-x)Se2x.8,17,18 EIS experiments are useful to get a plenty of information about a material and 

its basic use allows to observe the evolution of the charge transfer resistance (Rct) depending on the 

experiment conditions. We decided to perform EIS at the same overpotential (η = 180 mV) in dark and under 

WLED illumination, in order to crosscheck both the performances in dark and the enhancement coming up 

from irradiation. Table 4.4 summarizes the values obtained by fitting the spectra showed in Figure 4.7G-I. 

Material Rct (Ω) Dark Rct (Ω) WLED Relative Rct variation  

0 µl 443 301 32 % 

6 µl 56 29 48 % 

24 µl 135 82 39 % 

Table 4.4. Charge transfer resistance (Rct) values obtained for 0, 6 and 24 µl crystalline samples at η = 180 mV 

in dark and under WLED illumination. 

Rct values measured for experiments in dark trace the trend observed both in HER activity and kinetics. The 

introduction of 40% of Se induces an 8-fold reduction of Rct with respect to pure MoS2, confirming the 

improvement in the reaction rate. However, as observed also in Tafel analysis, the further increase in Se 

content cause Rct to double, even if better values compared to 0 µl sample were found. As expected, all the 
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materials show a reduction of Rct upon WLED illumination, since the photo-induced promotion of electrons 

in MoS2(1-x)Se2x conduction band grants in all the cases an higher number of carriers ready to be transferred 

to the electrolyte. Moreover, the presence of p-n junctions helps in stabilizing photo-generated excitons 

suppressing the recombination. However, different efficiencies in exploiting light harvesting are expected, as 

already observed in photocurrents and gain in η10 mA/cm2: despite the lowest starting Rct value, again 6 µl 

sample exhibited the best photo-enhancement, halving the resistance under illumination. In 0 and 24 µl 

MoS2(1-x)Se2x/N-rGO, the trend was still the same: a nice 39% reduction of Rct value was observed in high Se-

loaded sample, that is mid-way between 6 µl sample and MoS2/N-rGO (32% reduction). 

In order to shed some light on the influence of Se:S ratio on the photoinduced reaction, we  recorded UV-Vis 

spectra of all the crystalline materials to check absorption bands position and then, as above, we analysed 

the  0, 6 and 24 µl sample.  

 

Figure 4.8. A) UV-Vis spectra of crystalline MoS2(1-x)Se2x/N-rGO crystalline samples. B) List of monochromatic 

LEDs used for studying wavelength-dependent performances of MoS2(1-x)Se2x/N-rGO materials. C-E) IPCE 

measurements recorded at η = 180 mV for 0 µl (C), 6 µl (D) and 24 µl (E) samples. Relative absorption spectra 

are reported as well.  
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UV-Vis spectroscopy (Figure 4.8A) shows the typical electronic transitions of Mo-based TMDCs, that are three 

excitonic features named as A, B and C, respectively. The A and B excitonic peaks come from the direct 

transitions from two valence bands (which are split due to spin–orbit coupling) to the lowest conduction 

band at the Κ point, while the C exciton arises from the indirect transition between the valence band 

maximum located at the Γ point and the conduction band minimum located at the Λ point of the Brillouin 

zone.44–46 As it can be seen in Figure 4.8A, the A and B peaks undergo to a 70 nm (0.2 eV) redshift with 

increasing the Se amount, which is consistent with the band gap narrowing due to the interlayer transition 

from MoS2 to MoSe2.11,47–49 On the contrary, the C-exciton peak remains rather constant (ca. 475 nm, 2.6 eV) 

across the composition change, even if a broadening of the band can be observed.  

In Figure 4.8C-E, Incident Photon to Current Efficiency (IPCE) measurements are reported for several of our 

materials using seven different monochromatic LEDs in the visible range (see Figure 4.8B). The equation used 

to calculate IPCE is the following: 

����	�%� = 	ℎ�� ∙ �������	���� ∙ ���� � ∙ 100 = 1240.6 ∙ �������	���� ∙ ���� � ∙ 100 

�ℎ���	ℎ = ��� �!	�" #$� $; � = #&��'	"(	�)*ℎ$; � = ���+� $��,	�ℎ��*� 

� = ��-��� *$ℎ	� +�;	������	��� = &ℎ"$"�.��� $	'� #)$,; ���� = /�0	&"���	 
All the MoS2(1-x)Se2x/N-rGO show similar trends, according to the relative absorption spectra. All the samples 

exhibited higher photo-activity when irradiated with wavelengths that match the main electronic transitions, 

in particular the B exciton in the low energy range of the spectrum. Above the B transition, a substantial 

photoactivity drop was observed because of the lack of optical transitions around 620 nm, being the 

absorbance in this region of UV-Vis spectra mainly due to scattering events. When the photon energy is 

increased, the IPCE slowly rises following the profile and peaking in correspondence of the C band maximum. 

At this wavelength, the IPCE reaches values close to the those measured in the deep-red range, despite the 

indirect nature of C transition. Only for the 24 µl sample, higher ICPE values were recorded in the blue region, 

but this should not mislead since at high Se content, the A and B exciton peaks are beyond the last available 

LED, so actually we are measuring the decaying tail observed in the previous materials. Therefore, we can 

imagine that the Se-containing samples would be even more active if irradiated with near-infrared light in 

the region of A and B excitons, widening the range of wavelengths to absorb for enhancing HER. Moreover, 

we can qualitatively observe that the increment in IPCE with photon energy is steeper at larger Se content, 

which may be associated with the broadening of C exciton band highlighted by UV-Vis spectra. 

Considering the values of IPCE, 6 µl MoS2(1-x)Se2x/N-rGO outperformed the other materials, with values 

ranging between 0.8% and 1.2%, with an average 4- and 2-fold increment with respect to 0 and 24 µl samples, 

respectively.  These values are rather low compared to others reported in the literature,50–52 but it has to be 

considered that no bulk semiconductor was used as support for active material and, consequently, all the 

light absorption is carried out by the MoS2(1-x)Se2x slabs on the electrode. Indeed, when similar systems are 

considered, values in the same range have been found.53,54 Moreover, the intrinsic defectivity of both the 

constituents of the final material (N-doping of graphene and Se-doping in MoS2) allow to form p-n junctions, 

giving photoactivity to the final material, but may induce charge recombination as well. 
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Since charge recombination phenomena may strongly influence HER, transient photocurrent curves were 

acquired using WLED to investigate the charge to better understand recombination behaviour (Figure 4.9A). 

A normalized parameter (D) was derived from the transient photocurrent curve to quantitatively determine 

the charge recombination behaviour:17,55 

0	�$� = 	 1��$� 2 13�145 2 13�  

�ℎ���	14	���	�.��� $	'� #)$)�#:	1��$� = $)+�	'�&� '� $;	13� = #$��',	#$�$�;	145 = ) )$)��. 
Subsequently, the normalized curve of ln(D)–t has to be plotted (Figure 4.9B) and the transient time constant 

(τ) is defined as the time when ln(D) = -1.55 

 

Figure 4.9. A) Transient photocurrent J-t curves recorded at η = 180 mV using WLED as light source. B) ln(D)–

t plot for 0, 6 and 24 µl MoS2(1-x)Se2x/N-rGO. Transient time constant (τ) for each material is reported as well. 

Transient photocurrent curves clearly confirm that the larger photo-induced enhancement is obtained on 

the 6µl sample with ~1 mA/cm2 of photocurrent. However, the analysis of ln(D)–t plot reveals an unexpected 

trend: according to the literature,17,55 the larger is τ, the longer is the exciton lifetime before recombination, 

while in our case the best performing material has the shorter time constant. Meng et al.17 show that in their  

MoS2/N-rGO hybrid τ is longer compared to simple MoS2/rGO because of the formation of p-n nanojunctions, 

not present in the latter, that supresses the charge recombination and allows to reach higher photocurrents. 

In our MoS2(1-x)Se2x/N-rGO samples, the p-n nanojunctions are always present, therefore the different 

lifetimes should be correlated to other factors. τ0µl has the same value reported by Meng and coworkers, 

indicating that morphology or synthesis method does not affect charge recombination behaviour. Moreover, 

τ6µl and τ24µl are much more similar to each other than if compare to τ0µl, therefore we can affirm that the 

introduction of structural defects (i.e. Se anions), even if beneficial for the overall performances, may 

interfere with the photogenerated excitons. However, it has to be considered the reaction kinetics as well: 

indeed, in the work of Meng et al. only MoS2 was considered as electroactive material, therefore, even if 

Tafel analysis is not reported, we can expect similar values between MoS2/N-rGO and MoS2/rGO, being the 

HER active sites the same. In our case, the introduction of Se boosts the adsorption of Hads species during the 

Volmer step (Tafel slope: 56 mV/dec in 6 µl vs 102 in 0 µl), making the HER much faster. Hence, once that 

exciton is generated upon light absorption, the faster kinetics can increase the probability of using 
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photogenerated electrons in HER, making this pathway competitive with charge recombination and making 

the exciton apparently short-living.  

4.4 Conclusions 

In this Chapter, we designed a novel solvothermal synthesis for the heterogeneous growth of ternary  

MoS2(1-x)Se2x on a N-rGO scaffold, with the goal of forming p-n nanojunctions to catalyse the photo-enhanced 

HER. The utilization of ATM and DMDSe as reactants allowed to obtain the desired morphology and to tune 

easily the fraction x in the 0 ÷ 0.71 range, without the formation of harmful gases like H2S and H2Se. However, 

as produced materials were found to be amorphous, therefore an annealing step was necessary to induce 

the MoS2(1-x)Se2x crystallization. The structure and composition were thoroughly analysed by mean of Raman 

Spectroscopy and XPS, which were used to follow the evolution of composition-dependent parameters such 

as peak positions and relative intesities, according to the different amount of DMDSe used in the synthesis. 

In agreement with XPS analysis, using DMDSe it is possible to precisely tune the Se amount in the final 

material, but because of an equilibrium between Sx- and Sex- species during the synthesis, it is not achievable 

the full anion exchange to obtain pure MoSe2/N-rGO. 

Both amorphous and crystalline materials were tested in typical HER conditions (0.5 M H2SO4) in dark and 

under illumination. Experiments confirmed the expectations: amorphous samples were more active than 

crystalline analogues in dark conditions because of the higher defectivity that should provide a higher 

number of active sites; while the more ordered structure of the crystalline samples granted better 

performances in light-driven experiments. Among amorphous samples, pure MoS2/N-rGO was found the best 

performing materials, with a progressive worsening of activity with the increase of Se, proving that the active 

sites of amorphous MoS2 have better catalytic performances compared to selenide equivalents. On the 

contrary, annealed Se-containing samples exhibited better HER activity and kinetics, with the material 

prepared from 6 µl of DMDSe (about 40% of Se) outperforming the others. When the light was shed on the 

samples, each material showed a different response upon light irradiation, therefore we chose three of them 

(0, 6 and 24 µl samples) to study in detail the interaction with light. Experiments with white light and IPCE 

measurements revealed that 6 µl sample exhibited both the best absolute performance and also the higher 

enhancement upon light irradiation. Surprisingly, transient photocurrent experiments showed that the 

introduction of Se in the lattice, even if beneficial for the overall performances, causes a destabilization of 

the photo-generated exciton, probably with the contribution of the accelerated reaction kinetics observed 

in these materials. 
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4.5 Appendix: XPS data of MoS2(1-x)Se2x/N-rGO 

4.5.1 XPS data of Amorphous MoS2(1-x)Se2x/N-rGO samples 

 

 

Figure 4.10. XPS multipeak analysis on Mo 3d (A) and S 2p (B) core levels of 0 µl amorphous  

MoS2(1-x)Se2x/N-rGO. 

 

Figure 4.11. XPS multipeak analysis on Mo 3d 

(A), and S 2p + Se 3p (B) and Se 3d (C) core 

levels of 3 µl amorphous  MoS2(1-x)Se2x/N-rGO. 

 



 

 

94 Ph.D. Thesis, Dario Mosconi 

 

 

Figure 4.12. XPS multipeak analysis on Mo 3d 

(A), and S 2p + Se 3p (B) and Se 3d (C) core 

levels of 6 µl amorphous  MoS2(1-x)Se2x/N-rGO. 

 

Figure 4.13. XPS multipeak analysis on Mo 3d 

(A), and S 2p + Se 3p (B) and Se 3d (C) core levels 

of 12 µl amorphous  MoS2(1-x)Se2x/N-rGO. 
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Figure 4.14. XPS multipeak analysis on Mo 3d 

(A), and S 2p + Se 3p (B) and Se 3d (C) core levels 

of 24 µl amorphous  MoS2(1-x)Se2x/N-rGO. 

 

Figure 4.15. XPS multipeak analysis on Mo 3d 

(A), and S 2p + Se 3p (B) and Se 3d (C) core levels 

of 96 µl amorphous  MoS2(1-x)Se2x/N-rGO. 
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Figure 4.16. XPS multipeak analysis on Mo 3d (A) and Se 3d (B) core levels amorphous  

MoSe2/N-rGO control material. 

 

4.5.2 XPS data of Crystalline MoS2(1-x)Se2x/N-rGO samples 

 

 

Figure 4.17. XPS multipeak analysis on Mo 3d (A) and S 2p (B) core levels of 0 µl crystalline  

MoS2(1-x)Se2x/N-rGO. 
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Figure 4.18. XPS multipeak analysis on Mo 3d 

(A), and S 2p + Se 3p (B) and Se 3d (C) core levels 

of 3 µl crystalline MoS2(1-x)Se2x/N-rGO. 

 

Figure 4.19. XPS multipeak analysis on Mo 3d 

(A), and S 2p + Se 3p (B) and Se 3d (C) core levels 

of 6 µl crystalline MoS2(1-x)Se2x/N-rGO. 
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Figure 4.20. XPS multipeak analysis on Mo 3d 

(A), and S 2p + Se 3p (B) and Se 3d (C) core levels 

of 12 µl crystalline MoS2(1-x)Se2x/N-rGO. 

 

Figure 4.21. XPS multipeak analysis on Mo 3d 

(A), and S 2p + Se 3p (B) and Se 3d (C) core levels 

of 24 µl crystalline MoS2(1-x)Se2x/N-rGO. 
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Figure 4.22. XPS multipeak analysis on Mo 3d (A), and S 2p + Se 3p (B) and Se 3d (C) core levels of 96 µl 

crystalline MoS2(1-x)Se2x/N-rGO. 

 

 

Figure 4.23. XPS multipeak analysis on Mo 3d (A) and Se 3d (B) core levels crystalline  

MoSe2/N-rGO control material. 
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5.1 Introduction 

Homogeneous molecular catalysts are considered very attractive systems for chemical synthesis and catalysis 

because they display high activity and selectivity, and do not have problems associated with diffusion and 

mass transport.1 From classic acid-base systems2 to elaborated chiral organometallic active molecules, to cite 

some examples,3 a large library of highly active homogeneous catalysts is accessible to researchers. However, 

homogeneous catalysts suffer from some drawbacks, such as high price, elaborated synthetic protocols, lack 

of stability and difficulty to recover and recycle.4 To overcome these limits, researchers are trying to combine 

the intrinsic potential of homogeneous catalysts with the advantages of heterogeneous catalysis by 

anchoring molecular active centers on solid supports. In this way, the activity and selectivity of the 

homogeneous catalysts is preserved, but also recyclability and stability can be imparted to the final catalytic 

system.5  

In order to heterogenize a molecular catalyst, the surface chemistry of the support materials needs to be 

precisely controlled, providing specific reaction centers poised for the subsequent functionalization. Two 

different strategies are possible, one exploiting physical and dispersion interactions, the other true covalent 

bonds. While the former is considered a non-invasive method that merely fixes the active species on the 

surface of the material,6 the latter creates a strong covalent interaction between the material and the catalyst 

precursor, which might promote synergic effects.7 Several studies can be found in the literature where metal-

organic frameworks,8 activated carbons,9 zeolites and related inorganic architectures,10–12 polymers13 and 

carbon based nanomaterials (e.g. carbon nanotubes and graphene14) have been surface-modified with the 

aim of anchoring a molecular catalyst.  

The well-known properties of graphene (one-atom-thick C-C layer) and related materials, such as high 

electron15 and thermal conductivity,16 tunable porosity and chemical inertness in most reaction media,17 

make these materials suitable for anchoring molecular catalysts. Interestingly, a large variety of graphene 

derivatives has been developed recently, offering a large gamut of materials characterized by an extremely 

rich surface chemistry that can be exploited for advanced functionalization protocols. Among these, 

graphene oxide (GO) is the most widely used support, given its easy and scalable synthesis.18 However, the 

oxygen surface groups of GO (i.e. a complex mix of tertiary alcohols, epoxide, carboxyl and carbonyl groups) 

are very hard to control.19 In a previous work, some of us developed the graphene acid (GA), which can be 

considered a graphene layer with the basal plane densely and homogeneously decorated by carboxylic 

groups.20 This graphene derivative is quite interesting given its simple synthesis, easy scalability, high surface 

area and electronic conductivity. Moreover, the precise control on the type of surface groups, while 

maintaining the high content of the sp2 network of pristine graphene, makes this material a very attractive 

platform for chemical functionalization.  

Among the possible molecular catalysts that could be heterogenized on the graphene-related materials, 

ferrocene (Fc) is an organometallic complex with very interesting properties in a variety of applications. It is 

widely used as an electrochemical probe due to its fully reversible oxidation/reduction properties and 

stability in aqueous media,21 and when heterogenized, it can act as an electron transfer mediator.22 Recently, 

molecular Fc has shown chemical activity as peroxide scavenger23 and catalyst in the C-H insertion of 

diazonium aryl salts to arene substrates,24 a reaction of pivotal importance for organic chemistry since it 
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activates a rather inert system, opening new reaction pathways in the synthetic research. This calls for 

heterogenization of Fc onto suitable solid surfaces for preparing efficient and recyclable catalysts for this 

valuable reaction. Some of us previously succeeded to anchor a molecular catalyst on the surface of some 

carbon nanomaterials,25 in which the substrate-molecule interaction enhanced the properties of the final 

system adding also stability and cyclability to the catalyst. This second reason encouraged us to heterogenize 

the Fc on an unconventional graphene support. 

In this Chapter, we report on the covalent functionalization of GA nanosheets with a Fc complex. For 

comparative purposes, GO has been also functionalized under the same experimental conditions (see Figure 

5.1). The resulting Fc-modified graphene derivatives have been tested as heterogeneous catalysts for the C-

H insertion of aryl diazonium salts into several arene substrates. The heterogenized catalyst resulted to be 

extremely active and selective, with a much better performance compared to molecular Fc in the case of 

highly condensed arenes. Moreover, the hybrid Fc functionalized GA catalysts could be easily recovered after 

the reaction and used for a new catalytic cycle without any loss of activity.  Interestingly, a better catalytic 

performance was observed for the GA-based with respect to the GO-based material, which can be related to 

the different structural and electronic properties between the two graphenic supports.  

5.2 Experimental Section 

Graphenic materials synthesis 

GA was synthetized by our collaborators in Otyepka research group, following the procedure described in 

reference and reported below.20 

 To obtain the intermediate Cyanographene (G-CN), Fluorinated graphite (120 mg, ∼4 mmol of C-F units) was 

added to 15 mL of DMF and sonicated (Bandelin Sonorex, DT 255H type, frequency 35 kHz, power 640 W, 

effective power 160 W) for 4 h under nitrogen atmosphere in a 25 mL round-bottom glass flask. Then 800 

mg of NaCN (∼16 mmol) was added and the mixture was heated at 130 °C with a condenser under stirring 

(500 rpm). Sample aliquots were withdrawn from the flask at different time points to monitor the reaction 

progress. Further experiments were performed on the product treated for 24 h. Intermediates and final 

product were left to cool to room temperature, after which an equal amount of acetone was added.  

The materials were then separated by centrifugation and further purified by successive washing steps using 

DMF, dichloromethane, acetone, ethanol and water (all 4×). Hot (80 °C) DMF and water was also used. More 

washing steps using DMF and water were applied if the conductivity of the supernatant aqueous fraction was 

higher than 200 μS cm−1. During the final centrifugation steps with water, it was necessary to apply centrifugal 

forces of up to 25000g RCF to isolate the product. To obtain Na-free products, G-CN was washed with 

acidified water (pH = 4) to exchange sodium cations with H3O+ (the ζ-potential of G-CN was determined to be 

in the range of −30 mV, therefore contained Na+ as counterions).  

GA was synthesized via acidic hydrolysis of –CN moieties. HNO3 (65%) was slowly added at RT under stirring 

to a suspension of G-CN in water in a round-bottom glass flask, until the final concentration of HNO3 in the 

mixture reached 20%. The mixture was then heated at 100 °C under reflux with stirring (350 rpm) for 24 h. 

Various concentrations of HNO3 and treatment durations were tested to identify optimal conditions, and 
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samples were periodically withdrawn to monitor the reaction’s progress. Intermediates and final products 

were left to cool to room temperature and then purified by washing with water through centrifugation. After 

a few washings, the product (GA) stopped precipitating upon centrifugation. Therefore, acidic water (pH = 4) 

was used to protonate the material and reduce its dispersibility, inducing precipitation. Stable aqueous 

suspensions of G-COOH were prepared by adjusting the pH of the purified suspension to ∼8.  

GO was synthesized according to a modified Hummers procedure.26  

An amount of 3.0 g of graphite was mixed with 75 ml of 9:1 mixture of H2SO4 and H3PO4. Then an amount of 

9.0 g of KMnO4 was slowly added while cooling the mixture in an ice bath. The mixture was stirred for 3 h at 

0 oC and then overnight at room temperature. After that, a volume of 150 ml of water was added heating at 

80 oC. After stirring for 1 h, the obtained mixture was sonicated for 1 h at 35 oC. To quench the reaction, 3 

mL of 30 %wt. of H2O2 was added, stirred for additional 2 h, sonicated for 1 h and finally, diluted with 

additional water. The supernatant was profusely washed with water, dialyzed 72 h against DI water and 8 h 

against Milli-Q quality water, and finally lyophilized. 

Functionalization procedure 

The introduction of the Fc moieties in both graphene derivatives was performed through a two-step 

procedure:  

1. functionalization of the graphenic materials with amino groups;  

2. coupling of amino-functionalized materials with a Fc molecule having a side carboxyl group 

(ferrocenecarboxyl acid, hereafter referred to as Fc for the sake of simplicity).  

First, an amount of 40 mg of GA (or GO) was dispersed in 2 mL of N,N-dimethylformamide (DMF), and then 

mixed with 20 mL of pure 1,3-diaminopropane (PDA) and 40 mg of dicyclohexylcarbodiimide (DCC). The 

reaction mixture was stirred at room temperature (rt) for 72 h. After that, the solid fraction was separated 

by centrifugation and rinsed thoroughly with isopropanol for 4 times. Moreover, before each of these cycles, 

the sample suspension was sonicated for 5 minutes. The dried samples were labelled as GA-PDA and GO-PDA 

according to the starting material.  

In the second step, an amount of 0.8 mmol of ferrocenecarboxyl acid was dissolved in 5 mL of DMF in an ice 

bath. The -COOH groups were activated by adding immediately 1.2 mmol of hydroxybenzotriazole (HOBt) 

and 1.2 mmol of triethylamine. After 45 min of activation at 0 oC, the ice bath was removed, and 1.2 mmol 

of DCC and 40 mg of the amino-functionalized material previously dispersed in 20 mL of DMF were added. 

The reaction mixture was stirred at rt for 72 h. The resulting solid was separated and purified by 

centrifugation and rinse cycles as in the previous step, yielding GO-PDA-Fc and GA-PDA-Fc samples according 

to the starting precursor. 

Synthesis of the diazonium salts for the catalytic tests 

The general procedure for the synthesis of the benzenediazonium tetrafluoroborate (BDT) salt followed the 

standard nitrite methods.27 Typically, 10 mmol of the corresponding aniline was dissolved in a mixture of 3.6 

mL of HBF4 and 3 mL of H2O in an ice bath. Then, 10 mmol of NaNO2 dissolved in 1.5 mL of water were slowly 
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added to this mixture, and the reaction was kept at 0 oC for 45 min. After that, the precipitate was filtered 

and dissolved in the minimum amount possible of acetone. With the help of diethyl ether, a precipitate was 

obtained, which was washed with more diethyl ether and dried under vacuum. 

Catalytic tests 

In a typical experiment, the diazonium salt (1 mmol), arene (0.33 mmol), solvent (3 mL, typically acetone 

after optimization) and the catalyst (1.6 mol% of active phase vs arene, 1.8 mg of GA-PDA-Fc and 9.2 mg of 

GO-PDA-Fc, according to XPS and EDX determination) were introduced into a 25 mL round-bottomed flask. 

The reaction was held at rt for the desired time. Aliquots (100 µl) were taken at regular intervals and analyzed 

by NMR spectroscopy in order to follow the progress of the reaction. Once the reaction was saturated, the 

reaction crude was centrifuged to remove the catalyst. Homogeneous experiments were performed 

following the general procedure employing as catalyst 1.6 mol% of molecular ferrocene, molecular 

ferrocenium tetrafluoroborate or different molar mixtures of both organometallic complexes. Adsorption 

experiments were performed under the general conditions without diazonium salt and with parent GA or GO 

as graphenic materials. For obtaining the C-H insertion product, the solvent was removed under reduced 

pressure, the residue dissolved in dichloromethane and washed three times with water, dried over 

anhydrous MgSO4 and concentrated under reduced pressure; purification by column chromatography in 

silica (hexane:ethyl acetate 4:1) yielded the final product. On the other hand, the recovery of the solid 

catalysts was obtained by 3 additional centrifugation cycles with fresh acetone, sonicating for 5 min just 

before each centrifugation cycle. The materials were dried in vacuum, and successively submitted to a new 

catalytic cycle without adding any catalyst precursor. The whole procedure was repeated 8 times. 

Physico-chemical Characterization 

The surface chemical characterization of the catalyst has been carried out using X-ray photoelectron 

spectroscopy (XPS) in a custom-made UHV system working at a base pressure of 10−10 mbar, equipped with 

an Omicron EA150 electron analyzer and an Omicron DAR 400 X-ray source with a dual Al−Mg anode. Core 

level photoemission spectra (C 1s, N 1s, O 1s and Fe 2p regions) were collected at rt with a non-

monochromated Al Kα X-ray source (1486.7 eV) and using an energy step of 0.1 eV, 0.5 s of integration time, 

and a 20 eV pass energy. The samples were dispersed in 2-propanol and drop casted on an Al support. The 

nano- and microscale morphology of materials was studied by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). The SEM images were acquired using a field emission source 

equipped with a GEMINI column (Zeiss Supra VP35) and an Oxford energy-dispersive x-ray spectroscopy 

(EDX) microprobe, and micrographs were obtained with an acceleration voltage of 5 or 10 kV using in-lens 

high-resolution detection. The TEM images were acquired using a FEI Tecnai 12 microscope with an 

acceleration voltage of 100 kV. The Raman spectra were collected using a ThermoFisher DXR Raman 

microscope using a laser with an excitation wavelength of 532 nm (5 mW), focused on the sample with a 50× 

objective (Olympus). The UV−visible−NIR absorpRon spectroscopy data were acquired using a Cary 5000 

spectrometer (Varian), in the 200−1000 nm range. In this case, powder samples were dispersed in DMF, 

forming a stable colloidal dispersion. All spectra were recorded using 1 cm optical path quartz cells. The 

concentration and the experimental parameters were optimized to minimize scattering effects. The NMR 

spectra were recorded on a Bruker Avance 300 MHz (300.1 MHz for 1H, 298 K); chemical shifts (δ) are 
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reported in units of parts per million (ppm) relative to the residual solvent signals and coupling constants (J) 

are expressed in Hz. 

Electrochemical Characterization 

The electrochemical measurements were performed in a conventional three-electrode cell, using an 

Ag/AgCl3M KCl (calibrated as +0.225 V vs RHE) and a Pt wire as reference and counter electrodes, respectively. 

The working electrode consisted of 2 µL of catalyst ink deposited on a glassy carbon disk (0.071 cm2) and 

dried in vacuum for 1 h. The catalyst ink was prepared by dispersing 2 mg of sample and 15 µL of Nafion 

solution (5 wt.% in alcohol/water, Sigma-Aldrich) in 0.5 mL of DMF and bath sonicated for 30 min. 50 ml of 

Ar-saturated 0.1 M tetraethylammonium tetrafluoroborate (NEt4BF4) in dry acetonitrile solution was 

employed as electrolyte for the electrochemical tests. The electrodes were first cycled for 10 times at 0.1 V 

s-1 between +0.1 V and +1.05 V vs Ag/AgCl. Then, cyclic voltammetries (CVs) were recorded at different scan 

rates (ʋ = 25, 50, 75, 100, 125, 150, 175, 200, 225 and 250 mV s-1) in the same potential range. The linear 

proportionality between the peak current (ip) and ʋx (x = 1 for species immobilized on the surface; x = 0.5 for 

species in solution) was used to confirm the permanent attachment of Fc to the graphene support. The 

electrochemical measurements on GO and GA electrodes with molecular Fc in the electrolyte were used as 

blank experiments. For these measurements, 9.3 mg of Fc (1 mM) were added to the electrolyte and the 

electrodes were cycled between -0.1 V and +0.9 V vs Ag/AgCl. 

5.3 Result and Discussion 

5.3.1 Functionalization and characterization of the graphenic materials 

We selected GA and GO as 2D-platforms for the heterogenization of the Fc-based catalyst. The chemical and 

structural characterization of pristine GA and GO presented here is in agreement with previously reported 

data.20,26 The highly controlled surface functionalization of GA, mainly based on –COOH groups, was used for 

creating a novel hybrid material bearing organometallic units; while GO, being the most used graphene 

derivative in chemical applications, was used as a reference benchmark. The functionalization strategy 

consisted of two steps. The carbodiimide chemistry28 was exploited for attaching covalently the Fc moiety on 

the surface of the different graphene supports (see Figure 5.1). Very briefly, each graphene derivative was 

firstly modified through a DCC catalyzed coupling reaction between the amine group of 1,3-diaminopropane 

and the carboxylic groups of the graphene support. In this way, the -NH2 terminating linkers were grafted on 

both GA and GO, producing the samples GA-PDA and GO-PDA.29 Then, the ferrocenecarboxyl acid was 

introduced using the DCC-HOBt method30 to yield the final GA-PDA-Fc and GO-PDA-Fc products. 
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Figure 5.1. Functionalization route of both GA (upper) and GO (lower) derivatives.  

The surface modification of GA and GO during the functionalization process was monitored by XPS. Figure 

5.2 shows the C 1s photoemission line measured after each step of the functionalization procedure with the 

corresponding separation into chemically shifted components (see Table 5.1 for more detailed data).31 The 

pristine GA has a large fraction of C-sp2 atoms (61.5 %) and comprises mainly COOH groups since the peak 

centered at 289 eV is the most intense among the C-O  related components (9.7 % of the total signal). On the 

other hand, the pristine GO shows a more complex chemical composition: the C sp2 component is reduced 

to 53.4% of the whole C 1s intensity, whereas the two components at 286.6 eV (13.5 %) and 286.9 eV (9.6 %) 

corresponding to alcohol and epoxy groups, respectively are about twice more intense than in GA. Finally, in 

the case of GO, the carboxyl groups accounts only for the 7.0 % of the whole C 1s intensity. After the 

introduction of the amino linker, the amount of sp3 C-C bonds slightly increases for both samples as a 

consequence of the aliphatic carbons present in the diamine chain (see Table 5.1 for more details). The 

component centred at 286.6 eV, which now can be associated with C-N sp3 bonds, gains intensity, whereas 

the intensity of the peak corresponding to carboxyl groups strongly decreases (2.8% and 5.4% of the whole 

C 1s intensity for GA and GO, respectively). The attachment of amino species was also confirmed by the 

appearance of the N 1s peak (see Table 5.2). In both materials the component at 288.0 eV, which is associated 

with amide groups that are also formed by the reaction with the PDA, increases.  

After the second functionalization step (i.e. reaction with Fc), in the C 1s photoemission spectra, the 

reduction in the C-N amino groups and the corresponding increase of the amide components (about 12% for 

both graphene derivatives) are observed, suggesting that the carboxyl groups of the Fc have reacted with the 

amino functionalized supports. However, also the intensity of the carboxyl group component increases (8% 

and 11% of the whole intensity for GA and GO, respectively). This can be understood assuming that this signal 

stems from the Fc unit physisorbed on the C sp2 domains of the graphenic support as a consequence of the 

Fc excess employed. In addition, the amount of nitrogen stays almost constant when passing from the free 

amine in the PDA samples to the immobilized Fc sample for both materials (Table 5.2). Therefore, the body 

of photoemission data allows following each step of the covalent functionalization procedure and suggests 

that the resulting materials contained both Fc units covalently attached through the amide bond and strongly 

physisorbed species, which cannot be removed even by thorough rinsing.  
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Figure 5.2. C 1s XPS region for GA- (left) and GO-based (right) materials. Low: Fe 2p3/2 line for ferrocene 

functionalized materials. 
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We also analyzed the XPS Fe 2p3/2 region of the final materials (see Figure 5.2 low panels). Two components 

appear in the spectra, whose intensity maxima are located at a binding energy of approximately 708.5 and 

712 eV, which can be assigned to Fe(II) and Fe(III), respectively. A very small amount of Fe(III) was detected 

in the GA-PDA-Fc sample (15 % of the total signal) whereas a larger amount (38 %) in the GO-PDA-Fc 

material.32 It has been already reported in the literature that covalently bound Fc units can undergo a 

substrate promoted oxidation to ferrocenium ion in aerobic conditions.32–34 In this case, the larger chemical 

heterogeneity of GO comprising several types of oxygen species such as epoxides and carbonyls, could 

promote to a larger extent the oxidation of the Fe centers with respect to the more homogeneous GA 

surface.35,36 Overall the surface composition of the samples as determined by XPS measurements indicate a 

higher presence of iron on the GA (3.6%) with respect to GO (1.0%, see Table 5.2). 

 
C 

Vacancy 
C sp2 C sp3 C-O – C-N Epoxy 

Carbonyl 

/ Amide 
Carboxylic C sp3/C sp2 

(C-O – C-N) 

/C sp2 

GA 1.2 61.5 14.4 7.1 4.4 1.7 9.7 0.2 0.1 

GA-PDA 0.9 55.7 15.0 14.5 4.5 6.6 2.8 0.3 0.3 

GA-PDA-Fc 1 48.1 10.6 13.0 6.2 12.5 8.6 0.2 0.3 

GO 1.6 53.4 10.6 14.0 9.6 3.8 7.0 0.2 0.3 

GO-PDA 1.7 45.3 12.7 16.4 7.6 10.9 5.4 0.3 0.4 

GO-PDA-Fc 1.6 45.7 9.1 13.2 7.3 12.1 11 0.2 0.3 

 

Table 5.1. C 1s photoemission line deconvolution data for the pristine and functionalized GA and GO 

materials. Ratios between C sp3 and heteroatom bonded C against C sp2 are reported in order to monitor 

functionalization procedure. 

 C (at.%) O (at.%) N (at.%) Fe (at.%) ID/IG 

GA 81.0 14.5 4.5 - 1.046 
GA-PDA 81.4 10.0 8.6 - 1.126 

GA-PDA-Fc 72.4 16.0 8.0 3.6 1.080 

GO 74.1 25.9 - - 0.924 
GO-PDA 79.2 14.8 6.0 - 1.059 

GO-PDA-Fc 77.6 15.9 5.5 1.0 1.040 

 

Table 5.2. Surface composition (at.%) determined from XPS as well as Raman data for the pristine and 

functionalized GA and GO materials.  

Raman data are in line with the XPS results. Figure 5.3 reports the Raman spectra for the pristine GO and GA 

and after each functionalization step. The ID/IG ratio in both types of scaffold slightly increases after the 

reaction with the PDA, indicating the formation of defects in the carbon support during this step. The increase 

of defects after the functionalization treatment with organometallic compounds has been reported 

previously as a positive confirmation of covalent functionalization.37 In addition, the grafting of the aromatic 

structures present in the Fc units (the Fc peaks can also be observed38) results in a decrease of the ID/IG ratio 

for the GA-PDA-Fc and GO-PDA-Fc materials, although the final value is higher than that of both pristine 

materials. This can be explained because  the Fc units, such as other aromatic moieties, can “hide” defects in 

graphene based materials, acting as a sort of patch.39  
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Figure 5.3. Raman spectra of a) GA-based and b) GO-based materials. 

The presence of Fc can also be determined by means of UV-Vis-NIR absorption spectroscopy (see Figure 5.4). 

While the molecular Fc shows a prominent absorption peak at ca. 441 nm, the GA-PDA-Fc sample exhibits an 

absorption band at 423 nm, i.e. 18 nm blue-shifted with respect to the molecular Fc.39,40 On the other hand, 

in the GO-PDA-Fc sample a mixed contribution due to Fe(II) and Fe(III) species was detected. In fact, the 

material presents the ferrocene absorption band at 438 nm, but also additional peaks due to the ferrocenium 

ion are visible at 363 nm and 580 nm.41,42 Therefore, the different optical behavior of the samples nicely 

matches the XPS data discussed above. 

 

Figure 5.4. UV-Vis-NIR spectra of GA-PDA-Fc (green), GO-PDA-Fc (violet) and molecular Fc (black). 

In order to shed some light on the functionalization of the graphene derivatives, electrochemical tests were 

performed on GA-PDA-Fc and GO-PDA-Fc. It is known that the scan rate (υ) has a different effect on the 

current (i) for the systems where the electrochemically active species is immobilized on the surface or in 

solution.43,44 In the case of systems with the species immobilized on the surface, i is proportional to υ, as 
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described by equation 1, whereas in the case of systems with the species in solution, i is proportional to υ1/2, 

as described by the Randles-Sevcik equation (Eq.2).43,44  

����� = �	
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��/�    (Eq. 2) 

Figure 5.5 shows the cyclic voltammetries (CVs) recorded at different scan rates for both GA-PDA-Fc and GO-

PDA-Fc systems showing an oxidation and a reduction peak at around 0.68 V and 0.60 V, respectively, related 

to the Fe+3/Fe+2 redox couple of Fe ions in Fc. The redox peaks are symmetrical and bell-shaped, which are 

features associated with a reversible process where diffusion does not play any role. This suggests that the 

Fe ions involved in the electrochemical reactions are strongly attached to the electrode surface. The current 

increases with the scan rate, but the peak potentials are independent of the scan rate, further confirming 

the reversibility of the process. The decisive evidence of a permanent attachment of Fc to the graphenic 

substrates however is the linear dependence of the peak current on the scan rate, as seen in Figures 5.5c-d.  

 

Figure 5.5. CVs in Ar-saturated 0.1 M NEt4BF4 in acetonitrile solution for GA-PDA-Fc (a) and GO-PDA-Fc (b) at 

different scan rates. Figure 3c and 3d show the ip vs υ plots. ip-υ plots are determined with the assumption 

that the double layer capacitance is independent of the applied potential. 
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To compare these results with those of a system where the active species are in solution, the same 

electrochemical measurements were performed with the bare GA and GO electrodes by adding Fc to the 

electrolyte. Figure 5.6 shows the results obtained for these systems. The oxidation and reduction peaks 

characteristic of the Fe+3/Fe+2 redox couple are also observed, but in this case the peaks do not present a bell-

shape. Moreover, the current increases with the scan rate and a good linear dependence of i with υ1/2 is 

found (see Figure 5.6 c-d) as expected for a diffusion controlled process. In addition, from these data, it is 

possible to compare the electronic conductivity of both graphenic materials. GA shows a peak separation of 

70 mV, confirming that this material has a high electronic conductivity. On the other hand, GO shows a peak 

separation of 110 mV, indicating a lower conductivity of GO than GA (see Figure 5.7). This is not surprising 

since it has been demonstrated by DFT calculations that a COOH-strongly-functionalized graphene sheet 

owns an electrical conductivity comparable to pristine graphene which could be explained by the higher 

amount of sp2 C-C bonds and the lower content of oxygen groups in the GA material, as demonstrated by 

XPS.20  

 

Figure 5.6. CVs in Ar-saturated 1 mM Fe(C5H5)2 + 0.1 M NEt4BF4 in acetonitrile solution for GA (a) and GO (b) 

at different scan rates. (c) and (d) show the linear dependence of the current on the square root of the scan 

rate, as described by the Randles-Sevcik equation for ideally reversible systems with solution phase species. 

ip-υ plots are determined with the assumption that the double layer capacitance is independent of the 

applied potential. 
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Figure 5.7. CVs in Ar-saturated 0.1 M NEt4BF4 in dry acetonitrile on GA-PDA-Fc and GO-PDA-Fc at 50 mV s-1. 

The morphology of the samples as well as the possible changes induced by the functionalization treatments 

were studied by SEM and TEM. Figure 5.8 shows the complete microscopy analysis we carried out: (a-f) are 

the SEM images of GA- (left panels) and GO-based (right panels) materials along the whole functionalization 

procedure. (g) and (h) are TEM photographs of the final materials and finally (i) and (j) the size dispersion 

calculated for pristine materials in SEM analysis. SEM micrographs show flake-like structures for both 

materials, with lateral sizes in the range of hundreds of nm for pristine GA (250-500 nm), whereas a few µm 

for pristine GO (1-10 µm). Overall, the morphological features were maintained unaltered throughout the 

whole functionalization procedure. In addition, it is important to note that the quality of the images is 

maintained during all the stages of the functionalization, which is not always present in the literature data. 

This is a proof of clean functionalization steps. In addition, we carried out an EDX analysis of the different 

materials confirming the detection of iron , which resulted to be 3.9 at % and 0.8 at % in the GA-PDA-Fc and 

GO-PDA-Fc samples, respectively, which is in good agreement with the surface determination obtained by 

XPS. The complete composition analysis provided by the EDX measurements is reported in Table 5.3. TEM 

images of a selected-area of both GA-PDA-Fc and GO-PDA-Fc are also in agreement with the SEM data, 

showing mainly aggregates comprising few flakes. 

 

 C + N (at.%)a O (at.%) Fe (at.%) 

GA-PDA-Fc 83.6±6 12.5±1 3.9±0.5 

GA-PDA-Fc (a.c.) 82.1±6 14.7±1 3.2±0.5 

GO-PDA-Fc 82.7±6 16.5±1 0.8±0.4 

GO-PDA-Fc (a.c.) 80.1±6 19.4±1 0.5±0.4 
a Due to proximity of C and N signal, they are reported together. 

Table 5.3. Elemental composition (at. %) from EDX analysis before and after catalysis (a.c.). 
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Figure 5.8. SEM 

analysis of samples 

(left GA; right GO): 

(a-b) Pristine;  

(c-d) –NH2 capped; 

(e-f) Fc terminated. 

TEM images of GA-

PDA-Fc (g) and GO-

PDA-Fc (h). 

Size dispersion for 

GA (i) and GO (j) 

calculated from SEM 

images. 
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5.3.2 Catalytic Experiments 

Once the successful functionalization of the GA and GO supports with Fc was demonstrated, and considering 

that molecular Fc shows a good catalytic activity in the C-H insertion of diazonium salts into arene substrates 

reaction,24,45–47 the GA-PDA-Fc and GO-PDA-Fc materials were tested as heterogeneous catalysts for the same 

reaction. With this aim, we first prepared BDT, starting from the corresponding aniline, by the standard 

nitrite–tetrafluoroboric acid method.27 The detailed experimental procedure and the full NMR 

characterization of the salt can be found in the experimental section (5.2) and in the appendix with NMR data 

of all the isolated compounds (Section 5.3.3).  

The C-H insertion of BDT in naphthalene was investigated as a model reaction (Figure 5.9).48  

N2BF4
Cat.

Solvent
rt

 

Figure 5.9. Scheme of model reaction studied in this Chapter. 

Very briefly, 1 mmol of the freshly synthetized diazonium salt was mixed with 0.33 mmol of the arene in 

acetone in the presence of the graphene-based catalyst (GO-PDA-Fc or GA-PDA-Fc). Since the efficiency of Fc 

grafting on the two graphene supports is different, the amount of catalyst to be employed was based 

according to the EDX measurements. In this way, the same amount of the molecular species was present in 

the reaction ambient (1.6 mol%) and, therefore, the comparison of the catalytic activity can provide 

information about the role of the graphene support during the reaction and the chemical and structural 

differences detected during the characterization steps. The catalytic tests were carried out at rt without 

protecting atmosphere. The selected experimental conditions, such as the solvent or the diazonium/arene 

ratio were previously optimized to achieve the highest coupling yield, as showed in in Figure 5.10.49  

 

Figure 5.10. a) Solvent optimization in 16 h reaction runs catalyzed by GA-PDA-Fc. b) Diazonium 

salt:Naphthalene ratio optimization and c) temporal evolution of benzenediazonium salt in the presence of 

GA-PDA-Fc. 

In addition, blank tests with the diazonium salt and the catalyst were carried out. No evolution of the 

diazonium salt was observed without the arene substrate in the reaction medium while running these blank 

experiments. To monitor the progress of the reaction, small aliquots of the reaction solution were sampled 
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at regular intervals and analyzed by NMR spectroscopy. The reaction proceeds smoothly for both GO-PDA-

Fc and GA-PDA-Fc heterogenized catalysts, without any induction period, yielding the C-H insertion product, 

1-phenylnaphtalene, with high selectivity (no byproducts were detected during the whole duration of the 

reaction). This chemical conversion can be easily followed through NMR spectroscopy, by monitoring the 

disappearance of the up-shielded naphthalene multiplets at ~ δ 7.8-7.6 ppm (see Figure 5.11) and the 

increase of the down-shielded signals at ~ δ 6.8–6.6 ppm, which correspond to the condensed product in the 

reaction crude.  

 

Figure 5.11. Selection of region of interest in the 1H-NMR (CDCl3, 298 K) spectra used for monitoring the C-H 

insertion catalysed by a) GA-PDA-Fc and b) GO-PDA-Fc. 

By using the NMR spectra taken at regular intervals to monitor the progress of the reaction, we were able to 

construct kinetic profiles for analyzing and comparing the catalytic performance for different catalysts (see 

Figure 5.12). While a non-Fc-containing sample (i.e. kinetic blank experiment), based on pristine GA, did not 

show any catalytic activity as expected, the Fc-derivatized graphene materials were found to be good 

catalysts. In fact, a remarkable production of 210 µmol of 1-phenylnaphthalene in approximately 30 h was 

achieved by GA-PDA-Fc following a second order kinetic model with respect to the arene substrate (Figure 

5.12 inset), with a productivity in terms of turnover number (TON) and turnover frequency at the beginning 

of the reaction (TOF0) of 42 and 506.1 h-1, respectively (see Table 5.4). In contrast, its GO-PDA-Fc counterpart 

can produce only 150 µmol in the same time (with TON = 32 and TOF = 134.0 h-1, also following a second 

order kinetics with respect to the arene substrate). Increasing the reaction time up to 48 h did not result in 

any increase of conversion for both materials.  

 µmola Timeb TON TOF0
c kd 

GA-PDA-Fc 211 30 42 506.1 11.2 
GO-PDA-Fc 150 30 33 134.0 6.5 

Fc 214 30 43 519.8 10.1 
a) 1-phenylnaphthalene production (µmol), determined by NMR spectroscopy; b) h; c) h-1, calculated after 

15 min of reaction; d) kinetic constant (10-3 M-1 min-1) 

Table 5.4. Catalytic parameters for arene insertion reaction. 
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The comparison of the activity of the heterogenized catalyst with molecular Fc under the same experimental 

conditions shows that all materials have a very similar performance and kinetics. In fact, molecular Fc 

produces 215 µmol of 1-phenylnaphthalene in 30 h (TON = 43 and TOF0 = 519.8 h-1), and saturation is reached 

already after about 30 h. Therefore, all the covalently-grafted Fc moieties on GA act as catalytic active centers 

due to the very similar behavior observed when comparing the homogeneous and heterogeneous materials. 

 

Figure 5.12. Kinetic profiles for the C-H insertion reaction catalyzed by GA-PDA-Fc (green), GO-PDA-Fc (violet), 

molecular Fc (black) and pristine GA (light green). Inset: kinetics analysis showing the second order 

dependence on the concentration of the arene substrate. 

However, to shed more light on the nature of the active sites, another set of control experiments was 

performed (see Figure 5.13). Since small amounts of physisorbed Fc on both the graphenic scaffolds were 

detected, the physical mixture of ferrocene and graphenic materials was also tested as catalyst of the C-H 

insertion. The results indicate a difference compared with the covalently functionalized samples, since 192 

µmol of 1-phenylnaphthalene were produced indistinctly by GA+Fc or  GO+Fc catalysts after 24 h of reaction. 

Therefore, the physical mixture behaves identically to the molecular ferrocene (see Figure 5.12). This 

observation suggests that the physisorbed molecules do not have any positive or detrimental effect on the 

catalytic activity, indicating that there might not be any specific interactions between the bare Fc molecules 

and the support. This result is, however, in contrast with the previously discussed data, highlighting the 

importance of anchoring the homogeneous catalysts in a specific environment for controlling the activity. On 

the other hand, different Fe(II)/Fe(III) ratios were detected by XPS on both GO-PDA-Fc and GA-PDA-Fc. Thus, 

the C-H insertion was attempted with mixtures of Fc/Fc+ in solution under the same standard reaction 

conditions. It is known that both members of these redox couple are capable of independently promote 

radical reactions;50 therefore, it is not surprising to obtain the same conversion result employing different 

molar ratios of Fc/Fc+ but working with the same overall 1.6 mol% iron concentration. Furthermore, 

molecular oxygen is not involved in the radical activation since no differences were observed between 

catalytic tests performed in inert or air atmosphere. Thus, the Fe(III) units present at our catalysts surfaces 

may also act as active centers in analogy to the homogeneous catalytic tests. 
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Therefore, the differences observed between the performances of GA and GO must be ascribed to their 

peculiar structural properties, and in particular to some subtle differences in the local environment that the 

immobilized Fc species experience on the support surface. The mechanism of the C-H insertion reaction 

consists of an electron transfer from the Fc unit to the diazonium salt, followed by the formation of the radical 

that allows the coupling reaction with the arene. In the final step, the Fc unit is eventually restored by a H-

abstraction from the coupling product.24 However, different trends were observed in the early stages of the 

reaction, when higher conversion rates were observed for the GA-PDA-Fc comparing to the other systems, 

for example. According to the characterization data presented above, especially the XPS measurements, the 

amount of sp2 C-C bonds is higher in the GA compared to the GO. In addition, GO owns the carboxylic acids, 

which are the anchoring points for the Fc units, mostly on the nanosheet edges, while in the GA they can be 

found on the basal plane amid C sp2 domains. Therefore, the adsorption of the aromatic substrates on the 

GA-based catalyst surface might be strongly favored, which means that the immobilized Fc units have a larger 

availability of reagents, thus accelerating the reaction in terms of TON, TOF and kinetic values at the first 

steps of the reaction (see Table 5.4). Furthermore, both theoretical51 and electrochemical data suggest that 

electron transfer processes, which are also critical elementary steps of the C-H insertion reaction, are highly 

facilitated on GA compared to GO. Finally, the higher amount of oxidized iron species in the GO sample could 

also decrease the catalytic activity compared to GA. 

 

Figure 5.13. a) Catalytic activity of the physical mixture of GX and Fc on the C-H insertion (green: GA, purple: 

GO), b) Catalytic activity of the Fc/Fc+ mixtures on the C-H insertion under air (solid) and inert (dashed) 

atmosphere. All tests have 24 h duration. 

We have also evaluated the general activity of the catalysts in the C-H insertion by employing different 

substrates, in particular testing arenes with an increasing number of condensed rings, such as anthracene 

and pyrene. In this case, the reaction time was 24 h and the catalytic activity was monitored as previously. 

The main figures of the catalytic activity in the C-H insertion reaction are summarized in Figure 5.14. 

Remarkably, compared to the previous model reaction involving naphthalene, the GA-PDA-Fc clearly stands 

out among other materials as a superior catalyst. In fact, when anthracene is used as substrate (330 µmol), 

full conversion to 1-phenylantracene is reached in 24 h, whereas starting with  pyrene, 270 µmol of 1-

phenylpyrene (82% conversion) are produced in about 24 h. In contrast, GO-PDA-Fc shows a poorer 

performance confirming the trend of the model reaction. In fact, only 209 µmol of 1-phenylanthracene and 
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131 µmol of 1-phenylpyrene were produced in 24 h. In both cases, the reaction was fully selective to the 

insertion in the position 1 of the arene substrate, as determined by NMR analysis (see section 5.3.3). 

Surprisingly, the results for molecular Fc were worse than those for the heterogenized catalysts. The 

molecular catalyst was able to yield 208 µmol of 1-phenylanthracene and 109 µmol of 1-phenylpyrene in 24 

hours, as determined by NMR spectroscopy. The worse performance of Fc with the increasing number of 

condensed rings in the substrate was also noted in the literature: Dixit et al. reported 56 % conversion 

employing naphthalene, 42 % with anthracene and 21 % with pyrene in C-H insertions catalyzed by 10 mol% 

of molecular Fc.24 These values confirm our trend and highlights the superior catalytic performance when the 

Fc is heterogenized on both types of graphenic supports. The better performance of GO and especially of GA 

with respect to molecular Fc is likely ascribed to the easy absorption of the catalytic substrate on the 

graphenic supports (especially GA), as also demonstrated by the adsorption experiments (see Figure 5.15). 

 

Figure 5.14. Scope studies in the C-H insertion catalysed by GA-PDA-Fc (green), GO-PDA-Fc (violet) and 

molecular Fc (black). 

 

Figure 5.15. Arene adsorption experiments by UV-Vis. Left: naphthalene, middle: anthracene, right: pyrene. 

For all curves: black: arene, green: GA, purple: GO; absorbance is not normalized.  
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Finally, we tested the recyclability on the heterogenized systems. After saturation conversion, we recovered 

the samples by several cycles of centrifugation and rinse with acetone. Then, the catalysts were submitted 

to a new working cycle in the BDT insertion. This procedure was repeated 8 times using naphthalene as 

reaction substrate, and the results are depicted in Figure 5.16.  

 

Figure 5.16. Study of the catalytic performance of the Fc-based catalysts (green: GA-PDA-Fc, violet: GO-PDA-

Fc, black: molecular Fc) during increasing catalytic and recovery cycles  

For the heterogeneous materials, we detected the same conversion value as a function of time for each 

reaction cycle, while the molecular Fc catalyst was obviously impossible to recover, thus emphasizing the 

manifest recyclability and durable catalytic performance of the covalently-modified graphene materials. In 

addition, another UV-Vis analysis was performed on the recovered materials (see Figure 5.17a) showing no 

modification in the optical behavior of both GA-PDA-Fc and GO-PDA-Fc with respect to the materials before 

the catalytic work, while negligible leaching of iron was detected by EDX (see Table 5.3). However, any 

modification in the materials structure could be detected by Raman Spectroscopy (see Figure 5.17b) since 

for both GA-PDA-Fc and GO-PDA-Fc the same Raman features were observed before and after the catalytic 

tests. 

 

 

 

 

 

 

Figure 5.17. UV-Vis (a) and Raman (b) spectra after the catalytic work (dashed lines), compared to the fresh 

samples (continuous lines) (green: GA-PDA-Fc, violet: GO-PDA-Fc).  

a) b) 
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5.3.3 NMR data for isolated organic compounds 

Benzenediazonium tetrafluoroborate: Prepared according to the general procedure.  

1H NMR (300.1 MHz, DMSO-d6, δ ppm): 8.67 (d, J = 8.0 Hz, 2H), 8.26 (t, J = 7.7 Hz, 1H), 7.99 

(t, J = 7.4 Hz, 2H). 

 

 

1-phenylnaphthalene: Prepared according to the general procedure.  

1H NMR (300.1 MHz, DMSO-d6, δ ppm): 8.95 (d, J = 8.4 Hz, 1H), 8.50 (d, J = 8.1 Hz, 1H), 8.20 (t, 

J = 8.3 Hz, 1H), 8.09 (t, J = 8.1 Hz, 1H), 7.78 (m, 3H), 7.49 (m, 3H), 7.40 (m, 2H). 

 

 

 

1-phenylanthracene: Prepared according to the general procedure.  

1H NMR (300.1 MHz, DMSO-d6, δ ppm): 8.61 (m, 1H), 8.31 (d, J = 8.1 Hz, 1H), 8.12 (t, J = 

8.3 Hz, 1H), 8.09 (t, J = 8.1 Hz, 1H), 7.95 (m, 1H), 7.79 (t, J = 8.1 Hz, 2H), 7.55 (m, 3H), 7.43 

(m, 4H). 

 

 

1-phenylpyrene: Prepared according to the general procedure.  

1H NMR (300.1 MHz, DMSO-d6, δ ppm): 8.51 (d, J = 8.4 Hz, 1H), 8.29 (d, J = 8.1 Hz, 1H), 8.14 

(m, 1H), 8.06 (m, 4H), 7.94 (d, J = 8.2 Hz, 1H), 7.74 (m, 3H), 7.43 (m, 3H). 
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5.4 Conclusions 

The covalent functionalization of graphene acid with Fc has been accomplished employing the carbodiimide 

chemistry. Graphene oxide was also tested in the same experimental conditions as standard oxidized 

graphenic benchmark for comparison. While the functionalization was confirmed by several independent 

techniques, the quite precise surface chemistry of the GA, which selectively exposes a high density of 

carboxylic groups on the basal plane, yielded a higher functionalization degree (3.9 at.% of Fe) of mainly pure 

Fe(II) ferrocene. On the contrary, the functionalization efficiency on standard graphene oxide was poorer, 

(0.8 at.% of Fe), probably because of the presence of a wide gamut of surface oxygen species with a variable 

chemical reactivity, thus limiting the control over functionalization. 

Both Fc-modified materials were found to be active and easily recyclable catalysts in the C-H insertion 

reaction of benzenediazonium tetrafluoroborate on naphthalene. Notably, GA-PDA-Fc sample catalyzed the 

production of the same amount of 1-phenylnaphthalene as compared to molecular ferrocene, which means 

that all the iron centers covalently attached on the GA surface behave as active sites. Furthermore, both 

heterogenized catalysts presented an extended scope, being able to catalyze the C-H insertion using 

anthracene and pyrene as substrates. In every reaction, the GA-based catalyst achieved a higher production 

of the insertion product compared to the GO-based sample. The well-defined structure of GA with precise 

functionalities and higher aromatic content, allowing efficient adsorption of the reagents close to the active 

centers combined with superior electron conductivity, are likely responsible for the higher catalytic activity 

than that of the GO analogue. 
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6.1 Introduction 

According to the Green Chemistry principles,1 the design of heterogeneous multifunctional and selective 

catalysts is considered as a crucial step for developing sustainable and efficient processes. Thus, a rational 

knowledge-based approach has to be undertaken in order to avoid the empirical trial & error strategy, which 

has so far dominated the scene of catalysis research.  

Especially when Platinum Group Metal (PGMs)-based homogeneous catalysts have to be heterogenized on a 

support, great efforts on the optimization of metal loading are necessary in order to reduce as much as 

possible the wasting of precious resources and the release of toxic byproducts. In this respect, it is crucial the 

right choice of the support where to graft the catalytic site, which is obviously dictated by the chemical 

properties of both the catalyst and the support.2 

One much explored support for heterogenized catalysts suitable for innovative chemical processes is 

graphene: its outstanding properties in terms of electric/electronic conductivity, mechanical strength and 

chemical stability3–5 can be combined with the catalytic properties of PGMs derivatives. Among them,  

Palladium, with its different chemical states,6 represents a really appealing system to couple with graphenic 

supports. In such a way, the polluting problems associated with palladium residues7 can be avoided when 

supported on an eco-friendly material.8 The literature is full of reports where researchers explore the 

combination of graphene-based supports and Pd, in form of atomic9 or molecular moieties,10 thin-film 

depositions11 or even metallic dots, with diameters ranging from big clusters (less than 2 nm)12 to big 

nanoparticles (80-100 nm).13 However, to the best of our knowledge, details regarding the growth 

mechanisms of Pd on graphene based supports are still lacking. It is highly probable that surface oxygen 

groups present in graphene oxide (GO) or partially reduced GO might play a role. In order to shed light about 

this fundamental question, we have studied graphene acid (GA), i.e., a graphene sheet strongly decorated 

with COOH in the basal plane,14 to follow the evolution of Pd nanosystems on a well characterized support. 

Actually, the well uniform surface composition of GA can contribute to understand the chemical interactions 

involved during the nucleation and growing stages of the supported Pd nanosystems.   

Among the large set of transformations that Pd is able to catalyse, the Suzuki-Miyaura reaction is one of the 

most exploited by synthetic chemists: it is generally defined as the transition-metal-catalyzed cross-coupling 

between an organo-boron compound and an organic halide and has become one of the most attractive 

approach since its discovery in 1979. Such reaction can produce the C-C coupling in a large set of experimental 

conditions, including reactions in water.15 In this case such a quite unique economical and environmental-

friendly solvent can also enhance the activity and selectivity of the catalyst by solvation effects, providing a 

suitable green route.16,17 Actually, graphene-Pd hybrid systems have already been reported to have activity 

on the cross-coupling of boronic acids with different halides, demonstrating good catalytic performance with 

high stability, cyclability and versatility, even working under green conditions.18 Other authors, however, 

reported the synthesis of homo-coupling catalysts of boronic acids instead of the cross-coupling ones.19 Thus, 

the employment of graphene-Pd hybrids has been considered a valid strategy for preventing the utilization 

of the classical Pd complex ([Pd(PPh3)4], [Pd(PPh3)2Cl2] or Pd(OAc)2 among other examples20).  

Herein, we present a preliminary and not yet finalized work on the use of GA as a possible platform to 

heterogenize a classical Pd precursor (i.e. Pd(OAc)2) in form of narrow distribution of metallic Pd 
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nanoparticles.  We show that the controlled surface of GA (rich of –COOH groups) participates actively in the 

nucleation-growth process of Pd nanoparticles and some hints on the mechanism for this process can be 

advanced. Furthermore, we find that our GA-Pd system is able to perform the aforementioned reactions in 

environmentally friendly conditions (in water without phosphines and organic bases) with a simple control 

of the reagents involved. As a result of this study, a high selectivity and an activity comparable to the 

literature values are obtained with a good recyclability of the heterogenized catalyst as well. Moreover, Pd 

leaching is not observed. Thus this preliminary study suggests that the GA-Pd is promising as a 

multifunctional, sustainable and efficient homo-coupling and cross-coupling catalyst. 

 

6.2 Experimental Section 

Graphenic materials synthesis 

GA was synthetized by our collaborators in Otyepka research group, following the procedure described in 

reference and reported below.14 

 To obtain the intermediate Cyanographene (G-CN), Fluorinated graphite (120 mg, ∼4 mmol of C-F units) was 

added to 15 mL of DMF and sonicated (Bandelin Sonorex, DT 255H type, frequency 35 kHz, power 640 W, 

effective power 160 W) for 4 h under nitrogen atmosphere in a 25 mL round-bottom glass flask. Then 800 

mg of NaCN (∼16 mmol) was added and the mixture was heated at 130 °C with a condenser under stirring 

(500 rpm). Sample aliquots were withdrawn from the flask at different time points to monitor the reaction 

progress. Further experiments were performed on the product treated for 24 h. Intermediates and final 

product were left to cool to room temperature, after which an equal amount of acetone was added.  

The materials were then separated by centrifugation and further purified by successive washing steps using 

DMF, dichloromethane, acetone, ethanol and water (all 4×). Hot (80 °C) DMF and water was also used. More 

washing steps using DMF and water were applied if the conductivity of the supernatant aqueous fraction was 

higher than 200 μS cm−1. During the final centrifugation steps with water, it was necessary to apply centrifugal 

forces of up to 25000g RCF to isolate the product. To obtain Na-free products, G-CN was washed with 

acidified water (pH = 4) to exchange sodium cations with H3O+ (the ζ-potential of G-CN was determined to be 

in the range of −30 mV, therefore contained Na+ as counterions).  

GA was synthesized via acidic hydrolysis of –CN moieties. HNO3 (65%) was slowly added at RT under stirring 

to a suspension of G-CN in water in a round-bottom glass flask, until the final concentration of HNO3 in the 

mixture reached 20%. The mixture was then heated at 100 °C under reflux with stirring (350 rpm) for 24 h. 

Various concentrations of HNO3 and treatment durations were tested to identify optimal conditions, and 

samples were periodically withdrawn to monitor the reaction’s progress. Intermediates and final products 

were left to cool to room temperature and then purified by washing with water through centrifugation. After 

a few washings, the product (GA) stopped precipitating upon centrifugation. Therefore, acidic water (pH = 4) 

was used to protonate the material and reduce its dispersibility, inducing precipitation. Stable aqueous 

suspensions of G-COOH were prepared by adjusting the pH of the purified suspension to ∼8.  

GO was also prepared to have a reference material to compare the results obtained with GA. It was 

synthesized according to a modified Hummers procedure.21  
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An amount of 3.0 g of graphite was mixed with 75 ml of 9:1 mixture of H2SO4 and H3PO4. Then an amount of 

9.0 g of KMnO4 was slowly added while cooling the mixture in an ice bath. The mixture was stirred for 3 h at 

0 °C and then overnight at room temperature. After that, a volume of 150 ml of water was added heating at 

80 °C. After stirring for 1 h, the obtained mixture was sonicated for 1 h at 35 °C. To quench the reaction, 3 mL 

of 30 %wt. of H2O2 was added, stirred for additional 2 h, sonicated for 1 h and finally, diluted with additional 

water. The supernatant was profusely washed with water, dialyzed 72 h against DI water and 8 h against 

Milli-Q quality water, and finally lyophilized. 

Reaction with Pd(OAc)2 

The amount of Pd(OAc)2 to be reacted with the pristine graphenic material (hereafter referred as 

impregnation step) was precisely determined taking as a reference the amount of COOH groups 

present at the carbonaceous backbone (see discussion below). Thus, 40 mg of pristine GA was mixed 

with 0.0245 g (0.11 mmol) of Pd(OAc)2 in 40 mL of MeCN. Reaction was maintained at reflux 

conditions with magnetic stirring for 6 h (see Figure 6.1). After cooling down, the solids were washed 

3 times with 50 mL of fresh acetonitrile and 3 times with 50 mL of 2-propanol by centrifugation 

methods, sonicating 5 min between each centrifugation cycle. Then, the black solids were dried 

under vacuum to yield the GA-Pd-100 sample. Using the same conditions, GA-Pd-25, GA-Pd-50 and 

GA-Pd-200 samples were synthetized employing 40 mg of pristine GA with 0.0065 g (0.028 mmol), 

0.0127 g (0.056 mmol) and 0.049 g (0.22 mmol) of Pd(OAc)2, respectively. The synthesis of GO-based 

hybrid material was performed under the same protocol, recalibrating the quantity of Pd(OAc)2 in 

order to match the amount of –COOH calculated by XPS. So the synthesis was performed by mixing 

40 mg of pristine GO with 0.015 g (0.06 mmol) of Pd(OAc)2 to yield GO-Pd-100 sample as benchmark 

material. 

 

Figure 6.1. Procedure for the growing of Pd nanosystems at the GA surface. 

Physico-chemical Characterization 

The surface chemical characterization of the catalyst has been carried out using X-ray photoelectron 

spectroscopy (XPS) in a custom-made UHV system working at a base pressure of 10−10 mbar, equipped with 

an Omicron EA150 electron analyzer and an Omicron DAR 400 X-ray source with a dual Al−Mg anode. Core 

level photoemission spectra (C 1s, N 1s, O 1s and Pd 3d regions) were collected at rt with a non-

monochromated Mg Kα X-ray source (1253.6 eV) and using an energy step of 0.1 eV, 0.5 s of integration time, 

and a 20 eV pass energy. The samples were dispersed in 2-propanol and drop casted on an Al support. The 
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nano- and microscale morphology of the materials was studied by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). The SEM images were acquired using a field emission source 

equipped with a GEMINI column (Zeiss Supra VP35) and an Oxford energy-dispersive x-ray spectroscopy 

(EDX) microprobe, and micrographs were obtained with an acceleration voltage of 5 or 10 kV using in-lens 

high-resolution detection. The TEM images were acquired using a FEI Tecnai 12 microscope with an 

acceleration voltage of 100 kV. High-resolution images were obtained in a FEI Tecnai G2 20 instrument 

working in the STEM/HAADF mode. Inductive coupled plasma spectroscopy (ICP) measurements were 

performed in an Agilent Technologies 7700x ICP-MS, equipped with an octupolar collision cell operating in 

kinetic energy discrimination mode for the removal of polyatomic and argon-based interferences. 

The Raman spectra were collected using a ThermoFisher DXR Raman microscope using a laser with an 

excitation wavelength of 532 nm (5 mW), focused on the sample with a 50× objective (Olympus). The UV-Vis 

spectra were recorded on a Varian Cary-50 spectrophotometer in the range 225 – 800 nm, employing  

2-propanol as solvent. All spectra were recorded using 1 cm optical path quartz cells. The concentration and 

the experimental parameters were optimized to minimize scattering effects. The NMR spectra were recorded 

on a Bruker Avance 300 MHz (300.1 MHz for 1H, 298 K); chemical shifts (δ) are reported in units of parts per 

million (ppm) relative to the residual solvent signals and coupling constants (J) are expressed in Hz. 

General Catalytic test 

In a typical Suzuki experiment, 1.2 mmol of boronic acid, 1.0 mmol of aryl halide and NaOH as base 

(typically 4.0 mmol) were dissolved in 10 mL of water with magnetic stirring. 0.1 mol % of Pd-based 

catalyst material was added, and the mixture was heated for a target temperature, typically 100 °C. 

Reaction was allowed to cool down, extracted 3 times with 10 mL of ethyl acetate, organic fractions 

were combined, dried and concentrated to submit it to the NMR analysis. On the other hand, catalyst 

was recovered by centrifugation, profusely washed with water and acetone and submitted to a new 

catalytic cycle without adding new catalyst precursor. Purification was performed with column 

chromatography employing a 3:1 mixture of ethyl acetate/hexanes when necessary. Homo-coupling 

tests were performed under the general protocol but without the halide. 

6.3 Results and discussion 

6.3.1 Pd nanosystems growth on Graphene Acid 

The synthetic design of GA yields a graphenic surface fully covered by COOH groups. From the 

separation into chemically shifted components of the C 1s photoemission line of the X-ray 

photoemission spectroscopy (XPS), it results that the pristine GA shows a large amount of C-C sp2 

bonds (61.5 %) together with a large fraction of COOH groups as deduced from the peak centered at 

288.8 eV (9.7 % of the total C 1s intensity), which is the most intense component among all C-O 

species (see Figure 6.2). On the other hand, GO showed less intense components for both C-C sp2 

(53.4 %) and COOH (7.0 %), proving the heterogeneous nature of this derivative. Keeping these values 

in mind, the amount of Pd(OAc)2 to be reacted with the material was determined. We hypothesize 

that the surface COOH groups can react with the Pd(OAc)2 in a counter-ion metathesis based 

reaction, displacing out the acetate groups and grafting the single Pd atom on the surface. 
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Figure 6.2. C 1s photoemission lines of pristine GA (left) and GO (right) materials. 

Figure 6.3 shows the Pd 3d line of the GA-Pd samples with an increasing amount of Pd deposited on 

the surface, starting from an added amount of 25 % of Pd(OAc)2 vs the COOH groups up to 200 %. 

The fitting of the XPS spectra afforded three different components. In the case of GA-Pd-25, the first 

one owns the maximum at binding energy (BE) value at 336.4 eV, which can be assigned to the 

metallic component. A second maximum appeared at 337.3 eV, corresponding to the Pd(II) species 

such as PdO.22 The last component was detected at  338.5 eV and it is compatible with Pd-NCMe 

bonds, due to acetonitrile molecules coordinated to the Pd atoms (capping the Pd nanosystem),23 or residual 

Pd(OAc)2 as well, especially at the low loading values.24 If we take such XPS evidence, it seems that 

Pd(OAc)2 aggregates as clusters or nanoparticles on the support surface in which are composed by a 

metallic palladium core, passivated with a layer of oxides and capping acetonitrile molecules. When 

the amount of Pd(OAc)2 is increased, i.e., passing from 25% to 200%, the metallic component grows 

while the oxide one decreases, being the capping component approximately constant. The shift in 

the metallic Pd(0) component, due to capacitive effects derived from size confinement, can suggest 

an estimated size for the nanosystem at the surface (See Table 6.1).25 As expected, with the lowest 

amount of Pd precursor (GA-Pd-25) the maximum  shift (1.4 eV) to higher BE with respect to the bulk 

palladium (BE 335.0 eV) is observed,26 which may indicate an approximated size of the nanoparticle 

of about 1 nm. 

Sample BE (eV) Size (nm) [Pd] (at.%) 

GA-Pd-25 336.4 1 1.7 

GA-Pd-50 336.2 2 2.7 

GA-Pd-100 335.9 4-6 4.3 

GA-Pd-200 335.6 8-10 4.0 

Table 6.1. Pd 3d XPS parameters of the GA-Pd samples 
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Figure 6.3. Pd 3d photoemission spectra of the different GA-Pd samples. 

A clear trend appears when the amount of precursor is increased, since the shift of the metallic Pd(0) 

component  with respect to bulk palladium is 1.2 eV for GA-Pd-50 (nanoparticles ranging 2 nm), 

0.9 eV for GA-Pd-100 (nanoparticles of 4-6 nm) and 0.6 eV for GA-Pd-200 (nanoparticles of 8-10 nm). 

Regarding the total amount of metal grafted into the support, the loading level respected the amount 

of precursor employed in the impregnation step (see Table 6.1 and 6.2) until saturation was reached 

when 200% of precursor was employed. 

XPS C (% at.) N (% at.) O (% at.) Pd (% at.) 

GA 81.0 4.5 14.5 - 
GA-Pd-25 68.6 4.5 25.3 1.6 
GA-Pd-50 71.1 3.8 22.4 2.7 

GA-Pd-100 70.4 4.6 20.7 4.3 
GA-Pd-200 72.2 3.0 20.8 4.0 

GO 74.1 - 25.9 - 
GO-Pd-100 63.5 3.1 31.1 2.3 

Table 6.2. Surface composition of the studied samples as determined by XPS. 
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Figure 6.4. C 1s photoemission lines of pristine GA (left) and GA-Pd-100 (right) materials. 

Several changes were also observed in the C 1s core level after Pd impregnation. As can be observed 

in GA-Pd-100, as an example (see Figure 6.4), a simultaneous lowering of –COOH band (288.9 eV) 

and increment of the band at 288.0 eV clearly indicates the formation of –COO- moieties as anchoring 

points for Pd. Therefore, the hypothesis of the counter-ion metathesis mechanism for displacing the 

acetates from the Pd(OAc)2 precursor seems plausible. Moreover, higher percentage of C sp3 and C 

bonded to heteroatoms were found, that may arise from the presence of capping species on Pd. 

These species can be identified as the acetonitrile molecules, already detected in the Pd 3d 

photoemission line showed in Figure 6.3. In addition, the formation of nanoparticles seems clear 

since the COOH band does not vanish as a consequence of Pd aggregation to form nanoparticles: if 

quantitative counter-ion metathesis would have taken place to fix Pd atoms at surface, all the COOH 

moieties would be converted to COO-.  

UV-Vis spectroscopy data also agree with XPS, since it is known that the size of the Pd nanoparticle 

can affect the optical properties regarding the corresponding maximum of the plasmonic effect, 

centred raging the 270 nm.27 Analysis of alcoholic suspensions of the graphenic materials revealed 

the same trend discussed for the XPS analysis (see Figure 6.5). The position of the Pd plasmon is 

progressively red shifted when the amount of Pd(OAc)2 was increased in the impregnation step, 

passing from no appreciable optical feature in the GA-Pd-25 sample to clear peaks different from the 

characteristic GA absorption in the highly impregnated samples. 
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Figure 6.5. UV-Vis spectra of the different GA-Pd materials. 

Clear evidences of the size of the nanoparticles were also spotted out by Transmission Electron 

Microscopy (TEM) observations. After the palladium impregnation, the presence of homogeneously 

distributed nanoparticles along the material basal plane is apparent (see Figure 6.6), whereas the 

sheet structure seems to not be modified. In Figure 6.7 the histograms of the sizes of the palladium 

nanoparticles is reported for the different samples. The GA-Pd-25 sample shows small dots ranging 

0.7-0.8 nm. Increasing the Pd loading to 50% rises the size of the nanoparticles to 1.8-1.9 nm. When 

the amount of Pd reaches the stoichiometric maximum (GA-Pd-100), the maximum size is around 3.3 

nm, but the distribution starts to become asymmetric. Doubling again the amount of precursor, i.e., 

GA-Pd-200, resulted in big Pd aggregations (maximum at 8.3 nm) with a broad distribution compared 

to the other hybrid materials and completely asymmetric. The evolution and even the absolute 

values obtained by TEM are in sharp agreement with XPS-based evaluation (Table 6.1) and confirm 

the trend of the UV-Vis plasmonic resonance data.  
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Figure 6.6. TEM images of a) GA-Pd-25, b) GA-Pd-50, c) GA-Pd-100 and d) GA-Pd-200.  

 

Figure 6.7. Size distribution calculated from TEM images for a) GA-Pd-25, b) GA-Pd-50, c) GA-Pd-100 

and d) GA-Pd-200. 
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Finally, Pd determination was crosschecked by EDX (Table 6.3) and ICP analysis (Table 6.4), reporting 

a good agreement with the XPS surface composition, as expected when dealing with small 

nanoparticles.  

As a whole, our physico-chemical data suggest that the well controlled surface chemistry of GA offers 

a suitable environment to effectively graft the impregnated palladium with a correct proportional 

trend. Indeed, a high loading of small nanoparticles with sharp size-distributions was obtained when 

the Pd loading is low. This is in stark contrast with the benchmark GO, where the uncontrolled and 

heterogeneous distribution of oxygen groups forces the Pd atoms to aggregate in larger 

nanoparticles (around 23 nm for a GO-Pd-100 loading), thus reducing the effectiveness of the 

grafting.  

EDX C + N (% at.)a O (% at.) Pd (% at.) 

GA-Pd-25 79.4 19.2 1.4 

GA-Pd-50 71.1 25.6 3.3 

GA-Pd-100 75.0 20.6 4.4 

GA-Pd-200 72.4 23.4 4.2 

GO-Pd-100 70.3 27.4 2.3 

a) Due to the proximity of C and N signals, they have been reported as sum of the contributions. 

Table 6.3. Elemental composition from EDX analysis. 

Entry Sample [Pd]a 

1 GA-Pd-25 9.8 

2 GA-Pd-50 12.9 

3 GA-Pd-100 24.0 

4 GA-Pd-200 22.8 

5 GO-Pd-100 11.2 

a) %wt.   

Table 6.4. Pd determination by ICP-MS analysis. 

A kinetic analysis of the Pd growth have been attempted using the combined data of the different 

characterization techniques. To do that, aliquots of the GA-Pd-100 impregnation reaction were withdrawn 

at regular intervals and analysed by TEM and XPS methods. Interestingly, the position of the XPS Pd 3d line 

was found to be the same in the sample withdrawn at 20 min (see Figure 6.8g) compared to the final material 

after 6h of reaction (Figure 6.8h). It resulted that the component corresponding to the highest BE component, 

i.e., Pd-NCMe and/or Pd(OAc)2 aggregates, is larger at 20 min, that is quite reasonable for the first moments 

of the impregnation. Analysing the TEM images after 20 min (Figure 6.8a), small clusters (0.5-1 nm) coexisted 

with large aggregates (15-20 nm), which can be assigned to Pd(OAc)2 . However, after continuing the reaction 

(see Figure 6.8b-f), the frequent big spots started to vanish and to decrease their mean diameters (from 15-

20 nm to 5-10 nm), while the small dots become predominant. Therefore, this could be taken as an evidence 

for the transformation of Pd from precursor to nucleated nanoparticle. It is interesting to mention that the 

number of nanoparticle nuclei is mainly constant from the first aliquot to the final one (around 2.2 x 1013 

nuclei cm-2). 
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Figure 6.8. TEM images 

of the GA-Pd-100 

sample at different 

times:  

a) 20 min,  

b) 40 min,  

c) 60 min,  

d) 120 min,  

e) 180 min  

f) 360 min.  

 

XPS Pd 3d core levels 

for samples GA-Pd-100 

at g) 20 min and h) 360 

min are reported as 

well. 
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In addition, the small dots were detected to progressively grow, passing from 0.5-1 nm to 2-3 nm, in stark 

agreement with the data discussed before, following a cubic fitting with time that satisfies the Avrami theory 

(see Figure 6.9).28 Finally, a very homogeneous and sharp distribution of nanoparticles was obtained at 180 

min, reaching therefore the growing saturation in a moment between 4.5 and 6 h of impregnation. 

 

Figure 6.9. Temporal evolution of the mean size of the nanoparticle extracted from the TEM analysis. A cubic 

fitting with time that satisfies the Avrami theory has been reported (see text). 

Gathering all the data, we can speculate on a possible growing mechanism, as depicted in Figure 

6.10. The first probable and faster reaction is the counter-ion metathesis step, in which the COOH 

groups of the support displace out one of the acetates and fix the Pd ion at the surface. The generated 

acetate molecule (or acetic acid molecule) then promotes the reduction of Pd (II) to metallic Pd in a 

second fast process.29 Thus, the fixed Pd can act as a nucleation point for the successive growth. The 

surface-bound Pd therefore attracts more Pd ions following autocatalytic and slower events to grow 

the nanoparticle, whose final size strongly depends on the amount of precursor. Similar steps have 

been proposed for the growth of Au nanoparticles on graphene.30  Since the process proceeds in air 

and because of the oxidative environment due to the oxygenated graphenic surface, a passivating 

layer of PdO is therefore created, which remains mainly constant for the different sizes of the 

nanoparticles studied. Also, the high conductivity of GA, demonstrated before theoretically and 

experimentally, could strongly assist the reduction step.14 Therefore, a parallel growth might be 

favoured in the conductive platform that GA offers, resulting in a homogenous distribution of small 

nanoparticles. 
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Figure 6.10. Proposed mechanism for the Pd nanoparticle growth on GA. Blue ball=N, red 

ball=oxygen, grey ball= carbon, yellow ball= palladium atom or nanoparticle. 

 

6.3.2 Catalytic Activity 

After unveiling the actual nature of the palladium nanostructures attached to GA, the different GA-Pd 

samples were tested as catalysts in the Suzuki-Miyaura cross-coupling C-C bond formation reaction. In order 

to test preliminarily the catalytic behaviour, the coupling between phenyl boronic acid and bromobenzene 

was chosen as model reaction (it is known that bromoarenes own an intermediate reactivity toward the 

Suzuki coupling), as depicted in Figure 6.11. Very briefly, 1.2 mmol of boronic acid and 1.0 mmol of 

bromobenzene were suspended in 10 mL of water, where 4 mmol of NaOH31 and 0.1 mol% of catalyst were 

added. The reaction mixture was stirred at 100 °C for a desired time, and after work-up (see Section 6.2), 

reaction crudes were analysed by NMR spectroscopy. The transformation can be easily followed up tracking 

the disappearance of the upshifted boronic protons at δ 8.21 ppm while the biphenyl protons appeared 

downshifted, i.e, δ 7.67 ppm (see section 6.3.3 for full NMR data). 

 

 

 

Figure 6.11. Model Suzuki-Miyaura cross-coupling reaction as case study. 
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The NMR data (see Figure 6.12 for the case of the GA-Pd-100 sample) allowed us to build kinetic 

profiles to analyse the performance of the hybrid systems.  

 

Figure 6.12. NMR tracking (CDCl3, 300.1 MHz, 298 K) of the Suzuki coupling (standard conditions, see text) 

catalysed by GA-Pd-100. 

To compare the performance of the heterogenized Pd catalysts with a reference homogeneous 

catalysts, we have investigated the activity of molecular Pd(OAc)2, as well, under the same 

experimental conditions. While a non-catalysed blank experiment showed negligible activity, the 

homogenous palladium-based catalysts showed high activity toward the formation of biphenyl.  

It is important to mention that the Suzuki coupling undertaken in this work is only performed 

following an environmentally friendly strategy, i.e., water as solvent, without any phosphine sources 

to stabilize and enhance the palladium activity, and also without any other organic substance added 

besides both boronic and halide reagents. In addition, the reaction was performed under air 

atmosphere (no difference was detected under N2), which may be beneficial from the economical 

point of view. From the analysis of the kinetic profiles, no induction period is apparent, and the 

different systems were able to reach high conversion values. However, some differences must be 

pointed out (see Table 6.5). On the one hand, GA-based materials were able to fully complete the 

reaction with high selectivity to the coupling product. However, we observed a size-dependent 

activity (Figure 6.13). Indeed, catalysts showed a progressively better performance following a trend 

according to the size of the nanoparticle due to the highest specific surface area exposed in the 

smallest particles.32 In this way, GA-Pd-25 resulted to be the most active material, reaching a 

conversion above 99 % after only 2 min of thermal equilibration, with turnover frequency (TOF0) as 

high as 30030 h-1. GA-Pd-50 completed the reaction in 10 min, followed by GA-Pd-100 that needed 

almost 60 min. Finally, GA-Pd-200, where the Pd is more aggregated, fully completed the reaction in 

a 1 h run, but the selectivity was lower compared to the small nanoparticles present in the other 
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materials. However, in all cases the performance was superior to that of the benchmark GO-Pd-100, 

which showed 98% conversion with poorer activity, and also superior to the homogeneous Pd(OAc)2 

catalyst. Regarding the byproducts, only small traces of phenol could be detected in the NMR spectra 

of the different reactions, which is probably due to the hydrolysis of the boronic acid in the reaction 

medium.33  

 

Figure 6.13. Kinetic profiles of the Suzuki-Miyaura cross-coupling reaction of different GA-Pd samples carried 

out at 100°C. 

In addition, using the GA-Pd-100 catalyst as reference material (intermediate behaviour for simplicity 

reasons), reaction parameters such as temperature and base amount were optimized in order to 

obtain even milder conditions (see Figure 6.14). Thus, it was found that only 1 equivalent of NaOH is 

needed to achieve the same level of performance reported in Table 6.5. In addition, a remarkable 

82% conversion after 1h-reaction was obtained even at a lower temperature (70 oC). The situation is 

rather different when the GO-Pd-100 catalyst is used (Figure 6.14) 
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Figure 6.14. Optimization in a) temperature and b) base amount of the Suzuki-Miyaura cross-coupling 

reaction for GA-Pd-100 (green) and GO-Pd-100 (purple). 

 

Catalyst Timeb Conv.c Yieldd TONe TOF0
 f 

No cat. 120 - - - - 
GA-Pd-200 60 >99 86 1000 9800 
GA-Pd-100 60 >99 98 1000 11520 

GA-Pd-50 10 >99 98 1000 12000 
GA-Pd-25 2 >99 98.5 1000 30030g 

GO-Pd-100 60 98 76 980 9590 
Pd(OAc)2 60 96 90 960 10800 

a) Reactions performed under the standard conditions (T=100°C), b) min, c) %, determined by 
1H-NMR, d) % to the coupling product, determined by 1H-NMR, e) Turnover number, f) 

Turnover frequency (h-1), calculated after 5 min, g) calculated in saturation time. 

 

Table 6.5. Catalytic parameters for model Suzuki-Miyaura cross-coupling reaction carried out with 

different catalysts. 

In order to understand how the coupling is achieved, additional tests were performed without any 

halide added in the reaction vessel.  For the sake of comparison, we employed the standard 

conditions in order to discern the effects coming from the different reactants. (see Table 6.6). We 

observed that all the GA-Pd materials were also able to yield, with good selectivity, the biphenyl 

coupling product under boronic acid homo-coupling conditions. It is well known that reductive 

solvents are known to promote homocoupling reactions.34 However, when the reaction was 

performed under inert conditions (no air), no homo-coupling product was detected . A notable 

difference with the Suzuki cross-coupling reaction is therefore observed, where just a proper tuning 

of the atmosphere conditions can trigger the reactivity.  
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Catalyst Timeb Conversionc Yieldd 

Pd(OAc)2 960 88 37 

GA-Pd-200 960 >99 69 

GA-Pd-100 960 >99 72 

GA-Pd-100e 960 22 - 

GA-Pd-50 960 >99 69 

GA-Pd-25 960 >99 75 

GO-Pd-100 960 80 - 
a) Reactions performed under the standard conditions (T=100°C) without halide, b) min, c) %, 

determined by 1H-NMR, d) % to the coupling product, determined by 1H-NMR, e) performed 

under inert conditions. 

Table 6.6. Results of homo-coupling reaction tests. 

Interestingly, we could not detect biphenyl molecules when GO-Pd-100 was used for the homo-

coupling test under the same experimental conditions. Hence, the smaller Pd nanoparticles present 

on the GA-Pd samples are able to overcome, under aerobic conditions, the homo-coupling activation 

energy, forming the intermediates with the assistance of molecular oxygen. On the contrary, the 

larger Pd nanoparticles present in GO-Pd-100 cannot sustain this reaction path under the same 

experimental conditions. It has been reported previously that gold nanoclusters smaller than 2 nm 

are able to catalyse the homo-coupling reaction, while nanoparticles bigger than 9 nm showed no 

activity.35 Our observations confirm such previously reported results. In addition, the molecular 

Pd(OAc)2 catalyst is not able to accomplish the full conversion and presents a poor selectivity to the 

coupling product (see Table 6.6). Therefore, the specific surface chemistry of GA is able to deploy Pd 

nanoparticles suitable for two different reaction pathways (homo- and cross-coupling) with 

enhanced activity compared to the GO-Pd-100 benchmark and Pd(OAc)2 homogeneous catalysts. 

Moreover, the efficiency and the atom economy of the GA-Pd catalyst is also improved since it can 

reach the target product even without a halide source. 

However, to further investigate the cross-coupling mechanism of the GA-Pd catalysts, the synthesis 

of asymmetric biphenyls was also tested. For ease reasons, only GA-Pd-100 was tested in the 

optimized 1h - run reactions (see Table 6.7). The first cross-coupling test was performed with 4-

bromotoluene. The NMR analysis of the reaction crude revealed that the reaction proceeds 

smoothly, with a conversion above 99% and high selectivity (98 %), to the asymmetric biphenyl. In 

addition, the sharp singlet corresponding to the methyl group (δ = 2.5 ppm) was coupled to the 

aromatic signals.  
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Entry R X Timeb Conv.c Yieldd 

1 4-Me Br 60 >99 98 
2 4-OH Br 60 77 96 
3 4-OMe Br 60 81 >99 

4 4-COMe Br 60 >99 95 

5 4-NO2 Br 60 >99 >99 
6 3-Py Br 60 >99 95 
7 H Cl 960 >99 94 
8 H I 15 >99 >99 

a) Reactions performed under the optimized conditions, b) min, c) %, determined by 1H-NMR, d) 

% to the coupling product, determined by 1H-NMR. 

Table 6.7. Tests of different halides for asymmetric Suzuki cross-coupling using GA-Pd-100 as catalyst. 

Then, the electronic properties of the halide were modified employing R groups with different donor 

or withdrawing properties to expand the scope of the GA-based catalysts. For instance, electronic-

rich substrates, e.g. p-bromophenol or p-bromoanisole, yielded lower conversions compared to the 

standard run (Table 6.7 entries 2 and 3), as a consequence of the higher electron density in the 

reactive carbon, which hinders the oxidative addition step. On the other hand, electron-withdrawing 

substituents such as ketones or nitro groups (Table 6.7 entries 4 and 5) afforded high conversions 

and selectivity values. Interestingly, bromopyridine was also converted with high selectivity to the 

coupling product (Table 6.7 entries 6). The final step of the screening was done changing the halide 

atom, i.e., using the less reactive chloride and the more reactive iodide. In the first case, GA-Pd-100 

needed 16 h (Table 6.7 entry 7) to produce with full conversion the biphenyl molecule with high 

selectivity. On the other hand, it tooks only 15 min to reach full conversion employing the iodide 

(Table 6.7 entry 8), which opens the gate to speed up the reaction rates when aiming to industrial 

uses.  

Another important feature for the green attitude of a catalyst is its ability to be recovered after 

reaction without being modified. Thus, the cyclability of the heterogenized catalyst was deeply 

examined by recovering (by centrifugation) the catalyst when the reaction reached the saturation, 

washing it profusely with a 1:1 mixture of water and acetone five times, and using the materials for 

a new catalytic cycle without adding any new catalyst. The procedure was repeated for 5 consecutive 

cycles. We observed that GA-Pd-100 was able to maintain its activity with very close conversion 

values (always surpassing 97%) throughout the cycling study. On the contrary Pd(OAc)2 was 

impossible to recover. Interestingly, after the whole procedure, really low leaching levels of Pd 

(ranging the ppb) were detected in the supernatant liquid, as determined by ICP methods (see Table 

6.8 entries 1 and 2), highlighting, together with the cyclability, the outstanding stability of our green 

family of catalysts.  

 



 
 

153 Chapter Six 

Entry Sample [Pd]a 

1 GA-Pd-100b 0.6 

2 GO-Pd-100b 0.6 

3 GA-Pd-100c 0.3 

4 GA-Pd-100d 0.7 

a) ppm. b) Leaching test of the supernatant of the Suzuki reaction. c-d) Leaching test of the  

hot-filtration experiment in points 1 (c) and 2 (d).  

Table 6.8. Leaching tests determinations on GA-Pd catalysts by ICP-MS. 

Furthermore, the TEM images after cycling did not show any significant modification, neither on the 

sheets morphology nor in the size distribution of the Pd nanoparticles immobilized on the of GA-Pd-

100 surface (Figure 6.15 left). No significant leaching was detected by TEM (also the TEM grid is quite 

clean), and the same 3.5-4 nm mean values in the diameter of the non-agglomerated particles can 

be clearly distinguished in the images of GA-Pd-100 (see inset in Fig. 6.15), thus discarding ripening 

effects. 

In addition, the possible Pd dynamic exchange from the nanoparticle to the solvent under reactions 

conditions was also checked by hot filtration experiments (Figure 6.15 right): a Suzuki coupling was 

attempted at 70 °C, and the reaction was hot-filtered after 5 min (point 1) and 60 min (point 2). For 

both scenarios, the evolution of the biphenyl was retained constant after removing the catalyst out 

by filtration, as the NMR analysis determined. Moreover, both supernatants were analysed by ICP 

too, and similar levels of Pd compared to the previous leaching test were found (see Table 6.8 entries 

3 and 4). 

 

Figure 6.15. Hot-filtration experiments catalysed by GA-Pd-100 (green) at 5 min and 60 min at 70 oC 

reaction and TEM image of the sample GA-Pd-100 after recovering (inset: particle size distribution). 
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6.3.3 NMR data for isolated organic compounds 

Biphenyl: Prepared according to the general procedure to yield a white solid.   

1H-NMR (300.1 MHz, CDCl3, δ ppm): 7.73 (d, J = 8.0 Hz, 4 H), 7.55 (t, J = 7.5 Hz, 4H), 7.46 (d, J = 

8.3, 2H). 

 

4-methyl-1,1'-biphenyl: prepared according to the general procedure to yield a white solid.  

1H-NMR (300.1 MHz, CDCl3, δ ppm): 7.72 (m, 2H), 7.63 (d, J = 8.1 Hz, 2H), 7.55 (t, J = 7.9 Hz, 

2H), 7.46 (d, J = 7.6 Hz, 1H), 7.38 (d, J = 8.2 Hz, 2H), 2.52 (s, 3H).  

 

[1,1'-biphenyl]-4-ol: Prepared according to the general procedure to yield a white solid.   

1H-NMR (300.1 MHz, CDCl3, δ ppm): 7.75 (d, J = 8.2 Hz, 2 H), 7.55-7.38 (m, 5H), 6.83 (d, J = 

8.3, 2H), 5.0 (bs, 1H).  

 

4-methoxy-1,1'-biphenyl: Prepared according to the general procedure to yield a white solid.   

1H-NMR (300.1 MHz, CDCl3, δ ppm): 7.77 (d, J = 8.2 Hz, 2 H), 7.55-7.38 (m, 5H), 7.07 (d, J = 

8.1, 2H), 3.91 (s, 3H).  

 

4-phenylacetophenone: prepared according to the general procedure to yield a white solid.  

1H-NMR (300.1 MHz, CDCl3, δ ppm): 8.05 (d, J = 8.3 Hz, 2H), 7.70 (d, J = 8.3 Hz, 2H), 7.61 (t, J 

= 8.3 Hz, 2H), 7.46 (m, 3H), 2.65 (s, 3H). 

 

4-nitro-1,1'-biphenyl: prepared according to the general procedure to yield a yellow solid.  

1H-NMR (300.1 MHz, CDCl3, δ ppm): 8.10 (d, J = 8.1 Hz, 1H), 7.68 (d, J = 8.1 Hz 2H), 7.56 – 

7.25 (m, 5H). 

 

3-phenylpyridine: prepared according to the general procedure to yield a pale-yellow oil.  

1H-NMR (300.1 MHz, CDCl3, δ ppm): 8.87 (d, J = 2.0 Hz, 1H), 8.72 (dd, J = 5.1, 1.2 Hz, 1H), 8.13 

(m, 2H), 7.92 (ddd, J = 8.2, 2.1, 1.4 Hz, 1H), 7.43 (m, 4H), 7.30 (dt, J = 13.7, 6.7 Hz, 1H). 

 

Phenol: found as byproduct applying the general procedure.  

1H-NMR (300.1 MHz, CDCl3, δ ppm): 7.28 (t, J = 7.9 Hz, 2H), 6.98 (t, J = 7.4 Hz, 1H), 6.89 (d, J = 7.9 

Hz, 2H). 
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6.4 Conclusions  

Graphene acid is a convenient platform for the surface anchoring of metallic palladium nanoparticles. 

By a simple and mild impregnation step, GA is able to stabilize a narrow and sharp distribution of tiny 

Pd nanoparticles that decorates the basal plane of the nanosheet. This is clearly a consequence of 

the homogeneous distribution of the anchoring carboxyl groups present in GA. In addition, the intrinsic 

simple structure of the GA support allowed us to figure out, with the help of spectroscopic and microscopic 

techniques, the actual steps of the nanoparticle growth.  Thus, a possible growing mechanism has been 

proposed, based on the counter-ion metathesis and fast metal reduction and nucleation steps, yielding a 

constant number of nucleation sites. Then, slow autocatalytic events assure the growing of the nanoparticles, 

where the size strongly depends on the amount of Pd precursor added.   

In addition, the GA-Pd materials have been tested for an green version of the Suzuki-Miyaura coupling. The 

family of catalysts we are presenting in this work are able to sustain the reaction in water, without any type 

of organic substance besides the reagents and under air atmosphere, with high yield in short reaction times, 

selectivity to the coupling product, versatility to different substrates, cyclability and stability without leak out 

the metal. Moreover, GA-Pd family is also able to perform the homo-coupling reaction of boronic acids to 

yield the same product in a more atom economical independently bi-functional approach. Thus a highlight 

of these new catalysts is also their high versatility. 
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7.1 Conclusions 

In this Ph.D. project, we have investigated different strategies to develop  catalysts and electrocatalysts based 

on 2D Materials to be used in the fields of Green Energy and Green Chemistry.  On one hand, TMDCs-based 

electrocatalysts represent green electrocatalysts for hydrogen generation, exploiting different strategies to 

tailor innovative material properties for the final application. On the other hand, the Green Chemistry  

approach was followed to prepare heterogenized catalysts on graphene-based scaffolds. This goal was 

reached by taking advantage of the uniform surface functionalization of GA.   As a whole this approach proved 

that the design of the scaffold is essential to obtain highly performing catalysts.  

The common points between all the addressed catalysts are two: 

• the use of state-of-the-art 2D materials, to exploit their intrinsic innovative properties; 

• the approach which is associated to the fundamental role that is played by materials design, and the 

great impact that a rationally driven synthesis may have on the ultimate performances.  

The chemical nature and the morphology of the catalysts have been deeply investigated together with their 

functional properties in order to establish rigorous structure-activity relationships. This fundamental 

knowledge represents the cornerstone for the development of novel materials to be applied in specific 

applications. To achieve these results, we have employed a large set of tools offered by Surface and Materials 

Science, exploring advanced synthesis methods and combining different characterization techniques.  

In Chapter Two we investigated the design of three-dimensional MoS2 structures doped with different Ni 

doses, in order to boost HER activity of  MoS2, especially aiming at optimizing it in alkaline electrolytes.  The 

reason for such an issue is that, while alkaline environment is commonly used in electrolyzers, in such a 

condition the HER activity of MoS2  is strongly hindered. We performed a detailed structural characterization 

followed by an extensive electrochemical characterization of the Ni 3D-MoS2 materials, both in acidic and 

alkaline electrolytes, to find out a rational interpretation of the final performances and reaction kinetics. The 

main outcome was that sites induced by Ni on the MoS2 edges are selectively active in alkaline electrolyte, 

by lowering the H2O dissociation energy barrier. On the contrary, no beneficial effects were observed in acidic 

environment. On the other hand, Ni sites generated in MoS2 basal plane were found to enhance more 

effectively HER in acid than in base. 

In Chapter Three, we designed a procedure for preparing amorphous MoS2/Ag2S hybrid using recycled DVD 

as an easy&cheap support; converting an abundant waste into an added-value material. Interesting values 

in HER activity (i.e. 198 mV as overpotential at 10 mA/cm2 and 41 mV/dec as Tafel slope) were found, 

confirming that effective and cheap electrocatalyst can be prepared through our procedure. Moreover, 

thanks to the presence of n-p junctions, an extra 10% performance enhancement under visible light 

irradiation was observed. 

In Chapter Four, we optimized a one-pot hydrothermal synthesis for growing MoS2(1-x)Se2x nanosheets on N-

rGO. The Se:S ratio was evaluated through a combination of spectroscopic methods. The materials that we 

obtained were found to be amorphous due to low temperature process.  Therefore strategy took two 

different routes: i) the as-produced materials were tested for HER in acidic environment, and ii) crystalline 
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materials, obtained by annealing the amorphous ones at 600 °C, were designed for testing photoinduced 

HER. HER activity and kinetics of all the produced samples was firstly investigated in dark, revealing that, in 

the case of amorphous samples, the introduction of Se had no beneficial effects, since amorphous MoS2/N-

rGO was the best performing material. On the other hand, after annealing the intrinsic defectivity of Se-

containing samples completely reverted the trend: photoinduced HER measurements revealed that 

intermediate values of Se:S ratio allow to reach both the best performances in dark and the best light-induced 

enhancement.  

In Chapter Five, we investigated the catalytic properties of ferrocene (Fc) after its grafting to GA and GO. The 

resulting Fc-modified graphene derivatives were tested as heterogeneous catalysts for the C-H insertion of 

aryl diazonium salts in some arene substrates. The catalytic activity and kinetics were monitored via NMR, 

resulting not only in a successful heterogenization of Fc but also in a higher performance of GA as scaffold 

with respect to GO. The tests performed on different substrates (naphthalene, anthracene and pyrene) 

revealed higher conversions for substrates with higher number of condensed rings and we could attribute 

the higher activity of the GA-Fc catalyst to a better interaction with the substrate, as a result of the more 

uniform distribution of surface functional moieties compared to GO-Fc. The heterogenized catalysts revealed 

fully recyclable after several reiterations of the whole process 

In Chapter Six, we have grown Pd nanoparticles on GA to prepare a catalyst for Suzuki-Miyaura cross coupling 

reaction. We could prove the importance of scaffold surface chemistry in the nanoparticles formation by 

testing several amounts of Pd precursor (25%, 50%, 100% and 200%at. vs –COOH moieties), resulting in 

narrow size distributions and highlighting the role of surface carboxylic acids as nucleation sites.  Regarding 

the catalytic activity, we found that our GA-Pd systems were able to perform selectively and in green 

conditions both Suzuki-Miyaura and boronic acid homocoupling reactions by a simple control of the reagents 

involved. Moreover, the ability of producing narrow particles distributions allowed to highlight the size-

dependent behaviour of these reactions. 

Making an excursus through the different case studies, it is once more confirmed the importance of materials 

design to tailor and improve the final performances. The investigation of the structure-activity relationships, 

based on detailed structural and functional characterization stages, revealed quite essential to reach the 

goal.  

Moreover, our work underlined the strong potentiality of 2D-Materials in this field. The final catalysts, even 

if based only on two types of 2D materials (GA and TMDCs) have shown a remarkable versatility. Therefore, 

it is clear that investing in the research on these materials could allow to acquire the necessary knowledge 

to develop materials for multiple purposes, which would be a key step for transferring 2D-Materials from the 

labs to real life. 
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List of acronyms and abbreviations 

  

2D Two Dimensional 

3D Three Dimensional 

3DG 3D Graphene Architectures 

3D-MoS2 3D-structured MoS2 

ATM Ammonium Tetrathiomolybdate 

BDT Benzenediazonium Tetrafluoroborate 

BE Binding Energy 

CB Conduction Band 

CDL Double-layer capacitance 

CMG Chemical Modified Graphene 

CRR CO2 Reduction Reaction 

CV Cyclic Voltammetry 

CVD Chemical Vapour Deposition 

DCC Dicyclohexylcarbodiimide 

DMDSe Dimethyl Diselenide 

DMF N,N-dimethylformamide 

DVD Digital Versatile Disc 

EDX Energy Dispersive X-Ray Analysis 

EF Fermi Level 

EIS Electrochemical Impedance Spectroscopy 

FC Fuel Cell 

Fc Ferrocene 

FET Field Effect Transistor 

GA Graphene Acid 

g-C3N4 Graphitic Carbon Nitride 

G-CN Cyanographene 

GO Graphene Oxide 

GRM Graphene-Related Material 

h-BN Hexagonal Boron Nitride 

HER Hydrogen Evolution Reaction 

HOBt Hydroxybenzotriazole 

HOR Hydrogen Oxidation Reaction 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 

IEA International Energy Agency 

IPCE Incident Photons to Current Efficiency 

LED Light Emitting Diode 

MS Mott-Schottky 

NEt4BF4 Tetraethylammonium Tetrafluoroborate 
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NIR Near Infrared 

NMP N-methylpyrrolidone 

NMR Nuclear Magnetic Resonance 

NP Nanoparticle 

N-rGO Nitrogen doped reduced Graphene Oxide 

OER Oxygen Evolution Reaction 

ORR Oxygen Reduction Reaction 

PDA Propylene Diamine 

PEC Photoelectrochemical 

PGM Platinum Group Metals 

rGO Reduced Graphene Oxide 

RHE Reversible Hydrogen Electrode 

SCE Standard Calomel Electrode 

SEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

TMDC Transition Metal Dichalcogenide 

TOF Turnover Frequency 

TON Turnover Number 

UHV Ultra-High Vacuum 

UV-Vis UV-Visible Absorption Spectroscopy 

VB Valence Band 

WEO World Energy Outlook 

WLED White light LED 

WS Water Splitting 

XPS X-Ray Photoemission Spectroscopy 

XRD X-Ray Diffraction Analysis 

η10mA/cm2 Overpotential at 10 mA/cm2 
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