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Abstract 

CO2 electroreduction offers a promising route to efficiently produce fuels and chemicals 

while reducing the burden of greenhouse gas emissions associated with carbon-intensive 

industrial processes. Among the possible configurations of the electrochemical reactor 

needed for improving the reduction reaction process economics, the Gas diffusion 

electrode (GDE) has recently demonstrated superior performance compared to other 

architectures. Nevertheless, despite the improvement in the maximum current density 

and product selectivity achieved, there still exist many challenges that prevent vapor-fed 

CO2 electrolyzers to be a commercially viable technology. As an example, the structure 

of gas diffusion layer has to be optimized in order to reduce transport limitations and 

degradation tendencies such as flooding, that arise when operating the electrolytic cell at 

high current densities over industrially relevant prolonged duration. Acknowledging 

this, in this work the transport processes through the gas diffusion layer are investigated 

by virtually reconstructing a realistic mesoscale geometry of the porous electrode and 

running computational fluid dynamics simulations on it. The 3D numerical simulations 

carried out over virtually reconstructed and morphologically validated geometries are 

used to systematically analyse the effect of microstructural parameters on the transport 

properties. The simulations reveal that the effective thermal/electrical conductivity ratio 

in the solid phase and the effective diffusivity ratio in the gas phase can be described 

exclusively as a function of the porosity of the media. The derived engineering 

correlations show that empirical correlations for generic porous media such as the 

Bruggeman correlation, used in the context of gas diffusion electrodes macroscopic 

modelling, predict inaccurate values of the effective transport properties, especially in 

the case of diffusivity. Finally, exploiting the concept of hierarchical multiscale 

modelling, the CFD-derived correlations are integrated in a 1D reactive macroscopic 

model for CO2 electroreduction to CO using Ag catalyst. The cell performances predicted 

using the new transport correlation at high voltage significantly deviates form the results 

obtained using the Bruggeman correlation, highlighting the importance of using 

multiscale analysis derived correlations over empirically-derived ones for macroscopic 

modelling of the electrolyzer cell. The results of this study are particularly relevant in the 

understanding of gas diffusion layer structure-dependent properties and as such they are 

helpful when engineering vapor fed electrolyzers. 
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Abstract in italiano 

L’elettroriduzione della CO2 costituisce una promettente tecnologia utilizzata per la 

produzione di carburanti e sostanze chimiche dal valore aggiunto che nel contempo 

risulti utile a ridurre le emissioni di gas serra provenienti da processi industriali ad 

alto impatto ambientale. Il reattore elettrochimico dove avviene la reazione di 

riduzione della CO2 può essere realizzato in diverse configurazioni. Tra queste, quella 

con elettrodo a diffusione gassosa (GDE) si dimostra la più performante. Tuttavia, 

nonostante il miglioramento ottenuto in termini di densità di corrente massima e 

selettività, l’impiego commerciale di questi reattori è ancora limitato dalla presenza di 

diverse problematiche. Ad esempio, è importante ottimizzare la struttura del gas 

diffusion layer per ridurre le limitazioni da trasferimento di materia e il flooding, 

particolarmente rilevanti quando si opera a densità di corrente elevate per tempi 

prolungati e rilevanti dal punto di vista industriale. Tenendo a mente ciò, nel seguente 

studio si analizzano i fenomeni di trasporto che avvengono all’interno del gas 

diffusion layer, ricostruendo una realistica geometria virtuale del suddetto mezzo 

poroso e effettuando simulazioni fluidodinamiche su di esso. Le simulazioni 

numeriche tridimensionali, effettuate sulle geometrie virtuali precedentemente 

ricostruite e validate, sono usate per analizzare l’effetto dei parametri microstrutturali 

sulle proprietà di trasporto. I risultati delle simulazioni rivelano che le proprietà di 

trasporto effettive quali conduttività nel solido e diffusività nel gas, possono essere 

espresse esclusivamente in funzione della porosità del mezzo. Vengono quindi 

derivate delle correlazioni ingegneristiche che rivelano come la correlazione di 

Bruggeman, utilizzata nei modelli macroscopici dei gas diffusion electrodes, fornisca 

delle previsioni inaccurate delle proprietà di trasporto effetive, specie nel caso della 

diffusività. Infine, sfruttando un approccio di modellazione multiscala di tipo 

gerarchico, le correlazioni sono integrate in un modello macroscopico che simula 

l’elettroriduzione della CO2 a CO, ottenuta per mezzo di un catalizzatore a base di 

argento. Quando i risultati ottenuti ad alto voltaggio sono confrontati con le previsioni 

del modello che implementa le correlazioni di Bruggeman, si notano delle differenze 

nella quantità di CO prodotta, a prova di come sia importante utilizzare delle 

correlazioni sviluppate ad-hoc piuttosto che modelli empirici per mezzi porosi. I 

risultati del seguente studio sono particolarmente utili nella comprensione delle 

proprietà di trasporto dei gas diffusion layer e, come tali, risultano utili 

nell’ingegnerizzare electrolyzers a feed gassosa. 
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1 Introduction 

Due to the intense exploitation of non-renewable resources readily available in 

nature, the ecosystem of the planet earth is threatened by increases in the global average 

temperature far beyond what its homeostasis capacity can sustain. There is scientific 

consensus in recognizing the cause of this phenomenon in the accumulation of green-

house gases into the atmosphere, in particular of carbon dioxide. In response to this 

existential threat to humanity, different actions have been put in place. Notably, the 

emergence of innovative technologies that effectively mitigate greenhouse gas emissions 

while concurrently generating fuels and chemicals has gained significant attention. One 

such technology is CO2 electroreduction. By targeting point source emissions, primarily 

from industrial activities, or by capturing and utilizing CO2 already present in the 

atmosphere, CO2 electroreduction offers a valuable means of counterbalancing climate 

change. Hence, advancing our fundamental understanding of physical and chemical 

phenomena occurring within CO2 electrolyzer is of utmost importance to bring it to 

industrially relevant scales, and will constitute the primary motivation of the current 

work. Particularly, the gas diffusion layer (GDL), which constitutes an important 

component of vapor fed CO2 electrolyzer will be analyzed in its structure- transport 

property relationship from a fundamental standpoint, meaning that the transport 

behavior of GDLs will be linked to their microstructural features using numerical 

modeling and simulations. This work is subdivided as follows. 

In the following introduction, a brief perspective on what brought us to the 

seemingly irreversible circumstances above-mentioned is provided. Being presented as 

one possible solution, the CO2 electroreduction technology is introduced and extensively 

discussed in different aspects (reactor configurations, gas diffusion electrode, working 

principles, gas diffusion layer manufacturing). The introductory part is concluded 

explaining how the principles of multiscale modeling and hierarchical approach, 

constituting the methodologies employed by the current work, can benefit the 

fundamental understanding of the gas diffusion electrodes. The motivation section 

follows, where the remaining challenges of CO2 electrolysis are reviewed. With respect 

to these challenges it is clarified the relevance of carrying out the numerical study 
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conducted. Then, in the theoretical background section, the physical-chemical principles 

governing electrolytic cell are covered. Transport phenomena digressions will cover the 

main part of the conducted work while thermodynamics and reaction kinetics features 

will mainly address important concepts needed in the macroscopic modeling of 

electrochemical systems. In the methods section, the details of the followed numerical 

procedure are thoroughly discussed with a focus on how the geometries are created, 

validated and used for deriving the sought correlations. Details on the macroscopic 

model used for testing the correlations are also discussed. At last, in the results section, 

the output of the applied methodology is unveiled. The findings are commented and 

compared with the existing literature results, highlighting the limitations and the 

strengths of the conducted work. 

1.1. The big picture 

1.1.1. How did we end up here 

 

With the purpose of reconstructing the history of the complex relationship 

between energy and its harnessing by humanity, one may get discouraged by the words 

of the Nobel Prize Richard P. Feynman on what energy actually is: “It is important to 

realize that in physics today, we have no knowledge of what energy is” [1]. Fortunately, 

energy does not require to be fully understood in order to be used. Indeed if this was not 

the case we would not use it on a daily basis. What we have learnt (and what we are still 

learning) thanks to its manifestations, is to formulate some laws about its properties (e.g. 

conservation and degradation) which then helps us in designing methods to convert 

energy from one form to another. After all, men’s ability of transforming energy has been 

long recognized as a metric for civilization progress [2]. 

Concerning energy conversion capabilities and to prove how much this factor is 

important in driving the dynamics of societal evolution, Vaclav Smil in his inspiring book 

“How The World Really Works” conceives a mental experiment [3]. He imagines an 

extraterrestrial civilization visiting the earth every time “something interesting happens”, 

which is, every time humans learn how to convert and use a new form of energy. Playing 

this game, it turns out that first traces of fossil fuels consumption (apart from biomass) 

date back to the beginning of the 17th century, by the united kingdom which started to 

use coal for heating purposes. The situation was more or less stagnant for approximately 

two centuries and a half. In fact, by 1850 only 7% of the energy consumption was obtained 
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by coal (the remaining being obtained by draft animals, human muscles and 

waterwheels/windmills). The coal powered steam engine then started to slowly spread, 

and by 1900 (in just 50 years) half of the primary energy was provided by coal. Continuing 

the escalation, by 1950, the 75% of the primary energy is provided by fossil fuels and 

nowadays, this amount is stabilized around this percentage (say the total energy 

consumption increases but this is due to both renewable and non-renewable sources 

increasing exploitation). These trends can be visualized in Figure 1.1, where the relative 

quotas of the different energy sources employed are reported [4]. 

Of course, in terms of absolute consumption there were no less drastic changes. In 

2021, the total primary energy consumption was estimated to be 176431 TWh, compared 

with 5653 TWh of the pre-industrial level [4]. If per capita figures are considered, 

assuming a population of approximately 1 billion people in 1800 [5] and 8 billion in 2021, 

we get a change in primary energy utilized per capita from about 20 to 80 GJ/capita. 

 

The discrepancy would get even larger if we consider rather than primary energy 

(which does not take into account energy conversion losses), the actual useful energy 

(remaining energy after its conversion in to an useful form, e.g. heat, electricity, 

mechanical work and so on). This effect is due to the fact that our ability of efficiently 

Figure 1.1 Global primary energy consumption by source, from pre-industrial to modern era. 

Adapted from [4]. 
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converting energy from one form to another, a process which by the second law of 

thermodynamics is associated to unavoidable losses, has improved through the years, 

going from rudimental stoves and steam engines, to modern gas and steam turbines 

(simply stated today we can extract more useful energy from a fixed amount of primary 

energy than we could at the beginning of the industrial revolution). 

A question arising spontaneously now is, how are we using this energy, what are 

the energy sinks of the modern society ? 

In simple terms, energy has been the key ingredient, together with human 

ingenuity, for improving the total material wealth and well-being of humanity. 

Reduction in the hours of physical labor, longer times for leisure, better and variegated 

eating, mass-scale travel and transport, instant communication and advanced medical 

treatments are just few of the many advancements that without an intensive energetic 

exploitation would not have been possible. Today we have also a quantitative proof of 

how energy consumption affects the quality of life. For instance, Fragaszy et al. [6], 

correlated the Human Development Index (HDI), a metric drafted by the United Nations 

for measuring the quality of life taking into account life expectancy, education and the 

gross national income per capita, with power utilization (kW) per capita (Figure 1.2). The 

figure clearly shows a positive correlation between well-being and energy consumed by 

a community. 

 

Figure 1.2 Human Development Index vs power consumption per capita. The communities 

which consumes higher amount of energy are unequivocally wealthier. Adapted from [6]. 
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Other works try to develop indices on their own, e.g. Cesar et al. [7], define a 

quality of life index on the basis of variables affected by energy consumption but not 

directly determined by it, such as Improved Water Access, Life Expectancy at Birth, Infant 

Mortality Rate and Mean Years of Schooling.  

Whatever the metric being used, the results are quite explicative. Planet earth 

provides us with plenty (but limited) resources, and as the dominant inhabitants of it, 

humans have had the natural tendency of exploiting these assets for a better living, with 

all the consequences on the environment that this behavior is responsible for. Even if the 

main concern here is about environmental issues, these cannot be decoupled from the 

other two of the three pillars of sustainability [8] as environmental sustainability for sure 

has an effect on economic and social sustainability. 

In this scenario, to analyze the possibility of counteracting this tendency from an 

engineering perspective, it may be possible to make use of the Kaya identity [9], a simple 

equation used to analyze the factors that contribute to changes in carbon dioxide 

emissions. According to Equation 1.1 in fact, as far as population and wealth growth are 

considered, the only way emissions can be reduced, is by reducing the last term, related 

to the CO2 emitted per energy unit produced. 

 

 
2

2

COEnergy
CO Population

Population Energy
=   1.1 

 

As a consequence, to decrease this term it is possible both to improve the efficiency 

of energy conversion systems and to increase the share of renewable energy in the so 

called energy mix. Nevertheless, using renewable energy sources comes with nontrivial 

challenges as their “low densities of power […], together with their stochasticity, imply 

the introduction of renewed approaches to the use of energy” [10]. Trying to accomplish 

this goal, say trying to find new ways to “treat” energy, is, without any doubt, one of the 

most complex tasks humankind has ever faced. 

1.1.2. Nature does not help 

 

Up to now we got a sense on why the worldwide energy consumption has 

vertiginously increased from preindustrial levels, but we have not yet clarified why this 

energy surplus have come from fossils. What makes them so appealing ? The answer 

comes from an interplay of factors, we will now briefly analyze.  
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Before coal, the main fuels used for addressing the primary needs of humans were 

biomass derived. Coal was readily available for being burnt, but its first utilizations (even 

before the industrial revolution) led to concerns about its detrimental health effects which 

eventually delayed its adoption [11]. Then, as a direct consequence of the population 

growth, wood shortage obliged advanced countries as UK to give a second chance to 

fossils, and this decision was crucial in changing the scenario of many aspects of 

industrial activities, iron making and transportations just to cite some. For transportation 

purposes, coal was particularly appealing for its high energy density. A quick 

comparison of Higher Heating Value (HHV) between the most common energy carriers 

will now clarify why fossils dominate in this sense (Table 1). By looking at the table it is 

straightforward to understand why coal originally substituted biomass for transatlantic 

crossing, and why nowadays there are no natural gas or battery-powered flight (even 

though batteries are not included in the table, please consider that in 2020, Li-ion batteries 

had a volumetric energy density around 1620 MJ/m3 [12]). 

 

Table 1 Energy density for common fuels [13]. 

 Hydrogen Natural gas Gasoline Kerosene Diesel Coal Wood 

Density 

[kg/m3] 
0.09 0.747 744 790 836 800-900 600-900 

HHV 

[MJ/kg] 
142.2 54 46.5 46.4 45.8 24-35 20 

HHV 

[MJ/m3] 
12.8 40.3 34596 36656 38288 

19200-

31500 

12000-

18000 

Aggregation 

state @NTP 
G G L L L S S 

 

Despite the fact that oil-derived fuels are more energetic than coal, the main 

reasons that contributed to the success of the former energy carriers are in turns their 

aggregation state, the ease of production (especially if compared with coal), storing and 

transportation (as liquids can be easily pumped through mile-long pipelines without 

employing human labor) [3]. In this, the expansion of the transportation services and the 

invention of the internal combustion engine played a paramount role as it is made clear 

by Carrà “the marriage between oil and cars […] generated the biggest productive 

activity present on the planet, which is oil refining” [10]. Also, we can think on how easily 

we can access to useful energy using these sources. How easily we can convert the 
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chemical energy within them, in more practical forms of energy like heat and mechanical 

work. The result is that, as in the words of Prof. Thomas F. Jaramillo of the Stanford 

University, “We have to remember this key set of attributes, really, any future energy 

technology needs to compete with this. If it doesn't it is going to be a tall order to get a 

massive shift in the right direction” [14]. 

Ultimately, the wide variety of non energy-related products that can be obtained 

by coupling oil refinery and petrochemical processes have strongly contributed to the 

development of the oil & gas industry. The International Energy Agency (IEA) estimates 

that the chemical and petrochemical industry accounts for 14% (13 million barrels per 

day) and 8% (300 billion cubic meters) of the total primary demand for oil and natural 

gas respectively [15]. So in fact, as pointed out by the IEA itself in the report, it is not wise 

to consider these products as decoupled from the energy consumption. Raw materials 

embody energy within them and through their utilization we are literally consuming 

energy: “The essential truth missing from economic education is that energy is the stuff 

of the universe, that all matter is also a form of energy, and that the economic system is 

essentially a system for extracting, processing and transforming energy as resources into 

energy embodied in products and services.” [16]. Accordingly, the material wells 

associated to the former activities take the names of plastics, fertilizers, fibers, detergents, 

dyes, resins, rubber, paints & coatings, adhesives, pesticides and so on [17]. 

Witnessing the wonders of coal, oil and natural gas, we may think to blame nature 

for having provided us with such polyvalent but at the same time controversial means, 

we may end up saying that nature does not help. But is this really the objective truth ? 

Have fossils been the only viable path for securing the high living standards we are used 

to in the 21st century, and if so, are fossils still the unique solution for maintaining and 

improving them? We are presently exploring possible solutions to provide an answer. 

What we know for sure, is that “The high degree of the global dependence on fossil 

carbon and the enormous scale of the fuel-dominated global energy system mean that the 

unfolding energy transition […] will be a gradual, prolonged affair” [18], that is, the 

timescale of this transition will be comparable to those of the transitions we have 

mentioned in chapter 1.1.1. But at least, do we have a starting point for where to look for 

our solutions? 

1.1.3. The sun as the prime mover 

 

The earth can be considered from a thermodynamic point of view an open system 

with respect to energy, meaning that energy is allowed to enter and escape from it. Earth 
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is constantly subjected to an incoming energy flux from the sun, the solar constant, 

roughly equal to 1367.5 W/m2 (± 4% to account for seasonal changes) [19]. Nevertheless 

if we want this value to be averaged on the total earth surface, it must be cut down at first 

due the spherical shape of the earth, meaning that the radiation strikes its surface from 

different angles and then by the fact that only half of the globe is lit. Doing the 

computation we get a value of 340 W/m2, correspondent to 170000 TW ca. Part of this 

power is further curtailed (by the presence of the atmosphere) so that a fraction of it 

actually reaches the sea level. There, plants and cyanobacteria absorb 90 TW ca, to 

perform photosynthesis, responsible for carbon fixation in the form of sugars and for 

oxygen evolution [10]. 

With so much energy at stake, it is fair to state that our expertise in extracting 

energy from the sun will constitute one milestone in our path for decarbonizing anthropic 

activities. In a seminar on catalysis for sustainable energy, Jens Nørskov, professor of 

catalysis at the Technical University of Denmark, states clearly that if we want somehow 

to store the energy incoming from the sun, “by far the most efficient way of storing it is 

by storing it in chemical bonds” [20]. He also points out that, all in all, that is what nature 

has done by herself in millions of years for producing fossil fuels. 

Once organisms capable of fixing carbon like some species of bacteria, freshwater 

algae and higher land plants die, the resulting biomass is deposited in anaerobic bottom 

water of deep lakes. The macromolecules that once constituted these organisms are 

degraded into their corresponding monomeric units, which being not stable, are 

transformed by bacterial enzymes into polymer-like materials as humic substances. These 

substances then get converted in kerogen, a solid organic matter made up of 

polycondensed aromatic rings with lateral aliphatic chains. Oil and gas are then the result 

of the thermal degradation of kerogen, which mainly consist in driving, thanks to high 

temperatures beneath the ground (80-150°C), cracking reactions of the mentioned 

structure [21].  

We arrive then to a crucial point of the discussion. Nature has provided us with a 

framework for fuels production (see Figure 1.3). The raw materials are water and carbon 

dioxide which, by coincidence, it is also the “bad” molecule to be removed. It is up to us 

and our creativity, to take this process and profoundly alter the transformations involved, 

making sure they take few minutes rather than millions of years. Finding the ideal 

candidate for the black box content would imply at first terminating our long lasting 

reliance on fossil fuels and at second capturing and fixing carbon in its most oxidized 

state, decreasing the burden of greenhouse gases emissions in to the atmosphere. 
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Thinking to oil and more in general to fossils as being englobed in the control 

volume of a material balance it is clear that, due to finiteness of fossils reserves and since 

the rate at which the fossils are formed is significantly lower than the rate at which they 

are extracted and used, these assets at our disposal are facing a relentless depletion (after 

all this is the definition of non-renewable energy source). To address this issue, it is 

necessary to focus on the production rate and make significant changes to its time scales. 

When such changes of time scales are required, catalysis engineering may help in 

finding a viable path for activating carbon dioxide. 

1.1.4. Shrinking time scales with catalysis 

 

As defined by the Nobel prize Wilhelm Ostwald, a catalyst is a substance which 

changes the reaction rate of a chemical transformation, without being consumed during 

the process [22]. The working principle of catalysts can be conveniently compared to that 

of a printing press, “A printing press takes in reactant, paper and ink, goes through a 

Figure 1.3 Black Box: the elementary framework provided by nature for CO2 conversion. 
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cycle of steps, and produces a product: a printed page. The printing press is not changed 

during the process” [23]. Actually, even if it is not of primary concern for this work, we 

know that as printing press gets ruined over time, also catalysts, heterogeneous ones in 

particular, face deactivation during their operational lifetime. 

In chemical reactions the observed effects deriving from the utilization of catalysts 

are typically reduction in activation barriers, with consequent increase in the reaction 

rate, fixed certain operating conditions. We talk then of homogeneous and catalytic 

pathways as different paths across the potential energy surface (PES), that link reactants 

to products (Figure 1.4). 

 

 

In the case of carbon dioxide, the interest is in reducing carbon from its most 

oxidized state (+4), to higher energy products. Reduction is readily translated in a transfer 

of electrons into the carbon atom. Many catalytic pathways are available for achieving 

this goal. From a taxonomical point of view, they can all be classified in the following 

categories [24]: 

 

• Thermal activation of CO2 on metal sites; 

• Thermal activation of CO2 on acid/base sites; 

• Photochemical activation of CO2; 

• Plasma activation of CO2; 

Figure 1.4 Different reaction pathways for hydrogen oxidation. Adapted from [124], rate 

values taken from [23] at 780 K. 
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• Electrochemical activation of CO2. 

 

Among these, our focus is upon the last category, in particular on the CO2 

electrocatalytic reduction reaction. The reasons why the latest method is attractive from 

an industrial point of view are multiple: it can be conducted at ambient conditions, the 

electrons are directly used for product formation and it is versatile both in terms of 

scaling-up (as distributed systems) and of range of products formed [25]. At the same 

time, major challenges need to be solved before this technology reaches the industrially 

relevant technology readiness level.  

An important message to be conveyed at this stage, is that none of the mentioned 

5 pathways alone, with the underlying technologies, will constitute the final and unique 

solution for capturing and recycling CO2. In fact, in order to reduce and eventually close 

the gap between climate goals (e.g. Paris Agreement) and emissions, “A mix of 

technology and policy options” [26] will be of vital importance. Therefore, we believe that 

is important to create and spread the consciousness that CO2 electroreduction will be just 

a small, yet important piece of the bigger puzzle of the net zero goal. 

1.2. CO2 electroreduction 

 

It is a good moment for unveiling the content of the black box previously 

mentioned, as from now on it will consist of a carbon dioxide electrolyzer. 

1.2.1. CO2 recycling in the net zero paradigm and economics 

 

According to the international energy agency (IEA), the goal of net zero emissions 

by 2050 can be achieved relying on the following key pillars of decarbonization [27]: 

 

• Energy efficiency: in the buildings (in terms of heating, cooling and 

appliances energy consumption), transport (in terms of average fuel 

consumption) and industrial sectors; 

• Behavioral change: as active and willing participation of citizens in 

developing sustainable attitudes and supporting low-carbon technologies; 
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• Electrification: by directly using low-emissions electricity in place of fossil 

fuels in transportation (where possible) industry (e.g. electric arc furnace 

for steel production) and buildings (e.g. heat pumps); 

• Renewables: through an almost complete substitution of fossil power 

generation with solar, wind and dispatchable renewables (hydropower, 

bioenergy, concentrating solar power and geothermal); 

• Hydrogen and hydrogen-based fuels: by initially leveraging on the existing 

uses of fossil energy with ready infrastructures (e.g. refineries and power 

plants) and then by an expansion across all end-uses; 

• Bioenergy: by employing sustainable sources without negatively impacting 

biodiversity, for electricity generation, district heat production and high 

temperature heat production in industry; 

• Carbon capture, utilization and storage: by tackling emissions from existing 

assets, in particular for addressing emissions from the most challenging 

sectors and by allowing for CO2 removal from the atmosphere. 

 

In this paradigm, “CO2 recycling can enable the storage of renewable electricity 

from intermittent sources in a dense and versatile form, provide a renewable carbon 

feedstock to chemical industries, and add value to CO2 captured at industrial point 

sources or directly from the air “ [28]. This is the idea behind the utilization of CO2 

electrolyzers, located in the broader context of CO2 recycling technologies (Figure 1.5). 

 

Figure 1.5 CO2 recycling with electrochemical reactors. a, From industrial point sources b, From 

direct air capture. Adapted from [126]. 
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Electrochemical reduction of CO2 combines the electrochemical water splitting 

and subsequent thermal hydrogenation into a single electrochemical process, avoiding 

also the harsh conditions of temperature and pressure of thermal systems. The 

consequences are that electrochemical reactions are more suitable to decentralization 

than the thermal counterparts, and that they can enable rapid on-off switch, as well as 

rapid change in the production rate, according to the electricity made available from 

volatile power sources [29]. 

The versatility, is finally exemplified through the wide range of products that can 

be synthetized following this route. In Figure 1.5, only one of the possible products is 

shown (carbon monoxide, coupled with water electrolysis to obtain syngas, from where 

the organic chemistry is reconstructed). Other chemicals obtained in previous studies 

(formic acid, methane, ethylene, ethanol, n-propanol, acetaldehyde, propionaldehyde, 

acetic acid, methanol, ethylene [30]) are reported together with their CO2 electrochemical 

reduction reaction, number of electrons required and standard reduction potential in 

Table 2. 

Now, even though it is not one of the main objectives of the current study, 

analyzing the economic feasibility for the production processes of some of the mentioned 

product may help to provide a complete and more importantly realistic vision of the 

technology considered. 

That said, it is worth to discuss the results of an economic study [28], that no matter 

how much concise, gives important indications on future directions to explore. 

The starting premise is very simple and it also constitutes the essence of chemical 

engineering, whose main aim is adding value to raw materials. 

A process can be considered economically viable if the products obtained by its 

operation are more valuable than what has been paid for the raw materials (and for 

running the process itself). Starting from this principle, assumptions are made and data 

are collected to quantify the figures (costs and prices) relevant to the study. The accuracy 

of the predictions are function of the plausibility of the hypotheses formulated and the 

quality of the collected data. 

The main assumption underlying the results about to be presented, is that the cost 

of producing the chemicals are exclusively due to the expenditures related to the capture 

of CO2 (which is the raw material) and of the electrical energy consumption (taken from 

renewable sources). Simply stated, capital costs are neglected and the products obtained 

are pure. The assumptions are strong of course, because it is well known that the figure 

related to the purchase of an electrochemical reactors is one of the main impacting [25]. 
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Table 2 Most reported CO2 electroreduction products, their reaction and standard reduction 

potential. 

Name Reaction n e- 
Standard reduction 

potential vs RHE [28] 

Carbon monoxide 2 ( ) 22 2 gCO H e CO H O+ −+ + +  2 -0.10 

Formic acid 2 ( )2 2 aqCO H e HCOOH+ −+ +  2 -0.12 

Methanol 2 3 ( ) 26 6 aqCO H e CH OH H O+ −+ + +  6 0.03 

Methane 2 4( ) 28 8 2gCO H e CH H O+ −+ + +   8 0.17 

Acetic acid 2 3 ( ) 22 8 8 2aqCO H e CH COOH H O+ −+ + +  8 0.11 

Acetaldehyde 2 3 ( ) 22 10 10 3aqCO H e CH CHO H O+ −+ + +  10 0.06 

Ethylene 2 2 4( ) 22 12 12 4gCO H e C H H O+ −+ + +  12 0.08 

Ethanol 2 2 5 ( ) 22 12 12 3aqCO H e C H OH H O+ −+ + +  12 0.09 

Propionaldehyde 2 2 5 ( ) 23 16 16 5aqCO H e C H CHO H O+ −+ + +  16 0.09 

n-propanol 2 3 7 ( ) 23 18 18 5aqCO H e C H OH H O+ −+ + +  18 0.10 

 

Moreover, the selectivity towards many of the products listed (especially C2+) [31] is still 

limited. 

Having clarified the nature of the following calculations, the cost of the process in 

dollars per ton of carbon captured can be approximated with the line of Equation 1.2. 

 

 cost
C

USD
Cost Capture Cost Energy Energy content

t

 
= +  

 
 1.2 

 

having expressed the energy cost in USD/MWh and the energy content in MWh/tC. 

At the time of the study, the carbon capture cost and the cost of electricity from 

renewable sources were assumed to be of 200 USD/tC and 50 USD/MWh respectively. 

Once the data on the energy content and market sizes of the different product are 

collected, the economic analysis is performed in a very practical way by summarizing the 

results as seen in Figure 1.6. 

Each product is identified on the chart by a set of two coordinates, namely its 

energy content (x axis) and its price (y axis). The size of the markers represent the market 
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sizes of the products considered and since they span 4 order of magnitude (from 5.375 

GtC/y for coal to 0.00012 GtC/y for n-propanol) logarithmic scale has been applied to allow 

for proper visualization.  

As far as only the black dashed line is considered, the chart is split in two parts. 

For the products below the line, their production with CO2 electrolysis is not 

economically feasible as their energy content is relatively high, and mostly because of 

their low price (due to their high availability). The products above the black dashed line 

instead can be produced with CO2 electrochemical reduction to obtain a revenue. Among 

them, ethanol and ethylene are the most interesting for the implementation of mass scale 

carbon recycling, due to their market size.  

The idea is that also other chemicals, here referred to as fine chemicals, as n-

propanol and formic acid are economically favourable, but their modest market size 

prohibits any large scale implementation developed on purpose for recycling gigatons of 

CO2. 

 

 

The study dates back to 2019. As an exercise, the cost of electricity has been 

updated to 250 $/MWh, the Italian 2022 first semester price [32] (the average in the EU 

was instead 180 $/MWh). The grey dashed line is obtained, showing how the chemicals, 

Figure 1.6 Economic analysis. Cost and revenues obtained by producing selected products from 

CO2 electroreduction. Black and grey dashed lines are referred to an electricity cost of 50 and 250 

USD/MWh respectively. Adapted from [28]. 
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with the only exception of formic acid, are not economically producible. The latter result 

suggest that, as expected, the feasibility of recycling CO2 with electrochemical methods 

strongly depends on our ability to procure cheap renewable electric energy. 

As said at the beginning, the conducted study does not take into account major 

cost figures such as CAPEX and separation costs. Despite this, it is still useful to get 

important insights on the economics of the process. After all, a legitimate conclusion is 

that if a product is not economically sustainable under these assumptions, it will be even 

less when accounting for all the owed expenses. 

1.2.2. CO2 electrolysis, basic traits 

 

In electrochemical systems, whether considering devices utilized for generating 

electricity (i.e. galvanic cells), or ones used for driving electrochemical reactions through 

an external electrical power output (i.e. electrolyzers), some indispensable recurring 

components can be identified. Even if CO2 electrolyzers make no exception, different 

configurations of this system can be encountered depending on the application. Therefore 

in describing these reactors it may be useful to start from their simplest set-up in order to 

identify and describe the roles of the different components in the most intuitive fashion.  

In Figure 1.7 the standard configuration of a CO2 electrolyzer (the so called H-cell) 

is reported. 

 

 

Figure 1.7 CO2 electrolyzer. H-Cell configuration. Adapted from [35]. 
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This configuration is typically used in lab-scale reactors for experimental tests (e.g. 

testing new electrocatalysts and deriving kinetic data). It barely consists of two metal 

plates functioning as electrodes for performing the half-cell reactions. The electrodes 

(cathode and anode) are submerged in electrolytic solutions and are connected 

electrically through an external circuit consisting of a voltage supply. The electrolytic 

solution in the tow chambers are not brought in direct contact between them, instead 

there is a separating membrane (traditionally named salt bridge) which selectively allows 

ions to cross the two chambers and maintain electroneutrality. 

The system works as follows: the gaseous CO2 is bubbled inside the cathodic 

chamber and the external power supply establishes a fixed voltage between the two metal 

plates. The gas is dissolved inside the aqueous solution according to its solubility. After 

being dissolved it migrates towards the surface of the cathode where a surface reaction 

occurs. In particular CO2 is reduced according to the following reactions: 

 

 2 2xCO nH ne product yH O+ −+ + +  1.3 

 2 2xCO yH O ne product nOH− −+ + +  1.4 

 

One of the two reactions will predominantly occur according to the choice of the 

electrolyte, which in turn determines, together with the voltage, the pH of the solution 

(Equation 1.3 if acidic media is selected, Equation 1.4 otherwise). The ions produced (H+ 

or OH-) will cross the membrane and react on the surface of the anode to be oxidized 

according to the Oxygen Evolution Reactions (OER): 

 

 2 2 2 2
2

y
yH O O yH ye+ −+ +  1.5 

 2 2
4 2

n n
nOH O H O ne− −+ +  1.6 

 

The electrons obtained are then transferred by the external circuit towards the 

cathode in order to further reduce the CO2. 

The system as-described appears to be relatively simple but as soon as a more 

careful inspection is provided, many phenomena occurring simultaneously are 

recognized in determining the behavior of the system, making the modeling, and even 
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before it, the understanding of these systems, arguably complex. The driving forces 

behind a reaction are dictated by the thermodynamic properties of the electrodes and 

electrolyte. The reaction rate at the interface, in response to these driving forces, relies on 

kinetic rate parameters. Furthermore, the transportation of mass through the electrolyte 

is necessary to deliver reactants to the interface, while electrons must traverse the 

electrodes  [33]. 

The complexity of the system is further increased when advanced design of the 

cells are taken into consideration. At first it should be noted that H-cells work typically 

in a semi-batch configuration, which, evidently, are not suitable for the industrial 

purposes described in the paragraph 1.2.1. Therefore a switch to continuous operations 

is needed. The latter statement seems particularly reasonable if considering that the scale-

up of flow cells has been already validated in the past with fuel cells and water 

electrolyzers [34]. Analyzing the realm of continuous electrolyzers, some of the 

configurations currently available as the result of several years of engineering are those 

reported in Figure 1.8. 

 

 

In the two-chamber liquid-fed cell (Figure 1.8 a) the CO2 enters the system as 

dissolved gas in the catholyte (which has been saturated outside the cell [35]). The two 

electrolytes are separated by a membrane which as depicted before, allows ion exchange 

between the two chambers to maintain electroneutrality. The two electrodes are 

constituted by bare metal plates, also called planar electrodes. 

In the two-chamber liquid-fed cell (Figure 1.8 b) the carbon dioxide is directly fed 

with a gaseous stream, which crossing a Gas Diffusion Layer (GDL, not shown in the 

picture) reacts on the surface of the cathode after having dissolved in the liquid. Even if 

Figure 1.8 CO2 electrolyzer, flow cell set-up. a, Two-chamber liquid-fed b, Two-chamber liquid-

fed with gas diffusion electrode c, Vapor-fed zero-gap cell . Adapted from [35]. 
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more insights on this will be given in chapter 1.2.4, it is not premature to anticipate that 

what has been just presented is a description of the typical triple-phase boundaries this 

kind of system give rise to [28]. In this case the triple-phase boundary consists of gaseous 

CO2, solid electrode (with catalyst upon it) and liquid electrolyte and for this 

configuration, where the gas diffusion layer and the electrocatalyst are in intimate 

contact, the assembly takes the name of Gas Diffusion Electrode (GDE). 

Another type of GDE is also present in the vapor-fed zero-gap cell (Figure 1.8 c), 

where the catholyte has been completely removed by introducing an Ionic Exchange 

Membrane (IEM). In this last configuration, the triple-phase boundary is constituted by 

the gaseous CO2, the solid catalyst and the ion conducting polymer. As seen in the related 

figure, the catholyte enters the system in the gas phase, together with the carbon dioxide 

which is now humidified (the purpose of humidifying the gas is that of keeping the 

membrane hydrate). 

For how these systems have been described, it is quite clear how the complexity of 

the design causes it to depart from the originally conceived H-cell. In this sense, as far as 

the three configurations just shown are concerned, the two-chamber liquid-fed cell 

represents the simplest one while the latter two systems employing a GDE represent the 

attempts in engineering the flow cell for overcoming the limitations of the former. Since 

the research efforts in moving in this direction have been fruitful [36], it is worth to further 

investigate GDEs first of all by understanding the limitations they have been capable to 

overcome. 

1.2.3. Gas diffusion electrode, structure 

 

One of the Key Performance Indicator (KPI) of the electrolysis processes is the 

partial current density associated to the product of interest. As will be extensively 

discussed in the chapter 3.4, the partial current density is just a measure of the amount of 

product obtained when applying a potential difference to the cell (in particular there is a 

direct relation between the partial current density of a species and its rate of reaction). 

Since the product of the voltage applied and the current passing inside the cell is a 

measure of the electrical power the device is draining, it is a necessity to get the highest 

partial current density (say, the highest amount of product formed) given a certain 

potential difference applied. So this KPI needs to be maximized. What is in between the 

voltage and the current density is the total resistance provided by the cell, determined by 

its thermodynamics, kinetics and transport limitations. 
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As said previously, in the two-chamber liquid-fed cell, planar electrodes are 

usually employed, meaning that two simple metal plates are immersed in the liquid 

solutions. Despite the versatility, which is ideal for rapid and cost-effective experimental 

tests, the maximum current densities achievable with this set-up are significantly limited 

[37]. In practice, as discussed before, CO2 has to be first dissolved in the aqueous 

electrolyte and then has to move towards the surface of the electrode where it is finally 

consumed. This is a typical example of transport and reaction in series, where the final 

rate of CO2 electrochemical consumption is assumed to be equal to the rate of the slowest 

process of the series. This means that as soon as the reaction rate (or equivalently the 

current density) is increased by leveraging on higher voltages, the supply of the dissolved 

CO2, say the sum of convective and diffusive fluxes, must be high enough to replenish its 

concentration on the reactive surface. Evidently the latter condition is not satisfied, due 

to the poor mass transport to the cathode surface due to the low solubility and diffusivity 

of CO2 in water combined with the significant thickness of the mass-transfer boundary 

layers (60 to 160 𝜇m) [38]. In these conditions the current densities achieved are below 30 

mA/cm2, while the industrial requirement is deemed to be at least 200 mA/cm2 [39]. 

A promising solution to this lack of performance is provided by the adoption of 

gas diffusion electrodes, with which one order of magnitude higher current densities 

have been obtained [40]. In Figure 1.9 a schematic of the cathode of the CO2 electrolyzer 

in the GDE configuration is shown. 

GDE are composed of a gas diffusion layer and a catalyst layer (CL) lying between 

the two flow channels (the gas channel on the right, where the CO2 is fed and gaseous 

products are collected and the liquid electrolyte channel on the left, where the catholyte 

is fed and the liquid products, if any, are leaving the cell). The idea behind the utilization 

of such articulated structure comes from the necessity of delivering the CO2 as close as 

possible to the electrolyte coated catalyst particles in a gaseous form, to minimize the 

thickness of the diffusion layer. Doing so, the mass-transfer boundary layer has been 

effectively reduced to 50 nm (from planar electrodes, around three to four order of 

magnitude lower) [41]. To achieve this, the diffusive path of CO2 has been constructed 

with two hydrophobic substrates, the macroporous and microporous layer (their overall 

thickness ranging from 100 to 500 𝜇m [38]). The macroporous layer serves the functions 

of mechanically sustaining the cell and conveying the electrons from the current collector 

(whose aim is to distribute the electric current uniformly [35]) to the microporous layer 

while providing a path for CO2 to diffuse. As thoroughly explained in chapter 1.2.5 it is 

typically constituted of carbon fibers structures (paper or cloth). The microporous layer 

instead, is the support upon which the catalyst layer is deposited. 
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Being constituted of carbon black nanoparticles and an hydrophobic polymer, the 

microporous layer is endowed with an inherently smaller granulometry with respect to 

the macroporous layer, which is responsible for enhanced electrical connection with the 

catalyst particle (due to a higher surface area) and flooding prevention [42]. 

Finally the catalyst layer is composed of a mixture of catalyst nanoparticles and an 

ionic binder (e.g. Nafion®), which binds the particles to the support while not insulating 

them [43].  

1.2.4. Working principles of gas diffusion electrodes 

 

Having a clear notion about the GDL structure, the phenomena occurring in such 

a complex system can be described (at least macroscopically) by assuming the cell to be 

gradually activated in a sequence of steps as follows. At the beginning no voltage is 

applied to the electrodes, say no electric current is flowing. The whole cell is filled with 

air at atmospheric pressure. The valves controlling the flow of the gaseous CO2 (assumed 

to be pure) and liquid electrolyte are opened to ensure having the desired flowrates and 

both the flow channels gets filled with the fluid flowing. Due to a gradient in CO2 

concentration between the whole gas diffusion layer (currently filled with air at 

approximately the same pressure of CO2) and the flow channel, the carbon dioxide 

diffuses inside the macroporous, microporous and catalyst layer, filling their pores. Air 

Figure 1.9 Gas diffusion electrode and its main component. Adapted from [38]. 
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counter-diffuses inside the flow channel where it finally gets expelled. If for a moment 

we imagine an impermeable wall to exist between the liquid channel and the CL, then at 

steady state the whole GDE, except the liquid electrolyte channel would be filled with 

CO2 at atmospheric pressure and no concentration gradient would have existed since CO2 

sinks are not present. But this is not the case as the CO2  and the liquid electrolyte come 

in contact inside the CL. Two phenomena are now occurring. The first one: according to 

the capillary pressure (i.e. the difference between the liquid and the gas pressure), the CL 

pore size distribution (PSD) and the wettability of the pores, liquid and gas can organize 

themselves inside the CL according to three different scenario [38] reported in Figure 

1.10. 

 

 

The second phenomena concerns the dissolution of carbon dioxide in water. The 

amount of carbon dioxide present in water in its dissolved form CO2(aq), can be described 

by Henry’s law, which predicts a maximum concentration of 34 mM when 1 atmosphere 

of pure CO2 at 298 K is considered [44]. The implication of this phenomenon is that, 

regardless of the capillary pressure, inside (or outside) the CL a liquid/gas interphase 

exists and CO2 gets dissolved. This means that a concentration gradient for the CO2 exists, 

as in correspondence of the gas/liquid interphase there will be a net flux of CO2 from the 

gas to the liquid phase. Of course, according to the resistance provided to flow by the gas 

diffusion layer (determined by the effective diffusivity for molecular diffusion and 

Figure 1.10 A pore of the catalyst layer in 3 conditions. a, Fully flooded pore b, Partially wetted 

pore (where triple-phase boundaries are realized) c, Fully dried pore. Adapted from [38]. 
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effective permeability for pressure-driven flow) the gradient will be more or less steeper 

(the higher the resistance the steeper the gradient). 

As soon as the CO2 dissolves into the aqueous electrolyte and provides by the 

hydrolysis reaction carbonic acid (Equation 1.7), it also reacts with ionic species according 

to the carbonate equilibrium (which will be further investigated in chapter ). 

 

 2 2 2 3( )CO aq H O H CO+  1.7 

 

The described system is by no means trivial, and the electrolysis is not even 

occurring as the power supply has not yet been switched on. So let us connect the clamps 

to the cathode and the anode, and establish between them a potential difference. 

Under the effect of an electric field, electrons are moved from the anode, where 

the oxidation occurs, to the cathode where the reduction occurs. Inside the cathode, as 

visible in Figure 1.9 the electrons move from a zone of high electrical potential (the 

current collector, where the clamp is attached) to a zone of lower potential (in the CL 

where electrons are used for charge transfer reactions). The electrons flow is none other 

than the electric current and the higher the effective conductivity of the porous media, 

the higher the current flowing when a potential is applied. When the electrolysis reactions 

start the dissolved CO2 is reduced to higher energy products with a rate determined by 

the potential applied and the local reagent concentration (the current then is adjusted 

based on how much reactant is available to be reduced at the catalyst surface). This 

consumption further depletes carbon dioxide on the nanoparticles surface and the 

gradient in its concentration further increases, increasing the diffusive flux. As will also 

be clarified later, the change in the local pH near the electrodes due to the CO2 

consumption is additionally responsible for an increase in the homogenous consumption 

of CO2 by bulk reactions which instead promote pressure-driven convective flows. Again 

the gradient in CO2 concentration in the horizontal direction of Figure 1.9 is determined 

by the effective diffusivity and permeability of the porous media. 

If we imagine to increase the potential for increasing the consumption rate, there 

will be a point in which the diffusion of aqueous CO2  towards the catalyst particles occurs 

so slowly that its surface concentration vanishes. In this case the cell is said to be 

diffusion-limited as no matter how much the voltage is increased, the reduction rate will 

always be restrained by lacking CO2 to be reduced. 
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We clearly understand now the importance of tailoring the gas diffusion media in 

order to have reasonably good effective transport properties which allow to push the 

reaction rate to industrially compatible scales. 

For this reason, in the following chapter a close-up on the structure of the diffusion 

medium will be provided. 

1.2.5. Manufacturing of gas diffusion layers 

 

Gas diffusion media utilized in CO2 electroreduction build upon previous 

research endeavors focused on enhancing the GDL performance in fuel cells, given the 

shared functionalities between the two applications. 

Two main gas diffusion layers can be employed, both carbon-fiber-based, due to 

their high porosity and electrical conductivity [45]: 

• Non-woven carbon papers; 

• Woven fabrics (or clothes). 

In Figure 1.11, scanning electron microscope (SEM) micrographs are also shown. 

 

Figure 1.11 Macroporous gas diffusion layer, SEM micrographs. a, Through-plane view of a 

woven fabric b, In-plane view of a woven fabric c, Through-plane view of a non-woven paper d, 

In-plane view of a non-woven paper. Adapted from [125] (a and b) and [68] (b and c). 
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Regardless of the type, the precursor used in the manufacturing process of these 

fibers is a copolymer filament made of more than the 90% by polyacrylonitrile (PAN). 

The choice is directed toward this material due to its low cost (the market size being 

determined by their utilization in the textile market), high carbon yield (mass of 

remaining carbon after the production process relative the initial precursor mass) and 

carbon-fiber properties (high stiffness, high strength and light weight) [45]. Then, the 

production processes of the two different substrates shown in Figure 1.11 differentiate as 

while for the woven production the filament of the precursor is twisted to form a spun 

yarn, weaved and finally carbonized at 1600-1700 °C in vacuum, for the carbon-fiber 

paper the filament is chopped in many smaller fibers (3-12 mm) which are then grouped 

in continuous rolls through a wet papermaking process. The rolls then are impregnated 

with a phenolic resin (which will be referred to as “binder”), cut in sheets of 1 m2 and 

stacked one over the other with a compression molding to reach a thickness ranging from 

0.15 to 0.30 mm. Finally the stacks are graphitized at 2000 °C in vacuum [45]. 

For how the process has been described it is clear that carbon-fiber papers, which 

will constitute, as soon clarified, the core of the current study, are originally constituted 

of two different materials: the graphitized PAN fibers and the carbonized binder. 

Additionally, to increase its hydrophobicity (important when flooding represents an 

issue at the utilized operating conditions), the so-obtained macroporous layer can be 

coated with polytetrafluoroethylene (PTFE), also commonly referred to as Teflon®.  

On top of the so-produced macroporous layer, carbon particles mixed with PTFE 

are added (e.g. by spraying) to form the microporous layer, responsible for further 

inhibiting water infiltration due to smaller pore sizes, as visible in Table 3. 

 

Table 3 Basic morphological characteristics of the porous media constituting the 

gas diffusion electrode. 

 Macroporous layer Microporous layer 

Thickness [𝜇m] 190-250 [46] <50 [45] 

Porosity [-] 0.7-0.9 [47] 0.3-0.7 [47] 

Pore size [𝜇m] 10-30 [45] 0.01-0.1 [47] 
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So far the main features of gas diffusion electrodes have been discussed, clarifying 

the reasons why they have been extensively employed for improving the performance of 

electrochemical converters, shedding light on their working principle and briefly going 

through the manufacturing of one of their main constituent. In particular, the relevance 

that the engineering of the gas diffusion layer has on the overall cell performance has 

been qualitatively described. 

The upcoming subsection will focus on the investigation of gas diffusion layers, 

with an emphasis on the essential tool used for this purpose, namely multiscale modeling. 

1.3. Multiscale modeling of gas diffusion layers 

 

Ever since gas diffusion electrodes have been developed, an increasing interest in 

fully understanding the rich variety of chemical and physical phenomena occurring 

inside the cell has also been experienced. Indeed numerical modeling of chemical reactors 

can help in this task as it represent a tool that enables the prediction of the reactor 

performances when different operating conditions are tested, without passing through 

expensive and time-consuming experiments [48]. Even before that, models are useful to 

check if all the physics of the phenomena occurring has been correctly captured (when 

they are validated with experimental data). Only at that point, the engineering of the 

chemical reactor can be rationalized and justified by the evidence provided by the model 

itself. And particularly for gas diffusion electrodes, there is a significant scientific 

potential to advance our fundamental understanding of the multiscale processes taking 

place within three-dimensional GDEs and to enhance GDEs performance through 

systematic engineering strategies. [36]. 

1.3.1. Introduction to multiscale modeling 

 

In the realm of chemical reactor modeling, multiscale modeling has naturally 

emerged from the development of chemical reaction engineering [49]. In order to 

comprehend its functioning, it is essential to have an understanding of the processes that 

it attempts to model, say chemical reactions at industrially relevant conditions. In these 

conditions in fact, despite chemical reactions occur on a molecular level, they are 

influenced by the macroscopic behavior of the reactor, such as mass transfer, heat transfer 

and fluid dynamics (that determine local composition, temperature and pressure). This 

feature is conceptualized by recognizing that inside chemical plants, coupled events with 
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time scales spanning from the femtoseconds (related to molecular dynamics of the 

chemical reactions occurring) to the years (for achieving a production target) occur. 

Similarly, when considering spatial scales, the situation is analogous in terms of the 

extent or range being examined, going from tenths of angstrom (e.g. 0.74 Å for the 

hydrogen bond length [50]) to meters (100-101 m for industrial reactors). The purpose of 

Figure 1.12 is illustrating the complication behind industrial chemical processes by 

visually depicting the typical time and space scales involved within them. In this context, 

the basic idea behind multiscale modeling is computing relevant information at each of 

these scales and then coupling them in a physically sound model [51]. 

 

 

While multiscale modeling has numerous applications in reaction engineering, 

this work specifically focuses on its implementation in catalytic processes. Modeling a 

catalytic process through all its different length and time scales in fact, has the potential 

for driving from a fundamental perspective, the design of novel catalytic reactors [52]. 

Scientific literature about catalytic processes tells a story of rising interest in applying this 

approach. For example, the adoption of particle-resolved computational fluid dynamics 

(PRCFD) allows much more detailed study of fixed bed reactors with respect to the 

conventional porous medium model [53]. In this context, the implementation of an 

operator-splitting technique allowed for the multiscale simulation of heterogeneous 

catalytic systems by coupling detailed microkinetic models with PRCFD [54]. As a result 

Figure 1.12 Typical space and time scales involved in processes of industrial chemistry. Adapted 

from [51]. 
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it was possible to bridge the microscale with the macroscale by using a fully first-

principles based approach. Moreover, with reference to process intensification, 

multiscale modeling (together with machine learning techniques for reducing its 

computational burden and advanced manufacturing for physically reproducing the 

underlying new technologies) will play a pivotal role when trying to optimize the reactor 

performance at each scale, ensuring efficient cross-scale interactions [55]. 

While successful application of this technique is attainable, it should be noted that 

it requires effort and presents challenges that need to be addressed. Within an insightful 

feature article, Maestri describes the challenges behind the application of multiscale 

modeling through the dimensions of complication and complexity [56]. Particularly, the 

complication lies in accurately describing of the phenomena at the different scales and in 

smoothly coupling them in a simulation, from the atomistic level to the reaction 

environment. The complexity instead comes from the high dimensionality (degrees of 

freedom) of the phenomena, especially at the microscale (a reported example is the 

microkinetic model of the CH4 partial oxidation on Rhodium, where 13 different 

adsorbed species take part in 41 reversible elementary steps). 

In practice, when addressing the smaller scales, the remaining challenges are 

usually related to understanding the intrinsic functionality of the catalyst, especially 

during the proceeding of reactions, accounting for the nature and the structural dynamics 

of the active sites (the so called structure-dependent microkinetic modeling [56]). 

When attempting to model larger scales, it becomes necessary to account for 

phenomena that occur at smaller scales as well. However, the methodology described 

above, which involves solving Navier-Stokes equations in complex geometries and 

incorporating detailed micro-kinetic mechanisms to accurately represent surface 

reactivity, poses significant computational challenges. As a result, the applicability of this 

methodology is limited [57]. The utilization of the hierarchical approach, hereafter 

described, may offer a solution to this challenge.  

1.3.2. Hierarchical approach in multiscale modeling 

 

When elucidating the concept of the hierarchical approach in multiscale modeling, 

it is crucial to recognize that distinct models exist for describing specific space/time scales, 

each with its own level of precision. For example, with reference to Figure 1.12, the reactor 

scale simulations can be performed by using ideal reactor models, macroscopic models 

making use of transport correlations or CFD simulations. Similarly, following the fashion 
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of increasing accuracy and computational cost, the quantum scale can be treated with 

semi-empirical methods, Density functional theory (DFT) based correlations and ab initio 

methods [58]. Due to the positive correlation between accuracy and computational cost 

of models, when bridging the different scales, “the inclusion of highest level theory at 

each scale is computationally intractable” [58]. This is where the hierarchical approach 

comes into play (Figure 1.13), as it helps retaining precious information from detailed 

descriptions of physical/chemical phenomena at each scale. 

 

 

The hierarchical approach procedure depicted in the figure, can be described in 

the following steps [56]: 

 

1. The first step is to model the full problem (i.e. the whole chemical reactor 

or chemical plant) with the lower accuracy methods. The model is used to 

compare its prediction with selected experimental results; 

2. The disparities in the results from the two sources (experimental and in 

silica) are examined, and the origins of these discrepancies are identified 

within specific components of the model; 

Figure 1.13 Hierarchical approach in multiscale modeling explained. Adapted from [56]. 
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3. A problem of reduced dimensions called sub-model or meta-model is 

created to study the critical aspects evidence in point 2. The sub-model 

allows to investigate the given aspects of the full-scale system as its reduced 

complexity allows for detailed investigation by the means of first-principles 

methods; 

4. The information obtained through the sub-model is reinserted in the full 

problem to increase its accuracy; 

5. Steps 1 to 4 are repeated for all the suspected faulty aspects of the full 

problem to hierarchically refine it.  

For the purposes of the current work it is relevant how to hierarchically refine 

reacting systems at the reactor scales. An example is provided in the work by Rebughini 

et al. where gas-to-particle heat and mass transfer coefficients in micro packed bed 

reactors have been derived [59]. In the work at first CFD simulations have been 

performed on an reduced sample of the whole reactor. A series of in-silica experiments 

have been conducted to analyze the system behavior at different Reynolds number. The 

results of the simulations have been then interpreted by the means of a macroscopic 

model to derive a CFD-based correlation for transport properties. The so-obtained 

correlations has shown to fully retain the features of the detailed CFD simulation. 

In another case-study a similar procedure has been used for deriving gas/solid 

mass transfer coefficients in open-cell foams [60]. After virtually reconstructing the 

required geometry, CFD simulations have been performed to facilitate the parametric 

analysis of foam geometrical properties. A suitable characteristic length and a correlation 

for the Sherwood number based on the Reynolds number and the porosity of the sample 

have been derived by interpreting the results of the simulations through a 1D 

heterogeneous macroscopic model, under the assumptions of full external mass transfer 

control. 

The applications mentioned earlier specifically dealt with thermal systems, but the 

approach discussed can be equally utilized for electrochemical systems, as discussed in 

the next chapter. 

1.3.3. CO2 electroreduction as a multiscale phenomenon: state of the art and 

opportunities  

 

In chapter 1.2.4 the working principle of a GDE has been described from a reactor 

scale perspective. In fact, it should be noted that also in this system the observed 
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performance of the reactor is the result of the interplay between elementary steps taking 

place at the atomistic scale and the flow conditions established at the macroscale. Despite 

the fact that the focus of the current work is not to obtain a detailed description of the 

surface reactivity it should be recognized that CO2 electroreduction, whether occurring 

in a GDE or in a standard H-cell is a multiscale process. At the molecular scale, it involves 

the interactions between CO2 molecules and the catalyst surface, which occur on the 

nanometer scale and in short time frames. At the mesoscale, it encompasses the transport 

of reactants and products within the porous electrode structure, which occurs on the 

micrometer scale and over longer time periods. Lastly, at the macroscale, it involves the 

overall performance of the electrochemical system, such as the current density and 

selectivity, which are observed at the reactor scale level. 

In this sense, effort has been focused in tailoring the properties of gas diffusion 

media (both morphological and transport related) which are known to significantly affect 

the electrode performance. Currently, three different methodologies exist for estimating 

these properties (Figure 1.14). The first one, which falls outside of multiscale modeling 

techniques is the experimental one. Morphological information like porosity and pore 

size distribution and effective transport properties of real samples are analyzed by 

consolidated approaches for porous media (e.g. mercury intrusion porosimetry or X-ray 

computed tomography and diffusimetry, respectively [61]). The second methodology 

consists in numerical simulation performed on computational reconstructions of GDL 

samples. In this case the virtual geometry can either be obtained by experimental 

methods (e.g. Micro-computed tomography (𝜇CT) [62]) or by stochastic reconstruction of 

the sample [63]. 

Each of these three approaches naturally has its own advantages and 

disadvantages. As an example, while it is true that tomographic scans of real samples can 

deliver accurate 3D models, the systematic analyses of a wide range of samples are costly 

in terms of time and resources. Even more importantly, the resolution of physical 

rendering significantly restricts imaging-based methods, and the capability to discern 

distinct phases (such as carbon and PTFE) within the GDL continues to pose a substantial 

challenge [64]. Stochastic reconstructions roughly overcome all of these mentioned 

challenges but validating the structure and having a correct representation of the real 

GDL is a challenging task [65]. At last for experimental methods selecting appropriate 

measurement techniques that can provide accurate and reliable results for the effective 

transport properties of GDLs is a challenge. Different techniques may have limitations or 

may require complex experimental setups. Moreover the set of investigated samples is 

limited by their commercial availability. 
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So the opportunities for multiscale modeling of CO2 electroreduction gas diffusion 

layer have to be searched in stochastic reconstructions as they offer an appealing 

alternative to serve as a potent tool for establishing a relationship between freely 

adjustable microstructural parameters and the macroscopic behavior of the geometry 

(that is bridging the microscale with the macroscale). As previously mentioned there are 

no chemical reactions taking place within the diffusion media. Therefore, when 

employing multiscale modeling for this component of the cell, it is sufficient to descend 

to the microscale level (Figure 1.15). 

This fundamental approach to the study of gas diffusion layers has been employed 

since 2007 with Schulz et al. [66] that pioneered the development of a stochastic model 

incorporating actual microstructural parameters obtained from scanning electron 

microscopy image and literature data. The virtual geometry was then used to assess and 

validate the resulting permeability of the GDL. Over the course of time the models 

representativeness of the GDL improved. As an example, the model by Schulz et al. 

originally accounted only for the carbon fibers without considering the presence of the 

binder material holding the fibers together. Binder was originally added to the geometry 

with a Bernoulli filling approach (in which the pores are randomly filled with binder with 

a fixed probability p) [67] and it was only with the seminal work by Becker et al [62] that 

Figure 1.14 A schematic view of the different approaches utilized so far, for determining the 

morphological and effective transport properties of gas diffusion layers. From the left to the right 

[127], [62],this work. 
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image processing techniques have started to be considered for the binder addition 

process due to their capability of accurately mimicking the wetting nature of the phenolic 

resin. Recent works have also accounted for the presence of PTFE, notably the stochastic 

model by Daino et al. [63], which makes use of 3D morphological image processing 

operations, obtaining a close replica of commercial GDLs as confirmed by visual 

validation with 2D micrographs and 3D X-ray synchrotron data. Fine tunings of the 

stochastic reconstruction were provided by Simafrooktheth et al. [68], in which the 

measured fiber orientation distribution from a GDL SEM scan is implemented in their 

virtual reconstruction, and by Hinebaugh et al [69], whose work stands out from the 

others for implementing three novel features concurrently, namely the periodicity of the 

fibers in the x-y plane, the vertical orientation of the fibers (named “pitch”) and the 

placement of fibers in the x direction based on 𝜇CT obtained local porosity distribution. 

The information retrievable through these microscale reconstructions is accessed 

utilizing PRCFD or LBM to obtain correlations for effective transport properties which 

then are back utilized in macroscopic model of the full-scale gas diffusion electrode. 

 

 

Numerical modeling of GDE has been carried out significantly for fuel cell 

applications, for which the first models are dated back to the sixties of the last century 

[70]. For what concerns CO2 electrolysis instead, to the best of the author’s knowledge, 

the first macroscopic model ever built is the one developed by Delacourt & Newman [71]. 

Figure 1.15 Bridging reactor scale and micro scale in gas diffusion layers. CO2 molecule not in 

scale. Adapted from [36]. 
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In the model, a cell comprising of both cathodic and anodic chambers, is simulated by 

discretizing in space the governing equations with finite differences in 1 dimension. The 

catalyst layer is represented as a surface rather than a domain of finite thickness and the 

liquid phase homogeneous reactions are assumed to be at the equilibrium. The model 

was improved by Bell et al ., where the latter two assumptions where removed, and only 

the cathodic chamber was simulated [38] (one year later, the same group developed a 

similar numerical model, this time considering an Anionic exchange membrane rather 

than a liquid electrolyte between the cathodic and anodic chambers [72]). Also other 

interesting models have been developed notably the one from Löffelholz et al [73] which 

describe through geometrical considerations the flooded portion of the catalyst layer 

(“thin-film flooded agglomerate model”) and the one from Smith et al, which introduces 

the second dimension (in the direction of the flow channel) to account for longitudinal 

concentration gradients naturally occurring also in real case scenarios [74]. 

Among the different assumptions made in each of these studies, a common one is 

that of utilizing the effective medium approximation (EMA), in which the transport 

phenomena in the different phases are described by the means of constitutive laws with 

properly defined effective transport properties (more insights on this approximation will 

be provided in the theoretical section). Effective transport properties (such as effective 

electrical conductivity for the solid phase and effective diffusivity for the gas phase) are 

a function of the morphology of the porous media and of course of the bulk value of the 

property itself. As a consequence, these properties have to be derived in some way for 

the porous structure of interest, in our case for the gas diffusion layer. 

 

1.4. Motivations behind the study 

 

Before trying to explain the motivations behind the study of a particular scientific 

problem, it is often convenient to start from the uncertainties and the doubts the 

underlying topic raises. 

1.4.1. Remaining challenges of CO2 electroreduction and GDE 

 

To gain insight into the obstacles that currently hinder the industrial significance 

of CO2 electrolyzers, one can seek to understand the specific requirements and 

expectations that the industry has for this type of technology. In Figure 1.16 a cause-effect 
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mapping on industrial requirements and related challenges is reported, with a stepwise 

increase in the degree of complexity. Small wonder, it all starts from the need of a cost-

effective solution. 

To the knowledge of the author, most of the literature reviews on the topic agrees 

on identifying the reported challenges as the main drivers for the current research effort. 

High reaction rate, high selectivity, low energy requirement and high durability and 

affordability of the cell can, in fact, be obtained by putting in place the actions listed in 

the rightmost column. To make some examples, it is clear how for improving selectivity 

towards desired products, required for minimizing downstream expensive separations, 

selective electrocatalyst are needed. Also the transport rate of carbon dioxide towards the 

electrode surface has been proved to have an effect on selectivity [75]. In particular when 

the CO2 consumption rate is pushed by increasing the potential applied, the 

concentration of the dissolved gas near the electrodes may decrease if its transport rate is 

not able to sustain such increased depletion. As a consequence, the hydrogen evolution 

reaction (Equation 1.8 in alkaline media), may increase in its rate due to less CO2 

subtracting the catalyst active sites reducing the faradaic efficiency towards the desired 

product. 

 

 

Figure 1.16 CO2 electrolysis challenges map. Data on industrially relevant current density, 

faradaic efficiency, cell potential taken from [75], operational lifetime from [76]. 
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 2 22 2H O e H OH− −+ +  1.8 

 

At the same time cost-effectiveness of catalytic materials is required for improving 

the affordability of the electrolyzer. Moreover, the catalyst activity indirectly affects the 

cost of the electrolyzer as, regardless of the materials employed, the higher the current 

density, the lower the geometric surface of the electrode required, the lower the capital 

investment involved due to smaller cells [76]. This is a crucial aspect when considering 

that electrolyzers are not endowed with economy of scale due to their modular character 

[25]. 

Lastly, the energy efficiency, reflected in the potential applied to the cell, is 

hampered by reaction kinetics inefficiencies (the so called activation overpotential) 

determined by the catalyst being used, and by the transport limitations (the so called 

concentration overpotentials and ohmic losses). 

The current CO2 electroreduction challenges thus, can be classified in two main 

investigation frontiers [76]. The first one is about catalytic investigation, say discovering 

and analyzing the performances of novel catalysts that promote the CO2 reduction 

reaction (CO2RR) to the desired product, and the second one concerns the design of the 

flow cell in all the other aspects (electrode configuration, electrolyte choice, materials 

choice, flow channel and gas diffusion layer engineering and so on). Among these two, 

the current study focuses on the design of the flow cell, with a particular attention 

directed towards the gas diffusion layer and how its structure affects, through transport 

limitations, the performance of GDEs. 

1.4.2. Motivation statement and outline of the work 

 

The majority of the computational works developed for understanding the effects 

of the morphology on the effective transport properties of gas diffusion layers only take 

into account the porosity as a determining factor (in the so called 휀/𝜏 models approach). 

However, before reaching the conclusion that the transport properties of the mentioned 

substrates can be solely described as a function of porosity, a more comprehensive 

analysis is necessary. In this analysis, other parameters should be allowed to vary 

independently, and the impact of their changes should be evaluated. Moreover, all of the 

analyzed literature works lack a fundamental understanding on how the porous 

structure of GDLs is linked to their resulting effective transport properties.  
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As an additional fact, even if plenty of studies have been conducted separately for 

macroscopic modeling of GDE and effective transport properties determination of the 

GDL, none of them in the former category have used real estimates of the effective 

transport properties, specifically computed for gas diffusion layer. In all the cited works 

in fact, a more general correlation for effective porous media is used. Highly popular in 

this sense, is the Bruggeman correlation, developed for isotropic porous media of 

randomly positioned spheres or cylinders [77]. Insights for the derivation of the 

Bruggeman correlation are provided by Tjaden et al., who also raise concerns on the 

widespread application of this formulation [78]. Doubts on its applicability are arising 

especially when observing that the correlation predicts the same effective transport 

property regardless of the morphology of the geometry considered, and of the direction 

of the material/energy flow (anisotropy not accounted for). 

The purpose of the following work is to perform a fundamental investigation of 

the effect of geometrical properties on the effective transport properties of gas diffusion 

layers employed in CO2 electroreduction cells. The effective diffusivity and the effective 

conductivity of virtual reconstruction of gas diffusion layers, governing respectively the 

transport of chemical species in the gaseous phase and the transport of heat/electrons in 

the solid phase are analyzed. Particularly, it is assessed if parameters other than the 

porosity of the samples affect these properties and consequently, suitable correlations for 

the effective transport property ratios are derived. More in details, a virtual geometry of 

a carbon paper based gas diffusion layer is recreated using a stochastic reconstruction 

method based on microstructural parameters. Valuable insights on the morphology of 

the reconstructed samples are given, in terms of local porosity distribution and pore size 

distribution. After the virtual geometry has been validated by the means of 

morphological and physically-based metrics, a CFD simulation campaign is executed in 

order to assess the dependency of selected structural parameters (porosity, fiber diameter 

and binder volume fraction). The results of the simulations are then be interpreted and 

used in deriving correlations for the effective thermal/electrical conductivity and effective 

diffusivity. The rationale behind the work can then be summarized as depicted in Figure 

1.17, where the work has been conveniently subdivided in the three major milestones: 

geometry generation, geometry validation and derivation of the correlations. 

Additionally, in the full spirit of multiscale modeling, the correlations are also 

tested in an in-house built macroscopic model for a GDE for conducting an analysis based 

on the discrepancy among the simulation-derived effective transport properties and the 

ones coming from the Bruggeman model. 
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Figure 1.17 Milestones of the current work. After the geometry construction and validation, the 

correlation for the effective transport properties are derived. 
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2 Theoretical background of CO2RR 

As qualitatively described in chapter 1.2.4, a multitude of phenomena 

simultaneously occur inside an electrochemical device. In general, even though this work 

mainly focuses on the transport aspects of the cell, it is possible to recognize in the 

behavior described the three pillars of chemical engineering Figure 2.1. As such, before 

proceeding with the chapters of methods and results, where such phenomena will be 

interpreted by the means of designed simulations, it is fundamental to understand the 

chemical and physical phenomena governing vapor-fed CO2 electrolyzers. 

 

 

2.1. Thermodynamics 

 

Figure 2.1 The three pillars of chemical engineering. In this work the main focus is on transport 

phenomena, even though some aspects of chemical kinetics and thermodynamics are essential 

for the development of the macroscopic model. 
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When setting the framework for the thermodynamics behind electrochemical cells, 

it is often useful to recall some concepts from the study of an electrical circuit as after all, 

that is what an electrochemical cell is. 

The electrochemical reactions occurring in a cell, belong to the class of redox 

reactions, where it is possible to identify a species losing one or more electrons (the 

reducing species, which oxidizes itself) and a species gaining these electrons (the 

oxidizing species, which reduces itself). To be precise, an important distinction between 

an electrochemical reaction and a chemical redox reaction is that, in an electrochemical 

reaction, reduction occurs at one electrode and oxidation occurs at the other, while in a 

chemical reaction, both reduction and oxidation occur in one place [33]. Therefore it is 

common to split the complete reaction in two half-reactions, conventionally written in 

the verse of reduction (Equation 2.1). The two species, Ox and Red constitute a redox 

couple. 

 

 Ox ne Red−+  2.1 

 

This is the elementary notions behind the Voltaic pile, the first pile (or electric 

battery) ever built [79]. This pile is made by copper and zinc electrodes, immersed inside 

a sulfuric acid solution and connected via metallic cable (Figure 2.2). 

 

 

Figure 2.2 Voltaic pile. As long as the circuit is open, the reactions cannot proceed and the current 

does not flow. 



Theoretical background of CO2RR 

51 

 

As soon as the metal plates are immersed in the solution, the zinc electrode 

becomes negatively charged, as some metal atoms lose their electrons to move inside the 

solutions as positive ions. The process is promoted by the tendency of the zinc metal to 

be dissolved. This tendency can be related to an electric field, named electromotive field 

E∗ . Nevertheless, when the circuit is open (no electrical contact between the electrodes) 

the process is rapidly blocked by the insurgence of an electrostatic field Eel . A similar 

process occurs on the copper side, where the electrons are withdrawn from the electrode 

by the adsorbed hydrogen ions, to give molecular hydrogen. The metal is left with a 

positive charge but before the process can continue, an electrostatic field acts to balance 

the tendency of hydrogen to be reduced (expressed by another electromotive field). In 

these conditions, globally the current does not flow, only the copper electrode is positive 

with respect to the zinc one [80]. 

When the circuit is closed over a load (Figure 2.3), the electrons in excess on the 

zinc plate are now free to move towards the copper one, so that under the driving force 

provided by the tendency to reach the chemical equilibrium, the half-cell reactions can 

occur continuously and the current flows from the copper to the zinc (as by convention 

the current is associated to positive charge being moved. In reality we know that the real 

charge carriers in metals are electrons and this has been proved experimentally by Edwin 

Hall in 1879 [81]).  

 

 

Figure 2.3 Voltaic pile. When the circuit is closed the electrochemical reactions occur continuously 

and the current flows. 



A fundamental analysis of transport properties of gas diffusion layers in CO2 electroreduction 

52 

 

The sum of the two electromotive fields, each generated by the half-reaction 

occurring, gives the total electromotive field, which allows for charge circulation in an 

opposite direction with respect to the electrostatic field. 

The as-described system is different from the electrochemical devices presented in 

chapter two. In fact, with piles (or batteries) the energy stored in the chemical species 

(chemical energy is converted in electrical energy (as evidenced by the current flowing). 

The energy of the chemicals is used to perform electrical work on the charges being 

transferred. On the contrary, with electrolytic cells (as the CO2 electroreduction cell), 

electrical energy is converted in chemical energy, stored inside the products of the 

electrochemical reactions. Unfortunately, the voltaic pile is not reversible, meaning that 

if one wants to make it work as an electrolytic cell for reducing zinc ions to metal atoms, 

it is not enough to just provide an external tension, higher than the electromotive field 

generated inside the cell. To make it reversible, the two electrodes must be immersed in 

solutions of their salts communicating by the means of a salt bridge which allow for ions 

exchange but avoid mixing the solutions (in this case copper is deposited on the surface 

of its electrode and zinc is dissolved from its electrode, following a similar mechanism of 

that occurring for the voltaic cell). In this modified configuration the cell takes the name 

of Daniell cell [82].  

It would be now interesting to understand what is the relation between the 

chemical properties of the species involved in a cell, and the electromotive field 

generated. In particular, given any redox couples at the half-cells, thermodynamics must 

provide an answer for the following questions: 

 

1. What are the spontaneous reaction occurring ? 

2. What is the maximum theoretical voltage achievable from the cell ? 

 

For the first question, it is expected that, as also happens for thermal systems, an 

electrochemical reaction is spontaneous when the change in the reaction free energy is 

negative, say when the reaction, proceeding brings to the minimum of the Gibbs free 

energy. 

To answer the second question, a relation between the electrical work and the 

change in Gibbs free energy must be found. In fact it is known that, at constant 

temperature and pressure, the maximum non-expansion work a closed system can 

perform is given precisely by the change in Gibbs free energy (as shown below) [83]. 
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From the definition of Gibbs free energy ( 𝐺 = 𝐻 − 𝑇𝑆 ), of enthalpy (𝐻 = 𝑈 + 𝑃𝑉) 

and internal energy (𝑈 = 𝑄 + 𝑊): 

 

 ( ) ( )dG dH TdS SdT dU d PV TdS SdT dq dw d PV TdS SdT= − − = + − − = + + − −   

 

If the process is reversible, from the definition of entropy (𝑑𝑆 = 𝑑𝑞𝑟𝑒𝑣/𝑇): 

 

 ( ) ( ) ( )rev rev rev revdG dq dw d PV TdS SdT TdS dw d PV TdS SdT dw d PV SdT= + + − − = + + − − = + −  

 

Finally, if the work consists of expansion work (−𝑃𝑑𝑉) and electrical work (𝑑𝑤𝑒𝑙): 

 

( )rev el eldG dw d PV SdT PdV dw PdV VdP SdT dw VdP SdT= + − = − + + + − = + −  

 

This means that at constant temperature and pressure, the maximum (as the 

process is reversible) additional work (in this case electrical work) a system can provide 

is given by Equation 2.2: 

 

 eldG dw=  2.2 

 

Now comes the link with chemical reactions. 

It is known that the change in Gibbs free energy for a reacting system (at constant 

temperature and pressure) is: 

 

 i i i i r

i i

dG dn d G d    = = =    2.3 

 

Therefore from the latter two equation one has: 

 

 el rdw G d=   2.4 
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The electrical work is expressed as the product of a charge and the potential 

difference causing the charge to be displaced. In this case, the charge associated to the 

chemical reaction advancing, is that of the electrons being transferred. Since the extent of 

reaction is 𝑑𝜉, the number of moles of electrons transferred is 𝜈𝑑𝜉 and the total number 

of electrons (intended as single entities) is 𝑁𝑎𝜈𝑑𝜉 being 𝑁𝑎 = 6.022 ∙ 1023  the Avogadro 

number (entities per mole). The charge associated to this electrons is then just the product 

of the elementary charge and the total number of electrons −𝑒𝑁𝑎𝜈𝑑𝜉 = −𝐹𝜈𝑑𝜉, where 𝐹 

is the Faraday’s constant expressed in unit charge divided by moles (𝐹 = 96458 𝐶/𝑚𝑜𝑙). 

Accordingly, the electrical work will be: 

 

 eldw FEd = −  2.5 

 

Being E the potential difference. Finally, by comparing Equation 2.5 with Equation 

2.4 the answer to the second question is obtained: 

 

 rFE G− =   2.6 

 

which constitutes the link between reactions free energy and their related potential 

difference. Please notice that when the reaction is spontaneous, say when the reaction 

free energy is negative, the voltage is positive. 

It is also important to revise the assumptions under which this relationship holds. 

The first one, is that the system, say the electrochemical device must operate reversibly. 

The second is that, when using the expression for calculating the physical quantities of 

interest, the composition of the system must be specified, as the reaction free energy is 

dependent on the composition of the system. When these conditions are verified, the 

potential difference granted by the cell is also called electromotive force emf. 

Equation 2.6 can be conveniently rewritten as an explicit formula for finding the 

voltage by recalling the definition of reaction free energy: 

 

 ln io

r r i

i

G G RT a


 =  +   2.7 

 

and by defining the standard emf as follows: 
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o

o rGE
F

−
=  2.8 

 

Making these substitutions the Nernst Equation, relating the maximum potential 

achievable by an electrolytic cell, to the standard reaction energy (or equivalently to the 

equilibrium constant) and to the activities of the chemical species, is obtained: 

 

 ln io

i

i

RT
E E a

F




= −   2.9 

 

With reference to the Daniell cell example, the procedure for evaluating the cell 

potential starts with assuming a convention for writing the electrochemical reaction. 

From now on, it will be assumed that they are written towards the reduction sense. In 

this case the half-cell reactions will be: 

 

 2 2Zn e Zn+ −+       &      2 2Cu e Cu+ −+   

 

An assumption is made on where the reduction reaction will take place, i.e. on what of 

the two metals will constitute the cathode. In this case the copper half-cell is taken as 

cathode. The overall reaction is computed by subtracting the anodic reaction to the 

cathodic reaction: 

 

 2 2Cu Zn Cu Zn+ ++ +   

 

To each of the two original half-reaction a reaction free energy is associated, assigned the 

temperature and the concentration of the species. Therefore for the additivity of the Gibbs 

free energy, and for Equation 2.9, the potential of the cell will be: 
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 ln io

cell cathode anode cell i

i

RT
E E E E a

F




= − = −   2.10 

 

where this time the index “i” ranges over all the species of the cell. Again, if the potential 

of the cell turns to be positive than the reaction is spontaneous as the free energy of 

reaction is negative. 

To effectively compute the potential two information are needed, the activities of 

the species and the standard potentials of the two cells. For determining the latter 

parameters the usual procedure is that of using a reference electrode for their direct 

measure. The concept of standard hydrogen electrode (SHE), which consists of a 

platinized Pt electrode and an acidic solution having unitary activity of H+ through which 

gaseous H2 is supplied at a fugacity of 1.00 bar [84], is conventionally used to set a 

reference scale with the value of 0 V is assigned to its potential. The reaction occurring 

inside the SHE is the hydrogen evolution reaction (HER) in acidic media (Equation 2.11). 

 

 22 2H e H+ −+  2.11 

 

It is important to realize that the SHE is just a abstraction and in practice it cannot be 

constructed. Still it is indispensable for taking measures (more on how to measure the 

potential vs SHE can be found elsewhere [85]).  

Another useful concept is that of reversible hydrogen electrode (RHE), formally 

constituted by the same components of the SHE, with the difference of allowing for any 

temperature, H+ activity and H2 fugacity. To see how does the RHE work, the Nernst 

equation is applied on it giving: 

 

 
2
/

ln lni

o

Ho o

RHE SHE i SHE

i H

f pRT RT
E E a E

F F a



 +

 
 = − = −
 
 

  2.12 

 

where it is very clear how if the fugacity of H2 is 1 bar and the activity of H+ is 1, the RHE 

coincides with the SHE [86]. It follows that, if needed, it is possible to convert the potential 

of a half-cell measured with the RHE (ERHE), to the potential of the cell measured with 

SHE (ESHE) according to Equation 2.13: 
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 SHE RHE RHEvsSHEE E E= +  2.13 

 

where the term ERHEvsSHE is the potential of the RHE measured with the SHE (coinciding 

with the second term of the right-hand side in Equation 2.12. 

At last, let us conclude this part on thermodynamics with a practical example. It is 

required to compute the minimum voltage supplied to a CO2 electroreduction cell for 

producing carbon monoxide, in alkaline media. At the cathode, carbon dioxide reduction 

will occur: 

 

0.10oE V vs RHE= −  

[28] 
2 2 2 2CO H O e CO OH− −+ + +  2.14 

 

while inside the anodic chamber, the oxygen evolution reaction will occur: 

 

 2 21/ 2 2 2H O O e OH− −+ +  
1.23oE V vs RHE= +  

[28] 

 

Therefore, utilizing the Nernst equation the voltage needed is: 

 

 ( ) 2

2

0.5

ln
2

CO Oo o

cell Cat An Cat An

CO

P PRT
E E E E E

F P

 
= − = − −  

 
 

  

 

Where if standard conditions are considered, the value of Ecell is just -1.33 V, meaning that 

electrical work must be provided from an external power supply to run the desired 

reaction, with at least (remember the reversibility) an applied voltage of 1.33 V. 

So far equilibrium conditions were assessed, using exclusively thermodynamics 

concepts. Of course, as stated at the beginning of chapter 2, to get a complete description 

of the CO2 reduction process, where a real current flows and electrochemical reactions 

occur, departure from equilibrium must be described too. To do so, a description of 
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reaction kinetics and transport phenomena occurring inside an electrochemical cell is 

required. 

2.2. Kinetics 

 

It is observed experimentally that when current is passed inside an electrochemical 

cell the potentials of the electrodes shift to new values. When considering for example 

the electroreduction of CO2 to CO and the oxygen evolution reaction, the behavior will 

be qualitatively that of Figure 2.4. 

 

 

This departure from the equilibrium potential when the circuit is closed and 

current is passed, is historically named polarization of the cell and it represents 

dissipative losses [33]. The polarization is measured by the total overpotential: 

 

 ,cell cell revE E = −  2.15 

 

Figure 2.4 Qualitative representation of the change in the potential of the cathode and the anode 

when current is passed in the CO2 to CO reduction cell. The cathodic potential gets more negative 

while the anodic potential becomes more positive. Overall the voltage needed to drive the 

reaction increases. Adapted from [87]. 
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At low currents, the departing phenomenon is mainly associated with the 

limitations in the rate of electron transfer across the boundary between the electrode and 

the solution. This phenomenon is termed as electron transfer overpotential [87] (or 

activation overpotential). As the current in substantially increased, this step is no more 

the limiting one, as slow transport of species towards and away from the electrodes 

becomes the dominant rate limiting step (diffusion or concentration overpotential). 

Moreover, together with the charge-transfer step (responsible for the activation 

overpotential) there will be other coupled reactive steps whose activation energy can 

hinder the rate of the process (reaction overpotential). 

Proceeding with the fashion of increasing current density, we may first investigate 

how to characterize the electron transfer overpotential. This is done with the Butler-

Volmer equation, whose derivation (adapted from [87] and [88]) is now reported. 

Consider the generic electrochemical reaction occurring at a half-cell (Equation 

2.1). The potential energy surface of such a reaction is reported at a given applied 

potential E1, in the dashed line of Figure 2.5. 

 

 

Assuming a first order reaction rate for both the oxidation and reduction process the net 

surface reaction rate [mol/m2s] is given by Equation 2.16 (the concentration of the 

Figure 2.5 Potential energy surface for a generic electrochemical reaction. Oxidized and reduced 

species on the left and right of the transition state, respectively. Dashed line corresponds to the 

potential E1, full lines correspond to the more negative potential E2. Adapted from [87]. 



A fundamental analysis of transport properties of gas diffusion layers in CO2 electroreduction 

60 

 

electrons is constant and therefore incorporated in the forward rate constant while the 

concentration of the active species is taken in correspondence of the electrode surface). 

 

 
surf surf

f b f Ox b Redr r r k C k C= − = −  2.16 

 

Using the Faraday’s law it is possible to convert the net reaction rate to a net current 

density, difference between the cathodic current density (reduction) and the anodic 

current density (oxidation): 

 

 ( )surf surf

c a f Ox b Redj j j F k C k C= − = −  2.17 

 

being 𝜈 the number of electrons exchanged.  

Experimental evidence shows how varying the applied potential on the cell, 

significantly affects the reaction rate [88]. 

If for the rate constant an Arrhenius expression of the type: 

 

 ( )exp /f f rk A G RT= − ‡
  

 

is assumed, then by changing the reaction free energy towards of the formation of the 

transition state the rate constant changes accordingly. In an electrochemical reaction, 

where electrons participate as species, it is possible to change their energy (and 

consequently the reaction free energy) by changing the applied potential. For example in 

Figure 2.5 it is shown how making the potential applied to an electrode more negative 

from E1 to E2, the free energies of the cathodic reaction (or reduction reaction) and anodic 

reaction (or oxidation reaction) change according to Equations 2.18 and 2.19, respectively. 

The reason of these changes is that when the potential is shifted by ∆E to a new value, the 

relative energy of the electrons resident on the electrode changes by -𝜈F∆E (electrical 

work on a charge associated to 𝜈 moles of electrons) [88]. The energetic content of the 

transition state also resent of this change and for simplicity it is assumed that of the total 

energy added by the increase in the potential, only a fraction (1-β) is retained by the 

transition state itself. 
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 2 1( ) ( )c cG E G E F E =  + ‡ ‡  2.18 

 ( )2 1( ) ( ) 1a aG E G E F E  =  − − ‡ ‡  2.19 

 

If now for the potential E1 the standard potential E0 is chosen, the related reaction free 

energy will be the standard free energy. By choosing this reference and by plugging 

Equation 2.18 in the Arrhenius expression we get: 

 

 ( ) ( ),

2( ) ( ) exp / exp /o o

f f f ck E k E A G RT F E E RT = = − − −
 

‡  2.20 

 

where the subscript 2 has been removed for generalization purposes. Similarly for the 

backward reaction we get: 

 

 ( ) ( ) ( ),( ) exp / exp 1 /o o

b b ak E A G RT F E E RT  = − − −
 

‡  2.21 

 

The first two terms of both the Equations just written represent the rate constant when E 

is equal to the standard potential E0. Now consider the special case in which the interface 

is at equilibrium with a solution in which COx = CRed. In this situation, E = E0 and kfCOx = 

kbCRed, so that kf = kb. Thus, E0 is the potential where the forward and reverse rate 

constants have the same value, named standard rate constant k0 [88]. Under these 

considerations we may finally write by using Equation 2.17 the net current density as in 

Equation 2.22, also called current-potential characteristics. 

 

 ( ) ( ) ( ) exp / exp 1 /o surf o surf o

Ox Redj Fk C F E E RT C F E E RT      = − − − − −
   

 2.22 

 

From here it is possible to show how at equilibrium the Nernst equation is recovered, 

conferring consistency to the derivation provided. 

Further manipulation of Equation 2.22 will be provided in the chapter 2.3, to add 

on top of the discussion developed so far, the effect of transport limitations on the current 

density  
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2.3. Transport 

 

At first the effect of transport limitations on surface reactions is discussed with a 

practical toy problem of reaction and diffusion in series. Then, after having introduced 

the effective medium approximation, the equation of continuity for a binary mixture is 

derived, as it will constitute the starting point for solving the diffusion problem inside 

the reconstructed virtual domain. At last, the concentration overpotentials, say the effect 

of a local change of species concentration close to the electrode on the cell voltage, will be 

introduced. 

As discussed in chapter 2, inside a CO2 electroreduction cell the charge transfer 

reactions (electrochemical reactions) occur on the surface of the catalyst nanoparticles 

dispersed within the CL. The nanoparticles are surrounded by a thin liquid film through 

which the dissolved CO2 diffuses to reach the active sites. To qualitatively understand 

why transport phenomena can constitute a limitation for those reactions, the system 

depicted in Figure 2.6 can be considered as a highly simplified representation of the 

wetted nanoparticle surface. 

 

 

The CO2 is dissolved from the gas in the liquid phase and once it reaches the 

catalytic surface it gets reduced, e.g. to carbon monoxide. It is possible by performing a 

shell mass balance to obtain the diffusive flux and the concentration profile of carbon 

dioxide. A unimolecular reaction rate of the form: 

 

Figure 2.6 Reaction and diffusion in series. CO2 diffuses towards the catalytic surface in order to 

get reduced to CO. 



Theoretical background of CO2RR 

63 

 

 
2cat COR kC=   

 

is assumed, where k is the rate constant expressed in m/s. 

Three species are simultaneously present in the liquid, CO2, CO and the liquid 

assumed to be a unique pseudo species. If the latter assumption is valid and the CO does 

not interfere with the binary diffusion of CO2 inside the liquid, the molar flux of the gas 

can be expressed considering an unit area fixed in space as in Equation 2.23 [89]. 

 

 ( )2

2 2 2 2 2 2/

CO

CO tot CO H O CO CO H O

dy
N c D y N N

dx
= − + +  2.23 

 

where the second term can be neglected due to the small molar fraction of CO2 in aqueous 

systems. 

Therefore, from the shell material balance, in absence of sources/sinks in the bulk, 

one can get: 

 

 
2 2

0CO CO
x x dx

N N
+

− =  2.24 

 

which brings, after having performed a first order Taylor expansion of the second term, 

centered in x, to discover that the flux is constant: 

 

 
2 2
0 .CO COdN N const= → =   

 

The boundary conditions to be enforced are: 

 

 
2 2

2 2

( 0) 34

( ) ( )

o

CO CO

CO CO

C x C mM

N x kC x 

 = = =


= = =

  

 

whose related solution in terms of flux and CO2 concentration is reported in Equation 

2.26 and Equation 2.26 respectively. 
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Where the Damköhler number (Da) has been defined as: 

 

 
2 2/ /CO H O

k
Da

D 
=   

 

The feature of the two processes of diffusion and reaction being in series is 

captured by the emergence of the Damköhler number, which constitutes a ratio between 

the rate of reaction and the rate of diffusion. In Figure 2.7, different CO2 concentration 

profiles achieved when varying the Damköhler number are plotted. The Damköhler 

number is a combination of three parameters. Apart from the diffusivity of the CO2 in 

water (for this model assumed to be 1.91⋅10-9 m2/s at 293.15 K [38]) which is a weak 

function of the temperature, the two parameters on which one can act for maximizing the 

consumption rate of CO2 are the rate constant k (in this case assumed to be a convenient 

value of 1⋅10-4 m/s), dependent on the activity of the catalyst, and the thickness of the 

diffusion layer 𝛿. The purpose of the toy problem is to show what happens to the 

consumption rate of carbon dioxide when the thickness 𝛿 spans three order of 

magnitudes, going from 100 nm to 500 𝜇m, say when the CO2 electroreduction is 

conducted in a GDE rather than in a conventional H-cell. With these assumptions the 

Damköhler number is correspondently varied between 5⋅10-3 to 25. 

By looking at the figure, when Da<<1 the process is not limited by the diffusion of 

CO2 but by the speed of the reaction (determined by the rate constant k). A steep gradient 

in the concentration of CO2 is observed as the molecules have to travel a short path to get 

consumed. As 𝛿 → 0 the consumption rate assumes its maximum value, being equal to 

the reaction rate evaluated at the gas/liquid equilibrium concentration 𝐶𝐶𝑂2

0 . Conversely, 

when the thickness of the diffusion layer is increased, the gradient in the concentration 

of CO2 (say the consumption rate) gradually decreases. The asymptotical behavior in this 

case tells that as 𝛿 → ∞ the consumption rate approaches 0. In fact, in order to reach the 
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active sites and react upon them, carbon dioxide has to slowly travel a long path, after 

which it gets rapidly consumed. In this case the system is said to be in its mass transfer 

diffusion limit, meaning that the overall rate of the process is limited by the 

concentration-driven slow movement of the molecules. It can be concluded then that 

maximizing the surface concentration of CO2, which maximizes the surface reaction rate 

at a fixed rate constant, means working in kinetic regime by ensuring a small Damköhler 

number, which in turns is achieved by ensuring a small thickness of the diffusion layer. 

As anticipated in chapter 2, the latter is one of the reasons behind the success of the GDE 

configuration, which has been able to reduce the thickness of the diffusion layer by at 

least 3 order of magnitude. 

 

 

While we start witnessing the importance of transport phenomena in industrial 

chemical processes and more specifically in CO2 electrolysis, we have to remember that 

before reaching the liquid present inside the catalyst layer, CO2 has a wide portion of gas 

diffusion layer to cross (≈200 𝜇m). From an intuitive point of view, the physics of carbon 

dioxide inside the GDL is very similar to its diffusion in the aqueous solution. There is a 

path to travel and a sink at the end of the path. In the latter case the sink is constituted by 

the CO2 consumption by charge transfer reaction while in the former case it is represented 

Figure 2.7 Diffusion and catalytic reaction of CO2 in aqueous system. CO2 concentration profiles 

when varying the Damköhler number by changing the thickness of the diffusion layer 𝛿. 
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by the dissolution of the gas inside the liquid. Nevertheless, there is an important 

difference between the two processes (other than the dissolved gas homogeneous 

consumption that for simplicity was neglected in the toy problem). In the process of CO2 

diffusion inside the GDL two parameters can be used to keep low what would be a 

properly defined Damköhler number for this domain. The first one, as happened also for 

the CL, is the thickness of the GDL. The second one is the diffusivity of CO2 which now 

depends on the morphological characteristics of the GDL, as in accordance with the 

effective medium approximation. 

Simply stated the effective-medium approximation is a method for dealing with a 

“macroscopically inhomogeneous medium, i.e., a medium in which quantities such as 

the conductivity , dielectric function , or elastic modulus vary in space” [90]. By “dealing” 

it is meant to solve transport (matter, momentum and energy) problems in a simpler, 

nonetheless effective way.  

For introducing the topic, an intuitive and familiar case-study may help in the 

understanding of the issue to be addressed. 

It is needed to compute the total heat flowing through a composite wall made of 

two different materials, arranged as shown in Figure 2.8 a. 

 

 

The left and right sides of the walls are kept at constant temperature T1 and T2, 

materials A and B have a thermal conductivity of kA and kB [W/mK] respectively. The 

cross section through which the heat is flowing is the same for both the material and equal 

to the product of the quantities indicated by 𝛿 and B. All the remaining lateral walls are 

insulated. 

Figure 2.8 Toy problem for explaining the effective medium approximation (E.M.A.). a, The 

composite material before the E.M.A. appears as a heterogenous media b, The composite material 

after the E.M.A. appears as a homogenous media with a unique effective transport property. 



Theoretical background of CO2RR 

67 

 

From a shell heat balance, not different in its physical meaning from the one 

performed in the case of Figure 2.6, one can get the heat Qi [W] flowing in the two slices 

of materials A and B. 

 

 ( )1 2
i

i

k A
Q T T

L


= −  2.27 

 

The total heat transferred can be obtained by summing QA, and QB and an effective 

conductivity can be conveniently introduced as shown in Equation 2.28. 

 

 ( ) ( ) ( )1 2 1 2 1 2tot A B eff

A A
Q Q Q k k T T k T T

L L
= + = +  − =  −  2.28 

 

So from a macroscopic perspective, as shown in Figure 2.8 b, it is possible to treat the 

composite wall, heterogeneous in its properties, as a homogenous material characterized 

by unique effective transport properties. 

Is it possible from these basic considerations to develop a general method, suitable 

for calculating an effective transport property in whatever composite geometry ? 

Following the rationale of the case-study, the goal is to represent the total heat exchanged 

utilizing an effective conductivity to be plugged in a simple expression as the one in 

Equation 2.28 (rightmost expression). This heat then has to be matched with the sum of 

the two heat flowing in the separated materials which can be obtained by integrating the 

heat flux q [W/m2] over a generic cross section of the composite material, perpendicular 

to the heat flow (as in steady state, in absence of source/sinks of heat, the heat flux is 

constant). In mathematical terms: 

 

 ( )
*

*

1 2eff
A

A
total heat exchanced k T T d

L
=  − =  q A  2.29 

 

Equation 2.29 provides a general expression for evaluating keff. From there it is easy by 

utilizing the Fourier’s constitutive law, to show how the integration of the rightmost term 

provides for the case-study previously shown the sum of QA and QB.  
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Imagine now to have a complex geometry for which it is not possible to solve 

analytically the integral of Equation 2.29. The cross section will be divided in many small 

facets and the integral will become a sum extended to all the small areas of the facets, as 

shown for a generic scalar field in Equation 2.30 (finite difference formulation): 

 

 ( )
* *

,* *

1 2

x i

eff i
A A

i

A
k d k d k A

L x


  


 − =  = −   = −


 J A A  2.30 

 

where being the area perpendicular to the one of the three coordinates (e.g. x), only one 

component of the flux J has been considered (in principle the cross section is not oriented 

perpendicularly to a specific coordinate. Then the scalar product between the normal to 

the section and the flux will provide the relevant components of the flux to consider). 

Once the right-hand side of Equation 2.30 is known, say when the scalar field in the 

medium is known, the effective transport property can be computed. 

So in order to compute the effective transport properties, the scalar field of the 

physical quantities being transported at steady state needs to be reconstructed. For a 

complex geometry such as the one of gas diffusion layer, this information can be 

exclusively be retrieved with numerical methods. 

To obtain the partial differential equation governing the transport of a passive 

scalar (e.g. CO2 gas concentration in the GDL), consider the volume element in Figure 2.9. 

The molar fluxes multiplied by the area of the face through which matter 

penetrates and leaves the volume element is equal to the quantity of matter accumulated 

inside the small cube (reactions are not accounted for in the gas diffusion layer). 

Mathematically this is translated in the following expression. 

 

 A
Ax Ax Ay Ay Az Azx x x z z zy y y

C
N y z N y z N x z N x z N x y N x y x y z

t+ ++


  −   +   −   +   −   =   


 

 

Dividing by the whole expression by the volume and performing a first order 

Taylor expansion it is possible to get Equation 2.31. 
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where the divergence operator,∇= (
𝜕

𝜕𝑥
,

𝜕

𝜕𝑥
,

𝜕

𝜕𝑥
) has been conveniently introduced. 

In order to utilize the equation a closure model for the molar flux is needed. If 

considering binary diffusion Fick’s law may help in writing the diffusive part of the flux: 

 

 
*

AB tot a AD C x C v= −  +
A

N  2.32 

 

v* being the molar averaged velocity. By substituting 2.32 in 2.31:  

 

 
*A

A AB tot A

C
C v D C x

t


+ = + 


 2.33 

 

Figure 2.9 Volume element for material balance of binary mixture (species A and B). The molar 

flux of species A is a vector quantity of three component, NAx, NAy, NAz. 
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If the following assumptions are considered: 

 

• Steady state 

• Uniform diffusivity  

• Uniform concentration 

• Absence of convective transport 

 

The Laplace equation is obtained. 

 

 
2 0AC =  2.34 

 

Similarly, it is possible to obtain an equivalent equation for the temperature and electric 

potential scalar fields. This equation constitutes the starting point for the implementation 

of the numerical algorithm needed to compute these fields. More information about this 

part will be provided in the method chapter. 

For concluding the theoretical digression dedicated to transport phenomena, we 

may briefly discuss how these affects the reaction rate through the so called concentration 

overpotentials. 

Recall from chapter 2.2 that the current-potential characteristics describes how the 

current density changes according to the applied potential E. Despite the importance of 

the equation, we might introduce slight modifications to it in order to make explicit the 

distinction between the bulk and surface concentration of the species involved. This 

difference, if present, is representative of the so called concentration overpotential 

(coming from the fact that, as predicted from the Nernst equation, a difference in 

electrical potential between two location in the electrolytic solutions exists whenever 

there is a gradient in the concentration of the active species among the two points). 

We define exchange current density j0 as the current density at equilibrium. From 

Equation 2.22 j0 turns to be: 

 

 ( )exp /o o

o Oxj Fk C F E E RT  = − −
 

 2.35 

 



Theoretical background of CO2RR 

71 

 

where due to the equilibrium the concentration at the surface is the same as that in bulk 

(Csurf = C). We note now that the exponential term of the right-hand side can be also 

written in terms of the ratio between the concentrations of the reduced and oxidized 

species thanks to the Nernst Equation: 

 

 ( )exp /o Ox

Red

C
F E E RT

C





−

 
 − − =   

 
 2.36 

 

so that Equation 2.35 now is: 

 

 
1

o Ox
o

Red

C
j Fk

C






−

=  2.37 

 

Finally, dividing the current-potential characteristics (Equation 2.22) by Equation 2.37 the 

concentration-dependent Butler Volmer equation is obtained (Equation 2.38). In its 

original form the dependence on the concentration is not present, as it is assumed that 

the bulk concentration of the active species is the same as that on the electrode surface 

(valid for low enough current densities). 

 

 
0 (1 )

exp exp
surf surf

Ox Red

Ox Red

C CF F
j j

C RT C RT

  
 

 −   
= − −    

    
 2.38 

 

The equation relates the overpotential applied to the net current density flowing inside 

the cell. According to the sign of the overpotential a cathodic (positive) or anodic 

(negative) current will flow. When the overpotential becomes sufficiently high, being it 

negative or positive, it is clear that one of the two terms of Equation 2.38 becomes 

negligible with respect to the other. As an example, for 𝜈 being equal to 1 and a reduction 

process occurring, this may happen, in practice, when the following condition is 

respected: 
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say when 𝜂 < - 118 mV at 25 °C. In these conditions the rate equation can be written 

according to the so called Tafel kinetics as shown in Equation 2.39. 

 

 
0 exp

surf
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C F
j j

C RT




 
= − 

 
 2.39 

 

In its concentration independent form (say when the concentration of the oxidized 

species is uniform throughout the electrolyte), the Tafel equation constitute an important 

tool for deriving experimentally the values of J0 and β. In the current work, Equation 2.39 

will be used to describe the kinetics of the charge transfer reaction. In fact, under the 

assumption that the overpotential is sufficiently high, only CO2 reduction occurs as an 

irreversible process. 
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3 Methods 

The subsequent sections delve into the methodology employed to conduct the 

study. Following the key stages outlined in Figure 1.17, the construction process of the 

geometry is elaborated in detail. Subsequently, the procedure for morphological and 

transport validation is discussed, and finally, the approach to obtaining the correlations 

is also elucidated. 

3.1. Geometry construction 

 

The development of a stochastic model incorporating actual microstructural 

parameters for reconstructing the gas diffusion layer was pioneered by Schulz et al. [66]. 

While certain aspects of their approach have influenced the current work, there are 

notable distinctions. As an example, one significant difference pertains to the modeling 

of the binder. In the original work, the carbonaceous binder, described in chapter 1.2.5 as 

a phenolic resin used to bind the fibers together, was not considered. However, in the 

present work, the inclusion of the binder material allows for a convenient division of the 

geometry generation into two distinct macro steps: 

 

1. Skeleton generation 

2. Binder addition 

 

where skeleton is referred to the geometry constituted of PAN fiber only. 

3.1.1. Skeleton generation 

 

For constructing the skeleton, the process involves creating an arrangement of 

randomly distributed fibers positioned in the x-y plane. These almost two-dimensional 

layers (in reality a fiber is by itself a 3D object, but each fiber layer mainly extends in the 
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x-y plane) are then stacked on top of each other (as in the manufacturing process, where 

many sheets are compressed together) to construct the three-dimensional structure. 

To generate this structure, it is crucial to emphasize the underlying assumptions 

regarding the geometric characteristics. The main assumptions made in this regard are: 

 

1. Fibers are spread throughout the three dimensional space. The position of 

a fiber in a specific fiber layer is completely determined by two parameters, 

an in-plane (x-y) angle 𝜗 and the distance from the center of the 

computational domain r, as shown in Figure 3.1; 

2. 𝜗 and r are sampled randomly for each single fiber, from a uniform 

distribution (meaning that each possible distance from the center of the 

domain, as each possible angle from the reference angle, are equally likely 

to be picked for a given fiber); 

3. Fibers are modelled as infinitely long straight cylinders (hence every fiber 

will cross the entire computational domain and not end abruptly inside it); 

4. All the fibers have the same diameter. The additional complexity of 

incorporating a diameter distribution is not very meaningful without clear 

manufacturing process data, and has been set aside for future work; 

5. Fibers interactions are modeled by allowing them to interpenetrate each 

other; the soft carbon fibers bending and compressing near junctions have 

not been considered; 

6. The entire GDL is generated in the z-direction (i.e. along the through-plane 

direction. See Figure 3.14) by stacking different fiber layers (each formed in 

x-y plane) on top of each other. Each layer penetrates the neighboring ones 

by a distance of 6% of the fiber diameter (to avoid singular contact points 

between fibers of consecutive layers). This replicates the physical process 

of fibers layers being eventually compressed to form the paper and also 

helps in avoiding having contact points which would cause numerical 

problems during the meshing phase of the geometry; 

7. Each fiber layer is populated by approximately the same number of fibers 

(it is possible that during the cropping process, in which the fiber stack is 

cut to be fitted in into the computational domain, some fibers are left 

outside the selected area). 
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The generation process consists of multiple distinct steps, which can be better 

understood by referring to Figure 3.2. This figure illustrates the complete workflow for 

skeleton generation, providing an algorithmic representation of the iterative procedure 

involved. The whole pipeline has been implemented in Python, which execute the 

different software and manages the data files. 

 

Figure 3.1 Polar coordinates for fiber generation. The position of each fiber is completely 

determined once the angle 𝜗 and the distance from the center r are assigned.  

Figure 3.2 Skeleton generation algorithm. From microstructural parameters to 2D image stack. 
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The first step is the geometry generation, conducted in OpenSCAD, an open-

source computer-aided design (CAD) software specifically developed for creating 

parametric designs, where objects can be defined and modified using a scripting 

language rather than a visual interface [91]. OpenSCAD receives as input the geometry 

generation parameters such as manufacturing specifications (e.g. the fiber diameter) and 

other model-specific computational parameters such as the number of fibers for each 

layer, the desired domain size and the compression of the fibers (which controls the 

interpenetration of consequent fiber layers, without changing their shape). From a 

conceptual standpoint, the procedure can be visualized Figure 3.3, which illustrates the 

fundamental building blocks of the geometry: a straight cylinder representing a fiber, a 

planar arrangement of fibers constituting a layer, and ultimately stacks of layers forming 

the simulation domain. The number of fiber layers to be stacked is back-calculated using 

the thickness of the GDL, the fiber diameter and the interpenetration distance between 

the layers. Once the diameter of the fibers and carbon paper thickness are known (from 

manufacturing spec. sheets), the interpenetration distance between the layers is fixed and 

the required number of layers is computed to match the desired GDL thickness. 

 

 

The virtual geometry can be rendered and exported in the form of an 

stereolithography (STL) file and utilized by the CFD simulations. Nevertheless, for the 

entire geometry we have observed direct rendering from OpenSCAD results in 

impractical computational times (since OpenSCAD rendering is not parallelized by 

default, an initial solution was developed to lock different cores of the CPU individually 

and run parallel instances of OpenSCAD in each core to render sections of the geometry 

simultaneously). However, generating the binder material in the stage of binder addition 

Figure 3.3 OpenSCAD generation of the skeleton. From a single fiber to the full 3D stack. 
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requires the virtual geometry to be converted in a stack of two-dimensional images. 

Hence, rather than rendering the geometry into an stl file and again reconverting it back 

to an image stack, screenshots of the virtual geometry were captured using the virtual 

camera tool in OpenSCAD and the image stack was directly generated.  

Following the algorithm depicted in Figure 3.2, this is done by slicing the geometry 

into a specified number of slices, as defined by the user. The number of slices is 

determined based on the requirement of the through-plane resolution [pixel/𝜇m]. In the 

current work a resolution of 1 𝜇m/pixel has been assumed as this value is close to the 

computational tomography based methods used to experimentally visualize the 

geometry (it was further noticed that increasing this resolution did not significatively 

affect the computed porosity of the sample). 

The produced image stack is exported to the open-source image processing 

software Fiji-ImageJ [92]. Here, the images are first cropped to remove the background 

in excess (residue of the slicing procedure employed) and then thresholded to get a binary 

image stack. This series of operations is shown in Figure 3.4. 

 

 

Once the binary stack is produced, an assessment on the skeleton porosity of the 

sample is executed (more information on the meaning of the skeleton porosity will be 

provided in the subsequent chapter). The porosity at this stage is calculated as the ratio 

between the white pixels (void space) and the total number of pixels of the stack. If the 

porosity matches with the desired value (± a tolerance of 0.6-0.9%) then the skeleton 

generation is completed and the user can proceed with the binder addition. Instead, if the 

Figure 3.4 Image processing with Fiji ImageJ. After the porosity check, the binarized 2D stack is 

ready for the binder addition. 
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porosity check fails, the optimization loop forces the routine to restart from the geometry 

generation in OpenSCAD. The optimization loop works by varying as a unique degree 

of freedom, the number of fibers per layer. Therefore, until the exit condition posed by 

the porosity check is not verified, the optimizer will try to change the number of fibers 

per layer until getting reasonably close to the desired value. 

 

3.1.2. Binder addition 

 

Analogous  to the skeleton generation, the binder generation procedure algorithm 

is shown in Figure 3.5. 

 

 

The addition of binder is performed in Fiji ImageJ via image processing by 

applying morphological operations (the CPU-based operations are available through the 

Fiji ImageJ plugin MorphLibJ [93]). To speed up the process, particularly needed when 

large geometries are considered, the GPU-accelerated image processing plugin Clij2 has 

been utilized [94]. 

Morphological operations are a set of image processing techniques that are used 

to manipulate the shape and structure of objects in an image. Some applications of 

Figure 3.5 Binder addition algorithm from the 2D image stack to the final 3D geometry. 
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morphological operations are for example image denoising, image filtering, 

segmentation, object recognition and so forth. In a morphological operation the value of 

each pixel (black or white in a binary image) in the output image is updated based on a 

comparison of the value of the corresponding pixel with its neighbors [95]. The image 

comparison or probing is performed using a probing agent known as the "Structuring 

Element" (SE). The SE can have any shape, and to complete the operation, it must scan 

the entire image, pixel by pixel (or voxel by voxel in 3D). 

The two fundamental morphological operations are dilation and erosion. Dilation 

expands the boundaries of objects in an image, making them larger and more connected. 

Erosion, on the other hand, shrinks the boundaries of objects, making them smaller and 

removing small details. Mathematically the dilation operation is a Minkowski sum while 

the erosion operation is a Minkowski subtraction. Both are defined in Equation 3.1 and 

Equation 3.2 respectively. 

 

 ( )
y Y

X Y X y


+ = +  3.1 

 ( )
y Y

X Y X y


− = −  3.2 

 

where X and Y are two sets of points in the Euclidean space and y is the generic point 

belonging to the set Y [96]. 

To demonstrate the impact of these two operations, a single slice from the stack of 

the 2D images obtained after the completion of the skeleton generation algorithm is 

utilized as the set X. In Figure 3.6 the results of the erosion and dilation operation 

achieved by using a circular SE (the set Y) are shown. It has to be noted that alternately 

taking the sum and difference with Y is not necessarily equivalent, meaning that: 

 

 ( ) ( )A B B A and A B B A− +  + −    

 

which translated in simple terms means that the Minkowski sum has the ability to bridge 

gaps that cannot be reopened by the Minkowski difference, while the Minkowski 

difference can eliminate small islands that the sum cannot recreate from scratch [97]. 
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Consequently, by combining these two operations in series, it is possible to obtain 

two different results: the opening (erosion followed by dilation) and closing (dilation 

followed by erosion) operations. The closing operation is of particular interest when it 

comes to adding binder, as it serves the purpose of filling small holes while maintaining 

the original shape and size of larger holes and objects in the image [98]. It must be noted 

here, that this image processing manipulation for binder generation has to pertain to the 

physical behavior of the resin on the carbon fibers. It is well known that due to its wetting 

nature, binder tends to accumulate at the intersection between distinct fibers [63]. Hence, 

a closing operation can geometrically replicate this behavior on the images of the 

skeleton. Mathematically, as exemplified by Didari et al. [99], the dilation is a Minkowski 

sum between the skeleton and the SE while the erosion is a Minkowski subtraction 

between the result of the dilation and the SE. The results of the closing operation applied 

to a single slice of the 2D stack are shown in Figure 3.7 for increasing circular SE. Other 

shapes are also possible for the SE (e.g. square, diamond and so on) but the circular one 

Figure 3.6 Erosion and dilation morphological operations, applied separately on a single slice of 

the 2D stack. The SE utilized in this case is circular, with radius equal to 2. As visible from the 

slices, erosion has the effect of thinning the fibers while dilation enlarges them. 
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resulted to give the best approximation for the binder wetting behavior (a detailed 

discussion on the effect of the shape of the SE can be found elsewhere [99]). 

 

 

Once binder is added, a subsequent assessment is conducted to verify the final 

porosity of the sample, aiming to match it with the porosity of the commercially available 

sample. It needs to be pointed out here, that the actual GDL geometry has a further 

coating of PTFE to account for the hydrophobicity of the GDL. However, the PTFE 

coating effect can be indirectly accounted for in the CFD simulations, by considering a 

varying surface tension parameter (such as the liquid contact angle), rather than further 

geometrically modifying the geometry. If the calculated porosity after binder addition 

aligns with the target value, the generation process is considered complete, and the 3D 

image stack is converted into an stl file. In any other case the algorithm automatically 

restarts from performing the closing operation, with a different size of the SE. Please 

notice that for a 3D stack since binder may get added also between two subsequent fiber 

layers, the closing operation has to be performed with a 3D SE, so that the disk becomes 

a sphere (Figure 3.8). In this sense, when choosing to perform the binder addition with a 

3D SE rather than a 2D one, if the radius of the SE is kept constant, more binder will be 

added in the 3D case as also the adjacency between fibers belonging to different fiber 

layers will be accounted for. 

For concluding this section on the geometry generation, an important aspect has 

to be highlighted. 

Figure 3.7 Closing operation applied to a single slice of the 2D stack. The binder is added at the 

intersections between fibers, mimicking the wetting properties of the actual resin. The effect of 

increasing the radius of the circular SE is visualized in the increased amount of binder added. 
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In particular, the specified porosity of the commercial GDL samples is the porosity of the 

structure composed by the skeleton and the binder. This means that for the generation of 

the skeleton, the so called skeleton porosity is an information not clearly specified in spec 

sheets and needs to be back-calculated. In order to obtain the porosity of the skeleton 

starting from the porosity of the commercial sample, an additional parameter is 

introduced, defined as the binder volume fraction (BVF). From simple considerations, it 

can be shown that the BVF can be calculated from the knowledge of the overall porosity 

and the skeleton porosity, as suggested in Equation 3.3: 
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from which the skeleton porosity can easily be calculated: 

 

 ( )1skeleton BVF  = − +  3.4 

 

The reported values of BVF in the literature lack consistency. They vary widely, 

ranging from 0.1 to 0.5, resulting in significant variations in the geometry's morphology 

and, consequently, in its transport properties (e.g. values from 5 to 15 % weight are 

reported here [45], whilst 40 % and 50 % volume are reported here [69] and here [100] 

respectively). 

 

 

Figure 3.8 Qualitative binder addition in 2D and in 3D, with disk and sphere as SE, respectively. 

When using a 3D SE, the binder gets added also in the z (or TP) direction. 
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3.2. Validation methodology of the geometry 

 

The validation process involves verifying whether the generated geometry aligns 

with the desired physical characteristics of the actual samples. By conducting a thorough 

validation, the suitability and reliability of the generated geometry can be established. 

The following validation has been carried out: 

 

1. Morphology validation 

• Visual comparison (qualitative) 

• Sectional porosity analysis 

• Pore size distribution analysis 

2. Transport properties validation 

• Effective conductivity determination 

• Effective diffusivity determination 

 

The initial validation process involves examining the structural characteristics of 

the virtual sample and performing a visual comparison with scanned images of physical 

GDLs samples retrieved from the literature. Additionally, an analysis of sectional 

porosity and pore size distribution is performed. The significance of studying the 

morphology derived from the virtual reconstruction lies in the inherent connection 

between the transport phenomena within the GDL and the morphology itself. As an 

example, even if not investigated in the current study, the pore size distribution is known 

to dominate, together with wettability, the intrinsic saturation/capillary-pressure 

relationship which is critical for optimal multiphase performance [35].  

3.2.1. Morphology validation 

 

The comparison of the morphology starts with a qualitative assessment based on 

different images of the obtained virtual sample and the carbon paper geometry. In fact, 

even though quantitative metrics are necessary at this stage, it is also important to 

critically analyze the replicated geometry to see whether it visually resembles the real 

scans obtained via advanced imaging techniques. 

Once this phase is completed, the sectional porosity plots can be compared. 

Obtaining these plots is a straightforward process as the porosity can be computed for 
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each slice of the 2D image stack generated during the binder addition. In fact, computing 

the porosity for one single slice requires its binarization first, followed by computing the 

ratio among the white (void) pixels and the total number of pixels of the slice (white plus 

black pixels representing the solid phase). By repeating this procedure for each slice of 

the full stack, porosity profiles along the specific direction of interest (the z direction, 

shown also in Figure 3.3) can then be compared with experimental data (mainly obtained 

via analysis of 𝜇CT reconstructions). 

Finally, the extraction of the pore size distribution (PSD) from the sample is 

required. Upon conducting a comprehensive analysis of the numerical methods utilized 

for this purpose, it becomes evident that the geometrical definition of what constitutes a 

pore and the PSD plays a crucial role in determining the actual probability density curve 

of the pores within the GDL geometry. The main contribution to this important 

rationalization comes from Münch & Holzer, whose seminal work reports the 

development of a computationally fast approach for extracting the PSD from 3D data, 

using different geometrical definitions of the pore size distribution [101]. The motivation 

behind the work was to explain the discrepancy between experimentally obtained PSD 

via mercury intrusion porosimetry (MIP) and PSD obtained from analysis of back-

scattered electron (BSE) images. With this purposes, they developed a computational 

framework to reproduce the results of both the approaches and to explain the 

fundamental differences between the two methods. In the current study, the pore size 

distribution (PSD) analysis is conducted using the Fiji ImageJ plugin called "Xlib", based 

on the framework developed by Münch & Holzer [102]. 

Three methods are available in the framework: 

 

1. Discrete PSD; 

2. Continuous PSD; 

3. Continuous PSD with MIP simulation. 

 

Here, a descriptive overview of how each method functions is presented. As a 

reference case-study, a slice from a 2D stack is chosen, although the principles outlined 

can be applied to 3D geometries as well. 

In the discrete PSD approach, the pores are regarded as discrete object, meaning 

that each pore has its own area, delimited by the boundaries of the solid phase. Once each 

pore has been identified, its equivalent diameter can be calculated, as shown in Figure 

3.9. 
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Of course in three-dimensions the diameters will be calculated from equivalent spheres 

representing three-dimensional cavities. This is the usual approach by which pore size 

distribution is obtained by analysis of BSE images. 

In the continuous PSD approach, the pore space is filled with spheres of gradually 

decreasing diameters. This means the pores that in the discrete approach were considered 

as separated entities now can be filled with balls of varying sizes. In Figure 3.10 a 

visualization of the process is reported, where it is possible to see how the procedure 

starts by trying to fit disks of a sufficiently big diameter d1 throughout the pore space. 

When there are no more volumes in the pore space that can accommodate a disk of 

diameter d1, the size of the disks being fitted is reduced to d2 and the pore space is once 

again scanned to fit these new disks. This procedure of fitting disks and reducing their 

diameter is repeated until a sufficiently small diameter is reached, in correspondence of 

which the totality of the pore space has been filled. 

In the last method, the continuous PSD with MIP simulation is virtually identical 

to the continuous method, the only difference being that, as in a real MIP experiment, the 

balls of different diameters are intruded into the pore volume from one of the edges of 

the 2D image (or from one of the faces of the 3D geometry). For this method, since the  

connectivity of the GDL 2D slice does not allow for a proper visual representation, at first 

a visual of the process is shown in Figure 3.11 with a generic porous media and then in 

Figure 3.21 the result of the procedure directly applied to a 3D GDL virtual sample is 

showcased. 

Figure 3.9 PSD according to the discrete approach. Each single pore is assigned an equivalent 

diameter calculated using the area of the pore itself. 
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This method appears to be particularly appealing for computing the PSD, as even if not 

physically based it still retains some important phenomena of the physics-based MIP 

experiment. Experimentally, the MIP technique takes advantage of the high surface 

tension of the mercury. In order to measure the PSD in fact, it is required that the liquid 

utilized for the intrusion is a non-wetting fluid (i.e. it has a high surface tension with 

respect to the solid porous media). The reason is straightforward and can be explained 

by making use of the Washburn equation (Equation 3.5). 

 

 4 cos /poreD P =  3.5 

 

Derived for pores of cylindrical shape, the equation relates the diameters of the pores 

intruded with liquid to the pressure applied in the mercury bath in which the sample is 

immersed and to the nature of the liquid solid interface (𝜗 being the contact angle and 𝛾 

the surface tension [mN/cm]). 

Figure 3.10 PSD according to the continuous approach. From the upper left side to the lower right 

side the 2D (3D) pore space is gradually filled with disks (spheres) of decreasing size. 
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It is clear that if the surface tension is low, all the pores, starting from the bigger up until 

the smaller ones will be filled with the liquid without having the possibility of controlling 

with the pressure P the extent of the liquid penetration. Contrarily, if 𝛾 is sufficiently high 

it is possible to gradually increase the pressure applied to the mercury bath and 

monitoring the incremental volume of mercury intruded for each increase in applied 

pressure [103]. At that point by using Equation 3.5 applied pressures are related to pore 

diameters and the cumulative PSD can be plotted. As anticipated, the simulated MIP does 

not require the solution of any physical equation as it only makes use of image processing 

operations. Still, as it happens for the real MIP, during the process gradually smaller 

pores are filled with mercury. As a consequence, some important phenomena occurring 

in real MIP tests are also captured by the simulated MIP (e.g. the ink bottle effect for 

which larger pores, which can only be reached through smaller pores known as “necks”, 

become filled when the pressure corresponding to the smaller pores is reached [104]).  

Regardless of the chosen geometric definition of pores, the outcome of the analysis 

is an array of pore diameters ranging from 100 to 102 𝜇m. 

Figure 3.11 MIP approach for a generic porous media. The left side of the 2D geometry has been 

selected for the intrusion. From there the algorithm will start to fit disks of decreasing diameter, 

until all the void space gets filled. Each snapshot corresponds to a disk of a fixed diameter being 

fitted. 
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To construct the PSD, it is advantageous to begin with the cumulative PSD, as the 

provided array requires no additional data processing to generate the curve. For instance 

when considering the continuous approach, the algorithm will provide the diameters of 

the fitted disks in descending order and the corresponding volume of the pore space 

occupied. This means that it is possible to report on a plot the progressive filling of the 

pore space volume as a function of the diameters of the disks being fitted. The latter plot 

is formally a cumulative PSD, whose normalized version is reported in Figure 3.13 with 

reference to the pore space in Figure 3.10. To normalize the cumulative PSD curve, it is 

simply a matter of dividing all the volumes obtained by the total volume of the pore 

space. This normalization is useful because it allows the y-axis to represent the volume 

fraction of the filling pore space, rather than the total volume of the pore space. 

Starting from the normalized curve, it is possible to apply the definition of 

probability density function to calculate the actual PSD, as shown in Equation 3.6. 

Among the three possible choices, the specific method employed in the current 

work for measuring the PSD is the MIP based. MIP has been commonly used by 

experimentalists to determine the distribution of pore sizes in GDL ( [61], [64], [69], [45]). 

By utilizing the MIP method, the aim is to ensure consistency and enable a meaningful 

comparison between numerical results and experimental data. Furthermore, all the 

described methods were tested, and it was found that the MIP simulations yielded the 

most comparable results to those reported in the literature. 

 

Figure 3.12 PSD according to the continuous MIP approach. In this case both the top and bottom 

faces were selected for Mercury injection. Adapted from [69]. 
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3.2.2. Transport properties validation 

 

The Laplace equation for the temperature and concentration scalar fields is solved 

in OpenFOAM, an open source CFD software package based on the finite volume method 

(FVM). Since the geometry is highly anisotropic the analysis has to be performed 

separately for at least two directions, the through-plane direction (TP) and the in-plane 

direction (IP). To provide a clearer understanding, in relation to Figure 3.14, the TP 

direction refers to the normal direction of the x-y plane, while the IP directions are the 

normal directions of the z-y or z-x planes. Ideally, the two IP directions should be treated 

independently. However, in practice, due to the numerical model used for the 

reconstructed geometry where fibers are positioned in the x-y plane with a uniformly 

Figure 3.13 Normalized cumulative PSD. The curve is obtained by dividing the cumulative PSD 

by the total volume of the pore space. 
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distributed orientation 𝜗, it can be assumed that the properties are isotropic for the IP 

directions. 

 

 

In order to accurately describe the transport phenomena in the reconstructed 

GDLs, an appropriate meshing procedure is required. In this study, the computational 

domain for the solid phase is generated using the snappyHexMesh utility of the 

OpenFOAM framework [105]. The procedure begins with an uniform background mesh 

(generated with the blockMesh utility) and then refines the computational domain near 

the stl surface using the cut-cell approach. Finally, the mesh surface is “snapped” on the 

stl file, to ensure precise reproduction of the foam geometries (a detailed explanation of 

the procedure, together with visual representation of it can be found elsewhere [106]). 

Prior to solving the equations and interpreting the results in terms of the calculated 

effective transport properties, it is necessary to conduct a mesh independence study to 

identify a suitable resolution for the computational grid that ensures the accuracy of the 

computations. After experimenting with various background meshes, a specific mesh 

was chosen that ensures a ratio of 4 between the fiber diameter and the grid size of the 

background mesh. In doing so, after the castellation and the snapping operations a mesh 

of approximately 17M cells was resulting for the solid phase (Figure 3.15). 

 

Figure 3.14 TP and IP directions visualized. 
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The selection of simulations for conducting this phase of the study prioritized heat 

conduction over species diffusion because the former imposes stricter demands in terms 

of grid refinement. Of course the independence was proved both for the TP and IP 

simulations. Moreover, care is taken to generate high-quality grids with low non-

orthogonality (say low number of faces belonging to two different cells which are not 

oriented with angles of 90 degrees) and skewness values (which measures the deviation 

of an element from its ideal shape). All the relevant parameters for the mesh construction 

are summarized in Table 4. 

 

Table 4 Mesh parameters and settings for castellation and snapping in OpenFoam. 

∆x=∆y=∆z 

Level of 

refinement 

(features & 

surfaces) 

Max 

nonorthogonality 

Max boundary 

skewness 

Max internal 

skewness 

dfiber/4 1 50 4 2 

Figure 3.15 The mesh grid before and after the castellation and snapping operations. 
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The simulations should be carried out on the representative elementary volume 

(REV). An exhaustive definition of REV is provided by Willis et al. referring to a 

composite material for structural applications: “It is the smallest material volume element 

of the composite for which the usual spatially constant (overall modulus) macroscopic 

constitutive representation is a sufficiently accurate model to represent mean constitutive 

response” [107]. Simply stated for the purposes of the current study, the REV is the 

smallest volume of the porous media (GDL) for which the approximation of effective 

porous media is valid (and for which it is possible to univocally determine the effective 

transport properties). In principle conducting a REV analysis is simple, at least 

conceptually. Essentially, the process (Figure 3.16) involves progressively cropping and 

examining larger subdomains from a generated virtual geometry to understand the 

dependency of the analyzed properties on the dimensions being considered. The 

selection of the REV depends on the specific property under analysis. As an example, it 

is possible to use the porosity to define the REV. In this case it can be defined as a 

geometrical REV (representative of morphological properties).  

 

 

At the same time effective transport properties may be used to define a physical 

REV (representative of physical properties as the effective conductivity or effective 

diffusivity). The resulting REV from the two definition may or may not coincide, as 

happened for example with open-cell foams here [108], where switching from a 

geometrical (porosity-based) to a physical REV (effective conductivity-based) required 

Figure 3.16 Graphical rationale of the REV analysis. Subsequently bigger domain are analyzed in 

terms of the generic property 𝜉 until convergence (or reduced oscillation around a mean value) is 

reached. 
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4.5 more cells in each direction (in the work it is also highlighted how this behavior may 

be due to the strong dependence of the effective conductivity on the local structure of the 

foam). It is important to note in this sense, that when using macroscopic approaches to 

transfer information to higher scales in porous media, the REV must be valid for all 

properties being investigated.  

The analysis is ideally concluded when no further changes in the analyzed 

property are observed upon increasing the dimension of the subsample. However, one 

finding from the initial studies on REV was that the criterion of observing zero fluctuation 

in the effective property as the measurement volume increases was unrealistic [109]. As 

a result, Bachmat & Bear [110] proposed the idea of allowing for fluctuations in the 

effective property as long as they remained below a predetermined threshold value, 

thereby ensuring approximate validity of the REV assumption (in this case the REV is 

also referred to as “statistical REV” [111]). In the analysis of the current work, the 

procedure depicted in Figure 3.16 is repeated different times varying the location of the 

subdomain within the geometry, and the results are visualized with candlestick charts 

(Figure 4.15) to account for the stochasticity of the reconstruction. The REV was defined 

then as the volume of the domain where the observed changes in the measured property 

were within the allowable tolerance value (see results section). One final consideration is 

necessary regarding the REV analysis. Due to the limited thickness of many commercial 

Gas Diffusion Layers (GDLs), typically around 200 𝜇m, the analysis was performed by 

maintaining a fixed thickness of this value and only altering the dimensions of the 

geometry in the x-y plane. 

As discussed in the theoretical section, equation 2.30 allows for the calculation of 

the effective transport properties when their bulk value and the flux of the scalar fields 

being transported (species concentration, temperature, electric potential) are known.  

The solver laplacianFoam of OpenFOAM was used. The default solver is capable 

of solving unsteady diffusion problems. However, since we only required the steady state 

solution for our case, we made appropriate modifications to the solver. In practice, a 

gradient of the selected scalar field 𝜙 (e.g. temperature) is applied across two opposing 

geometry faces that are perpendicular to the specified flow direction (Dirichlet boundary 

condition) while on the remaining lateral walls the condition of zero flux is set (Neumann 

boundary condition). A second order discretization scheme is employed for the Laplacian 

operator and the simulations were assumed to be converged when the calculated residual 

is below 10-12 (see Appendix A for the info on the residual definition). The effective 

thermal conductivity is then evaluated according to Equation. 3.7 (obtained directly from 

Equation 2.30). 
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A and L being the total cross section perpendicular to the flux and the side length of the 

GDL, respectively. In the present case study, due to the fact that the thermal conductivity 

of the carbon based material is at least 3 orders of magnitude higher than the thermal 

conductivity of air [112], heat transfer in the latter medium has been neglected, thus 

reducing the problem to a single phase conduction case study (likewise when considering 

species diffusion through the void medium, the species transport across the solid phase 

has been neglected). Finally, it is important to make an additional observation, 

specifically regarding the conduction simulations. As discussed extensively in the 

introductory chapter, the Gas Diffusion Layer consists of at least two solid phases: the 

graphitized PAN fiber and the carbonized binder. Consequently, despite both materials 

being carbon-based, they exhibit different bulk thermal conductivities (as a direct result 

of the manufacturing process and of the different nature of the two materials). In this 

study, similar to what is commonly found in the literature, the solid phase of the GDL 

was treated as a single solid phase without distinguishing between the fiber and binder 

components. The possible effects of this choice will be discussed in the results section. 

3.3. Correlations for the effective transport properties 

 

After completing the morphological and transport property validation of the 

geometry, the computational framework, which includes the virtual geometry generation 

followed by transport simulations, can be employed to establish reliable macroscopic 

effective transport property correlations for the gas diffusion medium. 

When initiating the development of any correlation, it is necessary to establish the 

functional relationship between the effective transport properties and the selected 

parameters, in this case structural parameters. The correlations will be written to find the 

ratio between the effective transport property (keff) and its bulk value (k). For instance, it 

can be supposed that the effective transport property ratio may be dependent on the 

geometrical microparameters used during the construction phase, namely the number of 

fibers per layer (n), the fiber diameter (d), the binder volume fraction (BVF) and the 

porosity (휀) as shown in Equation 3.8. 
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 ( )/ , , ,effk k f n d BVF =  3.8 

 

It should be noted that of the 4 parameters, only 3 of them are independent. In fact, 

as soon as n, d and BVF are fixed, the porosity of the sample is completely determined. 

As an example, employing a number of fibers of 18, a fiber diameter of 8 um and a BVF 

of 40% automatically determines a porosity of 0.742. 

A power law is assumed to describe the functional form. 

 

 ( ) ( ) ( ) ( ) ( ) 31 2 4/ , , ,effk k f n d BVF g n h d i BVF j c n d BVF
    = = =    

 

and one functional dependence is removed e.g. the one on the number of fiber (due to 

the interdependencies discussed above): 

 

 32 4/effk k c d BVF
 =   3.9 

 

By individually varying each of the three parameters while holding the other two 

constant, it is possible to observe the corresponding changes in the investigated effective 

transport property, keff/k. If when changing the three parameters (d, BVF and 휀) the same 

effect is observed on the effective transport property, then a porosity-based 

monofunctional relationship can be established (as shown Figure 3.17), indicating that 휀 

provides an exhaustive description of the transport in GDLs. 

To obtain the correlations the distance between the simulation points and the fitted 

curve has to be minimized. The optimization process is facilitated by the SciPy library of 

Python. The specific function utilized for this purpose is "curvefit" from the optimize 

module. This function utilizes non-linear least square regression to determine the 

parameters of the fitted functions. 
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3.4. Macroscopic model of GDE for CO2 electroreduction 

to CO 

 

The CO2 electroreduction to carbon monoxide inside a gas diffusion electrode is 

described by the means of a macroscopic model of the cathodic chamber. As shown in 

Figure 3.18, the computational domain is composed by the gas diffusion layer (of 

thickness L = 325 𝜇m), where a one-dimensional spatial discretization in the TP direction 

is employed and by the catalyst layer, say the microporous layer with catalyst particles 

sprayed upon it, descripted as a reactive surface in direct contact with the GDL. The gas 

diffusion layer is completely dry while the catalyst layer is partially wetted. The physical 

phenomena the model accounts for are listed below: 

 

1. Multicomponent gas diffusion in the gas diffusion layer. 

2. Dissolution of the CO2 in the liquid electrolyte; 

Figure 3.17 Graphical rationale of the procedure for determining the monofunctional porosity-

based correlation for the effective transport properties. 
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3. Carbonate species reactions and water auto-protolysis reactions inside the 

liquid electrolyte wetting the catalyst layer (homogeneous reactions); 

4. Charge transfer reactions in the catalyst layer (surface reactions); 

5. Escape of dissolved CO2 and aqueous species from the cell, by its diffusion 

within the electrolyte channel. 

 

The CO2-rich stream is fed from the gas channel, through a stream whose only 

impurity is nitrogen. As the CO2 diffuses through the GDL it reaches the catalyst layer 

where it is first dissolved into the electrolyte. 

 

 

After the dissolution the gas has to diffuse inside the liquid to reach the active sites 

where the charge transfer reaction will occur. The charge transfer reaction considered are 

not only the reduction of CO2 to CO (Equation 2.14) but also the HER in alkaline and 

acidic media (Equation 1.8 and Equation 2.11, respectively), which are considered as 

unwanted reactions subtracting a portion of the overall current circulating through the 

cell.  

The gas evolving from the charge transfer reactions (CO and H2) are allowed to 

leave the cell only from the GDL side, without bubbling in the electrolyte solution. 

Figure 3.18 Computational domain. The gas diffusion layer is discretized in the TP direction. The 

effective medium approximation is used to treat the GDL as a homogeneous media characterized 

by effective transport properties. The catalyst layer is treated as a reactive surface at z = L. In the 

magnification, the carbon black microporous layer with nanoparticles of silver upon it, covered 

by the electrolyte thin layer. 
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Parallelly to the diffusion, CO2 also reacts homogeneously according to the scheme 

of carbonate species equilibrium reactions reported below. 

 

 
2 2 3 2 3

2 2

3 3 3 3 2

CO H O HCO H CO OH HCO

HCO CO H HCO OH CO H O

− + − −

− − + − − −

+ + +

+ + +
  

 

The water auto-protolysis (or self-ionization) also occurs: 

 

 2H O H OH+ −+   

 

At last, the dissolved CO2 can also potentially exit the catalyst layer on its right-

hand side through the electrolyte flowing in the electrolyte channel. 

As anticipated in the theoretical section (chapter 2.3), the described system can be 

treated as a diffusion + reaction occurring in series. Differently from the previous toy 

problem, here the diffusive molar fluxes (N) are described by the Stefan-Maxwell 

equation (suitable for multicomponent diffusion): 

 

 
1 ,

n
j i i ji

eff
j i j

y N y NdyP

RT dz D=

−
− =  3.10 

 

where the effective diffusivities are calculated using the developed correlations (Figure 

4.21). Knudsen diffusion is not accounted for as due to the mean pore size found in GDL 

(dav = 20 𝜇m), the Knudsen diffusivity results to be order of magnitudes higher with 

respect to the effective diffusivity of the gas. As an example, the Knudsen diffusivity at 

298 K is calculated for CO2 (Equation 3.11 [38]), which results to be at least 3 order of 

magnitudes higher than the effective diffusivity of CO2 in air. Therefore, Knudsen 

diffusion is not controlling the diffusive transport in the GDL. 

In order to describe the diffusion problem, a shell material balance formally 

identical to the one developed for the toy problem (Equation 2.24) can be written for any  
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of the gaseous species diffusing in the GDL (CO2,CO,H2,N2). The absence of any 

source/sink term and the steady state form of the problem, brings the molar flux to be 

constant: 

 

 . 1, 2,...,iN const i n= =  3.12 

 

to be used in combination with equation 3.10. The system of ordinary differential 

equations has to be solved to find the unknowns 2n integration constants. 

Being a boundary value problem, two boundary conditions have to be enforced. 

At the left-hand side of the gas diffusion layer, Dirichlet boundary conditions 

corresponding to the inlet concentration of the CO2-rich gas flow are used: 

 

 ( ) 00i iy z y= =   

 

while for z = L, the 1D model has to be linked with the surface description of the catalyst 

layer. As anticipated, in the catalyst layer charge transfer reactions occur, which can be 

described by the means of the Tafel kinetics (assuming the overpotential is high enough 

to make the reactions irreversible and proceeding towards the reduction direction): 
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In this expression the overpotential 𝜂k is calculated accounting for the difference between 

the actual potential applied and the thermodynamic potential required (Equation 3.13). 
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 3.13 

 

The bulk reaction terms instead are modeled with the standard power law rate 

expression of homogeneous reactions, comprising of the thermodynamic consistency that 

links the forward to the backward reaction rates through the equilibrium constant: 

 

 , , ,

,

1f
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eq j
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= −  

 
    

 

The transfer of species from the catalyst layer to the liquid electrolyte, occurring at 

the right-hand side of the CL is modeled using the Sherwood-Reynold-Schmidt [38] 

correlation for the mass-transfer coefficient: 
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where the transport properties used are related to the liquid electrolyte (approximated to 

pure water) and Ltot is the total length of the electrode (0.02 m). At last, having to describe 

the transfer of CO2 from the gas phase to the liquid phase, Henry’s law is used in the 

following form: 

 

 ( )2 2

2 2 2 2 2

/

/ ( )
CO H Oin CL

CO CO H O CO CO

D
N H P y x L C


=   = −   

 

being H the Henry’s constant of CO2 in water, P the total pressure of the gas in the GDL 

(assumed to be 1 atm) and 𝛿 the thickness of the electrolyte layer covering the catalytic 

particles.  

Now that all the relevant terms have been defined, to determine the remaining 
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boundary conditions, a material balance on the catalyst layer is carried out, giving 

Equation 3.14. 

 
0 0

,hom , 0in out CL
i v i ij j CL ik k CT v

j kCL

N a s N R s R a s
L


   −  +  +  =   3.14 

 

where the saturation of the catalyst layer “s” has been introduced (the ratio between the 

liquid volume and the total void volume inside the CL) together with the specific surface 

area of the catalyst “𝑎𝑣
0” (m2catalyst/m3CL) and the geometrical length of the CL “LCL”. 

Equation 3.14, constitutes an additional constraint to be satisfied by the solution 

of the diffusion problem. Particularly, the sought-after link among the GDL and the CL, 

comes by expressing the fluxes of the gaseous species as seen in Equation 3.14. 

Correspondently, for CO2 the boundary condition is: 

 

 ( ) ( )2 2

2 2 2 2 2

/ 0

/ ( )
CO H O CL

CO CO H O CO CO v CL

D
N x L H P y x L C a sL


= =   = −    

 

while for the products (CO and H2) the flux corresponds to the charge transfer source 

terms. This assumption corresponds to the fact that the product species are directly added 

as a source term to the gas phase at the GDL/CL interface and back-diffuse in the GDL. 

To solve the set of equations governing the electroreduction process, a system 

ordinary differential equations need to be solved for the diffusion in the GDL, while the 

flux boundary condition at the GDL/CL interface requires solving a set of non linear 

equations (Equation 3.14). The macroscopic model has been implemented in Python and 

solved using the SciPy solver package, a Python library commonly employed for 

scientific and technical computing [113]. 

In the context of this work, the analysis of the model will be limited exclusively to 

assess the effect of switching from the Bruggeman correlation to the developed 

correlation for the effective diffusivity, showing the discrepancy in the predicted CO 

partial current density. 
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4 Results and discussion 

4.1. Geometry validation: morphology 

 

The complete geometry generation pipeline results in a three-dimensional GDL 

structure as the one shown in Figure 4.1. The geometry is constituted by two solid phases, 

the PAN fibers (in black) and the binder (gray colored). Moreover, Figure 4.2 shows 

additional snapshots of the reconstructed GDG with and without binder. As the figures 

suggest, morphological image closing has the effect of adding binder predominantly in 

the fiber intersection regions, extending both between the fibers of the same layer as well 

as across two consecutive fiber layers. In principle the shape of the structuring element 

can be altered from a spherical to an ellipsoidal shape to incorporate more binder in either 

the TP or IP direction. In this work, the SE shape was primarily chosen based on the 

requirement of achieving a desired final porosity during the binder addition process. This 

is because by adjusting the extension of the SE in a specific direction has a distinct impact 

on the amount of binder added, which varies depending on the chosen direction. This 

criterion was applied while striving to maintain the element's spherical shape as much as 

possible, to minimize pronounced morphological disparities in the resulting geometries.  

 

Figure 4.1 Result of the geometry generation algorithm. A three-dimensional sample of a gas 

diffusion layer made by carbon fibers (black colored) and binder (gray colored). 
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Figure 4.2 Details of binder addition in the skeleton precursor. 
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However, the impact of non-uniform binder addition on the geometry requires further 

investigation in future studies. 

Figure 4.2 illustrates the significant impact of the binder addition to the skeleton 

structure. It is evident that the binder leads to the closure of pores, resulting in obstacles 

for gas diffusion or permeation within the material. However, this closure also enhances 

the connectivity of the structure, which in turn positively affects the thermal and electrical 

conductivity (if the binder is considered to have the same thermal conductivity) of the 

GDL. 

The enhanced visualization capabilities of Fiji ImageJ open up opportunities for 

comparison with real images obtained through experimental imaging techniques. Figure 

4.3 and Figure 4.4 show a comparison between the TP and IP scans obtained from 

scanning electron microscopy (SEM) and the generated sample. The TP scan reveals some 

differences, primarily attributed to the small curvatures observed in the real fibers, which 

deviate from the assumption of perfectly straight fiber used in this work. Additionally, 

the fibers from the physical sample also exhibit possible terminations within the domain, 

resulting in shorter lengths compared to the continuous fibers in the generated model. 

On the other hand, the IP scan highlights that the GDL exhibits a continuous distribution 

of fibers along the TP direction, in contrast to the discrete placement of fibers in separate 

layers in the model. In fact, in the model, each fiber is positioned at discrete heights, 

spatially separated by a distance equivalent to one fiber diameter. In future works, these 

additional features might be considered to further refine the reconstructed geometry, 

improving the description of the GDL transport behavior. A third image is included in 

the analysis, which corresponds to the stochastic reconstruction conducted by Hinebaugh 

et al. [69] whose work has accurately reproduced a physical GDL sample. 

Figure 4.3 Visual comparison of GDL sample from TP direction, 640x640 𝜇m2. a, Virtual sample 

from this work b, Experimental image adapted from [69] c, Virtual sample adapted from [69]. 
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Despite the assumptions behind the stochastic reconstructions, the virtual GDL 

visually seems to accurately represent the morphological features of the physical GDL 

samples. However, it is crucial to carry out a quantitative assessment of the performances. 

The sectional porosity in the through-plane direction was chosen as the first metric 

for comparison with 𝜇CT derived experimental data. The sectional porosity of a virtual 

sample before and after the binder addition is shown in Figure 4.5,. From the plot, the 

periodic nature of the sectional porosity curves, especially for the bare skeleton (dark 

curve) becomes evident. This occurs due to the fact that when slicing the geometry along 

the TP direction, the plane travels recursively through the center of each fiber layer, 

where the fiber diameters are maximum (hence more solid present) towards the 

intersection planes of the different layers where the fibers of consecutive layers intersect 

with reduced in-plane thickness (Figure 4.6). As the binder is added to the skeleton, the 

average porosity reduces and the periodicity of the skeleton plot is lost. Indeed, Figure 

4.5 highlights that the regions of lower porosity in the skeleton curve are mapped to the 

regions of lower porosity in the skeleton + binder curve. 

Figure 4.4 Visual comparison of GDL sample from IP direction, 640x220 𝜇m2. a, Virtual sample 

from this work b, Experimental image adapted from [69] c, Virtual sample adapted from [69]. 
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Nevertheless, having a similar sectional porosity in the skeleton does not 

guarantee similar amount of added binder. In the skeleton curve, the sectional porosity 

at x = 0.2 (Figure 4.5) is approximately equal to the sectional porosity at x = 0.4. Still, when 

mapped to the lower curve, the resulting porosity in the two planes is different (see the 

red lines in Figure 4.5). In order to provide an explanation for this behavior, Figure 4.7 

displays the 2D slices corresponding to those points both before and after the binder 

addition. 

 

Figure 4.5 Sectional porosity plot for reconstructed sample, before and after the binder addition. 

The red lines indicates 2D slices which despite having initial porosity, get different amount of 

binder added. 

Figure 4.6 Explanation of the periodicity observed in the sectional plots of the GDL skeleton. The 

fiber thickness periodically oscillates and the porosity changes accordingly. 
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In both the slices, the number of fibers is the same (18) resulting in a very close sectional 

porosity (0.802 vs 0.797). The difference could lie in the arrangement of the fibers that 

creates in the original skeleton a larger number of small pores in the slice at x = 0.4. 

Consequently, the binder addition process fills these small cavities increasing the amount 

of binder deposited.  Such a hypothesis can be verified by using the pore area distribution 

reported in Figure 4.8. To this aim, the function “analyze particles” from Fiji ImageJ was 

used [114]. Before analyzing the results, it is worth to notice that the achieved pore area 

distribution correspond to the pore size distribution as described by the “discrete” 

interpretation given in section 3.2.1. 

Figure 4.8 shows that no significant differences are noticeable between the pore 

area distribution of slice A and slice B, meaning that the values of the pore areas and the 

number of pores with similar areas are similar for both the slices. 

Since the specific values and distribution of the pore areas did not quite explain 

the difference in binder addition in the two sections of the GDL, the next possible analysis 

was to assess whether the shape of the pores has any effect. 

Figure 4.7 2D slices at selected TP distance, before and after the (3D) binder addition. 
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To proceed in the investigation, the second hypothesis was formulated. Due to the 

relative orientation of the fibers, in one slice the shape of the pore could be more skewed 

with respect to those in another slice. Skewed pores may result in higher amounts of 

binder added without posing any restriction on the area of the pores themselves: imagine 

having two parallel fibers very close to each other. Binder will fill the gap between the 

two fibers forming a sort of film. To address this possibility, ellipses were fitted (once 

again by making use of the “analyze particle” functionality of Fiji ImageJ) inside each 

pore and the two semiaxes were plot against each other as shown in Figure 4.9. The more 

a pore is skewed, the higher the difference between the two semiaxes, the higher the 

distance from the 45° line which represent perfectly circular pores. Also in this case, the 

different slices in the GDL geometry seem having pores with similar skewness, as no 

significant differences are noticeable by comparing the semiaxes of the ellipses plotted 

for both the slices. 

The discrepancy between the observed porosity in the different slices in the GDL 

can then only be explained by considering the effect of the neighboring slices, located 

above and below the analyzed one. In fact, it is important to consider that since binder 

addition is a 3D operation, the mutual position of the fibers in neighboring layers can 

enhance or hamper the binder addition in the z direction (or TP direction). 

Figure 4.8 Pore area distribution for skeleton slices at selected TP distance. As discussed for the 

“discrete” approach in the method section, each pore is regarded as a separate entity with a fixed 

cross-sectional area. The pores having similar areas are grouped and a histogram showing the 

frequency of occurring of each pore size can be obtained. The comparison does not show 

significant differences between the two slices. 
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To test the hypothesis of neighboring layers influence, the two slices can be 

separately considered and binder addition can be performed on them using a 2D disk 

rather than a 3D sphere as a SE. By doing so, it turns out that the observed difference in 

the porosity is sensibly lower than what has resulted in the original case. By using a 3D 

SE, a ∆휀 of 0.03 was observed, while  the 2D SE results in a ∆휀 three times lower. Overall, 

the binder is preferentially added in the regions of low porosity but a significant influence 

comes from the neighboring fiber layers and their fibers orientation within since it can 

significantly influence the amount of binder added in the TP direction. 

Figure 4.10 shows the comparison between two experimentally determined 

sectional porosity plots and the respective microstructural reconstruction profiles. The 

difference between the experimental and numerical curves appears in the amplitude and 

the frequency of the oscillations. The oscillations are a direct consequence of the 

manufacturing process of carbon paper in which thin fiber sheets are compression 

molded to reach the desired thickness of the paper. In this sense the virtual geometry 

Figure 4.9 Fitted ellipses in pores of skeleton slices at selected TP distance. After having obtained 

the values of the two semiaxis for both the slices, these are plotted one against the other to 

highlight the skewness of the pores. The 45 degree line represents pores in which ellipses 

degenerating into circles have been fitted. 
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reconstruction captures, even if not precisely, the alternating regions of high and low 

voidage. 

The initial observation that can be made for describing the curves in Figure 4.10 

regards the higher smoothness of the experimentally derived curve. This can be 

attributed mainly to the resolution employed in experimental measurements. In fact, the 

resolution employed in 𝜇CT scans is lower compared to the resolution used in the 

numerical modeling (e.g., Xiao et al. used 3 𝜇m/voxel [115], whereas this work uses 1 

𝜇m/voxel). Consequently, by applying filtering techniques to the numerically obtained 

curve could potentially yield smoother profiles, aligning them more closely with 

experimental measurements. The second important observation resides in the amplitude 

of the oscillations. The simulated curve of figure b shows a higher variation in the 

porosity, ranging from 0.69 in x = 0.67 to 0.85 in x = 0.67 (∆휀 = 0.16). 

 

 

By contrast, the simulated curve of Figure 4.10 a presents a maximum variation in the 

sectional porosity ∆휀 = 0.10. The wider distribution of porosity is also reflected in a higher 

standard deviation of the sectional porosity, as pointed out in Table 5. To understand this 

behavior, it is important to consider the significant differences in porosity and BVF 

between the reconstructed geometries. For instance, the sample Figure 4.10 b, was 

reported to have a porosity of 0.79 and a BVF of 0.5. This implies that this structure 

requires an initial skeleton porosity, calculated using Equation 3.4, of 0.895. 

 

Figure 4.10 Sectional plot validation with selected literature GDL. a, Commercial GDL 

analyzed:Toray TGP-H 90, overall porosity equal to 0.74 [69]. b, Commercial GDL analyzed: SGL 

39AA from Sigracell, overall porosity equal to 0.79 [115]. 
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Table 5 Sectional porosity metrics for the two selected geometries. 

 
Mean porosity 

휀 (literature) 

Mean porosity 

휀 (simulation) 

Standard 

deviation 

(literature) 

Standard 

deviation 

(simulation) 

Hinebaugh et 

al. [69] 
0.7263 0.7151 0.0466 0.0225 

Xiao et al. [115] 0.7847 0.7859 0.0161 0.0346 

 

Due to the extremely high porosity of the skeleton, the construction of the geometry 

requires only a small number of fibers. Consequently, their distribution, although 

intended to be uniform, exhibits significant variation between different layers. In 

addition to the uneven distribution of fibers, a significant amount of binder is introduced, 

with a BVF of 0.5, which is one of the highest reported in the literature. This leads to 

further enhancement of porosity variation across the entire domain. 

Lastly, it has to be considered that the two replicated GDL are manufactured from 

different firms. In particular, the sample in Figure 4.10 a [69] makes use of a Toray carbon 

paper while the sample in Figure 4.10 b [115] uses a SGL carbon paper. Although there 

can be specific manufacturing routes that are unique to a specific commercial GDL [45], 

the used reconstruction method is not capable of distinguishing between the two papers 

and the only discrimination in this case occurs, of course, by the means of the input 

parameters (e.g. BVF, fiber diameter and porosity). 

The third and last step of the morphology validation involves the comparison of 

the pore size distribution (PSD). As highlighted in the methods section, the PSD obtained 

for the GDL geometry depends strongly on the chosen approach for calculating the PSD. 

Figure 4.11 highlights the difference obtained from assuming different geometrical 

definitions of PSD. 

The image illustrates the difference between the discrete and continuous 

approaches into 2D and 3D calculations. In 2D calculations, the computation is performed 

on individual 2D slices of the geometry rather than on the complete three-dimensional 
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structure and this of course brings to a substantial difference in the computation of the 

pores radii. Among the five curves it is worth commenting on the results obtained with 

the discrete 3D definition. Recalling the concept of discrete, each individual pore is 

treated as a distinct entity with its own volume. The volume is calculated by determining 

the number of voxels enclosed by the pore and multiplying it by the volume of a single 

voxel (1 𝜇m3 in this study). The pore equivalent diameter is then derived using the 

volume definition of a sphere. The results (cyan curve) clearly show the presence of a 

single large pore identified by the algorithm, estimated to have an equivalent diameter 

of approximately 500 𝜇m. This outcome indicates that the void space, consisting of 

interconnected cavities, is fully connected, meaning that each cavity can be accessed from 

any location within the pore network. As a result, it can be concluded that the discrete 

3D approach provides a quick and effective method for assessing the connectivity of a 3D 

porous material. 

 

 

Two additional observations can be made based on Figure 4.11. Firstly, the MIP 

and continuous 3D methods demonstrate a strong agreement in their results. This is not 

surprising, as both methods utilize the same PSD definition (what has been previously 

Figure 4.11 Cumulative pore size distribution for a reconstructed sample using different 

geometrical definitions of PSD. 
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referred to as “continuous” pore size distribution). Secondly, the 2D continuous method 

detects larger pore diameters compared to the 3D continuous method. This means that 

the pores are extended more in the x-y plane than in the z direction , as seen in Figure 4.12. 

This is because as soon as the algorithm tries to fit a sphere in the pore volume, it 

encounters a solid boundary in the z direction, much before the x and y directions. 

Therefore, if the semi-axes a, b, and c of a generic ellipse in the 3D continuous approach 

were not constrained to be equal (as if for a sphere), the computed pore sizes would be 

larger. 

 

 

To conclude the morphology validation section, the GDLs of selected works in 

literature were virtually reproduced and the cumulative PSD of the reconstructed 

geometries was measured with the simulated MIP technique. Figure 4.13 shows the 

results while Table 6 collects relevant metrics extracted from the PSD (obtained by 

numerically differentiating the cumulative PSD curve). In the Figure 4.13, although the 

experimental and simulated curves do not completely overlap, the former define a range 

(gray shaded area representing an experimental spread in the data) of cumulative PSD, 

within which the simulated PSD consistently fits. This observation is particularly 

significant considering that all the studied GDLs are identical commercial GDLs (Toray 

Figure 4.12 Expected pores shape from a “continuous” PSD. The pores are tipically more 

extended in the x-y direction than in the z directions. Therefore, it is unlikely to have spherical 

pores (red ball). 
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TGP-H). This also indicates that the experimental studies are not fully consistent among 

themselves, even though the analyzed carbon paper comes from the same manufacturer. 

 

 

The MIP measurement method raises a question about its ability to predict varying 

ranges of PSD when significantly different microstructural parameters are employed. The 

input parameters used for the geometry reconstruction for obtaining the simulated 

curves were quite similar, limiting the extent of changes in the computed PSD. Future 

research will extensively investigate the capability of the methodology by manipulating 

microstructural parameters. As a preliminary insight into this study, Figure 4.14 presents 

the cumulative pore size distribution of a GDL reconstruction before and after the binder 

addition. It can be observed that the curve's shape remains largely unchanged up to a 

pore diameter of 20 𝜇m. This behavior implies that the binder has predominantly affected 

the smaller pores, by obstructing their accessibility while leaving the pore space above 20 

𝜇m unaffected. Consequently, the total volume of intruded mercury, which represents 

the overall void space, has experienced a reduction of approximately 12%. Such a change 

is not negligible and it shows that the MIP simulation method is capable of predicting 

Figure 4.13 Cumulative pore size distribution of selected GDLs. Experimentally measured curves 

(dotted lines) compared to MIP simulation of the virtual reconstructions (full lines). Experimental 

data from [69], [61], [64], [45]. Lehnert geometry has been added for comparison without any 

reproduction being constructed. 
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changes in the pore space when parameters as the BVF are significantly altered (in future 

work the effect of the fiber diameter and porosity on the computed PSD will also be 

assessed). 

 

 

The closure of pores has practical implications for the GDL. It leads to a reduction in the 

effective diffusivity of the sample as the gas encounters more obstacles and experiences 

increased tortuosity during diffusion. On the other hand, it results in an increase in the 

effective conductivity of the GDL due to enhanced connectivity. Additionally, although 

not specifically evaluated in this study, the closure of pores can also lead to an increase 

in the saturation of the GDL as the larger average pore dimensions require a lower 

capillary pressure for penetration from the aqueous electrolyte. 

Overall, the conducted morphology validation shows that the virtual GDL 

generation framework is capable of replicating real carbon paper geometries, at least from 

a morphological perspective.  

 

 

 

Figure 4.14 Cumulative PSD of a reconstructed GDL sample before and after the binder addition. 

The existence of smaller pores is suppressed by the closure due to the binder added. 
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Table 6 Pore size distribution metrics for the three selected geometry. 

 

Mean pore 

diameter [𝜇m] 

(literature) 

Mean pore 

diameter [𝜇m] 

(simulation) 

Standard 

deviation [𝜇m] 

(literature) 

Standard 

deviation [𝜇m] 

(simulation) 

Hinebaugh et al. 

[69] 
26 21.4 28.1 22.3 

Yoosefabadi et 

al. [64] 
34.2 21.9 42.7 23.3 

Fluckiger et al. 

[61] 
18 22.6 34.7 23.4 

 

4.2. Geometry validation: transport 

 

In this section, we evaluate the validation of the transport properties in the virtual 

GDL. Specifically, we analyze the thermal/electrical conductivity and species diffusivity 

of the GDL using the effective medium approximation. This approach enables us to treat 

the heterogeneous medium (composed of a solid phase and a gas phase) as a 

homogeneous medium with well-defined effective transport properties. As discussed in 

the methods section, it is crucial to ensure that the condition of representative elementary 

volume is met. The results of the geometrical REV analysis, conducted on a skeleton 

geometry of 2400x2400x200 𝜇m3 are reported in Figure 4.15. The candlestick plot allows 

to visualize the change in the measured porosities when a subdomain is sampled multiple 

times by cropping the parent geometry. In this case, the skeleton was analyzed for the 

REV as adding binder with morphological image closing to the parent geometry requires 

impractical computational resources. In particular, as anticipated in the methods section, 

since the uncertainty bar (grey area) was reasonably constant in its width by increasing 
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the domain size starting from 600x600x200, this size was deemed to be reasonable to be 

taken as geometrical REV, in its statistical connotation. 

 

 

The porosity analysis provides a geometrical REV whereas an alternative 

interpretation in terms of the physical REV analysis can also be derived. The ultimate 

objective of the study is to establish an equation that correlates the GDL effective 

transport properties with its microstructural features. To accomplish this, it is essential 

to uniquely associate a set of morphological properties with a single value of an effective 

transport property. In other words, regardless of the sample size, the effective transport 

property under investigation should remain constant for a given set of morphological 

properties (Equation 4.1). 

 

 ( ) ( ),
effk

f size f
k

 = =  4.1 

 

That is, as long as we use a sufficiently large domain size, there is no functional 

dependence of the effect transport property on the sample size. This condition is one of 

Figure 4.15 Geometrical REV analysis of the skeleton only . The boxplot for each subdomain is 

the result of different sampling acquired across all around the parent geometry of dimensions 

2400x2400x𝛿 𝜇m3 (with 𝛿 = 200 𝜇m). On the right, the Boxplot legend shows that the grey area, or 

uncertainty bar, collects the 50% of all the values recorded. 
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the requirements for establishing correlations, and it can be verified by generating 

multiple samples with the same porosity but increasing dimensions. If the effective 

transport property remains unchanged as the sample size varies, then its dependency can 

be disregarded. The results of this analysis are reported in Table 7 where it can be 

observed how the transport properties are not significantly affected by the changes in the 

domain size. A slight deviation is observed for the TP effective conductivity, where the 

largest changes are observed. 

 

Table 7 Assessing the dependency of the effective transport properties on the domain size. 

 
200x200x225 

휀 = 0.7419 

300x300x225 

휀 = 0.7420 

400x400x225 

휀 = 0.7420 

500x500x225 

휀 = 0.7420 

600x600x225 

휀 = 0.7382 

640x640x225 

휀 = 0.7420 

TP keff/k 0.0523 0.0521 0.0553 0.0591 0.0651 0.0639 

IP keff/k 0.1799 0.1819 0.1809 0.1802 0.1843 0.1793 

TP Deff/D 0.3820 0.3723 0.3769 0.3865 0.3782 0.3859 

IP Deff/D 0.4505 0.4629 0.4689 0.4592 0.4451 0.4505 

 

Next, the experimental data on effective transport properties were selected to 

cover all the effective transport properties needed (TP & IP conductivity and diffusivity). 

A difficulty arising in this selection procedure was that not all the authors reported in 

their study the required structural specifications of the GDL needed for its reconstruction. 

In this sense, the available literature data set was significantly restrained. Virtual 

reconstruction of these samples was completed and transport simulations were run upon 

them to compare the results with the empirically acquired values (Table 8). The table 

shows 5 selected experimental studies. For these, in the second column the structural 

parameters (휀, Fiber diameter, BVF) are reported and then in the third (conduction) and 

fourth (diffusion) columns the comparison among simulation and literature value of all 

the effective transport property ratios is shown. 

The primary challenge in conducting this type of analysis arises when it is 

necessary to obtain accurate information about the morphological parameters to be used, 

such as fibers diameter and BVF. As shown in the table, there is relatively good agreement 
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in reporting average fiber diameters around 7-8 𝜇m. However, the reported values for 

BVF exhibit significant variation, as previously mentioned in the methods section. 

Concerning the effective diffusivity ratios, both calculated and obtained from literature, 

generally exhibit a consistent behavior in relation to porosity. As porosity decreases, the 

effective diffusivity tends to decrease as well, indicating a physical trend. However, the 

Yoshimune geometry [116] deviates from this pattern, displaying a relatively high 

diffusivity despite its lower porosity compared to other geometries. On the other hand, 

the conductivity values show less consistent correlations with porosity. In theory, 

conductivity should increase as porosity decreases, but this is not always observed in the 

table. For instance, Yoosefabadi et al. [64] report a TP conductivity ratio of 0.0162 (with 

porosity of 0.75), while Becker et al. [62] report a value of 0.0122 for the same quantity 

(with 휀 = 0.74). Similarly, the simulated geometries of Yoosefabadi et al., Becker et al., and 

García-Salaberri et al. [112] exhibit poor consistency in IP conductivity ratios. It is also 

true that, despite this, the computed values generally are within the reported range of 

values, with few exceptions (such as the diffusivity values computed for the García-

Salaberri et al. geometries).  

At this stage, it is challenging to determine an exact threshold for what qualifies 

as "close." To comprehensively assess the impact of changes in effective transport 

properties on the gas diffusion electrode's performance, a sensitivity analysis with a 

macroscopic model of the reactor could be conducted. However, by considering the range 

of variation reported in experimental measurements of effective diffusivity and effective 

conductivity (10-20 %), the computed values can be considered in agreement with the 

experimentally observed properties (note that in one case, specifically for the TP 

conductivity proposed by García-Salaberri et al. , a variation of 150% is reported). 

The lack of precise values for the structural parameters at this stage adds an 

additional level of complexity to the interpretation of the results. Due to the absence of 

an experimental counterpart in this study, future research would greatly benefit from 

having access to both microstructural parameters and measured effective transport 

properties, as they would provide a more reliable basis for validation and analysis. 

Despite these inherent challenges, the obtained results are physically sound and exhibit 

a reasonable level of consistency with the corresponding experimental values. 
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Table 8 Validation of effective conductivity and effective diffusivity predicted by the virtual 

GDL reconstruction. Legend: STPC = Simulation TP conductivity; LIPD = Literature IP 

diffusivity; *Fiber diameter and BVF assumed due to missing data; ⧧ Values from numerical 

models. 

 휀 

Fiber 

diameter 

[𝜇m] 

BVF STPC LTPC SIPC LIPC STPD LTPD SIPD LIPD 

Yoshimune 

et al.* [116] 
0.74 8 40% - - - - 0.3859 

0.36±0

.02 
- - 

Yoosefabadi 

et al. [64] 
0.75 7 45% 0.0114 0.0162 0.1716 

0.1587

-

0.1846
⧧ 

0.2794 
0.26-

0.32 
0.5821 

0.557-

0.586⧧ 

Becker et al. 

[62] 
0.74 7 50% 0.0140 0.0122 0.1466 0.142 0.2328 0.29 0.5781 0.51 

Fluckiger et 

al. [61] 
0.78 8 30% - - - - 0.4481 0.37 0.5912 0.587 

García-

Salaberri et 

al. [112] 

0.75 8 40% 0.0140 
0.0087

-0.022 
0.1715 

0.159-

0.177 
0.3945 

0.28-

0.34 
0.5056 

0.52-

0.6 

 

4.3. Transport properties correlations 

 

As discussed in the methods section, in order to develop a correlation for the 

effective transport properties, the functional dependences on the investigated parameters 

(number of fibers per layer, fiber diameter, binder volume fraction and porosity) must be 

assessed. Following the procedure depicted in Figure 3.17, it has to be verified if the 
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effective conductivity and diffusivity ratios, both for the TP and IP directions, can be 

expressed as a unique function of the porosity (Figure 4.16). 

 

 

It is worth noting that, particularly for the IP properties, the points from the three 

different data sets give similar values of the effective ratio over the whole range of 

porosities investigated. This is an indication of the fact that for the IP transport, using a 

correlation uniquely dependent on the porosity of the sample may be sufficient to 

properly describe the transport phenomena. This unique porosity dependence indicates 

that regardless of how a change in porosity is achieved (whether through altering d, BVF, 

or n), the resulting morphology of the geometry in the IP direction will not present 

changes able to justify a discrepancy in the transport efficacy among the three data sets. 

Regarding IP heat conduction, it can be observed that increasing the number of fibers has 

a similar effect on heat transfer as increasing the fiber diameter. Both actions result in 

Figure 4.16 Calculated effective transport property ratios when varying different structural 

parameters. a, TP conductivity. b, IP conductivity. c, TP diffusivity. d, IP diffusivity. To ensure a 

fair comparison among the different plots, a fixed ∆y of 0.6 has been used in all the 4 cases. 
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enlarging the cross-sectional area available for heat transfer across the geometry (Figure 

4.17). When considering this hypothesis, it is important to note that increasing the 

number of fibers “n” by one unit entails the inclusion of one more fiber per fiber layer in 

the GDL. Consequently, the increase in n results in the presence of both additional fibers 

in the heat flow direction (which significantly contribute to increased heat transfer) and 

fibers oriented transversely to the heat flow (which marginally contribute to increased 

heat transfer). 

 

 

Similarly, the addition of binder has an impact comparable to that of increasing 

the fiber diameter and number, that is, providing an increased cross section available for 

heat transfer in the IP direction. This can be visualized in Figure 4.18, where a cross-

sectional cut in the x-z plane demonstrates how the binder covering the fibers enhances 

the available cross-sectional area for conducting heat. The hypothesis that binder 

addition acts similarly to fibers number or diameter increasing, looks particularly 

reasonable when considering the presence of fiber bundles that traverse the sample from 

one side (at a fixed temperature T1) to the other (at a fixed temperature T2) in the generated 

geometries (as also visible in Figure 4.7). This arrangement provides an opportunity for 

the binder to form structures that connect the opposing surfaces at fixed temperatures, 

facilitating the heat flow. Moreover, the result obtained is valid when assuming that the 

binder has the same bulk thermal conductivity of the PAN fibers, say when the solid 

Figure 4.17 Depiction of the equivalence between fiber adding and fiber diameter enlargement 

for IP transport. 
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phases are treated as a unique phase. Therefore, while the effect of n and d would remain 

the same, when accounting for the intrinsic composite solid character of the GDL by 

considering two different thermal conductivities for the binder and skeleton, a further 

dependence on the BVF may be introduced. 

 

 

Coming to the TP transport, the data points for a fixed porosity show higher 

scattering, especially in the case of gas phase diffusion (Figure 4.16 c). For the TP 

diffusion, a multifactorial correlation may be needed, in which the effective diffusivity 

ratio is not only a function of the porosity, but also depends on the fiber diameter and the 

BVF. and further analysis is proposed in this direction as future work. As an anticipation 

of a possible study conducted in order to rationalize the different behavior of the TP and 

IP direction when acting on the 3 investigated microstructural parameters, Figure 4.19 

has been obtained by taking the 3 reconstructed geometries at 휀 = 0.8, and plotting the 

sectional porosity plot in the TP and IP direction. The sectional porosity, that provides an 

indication of how the solid is distributed along a given direction, does not show 

Figure 4.18 Cross section enhancement due to binder addition. 640x640x225 𝜇m3, # Fibers = 18, d 

= 8 𝜇m, BVF = 40%. 
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significant differences between the TP and the IP direction. Hence the difference between 

the two directions in the possibility of expressing the effective properties as a function of 

the porosity only, has to be searched somewhere else, for example in the connectivity of 

the geometry, a metric for which the sectional porosity plots do not provide any 

information. 

 

 

In general, the data points adhere to the principles of conduction and diffusion in 

porous media, indicating that as porosity increases, the effective conductivity tends to 

decrease, while the effective diffusivity increases. 

After this analysis it has been decided to develop a porosity-based monofunctional 

correlation of the type: 

 

 ( )
meffD

a
D

=  4.2 

 ( )1
neffk

a
k

= −  4.3 

 

for the effective diffusivity and effective conductivity, respectively. 

Using these functional forms will also allow to make comparisons with existing 

correlations, which are mostly based on 휀 descriptors. Therefore, before extracting the 

Figure 4.19 Sectional porosity plot of a virtual GDL with 휀 = 0.8, achieved by acting on n Fiber , 

Fiber diameter and BVF. a, IP sectional porosity. b, TP sectional porosity. 



A fundamental analysis of transport properties of gas diffusion layers in CO2 electroreduction 

126 

 

actual correlations, in Figure 4.20 the data points obtained from the simulation campaign 

are superimposed over the effective transport property values predicted by correlations 

selected from literature, over the range of investigated porosities. Although only a few 

correlations have been selected, it is important to highlight that, to the knowledge of the 

author, there is a relatively greater availability of correlations for effective diffusivity 

compared to effective conductivity.  

 

 

In general, a good agreement is observed with the chosen correlations, which 

further supports the possibility of relying solely on the porosity as a basis for the entire 

functional relationship. To be precise, these correlations could also be interpreted in the 

context of 휀/𝜏 models, where being the tortuosity factor 𝜏 expressed as a function of 휀 

(Equation 4.4), the latter is the only parameter figuring in the correlation. 

Figure 4.20 Calculated effective transport property ratios vs selected literature correlations. a, TP 

conductivity. b, IP conductivity. c, TP diffusivity. d, IP diffusivity. The correlations are available 

here [118], [77], [112], [119], [128], [121], [122], [117]. For the Bruggeman correlation, m and n of 

Equations 4.1 and 4.2 are equal to 1.5. 
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The tortuosity factor models the obstruction to free-space transport caused by the 

geometry of a sample [78]. Due to the fact that the exponent m < 0, it is clear how the 

tortuosity factor contributes to an additional reduction of the ratio between the effective 

transport property and its bulk value. 

Another interesting feature to highlight is that, contrarily to what has been 

proposed in the current work, the literature correlations are usually obtained either by 

compressing a real GDL sample, obtaining a virtual reconstruction at each compression 

level (each of which entails a different porosity, decreasing as the compression increases) 

and then simulating the transport via numerical methods [117] or by exclusively varying 

the amount of fibers inside the domain [118]. Apart from this, all the correlations have 

been derived specifically for GDLs except for [119], where the correlation is derived 

theoretically for an isotropic medium of spherical particles. The method employed 

though, as long as the hypothesis on the unique functionality of the GDL porosity is not 

relaxed, is not relevant to the development of the correlation. 

In the plots, when predicting the effective diffusivity, it is evident that the 

Bruggeman correlation tends to significantly overestimate its value in both the TP and IP 

directions. In terms of 휀/𝜏 models, this means that the Bruggeman correlation typically 

predicts less tortuosity (p = - 0.5). On the other hand, when predicting the effective 

conductivity, the correlation shows an overestimation in one case (TP direction) and an 

underestimation in the other case (IP direction), although the discrepancies are relatively 

smaller for both transport properties. 

With these premises, the dataset is now utilized to establish effective property 

correlations. As shown in Figure 4.21 Equations 4.2 and 4.3 have been used for the 

procedure, apart for the IP conduction, where a better fit was achieved using a simple 

linear equation. Additionally, for all the curves asymptotical constraints were added to 

provide more physically sound correlations. In particular for the power laws (Equations 

4.2 and 4.3) the multiplicative coefficient “a” was forced to be 1 in order to give 

consistency when the porosity assumes the values 0 and 1, while for the linear equation 

of the IP conductivity the only constraint assumed was that the effective conductivity 

ratio must be equal to 0 when 휀 goes to 1 (choosing both the asymptotical constraints for 
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a linear equation would have resulted in a completely determined line with no additional 

degree of freedom available for the optimization). 

 

 

For what concerns the effective conductivity, two main observations can be made. 

At first, due to the anisotropic character of the analyzed geometry the IP effective 

conductivity is higher than the TP one (from 2 to 4 times higher depending on the 

porosity considered). The heat in fact, travels a diverse path whether flowing in the IP or 

TP direction. In the IP direction, the problem can be effectively thought as heat flowing 

longitudinally in straight wires from one side of the geometry to the other (with the 

additional complication of fibers aligned perpendicularly to the heat flux). In the TP 

direction instead, heat flow through a constricted fiber intersection to reach the 

subsequent fiber layer, a situation which naturally entails then a longer path to be 

travelled when considering many fiber layers stacked over each other. This difference 

could be explained in terms of “tortuosity” of the path the heat has to travel, which is the 

extent of the deviation from a straight path. Where fibers are oriented parallel to the x-y 

plane, one can expect higher tortuosity in the TP direction, which in fact is captured by 

the different functional form of the correlations. These results are also similar to what has 

been achieved by Garcìa-Salaberri et al. [112], where a linear equation has been used to 

describe the IP conductivity and a power law for the TP one. In their work though, the 

asymptotical value for 휀 = 1 has not been enforced, bringing to a negative conductivity 

when the porosity is higher than 0.95.  

Figure 4.21 Correlations for effective transport properties in gas diffusion layer. a, Effective 

conductivity ratio. b, Effective diffusivity ratio. 
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Interestingly, differently to what has been consistently found for porous media, 

the multiplicative coefficient of the proposed correlation for the IP conductivity is about 

2/3 (0.688) while in previous works it has been shown how for porous media approaching 

the unitary porosity, the multiplicative coefficient is rather 1/3 (due to the tortuosity 𝜏 

approaching the value of 3) [120].  

For what concerns the effective diffusivity instead, the effect of the porosity is 

rather similar for both the TP and IP direction. Moderately higher values are achieved for 

the IP case, showing how the void path in this direction may be less tortuous with respect 

to the TP one. This result is slightly in contrast to what has been found previously in 

literature. In fact, as seen in Figure 4.20c, apart from the Zenyuk correlation [117] which 

is in accordance with the data points from the simulations (and consequently shows a 

similar functional form: Deff/D = 휀2.8 vs Deff/D = 휀2.94 of the current work), the others 

correlations (Zamel [121] and Garcìa-Salaberri [122]) span sensibly lower values in the TP 

direction, showing strong anisotropicity also for the gas diffusion. To visualize the 

anisotropic nature of the GDL transport properties in the two investigated directions, it 

is convenient to plot their ratio as a function of the porosity (Figure 4.22). 

 

 

It is particularly evident in this case, how for the effective diffusivity all the data 

points show a ratio around 1. As previously stated, this result is in contrast with what 

has been observed in previous literature experimental studies. One possibility for this 

discrepancy could be that in the current work the binder material has been added with 

approximately spherical structuring element, thus resulting in binder being added not 

only in the x-y plane but also in the TP direction. Without direct observation through 

Figure 4.22 Anisotropicity visualized. Ratio between the IP and TP effective transport properties. 

a, Heat/electrons conduction. b, Gas diffusion. 



A fundamental analysis of transport properties of gas diffusion layers in CO2 electroreduction 

130 

 

tomographic scans, it is challenging to infer whether this occurs in physical samples of 

GDLs. However, if binder is mainly spread in the x-y plane this would explain the lower 

effective diffusivity observed for the TP direction, due to the lower cross-sectional area 

available for the species to diffuse. This hypothesis will be addressed in future works by 

generating geometries with binder added mostly in the x-y plane and eventually by a 

careful inspection of 3D tomographic scans. 

On the contrary, the effective conductivity is clearly anisotropic. As a result, the IP 

transport is much more higher than the TP one. Additionally, a clear decreasing pattern 

is observed in the conduction plot, meaning that as soon as the porosity is decreased (say 

1 – 휀 is increased) the geometry becomes more and more isotropic. In the limit of 휀 

reaching zero, say when there is no more void space and the geometry is a mere solid 

block of carbon, the ratio IP/TP effective conductivity also goes to one, as a unique value 

has been used for describing the bulk thermal conductivity of carbon. Note that also this 

assumption could be subject of further analysis as in principle, depending on its allotropic 

form, carbon may have different thermal conductivities according to the selected spatial 

direction [123]. 

Appendix B provides the numerical results of the simulation campaign developed 

for obtaining the correlations. The samples analyzed are ordered in a way which reflects 

the parameters varied and those kept constant for each data set (e.g. first n is changed, 

than the fiber diameter and lastly the BVF). 

Additionally, in Table 9, metrics for assessing the accuracy of the derived 

correlations are also reported. As exemplified by the R2 values, the approximation of 

porosity dependent effective transport properties seems once again reliable. In fact, 

except for the TP effective diffusivity which shows an R2 coefficient of 0.86, all the other 

R2 are higher or equal to 0.90. Hence, considering that all the other transport properties 

can be accurately described solely in terms of porosity, it is reasonable to consider 

conducting additional simulations in the future to evaluate whether the approximation 

still holds true for estimating TP diffusivity. This would further support the generality of 

the approach followed.  

To conclude this section, the macroscopic model presented in chapter 3.4 is used 

to show the effect of using different correlations in the prediction of the partial current 

density achieved at a given applied potential. Of course, in order to see how the effective 

diffusivity affects the performance of the GDE, the system has to be forced to work in 

mass transfer regime. 
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Table 9 Accuracy of the transport properties correlations. * The maximum distance of the 

simulation points from the fitted line. 

 TPC IPC TPD IPD 

R2 0.90 0.94 0.86 0.98 

Maximum 

relative 

distance* 

24.54% 10.98% 12.27% 4.83% 

Mean square 

error 
4.12e-5 6.68-5 7.57e-4 8.78e-5 

 

To this purpose, while in thermal systems one typically acts on the temperature to 

increase the reaction rate and to observe a depletion of the species concentration in 

correspondence of the catalytic surface, in electrochemical systems, as seen with the 

expression of the reaction kinetics by Tafel (Equation 2.39), it is possible to act on the 

overpotential, i.e the difference between the real electrical potential applied to the cell 

and the thermodynamic potential, to produce a similar effect. The overpotential is just a 

function of the potential applied to the GDL and of the pH (for the liquid potential a value 

of 0 V has been assumed for simplicity). 

In Table 10, the partial current densities obtained at different potential either when 

using the Bruggeman correlation or the proposed correlation are shown. It can be seen 

from the table that up to -1.7 V, no differences are present in term of the achieved CO 

current density (or reaction rate). This means that the cell is still working in chemical 

regime, with no effect of transport limitations in the GFL. When the potential applied is 

lower than -1.8 V, it is possible to observe how the two predicted current densities start 

to diverge.  

As anticipated, the Bruggeman correlation tends to overestimate the effective 

diffusivity at a specific porosity, leading to higher current density when applied. 

Conversely, when using the developed correlation, the current density obtained is lower. 

The final remark is that, in practice, gas diffusion electrodes reach their mass transfer 

regime earlier than what is predicted by the Bruggeman correlation. 



A fundamental analysis of transport properties of gas diffusion layers in CO2 electroreduction 

132 

 

Table 10 Carbon monoxide partial current density predicted by the macroscopic model. Effect 

of the Bruggeman correlation and the developed correlation for the effective diffusivity of the 

gas diffusion layer. 

𝜙SHE 

[V] 

JCO 

(Bruggeman) 

[mA/cm2] 

JCO                

(this work) 

[mA/cm2] 

-0.9 9.34e-2 9.34e-2 

-1.2 3.77 3.77 

-1.7 15.31 15.31 

-1.8 118.97 104.07 

-1.9 396.74 237.33 

-2.0 1220.74 446.12 

-2.1 2951.72 2336.41 
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5 Conclusion  

In this work, the effective solid thermal conductivity and effective gaseous 

diffusivity of gas diffusion layers commonly employed in vapor-fed CO2 electrolyzer, 

have been analyzed by means of 3D computational fluid dynamics simulations on 

virtually-generated GDL samples.  

The developed geometry generation framework, a microstructural parameters-

based stochastic reconstruction of the GDL, has been tested and validated using 

literature-available morphological data. The reconstructed samples have been endowed 

with two solid phases, the polyacrylonitrile carbon fibers and the phenolic binder, the 

latter needed to stick together the fibers bundle. The Teflon coating (PTFE) used for 

increasing the hydrophobicity of the paper was excluded from the reconstruction. 

The geometrical representative elementary volume (REV) has been determined in 

its statistical interpretation, and the resulting domain size, used in the next analyses was 

600x600x200 𝜇m3. For what concerns the physical REV, a simplified analysis have shown 

how using a domain size of 600x600x200 𝜇m3 allows for excluding the dependence of the 

effective transport properties on the domain size. 

Morphological metrics such as the sectional porosity profile and the pore size 

distribution of the resulting samples were analyzed. Particularly with respect to the PSD, 

a thorough analysis revealed that PSD of the generated geometries is comparable to the 

ones reported in literature for the Toray TGP commercial GDL. Parallelly to this analysis, 

the importance of univocally establish the geometrical definition of pore size distribution 

in order to achieve meaningful comparisons with experimentally obtained PSD curves 

has also been highlighted. Further geometry validation has followed, based on the 

calculation of effective transport properties of real carbon paper previously analyzed in 

literature. Also in this case the simulated values were comparable to the literature 

reported transport properties. 

After the validation, engineering correlations for the effective conductivity and 

diffusivity were developed. The initial aim was to assess the dependence of the effective 

transport properties on structural microparameters such as the fiber diameter, the binder 



A fundamental analysis of transport properties of gas diffusion layers in CO2 electroreduction 

134 

 

volume fraction, the number of fibers per fiber layer and the porosity. After having 

conducted a detailed simulation campaign, a negligible dependence for all the 

parameters except from the porosity has been found. This was particularly true for the 

In-plane effective transport properties for which the coefficient of determination R2 of the 

fitted correlations were indeed high enough to exclude other dependencies from the 

investigated parameters. Further analysis has to be conducted on the diffusive TP 

transport properties, for which the assumption of porosity-dependent transport was less 

consistent with the observed results. Next, correlations for describing the effective 

properties of the GDL as a function of the porosity were determined and compared with 

empirically derived and theoretically based correlations for GDL porous media. The 

Bruggeman correlation, typically employed in the description of transport in porous 

media has been shown to be substantially inaccurate in the prediction of GDLs effective 

transport properties. To further emphasize the latter result, when the Bruggeman and the 

developed effective diffusivity correlations were used in a macroscopic model of a vapor-

fed CO2 electrolyzer, the predicted CO partial current density was observed to vary 

substantially. This discrepancy was due to the fact that the Bruggeman correlation 

significantly overpredicts the effective diffusivity of gaseous species in the GDL, allowing 

for less resistance to the species transport in this medium and consequently higher 

reaction rates achieved in the catalyst layer. 

Before concluding this study, the author recommends exploring the following 

research paths as potential opportunities for future work. 

At first, since the geometry generation framework has been validated, the tool can 

be used by fine-tuning the microstructural parameters, to find the structure of the GDL 

that can simultaneously optimize species diffusion and electricity/heat transport based 

on the operating conditions and target yields of interest. In order to conduct this analysis 

a macroscopic model which solves for both the solid conduction and gaseous diffusion is 

needed to understand which of the two phenomena assumes a major relevance in 

optimizing the desired KPI of the cell. 

Moreover, for extending the validity of the present analysis in terms of the 

calculated effective conductivity, two solid phase conduction simulations can be carried 

out to account for the different bulk thermal conductivity of the fibers and the binder. By 

doing so it will be possible to assess the dependence of the effective conductivity on the 

binder volume fraction more accurately. 

The geometry reconstruction can be used, following a methodology perfectly 

analogous to the one used for determining the effective conductivity and diffusivity, to 

find the effective permeability of the GDL. By solving the Navier-Stokes equations which 
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describe the momentum balance on a microscopic level, the Darcy’s law allows for the 

calculation of the effective permeability in the creeping flow regime, where the viscous 

interactions between the porous solid and the fluid dominates the pressure drops. 

Finally, it is important to note that this study did not examine the influence of 

microstructural factors such as pore connectivity and pore size distribution, as well as the 

hydrophobicity of the gas diffusion layer, on the saturation of the GDL. Therefore, for a 

comprehensive understanding of GDL physics, it is crucial to account for these factors as 

they play a significant role in determining the optimal structure of the substrate and 

should be considered in the microstructure optimization process. 

Apart from the specific results achieved in the current work, from a 

methodological standpoint, this study presents a unified simulation framework to 

generate virtual electrode structures to replicate the overall characteristics of physical gas 

diffusion layers, simulating transport processes and hierarchically refining the 

macroscopic lumped parameters, facilitating the precise investigation of the effective 

transport properties. As such, the study is deemed to be insightful in enhancing the 

understanding of GDLs structure-dependent properties, a knowledge that is particularly 

useful when thinking of engineering the gas diffusion media of electrochemical cells. 
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Appendix A: Laplace equation residual 

The Laplace equation has to be solved for the scalar field 𝜙: 

 

 2 0 =   

 

Using a second order differencing scheme the Laplace equation brings to a set of 

algebraic equations whose form is the following (for the volume cell i,j,k): 
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where due to the discretization error the residual Ri,j,k for the correspondent volume cell 

has been introduced. The total residual, accounting for the error in the solution of the 

algebraic equation in all the domain cells, is obtained by summing R over all the cells: 

 

 , ,tot i j k

i j k

R R=   

 

Additionally the residual can also be normalized to make it independent of the 

scale of problem being analyzed. Defining n as the normalization factor, the 

convergence condition is written as: 

 

 
1

totR tolerance
n

   

 

where in our case a tolerance value of 10-12 has been used.  
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Appendix B: Simulation campaign for the 

transport properties correlations 

Table 11 Results of simulation campaign conducted to extract the effective transport properties 

correlations from the stochastic reconstruction of GDLs. 

N° sample 휀 n Fibers 

Fiber 

diameter 

[𝜇m] 

BVF TPC IPC TPD IPD 

Data set obtained varying n Fibers 

1 0.7 21 8 40% 0.0865 0.2171 0.3174 0.3840 

2 0.72 20 8 40% 0.0822 0.1990 0.3199 0.3912 

3 0.74 18 8 40% 0.0639 0.1793 0.3859 0.4505 

4 0.76 17 8 40% 0.0556 0.1620 0.4578 0.4874 
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5 0.78 15 8 40% 0.0437 0.1400 0.5416 0.5118 

6 0.80 13 8 40% 0.0288 0.1216 0.5679 0.5563 

Data set obtained varying the Fiber diameter 

7 0.70 18 9.2 40% 0.0847 0.2082 0.3624 0.3883 

8 0.72 18 8.6 40% 0.0799 0.1927 0.3953 0.4091 

9 0.74 18 8 40% 0.0639 0.1793 0.3859 0.4505 

10 0.76 18 7.5 40% 0.0587 0.1601 0.4222 0.4809 

11 0.78 18 6.6 40% 0.0528 0.1423 0.4801 0.5085 

12 0.80 18 6 40% 0.0355 0.1374 0.4554 0.5430 



Appendix B: Simulation campaign for the transport properties correlations 

155 

 

Data set obtained by changing BVF 

13 0.70 18 8 48.46% 0.0735 0.2042 0.3678 0.3870 

14 0.72 18 8 43.2% 0.0672 0.1902 0.3797 0.4235 

15 0.74 18 8 38.29% 0.0639 0.1793 0.3859 0.4505 

16 0.76 18 8 34.84% 0.0622 0.1598 0.4383 0.4838 

17 0.78 18 8 27.72% 0.0580 0.1389 0.4593 0.4998 

18 0.80 18 8 20.4% 0.0310 0.1297 0.5524 0.5828 
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