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1.1 The 2D materials quest in the energy 

transition 

Nowadays, there is an urgent need to find practical solutions for sustainable global 

energy supplies to preserve our world and its ecosystem. The genetic evolution of living 

beings and climate change are undeniably majorly influenced by the choices made by 

human society. It is essential to have foresight in future decisions, as responsible 

participants in nature, by fostering genuine collaboration among various sectors of 

society. Reaching an agreement between disciplines such as science, politics, 

economics, philosophy, history, psychology, and so on, with a guiding principle of fair, 

ethical, and unified progress, lays the foundation for understanding the needs of our 

world, ensuring a better future for all beings. Science plays a pivotal role in the 

advancements and discoveries, particularly in the field of energy conversion of recent 

decades, demonstrating the potential of research. In material science, the research and 

device production at the atomic scale represents a cornerstone for yet another 

potential scientific revolution, and protection and respect of our and only Planet. 

1.1.1 The advent of the 2D material in membrane and transport technology 

Just 20 years ago, the isolation of graphene was reported by Novoselov and Geim,1,2 

which sparked  the beginning of the atomic two-dimensional (2D) material revolution 

in Science.3,4 Following this discovery, numerous other non-carbon-based 2D materials 

with remarkable chemical-physical properties were developed, such as hexagonal 

boron nitride (hBN),5 different transition metal chalcogenides (TMCs),6,7 and others like 

germanene, silicene, phosporene and oxides. Recently, new classes of 2D materials 

have emerged with intriguing properties, notably covalent organic frameworks (COFs),8 

metal-organic frameworks (MOFs),9 MXenes,10 heterostructures11 and novel carbon-

based 2D materials.12,13 This increased focus on 2D materials can largely be attributed 

to their potential for various technological applications, such as electronic devices, 

barriers, sensors, catalysis, energy conversion and storage devices, where their 

exceptional electrical, optical, chemical, and thermal properties can be fully utilized.14–

16 2D materials offer an attractive societal prospect in advancing the design of novel 

energy devices and accelerating an efficient energy transition.17  

This Ph.D. dissertation primarily focuses on computationally investigating new 2D-

structures for use in membrane fields. The discovery of graphene18 opened up new 
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possibilities in atomistic technologies19 due to its exceptional atomic-scale 

properties,20,21,22 offering the potential for atomistic tunable nanopores and 

thickness,23 to be used as efficient membranes.16 Studying the transport mechanism at 

the molecular level helps optimize membrane characteristics to achieve an optimal 

balance between selectivity and permeability. Membranes accomplish selective 

transport through various mechanisms effective across different length scales (Figure 

1.1). Selectivity arises from differences in the solubility and diffusivity of various species 

within the membrane material. To address potential trade-offs, additional mechanisms 

need to be explored.24,25 In solution, transport through 2D- or 3D- materials is 

influenced by specific molecular properties (Figure 1.1a).26 This dissertation focuses 

mainly on electrostatic interactions and steric effects. Transport processes in 

membranes are complex, but the use of Nanostructured Architectures for Transport 

Membranes (NATMs) provides an ideal solution for achieving a good balance between 

permeability and selectivity of ions and small molecules in water solutions (Figure 

1.1b).16 

 

Figure 1.1. a, The membrane transport mechanisms depend on the length scale. The graph illustrates 

potential separation mechanisms for gas and liquid based on increasing pore size in the membrane. The 

sizes of gas molecules, water and solvated ions are schematically shown in the bottom left. b, The thickness 

of the selectivity layer varies in different materials based on the structure order/disorder. This Ph.D. 

dissertation focuses on Nanostructured Architectures for Transport Membranes (NATMs).16  This figure is 

adapted from a study by Wang, L. et al., Fundamental transport mechanisms, fabrication, and potential 

applications of nanoporous atomically thin membranes. Nature Nanotech 12, 509–522 (2017). Reprinted 

with permission from Springer Nature. 
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1.1.2 Proton Exchange Membranes: state-of-the-art, challenges, design requirements  

In general, an important requirement in designing an efficient proton exchange 

membrane (PEM) based on graphene is to achieve a balance between proton 

permeability and selectivity. Currently, Nafion-based membranes are considered the 

best for transporting protons in PEMs.27 However, Nafion faces challenges such as 

reactant crossover, which leads to the unwanted leakage of reactants reducing 

selectivity, swelling, and the need for highly hydrated environments to facilitate proton 

conduction.27,28 Additionally, the need for hydration limits the maximum operational 

temperature, hindering efforts to improve efficiency.27–29 Using 2D-materials along 

with Nafion appears a promising route to address selectivity issues, but it also 

decreases proton conductance .30–33 Furthermore, the introduction of 2D materials can 

potentially raise the expenses of PEMs fabrication.34  Further investigation is required 

to evaluate the long-term durability and chemical stability of 2D materials under actual 

operating conditions in fuel cells.35 Currently, the most promising approach to enhance 

PEM features is a hybrid graphene-Nafion “sandwich” approach.36  

The presence of defects, nanopores, and vacancies in a 2D-material can enhance the 

balance between permeability and selectivity in membranes, and overcome the limits 

of Nafion. Graphene is considered an excellent candidate for an optimal use as a 2D-

PEM. A few years ago, Geim and coworkers reported proton permeation through 

pristine graphene,as shown in Figure 1.2a.37 This behavior was attributed to quantum 

tunneling effects, which meticulously were theoretically investigated by Tkatchenko 

and coworkers.38 Theoretical investigations have suggested various mechanisms, such 

as hydrogenation or protonation, and diverse transport routes, including physisorption 

or chemisorption, to explain the observed proton conductivity in graphene.38–43 The 

hydrogenation of the graphene and the resulting distortion of the  graphene plane can 

reduce the energy barrier for the proton penetration (see also Figure 1.2b).40,44 

However, the prevailing view in the scientific community suggests that only the 

presence of defects, vacancies, and nanopores can enable an efficient proton 

permeation,45–47  as extensively demonstrated in the case for chemical vapor deposition 

(CVD) graphene.44,48 A recent significant study by Unwin and coworkers clarified on this 

dilemma, confirming that the presence of defects allows proton transport through CVD 

graphene in a Nafion sandwich.49 This interpretation on CVD graphene with defects 

aligns with the measured proton conductivity in exfoliated graphene by Geim and 

coworkers.37 In practical applications, large-area 2D materials synthesized through 

scalable methods like CVD will be necessary, however, these methods inevitably 
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introduce the overmentioned intrinsic defects such as vacancies, and nanopores, which 

may impact the ratio of permeability- to- selectivity ratio in proton transport.44,45,47,48,50–

52  Therefore, a list of various experimental strategies can be employed to carefully 

generate specific defect types and sizes, i.e. such as ion beam bombardment,47,53 and 

plasma treatment.54 The size and shape of the experimentally detected nanopores55,56 

are consistent with a range of vacancies that can allow the flow of protons while 

excluding by steric hindrance larger ions with bigger solvation shells (Na+, K+ and Cl-) 

and small molecules like water.57,58 Moreover, the inclusion of functionality at the edge 

of a nanopore, defects and vacancies appears as an appealing strategy59–63 to adjust the 

selectivity and transport properties through a 2D-material like graphene. An alternative 

self-assembly approach using specific building blocks can be utilized for the rational 

design of 2D-materials with tunable nanopores, defects and vacancies.8-13 Finally, the 

exponential growth of Machine Learning (ML) techniques in designing new efficient 2D-

materials will significantly aid in the development of the membranes field.64 

 

Figure 1.2. a, Experimental measurements of areal proton conductivity have been reported in the 

literature for various materials. b, Energy barriers for proton transport have been calculated and 

experimentally determined for pristine graphene, graphene with defects, and pristine h-BN. These 

calculations and measurements offer insights into the energy needed for proton transport through these 

materials.15  This information is adapted from Kidambi, P. R., Chaturvedi, P. & Moehring, N. K. Subatomic 

species transport through atomically thin membranes: Present and future applications. Science 374, 

eabd7687 (2021).15 Reprinted with permission from AAAS.  
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1.1.3 The example of photoelectrochemical cells and the alternative role of 2D materials 

Artificial photosynthesis is a promising solution for replacing fossil fuels with clean and 

sustainable solar fuels.65,66 In this field 2D-materials are of interest not only as PEMs, 

but also when combined with water oxidation catalysts (WOCs) for effective and stable 

use in heterogenous catalysis. Recently, there have been a few examples of Ruthenium-

based catalysts anchored to 2D-graphitic surfaces that have shown promising results 

for hydrogen production.67–69 These hybrid molecular systems, based on 2D-materials 

and WOCs, can contribute to the advancement of photoelectrochemical cells and the 

utilization of 2D materials not only for separation purposes but also as anodic surfaces 

that can be functionalized to achieve overall efficient and sustainable solar fuel 

production.  

1.1.4 Aim of the Thesis and Outline 

Proton permeation through atomically thin graphene and 2D materials has the 

potential to lead to groundbreaking advancements in various fields. Our understanding 

of transport mechanisms is continually evolving, driven by advancements in 

measurement techniques and resolution.33 The integration of 2D materials into proton 

exchange membranes (PEMs) for use in flow batteries, fuel cells, and proton pumps is 

expected to become feasible within the next 5 to 10 years.26,33 As the production of 

these membranes increases, economies of scale can be achieved, resulting in cost 

savings and improved energy efficiency over their operational lifespan. Further 

research is necessary to advance these applications successfully. The primary objective 

of this dissertation is to develop and implement a multiscale computational approach 

for the systematic design of new functionalized 2D materials and stable 2D molecular 

aggregates, which can be utilized in ion transport, optoelectronics, and surface 

chemistry.  

An overview of the computational methods used in this dissertation is presented in 

Chapter 2.  

Chapter 3 describes a computational study that examines the self-assembly of two 

different molecular polycyclic aromatic hydrocarbons (PAH) systems: a rigid core-rim 

hexa(2,2’-dipyridylamino) hexabenzocoronene (HPAHBC) and a flexible core-rim 

2,2’:6’,2’’-terpyridine (TPY). The study uses a classical Molecular Dynamics (MD) 

method to explore how these molecular building blocks self-assemble at the water-to-

air interface. By combining MD with Density Functional Theory (DFT) and Density 
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Functional-based Tight Binding (DFTB) methods, the study accurately explains the main 

molecular interactions that occur during the aggregation process, emphasizing the 

significant impact that even small differences in molecular structures can have on the 

aggregation.12 

In Chapter 4, an investigation was conducted on the molecular aggregation of two 

molecular systems under Langmuir-Blodgett-like compression conditions. This analysis 

helped in understanding the packing and determining the mean molecular area (MMA) 

of the resulting molecular aggregates along the surface-pressure isotherm. The 

molecular systems, decacyclene, and the B, B′, B′′-trianthryl-N, N′, N′′-tri(i-propyl) 

arylborazine, tend to form ordered aggregates on the water surface based on their 

intermolecular properties. Upon compression, the molecules undergo a reorganization 

process, leading to the formation of molecular assemblies with different orientations. 

The isotherms obtained from the computational analysis are compared with 

experimental data. In addition, the photochemical properties such as absorption and 

fluorescence spectra of the B, B′, B′′-trianthryl-N, N′, N′′-tri(i-propyl) arylborazine 

system are estimated computationally and compared with experimental data. The 

successful integration of Density Functional Theory (DFT) and Molecular Dynamics 

(MD) techniques demonstrates their efficiency in de novo design of 2D materials, as 

seen in the accurate prediction of the self-assembly behavior of molecular building 

blocks at the water surface under Langmuir-Blodgett-like compression conditions.13 

In Chapter 5 a Reactive Force Field (ReaxFF) method was used to study the Grotthuss-

like proton hopping mechanism in water solvated graphene nanopore systems. The 

metadynamics enhancing sampling approach was employed to investigate the energy 

barriers associated with proton transport through the graphene nanopore systems. By 

combining the reactive force field and enhancing sampling methods, I was able to 

analyze the free energy landscape of proton movement through graphene nanopores 

along specific reaction coordinates. The study also showed how benzenesulfonic 

functionalization can enhance both proton permeability and selectivity through 

graphene nanopores, achieving a theoretical proton diffusion coefficient comparable 

to or even higher than that of the state-of-the-art proton exchange membrane (PEM), 

Nafion.  

In Chapter 6, a Ruthenium-based water oxidation catalyst (RuWOC) has been attached 

to a graphitic surface (GS) using CH-π stacking to mimic a catalytic oligomeric structure 

that has been recently studied and found to be stable and efficient in the water splitting 
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reaction.108,109 Through the use of DFT-based MD plus metadynamics sampling 

methods, the Proton Coupled Electron Transfer (PCET) process from the RuIVWOC to 

RuVWOC systems has been described. The CH-π stacking not only acts as a connection 

between the RuWOC and the GS to stabilize the catalytic dyad system but also helps 

facilitate the PCET process through potential vibronic couplings. Further research in this 

field shows potential for developing highly efficient catalytic systems for converting 

solar energy into clean and storable fuels.  

Finally, Chapter 7 of my Ph.D. dissertation presents the conclusions and two types of 

ongoing research on force field parametrization. One aspect involves the development 

of an electron reactive force field (eReaxFF) for a dye-RuWOC molecular system. This 

aims to enable the study of the PCET event at a pseudoclassical computational level 

beyond DFT-based MD, allowing for longer time scales.111 Additionally, a Coarse-

Grained (CG) parametrization of a PAH, hexabenzocoronene (HBC) using Martini 3.0 

has been explored to investigate molecular aggregation in an HBC-based nanowire at 

the water-to-air interface, which is computationally challenging at the atomistic 

level.112 
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