Human activities have caused an increase in the mean temperature of Earth by +1.1 • C as compared to preindustrial temperatures, leading to dire consequences on our ecosystems and societies. Yet CO 2 emissions keep increasing each year. It is therefore urgent to act and find ways to reduce our greenhouse gas emissions. In this immense challenge that our generation is facing, Nature is a great source of inspiration. Indeed, photosynthetic organisms convert CO 2 , water and sunlight into oxygen and organic molecules, which store energy in the form of chemical bonds. Developing artificial photosynthesis devices is therefore highly promising, as it is a way of producing fuels while using the main greenhouse gas on Earth as a feedstock. If powered by a renewable energy such as sunlight, these devices could become one of the main solutions adopted by our society to curb global warming.

An artificial photosynthesis device requires a source of electricity in order to carry out two reactions: the reduction of CO 2 to carbonaceous products and the oxidation of water to oxygen. This process must consume a minimum amount of energy and involve only cheap and abundant materials to allow scale-up of the technology.

In this work we focus on the oxidation of water, also called oxygen evolution reaction (OER). This reaction has very sluggish kinetics, therefore active and robust catalysts are required. The state-of-the art catalysts used for OER catalysis are Ir and Ru oxides. Although they show high activities, they are made of scarce and expansive materials, which must be replaced by abundant resources. This thesis focuses on the development of highly active, stable and cheap transition metal-based catalysts.

In Chapter 1 we outline the main challenges related to the increase in CO 2 emissions, and describe the concepts of CO 2 utilisation, which consists in exploiting CO 2 as a feedstock for fuels and chemicals production, therefore valuing it while limiting its release in the atmosphere. The devices used for CO 2 conversion are described. We then focus on the oxygen evolution reaction, and review the literature starting from the oldest OER catalysts up to the most recent and active species reported. Recent findings regarding the understanding of the OER mechanism are discussed.

Chapter 2 is dedicated to the understanding of important parameters at stake in the development of active OER catalysts. Owing to the wide diversity of catalysts and characterisation procedures reported in the v literature, we developed a precise protocol for activity and stability evaluation in alkaline conditions. We selected nine of the most active catalysts of the literature and synthesised them on a porous nickel foam (NF) support. We compared these catalysts using our standard protocol and gained key learnings for further improvement of OER catalysts. Among them, we highlighted the importance of using an active and porous support, the synergy between Ni and Fe, and the benefits of ion vacancy engineering.

In Chapter 3 we drew on the conclusion that the use of an active, porous and conductive support such as nickel foam was key in the development of highly active anodes. We further enhanced the properties of NF by depositing nickel dendrites on its surface. This new material showed increased porosity and activity. When used as a support, it led to an improvement in the activities of all the catalysts deposited on its surface as compared to NF. Two catalysts emerged as the most active, and their electrochemical and compositional stabilities were demonstrated using a new protocol.

In Chapter 4 we further built on the learnings gained in our benchmarking study, and developed two routes for innovative OER catalysts synthesis. We made a new anode via a very simple procedure involving Fe-doping in a porous Ni-based material and recorded impressive OER activities. We also developed a Cr-doped FeNi material, and introduced cationic vacancies by selective Cr leaching, leading to increased exposition of active sites. We highlighted stainless steel compositions as promising candidates for OER catalysis.

In Chapter 5, we considered a CO 2 -conversion electrolyser and introduced a stainless steel-based anode in this device. We tested different parameters in order to identify the best conditions for energy efficiency optimisation. We showed that a gradient of pH between anode and cathode was beneficial. We selected bipolar membranes as they prevented any degradation of the electrolytes. We operated the CO 2 electrolyser in these optimal conditions and measured a gain by 6-8% in the energy efficiency.

Overall, this work gathers a multi-scale study of OER catalysts. Starting from our understanding of the materials reported in the literature, we reported innovative procedures for support improvement and new catalysts development. We identified the best conditions to introduce OER anodes in energy efficient CO 2conversion devices. We are now working on the integration of our own catalysts in such devices, that we will operate at high current densities for long times, in order to demonstrate the viability of such systems for large scale industrial applications. vi
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General introduction

While anthropogenic carbon dioxide emissions are rapidly increasing, reaching record numbers each year, the development of solutions to mitigate the impact of this greenhouse gas on our ecosystems is vital. Nature is a great source of inspiration : plants perform photosynthesis, and convert sunlight, water and CO 2 into organic matter, which stores energy in the chemical bonds of energetic molecules. A promising solution for CO 2 utilisation is developed based on this natural process, and can be described as artificial photosynthesis.

This work focuses on a system powered by renewable electricity for CO 2 and H 2 O conversion to high value chemicals (Figure 1). These stable molecules enable to store energy in gas or liquid form and can be used as fuels or base chemicals in our vehicles and industries. This process involves the oxidation of water and the reduction of CO 2 , which are energy consuming reactions due to the high stability of the two molecules. Highly active catalysts are therefore needed. This work focuses on the catalysis of water oxidation (Equation 1), also known as the oxygen evolution reaction (OER). This reaction is of high importance as it is the anode reaction in several processes such as CO 2 utilisation but also green H 2 production by water splitting, and is often the limiting process in the development of energy efficient devices. This reaction involves four proton and electron transfers and suffers from extremely sluggish kinetics, hence thriving research is dedicated to developing active, stable, robust and cheap OER catalysts.

This thesis aims at providing a multi facets insight on OER catalysts, by describing the state-of-the-art of the research on this topic, and by providing innovative routes for active OER catalysts development. It also addresses the challenges linked to the integration of anodes into CO 2 utilisation devices. It highlights key parameters that could help improving the energy efficiency of these devices and reduce their costs, making them viable options for further industrial scale-up.

2H 2 O -→ O 2 + 4H + + 4e - (1) 
The first chapter describes the challenges posed by CO 2 emissions, and the concepts of CO 2 utilisation technologies. It then focuses on the substantial literature on OER catalysts and provides insights on the latest discoveries in the understanding of the reaction mechanism.

The second chapter is a benchmarking of some of the most active OER catalysts of the literature. These catalysts were synthesised on a porous support and their activities for OER catalysis were compared using a new standard protocol. Design principles were highlighted for further OER catalyst development.

The third chapter describes an innovative route for catalyst improvement, which is based on a simple modification of the support. The central role of the support was demonstrated and gains in activity were obtained for all the catalysts tested. A protocol for stability evaluation was developed and two catalysts were highlighted as cheap, stable and highly active and therefore make interesting candidates for CO 2 utilisation devices.

The fourth chapter describes two procedures for Ni-based OER catalysts synthesis, involving Fe and Cr doping. Two highly active species were developed and their synthesis strategies were compared. Importantly, facile procedures were selected as promising routes for large scale electrodes production. Moreover, stainless steel analogues were identified as active species for OER catalysis. Carbon dioxide emissions have raised parallel to anthropogenic emissions over the last decades, reaching 42

Gt CO 2 (± 3 Gt) emitted each year (Figure A1). [1] These emissions unequivocally result from human activities, as recently stated by the intergovernmental panel on climate change (IPCC). [START_REF]on Climate Change, Climate Change 2021: The Physical Science Basis[END_REF] The increase in CO 2 emissions is mainly linked to the ever increasing global energy consumption, 84% of which requires massive burning of fossil fuels (Figure 1.1A). [START_REF]BP Statistical Review of World Energy[END_REF][START_REF] Smil | Energy Transitions: Global and National Perspectives[END_REF] The main sectors contributing to CO 2 emissions are the energy production sector, the agriculture, the industry, the transportation sector and buildings construction (Figure 1.1B). [START_REF] Hepburn | [END_REF] A fraction of the CO 2 generated from human activities accumulates in the atmosphere, which already stores 3150 Gt of CO 2 , at a concentration close to 400 ppm. Therefore, the yearly emissions only represent ∼ 1% of the atmospheric CO 2 . However, rising emissions since the pre-industrial era (1850-1900) means that nowadays, the anthropogenic CO 2 accounts for ∼ 25% of the atmospheric CO 2 , which is an alarming proportion. [START_REF]Dealing with carbon dioxide at scale[END_REF] Why is the accumulation of CO 2 such a problem? CO 2 is a greenhouse gas (GHG). The greenhouse effect is a natural phenomenon whereby GHGs absorb a fraction of reflected solar radiation and convert it to heat, which regulates the Earth's temperature surface. Without this phenomenon, Earth's temperature would be close to -18 • C. As a consequence, the increase of CO 2 concentration in the atmosphere leads to a warm up of Earth's Origin of worldwide CO2 emissions by source in 2019. [START_REF] Hepburn | [END_REF] surface. According to the IPCC, the mean global temperature has already increased by 1.1 • C (± 0.2 • C) when compared to pre-industrial temperatures. [START_REF]on Climate Change, Climate Change 2021: The Physical Science Basis[END_REF] The increase in temperature has serious impacts on many ecosystems. We have reached a point of no return, which means that even if anthropogenic emissions were stopped now, the Earth's feedback mechanisms will continue to cause long-term changes in the climate system. This is the reason why 190 countries joined the Paris Agreement in 2015, which encouraged nations to hold the increase of global temperature below +2 • C and act to limit it to +1.5 • C. However, the +1.5 • C scenario is now beyond reach, unless CO 2 emissions start decreasing immediately. The objectives of the Paris Agreement will be reviewed in Glasgow in November 2021. According to IPCC, our only chance to maintain the temperature increase below +2 • C requires to reach net negative CO 2 emissions before 2050, which involves boosted and sustained actions dedicated to attenuating as much as possible the negative consequences of global warming on ecosystems, humans and economies (Figure A2).

A range of consequences have been observed and predicted by IPCC, such as the exacerbation of extreme phenomena (be it extremely warm or cold episodes). Global warming is likely to lead to increased hazards from heavy precipitation and floods, or from droughts in some areas. A rise of sea levels is anticipated, due to marine ice sheet instability and irreversible loss in Greenland ice sheet. The rise of sea levels will result in destruction of coastal areas and small islands, exposing millions of people to related risks. Moreover, the modification of climate and ecosystems will lead to the loss of many species due to habitat disruption, forest fires, spread of invasive species, thawing of the permafrost and other related phenomena. The increase in the oceans' temperature and their acidification will likely cause damage to marine ecosystems, such as coral reefs.

A decrease in annual catch of marine fishery is expected, resulting in reduced food production. Global warming will probably lead to an increase of health-related mortality due to food insecurity and insufficient water supply.

As a consequence, slowing down global warming is essential as it will leave more time to people to adapt, to reinforce their infrastructures, to help restore the ecosystems and to focus on biodiversity and agriculture management. Human systems must become more resilient and strong actions must be taken in order to limit the accumulation of CO 2 in the atmosphere. [START_REF]on Climate Change[END_REF] This issue must be tackled by all spheres of society, be it scientific, political, or industrial. Nowadays, a number of countries have stated mitigation ambitions. However, according to these ambitions, the IPCC anticipated an increase of Earth temperature up to +3 • C by 2100. In order to limit global warming to +2 • C, more drastic decisions must be taken, and global CO 2 emissions must start to decline well before 2050.

Among the 42 Gt of CO 2 emitted each year, ∼ 21 Gt are absorbed by natural sinks. ∼ 12 Gt are absorbed by land sinks such as forests, and ∼ 9 Gt are absorbed by ocean sinks. Net yearly emissions thus represent 50% of the anthropogenic CO 2 generation. Therefore, we are left with more than 20 Gt of CO 2 each year that we need to cut. [START_REF] Hepburn | [END_REF] 1.1.2 What can we do with all this CO 2 ?

CO 2 capture
The IPCC proposed different pathways to limit global warming and to acheive zero global net CO 2 emissions.

In most of these pathways, carbon dioxide removal (CDR) is considered as a way to reach objectives. Capturing CO 2 is a promising way of cutting emissions. According to estimations, 30% of CO 2 emissions could be captured from point sources by treating the gas coming out from industries. The best candidates for carbon capture are coal, natural gas, cement, steel and iron industries. [START_REF]Dealing with carbon dioxide at scale[END_REF] 3 main processes are currently used for CO 2 capture. One process consists of capturing CO 2 in industrial reactors before fuel combustion. This method requires modification of the whole combustion process, therefore it can only be applied on new reactors. Oxycombustion is another solution that consists of injecting oxygen rather than air during combustion, therefore avoiding the formation of NO x . CO 2 can then be extracted from flue gas by cleaning and dehydration. However this process requires the use of very pure oxygen, which can be costly. The last option is downstream capture of CO 2 . This is the most common pathway used today. It involves the treatment of flue gas to extract CO 2 using a solvent (usually an amine) which reacts with CO 2

(to form carbamates). After separation, CO 2 and the solvent are regenerated. Downstrean capture of CO 2 can also be performed using cryogenic strategies, by cooling flue gas to -120/-180 • C to freeze CO 2 . [9,[START_REF]Agence de la transition écologique -ADEME[END_REF] This captured CO 2 can be stored in geological formations, released into the ocean, or utilised as a reactant in chemical processes such as the formation of organic carbonates. [START_REF]Carbon Dioxide Capture and Storage IPCC report[END_REF] CO 2 storage is highly interesting as it enables a net decrease of carbon emissions: a power plant with CCS could reduce emissions by approximately 80-90% compared to a plant without CCS. However capturing and storing one ton of CO 2 costs about 50-100 e, and this price must fall below the price of carbon on international markets (∼ 50 e/ton) in order to make the technology viable. Moreover, many questions remain regarding safety of transportation and storage, as well as social and political acceptance. Additionally, CO 2 requires special geographies, therefore not all countries can envision such solutions to cut their carbon emissions.

CO 2 utilisation

CO 2 utilisation consists of using CO 2 at concentrations above atmospheric levels, directly or as a feedstock in industrial or chemical processes, to produce valuable carbon-containing products. As opposed to carbon storage which permanently stores CO 2 , carbon utilisation leads to a net zero emission cycle, which reduces emissions but does not remove CO 2 from the atmosphere. It is still a highly interesting option for industries as it enables to value carbon, improving the economic viability of carbon capture projects.

Three main solutions exist: direct CO 2 recovery is a strategy that directly uses CO 2 for applications such as drink gasification, fire suppression, refregiration, etc. Chemical recovery uses CO 2 as a reactant for the synthesis of value-added compounds. Biological recovery consists of feeding photosynthetic micro algae with CO 2 in order to generate organic molecules. Some industrial processes using CO 2 already exist. The two main are enhanced oil recovery (which consumes approximately 50 Mt CO 2 /year) and urea production from ammonia and CO 2 (which consumes ∼ 100 Mt CO 2 /year). [START_REF] Hepburn | [END_REF][START_REF]Dealing with carbon dioxide at scale[END_REF] CO 2 chemical conversion

Here we focus on the chemical recovery process. In this scenario, CO 2 is captured from concentrated point sources, or directly from vehicles, habitats or even from the air if adequate technologies emerge. Then the gas is converted to high value products, such as chemicals or fuels. These products can be easily managed, transported and stored in gaseous or liquid form. Moreover, they can be deployed in existing infrastructures and vehicles without implying a brutal change of paradigm to our societies, as opposed to other energy storage solutions which require a massive electrification our vehicles and industries (Figure 1.2). If the conversion is powered with a renewable source of energy, a net neutral carbon emission footprint could be reached. Moreover, if this process could be made highly energy efficient, it would enable storage of renewable energies in the form of highly energetic chemical bonds, therefore mitigating the intermittency issue of renewables. As a consequence, this process could solve a two-fold challenge as it could limit CO 2 emissions and store intermittent renewable energies into viable chemical vectors. Chemical conversion of CO 2 into hydrocarbons, fuels or chemicals can be performed either using biological, thermochemical or electrochemical processes. [START_REF] Luna | [END_REF] Biological conversion In Nature, photosynthetic systems use complex electron transfer chains to convert CO 2 into organic molecules such as glucose using water as a source of protons and electrons and sunlight as a source of energy, generating oxygen as a byproduct. Therefore, natures shows us that using these sources of chemicals and energy is compatible with the Earth's atmosphere and geochemistry on a global scale. However, natural photosynthesis has a low solar-to-fuel efficiency: only red photons are used by plants to convert H 2 O and CO 2 , moreover important energy losses result from the numerous reactions needed for photosynthetic organisms to survive. As a consequence, only 0.1 -0.2% of solar energy is converted to biomass. One can envision the use of biological organisms to convert CO 2 into interesting products by optimising the culture conditions. Photosynthesis is a great source of inspiration for the development of highly efficient artificial photosynthetic devices for CO 2 and H 2 O conversion. [13,14] Thermochemical conversion Thermochemical CO 2 conversion is a two-step process which consists in converting CO 2 into syngas (CO + H 2 ), and subsequently generating hydrocarbons via Fischer-Tropsch conversion. Most industrial processes are thermochemical, therefore technologies are well mastered and more mature. CO 2 thermochemical conversion technology readiness level (TRL) is estimated at 6 (Figure A3).

Historically, thermochemical processes were favored due to the low prices of thermal energy as compared to electrical energy, but with growing accessibility and development of renewable electricity, other options have emerged.

Electrochemical conversion Electrochemical conversion devices involve the simultaneous transformation

of CO 2 and H 2 O molecules and are powered by electrical energy. Today, technologies powered by renewable energies could become viable as the price of of solar electricity is expected to drop by 50%, and the price of wind power by 30% by 2050. [9] Although the technology is still immature (with a TRL of 2-3) it presents many advantages, and is explored as a possible pathway by some industries. Electrochemical CO 2 conversion is a unique value proposition as it is a single-step process, as opposed to thermochemical solutions. Moreover, it is very modular as it can be centralised (with multiple units connected in clusters) or decentralised and located directly close to renewable energy sources or to CO 2 point sources for on-site capture, purification and conversion. The applied voltage used to power electrochemical reactors can be controlled, enabling fine tuning of reaction rates. The fast response time of these systems make them ideal for coupling to intermittent renewable energy sources.

However, the viability of this technology is still to be proven. Chemicals such as ethylene or ethanol are possible products which already have huge markets and low price points. Therefore, market penetration of CO 2 -derived alternatives necessitates lower prices than petrochemicals. Commercialisation of such processes strongly relies on the development of highly performing, reliable, energy efficient and durable electrolysers.

Evaluation and assessment of candidate technologies will be required on severals aspects:

• From the environmental and climatological point of view, the technology must reduce CO 2 emissions without undesirable results at a global scale. Life cycle analyses are required to answer this question.

• From the technical and economic point of view, the technology must overcome technical hurdles that hamper its deployment at scale and its economical sustainability. Appropriate regulations and policies will be required (e.g carbon price, certifications on CO 2 -derived products). Techno-economic evaluation of candidate technologies must be performed to assess the ease of implementation of the process, the scalability, the competitive barriers, the sustainability of the products, the distribution channels, the extent of regulatory measures... The critical price point for which the process becomes viable must be estimated.

• From the social point of view, the technology must be embraced by business, consumers and society.

Behavioural and cultural studies must support the deployment of such solutions. [START_REF]Dealing with carbon dioxide at scale[END_REF] If these challenges can be overcome, the development forecast for electrochemical conversion technologies is aprroximately 5-10 years. TotalEnergies aims to scale up the technology and build a TRL 5 demonstration pilot before 2035.

Other technologies such as photochemical conversion are also being developed. These systems enable the direct use of solar energy to power chemical conversion of CO 

Technoeconomic viability of CO 2 electro-conversion

Several studies focus on estimating the cost of CO 2 -derived fuels and chemicals production. This section is a review of the different estimations performed in the literature, and will be followed by the description of the electrolyser design. [START_REF] Luna | [END_REF][15][16][17][18] Disrupting the 5 trillion dollars market of chemical production is a huge challenge. Indeed, fossil feedstocks are generally very low cost, such as shale gas in the US. Moreover, we are targeting a massive scale industry, with heavy capital costs and complicated supply chains, so many barriers are to overcome in order to reach the envisioned gigaton production of CO 2 -derived chemicals and fuels.

In order to penetrate this market, which chemicals should be targeted?

Hydrocarbons and alcohols are organic molecules made of carbon chains of various lengths. When the number of carbon atoms in the molecule increases, the energy density of the compound increases as well, therefore the energy needed to produce it increases. Chemicals that could be derived from CO 2 are carbon monoxide (CO), formic acid (HCOOH), methanol (MeOH), methane (CH 4 ), ethylene (C 2 H 4 ), ethanol (EtOH) and propanol (PrOH). The market prices and sizes for these chemicals are depicted on Table 1.1.

We observe that all the chemicals targeted have low market prices which makes market penetration of CO 2 -derived products challenging. Ethylene has a huge global production, because it is the precursor of most polymers used. The market penetration for this chemical is highly region-dependent. Indeed, it is derived from shale gas in the US, which is a very cheap feedstock, whereas is it extracted from naphta in Europe and Asia, which is ∼ 5 times more expansive than shale gas. CO 2 -derived could therefore be an interesting target in these regions. CO has many applications as it can be used as a feedstock in Fischer-Tropsch synthesis of hydrocarbons (such as diesel). Moreover, it can be used in the biocatalytic fermentation of sugars to form high value added chemicals (acetic acid, butyric acid, polyhydroxyalkanoates...). However it has a very low market price, it cannot be used directly, and it is highly toxic. Alcohols such as MeOH and EtOH also have very low market prices, which makes their market hard to target. One benefit of CO 2 -derived alcohols is that it does not rely on the use of food resources for production, as opposed to traditional production based on fermentation of sugars. Consequently, CO 2 -derived alcohols could be promising alternatives. Propanol has a higher market price than other alcohols and is therefore quite interesting, although it encounters a very low demand at the moment. Natural gas (CH 4 ) has a gigaton market size and very low price point, so this market cannot be realistically targeted by CO 2 -derived products. HCOOH is the least promising chemical here as it has a low market price and a low production volume. [START_REF] Luna | [END_REF]15] In order to target the most interesting molecules among these, some authors evaluated them according to different parameters, such as the cost of CO 2 and the cost of electricity. The results of some of these studies are summarised in Table 1.2.

These studies show that given the present lack of commercial-scale systems, no model can predict which product must be targeted with absolute certainty. The most important parameters of these scenarios are the cost of electricity and the cost of CO 2 . This further highlights the need for strong political decisions targeted to fostering the scale-up of renewable electricity production and increasing the cost of carbon. From the technical point of view, efforts are needed to improve the energy efficiency and to reduce the costs of electrochemical CO 2 conversion systems. This can be targeted by concentrating on effective CO 2 electrolyser design and catalyst integration. Importantly, the water conversion reaction is one of the major bottlenecks in the scale-up of such devices as it contributes a large part of the energy consumption of the electrolysers, therefore research is required to improve the efficiency of this process.

CO 2 -conversion electrolysers

Electrochemical CO • All products are cost competitive [START_REF] Luna | [END_REF] Table 1.2. Summary of techno-economic analyses of CO2-derived products. Different CO2-derived chemicals were compared on the basis of parameters such as profitability and CO2 emissions avoided. The potentially viable molecules under the stated hypothesis were highlighted. conversion by connection of a photovoltaic module to an electrolyser (Figure 1.3B). [20] In this work, we focus essentially on the EC device, which can be directly integrated with PV to form a PV-EC configuration. This strategy enables the optimisation of the conversion of CO 2 and H 2 O while building on well-developed PV technologies. [21] Moreover, this configuration allows coupling with any source of electricity, making it a more flexible device.

CO 2 electrochemical conversion is typically performed in electrolysers based on industrially mature water splitting technologies for hydrogen production. They comprise a two-compartment cell, where water oxidation to oxygen (Equation 1.1) and proton reduction to hydrogen (Equation 1.2) are performed at the anode and cathode, respectively. These two reactions, also known as oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) lead to the reaction equation 1.3. OER is the bottleneck in hydrogen production, as it requires several proton and electron transfers, and suffers from extremely sluggish kinetics. As a consequence, efficient catalysts are required to operate these devices at high current density while consuming reasonable amounts of energy. [20].

anode : OER H 2 O -→ 1 2 O 2 + 2e -+ 2H + E • = 1.23 V vs RHE (1.1) cathode : HER 2H + + 2e --→ H 2 E • = 0 V vs RHE (1.2) Reaction E • cell (V) 2CO 2 -→ 2CO + O 2 1.34 CO 2 + 2H 2 O -→ CH 4 + 2O 2 1.06 2CO 2 + 2H 2 O -→ 2HCOOH + O 2 1.48 2CO 2 + 4H 2 O -→ 2CH 3 OH + 3O 2 1.25 2CO 2 + 3H 2 O -→ C 2 H 5 OH + 3O 2 1.15 2CO 2 + 2H 2 O -→ C 2 H 4 + 3O 2 1.17 6CO 2 + 8H 2 O -→ 2C 3 H 7 OH + 9O 2 1.13
H 2 O -→ 1 2 O 2 + H 2 E • cell = 1.23 V (1.3)
The two reactions are performed at the surface of electrodes in contact with conducting electrolytes. These electrolytes are continuously flowed in each compartment, which enables fast transport of reactants to the electrodes, and efficient removal of products gas bubbles. The two compartments are separated by an ionexchange membrane, which ensures separation of O 2 and H 2 gas and carries ions from one compartment to the other. Current densities in the range of 1 A cm -2 can be reached in this configuration. CO 2 conversion electrolysers are inspired from these: water oxidation is performed at the anode, and CO 2 reduction is performed at the cathode. In this case, CO past decade, and our work focuses exclusively on this class of catalysts. [22,23] Recently, new cathode designs have enabled electrolysers to overcome the high mass transport limitation due to the low solubility of CO 2 in aqueous solution: in these innovative designs the catalyst is deposited on a porous gas diffusion layer (GDL) and placed facing the flowing electrolyte solution, while CO 2 is flowed through the back of the GDL. The reaction occurs at the electrolyte/catalyst interface where CO 2 solubilises, enabling minimisation of diffusion for CO 2 mass transport and leading to high current density. [24,25] The anode is composed of a porous and conductive support-catalyst assembly immersed in the aqueous electrolyte, which plays both the role of ionic conductor and water supply for OER (Figure 1.4).

The importance of the oxygen evolution reaction

A stated above, the oxygen evolution reaction (OER) suffers from sluggish kinetics. This reaction is of tremendous importance in both H 2 production and CO 2 conversion technologies, and research is still needed to reach highly active, cheap and stable anodes. In current electrolysers, the majority of the electrical input is required by the anode to process the OER, therefore focusing on the anode to reduce the overall cost of these systems is a promising approach. The following section is a summary of the state-of-the art of the different types of catalysts for OER catalysis.

Oxygen evolution catalysts

A wide variety of OER catalysts have been developed, and very active research is still ongoing in this field.

Benchmark catalysts were developed based on noble metals, that were progressively replaced by Earth abundant materials. This section aims to review milestones in the development of OER catalysts, and identify the most interesting catalysts among the different existing categories.

Activity metrics

There are many electrocatalytic kinetic parameters such as overpotential (η) and Tafel slope (b), which are utilised to fairly evaluate the performance of electrocatalysts. Overpotential is one of the most important descriptors to evaluate the performance of target electrocatalysts. η can be defined according to the Nernst equation (Equation 1.4):

E = E 0 eq + RT nF ln C O C R (1.4)
With E the applied potential, E 0 eq the standard potential at equilibrium conditions, R the gas constant, T the temperature, F the Faraday constant, n the number of transferred electrons, C 0 the concentration of the oxidised form of the species and C R the concentration of reduced form. η is the difference between the applied potential E and the standard potential at equilibrium conditions E 0 eq (Equation 1.5).

η = E -E 0 eq (1.5)
The applied potential commonly is much higher than that at equilibrium in order to overcome the electrode kinetic barrier of the reaction. Therefore, the overpotential is commonly referred to an additional value that has to be applied to achieve a specified current density. A lower overpotential of an electrocatalyst indicates a superior electrocatalytic ability for the reaction. We note η j the overpotential required to achieve a current density of j (in mA cm -2 ). η 10 is the most commonly used value, as j = 10 mA cm -2 corresponds to the current density of a benchmark solar conversion device with a solar-to-fuel efficiency of approximately 10-12%.

In general, a smaller overpotential with a faster increase in corresponding current density is desired. The current density (j) and the applied overpotential (η) can be described according to the well-known Butler-Volmer equation (Equation 1.6):

j = j 0 exp α a nFη RT + exp α c nFη RT (1.6)
Where j 0 is the exchange current density, which reflects the intrinsic bonding interactions and charge transfer tendency between electrocatalyst and reactant. α a and α c represent the anodic and cathodic transfer coefficients.

Under high anodic potential conditions, the overall current is mainly attributed to the anodic part and the contribution from the cathodic part is negligible, so the Butler-Volmer equation can be simplified as (Equation 1.7):

j ∼ j 0 • exp α a nFη RT (1.7)
Equation 1.7 is also known as the Tafel equation. By taking the logarithm of this equation, it can be re-written as (Equation 1.8):

log(j) = a + b • η (1.8)
With a = log(j 0 ) a constant and b the Tafel slope. A smaller Tafel slope (b) indicates a faster increase in current density with smaller overpotential (η) change, which implies good electrocatalytic kinetics.

These figures of merit, namely the overpotential η j at j 10 mA cm -2 and the Tafel slope b will be used for comparison of reported electrocatalysts in the following text.

Noble metal-based catalysts

Noble metal-based catalysts are considered as the benchmarks for oxygen evolution catalysis in acidic and alkaline media. [26][27][28][29] Among the noble metals, Ir-and Ru-based catalysts have emerged as the most promising species. [30] 

Ir

Ru. As a consequence, using a metallic species as an OER catalyst precursor is beneficial in terms of activity but oxides show significantly lower dissolution rates in both acidic and alkaline media and are therefore preferred. [31] Although the OER activity of RuO 2 and IrO 2 is highly dependent on the preparation method, the order of magnitude of overpotentials at 10 mA cm -2 are generally ∼ 200 mV in acid, and ∼ 300 mV in base. [28] Comparison between Ru-and Ir-based materials showed that Ru-based catalysts are more active but dissolve quickly under oxidative conditions. [27,28] The decomposition mechanism starts with the oxidation of Ru IV O 2 to Ru V I O 2 (OH) 2 , which gets further oxidized at higher potential to soluble Ru V III O 4 . Decomposition of RuO 2 can be easily detected as it leads to a change of color in the electrolyte. [32] Ir oxides are less active but show higher stabilities, which is the reason why they have attracted much attention in the past decade. However, they also dissolve at high oxidative potential, by formation of soluble Ir V I O 3

species. [33,34] Some authors tried to combine the high activity of RuO Despite the interesting activity and stability of IrO x catalysts, their large scale use is very limited, as Ir is an extremely scarce and expensive metal. Less than 8 tons of Ir are produced each year, which makes it impossible to envision a future based on a source of energy that utilises this metal. Moreover, its price has more than doubled in the past decade, reaching huge prices of ∼ 90 000 e/kg. [37] As a consequence, alternatives based on cheap metal resources must be developed.

Transition-metal based catalysts : structures

Many authors have focused on developing OER catalysts based on transition metals. These catalysts can only be studied in alkaline conditions, as they degrade in acidic pH. [38] Most studies are performed in a 1 M KOH electrolyte, so the activity figures reported hereafter were measured in this medium, unless otherwise stated.

In some cases, higher activities than Ir-based materials were reached with transition metal-based catalysts.

Among them, one can distinguish between crystalline and amorphous structures. 

Crystalline structures

Different types of well-known crystalline solids were tested for OER catalysis, the main categories being perovskites, spinels and layered double hydroxides (LDHs).

Perovskites Perovskites are minerals with the formula ABO 3 , where A is generally an alkaline cation or a rare element, and B is a transition metal (Figure 1.5). They are well-defined materials that can be readily probed, enabling precise understanding of structure-activity relationships. Indeed, the oxidation states of the active metal B can be tuned by selecting A, and insights can be gained on the electronic band populations. Moreover, different metals and cations can be compared, in various proportions, allowing parameter-dependant studies. [27] This level of understanding has led to the elaboration of rational design principles for the development of active OER catalysts. Suntivitch et al. used the filling of the e g band as an activity descriptor. They discovered that perovskites with ∼ 1 electron in the e g band showed the highest activities. [39] This electronic configuration leads to an optimal balance in the bond strength between the metal centers and reaction intermediates. Trends in activities were measured using perovskites incoporationg different transition metals. They follow the order:

Ni > Co > Fe > Mn > Cr. [40] Different studies showed that the most active perovskites are LaNiO 3 , LaCoO 3

and BaSrCoFeO 3 (BASCF), all showing optimal ∼ 1 electron filling in the e g band. [41,42] Despite the many andvatages of these catalyts, their use is limited as they cannot easily reach high current densities (> 100 mA cm -2 ). Moreover, they must be used as powders and cannot be grown in-situ on conductive porous supports, which limits their robustness and restricts their use on a large scale. Adapted from [46]. ] with ions between the layers, but many different structures have been reported. 2D materials present many advantages for OER catalysis, as they show optimal surface-to-bulk ratios and high conductivities [49,50] Moreover, 2D strucutures show higher structural distortion than 3D ones, leading to higher densities of under-coordinated sites and improved OER performance. [49,50] Many authors have synthesised mixed metal structures incorporating two different transition metal ions. These catalysts are called layered double hydroxides (LDHs). Owing to the many different synthesis procedures used to make LDHs, a wide variety of materials have been developed. A "top-down" strategy can de used, which involves the delamination of 3D layered catalysts to form monolayers. However, this strategy can be very challenging. [51] An easier way of making LDHs is by synthesis of nanoplates, called a "bottom-up" strategy. This enables direct synthesis on porous and conductive supports, leading to higher robustness and enhanced charge transfers at the catalyst-support interface. Subbaraman et al. established a trend in M-OOH catalysts (M = Ni, Co, Fe, Mn) and showed the following activity trend: Ni > Co > Fe > Mn. Here again, Ni-and Co-based species are the most active. [47] A huge variety of LDHs have been developed, and in-depth analysis of their structure facilitated understanding of their catalytic properties. [27] Among different parameters, the interlayer distance is of importance for catalytic properties as it controls adsorption of intermediates and intercalation of ions.

Yang et al. identified that the OER activity of an α-Li 2 IrO 3 material increased upon activation in an alkaline electrolyte. They observed a delithiation and oxidation processes, leading to the formation of an active Ir-based layered birnessite phase, showing increased interlayer distance. They observed dynamic insertion of K + ions in the interlayer, and proved the dependence of OER activity on K + concentration in the electrolyte. [52] As a conclusion, LDH materials are of high interest for OER catalysis as they are likely to undergo in-situ structural transformations leading to increased catalytic activities.

Amorphous structures

Dynamic changes at the surface of crystalline catalysts were observed for all types of materials, such as perovskites, [42] spinels, [54] or LDHs. [55] Different authors highlighted the formation of an amorphous layer at the surface of these materials under oxidative conditions. They concluded that the active phase for OER catalysis was likely to be amorphous. Similar conclusions were made regarding fully amorphous materials: they tend to have higher activities than their crystalline counterparts due to a higher degree of exposed defect and under-coordinated metal sites, which are assumed to be more active. [56] Many reports of amorphous materials with outstanding activities have been studied in alkaline conditions, [55,57] as well as in neutral electrolytes.

For 

Transition metal-based catalysts : nature of the cations

The OER is a widely used anode reaction, that is likely to be developed on a large industrial scale together with the spread of green hydrogen production and carbon utilisation technologies. As a consequence, cheap and abundant resources must be used. Catalysts based on transition metal oxides such as Ni, Co, Fe and Mn are the most promising, as mentioned above. The first transition metal-based catalysts were reported more than 50 years ago, such as Mn oxides, [62], cobalt oxides, [63] iron oxides, [64], Ni oxides [65][66][67][68] and mixed NiFe oxides. [69,70] Transition metals are interesting as they have high accessible oxidation states (+2, +3, +4). Their catalytic activity depends on several parameters such as their composition, crystal structure, oxidation state, available 3d electrons, binding energy of surface oxygen, dynamic structural reconstruction under oxidative potential and other performance-enhancing attributes. Therefore, a wide range of possibilities can be explored for the design of highly active and stable catalysts. For a long time, catalysts with overpotentials greater than 300 mV at 10 mA cm -2 and Tafel slopes above 40 mV dec -1 were reported. Important improvements in the reported activities have been reached in the last few years. In this section, we review some of the most active species based on cheap transition metals (Table 1.4) and highlight promising design ideas for future OER catalyst development.

Mn-based catalysts

Manganese-based compounds are very interesting candidates for OER catalysis as Mn is abundant and cheap. This metal shows coexistence of various oxidation states which are likely to exhibit interesting catalytic properties. Moreover, Mn is at the basis of OER in nature: OER takes place in the enzyme called photosystem II of photosynthetic organisms, in the active site composed of a cubic-like Mn 4 O 5 Ca cluster (Figure 1.8). [71][72][73] Mn oxides exist in different crystal structures and allotropes. Among them, α-, βand δ-MnO 2 are the most studied for OER catalysis, either in alkaline or in neutral conditions. with an overpotential of 520 mV at 5 mA cm -2 and a Tafel slope of 114 mV dec -1 in akaline medium. [44] To conclude, many Mn-based catalysts were reported, both in neutral and in alkaline conditions. We won't discuss neutral conditions here as instabilities were reported in this range of pH. [79] The majority of Mn-based catalysts show relatively high overpotentials, often higher than 400 mV at 10 mA cm -2 in 1 M KOH. [80] Lower overpotentials were measured using other transition metals such as Co, Ni and Fe.

Ni-and Fe-based catalysts

The first use of Ni-based materials for oxygen evolution catalysis was reported by Bode et 

High valence dopants

The results depicted in the previous sections show the benefits of using multimetallic transition metal-based materials as OER catalysts. Indeed, bi-and tri-metallic species usually exhibit enhanced performance as compared to their mono-metallic equivalents. [27,29] 

Transition metal-based catalysts : nature of the anions

Oxides and hydroxides are the most common OER catalysts, and we have seen that some of them exhibit very high activities. However, they suffer from certain drawbacks, such as low conductivity. Conductive supports can be used in order to balance this issue. They can also show low stabilities in some cases: as OH -are consumed in the vicinity of the surface, a locally acidic environment can lead to dissolution of transition metals, especially at high temperature and pressure. Different strategies have been developed in order to try to solve these issues.

Among them, the development of catalysts incorporating different anions has attracted much attention (Table 1.5). High activities were measured with these new materials, however, there is still a lack of understanding of the processes involved. Therefore, one must be careful in reading the reported activities, as phenomenon such as leaching of anions or in-situ phase reconstruction are sometimes ignored. The major classes of non-oxide catalysts described hereafter are chalcogenides (mostly sulfides and selenides) and pnictides (nitrides and phosphides). A few fluorides were also reported recently and will be breifly decribed in this section.

Sulfides

Although sulfides were initially used for hydrogen evolution reaction (HER) catalysis, [108] their bi-functional nature made them appealing candidates for the OER -this opened a field of research in OER catalysis. [57] Sulfides are usually pre-catalysts that are converted in-situ into the corresponding (oxy)hydroxides. This phenomenon is sometimes overlooked by authors who report biased overpotential values. [ They reported a high activity with an overpotential of η 10 = 232 mV and a Tafel slope of 58 mV dec -1 . [112] The wide range of effective catalysts generated from sulfides exemplifies the utility of S removal as a simple approach to enhance performance.

Selenides

Selenides pre-catalysts have been designed following the same principles as sulfide-based materials. These precursors also undergo transformation from selenides to (oxy)hydroxides which is the catalytically active phase. Using a selenide precursor enables to expose a large number of active sites and to promote electron They attributed the high activity to the coexistence of hexagonal NiSe and orthorombic NiSe which generates abundant grain boundaries at the interfaces, therefore exposing a large number of active sites. However, here again, a proper analysis of Se removal is missing. [112] Co-containing selenides were also developed. Zhu et al. formed a NiCoSe 2 material on NF using a hydrothermal synthesis procedure followed by thermal selenisation step. They obtained a nanobrush structure and measured η 10 = 274 mV and a Tafel slope of 61 mV dec -1 . They attributed the high activity of this catalyst to its increased surface area and rough surface, improving active site exposition and oxygen bubbles convection away from the electrode surface. They reported a good durability for 24 hours at 30 mA cm -2 but did not describe the selenide removal phenomenon. [115] Zhang et al studied a CoFeSe 2 material deposited on NF via a two-step hydrothermal procedure. They measured η 10 = 217 mV and a Tafel slope of 41 mV dec -1 . They highlighted the importance of Se oxidation and dissolution, leading to the active phase of the catalyst with increased exposed active sites. [116] To conclude, chalcogenides are highly promising precursors for active OER catalysts, the active phase being the (oxy)hydroxide formed under oxidative conditions. As exemplified above, many reports in the literature still lack a throughout analysis of the in-situ Se removal phenomenon under OER catalysis conditions.

Phosphides

A similar mechanism to that displayed by the chalcogenides was observed in the case of phosphides, with the in-situ formation of an oxide layer under OER conditions. This phenomeneon leads to difficulties in characterisation due to the difference between the active phase and the nominal composition. [57] Depsite this, phosphides show interesting properties as they are metalloids, and therefore they posess superior electrical conductivity. Moreover, they exhibit high wettability, which promotes the oxidation of water and the release of O 2 from the surface of the catalyst. 

Fluorides

Very few examples of fluoride-based OER catalysts can be found in the literature. Nevertheless, recent report highlight that these materials can be promising for oxygen evolution catalysis. Indeed, F is the most electronegative element of the classification. As a consequence, it can have an electron withdrawing effect from the neighbouring metals. Therefore, F-doping can modify the electronic structures of transition metal active sites, leading to electron-deficient configurations which are expected to boost OER activity. [ 

Table 1.5. Activities of the catalysts described according to the nature of their anions. Overpotentials ηx were measured at current densities of x mA cm -2 . All measures were performed in a 1 M KOH electrolyte unless otherwise stated.

synthesis procedure followed by thermal annealing. They tested this material for OER catalysis and measured 

η 10 =

Mechanism

Despite the very large number of OER catalysts developed in the last decades, no consensus has been reached regarding the reaction mechanism taking place at the surface of these materials. The next section summarises the advancement in the understanding of OER mechanism.

Understanding the OER mechanism

Conventional approach The widely accepted OER mechanism consists of four-electron, four-proton transfer steps (Figure1.10A)). [127] The reaction equation in alkaline conditions is given by (Equation 1.9):

4OH --→ O 2(g) + 2H 2 O (aq) + 4e - (1.9)
The reaction is usually assumed to take place in four elementary steps (Figure 1.10A). This reaction pathway, termed "conventional mechanism" in this thesis, is based on the enthalpies (∆G i , i = 1, ..., 4) of each elementary step described hereafter:

* + OH --→ * OH + e -(i) * OH + OH --→ * O + H 2 O (l) + e -(ii) * O + OH --→ * OOH + e -(iii) * OOH + OH --→ * + O 2(g) + H 2 O (l) + e -(iv)
where * represents the active site of the catalyst, (g) and (l) refer to the gas and liquid phases, respectively, and * OH, * O, * OOH represent the species adsorbed on the active site.

The first reports of metal oxide catalysts were published more than 50 years ago. At the time, no characterisation tools enabled throughout understanding of the mechanism. [65,66] In 1955, Delahay et al.

introduced the M-OH bond strength as the first descriptor to predict the activity of a given OER catalyst. [128] This vision was based on the Sabatier principle, according to which catalysts with neither too strong nor too weak binding with oxygen are the most active. Following this vision, Volcano plots of the overpotential as a function of the M-OH bond strength were established. According to this descriptor, the most active catalysts should be RuO 2 , Co 3 O 4 , LaNiO 3 or SrCo 3 as they show the optimal trade-off between a strong and a weak binding energy with oxygen. [129,130] In 1980, Trasatti calculated the enthalpy change between two intermediates. He used this difference as a new descriptor and used the associated Volcano plot as a predictive tool for OER activity. [131,132] A few strategies have been developed in order to break the linear scaling relationship between enthalpies and to decrease OER overpotentials. Some authors have described a dual-site mechanism involving a metal and a carbon site as two active sites in a MN 4 C 4 material. [134] Others created a confined environment around the active site involving hydrogen bonds, leading to a specific interaction between the active site and the reaction intermediates. [135] Another strategy consisted of introducing a proton acceptor in order to stabilise the * OOH intermediates by formation of ( * OO + * H) adducts. [136] These attempts to decorrelate ∆G * OH and ∆G * OOH led to decreased overpotentials.

Bockris introduced an alternative vision based on the number of 3d electrons of metal centers in perovskites. [40,137] Shao Horn et al. elaborated this vision and proposed e g orbital filling as a descriptor for perovskite catalysts. As the e g band is antibonding, the lower the occupancy, the stronger the M-O bond strength, and vice versa. The authors determined an optimal e g filling of approximately one electron. [39] Based on this analysis, they identified Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3-δ (BSCF) as the most active perovskite catalyst. This theory was extended to spinels after corrections. [138] Using the e g band filling as an OER activity descriptor enabled a deeper understanding of the mechanism, especially for crystalline materials, as different parameters could easily be tuned. For example, the oxidation state of the metal was tuned by substitution with foreign elements, leading to modification of the e g filling, that could in turn be linked to the resulting OER activities. [104] Nevertheless, e g filling as a descriptor does not enable differentiation between perovskites with e g filled with approximately one electron, but showing different OER activities, such as LaMnO 3 , LaCoO 3 and LaNiO 3 . This is because the e g orbital occupancy model is metal-centered and does not capture the sharing of electrons along the metal-oxygen bond. [139] Therefore, Shao-Horn and coworkers developed a new descriptor based on the M-O bond covalency: as the covalency increases, the B site of a perovskite has a larger O 2p character, leading to enhanced charge transfers between the active sites and the adsorbates. Other descriptors were proposed such as the surface binding energies of the * O and * OH intermediates, [130] or the metal oxide energy of formation. [140] As we can see from the above examples, establishing a realistic theoretical descriptor remains challenging. [28] Indeed, the surface of metal oxides is prone to be modified under OER conditions, due to several phenomenon such as cation leaching or participation of lattice oxygen. [141,142] These observations questioned the relevance of the adsorbate-based, conventional OER mechanism.

Lattice oxygen mechanism Increasing recognition that several processes are involved in the OER mechanism emerged as the well-established understanding was challenged over the past years by the recognition of the involvement of lattice oxygen (O 2-anions) in the mechanism. [143][144][145][146] This new vision is compatible with the traditional bond strength descriptor but requires consideration of dynamic surfaces where active sites are not limited to metal centers.

In 1976, Jovanovic was the first to propose an OER mechanism involving lattice oxygen. According to his theory, * OH intermediates adsorb on lattice O 2-sites and oxygen vacancies are formed, leading to O 2(g) release.

The vacancies are replenished in parallel by water dissociation products. [147] In 1983, Otagawa reported a similar mechanism based on the participation of lattice oxygen. [148] A few decades later, these results were corroborated by labelling measurements on Co 3 O 4 nanoparticles.

The authors discovered that 0.1-0.2% of the oxygen atoms of the oxide participated in O 2 evolution, suggesting that only the surface layer participated. [149] In 2015, Binniger et al. introduced a rigorous formulation of the lattice oxygen evolution reaction (they called it LOER). They described three main processes going on at the surface of a catalyst: (i) conventional OER (ii) metal leaching (iii) LOER and metal reprecipitation at the surface These three processes are linked thermodynamically: when the applied potential is above the OER potential, both metal dissolution and LOER are triggered. Metal dissolution can result in either mass loss and surface decomposition, or to redeposition by combination of metal ions with OH -species. This reprecipitation process leads to the formation of a dynamic but stable (oxy)hydroxide layer. It therefore became clear that the formation of this dynamic amorphous layer, which was observed for many OER catalysts, can originate from a lattice oxygen evolution process. [143,150] Yoo et al. performed a density functional theory (DFT) study of the LOER mechanism, by employing a linear scaling relationship between the reaction steps. This approach led to the minimisation of the thermodynamic OER potential as compared to the limiting boundary of the conventional OER mechanism, revealing an important advance in the breaking of the scaling relationship described in the previous paragraph. [133,146] Operando X-ray absorption spectroscopy (XAS) on BSCF perovskites exhibited the formation of CoOOH layer on the surface, due to partial leaching of Ba and Sr, as well as an amorphisation of the surface due to LOER. [142] Other labelling studies followed and further demonstrated the involvement of lattice oxygen:

Grimaud et al. proposed a mechanism based on anionic active centers leading to either O-O molecules with two

O coming from the lattice, or one O coming from the lattice and the other coming from the electrolyte. [145] A few authors have tried to establish the LOER mechanism. Whether this mechanism is cation-or anioncentered is still debated. Moreover, the evolution of O 2 could proceed via a mechanism involving one oxygen from the oxide lattice and one from an OH -adsorbate, or two lattice oxygens. These three possibilities are depicted on Figure 1.10.

In order to understand if the conventional or lattice oxygen mechanism is predominant for OER catalysts, a case-by-case study is necessary. Indeed, the nature of the mechanism strongly depends on the nature and the morphology of the catalyst. Interesting results were obtained on Ru-based catalysts. Indeed some authors performed oxygen labelling studies on RuO 2 species and did not observe lattice oxygen evolution. [151] This result was in line with the observation that lattice oxygen evolution was much more important in Ru 0.9 Ni 0.1 O 2-δ than in RuO 2 . This study showed that flexible structures that allow the formation of oxygen vacancies and the growth of an amorphous hydroxide layer are more likely to undergo LOER. [152] The occurence of LOER was evaluated in NiFe-based catalysts, which are known as the most active species.

Roy et al. performed a 18

O labelling experiment on a NiFeO x H y material. They concluded that the OER did not proceed via lattice exchange and was limited to the near-surface region. [153] Lee et al. performed a labelling study on NiOOH LDHs. They showed that lattice oxygen was involved for Ni and NiCo LDHs, but not for NiFe and NiFeCo LDHs, which were also the most active catalysts. [154] As a consequence, it seems that the most active of the OER catalysts, namely NiFe (oxy)hydroxides do not undergo lattice oxygen evolution. The nature of the active sites of these intriguing compounds will be described in the next section.

Understanding of the active sites in NiFe catalysts

Fe-doping in Ni (oxy)hydroxides leads to an important increase in OER activity, by at least five orders of magnitude. [28,155] An important question remains unresolved in the OER research field: what is the nature of the active site in NiFe materials?

The impact of Fe-doping has been linked to an increase in the conductivity of the material. [70,83] However, B. Metal-centered OER mechanism involving lattice oxygen with coupled proton-electron transfers, as proposed in ref [146]. C. Oxygen-centered OER mechanism involving lattice oxygen with decoupled proton electron transfers, leading to O2 molecules with one lattice oxygen, as proposed in ref [145]. D. Oxygen-centered OER mechanism involving lattice oxygen with decoupled proton electron transfers, leading to O2 molecules with two lattice oxygens, as proposed in ref [145]. Lattice oxygens are in red.

this effect is not sufficient to account for the huge decrease in overpotential measured. Other hypotheses on the impact of Fe were based on the observation of a modification of the local environment of Ni and Fe sites. [156,157] Indeed, very short Fe-O lengths were observed in NiFeO x by operando XAS. [158] Some authors reported a modified redox activity of Ni centers in the presence of Fe, [159] other showed that the presence of Fe led to the formation of active oxygen species under OER conditions. [157] Ni (oxy)hydroxides are well known for their high activity, although the exact nature of the active phase has long been debated. β-NiOOH has been considered as the active site for a long time. [160,161] More recent studies showed that γ-NiOOH is OER active. Some authors performed in-situ X-ray absorption near edge structure spectroscopy (XANES) and detected an average oxidation state of 3.6 on Ni centers under bias, they therefore concluded that γ-NiOOH was predominant during OER. [162] Overall, it seems that whether the active phase is βor γ-NiOOH is highly dependent on the structure and morphology of the catalyst. [163] What is more interesting is the FeOOH phase: indeed, while Fe-doping in NiOOH phases is highly beneficial for OER catalysis, pure FeOOH exhibits a very low OER activity. This phenomenon has been attributed to the insulating behaviour of FeOOH. [83] Yet no consensus has been reached regarding the nature of the active site in mixed NiFe (oxy)hydroxides.

A few authors advocate that Fe sites are the active ones. Enman et al. proposed that NiOOH acts as an electrical conductor matrix that supports active Fe sites. [164] Sun et al. adopted the point of view of local spin configuration in order to understand the nature of the active sites in Ni x Fe 1-x OOH materials. [165,166] According to their results, Fe 3+ is preferentially in a high spin configuration, while Ni 3+ is in low spin configuration. Therefore, Fe sites are high spin sites, which can act as spin channels: the release of oxygen triplet from these sites could be enhanced. The authors calculated the "bond-order" between Ni/Fe sites and the O 2 intermediates. They calculated that Fe 3+ binds • OH strongly and • OOH not too strongly, while Ni 3+ binds both intermediates similarly. These arguments make Fe appear as an ideal site for oxygen evolution. Despite these observations, FeOOH is a poor OER catalyst. The authors explain this by the low conductivity of FeOOH. Indeed, FeOOH is anti-ferromagnetic: its Fe sites are coupled in an antiparallel configuration, which prevents efficient electron transfers. When Ni is present in the vicinity of Fe sites, a ferromagnetic coupling is observed between the Fe and Ni sites. This coupling leads to unblocked spin channels and a higher conductivity is observed due to spin delocalisation. To conclude, the authors believe that Fe centers are the active sites, but can only perform in the presence of Ni which ensure a high conductivity.

Bard and coworkers used surface interrogation scanning electrochemical microscopy (SI-SECM) to measure OER kinetics on Ni IV and Fe IV sites. They discovered two types of surface sites with fast and slow kinetics, and showed that the fraction of fast sites matched the fraction of Fe IV sites. They therefore concluded that Fe IV were the active sites. [167] A Mossbauer spectroscopy study highlighted the formation of these Fe IV sites. [168] This study did not enable to confirm whether Ni or Fe were the active sites, but the authors proposed that undetected Fe IV sites located at edges and corners are the active sites. Gray and Winkler performed a study in non-aqueous medium and identified dioxo-Fe IV as the active sites by in-situ spectroscopic measurements. [169] Landon et al. performed in-situ extended X-ray absorption fine structure spectroscopy (EXAFS) and observed that the coordination number of Fe sites increased during OER. They concluded that these sites participate in OER. A range of advanced methods were used to identify Fe sites as the most active. However, these results are challenged by other authors who report Ni sites as the active ones.

Bell and coworkers performed in-situ Raman spectroscopy studies and detected the formation of a NiOOH phase under positive bias in a mixed NiFeO x material. They concluded that NiOOH could be the active phase even in the presence of Fe. They hypothesised that the role of Fe was to introduce a high degree of disorder as the Fe:Ni ratio increased, leading to more accessible Ni-based active sites. [170] Other reports showed the generation of NiOO -sites that are considered as the active sites, with asorbed * OO -intermediates. The presence of these sites was linked to the activities of NiOOH and NiFeO x materials, leading to the conclusion that the formation of highly oxidised Ni sites plays an important role in OER catalysis. [171,172] [173] Nocera and coworkers base their analysis on the fact that Fe III is a strong Lewis acid, which promotes the formation of Ni IV active sites, and of highly covalent Ni-O bonds. [174] As a conclusion, the assignment of the active site between Fe and Ni is still unsure. Based on the synergy between the two metals, the active site is likely to be an oxygen-bridged Ni-Fe dimer. [28] 

Introduction

The oxygen evolution reaction (OER) is one of the most relevant anodic reactions within electrochemical cells, where it is coupled to the hydrogen evolution reaction (HER) [14,[175][176][177][178][179] or the CO 2 reduction reaction (CO 2 RR) to energy-dense carbon compounds at the cathode. [20,180,181] It is thus of high relevance for electrochemical energy conversion and storage technologies. Oxygen generation from water oxidation at the anode is typically carried out in acidic or alkaline conditions. Operation in alkaline conditions allows the use of cheap, efficient and stable non-precious-metal catalysts, in contrast to acidic conditions, in which only expensive and scarce noble metal based catalysts such as IrO 2 exhibit significant stability. [182] In alkaline conditions, the best performance and highest stabilities were observed for Ni based multimetallic catalysts, [94,99,[183][184][185] which led to their widespread use as OER catalysts. [120,182,[186][187][188] However, sluggish kinetics of the four electron oxygen evolution reaction requires a significant anodic overpotential to achieve relevant geometric current densities, reducing the efficiency of the conversion of electrical to chemical energy. Hence identifying efficient, cheap and stable OER catalysts comprised of Earth-abundant elements is of fundamental importance and has been a prominent field of research during the last 20 years. [27,28,81,189] Among non-noble multimetallic metal-based OER catalysts reported so far, mixed nickel/iron/cobalt oxides in particular have shown stable low overpotentials at relevant geometric current densities.

Benchmarking these novel OER electrocatalysts is of utmost importance but remains highly challenging, since methods for evaluating performance (activity and stability) are non-standardised, making fair and reliable comparison extremely difficult. Notably, different catalyst supports are used, to which OER is very sensitive, [190,191] and variation in characterisation methods and experimental setups further adds to disparities between reported performances. As a matter of fact, very few benchmarking studies have been carried out so far. The last significant efforts in providing meaningful benchmarking studies were carried out in 2012, [82] 2013 [192] and 2015. [193] These studies, conducted on OER electrocatalysts deposited on Au/Ti or glassy carbon electrodes, performed water oxidation at a current density of 10 mA cm -2 with observed overpotentials higher than 300 mV. A relevant figure of merit from these studies is the overpotential (denoted as η 10 ) required to achieve 10 mA cm -2 current density per geometric surface area at ambient temperature and 1 atm O 2 . The η 10 value is indeed the benchmarking criterion generally used in literature. [82,192,193] Some OER electrocatalysts reported during the last five years exhibit η 10 overpotentials much closer to 200 mV, representing a significant advancement in the field. We thus found timely to provide a fair comparison of the performances of the most active catalysts of this new generation.

Here, we establish a protocol to benchmark a range of anodes, comprised of various catalysts synthesised on the same nickel foam (NF) support. Due to its conductivity, mechanical strength, relative inertness at alkaline pH, and low cost, nickel is an efficient current collector and a good support for active material deposition.

Furthermore, nickel foam shows extended geometric surface areas and fine three-dimensional structures which make it attractive as a support for heterogeneous catalysts. [191,194] Although various porous metallic foams have been used in the past for water oxidation, [66][67][68] alkaline conditions, such as solar-driven water splitting and electrocatalytic CO 2 RR using gas-fed flow cells. We have followed this trend and used NF as the catalyst support exclusively. [120,187,188] For this study, we selected nine promising multimetallic, non-precious-metal catalysts reported in the literature (Table 2.1). Several selection criteria were adopted such as the η 10 overpotential in alkaline conditions, the Tafel slope, the maximum current density and the long-term stability, as these data were available in the publications. [59,102,103,113,116,[195][196][197][198] We also made sure to select materials composed of a variety of transition metals, with different morphologies and synthetic procedures, in order to broaden the scope of our comparison. These catalysts were preferentially chosen on the basis that they display low η 10 overpotentials (below 300 mV). However, we also included the Co-based catalyst developed by Nocera et. al. (CoPi), [59] despite it exhibiting a η 10 value greater than 300 mV in 1 M KOH, since it is widely used in literature. The NiMoFe-O catalyst was included as it was reported to be the highest performing catalyst at the time of writing. [193,196] CoV-O and CoV-OOH were chosen to provide a comparison between two catalysts based on cobalt and vanadium that were synthesised using different methods. In the publications, these catalysts were characterised under very different conditions. In particular, various electrode supports were used (glassy carbon, Cu plate or Ni foam), illustrating the difficulty of comparing them just on the basis of the literature data. In our study, we exclusively used the same Ni foam as the conductive support. The syntheses followed the reported procedures as strictly as possible with slight adaptations to enable deposition on a 1 cm 2 NF support.

The materials were characterised and their kinetic performances for the OER in alkaline conditions analysed.

Geometric current densities of OER catalysts must attain several hundreds of milliamperes per square centimetre to facilitate CO 2 reduction and solar-driven water splitting under lab-scale conditions. [15,175,176] Therefore, we benchmarked the catalysts at the commonly reported value of 10 mA cm -2 but also at a more relevant current density of 100 mA cm -2 , [187,[199][200][201][202] according to a standardised protocol. Catalysts must be compared in terms of intrinsic activities, which requires to normalise the current densities by the effective electrochemical surface areas (ECSAs). This is in general a very challenging issue, quite often incompletely addressed. We have thus been careful in providing an array of experimental procedures for determination of concentrations of active sites and specific activities, and we propose a best-practice protocol for researchers in the field.

Results

Synthesis and characterisation of OER catalysts

Nine catalysts were selected among the most active materials reported in the literature (Table 2. A12C). The major limitation of this method is the hydrophobicity of dry Nafion which promotes the formation of an air film trapped at the catalyst/electrolyte interface and limits their contact area.

In order to reach a stable OER activity, these catalysts must be kept under oxidative conditions (10 min at 5 mA cm -2 ) in an aqueous electrolyte in order for the Nafion's hydrophilic domains to swell and become predominant in the bulk. [203] A modification in the nanostructure of FeCoW was observed after this process, revealing the formation of a thin layer structure (Figure A10C,A10D). We conclude that once the Nafion network is fully hydrated the metallic sites are exposed to the electrolyte. This allows dissolution/precipitation equilibria at the interface, resulting in the formation of highly nanostructured surfaces. NiFe-OOH (Figure 2.1G, A14, A15) was made through galvanic exchange of the Ni-based substrate with Fe 3+ precursor, followed by the deposition of a bimetallic oxy-hydroxide. As the support is the only source of nickel, it is etched during the reaction. This ensures a very high adhesion of the catalyst on the support, but also slightly modifies the material by etching its Ni backbone. Nevertheless, this method is particularly interesting as it is very simple. NiFeSe and CoFeSe derived oxides were synthesised by a more complex three-step procedure involving hydrothermal formation of layered double hydroxides (LDHs), followed by selenisation and subsequent reoxidation. The SEM images and EDX elemental analysis of the NiFeSe(-dO) (Figure 2.1H, A16, A17) and CoFeSe(-dO) (Figure 2.1I, A18, A19) catalysts revealed the formation of very dense, thick and mechanically stable deposits at the surface of NF with fine nanostructures in the range of 30-100 nm. However, the formation of a selenide involves hazardous synthesis steps and its reoxidation leads to toxic selenite waste products. CoV-O was synthesised by a simple one-step hydrothermal procedure involving the coprecipitation of Co and V in a mixed phase composed of a fine LDH nanostructure (Figure 2.1J, A20, A21) -this method is simple but results in a very low loading on NF. It should be noted that the atomic compositions of the catalysts differed slightly from those reported in some cases. For example, in the case of NiMoFe-O (Figure A7), the use of NF as the support led to small modifications in the chemical composition of the film. The tungsten content in FeCoW is also lower than expected (Figure A11). Additionally, as the procedure for CoFeSe-dO synthesis could not be reproduced, it was modified in order to reach a Co:Fe ratio comparable to the Ni:Fe ratio in NiFeSe-dO (Figures A17,A19). In spite of the modifications we had to make in the procedures, the morphologies of the catalysts were comparable to the literature, as illustrated by the SEM images in Figures A16 andA18.

Catalytic performance of OER catalysts

Methodology for OER tests

The catalytic activity of each material was measured under alkaline conditions, in an aqueous 1 M KOH electrolyte solution. Chronopotentiometric steps (CP steps) were performed at different fixed current densities (j = 0, 5, 10, 25, 50 and 100 mA cm -2 ) for 5 minutes each under stirring. This method is better than linear sweep voltammetry as it ensures that exclusively the oxygen evolution reaction response is measured and other contributions to the current are eliminated, such as the oxidation of Ni(OH) 2 to NiOOH in Ni-containing materials. [204] Furthermore, these CP steps give some information regarding the stability of the potential measured at different current densities on a short time scale. A possible drawback resides in some additional ohmic drop associated with the accumulation of oxygen bubbles at the surface of the electrode. [186,205] The j -η profiles and overpotentials at j = 10 and 100 mA cm -2 of the tested catalysts are displayed in Figure 2.2A and Figure 2.2B respectively (see Figure A22 for error bars), with the exact values of the overpotentials at j = 10 mA cm -2 given in Table 2.2. Additionally, the electrodes were held at a fixed current density (j = 50 mA cm -2 ) for 30 minutes in static conditions to verify that measured potentials were stable over a longer reaction time. In all cases this confirmed no clear degradative reactions (see Figure A23 for stability data).

OER activities at 10 mA cm -2

The overpotential A23. OER activities at 100 mA cm -2 Oxygen evolution must be carried out at higher current densities in order to meet the requirements for the electrochemical conversion and storage of renewable energy, such as solar-driven water splitting and CO 2 reduction technologies. [START_REF] Luna | [END_REF]15,187,[199][200][201][202] We therefore focus on the catalytic activities of the nine catalysts at 100 mA cm -2 (Figure 2.2, Table 2.2). While NF requires an overpotential as high as 563 mV, the nine catalysts enable an important drop in η 100 as compared to their support. Despite differences in the slopes, the trend in OER activity is the same at 10 and 100 mA cm 
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Kinetics of OER catalysis

The dependence of the OER kinetics on the applied potential for the catalysts is well illustrated through Tafel analysis (Figure 2.3 and Table A23). The fastest increase in current density upon potential increase occurs at the surface of NiFe-OOH, with a slope as low as 36 mV dec -1 . NiFeSe-dO and FeCoW also showed low Tafel (Figure 2.3). We systematically observed larger Tafel slopes with respect to reported ones, except for NiFe-OOH (Table A23). This is likely because chronopotentiometric steps were used to measure Tafel slopes in place of LSV scans, which is the general methodology employed in the recent literature. Also, as a consequence of the CP steps, accumulation of O 2 bubbles at the surface of the electrodes might contribute some extra resistance, especially at higher current densities, resulting in increased Tafel slope values. [186,206,207] 

OER activity dependence on the density of electrochemically active sites

Comparing catalysts with different morphologies in terms of their intrinsic activities requires determination of the density of electrochemically active sites, a very important yet challenging analysis. [208,209] Depending on parameters such as their nanostructure, porosity and lattice structure, catalysts can show very different interactions with the surrounding electrolyte. [52,[210][211][212] The density of electrochemically active and accessible sites can vary a lot from one catalyst to another. A range of techniques can be used to relate the total OER activity of a catalyst to the intrinsic activity of each active site. [208,209] Two main methodologies are considered here in order to estimate the density of accessible active sites. The first is through determination of the electrochemically active surface area (ECSA) while the second involves analysis of the pre-OER redox peaks. Both methods have serious limitations, however they are complementary techniques, therefore combined analysis enables general trends to be established. 
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ECSA determination

OER catalysts behave as capacitors: upon application of a potential, a charge build-up is observed at the catalyst-electrolyte interface. The capacitance of a catalyst in the absence of any Faradaic process is the double layer capacitance C DL . ECSAs can theoretically be calculated from C DL values, however they are difficult to obtain accurately. [87,192,[213][214][215][216][217][218] Indeed, ECSA = C DL C S where C S is the specific capacitance of the material, which corresponds to the capacitance of an atomically smooth planar surface of the same material per unit area under identical electrolyte conditions. While C DL can be experimentally determined by measuring the non-faradaic capacitive current associated with double-layer charging from the scan-rate dependence of the cyclic voltammograms (CVs), it is almost impossible to determine reliable values of C S for each sample. [213,218] Note that in previous studies for determination of ECSAs of various OER catalysts, the same value of C S = 0.040 mF cm -2 in 1 M NaOH, based on typical reported values for metallic surfaces, was applied. [192,193] However, one should be aware that this only gives an estimation of the ECSAs since the C S value varies significantly from one material to another. [192] In our case, C DL were measured by cyclic voltammetry in the range +0.95 -+1.05 V vs RHE, as it is a non-faradaic region for all our catalysts (except Cu-O which was characterised between +0.66 and +0.76 V vs RHE). However, OER catalysts can show potential-dependent conductivity variations, therefore inaccuracies can arise from lower conductivities in potential regions prior to For Cu-O this potential range is a Faradaic region, so we performed the measure in a different range: 0.66 -+0.76 V vs RHE, thus these values must be taken with care. Diamonds: charge passed during the pre-OER oxidation process, evaluated from the integration of i = f (t) at different scan rates. The charge was taken in a range where it is independent of scan rate. CDL and Q values are reported for samples with 1 cm 2 geometric areas. B. Current densities measured for η = 250 mV (jη = 250 mV) in a 1 M KOH aqueous electrolyte, using a 85% iR-correction.

water oxidation. [41,208,209] Here we report the C DL values for the nine materials and for the NF support, measured in 1 M KOH using electrodes with 1 cm 2 geometric areas (Figure 2.4). We indeed observed large differences : some of the This result is in line with the observation of extremely fine nanostructures for these three catalysts (Figure 2.1I, 2.1H, 2.1C).

Pre-OER oxidation wave analysis

Most OER catalysts show redox features at potentials below the OER onset. These processes are generally attributed to the oxidation of the metal sites. For instance, Ni II hydroxide oxidises to Ni III oxyhydroxide prior to OER catalysis. [87,208,218] The amount of charge (Q) necessary to oxidise all the electrochemically active metal sites in a catalyst can be estimated through integration of the oxidation wave. Q is directly proportional to the number of electrochemically accessible active sites (N ) in the material according to the

relation N = Q ne•Qe ,
where n e is the number of electrons of the oxidation process observed and Q e is the charge of an electron. It is generally assumed that this oxidation is a one electron process, although this is a very strong assumption because the initial state of the catalyst is likely to be a mixed-valence state, with delocalised energy bands. [219] Therefore, electron transfers are more complex than isolated one-electron transfers -here we chose to compare Q values without assuming an arbitrary value for n e . However, one should be aware that Q can account for bulk sites which might not participate in the OER reaction, especially since recent studies have shown the prominent role of surface sites in some OER catalysts. [153,220] Another limitation of this method comes from the superposition of the oxidation wave and the OER onset in some cases -the deconvolution of these two contributions can be challenging. The simultaneous OER wave can also block a fraction of the active sites due to the formation of O 2 bubbles and interference from mass transport limitations at high current density.

The estimated oxidation charges Q for each of our nine catalysts with 1 cm 2 geometric areas are displayed in 

Intrinsic Activity

The current densities measured for each catalyst at a fixed overpotential of 250 mV are displayed in Figure 2.4B. We observe that NiFeSe-dO has the highest activity, followed by CoFeSe-dO, FeCoW and NiFeOOH. The correlation of these data with those in Figure 2.4A provides the following conclusions. First, NiFeSe-dO has a much higher intrinsic activity than CoFeSe-dO, since the current density is significantly higher than that of CoFeSe-dO, despite exhibiting a lower density of active sites. Therefore, NiFeSe-dO is the most active catalyst thanks to a combination of high density of active sites and high intrinsic activity of these sites, while the high activity of CoFeSe-dO is mainly due to the large density of active sites. Second, FeCoW and NiFe-OOH display quite high activities but have a low density of active sites, as shown by the very low C DL and Q values. This suggests that these two catalysts have relatively high intrinsic activities.

The evaluation of the density of active sites of metal-based (oxy)hydroxide materials is a highly challenging task. The two methods used here both suffer from limitations. Estimating ECSA using C DL measurements requires the use of specific capacitances and strongly depends on the conductivity of the material, which can vary upon application of a potential. The integration of pre-OER oxidation peaks relies on the assumption that single electron transfer steps operate, and calculation is often complicated by the deconvolution of OER catalytic wave. We show a correlation between the results of these two methods and stress the need to cross-check data using two complementary techniques. [208,218] This should be considered as a best-practice protocol for researchers aiming to evaluate intrinsic catalytic activities.

Metals molar activity

The evaluation of the total number of moles of metal atoms (n M ) in a catalyst on a 1 cm 2 geometric area electrode can provide access to another useful information, namely the mass activity or molar activity. A high molar activity effectively translates into a lower cost, as a lower number of metal atoms are required to perform OER catalysis at a given overpotential.

A n M value can be obtained through dissolution of the catalyst layer and analysis using ICP-MS. The metal content of the nine catalysts are displayed in amount of metals, therefore they show extremely high metal molar activities (520 and 634 mA cm -2 mmol -1 , respectively). In contrast, all other catalysts have much lower molar activities, in the 20-50 mA cm -2 mmol -1 range. In the case of FeCoW, while the number of metals is high, only a small fraction is involved in the OER.

Consequently, an improved exposition of the metal sites to the electrolyte might be key in the enhancement of the OER activity of this catalyst.

Discussion

For the first time, some of the most active OER catalysts reported during the last 4 years have been compared

under identical reaction conditions after deposition on the same Ni foam support. For the reliability of the comparison, we used a standardised protocol to characterise the catalysts in terms of activity, density of active sites and stability. Specifically, j-E curves were not obtained from LSVs, but instead from chronopotentiometric steps in 1 M KOH at different fixed current densities, up to 100 mA cm -2 , to determine overpotentials. A range of complementary techniques was used in order to evaluate the density of accessible active sites of each anode.

These procedures allowed for a reliable comparison of the catalysts.

The highest activities were observed for Se-doped bimetallic oxides, NiFeSe-dO and CoFeSe-dO, with remarkably low overpotentials of 211 and 212 mV at 10 mA cm -2 , and 264 and 289 mV at 100 mA cm -2 on a NF support, respectively. Their excellent overall OER activity is due to a combination of a high intrinsic activity and a high density of accessible active sites (Figure 2.4). The importance of selenium in precursor materials for OER has been previously discussed. [113,116,221,222] During OER, Se is removed in solution, in the form of selenate and selenite ions, while oxygen atoms are incorporated. The metal selenide thus serves as a templating precursor to oxides/hydroxides which are the actual active species. Such Se-derived oxides display greater activity than oxides/hydroxides prepared by other methods. Furthermore, it is likely that the substitution of Se by O allows more active sites to be exposed, in line with the significantly higher densities of available active sites for the two Se-doped materials as compared to the other materials (Figure 2.4A).

Moreover, in all cases, including here, significant amounts of Se atoms (0.5-2 mol%) are retained in the material after prolonged reaction. These atoms, which can be referred to as Se-doping, seem to improve the OER activity of the catalytic sites. A recent theoretical study indeed showed that Se-doping resulted in a substantial decrease of the energy barrier of the rate-determining step of the OER. [221] NiFeSe-dO and CoFeSe-dO are unique, thanks to very high metal molar activities (Figure 2.5): these catalysts can perform OER at high current density while consuming few metal resources.

The combination of Ni and Fe sites provides the highest activity as has been observed in previous studies. [94,155,[222][223][224] In keeping with the very high performances measured for CoFeSe-dO, a similar beneficial association between Co and Fe is illustrated by the high catalytic activity of FeCoW, just below that of NiFeSe-dO and CoFeSe-dO, with a η 10 value of 235 mV and a η 100 value of 293 mV on the NF support. Analysis indicates that FeCoW displays the highest intrinsic activity of the catalytic sites (Figure 2.4), but a very poor metal molar activity (Figure 2.5). Hence, further structuration leading to higher active surface areas of the deposit would be needed to improve the OER activity of FeCoW. Similar reasoning applies to NiFeOOH.

Catalysts based on the association of Co and V are less active than the materials discussed above. CoV-OOH shows a strikingly higher OER activity than CoV-O, which we attribute to the 50-fold difference in mass loadings. Indeed, the hydrothermal synthesis procedure used for CoV-O led to the deposition of only 0.5 mg cm -2 , whereas 25 mg cm -2 were drop-cast in the case of CoV-OOH. We do not discuss further the other catalysts, CoPi, Cu-O, NiMoFe-O as they show considerably lower activities than the most active catalysts discussed above.

Conclusion

The benchmarking study presented here provides a reliable comparison between OER anodes comprised of catalysts deposited on porous supports. Nine of the most active and relevant precious-metal-free multimetallic OER catalysts were synthesised on NF and compared in alkaline conditions (1 M KOH) using a standardised protocol. The overpotentials at 10 and 100 mA cm -2 showed similar trends in OER activities. We identified NiFeSe-dO and CoFeSe-dO as the two best catalysts on NF, both showing η 10 values of ∼ 210 mV and η 100 values of 264 and 289 mV, respectively. We propose a protocol to assess the density of available active sites by using complementary techniques (combining double-layer capacitance measurements and pre-OER oxidation wave integration) and provide a qualitative comparison between intrinsic activities. NiFeSe-dO, in particular, stands out as a catalyst with high intrinsic activity, exhibiting higher currents than CoFeSe-dO despite displaying a comparatively lower density of active sites.

With insights from the relationship between available active sites and overall activity, we designed a methodology to further enhance catalysts' OER performance. For this purpose, we focused on the structure of the NF support, which is not only a platform for highly active catalysts deposition, but also an important component of the activity of the resulting anodes, owing to its intrinsic activity and high surface area.

active sites, leading to an improved activity per unit geometric surface area. [225] Moreover, the activity of an electrocatalyst strongly depends on the conductivity of the support. For instance, titanium-based supports quickly oxidise to form an insulating TiO 2 layer, leading to decreased overall activity. [226] Gorlin at al. measured a large increase in OER activity when using a NiFe material supported on a carbon porous support as compared to bare NiFe, due to increased conductivity and active site exposition. [159] Even though the beneficial impact of carbon-based supports has been demonstrated, carbon oxidises at potentials above ∼ 1.5 V vs RHE, leading to CO 2 formation and electrode destruction. Consequently, carbon-based materials are not support materials of choice. [227] It is therefore inferred that the chemical stability of an anode relies both of the stability of the support and of the catalyst layer.

Catalyst dispersion and adhesion to the support is a function of metal-support interactions (MSI). These interactions can result in major morphology modifications during operation, and impact the stability of the electrode. In some cases, catalyst-support interactions can prevent dense aggregation of particles that can result in decreased electrochemically active surface area (ECSA). [225,228] Electron distribution in the interfacial region controls the robustness of an anode as weak catalyst-support affinity will result in catalyst detachment from the surface under catalytic conditions. As an example, Oh et al. showed increased stability of an IrO x OER catalyst deposited on a custom-made, porous antimony-doped tin oxide (ATO) support as compared to commercial, planar ATO, from which the catalyst detached quickly under oxidative conditions. [227] Interfacial interactions can also result in modification of the catalyst's surface redox state. [228] For example, Jaramillo and co-workers investigated MnO x /Au electrocatalysts systematically and demonstrated that the enhanced OER catalytic activity is not only attributed to the improved surface area, but also changes of MnO x and Au red-ox properties. [229] Additionally, interfacial interactions can significantly accelerate charge transfers and modify intermediates binding energies. [226] In our case, going from glassy carbon to NF substrates in most cases led to decreased η 10 values (Table A23). [23] This was particularly true for CoPi and NiMoFe-O materials. In the case of Cu-O, an increase of η 10 was observed using the NF support instead of the Cu plate as reported in literature. This is likely due to the Ni plate, in order to estimate the specific capacitance of a nickel-based material. Cyclic voltammetry scans were performed at different scan rates from 0.95 to 1.05 V vs RHE, which is a non-Faradaic region for nickel. The objective was to evaluate the active surface area of a Ni foam with a 1 cm 2 geometry. We measured:

C N iplate DL = CS = 60µF cm -2
galvanostatic tests as well as surface leaching quantification in order to assess the stability of the catalyst by evaluating two exemplary catalysts based on a novel Ni foam-derived support.

Results

NiNF as a novel support leading to improved OER catalysts

The NF support used in Chapter 2 benefits from a relatively high ECSA of approximately 15 cm 2 cm -2 geo (per geometric square centimetre), estimated using C DL measurement for NF and C S measurement using a Ni plate electrode (Figure 3.1). In order to further increase the surface area of this support, we used a straightforward method for electrodeposition of nickel dendrites on NF. [236] The deposition of the metallic branched structures in the presence of protons at very high current density generates H 2 bubbles at the surface of the electrode, creating a porous dendritic morphology (Figure 3.2A, A24). As a result of this increased structuration, the double layer capacitance of NF was greatly increased from 0.9 mF to 4.9 mF (Figure 3.3), leading to an estimated surface area of approximately 82 cm 2 cm -2 geo . In line with our prior conclusion regarding the benefit of a higher surface area and a larger density of accessible active sites for OER activity, a significantly higher activity was observed for this dendritic nickel The C DL value of NiFeSe-dO on NiNF was a factor of four greater than on the NF, reaching a high C DL value of 9.6 mF (Figure 3.3A). The C DL value for CoFeSe-dO was roughly three times higher, giving an extremely large C DL value of 10.3 mF (Figure 3.3B). Therefore, the use of this highly porous support enables a significant increase in the density of accessible active sites. To determine how the increase in C DL impacted the catalytic activity, the NiNF-deposited catalysts were evaluated using our standard electrochemical characterisation procedure detailed in the previous chapter (Figure 3.4, Table 3.1).

For both catalysts, the η 10 and η 100 values decreased upon substitution of NF with NiNF (Table 3 (Figure 3.4A). With CoFeSe-dO, the improvement was even more significant with η 10 decreasing from 212 mV to 195 mV and η 100 decreasing from 289 mV to 247 mV (Figure 3.4B). This represents a substantial improvement in performance of these OER catalysts (Table 3.1). The η 10 obtained for CoFeSe-dO and NiFeSe-dO are among the lowest value reported in the literature so far. The Tafel slope decreased from 55 to 54 mV dec -1 in the case of NiFeSe-dO, and from 72 to 63 mV dec -1 in the case of CoFeSe-dO (Figure 3.5 and Table 3.2).

For the other catalysts, we also observed a large increase in the C DL by shifting from NF to NiNF as the support (Figure 3.6). In all cases, apart from FeCoW, the C DL values increased by a factor between 2.4 and 5, reflecting the improvement in specific surface area provided by NiNF. FeCoW shows a unique 9.7-fold increase in its C DL , larger than that of the support itself (Figure 3.6). This is likely due to an altered morphology of this catalyst when moving from NF to NiNF, leading to an increased density of accessible active sites. Additionally, a decrease of the overpotentials η 10 (by 5 to 80 mV) and η 100 (by 13 to 129 mV) (Figures 3.7,3.8,3.9,3.10,3.11,3.12,3.13 and Table 3.1) and a decrease of the Tafel slopes (by 1 to 30 mV dec -1 , except for Cu-O) (Figures 3.7,3.8,3.9,3.10,3.11,3.12,3.13 and Table 3.2) was observed. The gain of 20 to 30 mV dec -1 in most cases is significant as it induces a large decrease in the overpotential at high current densities. In particular, NiFe-OOH displays a remarkably low Tafel slope of 20 mV dec -1 when deposited on NiNF. -1
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Study of the stability of the materials in flow conditions

Water splitting flow experiment

Stable operation under continuous flow conditions at high current density is an important property of OER systems. We designed a water splitting experiment under flow conditions (Figure 7.2), in order to test our best catalysts (NiFeSedO-NiNF and CoFeSedO-NiNF) under conditions closer to industrial applications. The catalyst was loaded in a two-compartment cell separated by a Nafion membrane with a platinum mesh-based cathode. The anolyte and catholyte were 1 M KOH aqueous solutions. These solutions were recirculated in each compartment from electrolyte containers. A current density of 100 mA cm -2 was applied for 8 hours and the potential response as well as FE O2 were measured over time. Online monitoring of the elements present in solution during electrolysis also allowed quantitative measurement of metal leaching from the catalysts.

Potential stability

The flow experiment described above was performed using NF, NiFeSedO-NiNF (Figure 3.14A) and CoFeSedO-NiNF (Figure 3.14B) as the anodes. As illustrated by Figure 3.14, these two catalysts show extremely stable potentials over 8 hours of electrolysis at a high current density of 100 mA cm -2 . NF performs oxygen evolution at 1.96 ± 0.06 V vs RHE. The initial increase in potential is attributed to the oxidation of nickel, which occurs at the surface of the foam but also reaches its subsurface during the first hour of electrolysis under such a high current density. Both NiFeSedO-NiNF and CoFeSedO-NiNF perform oxygen evolution at potentials as low as 1.58 ± 0.02 V vs RHE, with outstanding stability, which represents a major improvement as compared to NF.

The faradaic efficiency for O 2 production (FE O2 ) was evaluated by measuring the amount of oxygen produced at the anode (Figure 3.14). During the first hour of experiment, the headspace of the anolyte container was saturated in gas. After this equilibration period, FE O2 was very stable, with mean values of 98.0 ± 1.5 %, 97.8 ± 3.0 % and 98.5 ± 1.9 % for NF, NiFeSedO-NiNF and CoFeSedO-NiNF respectively. This confirms that oxygen evolution was the only process occurring at the surface of these catalysts.

Chemical stability

The concentrations of Ni, Co and Fe in the anolyte were measured every hour by ICP-MS (Figure 3.14). In the case of NF, the Ni concentration is in the range 40-120 ppb. This concentration does not increase over time, which proves the very high stability of this support in 1 M KOH under a high current density. The concentration of Fe is comprised between 250 and 450 ppb and is stable over time. This Fe content in a KOH electrolyte is common. [237,238] In the case of NiFeSedO-NiNF, we observe a small increase in the Ni concentration at the beginning of the experiment, as it reaches 300 ppb. After this small increase, the concentration slowly stabilises at around 100 ppb, which corresponds to the background concentration measured in the case of NF.

No additional Ni was dissolved over the course of the reaction (Figure 3.14A). As a result, NiFeSedO-NiNF is an extremely stable catalyst in these conditions. As expected, no Co was detected for NF or NiFeSedO-NiNF.

In 

Dicussion

A new hierchically porous nickel-based support

We improved the structuration and the porosity of the electrodes through modification of the NF support by depositing dense dendritic and porous Ni structures. This was achieved using a fast and very simple electrodeposition procedure, where H 2 bubbles act as templates for the formation of pores. A large increase in the double layer capacitance and greater OER performance than the untreated NF was observed. We tested this novel high-surface-area support, NiNF, with 9 different catalysts and in all cases we obtained increased double-layer capacitances, reflecting higher accessibility of active sites. We measured enhanced performances, as shown from decreased overpotentials and Tafel slopes. Specifically, the overpotentials of NiFeSe-dO and CoFeSe-dO further decreased to respectively 198 and 195 mV at 10 mA cm -2 and to 247 mV at 100 mA cm -2 .

These are amongst the lowest overpotentials ever reported in the literature.

Stability of highly active OER catalysts in flow condiitons

NiFeSedO-NiNF and CoFeSedO-NiNF are the most active catalysts studied in this work. We decided to test their long-term stability. Most reports assess the stability of OER catalysts by applying a constant current and measuring the potential response. This method is relevant for preliminary tests because it enables fast analysis of extremely unstable catalysts. However, a constant potential response is not sufficient to claim that a catalyst is stable. Indeed, Kibsgarrd et al. [37] underline that catalyst corrosion can impair its activity, but also improve it in certain cases because of factors including corrosion can lead to increased roughness. Moysiadou et al. [239] draw attention to the observation that a catalyst can maintain stable macroscopic features during electrolysis, such as a stable potential, while experiencing a loss of mass due to a partial decomposition of its surface. As a result, activity monitoring does not provide a reliable measure of the overall stability of a catalyst. Transition metals at the surface of an oxygen evolution catalyst experience dissolution/redeposition equilibria during catalysis. [210,240] Depending on the solubility of the metals considered, irreversible dissolution may occur.

Moreover, the strong flow of electrolyte hitting the surface and the large amount of O 2 bubbles generated can add to mechanical instability. For these reasons, leaching of metals from the surface of the catalyst is considered as a major route of decomposition, and a catalyst can only be claimed stable if leaching is negligible. This phenomenon can be detected by analysing the composition of the electrolyte after electrolysis by inductively coupled plasma -mass spectrometry (ICP-MS). [241,242] Both electrochemical and compositional stabilities must be evaluated if one wants to prove the stability of a catalyst. This work proposes a methodology to perform stability evaluation by measuring galvanostatic features, O 2 Faradaic efficiency and surface leaching all at once. This rigorous stability check, using a water splitting system, showed that NiFeSedO-NiNF and CoFeSedO-NiNF perform oxygen evolution in flow conditions, at a high current density of 100 mA cm -2 , with outstanding stability, be it on the macroscopic or on the microscopic scale. Constant potentials as low as 1.58

V vs RHE were measured at the anode. Extremely small amounts of transition metals were leached from the catalysts' surfaces, resulting in Ni, Co and Fe concentrations generally comprised between 100-700 ppb in the electrolyte. These results thus prove the excellent chemical and catalytic stability of the two catalysts.

Conclusion

An electrodeposition technique was used to further enhanced the surface area of NF, leading to a highly textured surface. This new active material, NiNF, was used as a support for the nine catalysts benchmarked in Chapter 2. OER catalysts displayed better performances (decreased overpotentials and Tafel slopes) when deposited on this new substrate, in the best case giving η 100 values of 247 mV for CoFeSe-dO and NiFeSe-dO. Electrochemical and compositional stabilities of these catalysts were both evaluated. They perform OER catalysis in flow conditions at 100 mA cm -2 maintaining a constant potential without undergoing significant leaching. The information gained from this study highlights the important role of the support in oxygen evolution seeing as the enhanced performance was observed after structuration of NF to form NiNF. The integration of these improved NiNF-based catalysts in electrolytic cells can increase overall energy efficiency and enhance the viability of electrically driven energy conversion and storage. In the light of this work, we perceive that further improvement of anodes can be performed both by support structuration and rational design of the deposited catalyst layer. The next Chapter describes innovative routes for OER catalyst synthesis leading to interestingly high OER activites in alkaline conditions.

Chapter 4

Innovative Ni-and Fe-based OER catalysts

Introduction

As OER remains a bottleneck in the scale-up of water splitting and CO 2 -reduction electrolysers, the development of active, cheap and robust OER catalysts is a key challenge. We reported a benchmarking study performed on a nickel foam (NF) porous support. [23] This study highlighted that catalyst performance is dictated by the combination of support and catalyst material. This idea was confirmed by the formation of Ni dendrites on the surface of NF, leading to a highly porous material called NiNF. When used as a support for deposition of OER catalysts, NiNF led to an increase in OER performance in all cases. Therefore, a highly porous and active support is a key element that must be the prerequisite for development of OER anodes. Here we explore several strategies to reach a catalyst-support assembly showing high OER performance. Our two approaches -Fe doping and Cr doping -build even further on NiNF.

Exploration of different routes to improved OER activity

Fe-doping in Ni materials

Creating active and cheap OER catalysts is a challenging task that has been researched by scientists for decades, and yet no ideal anode has emerged for large-scale industrial applications. [66][67][68] Among the numerous transition metal-based heterogeneous catalysts reported, bimetallic NiFe materials stand out as the most promising (Table 1.4). [83,155,193,223,224 [91,94] hydrothermal synthesis, [113] room-temperature precipitation, [197,222,244] or aqueous corrosion. [96] However, these procedures are often complex, involving multiple steps and hazardous materials. Moreover, many NiFe catalysts suffer from low mechanical robustness, and degrade easily under harsh flow conditions. [37,245] Therefore, developing a NiFe-based OER catalyst showing high activity, exceptional chemical and mechanical robustness and accessible via a quick and easy synthesis procedure remains a challenge in the field. In this work, we focus on developing a straightforward method for highly active NiFe-based catalyst synthesis.

Cr doping in NiFe materials

In the light of recent reports of beneficial electronic modulation of OER active centers by high valence dopants, we also explore the benefits of trimetallic metal oxides for OER catalysis. Introducing a third metal into NiFe materials is a strategy that has been envisioned by several authors. [104,105] Chromium is an interesting doping element, which has previously generated active trimetallic catalysts. For instance, Gerken et al screened trimetallic catalysts, demonstrating the superior activity of trimetallic FeNiCr materials. [105] Several hypotheses were drawn about the benefits of Cr-doping. The activity enhancement could be due to the stable high-valence oxidation states of Cr. [104] Zhang et al demonstrated the beneficial effect of W as a high-valence doping element. [103] They explained the increase in activity by the modification of the electronic density around the OER active sites due to the presence of W. Lui et al have shown a similar effect with Mo. [246] Bo et al. showed that due to accessible high valence states, the presence of Cr in NiFe and CoFe hydroxides leads to the stabilisation of OER-active sites such as β-NiOOH, which are more active than γ-NiOOH sites in this case. [247,248] Using operando Raman and X-ray absorption spectroscopy (XAS), they detected optimal Cr,Fe-substituted-β-NiOOH sites where Cr is oxidised in the 6+ valence state with specific Cr-O bonds lengths leading to increased OER activity. [249] The benefits of Cr-doping have also been attributed to the impact of its leaching as an activation step. A few authors highlighted the effect of an activation step under oxidative conditions, leading to the formation of nanoporous Ni-Fe layers. An interesting insight was given by Cai et al, who studied the leaching of Cr atoms during anodic polarisation in basic conditions. [250] They synthesised a nanostructured stainless steel (SS) foil oxidative conditions. They revealed a potential-dependant leaching effect, leading to surface reconstruction and increased ECSA after Cr removal. [253] They showed that this procedure not only enabled the introduction of cationic vancancies via Cr leaching, but also anionic vacancy formation by oxygen depletion.

Methodology employed to asses these two routes

We synthesised an Fe-doped Ni material using NiNF as an active and porous starting material. In order to introduce Fe in NiNF, we used a galvanic replacement reaction between Fe 3+ and Ni 0 . This electroless procedure is advantageous as it is very simple and effective, requires only cheap and harmless chemicals and can be performed at room temperature. We submerged NiNF in an aqueous solution of Fe 3+ as we expected spontaneous exchange reaction at the surface of metallic Ni, due to the difference between the standard thermodynamic potentials of the Fe 3+ /Fe 0 couple (E 0 = -0.04 V) and the Ni 2+ /Ni 0 couple (E 0 = -0.26 V). [254] Surprisingly, we did not measure any Fe introduction in the composition of the material. Instead we obtained a Ni-based catalyst with an additional level of porosity as compared to NiNF, and with increased OER activity, which we named NiNFc. We used this new active material as a platform for further doping with Fe. For this purpose, we dipped NiNFc in an organic solution of Fe 3+ precursors. In this case, we observed effective introduction of Fe atoms within the top layer of NiNFc. This method resulted in a new NiFe-based OER catalysts called Fe/NiNFc.

A second route was assessed in order to evaluate the impact of Cr-doping in a NiFe material. We exploited the serendipity that led to the synthesis of NiNFc and further doped this material. Various strategies can lead to the formation of finely nanostructured FeNiCr materials. [255] Different synthesis procedures have been reported, such as electrodeposition, [256,257] hydrothermal synthesis, [258,259] or thermal treatment, [260,261]. We optimised a novel electrodeposition procedure for the formation of a hierarchically porous FeNiCr material on NiNFc, as this method is simple and enables direct deposition of a film, avoiding the use of a binder. Moreover, metals are reduced during deposition, leading to the formation of a robust assembly between NiNFc and the electrodeposited layer, allowing efficient electron transfer channels at the interface boundary.

We added an additional level of porosity in this FeNiCr-NiNFc material using a controlled defect engineering strategy. This rational design technique is known to improve the intrinsic electrochemical activity of OER active sites and to promote the exposition of a high density of these sites. It can be performed either by anion- or cation-vacancy insertion. [98,262,263] The beneficial impact of anionic vacancies was well described in the NiFeSe-and CoFeSe-derived oxides studied in Chapter 2. [23,113] Here we tuned the atomic-scale structure of the materials by cation-defect engineering. For this purpose, we introduced vacancies in the material by exploiting the solubility of Cr in alkaline media under oxidative conditions. According to the Pourbaix diagram of chromium in water, Cr dissolves as CrO 2- 4 chromate species under a positive potential in basic pH (Figure A25). [38] We activated the FeNiCr material by performing a controlled Cr removal (Figure 4.2), leading to the activated *FeNiCr-NiNFc catalyst. We postulate that such effects promote high activity through the introduction of defects and dangling bonds within OER catalysts.

Overall, the discovery of the active NiNFc material led to its use as a versatile platform for further catalyst improvement, following two different routes described in 

Results

Fe doping in NiNFc

The deposition of porous Ni dendrites on NF, leading to NiNF, enabled a significant improvement in OER catalysts' activity when NiNF was used as the support. In line with this strategy we decided to further improve this modified active material by doping it with Fe. In order to introduce Fe in NiNF, we used a galvanic exchange reaction. NiNF was submerged in an aqueous solution of FeCl 3 for increasing times (0, 1, 5, 10, 60 and 180 min). A spontaneous redox exchange reaction was expected between Fe 3+ /Fe 0 and Ni 2+ /Ni 0 couples at the surface of NiNF (Equation 4.1):

3N i 0 + 2F e 3+ -→ 3N i 2+ + 2F e 0 (4.1)
The activity of the obtained samples was measured in a 1 M KOH electrolyte solution (Figure 4.3A). We observed that the highest activity was obtained with the sample submerged for 5 minutes in the FeCl 3 solution.

This sample shows a low overpotential of η 100 = 293 mV at j = 100 mA cm -2 (Figure 4.3B) These catalysts were analysed using scanning electron microscopy (SEM), as shown on We therefore decided to enhance the OER catalytic activity of the NiNFc material through Fe doping. We further explored the galvanic replacement reaction between Ni and Fe. For this purpose, we used an organic solution of Fe precursor in order to avoid the formation of Fe hydroxides, which prevented the formation of a bimetallic material when using an aqueous Fe solution. NiNFc was submerged in a 50 mM solution of FeCl 3 /EtOH for 3 hours, generating the Fe/NiNFc material. SEM images showed a similar structure to NiNFc, with some narrow and deep chimneys, with a diameter of ∼ 200 nm (Figure 4.6). Elemental analysis showed that ∼ 16% Fe was successfully introduced at the surface of the material (Table 4.1, Figure A27). This demonstrates the advantage of using an organic solution of Fe 3+ precursors for galvanic exchange reaction at the surface of a Ni-based material.

The activity of this new catalyst was evaluated in an aqueous 1 M KOH electrolyte solution ( Overall, we developed an extremely straightforward procedure to synthesise a highly active NiFe OER catalyst.

Cr-doping in a FeNi-based catalyst

An electrodeposition method was used to produce a trimetallic FeNiCr catalyst, starting from the NiNFc material. The synthesis method was adapted from a reported procedure. [264] First, a Cr(III)-glycine complex was prepared in order to stabilise the Cr precursor and prevent formation of Cr clusters by olation. Then, this complex was mixed with Fe and Ni precursors in an aqueous solution. The electrodeposition bath was composed of the chemicals listed in Table 4.2. Deposition was performed in a custom-made two compartment cell at a fixed current density of j = -1.2 A cm -2 (Figure 4.8). This enabled the deposition of a FeNiCr film with a homogeneous thickness on NiNFc while preventing any formation of toxic species at the anode. of deposition with ∼ 70% of Fe. This ratio decreased after longer deposition times, to ∼ 50% after 30 minutes.

The Ni% also reached a maximum of ∼ 20% after 10 minutes of deposition, and decreased to ∼ 13% after 30 minutes. On the contrary, the Cr% increased from ∼ 12% to ∼ 38% between 10 and 30 minutes of deposition.

The ability of Cr to undergo selective leaching in alkaline solution under oxidative conditions was exploited in order to activate these materials. The different FeNiCr-NiNFc samples were kept under a fixed current density of 100 mA cm -2 for 3 hours. The colourless electrolyte solution quickly became yellow, as a consequence of the oxidation of Cr(III) to form soluble Cr(VI) species. The OER catalytic activity of these activated samples was then tested in a fresh 1 M KOH aqueous solution (Figure 4.9B). The different electrodes showed high activities as compared to NiNFc, despite their different loadings. The sample with the highest loading (30 minutes deposition time) showed the highest activity and was therefore selected for the remainder of the study. The atomic composition of the material was analysed by EDX before and after activation. The results displayed in Table 4.3 show that Cr was partially removed from the material (Figure A29). The Fe:Ni:Cr ratio was initially 1:0.26:0.78, and became 1:0.34:0.17 after activation, due to major leaching of Cr and minor leaching of Fe. Interestingly, a significant portion of Cr remained stable in the material.

A time-dependent leaching study was performed in order to gain further understanding of the activation process and to verify the stability of the activated catalyst despite the presence of ∼ 11% of Cr remaining. For this purpose, we performed the activation of the as-deposited FeNiCr-NiNFc material for 7 hours in 1 M KOH at j= 100 mA cm -2 . The gas evolved was analysed by gas chromatography (GC) and the Faradaic efficiency and stabilised around 100%. We concluded that an oxidative process occurs during the first hour, which we attributed to the Cr III -→ Cr V I oxidation, leading to Cr removal from the material. After 60 min, the only oxidative process is oxygen evolution. The Ni concentration in the solution remained close to zero over the 7 hours of activation. The Fe concentration increased very slowly, from 0.1 mg L -1 in the initial solution (due to the natural presence of small amounts of Fe in commercial KOH), to 0.17 mg L -1 after 7 hours, revealing a very slow leaching of Fe. The concentration of Cr increased very quickly up to 10 mg L -1 and stabilised after 3 hours.

We conclude that the leaching of Cr during the activation process occurs very quickly, mostly during the first hour. The Cr composition stabilised at ∼ 11% after 3 hours of activation, leading to a stable FeNiCr trimetallic oxide. This new catalyst displayed a significantly higher OER activity than NiNFc. As shown on 

Discussion

In this work, we have described a very simple five-minute procedure for the synthesis of an active Ni-based material, NiNFc, that showed fine nanostructuration and increased ECSA as compared to NiNF. This material was highly active for OER catalysis (Figure 4.14), and enabled a drop by 57 mV in η 100 by going from NiNF to NiNFc. We have used NiNFc as a platform for further activity improvement by two different strategies.

Fe-doping in Ni

Here we reported a highly active active material, Fe/NiNFc, with a low overpotential of η 100 = 269 mV and an extremely low Tafel slope of 25 mV dec -1 . The activity of this catalyst compared well with the most active materials of the literature. [23] Comparison with the recent catalysts reported and listed in Tables 1.4 and 1.5

show that no other catalysts have Tafel slopes below 30 mV dec -1 , making Fe/NiNFc one of the most active OER catalysts reported so far. Fe/NiNFc has an η 100 of 269 mV, which is similar to the value of η 100 = 247mV measured for the two interesting catalysts reported in Chapter 3, NiFeSe-dO-NiNF and CoFeSe-dO-NiNF. The Tafel slope of Fe/NiNFc (25 mV dec -1 ) is strikingly low as compared to these catalysts (54 and 63 mV dec -1

for NiFeSe-dO-NiNF and CoFeSe-dO-NiNF, respectively), which proves that Fe/NiNFc is a very interesting material for applications requiring high current densities. Additionally, this catalyst was synthesised via a very simple 3-step procedure, comprising the electrodeposition of Ni dendrites on NF, the formation of NiNFc through submersion of NiNF in an aqueous solution of Fe, followed by a Fe-doping step performed through submersion of NiNFc in an organic Fe solution. We suggest that the significant improvement of the catalyst OER performance after Fe doping is due to a synergistic effect between Ni and Fe at the surface of NiNFc. The presence of such a Fe content comprised between 15 and 25% has been identified as an optimum for OER activity in some specific NiFe films. [83] Beneficial modification of the electronic structure of Ni active sites as been reported, leading to oxygen-bonded FeNi moieties with optimal binding energies with OER intermediates. [133,155] Moreover, the Fe-doping performed by galvanic replacement in our study is likely to lead to the formation of a superficial NiFe layer at the surface of NiNFc. We propose that this surface doping effect is the most beneficial for NiFe catalysts. Indeed, several authors have ruled out the participation of bulk lattice oxygen atoms to the OER mechanism. [153,154] Therefore, the absence of Fe in the bulk is not expected to impact the OER kinetics. Surfacic Fe-doping also enables to take full advantage of the fine nanostructure of the doped NiNFc material, leading to increased ECSA and therefore higher density of exposed active sites, while consuming a limited amount of metal resources. Additionally, Fe-doping was performed directly within the NiNFc material, by exchanging Ni and Fe atoms, therefore the catalyst showed high mechanical robustness. This is a major advantage as compared to the majority of OER catalysts reported which are composed of a deposited layer prone to detachment under harsh electrolysis conditions.

Overall, this catalyst synthesis procedure is extremely straightforward and led to impressively high OER catalytic activity in alkaline conditions.

Cr-doping in NiFe

A new FeNiCr trimetallic catalyst was synthesised on the highly porous NiNFc material via a simple electrodeposition technique, using Cr(III) precursors. The catalyst was then activated by defect engineering:

Cr was selectively leached in alkaline medium under oxidative conditions. A proportion of Cr sites was removed, leading to a highly porous material with a high density of exposed electrochemically active sites. This anode showed good OER activity with an overpotential of η 100 = 269 mV and a Tafel slope of 29 mV dec -1 . The high activity of this catalyst is attributed to two positive effects from Cr-doping. Firstly, the presence of ∼ 11% of Cr in the material is expected to lead to an increase in its OER activity arising from effects related to the high-valence dopant. [104,105] The second effect is related to the formation of vacancies, dangling bond and under-coordinated sites upon removal of Cr, which increases the number of electrochemically exposed active sites. [252,253] Interestingly, the composition of the resulting material (66.20% Fe, 22.53% Ni and 11.27% Cr) was very close to that of stainless steel. According to the European standard, steel is defined as an alloy containing Fe as a major component, and less than 2% of carbon. Stainless steel (SS) contains a minimum of 10.5% of Cr -which provides its anti-corrosion properties-and it often comprises a minimum of 10% of Ni. Therefore, SS is a trimetallic alloy containing transition metals that are known as active centers for OER catalysis (such as Ni and Fe) as well as chromium. Considering the low cost and wide availability of SS, a few authors have considered it as a support for OER catalysts. [265][266][267][268] Although it has always been seen as a current collector, stainless-steel-derived oxide could actually be a very promising option for the top-down development of OER catalysts, as underlined by Schafer et al. [250,251,[269][270][271][272][273][274] Several studies have reported the use of stainless steel as an OER catalyst in alkaline conditions. [270,271,[275][276][277][278] In some cases, low overpotentials (η 10 = 262 mV at j = 10 mA cm -2 ) were reached after structuration of the surface of SS. [276] However, the underlying mechanisms of this high activity are rarely discussed. Here we report a highly nanostructured and active material with a similar composition than SS, synthesised via a bottom-up approach, and we report an multi-parameter analysis of the Cr leaching phenomenon. This catalyst outperforms most of the catalysts cited above.

Comparison

It is well accepted in the field that NiFe-based materials are among the most active OER catalysts (Chapter 1). Therefore, we doped NiNFc with Fe via an extremely simple procedure, to form Fe/NiNFc. We also evaluated the addition of a third metal in the composition of a FeNi-based material. We decided to work with Cr, and partially removed this high-valence element during an activation step, forming *FeNiCr-NiNFc. Both procedures led to highly active species, with similar overpotentials: they both showed η 100 values of 269 mV at 100 mA cm -2 (Figure 4.14, Table A29). Fe/NiNFc showed a slightly lower Tafel slope of 25 mV dec -1 , as compared to 29 mV dec -1 in the case of *FeNiCr-NiNFc. We conclude that Fe/NiNFc is the most promising material for the development of large scale OER catalysis devices, as it is easier to synthesise, does not include chromium, and is likely to reach higher current densities at lower potentials than *FeNiCr-NiNFc.
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Estimation of the ECSA of the different catalysts was performed by measuring the double layer capacitances (Figure 4.13). Fe/NiNFc and *FeNiCr-NiNFc both showed a higher density of active sites than NiNFc. *FeNiCr-NiNFc had a higher C DL (12.4 mF) than Fe/NiNFc (C DL = 8.9 mF), suggesting a higher density of active sites.

When comparing the activities of Fe/NiNFc and *FeNiCr-NiNFc (Figure 4.14), we observe that Fe/NiNFc has a slightly higher OER activity than *FeNiCr-NiNFc (as witnessed by its lower Tafel slope) while displaying a lower density of electrochemically active sites. We conclude that the intrinsic activity of the active sites of Fe/NiNFc is higher. Therefore, Fe/NiNFc is the most promising species and represents an interesting candidate for further analysis of the nature of the active sites, as well as for large scale electrolyser development. Note that the estimation of the ECSAs by C DL measurements should be corroborated by pre-OER oxidation wave analyses (as described in Chapter 2); these measures will be performed. 
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Conclusion

In this study, we developed a new Ni-based active and porous material derived from the dendritic NiNF. This new material, NiNFc, was used for further development of catalysts. Two routes were explored in order to design active species, based on the conclusions of our previous benchmarking study. Firstly, we observed that NiFe materials were among the most active ones. We therefore synthesised a new NiFe catalyt by doping NiNFc with Fe. This extremely straightforward synthesis procedure led to a highly active OER catalyst showing an overpotential as low as 276 mV at 200 mA cm -2 and a Tafel slope of 25 mV dec -1 . Based on our observation of the beneficial effect of electronic modulation by a third metal in NiFe catalysts, we developed a second route for active FeNiCr material synthesis. Taking inspiration from the positive impact of defect engineering to introduce vacancies in OER catalysts observed in Chapter 1, we employed a similar strategy leading to the activated *FeNiCr-NiNFc species. This new catalyst exhibited a high OER activity with η 200 = 279 mV and a Tafel slope of 29 mV dec -1 (Table A29). Both catalysts showed increased ECSA as compared to NiNFc. Fe/NiNFc emerged as the most active of the two species, despite its lower ECSA, revealing a higher intrinsic activity.

This catalyst is therefore a very interesting option for further development of applications requiring OER catalysts anodes, as it can be synthesised via an extremely simple procedure, using limited amounts of abundant resources. *FeNiCr-NiNFc is also highly interesting as it exhibits a stainless steel-like composition after partial 

Introduction

The oxygen evolution reaction (OER) is the most prevalent anode reaction for electrochemical CO 2 conversion -this exciting approach can sustainably generate valuable energy-rich products using intermittent renewable electricity sources. [START_REF] Luna | [END_REF]19,22,280] Although most studies focus on the optimisation of the cathode compartment, the anode is key to the development of an economically viable technology. Here we discuss the improvement of a CO 2 -reduction electrolyser design from the anode perspective, a standpoint which is often overlooked.

Limiting the electricity input to drive the overall reaction is vital to improving device efficiency and minimising operational costs. [281] The full cell potential (E cell ) is the voltage required to drive the overall reaction at a given current density and therefore represents the electrical energy input for a CO 2 -reduction cell. This value is composed of the thermodynamic free energy requirement for the two half reactions (E N ernst ), the individual overpotentials for each half reaction (η), as well as additional energy losses (E σ ), encompassing ohmic losses, diffusion energy losses, and other associated phenomena (Equation 5.1). [20,[282][283][284]]

E cell = [E N ernst a + η a ] -[E N ernst c + η c ] + E σ (5.1)
Where a refers to the anode and c refers to the cathode. An effective way of lowering E cell is through adjustment of the conditions in each half cell as well as the membrane separating the two compartments. Here we explore the most advantageous anode conditions (electrolyte and pH) and membrane choice, to minimise E cell of a CO 2 electrolyser under long-term steady-state operation. For this purpose, we fixed the cathode conditions according to the criteria described below.

Recently, gas-fed flow cells have emerged as an advanced platform for the CO 2 reduction reaction (CO 2 RR).

In such configurations, the catalyst is deposited on a gas diffusion layer (GDL) and placed facing a flowing electrolyte solution, while CO 2 is flowed through the back of the GDL and reacts at the catalyst/solution interface. The short diffusion length for CO 2 favours mass transport, enabling high current densities necessary for commercial application (hundreds of mA cm -2 ) to be achieved. [24,25,285] Although gas-fed flow cells enable the use of alkaline catholyte solutions, the undesired reaction of CO 2 with OH -to form (bi)carbonate limits the achievable single-pass conversion. [282,286,287] This has a major impact on the system cost due to the expensive catholyte regeneration process. As a consequence, cathodes are preferably operated in neutral pH using buffers such as phosphate which can limit bulk pH changes -this enables protonation of (bi)carbonate species to form CO 2 gas that can then be re-circulated to limit regeneration costs. [288][289][290] Under these specific conditions, minimisation of cell potentials requires optimisation of anode conditions as well as membrane choice.

[291]

The OER suffers from extremely sluggish kinetics, therefore finding the optimal operating conditions is key to the minimisation of E cell . Electrolyte properties (such as pH, buffer capacity, nature of the anion and cation) must be tuned to ensure low contribution to the cell potential and high stability. [292,293] Alkaline media is preferred for water oxidation, because the OER is thermodynamically favoured at high pH. Moreover, the majority of OER catalysts exhibit lower overpotentials in alkaline conditions, and non-precious transition metal catalysts are significantly more stable than in neutral or acidic pH. [182,294,295] Therefore, from the anode perspective alone, concentrated alkali hydroxide electrolyte solutions are ideal. On the other hand, when considering an integrated electrolyser in which the catholyte is pH-neutral, employing an alkaline anolyte can lead to undesirable transport of species across the membrane. Consequently, using a pH-neutral anolyte could be a more sustainable option.

Here we assess the effects of symmetric (same pH for each half cell) and asymmetric (different pH for anolyte and catholyte) electrolyte configurations and provide a comparative study to determine the optimal pH conditions and membrane choice (proton-, cation-, anion-exchange or bipolar membranes) for coupling with the CO 2 RR operating at neutral pH. Based on the results of Chapter 4, we selected a stainless steel-based material as the anode, considering the interesting properties of FeNiCr materials. We chose a commercial stainless steel fibre felt (SSFF) as a highly active OER catalyst that exhibits significant stability in both alkaline and neutral pH. Comparison of cell potentials in both electrolyte configurations were performed in different types of cells (H-cell, flow cell, GDE flow cell), with increasing degrees of complexity (Figure 5.1). Finally, E cell comparison was performed in a gas-fed flow cell for CO 2 -reduction -this cell was operated at a current density of 100 mA cm -2 for 7 hours. Different membranes (bipolar and proton exchange membranes) were compared under both symmetric and asymmetric configurations. Factors including CO 2 -reduction selectivity, pH stability and ion crossover through the different membranes were assessed to provide design rules that assist device setup for the integration of efficient anodes for CO 2 electrolysis at neutral pH in gas-fed flow cells. [279] 5.2 Results

Electrolyte and Catalyst Considerations

Reliable comparison requires the selection of electrolytes with properties that do not significantly vary with pH as well as an anode material that is stable across a wide pH range. An electrolyte must meet several requirements. First, it must be highly conductive to minimise solution resistance to avoid substantial chargetransport limitations. The electrolyte should also have a high buffer capacity at the bulk pH to mitigate pH changes. Additionally, the electrolyte must cover a wide pH range from 7 to 14 -unfortunately no common buffer can meet this requirement. Consequently, a different electrolyte is required for each pH condition. In order to ensure that the comparisons are as relevant as possible we decided to compare two electrolytes which have good buffering ability and are relevant candidates for OER catalysis: 1 M potassium phosphate (KPi) solution at pH 7 and 1 M potassium hydroxide (KOH) solution at pH 14. Therefore, our conclusions will be based on the comparison between two electrolytes with different pH.

For the choice of the anode catalyst several properties must be fulfilled: (i) it must be based on cheap and abundant transition metals; (ii) it must be stable under both neutral and alkaline conditions at oxidative potentials for at least for several hours (the dissolution of most transition metals at low pH and relatively positive potentials limits the choice of suitable materials); (iii) it should be mechanically robust, highly conductive and porous to achieve good activity. On this basis we studied both nickel foam (NF) and SSFF (Figure 5.2A). NF is the most commonly used material for OER in alkaline conditions due to its chemical stability, high porosity and conductivity. [23] Stainless steel or FeCrNi alloys have also shown high activity for OER catalysis in alkaline media. [269] SSFF was used here as it is composed of abundant transition metals (mostly Fe, Cr and Ni) (Figure A30A) and shows a good resistance to corrosion as well as high porosity and chemical stability. These materials, well known for their stability in alkaline conditions, were also assessed in neutral conditions.

Stability assessment

The stability of NF and SSFF was evaluated in an electrochemical water-splitting flow cell consisting of two compartments separated by a proton exchange membrane (Nafion), with the electrolyte solutions circulated from separate containers. A constant current density of 100 mA cm -2 was applied for 7 hours. The stability of the material was assessed through determination of the amount of metal ions present in the anolyte, as monitored by inductively coupled plasma mass spectrometry (ICP-MS) during electrolysis. SSFF proved stable under alkaline electrolysis conditions for at least 7 hours, since almost no Ni or Cr was present in the electrolyte and only a very small amount of dissolved Fe (a constant value < 500 µg/L) could be observed (Figure 5.3B).

NF displayed similar stability with a very small amount of dissolved Ni (< 200 µg/L) that did not increase with time (Figure 5.3A). In contrast, NF was highly unstable under neutral conditions and dissolved quickly and continuously during electrolysis, at a constant rate of about 40 mg L -1 hour -1 (Figure 5.4A). SSFF was more stable at neutral pH as it did not show time-dependent dissolution during the first 5 hours (with dissolution rates 0.3 mg L -1 hour -1 for the three metal ions), after which slow dissolution occurred as shown by the increase in Fe, Ni and Cr metals in solution, with rates of 2.1, 1.2 and 1.4 mg L -1 hour -1 respectively (Figure 5.4B). Based on these observations, we selected SSFF for the remainder of the study as it displays adequate short-term stability at both pH 7 and pH 14.

OER activity in static conditions

We evaluated the OER activity of the SSFF anode material in a custom-made H-type static cell. j-η curves (with η representing the overpotential required to obtain the given current density) were obtained from chronopotentiometric (CP) steps of 2 minutes each at current densities ranging from 0 to 200 mA cm -2 (Figure 
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5.5A).

The results shown in Figure 5.5 demonstrate the high activity of this electrode material in alkaline conditions with very low overpotentials at all current densities (300, 335 and 356 mV at 10, 100 and 200 mA cm -2 ) and a very low Tafel slope (37.3 mV dec -1 ), which compares well with the best catalysts reported so far. [23] In neutral pH, SSFF exhibited higher overpotentials than in alkaline conditions. Nevertheless, its overpotential of less than 600 mV at 10 mA cm -2 and Tafel slope of 83.2 mV dec -1 are low compared to commonly used catalysts in neutral pH. [75,79,[296][297][298][299][300][301] This commercial SSFF is therefore an interesting electrode material due to its low cost, high activity, and reasonable stability in a wide pH range. SSFF was hence used as the anode catalyst to compare different electrolytes and membranes, allowing for identification of optimal conditions for water-splitting and CO 2 -reduction devices.

Symmetric and asymmetric configurations: water splitting

The cell voltage (E cell ) relates the energy required by an electrolyser to operate at a given current density.

Comparison of E cell in different pH solutions and with various membranes was first performed in water-splitting devices using SSFF as the oxygen-evolving anode to understand trends in simple systems before going to a more complex CO 2 -reduction device. First experiments were carried out using a two-compartment H-cell (Figure 5.1A). In the symmetric configuration, 1 M KPi was used as the electrolyte in both anode and cathode; this configuration was compared to the asymmetric one in which 1 M KPi was used at the cathode and 1 M KOH was used at the anode. The anodic and cathodic compartments were separated by a membrane. Four different membranes were tested (Nafion membrane, cation exchange membrane (CEM), anion exchange membrane (AEM) and bipolar membrane (BPM)). We also compared Nafion membranes with different pre-treatment conditions, as we expected a different ionic conductivity whether it was soaked in KPi or in KOH before use.

The cell potential (E cell ) was measured at fixed current densities of j = 10, 100 and 200 mA cm -2 . Figure We observed that for all the membranes tested, E cell was always lower in the asymmetric configuration than in the symmetric one. The change in E cell (∆E cell = E sym cell -E asym cell ) was similar for all membranes at each fixed potential: 0.79 V, 1.45 V and 2.25 V at 10 mA cm -2 , 100 mA cm -2 and 200 mA cm -2 , respectively (Figure 5.7). This is strong evidence that the difference in cell potentials is mainly an effect of pH and does not significantly depend on the nature of the membrane. To probe the dependence of the observed effect on the electrolyte anion species, a test was performed using potassium sulfate (K 2 SO 4 , pH 6.5) in place of potassium phosphate (KPi, pH 7.1). Under these conditions, the cell potential was comparable to the values obtained in KPi indicating that the difference in cell potentials between symmetric and asymmetric configurations did not depend on the nature of the anion of the electrolyte and thus could be indeed assigned to the pH difference between the two compartments (Figure A31).

The results also revealed that there was only a very minor impact of the membrane on the E cell values, when considering Nafion pre-treated in KPi, Nafion pre-treated in KOH, CEM and AEM (Figures 5.6 and 5.7).

Higher values were measured with the BPM, as expected for this type of membrane. [302][303][304] A comparison between symmetric and asymmetric electrolyte configurations was then performed in a flow cell (Figure 5.1B) consisting of two compartments with flowing electrolyte solutions separated by a Nafion membrane pre-treated in KPi (this membrane achieved the lowest E cell values in the static setup). This test was performed by maintaining a constant current density of j = 100 mA cm -2 (Figure 5.8). Two conclusions can be drawn from this analysis: (i) E cell was higher in the symmetric configuration (4.0 V) than in the asymmetric one (3.1 V), which is consistent with the results obtained in the static H-cell (5.0 V and 3.6 V at 100 mA cm -2 ); and (ii) the cell potential was lower in this flow setup than in the static setup (symmetric: 5.0 V as compared to 4.0 V, asymmetric: 3.6 V as compared to 3.1 V), which highlights the advantage of using such a system where A fixed current density of 100 mA cm -2 was applied at the anode. In the symmetric configuration, both electrolytes were 1 M KPi solutions. In the asymmetric configuration, the catholyte was a 1 M KPi solution, and the anolyte was a 1 M KOH solution.

ohmic losses are minimised. [305] This effect is attributed to the small distance between the electrodes and efficient removal of gas bubbles produced at the surface of the electrodes due to the high electrolyte solution flow rate.

Symmetric and asymmetric configurations: CO 2 reduction

Having established trends for the water-splitting devices, a further degree of complexity was added. E cell values for symmetric and asymmetric configurations were compared in a gas-fed flow cell, with CO 2 -reduction to carbon-based products as the cathodic reaction (Figure 7.3, 5.1C). Here, the membrane choice required consideration of the full CO 2 electrolysis system. Indeed, species crossover between the anode and cathode compartments can result in electrolyte alteration (ion transport, pH changes), CO 2 loss (via (bi)carbonate crossover) and cathode deactivation (metal ion deposition). [282,[START_REF] Li | Advanced Sustainable Systems[END_REF][START_REF] Vermaas | [END_REF][308][309] We excluded anion exchange membranes as they allow (bi)carbonate crossover from cathode to anode where protonation results in release of CO 2

that cannot be recycled. The Nafion membrane (pre-treated in KPi) was selected as it led to slightly lower E cell values in the static setup as compared to the other membranes. However, serious limitations have been reported

with cation exchange membranes. [START_REF] Vermaas | [END_REF] Such membranes are unlikely to maintain a stable bulk pH over time, due to proton crossover. Additionally, K + migration across the membrane can deplete the anolyte of K + , and OER was performed at the anode (on a SSFF electrode) and CO2RR at the cathode (on a Cu-based gas diffusion electrode).

The electrolyte configuration was either symmetric, using a 1 M KPi aqueous solution on both sides, or asymmetric, using a 1 M KPi solution as the catholyte and a 1 M KOH solution as the anolyte. Two different membranes were tested: A. Nafion pre-treated in KPi, B. bipolar membrane (BPM). A fixed current density of 100 mA cm -2 was applied to the anode.

lead to a significant loss in ionic conductivity of the anolyte. Bipolar membranes offer some advantages as they can maintain a pH gradient between the electrolyser compartments, prevent product and ion crossover, and facilitate CO 2 regeneration from (bi)carbonate in the cathode compartment, enabling recirculation. [302-304, 306, 310-314] Therefore, we decided to run the tests using both a Nafion membrane and a BPM. SSFF was used as the anode and a nanostructured Cu-based electrode (Figure 5.2B, A30B) was used as the cathode. CO 2 was flowed from the backside of the electrode and electrolyte solutions (200 mL each) were flowed through each compartment from separate containers. A current density of 100 mA cm -2 was applied for 7 hours.

The potential measured between the two electrodes was very stable in the case of the Nafion membrane, while with the BPM it increased slowly during the first two hours of electrolysis before stabilising (Figure 5.9). We observed that with both membranes, E cell was always lower in the asymmetric electrolyte configuration. Additionally, we observed that for the asymmetric configuration, lower cell potentials were obtained with a Nafion membrane (3.1 V) when compared to the system using a bipolar membrane (4.3 V). The potential of each electrode was measured before electrolysis. As expected, the cathode potential was the same in all configurations and the anode potential was independent on the type of membrane used (Figure A32). Therefore, E cell differences did not arise from variation between electrodes. The selectivity for CO 2 -reduction after 7 hours of electrolysis at 100 mA cm -2 showed that CO was the dominant product (FE ∼ 60 %), with H 2 (FE ∼ 10-20 %), ethylene (FE ∼ 8 %), and formate (FE ∼ 20 %) as minor products (Figure 5.10, Table A32). No significant changes in Faradaic efficiency were observed between different configurations or membranes, highlighting the key role of local cathode environment on selectivity. [287,315,316] In the symmetric configuration using a BPM, the initial pH of 7.1 in both the anode and cathode compartment did not change over the course of 7 hours electrolysis (Figure 5.11A). In contrast, with the Nafion membrane the catholyte pH increased to 7.54 due to the formation of OH -and (bi)carbonate at the cathode, while the anolyte pH decreased to pH 6.75 due to H + formation from the OER. These changes are significant considering the strong buffering ability of the 1 M KPi electrolyte and the large volumes of electrolytes used (200 mL). In the asymmetric configuration (Figure 5.11B), as expected, the same behaviour was observed at the cathode (no pH change with BPM and pH increase with Nafion). At the anode, a decrease in pH of ∼ 0.1 was measured with the Nafion membrane, whereas no change was detected with the BPM. These pH changes reflect the poor ability of Nafion to stabilise the pH and highlight the advantage bipolar membranes have over Nafion. Finally, we analysed the composition of the catholytes over the course of electrolysis (Figure A33). We did not measure any significant increase in Fe, Ni or Cr concentrations over time nor could we detect any changes in the concentrations of these metals on each cathode surface before and after 7 hours electrolysis using energy-dispersive X-ray spectroscopy (Figure A34). Additionally, no obvious structural changes were observed as revealed by scanning electron microscopy (SEM) analysis. This indicated that no significant crossover occurred with either the Nafion or bipolar membrane.

Discussion

In this work, an active anode made of a porous stainless-steel material was introduced. This commercial material, composed of stainless-steel woven fibres, showed a high activity both in alkaline conditions (with an overpotential of η 10 = 300 mV at 10 mA cm -2 ) and in neutral conditions (with η 10 = 587 mV). Its activity competes with some of the most active OER catalysts in alkaline and in neutral conditions, despite the absence of any additional nanostructured catalyst layer on its surface. [23,193,317,318] Importantly, the SSFF proved relatively stable in a pH 7 electrolyte, which is uncommon among transition metal based OER catalysts, enabling implementation across a wide pH range to enable reliable optimisation of the anode compartment conditions.

Our work compares the performance, specifically in terms of the electrical energy input (E cell ), of electrolysers with symmetric (same KPi electrolyte, pH 7, in both cathodic and anodic compartments) and asymmetric (KPi, pH 7, at the cathode and KOH, pH 14, at the anode) configurations. The compartments were separated by an ion-exchange membrane or a bipolar membrane. In all cases, whether we use static or flow setups for HER or CO 2 RR, or whether the membrane was ion-exchange or bipolar, the measured cell potential was significantly lower in the asymmetric configuration:

∆E cell = E sym cell -E asym cell > 0.
These results are consistent with the theory. The cell potential can be expressed as follows (Equation 5.2):

E cell = [E a N ernst + η a ] -[E c N ernst + η c ] + E σ (5.2)
With E x N ernst the thermodynamic potential of the electrode x (a for the anode, c for the cathode), η x the overpotential of the electrode x, and E σ additional losses (this term comprises all losses from the membrane resistance, solution resistance, distance between the electrodes, diffusion losses etc.) The equation can be re-written as follows (Equations 5.3,5.4):

E cell = [E • H2O/O2 -0.059 • pH a + η a ] -[E • H2/H2O -0.059 • pH c + η c ] + E σ (5.
3)

E cell = E • H2O/O2 -E • H2/H2O -0.059 • ∆pH + η a -η c + E σ (5.4)
With pH x the pH in compartment and ∆pH = pH a -pH c . Therefore, the difference between cell potentials in the symmetric and asymmetric configurations can be expressed as (Equation 5. Experimentally, we measured E cell = 1.45 V in the static water-splitting setup and E cell = 0.9 V in the flow cell using a Nafion membrane. These values compare well with the theory as ∆E cell ≥ 0.75 V. This demonstrates that a pH gradient between the anode and cathode reduces the cell potential in water splitting devices, correlating well with previous reports on asymmetric water-splitting. [313,[319][320][321][322] We showed that the nature of the membrane, whether it is a proton, cation or anion exchange, did not significantly impact the cell potential values. Higher E cell values were measured only in the case of the bipolar membrane. Furthermore, these results indicated larger additional losses in the static cell (E σ = 0.7 V) compared to the flow setup (E σ = 0.05 V) -this difference was attributed to cell design and is predominantly associated with ohmic losses. [305] In the flow electrolyser, the flowing solution enables efficient removal of gas bubbles produced at the surface of the electrodes which can account for an additional resistance if they remain stuck in the catalyst pores. [205,206] Additionally, the distance between the electrodes is significantly lower in the flow electrolyser (7 mm) than in the H-cell (5.5 cm) which minimises ohmic loss.

The asymmetric configuration was also superior in terms of electrical energy efficiency in the case of CO 2 reduction in the gas-fed flow cell. At 100 mA cm -2 the ∆E cell values (E sym cell -E asym cell ) were 1.0 V and 1.4

V for the Nafion and bipolar membrane respectively. With a view to further minimising cell potentials in CO 2 reduction devices, our data show that it is important to maximise the pH difference between the two compartments. Therefore, one could consider performing the CO 2 RR in an acidic catholyte (pH ∼ 1), with the added benefit of limited CO 2 loss to carbonate -this presents an interesting challenge as selective, acid-stable cathodes must be developed. [323] Figure 5.12. Schematic representation of ionic transport processes in a gas-fed CO2RR cell using different membranes in asymmetric configuration. A. Nafion membrane. B. Bipolar membrane -the inset is a zoom on the processes taking place within the membrane. 1 Water is oxidised at the anode, consuming hydroxides 2 CO2 gas is fed through the gas diffusion layer 3 CO2 is reduced at the cathode surface, generating hydroxides 4 some CO2 reacts with OH -to form (bi)carbonates 5 limited amounts of protons formed at the anode cross the Nafion membrane 6 significant amounts of K + cross the Nafion membrane from anode to cathode, driven by the electrical field 7 water penetrates the anion exchange layer (AEL) of the bipolar membrane and is split in the interlayer (IL) -hydroxides formed are transferred to the anode through the AEL 8 water penetrates the cation exchange layer (CEL) of the bipolar membrane and is split in the interlayer (IL) -protons formed are transferred to the cathode through the CEL 9 protons released from the CEL can react with bicarbonate formed at the cathode to release CO 2(g) .

Our study highlighted a significant advantage of using Nafion over a BPM (Figure 5.12), as the cell potential measured using Nafion is always lower (for example, in the asymmetric configuration for CO 2 RR, E cell = 3.1 V using Nafion, and E cell = 4.3 V using BPM). On the other hand, a stable pH gradient is maintained using a BPM, whereas this is not the case for Nafion. [319,320] The Nafion membrane is composed of a cation-exchange layer, which enables crossover of protons but also potassium ions (Figure 5.12A). Considering the high K + concentration (1 M), these cations cross the membrane from the anode to the cathode, driven by the potential difference between electrodes. A decrease of ∼ 16 % in K + concentration in the anolyte was measured after 7

hours of electrolysis at 100 mA cm -2 using a Nafion membrane (Figure 5.13). This phenomenon depletes the anolyte of ions and alters the electrolyte properties. In contrast, the BPM consists of a cation-exchange layer (CEL) stacked with an anion-exchange layer (AEL). Under reverse bias, the CEL faces the cathode and the AEL faces the anode. Water penetrates both layers and is split at the interface due to the internal electric field, leading to the production of OH -and H + . OH -is transported through the AEL to the anode, where hydroxide ions are consumed. H + crosses the CEL and reaches the cathode, where protons are consumed. Therefore, the BPM provides a continuous supply of OH -and H + to maintain a stable pH in both compartments (Figure 5.12B). [304,314] The presence of both selective cation-and anion-exchange membranes in the BPM prevents ion and product crossover which is of great importance for long-term electrolyser stability. No differences in K + concentrations between anolyte and catholyte were measured after 7 hours of electrolysis using a BPM, in contrast with Nafion (Figure 5.13). However, the dissociation of water in the BPM interfacial layer requires a potential input, which accounts for the higher E cell measured using the BPM. An interesting perspective lies in the development of innovative bipolar membranes able to split water at low potentials thanks to water splitting catalysts hosted between AEL and CEL. BPMs also present an additional benefit in terms of carbon utilisation. Although carbonate crossover is not expected to be significant with either membrane,[291] with the Nafion system, the generated carbonate stays in solution whereas with the BPM, carbonate is converted to CO 2 gas in the vicinity of the CEL, which can then be re-circulated. With such a system, overall CO 2 utilisation would be enhanced, avoiding significant costs associated with electrolyte regeneration. [286] 

Conclusion

Here, we have highlighted the benefits of maintaining a pH gradient between anode and cathode compartments (alkaline anolyte, neutral catholyte) in water-splitting and CO 2 -reduction devices. A gain in electrical energy efficiency between 6-8% was measured in the CO 2 RR device when using an asymmetric electrolyte configuration.

Electrolysis over 7 hours at 100 mA cm -2 showed cell potentials of 3.1 V and 4.3 V for Nafion and bipolar membranes respectively, reflecting the lower membrane potential of Nafion. However, a clear change in pH was measured when using the Nafion membrane, whereas the pH showed high time-dependent stability with the bipolar membrane. The results show that despite the gain in energy efficiency obtained using Nafion, this membrane does not enable stable, long-term operation of a CO 2 -reduction electrolyser without leading to costly degradation of electrolyte solutions. Bipolar membranes emerge as a better option for asymmetric pH applications, and this work opens the way for further developments of bipolar membranes operating at low potential. [324] The benefits of maintaining a pH gradient between anode and cathode compartment further encourages the development of catalysts for CO 2 -reduction in acidic conditions.

This work describes the design of an energy efficient CO 2 -reduction device comprising a stainless steel-based anode. As depicted in Chapter 4, we developed a highly active and porous catalysts, showing a stainless steel-like composition, including Fe, Cr and Ni. This anode will be used in the optimised CO 2 -reduction device.

Tests will be performed at high current densities (up to 500 mA cm -2 ) and stability will be evaluated over several days, which are conditions closer to the envisioned industrial application requirements.

Chapter 6

Conclusion & Perspectives

Conclusions

This work gathers a multi-scale study of OER catalysts designed for CO 2 conversion electrolysers. A benchmarking analysis was performed on some of the most active reported OER catalysts. It enabled to identify the most active species owing to a standardised protocol which allowed rigorous comparison in terms of activity, density of active sites, as well as electrochemical and compositional stability. Such relevant benchmarking studies are rare, while absolutely needed to both understand basic concepts of OER catalysis and identify the most promising catalysts for industrial applications. Design principles were highlighted thorough this study, among them the role of the catalysts' support emerged as a key element. Indeed, catalysts were compared on a porous, conductive and catalytically active support, namely nickel foam (NF), which contributed to the OER activity of the anode. We therefore introduced a new vision, different from the traditional vision adopted in fundamental catalayst characterisation studies: we considered the catalyst/support assembly as the active material, and sought for activity improvement in both components.

We focused on improving the activity of the anodes selected in the benchmarking study by modifying the NF support. For this purpose, we deposited highly porous nickel dendrites on top of NF and used this new Ni-based material (NiNF) as a new support. We measured an improvement in the activity of all catalysts deposited on NiNF. We reported NiFeSe-and CoFeSe-derived oxides on NiNF as highly active catalysts with overpotentials as low as η 100 = 247 mV at 100 mA cm -2 in alkaline conditions. We demonstrated the high electrochemical and compositional stability of these two species.

In a second phase, we focused on developing innovative catalysts starting from NiNF, building on the conclusions drawn in the previous chapters. Our benchmarking study led to the observation that NiFe-based materials were the most active ones. It also taught us that adding high-valence dopants within these catalysts could be highly beneficial for activity improvement. Furthermore, we observed that introduction of vacancies via an anion leaching strategy was of high importance in the synthesis of the two most active species, NiFeSe-dO and CoFeSe-dO. Based on these conclusions, we synthesised two new species using two different routes and compared their activities. Firstly, we developed a NiFe catalyst using an extremely simple galvanic replacement reaction. While targeting Fe-doping in NiNF, we incidentally made a new Ni-based porous material, NiNFc, which did not contain Fe but showed increased porosity and very high activity as compared to NiNF. We decided to use this material for Fe-doping. We further explored the galvanic replacement strategy, which led to a highly active, porous and robust Fe-doped NiNFc material with η 100 = 269 mV and a record Tafel slope of 25 mV dec -1 . Secondly, we optimised a deposition procedure to form a FeNiCr material on NiNFc. We activated this species by performing a selective Cr leaching, in order to introduce cationic vacancies leading to defect sites. We obtained a material with a composition close to the usual composition of stainless-steels, showing a high activity with η 100 = 269 mV and a Tafel slope of 29 mV dec -1 . Overall, we developed two highly active OER catalysts and we highlighted the first NiFe-material as the most active one with a lower Tafel slope and a higher intrinsic activity. As figures of merit are currently shifting to high current densities (> 0.2 A cm -2 ) required for industrial electrolysers, the Tafel slope value has become a critical parameter. In that respect, our two new OER catalysts with Tafel slopes below 30 mA cm -2 are promising materials. We also discovered that stainless-steel based materials were extremely interesting candidates for OER catalysis.

In the last part of our work, we considered the anode as a component of a CO 2 -reduction electrolyser. In this study, we selected a commercial porous stainless steel-based material as the anode following the conclusions drawn in the previous chapter. We evaluated the impact of several parameters such as the pH of the anolyte and the nature of the membrane on the energy efficiency of the electrolyser. We concluded that a high pH gradient between the anolyte and the catholyte was beneficial for cell potential reduction, therefore opening the way for further studies of acidic CO 2 RR. Moreover, we showed that bipolar membranes enabled to maintain long-term stability and to avoid electrolyte degradation, as opposed to other ion-exchange membranes. In the next step of this work we will operate the CO 2 -reduction device using our nanostructured FeNiCr catalysts, at high current densities and for longer times in order to get closer to the operating conditions required for industrial scale-up of the technology.

Perspectives

Bacterial catalyst materials

Breakthrough strategies for OER catalyst synthesis are likely to be based on inspiration from nature, and more particularly from the OER active centers in Photosystem II enzymes, which is a cubic-like cluster composed of four atoms of Mn and one Ca. [71,72] A biomimetic approach of the OER requires to focus on manganese oxides, which has been done by many authors in the past. [73,75,76,80,325] The enhancement of electrochemical properties by microbial processes has been demonstrated in different systems. [326][327][328][329] However, this strategy has been applied specifically to OER catalysis by a very small number of authors. [330,331] Moreover, it has never been done with Mn oxides.

The use of micro-organisms in electrocatalysis has been widely studied. More particularly, Microbial Electrosynthesis (MES) of fuels from CO 2 and H 2 O is an important research field [332,333]. However, these systems use microbes as active species, be it to ensure electron transfers or to perform the transformation of CO 2 and H 2 to value-added fuels. This represents a significant limitation in the development of these technologies because the micro-organisms are fragile, and require complex media to grow and survive. These rich buffers are often incompatible with viable, industrial electrochemical setups, as they lead to fast contamination of the electrodes and need to be replaced on a regular basis. Moreover, these systems are often fraught with limitations in terms of current densities due to the inherent properties of micro-organisms.

Our proposed approach is different: it exploits the capacity of some bacteria to trap metal ions in their environment and convert them into oxides, which can then be harvested and used for catalysis. These oxides benefit from interesting oxidation degrees, and exceptional nanostructures and textures. Mirvaux et al.

reported a microbial amorphous iron phosphate (a-FePO 4 •H 2 O). [329]k They observed an impressive texture In the frame of a project with Institut de minéralogie, de physique des matériaux et de cosmologie in Paris (IMPMC), we explored the use of batcerial manganese oxides for OER catalysis. In this project, we aim at taking advantage of the ability of some micro-organisms to oxidise Mn 2+ into MnO x , x ∼ 2. Our collaborators master the formation of MnO x by Pseudomonas Putida onto carbon-based current collectors such as gas diffusion layers (GDL). We focused on supports adapted to the OER process such as stainless steel fiber felts (SSFF), and grew a batecrial MnO x biofilm on their surface as depicted on Figure 6.1. The objective is now to demonstrate the added value of bacterial MnO x compared to abiotic oxides for OER catalysis, in terms of nanostructure, activity, density of active sites, and stability in a range of pH. This project is still ongoing.

Superaerophobicity

Owing to the knowledge gained on OER catalysts, we identified strategic issues that could be tackled for further enhancement of catalysts species. Besides the development of highly active catalysts, gas management during gas-involving electrochemical reactions is critical for industrial applications to achieve high reaction rates (hundreds of milliamperes per square centimeter) under practical operation voltages. During the water-splitting process, especially at high current densities, the fast release of excessive amounts of bubbles generated on the surface of electrodes is a major concern. When the electrode shows strong adhesion to bubbles, a large number of these bubbles gather around the surface and blocks the diffusion of electrolyte, resulting in huge reaction resistance. A few authors reported the significant impact of such a resistance due to the accumulation of O 2 on evolving electrodes. [186,206] In this context, the design of superaerophobic surfaces for OER catalysis, which present a low affinity to gas bubbles, is of great importance. A superaerophobic surface is defined as the surface on which a gas bubble shows a contact angle above 150 Yong et al observed superaerophilic behaviours in nature. [334] Air bubbles were never observed to adhere to the skin of a fish. Such adhesion of an air bubble would be very problematic, for example if the bubbles mainly adhere to one side of its body, it will destabilise it, especially for a small fish. The adhered bubbles will also increase the water resistance, so that the fish will not be able to swim as fast and will become an easier prey. After millions of years of evolution and natural selection, fish have evolved a perfect multifunctional surface to survive in their harsh environments. Therefore, the above problems are absent because bubbles are almost completely unable to attach to fish scales. The skin of most fish such as carp is generally covered by fan-like scales which are superhydrophilic in air and superaerophobic in water. When the fish scale was dipped into water and an air bubble was released below the fish scale, the bubble could stand on the scale in the form of a spherical shape. The contact angle of this bubble reached up to 155 • . The bubble could easily roll away as the fish scale was tilted. This reveals that the fish scales exhibit underwater superaerophobicity and ultralow adhesion to a bubble. This case study highlights the role of the structuration of a surface in the improvement of its aerophobicity. Xu et al demonstrate that a clear enhancement of the aerophobic property is obtained by going from a flat surface to a rough surface, therefore nanostructuration is key in the development of superaerophobic anodes. [335] This strategy has been studied by a few authors for OER catalysis. Shan et al reported a CoMoS x catalyst deposited on NF for overall water splitting. [336] They reported η 100 = 345 mV. They attributed the high activity of this catalyst in part to its superaerophobicity: the catalyst shows an underwater contact angle of 165.3 • , which is higher than the contact angle of pristine NF (145.0 • ).

Feng et al also reported an active OER catalyst, namely Ni 0.6 Co 0.4 Se on NF. [337] This catalyst shows an overpotential of η 10 = 249 mV. They attributed this high activity to the aerophobicity of the catalyst, which they characterised measuring contact angles in air (using the superaerophobicity/superhydrophilicity relationship), and adhesive forces.

To conclude, we see that surface nanostructuration of OER catalysts can enhance reaction rates by providing superaerophobic properties, and we highlight that wettability measurements should be considered as benchmark parameters in the characterisation of OER catalysts.

Innovative binders

OER catalysts are often deposited as powders on their supports using a Nafion ink. Nafion is well adapted to cathodic catalysts because of its high hydrophobicity. However, this feature is detrimental for the activity of the anode. As showed above, a superhydrophilic surface has increased superaerophobicity property.

Interesting ionomer binders are used in the field of anion exchange membrane (AEM) water splitting systems. [177,178,338,339] These polymers must have a high ion exchange capacity (IEC), which confers hydrophilicity. The IEC of the ionomer can be improved by increasing the number of ionic groups in the polymer matrix. The main challenge associated with an increase in the number of ion conductive groups is that the water uptake also increases, which leads to dissolution of the ionomer in the solvent at elevated temperatures.

The addition of cross-linkers to the polymer matrix may increase the strength of the polymer chain, but it may also reduce the chain mobility and void volume. Moreover, the addition of an unsuitable cross-linker restricts the hydroxide mobility by forming short-chain cross-linking. [178] A few design principles were highighted to help binder development. Li et al underlined the importance of a high concentration of ammonium groups to enhance the affinity with HO -in solution. [340] Moreover, they demonstrated the negative effect of the presence of phenyl groups in the binders, which can get oxidized to phenol under OER conditions. As phenol pKa is 9.6, this process releases acidic species which act as traps for HO -. They reported a trimethyl ammonium functionalised polystyrene, which they use as the ionomer binder in their highly efficient AEM electrolyser.

Therefore, superaerophobicity could be reached by synthesising innovative and robust ionomer binders.

These avenues for future research will enable the engineering of energy efficient electrochemical devices, and can be helpful for researchers in the field.

General perspective

This thesis paves the way for OER catalysts scale up and integration in industrial electrolysers. Indeed, the highly active NiFe-based catalysts reported in this work can easily be synthesised on larger electrodes at low cost. Then engineering challenges will need to be overcome in order to improve the energy efficiency of CO 2 -conversion devices. This scale up will strongly rely on the close cooperation between academic research and industries as both contributions are vital. For instance, academics provide the deep understanding of the catalysts and reactions at stake, discover and select the best components for the development of the devices.

They grasp the features of the (electro)chemical processes which involve important limitations and requirements in the development of the technology. Industrial actors master the fabrication of prototypes, and they can provide characterisation set-ups for the testing of large electrodes (> 10 cm 2 ) and for long-term aging tests (> 1000 hours). Moreover, they are involved in the techno-economic analyses required for future deployment of the technology, and they have the understanding of the global energy markets. To conclude, I believe that the collaboration between these actors is of utmost importance, that the joint project between Collège de France and TotalEnergies is key in the success of CO 

Catalysts Synthesis

NF support preparation

Nickel foam (NF) was used as the support for all the catalysts. 1 cm 2 square foams were cut, and an additional section was left for electrical contact. This area was partially covered with epoxy glue in order to delimit the 1 cm2 area as precisely as possible. These foams were pre-treated by soaking in a 3 M HCl solution for 10 minutes, in order to remove the nickel oxide layer formed at the surface when in contact with air. Then the substrates were sonicated for 5 minutes in ethanol, 5 minutes in water and dried with compressed air before use.

Cu-O

Cu dendrites were deposited from a 0.1 M CuSO 4 •5H 2 O and 1.5 M H 2 SO 4 aqueous solution (50 mL), according to a procedure published by our group. [195] Electrodeposition was performed in a three-necked round-bottomed flask in a three-electrode arrangement using a Pt mesh counter electrode and an Ag/AgCl/KCl sat reference electrode (BioLogic). A constant current of -3.0 A was applied to the working electrode for 80 s under stirring (∼ 200 rpm). A dark red layer formed during deposition. The sample was rinsed with water and ethanol and dried in air before annealing in air (300 • C, 30 minutes, 10 electrolyte. [341] Electrodeposition was performed in a three-necked round-bottomed flask with 40 mL solution in a three-electrode arrangement using a Ag/AgCl/KCl sat reference electrode and a platinum wire as the counter electrode. Four consecutive cyclic voltammetry scans were performed in the range -0.5 V to 1.0 V vs Ag/AgCl with a scan rate of 50 mV s -1 . The sample was rinsed with water and dried in air. The mass loading was 24 mg cm -2 .

the second solution for 6 hours under stirring. The film was rinsed with H 2 O and dried in air. The etched mass was -14 mg cm -2 . This negative loading is due to a galvanic replacement reaction occurring between Ni 0 at the surface of the substrate and Fe 3+ ions in solution.

NiFeSe-dO

The procedure was adapted from reference. [113] Step The previously obtained NiFe-LDH sample was added to a 23 mL teflon-lined autoclave and the solution was added. The autoclave was heated to 180 • C for 1 hour to obtain a black deposit of NiFeSe, which was rinsed with water and dried in air.

Step 3: Synthesis of NiFeSe-dO NiFeSe was activated electrochemically in 1 M KOH, by applying a constant current of 5 mA cm -2 for 2 hours, until a stable potential was observed. This led to the formation of the derived oxide NiFeSe-dO. The mass loading was 6 mg cm -2 .

CoFeSe-dO

The procedure was adapted from reference. [116] Step 

FeCoW

This material was synthesised according to reference. [103] For solution A, FeCl 3 (146.0 mg, 0.9 mmol), CoCl 2 (116.9 mg, 0.9 mmol) and WCl 6 (356.9 mg, 0.9 mmol) were dissolved in 2 mL ethanol. The as-prepared solution was cooled in an ice bath for 2 hours. Solution B consisted of 2 mL of ethanol and 0.18 mL of water, which was cooled in an ice bath for 2 hours. Solution B was added to solution A, and 1 mL of propylene oxide was slowly added to this mixture. After a few minutes, a dark green gel was formed. This gel was aged for 3 days in ambient conditions and became dark red/brown. The gel was immersed in ethanol and agitated to form a colloidal suspension. This suspension was washed three times with ethanol. 5 mL of the suspension in ethanol were kept and mixed with 250 µL of 5 wt% aqueous Nafion solution. The solution was sonicated for at least 30 minutes and a homogeneous dispersion was obtained. The ink was drop-cast onto the pre-treated nickel foam (40 mg cm -2 ) and dried in air. Note that we also performed CO 2 supercritical drying on another batch but the activity of the catalyst was lower than with the undried colloidal material.

CoV-OOH

The synthesis was adapted from reference. [198] CoCl 2 •6H 2 O (0. 

Fe-NiNFc

Fe-NiNF was made by dipping NiNFc in a solution of 50 mM FeCl 3 •6H 2 O in ethanol for 180 minutes. The sample was thoroughly rinsed with water and dried in air. The etching of the surface of NiNF led to a mass loss of about -10 mg.

FeNiCr-NiNFc

The procedure was adapted from reference. [264] A volume of 100 mL of the electrodeposition bath was made as follows:

• First, a Cr(III)-glycine complex was made by mixing CrCl Electrodeposition was performed in a custom-made two-comparmtent cell. Each compartment had a 50 mL volume. The anodic compartment contained a saturated Na 2 CO 4 solution. The anode was a 4 cm 2 platinum mesh. The cathodic compartment contained 50 mL of the deposition bath described above. The cathode was the NiNFc support. The compartments were separated by a cation-exchange membrane. A DC power generator was used to apply a constant current of -1.2 A to the cathode for 30 minutes. After deposition, the sample was thouroughly rinsed with water and dried in air. The desposited mass was ∼ 45 mg.

Activation was performed in a two-compartment cell, in a 1 M KOH ultrapure solution. A current density of j = 100 mA cm -2 was applied to the working electrode for 3 hours. The leached mass was ∼ 6 mg.

CO 2 -reduction catalyst

Cu nanoparticles (Sigma, 25 nm) were oxidised in ambient conditions to form CuO x nanoparticles. CO 2 RR catalysts were prepared by airbrushing an ink composed of the CuO x pre-catalyst (10 mg), Nafion (7.5 mg, 5 wt%), and methanol (1 mL), onto a PTFE membrane confined to a 2 cm 2 area (Sartorius, 0.45 µm pore size). The mass loading was maintained at 1.75 mg cm -2 corresponding to an approximate thickness of 10 µm.

The geometric catalyst area was confined to 1 cm 2 and electrically connected using Cu tape. The as-prepared electrodes were activated through electrochemical reduction at -1.7 V vs. Ag/AgCl/KCl sat under CO 2 flow for 20 minutes prior to experimental testing.

Structural characterisations

The catalysts surface morphologies were examined using scanning electron microscopy (SEM), and their elemental compositions were measured using SEM-EDX. In some cases, this analysis was complemented with elemental analysis using ICP-OES. This study was performed by dissolving the powder sample in an aqueous nitric acid solution.

Electrochemical characterisations 7.4.1 OER catalysts activity tests

A two-compartment cell separated by a glass frit was used for electrochemical measurements (Figure 7.1).

The electrolyte was an aqueous solution of 1 M KOH. A three-electrode arrangement using a platinum mesh counter electrode (Goodfellow, 2.25 cm 2 ) and a Ag/AgCl/KCl sat reference electrode (BioLogic), which was very regularly calibrated against potassium ferrocyanide in order to ensure the absence of any shift in its potential.

The potentials were reported vs RHE according to the following equation (Equation 7. iR-correction was manually applied). In some cases, a stable potential was not obtained after 5 or 2 minutes, so the CP steps were extended by 5 additional minutes. The (j, E j ) data points were collected. The overpotential at a given current density j (η j ) was calculated according to the following equation (Equation 7.4):

η j = E j -1.23 (7.4 
) with E j the potential measured at the current density j, in V vs RHE. The (j,η j ) points were plotted in a j -η graph. Tafel slopes were obtained by plotting η against log j. The linear fit of these plots (Equation 7. of the electrolyte in the anode compartment did not change during electrolysis.

Evaluation of the density of electrochemically active sites Electrochemically active surface area

The double-layer capacitance C DL values were determined electrochemically in an aqueous solution of 1 M KOH. All measurements were conducted in the voltage range +0.95 -+1.05 V vs RHE as it is a non-Faradaic region for most of the studied samples as well as for the NF support. An exception was made for Cu-O, which shows a Faradaic process in this region and therefore the double layer capacitance was measured in the range +0.66 -+0.76 V vs RHE for this sample. The difference between the anodic and cathodic charging currents ∆j was obtained from CV scans at different scan rates (from 20 to 600 mV s -1 ). The double-layer capacitance is given by (Equation 7.6):

∆j 2 = ν • C DL (7.6)
where ν is the scan rate. Electrochemically active surface areas (ECSAs) could theoretically be obtained using the relation (Equation 7.7):

ECSA = C DL C S (7.7)
This assumes that all the metals are potentially OER active, which is only a rough estimation as the exact nature/composition of the active sites is unknown.

Stability tests in flow conditions

Stability measurements were performed in a 2-electrode electrochemical flow cell FLC-Standard purchased from Sphere Energy (Figure 7.2). The potential was measured using a leak free Ag/AgCl/KCl 3.4M micro reference (Innovative instruments Ltd.). The gas produced in the anodic compartment was analysed by gas chromatography every 30 minutes using a SRI 8610C gas chromatograph equipped with a packed Molecular Sieve 5 Å column for permanent separation. Argon (Linde 5.0) was used as carrier gas, the flow rate was regulated using a mass flow controller (Bronkhorst). A thermal conductivity detector (TCD) was used to quantify O 2 . The Faradaic efficiency (FE O2 ) was calculated by dividing the measured amount of oxygen by the theoretical amount of O 2 expected (Equation 7.9):

F E O2 = n O2,measured n O2,expected = n O2,measured • 4F Q (7.9)
where n O2,measured and n O2,expected are the measured and expected amounts of O 2 , Q the charge passed and F the Faraday constant. An aliquot of anolyte was collected every hour. The aliquots collected were analysed via inductively coupled plasma -mass spectrometry (ICP-MS).

Chromium leaching analysis

The activation step of FeNiCr-NiNFc was studied in a custom-made 2 ×50mL two-compartment cell. The two compartments were separated by a bipolar membrane. They were initially filled with 50 mL of a 1 M aqueous solution of ultrapure KOH. The counter electrode was a 4 cm 2 platinum mesh. The working electrode was the as-deposited FeNiCr-NiNFc. A Ag/AgCl/Kcl sat was used as the reference electrode. A current density of j = 100 mA cm -2 was applied for 7 hours. The gas produced in the anode compartment was analysed by GC every 20 minutes using a SRI 8610C gas chromatograph equipped with a packed Molecular Sieve 5 Å column for permanent separation. Argon (Linde 5.0) was used as carrier gas, the flow rate was regulated using a mass flow controller (Bronkhorst). A thermal conductivity detector (TCD) was used to quantify O 2 . An aliquot of anolyte was collected every hour. The aliquots collected were analysed via inductively coupled plasma -mass spectrometry (ICP-MS).

Cell potential measures

Cell potential measure in static conditions -water splitting

The H-cell described in Figure 7.1 was used. The frit was replaced by a membrane. The potential was measured in a two-electrode setup, with the anode (SSFF) being the working electrode and the cathode (Pt mesh) the counter electrode. Constant current steps (CP steps) were applied for 2 minutes each at j = 10, 100 and 200 mA cm -2 . Anode and cathode potentials were also measured separately. For this purpose, CP steps were applied at the anode (j = 10, 100 and 200 mA cm -2 ) and at the cathode (j = -10, -100 and -200 mA cm -2 ) and the potential of the corresponding electrode was measured for each electrode using a Ag/AgCl/KCl sat reference electrode. were calculated according to the following equation (Equation 7.10):

∆[K + ] = [K + ] t=7 -[K + ] t=0 [K + ] t=0
× 100 (7.10)

With [K + ] t=7 the K + concentration after 7 hours of electrolysis at 100 mA cm -2 and [K + ] t=0 the initial K + concentration. The pH was measured using a FiveEasy Plus FP20 pH-meter from Mettler-Toledo, connected to a InLab Micro probe. Liquid products were analysed using 1H NMR with a Pre-SAT180 water suppression method on a Bruker Advance III 300 MHz spectrometer at 300 K. D 2 O was used as the lock solvent and an aqueous solution of terephthalic acid used as an internal standard for quantification. Formate values were confirmed with a standard calibration using sodium formate solutions. Gas products were detected with on-line measurements every 20 minutes using an SRI instruments 8610 GC with Ar as the carrier gas. The GC was fitted with a thermal conductivity detector for H 2 quantification, where the gas was separated using a HaySepD precolumn with a 3 m molecular sieve column. Carbon products were separated using either a 3 m molecular sieve column (CH 4 ) or a 5 m HaySepD column (CO, C 2 H 4 , C 2 H 6 ) and detected using a flame-ionization detector fitted with a methanizer. Calibration was performed using a custom standard gas mixture in CO 2 .

The FE for gas products was calculated using the following equation (Equation 7.11):

F E(%) = n product × n electrons × F Q t=0 -Q t=7 (7.11)
Where n product is the amount of product (mol), n electrons is the number of electrons used to make the product, F is the Faraday constant (C mol -1 ), Q t=0 is the charge at the time of the injection, and Q t=x is the charge at time x seconds before the injection, representing the time taken to fill the sample loop, with x depending on the combined flow rate of Ar and CO 2 as well as the loop size. The full cell energy efficiency EE f ull for carbon products was calculated using this equation (Equation 7.12):

EE f ull (%) = F E product × E product E cell (7.12)
Where E product is the thermodynamic potential for the carbon product, E cell is the measured cell potential,

and F E product is the faradaic efficiency (%). A phenomenon known as anomalous co-deposition is responsible for a higher Fe content in the catalyst reported compared to the deposition solution used. [196,342] During the co-deposition of Ni and Fe on stainless steel, Fe is more prone to deposit than Ni, resulting in a higher Fe content than in the deposition solution. This phenomenon is not observed when Ni is used as the substrate. The stability of the potential under galvanostatic conditions was tested by running electrolysis at j = 50 mA cm -2 for 30 minutes. The potential response of all the samples were very stable in 1 M KOH. The potential stability % was calculated by measuring the potential increase between t = 0 min and t = 30 min, according to this equation:

Stability % = Et=30 -Et=0 Et=0 × 100 
All the samples show stabilities > 97 %. The slight increase in the potential is likely to be due to the accumulation of bubbles in the sample, which is responsible for an increase in the resistance. OER was performed at the anode (on a SS electrode) and HER at the cathode (on a Pt electrode). The electrolyte configuration was either symmetric (left graph), using a saturated K2SO4 aqueous solution on both sides, or asymmetric (right graph), using a saturated K2SO4 solution as the catholyte and a 1 M KOH solution as the anolyte. A Nafion membrane pre-treated in KPi was used. Constant current scans were performed for 2 minutes each by applying fixed current densities of 10, 100 and 200 mA cm -2 on the anode. 
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 1 Figure 1. Schematic representation of the concept of artificial photosynthesis.
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 11 Figure 1.1. Global energy consumption and CO2 emission sources. A. Global primary energy consumption by source, in % of the total energy consumed in 2019 (170 000 TWh).[7] B. Origin of worldwide CO2 emissions by source in 2019.[5]
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 12 Figure 1.2. Electrochemical CO2 conversion cycle.
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 13 Figure 1.3. Different configurations for electrochemical CO2 conversion from solar energy. A. Photoelectrochemical device (PEC). B. Decoupled system with a photovoltaic unit connected to en electrochemical device (PV-EC).
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 14 Figure 1.4. Schematic representation of a CO2 electrolyser. CO2 is converted to chemicals such as EtOH, CO or C2H4 at the cathode. CO2 gas is conveyed towards the CO2RR catalyst through a porous gas diffusion layer. H2O is converted to O2 at the anode, on the surface of the OER catalyst. The two compartments are separated by an ion-exchange membrane. The device is powered by an external source of electricity.
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 15 Figure 1.5. Structure of a perovskite. Formula ABO3 with A : yellow; B : blue O : red. Adapted from [43].

Figure 1 . 6 .

 16 Figure 1.6. Structure of a spinel. Octahedral sites are in blue, tetrahedral sites in yellow and oxygen atoms in red.Adapted from[46].
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 17 Figure 1.7. Structure of a layered double hydroxide. Adapted from [53].

Figure 1 . 8 .

 18 Figure 1.8. Structure of the Mn4O5Ca cluster of Photosystem II. The ligand environment is represented. Adapted from [14].

  transfers, resulting in enhanced OER performance.[27,29,57] Xu et al. synthesised a NiFeSe derived oxide by hyrothermal synthesis. They started from a NiFe LDH material, and performed a selenisation step to form NiFeSe. They activated this material under oxidative conditions to form the corresponding oxide and provide the OER active phase. The selenide-derived NiFe material showed higher activity than the initial NiFe oxide.They proved the advantage of using a selenide precursor for increased charge transfer, and reported an extremely low overpotential of η 10 = 195 mV.[113] Other examples of NiFe selenide-derived materials show high OER catalytic activity, such as the hollow nanochains developed by Ostrikov and coworkers. The authors reported a two-step synthesis procedure, whereby NiFe nanochains are formed, followed by a selenisation step which led to the formation of hollow NiFe diselenide nanochains by Kirkendall effect. They tuned the ratios of metals and identified the best material with the composition: Ni 0.75 Fe 0.25 Se 2 . Although the authors did not study the in-situ transformation of the selenide into the corresponding oxide, the catalyst exhibited a high activity with η 10 = 267 mV and Tafel slope of 67 mV dec -1 .[114] Zou et al. proposed an alternative one-step solvothermal synthesis route to form an Fe-doped NiSe nanorod/nanosheet array on nickel foam. They studied the impact of the extent of Fe 3+ -doping and obtained optimal activity with 7.4% of Fe, leading to low overpotentials at high current density: η 50 = 231 mV, η 100 = 269 mV and η 1000 = 291 mV, and to a low Tafel slope of 43 mV dec -1 .

[ 27 ]

 27 Yu et al. developed NiFeP microflowers using a successive hydrothermal and phosphidation performed directly on NF. With an optimal Ni 0.5 Fe 0.5 P composition, they measured η 10 = 203 mV and a Tafel slope of 57 mV dec -1 . They attributed this high activity to the 3D structure of the material and to the introduction of hierarchical pores during phosphorisation. Compositional stability after electrolysis was analysed, and P leaching was detected, leading to the formation of an active NiFe-OOH layer on the surface.[117] He et al. studied an original morphology: they fabricated Fe-Co phosphide cubes starting from a Prussian blue analogue precursor. This material was transformed into a highly active Co-doped FeOOH phase after electrochemical reconstruction . This catalyst exhibited a low overpotential of 260 mV at 10 mA cm -2 and a low Tafel slope of 35 mV dec -1 .[118] Other studies demonstrated the impact of P on the surface properties of the catalysts. For instance, Li et al. electrodeposited a NiFe phase, that they subsequently phosphorylated. They measured a dramatic increase in the surface wettability after phosphorylation, as witnessed by a decrease in the contact angle from 129 • to 44 • . The activity of the resulting NiFe/NiFePi material was η 10 = 290 mV and the Tafel slope was 38 mV dec -1 .[119] Some authors combined the advantages originating from both the use of phosphide and sulfide precursors. An interesting example is the bimetallic NiFe phosphide/sulfide material deposited on NF developed by Xin et al. This catalyst displayed high OER activity (η 50 = 240 mV and Tafel slope of 76 mV dec -1). It was used as a bi-functional catalyst for overall water splitting, performing the OER at the anode and the hydrogen evolution reaction (HER) at the cathode while maintaining a low potential of 1.58 V at 10 mA cm -2 for 20 hours.[120] NitridesNitrides show similar advantages to phosphides in terms of catalytic activity and have therefore been studied for OER. Very active species were reported, although most of them showed decomposition and activity loss in the long run. A metallic Co 4 N porous nanowire array was deposited on carbon cloth. In-situ formation of a Co-OOH thin layer was observed on top of the Co 4 N core and was identified as the active phase. An overpotential of η 10 = 257 mV and a Tafel slope of 44 mV dec -1 were reported.[121] Increased conductivity was identified as a key advantage of the use of nitrides. Xu et al. reported a Ni 3 N nanosheet material showing metallic behaviour. The disordered structure of this catalyst was key for OER activity as it increased the exposition of active sites, as shown by EXAFS. The authors reported η 10 = 350 mV and a Tafel slope of 41 mV dec -1 .[122] Zhang et al. grew a NiFe hydroxide directly on the surface of NF, followed by calcination under NH 3 atmosphere. The resulting FeNi 3 N material exhibited a high OER activity with η 10 = 202 mV and a Tafel slope of 40 mV dec -1 . They attributed the high activity of this catalyst to its intrinsic metallic character.Moreover, they underlined the importance of the strong interaction between the electrode support and active substances.[123] 

  300 mV and a Tafel slope of 77 mV dec -1 .[125] Liang et al. studied NiFe oxyfluoride porous films synthesised via electrodeposition followed by anodic treatment and highlighted the benefit of substituting O 2- and F -sites. They identified the exposed Ni atoms at the surface as the active sites and studied the positive impact of Fe 3+ dopants leading to partial charge transfer between Fe 3+ and Ni 2+ sites. These oxide/fluoride composites showed the highest activity with a 15% Fe content. An overpotential of η 10 = 300 mV and a Tafel slope of 38 mV dec -1 were reported. The oxyfluoride structure promotes the formation of a vast interconnected holey morphology, providing large electrochemically active surface area and abundant reaction sites.[126] 

[ 150 ]

 150 Grimaud et al. compared LaCoO 3 and SrCoO 3 perovskites based on the relative positions of the M 3d and O 2p bands (Figure1.9). They concluded that when the energy of the M 3d band is higher than the O 2p band, the Fermi level is above the OER potential, and a adsorbate-based, metal-centered mechanism is favored, as it is the case for LaCoO 3 (Figure1.9A). When the energy of the M 3d band is below the O 2p band, electron transfers from the oxygen ligands to the metal centers lead to an increased participation of the lattice oxygens in the mechanism (Figure1.9B).[133,145] 

Figure 1 . 9 .

 19 Figure 1.9. Perovskites band structures. Difference between the metal 3d -band and the O2p-band relative to the Fermi level for stoichiometric ABO3 perovskites and to the standard H2O/O2 potential, inspired by ref [145]. A. The M d band is higher in energy than the Op band, so an adsorbate-based mechanism is favored. B. The M d band is lower in energy than the Op band, so participation of lattice oxygen in the mechanism is likely.
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 110 Figure 1.10. Possible OER mechanisms. A. Conventional alkaline mechanism with coupled proton-electron transfers.B. Metal-centered OER mechanism involving lattice oxygen with coupled proton-electron transfers, as proposed in ref[146]. C. Oxygen-centered OER mechanism involving lattice oxygen with decoupled proton electron transfers, leading to O2 molecules with one lattice oxygen, as proposed in ref[145]. D. Oxygen-centered OER mechanism involving lattice oxygen with decoupled proton electron transfers, leading to O2 molecules with two lattice oxygens, as proposed in ref[145]. Lattice oxygens are in red.

  1). Cu-O and NiMoFe-O were cathodically electrodeposited on Ni foam (Figure 2.1A) from aqueous solutions of the metallic precursors. This simple method resulted in the formation of dendritic structures as shown by SEM analysis (Figure 2.1B, 2.1C, A4, A6). NiMoFe-O showed a particularly strong adhesion to the substrate because the presence of nickel in the as-deposited catalyst ensures a continuous interface with NF in terms of composition and thus a small lattice mismatch. EDX was used to confirm the elemental composition (Figure A5, A7). CoPi was anodically electrodeposited, which resulted in the slow formation of large dendrites with a poor adhesion to the NF support (Figure 2.1D, A8, A9) . FeCoW (Figure 2.1E, A10A, A10B, A11) and CoV-OOH (Figure 2.1F, A12, A13) were synthesised from nanomaterial dispersions mixed with a Nafion ink and drop-cast and dried onto the surface of the support to form thick layers, which remained well attached to the support despite large cracks (Figures A10B,
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 21 Figure 2.1. Scanning Electron Microscopy images of OER catalysts. A. The bare nickel foam, B. Cu-O, C. NiMoFe-O, D. CoPi, E. FeCoW, F. CoV-OOH, G. NiFe-OOH, H. NiFeSe, I. CoFeSe, J. CoV-O. Scale bar: 20 µm.

  -2 . NiFeSe-dO remains at the head of the group with a low overpotential of η 100 = 264 mV, followed by CoFeSe-dO and NiFe-OOH with the same overpotential value of 289 mV, and by FeCoW with η 100 = 293 mV. CoV-O (η 100 =397 mV) and Cu-O (η 100 =432 mV) show the lowest performances at all current densities.
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 23 Figure 2.3. Tafel slopes of OER catalysts on NF. A. Tafel plots calculated from CP steps data recorded in 1 M KOH, using a 85% iR-correction. Each η value was plotted against log j (squares), the Tafel slope b was given by the linear fit η = a + b•log j (lines). B. Tafel slopes b calculated from data in Figure A.
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 24 Figure 2.4. Characterisation of the electrochemically active sites of OER catalysts.A. Dots: double layer capacitances CDL obtained from plots of capacitive currents against the scan rate. The measurements were performed in 1 M KOH, in the range +0.95 V -+1.05 V vs RHE, which is a non-Faradaic region for most of these catalysts. For Cu-O this potential range is a Faradaic region, so we performed the measure in a different range: 0.66 -+0.76 V vs RHE, thus these values must be taken with care. Diamonds: charge passed during the pre-OER oxidation process, evaluated from the integration of i = f (t) at different scan rates. The charge was taken in a range where it is independent of scan rate. CDL and Q values are reported for samples with 1 cm 2 geometric areas. B. Current densities measured for η = 250 mV (jη = 250 mV) in a 1 M KOH aqueous electrolyte, using a 85% iR-correction.

  studied catalysts have C DL values in the range of 1 mF, slightly larger than that of the Ni foam (0.9 mF), while CoFeSe-dO, NiMoFe-O and NiFeSe-dO have much larger C DL values of 3.65, 2.40 and 2.35 mF, respectively.

Figure 2 .

 2 Figure 2.4A. Most catalysts have Q values comprised between 200 and 480 mC, except NiMoFe-O, NiFeSe-dO

Figure 2 .Figure 2 . 5 .

 225 Figure 2.5. Metal content evaluation. A. Metal content (nM , in µmol) measured in catalysts with a 1 cm 2 geometric area. The surface of the catalysts was removed from the NF support, dissolved in nitric acid and analysed in inductively coupled plasma -mass spectroscopy (ICP-MS). The surface layer could not be removed in the case of NiFe-OOH and CoV-O. nM is the total number of metal atoms, regardless of their nature. B. Empty bars represent the current densities measured at a fixed overpotential of 250 mV (jη = 250 mV) in a 1 M KOH electrolyte, at room temperature, with a 85% iR-correction. Dashed bars are the metal molar activities of the catalysts, which correspond to jη = 250 mV values normalized by nM .

Figure 3 . 1 .

 31 Figure 3.1. Double layer capacitances of the nickel-based supports. CDL measurement was performed on a 1 cm 2Ni plate, in order to estimate the specific capacitance of a nickel-based material. Cyclic voltammetry scans were performed at different scan rates from 0.95 to 1.05 V vs RHE, which is a non-Faradaic region for nickel. The objective was to evaluate the active surface area of a Ni foam with a 1 cm 2 geometry. We measured:

Figure 3 . 2 .

 32 Figure 3.2. SEM characterisation of the NiNF support and its impact on the porosity of NiFeSe and CoFeSe. A. The dendritic Ni foam NiNF. B. NiFeSe deposited on the dendritic NiNF support. C. CoFeSe deposited on the dendritic NiNF support (scale bar: 10 µm). The insets show higher magnification pictures (scale bar: 800 nm).

  foam (NiNF) compared to NF. A 80 mV decrease of its η 10 value (η 10|N iN F = 331 mV), and a 129 mV decrease of its η 100 value (η 100|N iN F = 434 mV) were measured. This marked increase in activity makes NiNF a highly interesting anodic support material for electrolytic cells. NiNF was used as a new support for the deposition of the OER catalysts described above. We first detail the results obtained with the most active catalysts, namely NiFeSe-dO and CoFeSe-dO, deposited on NiNF (Figure3.2B, 3.2C). From the SEM images, it appears that the nanostructure of NiFeSe-dO and CoFeSe-dO was maintained on this support, resulting in a hierarchical porous structure composed of three levels of porosities: the large pores of the nickel foam (∼ 500 µm), the pores formed by the nickel dendrites (∼ 1-10 µm) and the meso-/macropores resulting from the layered structure of the catalysts (∼ 30-100 nm) (Figure3.2B, 3.2C).

Figure 3 . 3 .

 33 Figure 3.3. Double layer capacitances of OER catalysts on NF and NiNF. A. Double layer capacitances of the commercial Ni foam, NiNF, and of NiFeSe deposited on both supports. B. Double layer capacitances of the commercial Ni foam, NiNF, and of CoFeSe deposited on both supports. Measured in 1 M KOH, without stirring at room temperature.

Figure 3 . 4 .

 34 Figure 3.4. Impact of the NiNF support on the catalytic activity of NiFeSe-dO and CoFeSe-dO. j -η profiles obtained by recording chronopotentiometric steps in 1 M KOH, under stirring at room temperature, using a 85% iR-correction. A. NiFeSedO on NF and NiNF supports. B. CoFeSe-dO on NF and NiNF supports.

Figure 3 . 5 .

 35 Figure 3.5. Tafel plots of NiFeSedO-NF, NiFeSedO-NiNF, CoFeSedO-NF and CoFeSedO-NiNF. Tafel plots recorded in 1 M KOH, using a 85% iR-correction.

Figure 3 . 6 .

 36 Figure 3.6. Comparison of double layer capacitances of OER catalysts on NF and NiNF. Improvement in the double layer capacitance (CDL) of different catalysts reached via a simple modification of the Ni foam support: a dendritic Ni foam support was used (NiNF), leading to an increase in the CDL value for all the catalysts studied.
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 37 Figure 3.7. Activity of CuO-NiNF. Electrochemical characterisation in 1 M KOH, under stirring at room temperature, with a 85% iR-correction. A. CP steps. B. Tafel plots.

Figure 3 . 8 .

 38 Figure 3.8. Activity of CoPi-NiNF. Electrochemical characterisation in 1 M KOH, under stirring at room temperature, with a 85% iR-correction. A. CP steps. B. Tafel plots.
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 39310311 Figure 3.9. Activity of NiMoFe-O-NiNF. Electrochemical characterisation in 1 M KOH, under stirring at room temperature, with a 85% iR-correction. A. CP steps. B. Tafel plots.

Figure 3 . 12 .

 312 Figure 3.12. Activity of CoV-OOH-NiNF. Electrochemical characterisation in 1 M KOH, under stirring at room temperature, with a 85% iR-correction. A. CP steps. B. Tafel plots.

Figure 3 . 13 .

 313 Figure 3.13. Activity of CoV-O-NiNF. Electrochemical characterisation in 1 M KOH, under stirring at room temperature, with a 85% iR-correction. A. CP steps. B. Tafel plots.

Figure 3 . 14 .

 314 Figure 3.14. Stability of NiFeSedO-NiNF and CoFeSedO-NiNF in 1 M KOH at 100 mA cm -2 . A. Potential measured during the test in flow conditions at 100 mA cm -2 using NiFeSedO-NiNF as the anode. The potential is compared to the potential obtained with bare NF as the anode. A 1 M KOH solution was recirculated from a container in each compartment. The faradaic efficiency measured overtime for O2 production during the test in flow conditions using NF or NiFeSedO-NiNF is displayed on the right axis. The bottom plot shows Ni, Co and Fe concentrations (in µg L -1 ) in the aqueous solution of 1 M KOH electrolyte flowing in the anode compartment during the stability test with NF (grey) or NiFeSedO-NiNF (yellow) used as the anode. B. Potential, faradaic efficiency and ion concentrations data collected using CoFeSe-dO-NiNF as the anode (blue). The results are compared to those obtained with NF (grey).

(

  an alloy comprising Fe, Ni and Cr) by laser direct writing. They showed that the OER activity of this material increases upon voltage cycling in 1 M KOH under anodic polarisation. The activity stabilised after 10 hours, showing a low overpotential of η 10 = 262 mV and a Tafel slope of 35.0 mV dec -1 . A 1.5-fold increase in the electrochemically active surface area (ECSA) was measured after activation. Anantharaj et al. reported a similar activation step, using a chemical rather than electrochemical strategy : they activated a SS plate in hypochlorite at 180 • C for 12 hours, leading to low overpotentials of η 10 = 260 mV and η 100 = 302 mV.[251] Bo et al. reported the use of Cr as a sacrificial template in a NiFeCr material, leading to the introduction of holes in the LDH structure and thereby increasing the electrochemical surface area. The remaining Cr acted as an electronic structure modulator. This dual Cr-doping effect enabled low overpotentials to be attained (255 mV at 100 mA cm -2 ).[252] Duan et al. reported a similar phenomenon by activating a CoCr 2 O 4 spinel oxide under

Figure 4 . 1 .

 41 Figure 4.1. Flow chart representing the dual strategy used for OER catalyst development.

Figure 4 . 2 .

 42 Figure 4.2. Schematic representation of the strategy for FeNiCr material synthesis. A FeNiCr film is deposited on the surface of a highly porous Ni-based material. Cr is selectively leached from this material, leading to the introduction of vacancies and to enhanced OER activity.

Figure 4 . 1 .

 41 We obtained Fe/NiNFc by Fe-doping in a Ni-based material, and *FeNiCr-NiNFc by Cr-doping in a NiFe-based catalyst. Fe/NiNFc and *FeNiCr-NiNFc were compared in terms of activity and density of electroactive sites. This study enabled to choose among two different routes the most promising one for further applications requiring highly active OER catalysts.
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 4443 Figure 4.3. OER activity of NiNF submerged in Fe-containing solution. A. j-E profiles obtained for NiNFc samples made by submersion NiNF in an aqueous solution of FeCl3 for different submersion times. Data recorded from chronopotentiometric steps recorded in a 1 M KOH electrolyte, at room temperature, under stirring, with iR-correction. B. Overpotentials measured at j= 100 mA cm -2 in 1 M KOH for different dipping times in FeCl3.

Figure 4 . 4 .

 44 Figure 4.4. SEM pictures of the NiNF samples submerged in an Fe-containing aqueous solution for different submersion times. A. 0 min, B. 1 min, C. 5 min, D. 10 min, E. 60 min, F. 180 min. Scale bar: 600 nm.

Figure 4 . 5 .

 45 Figure 4.5. Schematic representation of the synthesis procedure of different porous Ni-based supports and activity indicators. Data recorded for NF, NiNF and NiNFc in 1 M KOH with iR-correction (see Expermimental Procedures for details). Overpotentials η100 were measured at j = 100 mA cm -2 and Tafel slopes were obtained from chronopotentiometric steps.

Figure 4

 4 Figure 4.6. SEM pictures of Fe/NiNFc.

Figure 4 .

 4 7). A significant increase in activity was measured as compared to NiNFc. Very low overpotentials of η 10 = 244, η 100 = 269 mV and η 200 = 276 mV were measured at j = 10, 100 and 200 mA cm -2 , respectively (Figure 4.7A). The current density increased extremely quickly upon sweeping to higher potentials, as shown by the low Tafel slope of 25 mV dec -1 (Figure 4.7B). Fe/NiNFc showed an increased density of active sites as compared to NiNFc. Indeed, the double layer capacitance increased from C DL = 7.7 mF in the case of NiNFc to C DL = 8.9 mF in the case of Fe/NiNFc (Figure 4.13).

Figure 4 . 7 .

 47 Figure 4.7. OER activity of Fe/NiNFc. A. Activity of Fe/NiNFc sample synthesised by dipping NiNFc in an organic solution of FeCl3. Data obtained from chronopotentiometric steps recorded in a 1 M KOH electrolyte, at room temperature, under stirring, with iR-correction. B. Tafel slopes measured in 1 M KOH.

Figure 4 . 8 .

 48 Figure 4.8. Double-cell setup used for electrodeposition of FeCrNi. Each compartment has a volume of 50 mL. They are separated by a cation-exchange membrane. A 4 cm 2 platinum mesh was used as the anode.

Figure 4 . 9 .

 49 Figure 4.9. Impact of the deposition time on the composition and activity of FeNiCr-NiNFc samples. A. Atomic % of Fe, Ni and Cr in the FeNiCr-NiNFc samples before activation, according to the deposition time, as measured by EDX (excitation voltage 15 kV, thickness analysed ∼ 1 µm). B. Chronopotentiometric steps measured in 1 M KOH for NiNFc and *FeNiCr-NiNFc catalysts with different loadings, after activation. Data recorded at room temperature, under stirring, with iR-correction.

Figure 4 .

 4 Figure 4.10. SEM images of FeCrNi samples electrodeposited on NiNFc. A., B., C. Before activation. D.,E., F. After activation.

for O 2 Figure 4 . 11 .

 2411 Figure 4.11. Overtime study of the catalyst activation by Cr removal. A. Faradaic Efficiency for O2 production during the activation step. The as-deposited FeNiCr-NiNFc material was kept in a 1 M KOH solution under a current density of 100 mA cm -2 and the gas evolved was analysed by GC. B. Ni, Fe and Cr concentration in the anode compartment measured overtime by ICP-MS. The anode compartment was initially filled with 50 mL of ultrapure 1 M KOH solution.

Figure 4 . 12 ,*

 412 FeNiCr-NiNFc gave low overpotentials of 241, 269 and 279 mV at j = 10, 100 and 200 mA cm -2 , respectively. The increase in current density upon potential increase is very quick as exemplified by the low Tafel slope of 29 mV dec -1 . The results displayed in Figure 4.13 show a significant increase in the density of electrochemically active sites between NiNFc and *FeNiCr-NiNFc. Indeed, double layer capacitance values of C DL = 7.7 mF and

Figure 4 .

 4 Figure 4.12. OER activity of NiNF, NiNFc and *FeNiCr-NiNFc. A. Chronopotentiometric steps measured in 1 M KOH, at room temperature, under stirring, with iR-correction. B. Tafel slopes measured in 1 M KOH.

Figure 4 . 13 .

 413 Figure 4.13. Double layer capacitances of FeNi-based OER catalysts reported in this study. CDL values measured in 1 M KOH. Data obtained from plots of capacitive currents against the scan rate. The measurements were performed in the range +0.95 V -+1.05 V vs RHE, which is a non-Faradaic region for these catalysts.

Figure 4 . 14 .

 414 Figure 4.14. Comparison of OER activities of FeNi-based OER catalysts reported in this study. Chronopotentiometric steps measured in 1 M KOH, under stirring at room temperature using a iR-correction.

2

 2 This chapter was written on the basis of the paper: Advancing the Anode Compartment for Energy Efficient CO Reduction at Neutral pH s, by Adèle Peugeot, Charles E.Creissen, Moritz Schreiber, and Marc Fontecave, ChemElectroChem, 2021, 8, 2726 -2736.[279] A.P. contribution: conceptualisation, methodology, investigation and writing.

Figure 5 . 1 .

 51 Figure 5.1. Three testing setups. A. Static water-splitting H-cell. B. Flow water-splitting cell. C. Gas-fed flow CO2-reduction cell. The anode used is a stainless steel (SS) fiber felt in all cases.

Figure 5 . 2 .

 52 Figure 5.2. Scanning electron microscopy (SEM) images of anode and cathode. A. Anode: Stainless Steel Fiber Felt. B. Cathode: Cu-GDE with inset showing side-view with thickness of approximately 10 µm.

Figure 5 . 3 .Figure 5 . 4 .

 5354 Figure 5.3. Anode stability in alkaline conditions. Concentrations of Ni, Fe and Cr during alkaline electrolysis using A. NF or B. SSFF as the anode material. The electrolyte was a 1 M KOH solution, pH 14. The current density was 100 mA cm -2 .

Figure 5 . 5 .

 55 Figure 5.5. SSFF OER activity in alkaline and neutral pH conditions. A. j -η curves (iR-corrected) obtained from CP steps in a 1 M KOH and in a 1 M KPi electrolyte. B. Overpotentials measured at j = 10, 100 and 200 mA cm -2 . C. Tafel slopes.

Figure 5 . 6 .

 56 Figure 5.6. Cell potentials measured between anode and cathode in a static H-cell setup.OER was conducted at the anode (on a SSFF electrode) and HER at the cathode (on a Pt electrode). A. Symmetric electrolyte configuration using a 1 M KPi aqueous solution on both sides. B. Asymmetric configuration using a 1 M KPi solution as the catholyte and a 1 M KOH solution as the anolyte. Five different membranes were tested: Nafion pre-treated in KPi, Nafion pre-treated in KOH, cation exchange membrane (CEM), anion exchange membrane (AEM) and bipolar membrane (BPM). Constant current scans were performed for 2 minutes each by applying fixed current densities of 10, 100 and 200 mA cm -2 to the anode.

5. 6

 6 shows the E cell values measured with each membrane, in both symmetric (Figure5.6A) and asymmetric (Figure5.6B) configurations.

Figure 5 . 7 .

 57 Figure 5.7. Comparison between cell potentials measured at fixed current densities. A. j = 10 mA cm -2 , B. j = 100 mA cm -2 , C. j = 200 mA cm -2 in symmetric and asymmetric configurations with average ∆E cell values.

Figure 5 . 8 .

 58 Figure 5.8. Cell potential measured between anode and cathode in a water-splitting electrochemical flow cell.A fixed current density of 100 mA cm -2 was applied at the anode. In the symmetric configuration, both electrolytes were 1 M KPi solutions. In the asymmetric configuration, the catholyte was a 1 M KPi solution, and the anolyte was a 1 M KOH solution.

Figure 5 . 9 .

 59 Figure 5.9. Cell potentials measured between anode and cathode in a CO2-reduction gas-fed flow setup.OER was performed at the anode (on a SSFF electrode) and CO2RR at the cathode (on a Cu-based gas diffusion electrode). The electrolyte configuration was either symmetric, using a 1 M KPi aqueous solution on both sides, or asymmetric, using a 1 M KPi solution as the catholyte and a 1 M KOH solution as the anolyte. Two different membranes were tested: A. Nafion pre-treated in KPi, B. bipolar membrane (BPM). A fixed current density of 100 mA cm -2 was applied to the anode.

  In the case of the Nafion membrane, E sym cell = 4.1 V and E asym cell = 3.1 V, therefore we measured a difference of ∆E cell = 1.0 V (Figure 5.9A), in line with our previous findings (Figure 5.8). In the case of the BPM, E sym cell = 5.7 V and E asym cell = 4.3 V, leading to a greater difference of ∆E cell = 1.4 V (Figure 5.9B).

Figure 5 . 10 .

 510 Figure 5.10. Faradaic efficiencies (FE) of major CO2-reduction products. Data obtained after 7h electrolysis at 100 mA cm -2 with symmetric (S) and asymmetric (A) configurations using bipolar (BPM) and Nafion membranes.

Figure 5 . 11 .

 511 Figure 5.11. pH variation of electrolyte solutions using a Nafion or a bipolar membrane. A. Symmetric configuration. B. Asymmetric configuration.

= 14 .

 14 [START_REF] Hepburn | [END_REF]:∆E cell = -0.059 • ∆pH a + ∆η + E σ (5.5)With ∆pH a = pH sym a From our study using a SSFF anode, we know that at j = 100 mA cm -2 , η sym a = 667 mV and η asym a = 335 mV. Therefore, at this current density, ∆E cell = 0.75 + E σ according to the above equations.

[ 324 ]Figure 5 . 13 .

 324513 Figure 5.13. Variations in K + concentrations after 7 hours of electrolysis at j = 100 mA cm -2 . Variations of K + concentration (in µg L -1 ) measured by ICP-MS. Nafion-A : Nafion membrane, asymmetric electrolyte configuration; Nafion-S : Nafion membrane, symmetric electrolyte configuration; BPM-A : Bipolar membrane, asymmetric electrolyte configuration; BPM-S : Bipolar membrane, symmetric electrolyte configuration

Figure 6 . 1 .

 61 Figure 6.1. Schematic representation of the strategy used for bacterial Mn-based catalyst synthesis.

  5 mmol) was added to 50 mL H 2 O under stirring. The flask was heated to 30 • C in a water bath. A solution of NaOH (1 mmol) and NH 4 VO 3 (0.17 mmol) in 20 mL of deionized water was prepared and added dropwise to the CoCl 2 solution. The solution was maintained at 30 • C under stirring for a further 15 min to obtain a green-brown precipitate. The precipitate was washed three times with water and two times with ethanol with centrifugation and disposal of the supernatant between washing steps. The sample was dispersed in 5 mL of ethanol and an ink was prepared by mixing this nanoparticles suspension with 250 µL of 5 wt% aqueous Nafion solution. The solution was sonicated for at least 30 minutes to obtain a homogeneous dispersion. The ink was drop-cast onto the pre-treated nickel foam (25 mg cm -2 ) and dried in air.

  3 •6H 2 (10.660 g, final concentration 0.4 M) and glycine (3.003 g, final concentration 0.4 M) in ∼ 30 mL of water. This solution was heated at 80 • C under stirring for 30 minutes in an oil bath. The solution was then cooled overnight at room temperature. • A 100 mL aqueous solution was made by mixing the Cr(III)-glycine complex solution to FeCl 2 •4H 2 O (0.596 g, 0.03 M), NiCl 2 •6H 2 O (0.998 g, 0.042 M), H 3 BO 3 (0.928 g, 0.15 M), NH 4 Cl (2.675 g, 0.15 M) and NaCl (2.922 g, 0.5 M).

  1):E RHE = E Ag/AgCl + 0.197 + 0.059 • pH (7.1)The working electrode was positioned in the cell in order to minimize the distance to the reference electrode (∼ 1 mm), thus avoiding a large contribution from the cell in the ohmic drop (the resistance was always between 0.1 and 0.25 ). Before each set of experiments, O 2 was flowed through the working electrodeâs compartment for 20-30 minutes. This is an important step as it prevents any contribution from the O 2 partial pressure p O2 in the thermodynamic potential calculation (Equation7.2):E N ernst = E H2O/O2 -0.059 • logpH + 0.015 • logp O2 (7.2)In an O 2 -saturated solution p O2 = 1, and the thermodynamic potential is given by the following equation (Equation7.3):E N ernst = E H2O/O2 -0.059 • logpH (7.3) Each material was characterised in 10 mL of 1 M KOH aqueous solution following a precise protocol divided into 3 steps. Step 1 : Consecutive linear sweep voltammetry (LSV) scans were performed at a scan rate of 10 mV s -1 until the response was stable. Step 2 : In order to study the oxygen evolution reaction kinetics, it is important to avoid any transient oxidation process such as the oxidation of Ni(OH) 2 to NiOOH. For this purpose, chronopotentiometric steps (CP steps) were performed at different fixed current densities: in Chapters 2 and 3 j = 0, 5, 10, 25, 50 and 100 mA cm -2 for 5 minutes each with stirring (a 85% iR-correction was manually applied); in Chapter 4 j = 0, 3, 5, 10, 25, 50, 100 and 200 mA cm -2 for 2 minutes each with stirring (a 100%

  5): η = a + b • logj (7.5) gives the Tafel slope b. Step 3 : The short-term stability of the different samples in each electrolyte was tested by running electrolysis at a fixed current density j of 50 mA cm -2 for 30 minutes under stirring. The pH

Figure 7 . 1 .

 71 Figure 7.1. Two-compartment electrochemical H-cell.

Figure 7 . 2 .

 72 Figure 7.2. Flow electrochemical setup for the evaluation of catalysts' stability.The catalyst was loaded in a two-compartment cell, separated by a Nafion membrane. A platinum mesh stacked with a platinum foil was used as the cathode. 100 mL of 1 M KOH solution was recirculated from an electrolyte container in each compartment at a 9 mL min -1 flow rate. A constant current density of 100 mA cm -2 was applied for 10 hours. The gas produced in the anodic compartment was analysed by gas chromatography. An aliquot of anolyte was collected every hour. The aliquots collected were analysed in Inductively coupled plasma mass spectroscopy (ICP-MS).

Figure 7 . 3 .

 73 Figure 7.3. Schematic representation of the CO2-reduction gas-fed flow electrochemical cell. A. Symmetric cell configurations. B. Asymmetric cell configuration. C. Scheme showing the specific cell setup used for the CO2RR.

Figure A4 .Figure A5 .Figure A7 .

 A4A5A7 Figure A4. SEM images of Cu-O. The catalyst was deposited on a 1 cm 2 NF.

Figure A10 . 7 Figure A11 .Figure A15 .

 A107A11A15 Figure A10. SEM images of FeCoW. The catalyst was deposited on a 1 cm 2 NF. A., B. Before activation in 1 M KOH. C., D. After activation.

Figure A18 .Figure A22 .Figure A23 .

 A18A22A23 Figure A18. SEM images of CoFeSe. The catalyst was deposited on a 1 cm 2 NF.

Figure A25 .

 A25 Figure A25. Pourbaix diagram for Chromium. The colours are relevant to the real forms. Fuzzy borders depend on concentration, sharp borders do not. Cyan lines denote the borders of water stability region. The diagram is plotted based on the data from ref [343].

Figure

  Figure A26. pH measured overtime in the vicinity of NiNF dipped in a FeCl3 aqueous solution. pH was measured close to NiNF (∼ 2 mm) in a 50 mM FeCl3 aqueous solution.

Figure A27 .

 A27 Figure A27. Atomic composition of the Fe/NiNFc catalyst. Data obtained using X-ray electron diffraction spectroscopy (EDX). Excitation voltage: 15 kV.

Figure A28 .

 A28 Figure A28. Impact of the Ni concentration in the deposition bath on the activity of FeNiCr. Chronopotentiometric steps measured in 1 M KOH with FeNiCr-NiNFc catalysts deposited from solutions with different Ni concentrations. The deposition was performed during 30 minutes. Then the catalysts were activated by Cr removal in 1 M KOH for 3 hours at j = 100 mA cm -2 . Data obtained at room temperature, under stirring, with iR-correction.

Figure A29 .

 A29 Figure A29. Atomic composition of the FeNiCr-NiNFc catalyst before and after activation. Data obtained using X-ray electron diffraction spectroscopy (EDX). A. Before activation. B. After activation. Excitation voltage: 15 kV.

Figure A30 . 2 Figure A31 .

 A302A31 Figure A30. Atomic composition of the SSFF anode and the Cu cathode. Data obtained using X-ray electron diffraction spectroscopy (EDX). A. Anode: Stainless Steel Fiber Felt. B. Cathode: Cu nanoparticles. Excitation voltage: 15 kV.

Figure A33 .

 A33 Figure A33. Variations in Ni, Fe and Cr concentrations in the catholyte during electrolysis. Ionic concentrations (in µg L -1 ) normalised to initial concentrations, measured in the 1 M KPi solutions flowing in the cathode compartments during the 7 hours electrolysis at j = 100 mA cm -2 . No crossover of cations from the anode was detected. A. Nafion membrane -asymmetric configuration. B. Nafion membrane -Symmetric configuration. C. Bipolar membrane -Asymmetric configuration. D. Bipolar membrane -Symmetric configuration.

Figure A34 .

 A34 Figure A34. Elemental analysis of a Cu electrode before and after electrolysis. Data obtained in the different configurations, before and fater electrolysis at j = 100 mA cm -2 for 7 hours by EDX (excitation voltage 15 kV). The peaks correspond to Cu, and no additional element is detected after operation in all cases.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .1. Market prices and annual global production of major chemicals considered as potential CO2 utilisation

 1 

	Chemical	Market price ($/kg)	Annual production (Mt)	Market size (×10 9 $)
	CO (syngas) 0.06	150.0	9
	CO (pure)	0.6	0.8	0.5
	HCOOH	0.74	0.6	0.4
	MeOH	0.58	110.0	64
	CH 4	0.22	2350	517
	C 2 H 4	1.30	140.0	182
	EtOH	1.00	77.0	77
	PrOH	1.43	0.2	0.3

[START_REF]on Climate Change, Climate Change 2021: The Physical Science Basis[END_REF] 

and H 2 O. However, this technology is less mature and its deployment could be envisioned on a longer time scale. products. Data from

[START_REF] Luna | [END_REF]15,19]

.

Table 1 .3. Cell reaction equation and standard cell potentials for common CO2 reduction products. Data from

 1 

  active site in Co 3 O 4 , which comprises both Co II and Co III sites. For this purpose, they compared Zn II Co III 2 O 4 and Co II Al III 2 O 4 substituted compounds, concluding that Co II sites were mostly responsible for the OER activity of Co 3 O 4 .[45]

	Layered structures Layered materials constitute a widely used class of catalysts, that can be either
	hydroxides (M(OH) 2 ) or oxyhydroxides (MOOH).[27, 47] Layered (oxy)hydroxides are 2D materials consisting
	of charged metal hydroxide layers with balancing ions within the layers (Figure 1.7).[48] Usually, they are
	composed of layers of octahedrons [MO 6

Spinels Another well-known category of solids is the spinel family. These materials have the formula AB 2 O 4 where A and B are usually group 2, group 13 and first-row transition metals. Spinels comprise two types of sites: tetrahedral (T d) and octahedral (Oh), therefore metals can exhibit either T d or Oh configurations, as opposed to perovskites where all the sites are in Oh configuration (Figure 1.6). Li et al. studied MFe 2 O 4 spinels, with M = Co, Ni, Cu Mn. They established the following trend: CoFe 2 O 4 > CuFe 2 O 4 > NiFe 2 O 4 > MnFe 2 O 4 > Fe 2 O 3 , showing the superior activity of Co-based spinels for OER catalysis.[44] This was confirmed by Jung et al. who highlighted the high activity of Co 3 O 4 as compared to other spinels.[41] Wang et al. studied the nature of the

Gorlin et al. reported a Mn 2 O 3 catalyst showing an overpotential at 10 mA cm -2 (η 10 ) of 470 mV in alkaline conditions. They proved that mixed

  Mn 2+ solution. During this process, proton reduction occurs at the surface of the electrode, generating OH - ions. The presence of hydroxide ions in the vicinity of the surface leads to the formation of Mn II hydroxides Mn(OH) 2 . Then the activation of the catalyst's surface is believed to occur via a comproportionation reaction between Mn IV atoms in δ-MnO 2 and Mn(OH) 2 species. This process resulted in a clear modification of the catalyst's morphology, with the formation of a mixed MnO 2 /Mn 3 O 4 phase, which gets partially reoxidised under OER conditions, leading to a disordered birnessite phase, with more exposed active sites.[76] Hirai et al. studied the doping of Mn 3+ -based materials with Co. They identified Mn 2.1 Co 0.9 O 4 as the most active species, showing an overpotential of η 10 = 500 mV in 0.1 M KOH.[77] Menezes et al. compared the activities of a cubic MnCo 2 O 4 and a tetragonal CoMn 2 O 4 spinel. They showed that MnCo 2 O 4 had the highest catalytic activity, with η 10 = 510 mV. They assigned this difference to the higher surface area of MnCo 2 O 4 , and to the higher activity of octahedral sites as compared to tetrahedral ones.[78] Li et al. reported an active mixed Mn-Fe spinel,

	Mn III,IV -oxides were formed in-situ from Mn II,III,IV O 4 precursors. They showed that this dynamically formed
	phase is the most relevant for OER catalysis.[74] Jeong et al. studied Mn 5 O 8 nanoparticles in near-neutral
	conditions and reported an overpotential of 580 mV at 5 mA cm -2 and at pH 7.8. They highlighted the role
	of Mn III sites in OER catalytic activity.[75] Huynh et al. studied Manganese oxides OER activity in neutral
	and acidic media. Starting from δ-MnO 2 anodically electrodeposited films, they demonstrated the beneficial
	impact of an activation step. This step consists of keeping the deposited oxide film at a negative potential in a

  Pi and ternary CoM 1 M 2 Pi materials with M i = Ni II , Fe III or Ce III . The binary CoFePi materials Co 3 O 4 material modified using a plasma engraving strategy. This activation step led to higher surface area, it generated oxygen vacancies on the surface, and increased the Co II /Co III ratio at the surface. The engraved Co 3 O 4 exhibited much higher activity than the pristine material with η 10 = 330 mV.[100] Chen et al. synthesised an amorphous Cox-Fe-B material, with x being the Co/Fe ratio. They showed that the most active material was Co 2 -Fe-B with an overpotential of η 10 = 298 mV in 1 M KOH. In this material,

	Going back to historical reports of OER catalysts, Corrigan was the first to report the impact of the an optimal content of 4.7% Fe led to the highest turnover frequency (TOF).[95] It is important to note that
	introduction of Fe impurities in Ni-based thin films.[70] Boettcher et al. performed thorough studies of this the optimal Fe content varies according to the structure of the film, and this value must not be considered as
	al. in 1966, followed by Corrigan in 1987.[65, 66] Since then, many Ni-based catalysts have been recognised as highly active for OER catalysis.[68, 81]. Ni-based materials undergo different electrochemical transformations under positive potential in alkaline medium. First, an α-Ni(OH) 2 phase is formed, and is quickly transformed in β-Ni(OH) 2 which is very stable in alkaline conditions. β-Ni(OH) 2 is converted in β-NiOOH upon increase of potential. β-NiOOH can be partially or fully transformed into γ-NiOOH. The Ni II -→ Ni III oxidation process is therefore very often observed under OER conditions. The high activity of NiOOH materials was attributed to the nearly optimal Ni-OH bond strength, which is strong enough to bind OER intermediates, but lose enough to enable release of O 2 . Trotochaud et al. compared transition metal oxide thin films and showed that Ni-based materials were effect, and revealed increase in OER activity by incidental introduction of Fe originating from electrolyte contamination.[83, 84] Following these works, many authors reported proofs of the synergistic effect between Ni and Fe. A lot was done in order to probe this effect, such as adjusting the Fe content, tuning the electronic structure, the loading and other properties.[57, 85-87] The nature of the active phase in Ni-based materials is a topic of intense debate, which will be treated in the next sections. Li et al. performed spin-polarized DFT calculations and showed the following order for OER activity: Fe-doped β-NiOOH > NiFe 2 O 4 > β-NiOOH > Fe-doped γ-NiOOH > γ-NiOOH > Fe 3 O 4 .[88] Two main conclusions can be drawn from these results: (i) Fe-doped Ni-based hydroxides are more active than pure NiOOH phases and (ii) β-NiOOH seems to show higher activity than γ-NiOOH. Interestingly, FeOOH materials show very poor OER activity. This was attributed to the insulating property of this material.[84] A considerable number of NiFe (oxy)hydroxides materials have been developed. Here we report some of the most active recently published. Lu et al. reported a NiFe LDH deposited on nickel foam (NF) showing high OER activity with an overpotential of 280 mV at 30 mA cm -2 and a low Tafel slope of 50 mV dec -1 in 1 M KOH. Direct growth on the NF porous substrate was performed without a binder, leading to the creation of efficient paths for electron transfer at the catalyst-support interface. This strategy enabled the formation of aggregate-free structures, with a high surface area. Moreover, the large pores of NF eases electrolyte diffusion.[89] Other examples of NiFe LDH nanosheets were reported, with impressive activities such as NiFe LDH hierarchical nanoarrays with η 10 = 224 mV and a Tafel slope of 53 mV dec -1 .[90] Lu et al developed an easy electrodeposition procedure to form amorphous NiFe LDHs showing the extremely low overpotential of η 10 = 220 mV and a 28 mV dec -1 Tafel slope.[91] A FeNi 3 material was deposited on a carbon-based support doped with non-metal elements. A high activity was measured with η 10 = 246 mV and a Tafel slope of 40 mV dec -1 .[92] Long et al. reported porous NiFe oxide nanosheets formed starting from LDH precursors, leading to the low overpotential of 213 mV at 10 mA cm -2 and to a Tafel slope of 32 mV dec -1 .[93] Song et al. reported an universal optimum. Original strategies were developed in order to enhance the OER catalystic properties of NiFe material. Liu et al. used a corrosion engineering strategy starting from a Fe substrate to form NiFe structures. They measured a very high activity a the high current density of 500 mA cm -2 (η 500 = 300 mV) and showed impressive potential stability over 6000 hours at a fixed current density of 1 A cm -2 .[96] Yu et al. synthesised NiFe hydroxide nanotubes made from a ZnO template on nickel foam. This templating strategy led to the formation of a highly organised structure, with a low overpotential of η 10 = 206 mV and a Tafel slope of 92 mV dec -1 .[97] Asnavandi et al. introduced oxygen vacancies in a NiFe-OOH material via a reductive treatment. They measured a 2-fold increase in OER activity after this treatment, revealing the benficial role of defect sites. They reported an overpotential of 260 mV at 100 mA cm -2 .[98] Co-based catalysts Many Co-based catalysts were developed.[29] The cobalt phosphate (CoPi) material developed by the Nocera group is among the best Co-based catalysts.[59] Zhou et al. built up on Nocera's concept and developed binary CoM 1 showed increased OER activity as compared to CoPi: the overpotential decreased from η 10 = 388 mV for CoPi to η 10 = 315 mV for CoFePi in 0.1 M KOH. They measured a small additional decrease in overpotential for the ternary CoFeNiPi material (η 10 = 309 mV in 0.1 M KOH). The CoFePi material showed a low overpotential of η 10 = 277 mV and a Tafel slope of 31 mV dec -1 in more concentrated 1 M KOH electrolyte.[99] As shown above, Co-based spinels turned out to be the most active of this class of materials. Wang et al. studied the nature of the active site in this type of material, by synthesising Co 3 O 4 with tuned Co II T d /Co III Oh ratios. They observed that Co II tetrahedral sites convert into CoOOH under oxidative conditions. They proved that the Co hydroxide phase was the active phase for OER, and measured an overpotential of η 10 = 310 mV.[45] Xu et al. reported a Fe stabilises Co in high oxidation states and promotes the formation of hydroxide species which are active for OER.[101]
	the most active, with the following acitivity order: Ni > Co > Fe > Mn.[82] They showed that monometallic a NiFe-OOH material showing a high OER activity in 1 M KOH (η 10 = 215 mV and Tafel slope = 36 mV
	catalysts were not the most active and that Ni-based catalysts could benefit from doping with a second metal. dec -1 ).[94] Following this work, they studied the impact of the Fe content in Ni films and discovered that

Table 1 .4. Activities of the catalysts described according to the nature of their cations. Overpotentials

 1 Fe 0.33 Ni 0.33 O 2 , with η 5 = 295 mV and a Tafel slope of 35 mV dec -1 .[106] 

	For exmaple, Diaz-Morales et al. evaluated a range

  Indeed, the more positive ∆G i determines the rate determining step and the overpotential. It has been demonstrated that a linear scaling relationship exists between the enthalpies: ∆G * OOH and ∆G * OH are linked so that ∆G * OOH -∆G * OH = constant. As a consequence, a minimum thermodynamic overpotential can be estimated.

It has been considered as a lower boundary to OER catalysts' activities for a long time.

[133] 

In 2007, Rossmeisl et al. introduced (∆G * O -∆G * OH ) as a descriptor for all types of oxide OER catalysts.

[129] 

This difference was widely used as a descriptor to predict OER activities.

[133] 

  Gorlin et al. made a different observation: they showed that Ni sites in NiFeO x remain in a 2+ oxidation state under OER conditions, whereas they go to 3+, 4+ oxidation states in the less active NiOOH. They propose that the OER active state is Ni 2+ Fe 3+ OOH in the mixed oxide. As the Fe% increases, the charge contribution of the oxidation of Ni 2+ to Ni 3+/4+ diminishes because the OER kinetics are faster. Therefore, the high valence Ni

sites are not detected in NiFeOOH because the OER occurs with extremely fast kinetics, but Ni remains the active site.

  Strasser et al. studied NiFe and CoFe LDHs by wide angle operando XAS and DFT. They showed that the initial phase was an α-NiFe LDH with the following stoechiometry: Ni 6 Fe 2 CO 3 (OH) 16 •4H 2 O. Under anodic potential scan, they observed the partial formation of a γ-NiFe LDH phase, Ni 6 Fe 2 K 2 O 16 •4H 2 O, with a contracted interlayer distance and intercalated K + ions. Oxygen-bridged Fe-Ni sites were described as active centers that stabilise OER intermediates which are unfavorable on Ni-Ni or pure Fe centers. This synergistic vision accounts for the difference in overpotentials measured between Ni-LDHs and NiFe-LDHs.[155] 

	Chapter 2
	Benchmarking of OER catalysts on nickel

foam This chapter was written on the basis of the paper: Benchmarking of oxygen evolution catalysts on porous nickel supports, by Adèle Peugeot, Charles E. Creissen, Dilan Karapinar, Huan Ngoc Tran, Moritz Schreiber, and Marc Fontecave, Joule, 2021, 5, 5 1281-1300.[23] A.P. contribution: conceptualisation, methodology, investigation and writing.

Table 2 .1. Oxygen evolution catalysts with their method for synthesis used in this study.

 2 

  10 value is considered a figure of merit for OER catalysts. All the catalysts characterised in this study have η 10 values between 211 and 347 mV, a significant 136 mV range (Figure 2.2, Table2.2). The

lowest overpotentials were obtained for NiFeSe-dO (η 10 = 211 mV) and CoFeSe-dO, (η 10 = 212 mV). The highest overpotentials were obtained for CoV-O (η 10 = 331 mV) and Cu-O (η 10 = 347 mV). Comparison with literature data is shown in Table

Table 2 .2. Overpotentials obtained in 1 M KOH for our catalysts deposited on NF

 2 . η10 and η100 (in mV) are the overpotentials at 10 and 100 mA cm -2 respectively, recorded under stirring at room temperature with a 85% iR-correction. slope values of 55 and 56 mV dec -1 . The obtained values for the other catalysts ranged from 63 to 83 mV dec-1 

	Catalyst on NF	Overpotentials (mV)
		η 10	η 100
	NF	411	563
	Cu-O	347	432
	CoPi	254	338
	NiMoFe-O	262	355
	NiFe-OOH	250	289
	NiFeSe-dO	211	264
	CoFeSe-dO	212	289
	FeCoW	235	293
	CoV-OOH	259	350
	CoV-O	331	397

Table 3 .1. Overpotentials obtained in 1 M KOH for our catalysts deposited either on NF or on NiNF. η10

 3 and η100 (in mV) are the overpotentials at 10 and 100 mA cm -2 respectively, recorded under stirring at room temperature with a 85% iR-correction. ∆E represents the difference between NF and NiNF.

	Catalyst	b N F (mV dec -1 )	b N iN F (mV dec -1 )	∆b (mV dec -1 )
	Support	147	97	50
	Cu-O	76	83	-7
	CoPi	78	48	30
	NiMoFe-O	83	53	30
	NiFe-OOH	36	20	16
	NiFeSe-dO	55	54	1
	CoFeSe-dO	72	63	9
	FeCoW	56	53	3
	CoV-OOH	81	56	25
	CoV-O	63	57	6

Table 3 .2. Tafel slopes obtained for our catalysts deposited either on NF or on NiNF

 3 

. Tafel slopes b (in mV dec -1 ) were measured in 1 M KOH, under stirring at room temperature using a 85% iR-correction. The corresponding change in b (∆b) arises from the use of the dendritic NiNF support.

  ] A wide variety of different strategies were developed to reach high activities. Lee et al. studied the role of the Ni:Fe ratio and highlighted an optimal Fe content to maximise turnover frequency (TOF).[95] Lu et al. reported improved performance due to fine nanostructuration of the NiFe layered double hydroxide (LDH) catalysts, leading to the exposure of a high number of electrochemically

	active sites.[91] Yu et al further exploited this idea by synthesising hollow NiFe-LDH nanoprisms using
	a sacrificial template.[243] Different procedures for NiFe materials synthesis have been reported, such as
	electrodeposition,

Table 4 .1. Elemental composition of Fe

 4 

/NiNFc. Data obtained by EDX using an excitation voltage of 15 kV.

Table 4 .2. Chemical composition of the aqueous solution used as the deposition bath for FeNiCr-NiNFc synthesis.

 4 

	Chemical	Concentration
	CrCl 3 .6H 2 O	0.4 M
	Glycine	0.4 M
	NiCl 2 .6H 2 O	0.042 M
	FeCl 2 .4H 2 O	0.03 M
	NH 4 Cl	0.5 M
	H 3 BO 3	0.15 M
	NaCl	0.5 M

Table 4 .3. Atomic composition of FeNiCr-NiNFc before and after activation

 4 

. Activation was performed in 1 M KOH at 100 mA cm -2 for 3 hours. Data was measured in EDX using a 15 kV excitation voltage.

  All chemicals were used in reagent grade.H 2 SO 4 , dimethylformamide, CuSO 4 .5H 2 O, tetrabutylammonium tetrafluoroborate TBABF 4 , NH 4 F, NaOH, KOH, (NH 4 ) 2 CO 3 , N 2 H 2 •H 2 O, Ni(NO 3 ) 2 •6H 2 O, FeSO 4 •7H 2 O, Na 2 MoO 4 •2H 2 O, Co(NO 3 ) 2 •6H 2 O, CoCl 2 •6H 2 O, CoCl 2 , VCl3 , NH 4 VO 3 , WCl 6 , Nafion (5 wt% aqueous solution) were purchased from Sigma Aldrich. NH 4 Cl, NaCl, glycine, H 3 BO 3 , NiSO 4•6H 2 O, NiCl 2 •6H 2 O, K 3 C 6 H 5 O 7 •H 2 O, CH 4 N 2 O, FeCl 3 , FeCl 3 •6H 2 O, CH 3 P(OH) 2 , C 3 H 6 O, Na 3 C 6 H 5 O 7 , CrCl 3 •6H 2 Owere purchased from Alfa Aesar. Potassium phosphate and dipotassium phosphate were purchased from Roth. Nickel Inductively coupled plasma -mass spectroscopy (ICP-MS) measurements were performed on a ICP-QMS 7900 Agilent apparatus. A Iso-ech IPS 303DD DC power supply was used for electrodeposition.

	Chapter 7
	Experimental Procedures
	7.1 Materials
	foam (1.6 mm in thickness, purity 99.5%, density 0.45 g cm -3 , 95% porosity, 20 pores cm -2 ) and stainless
	steel foil (0.5 mm in thickness, 304L) were purchased from Goodfellow. Stainless steel fiber felt (0.3 mm in
	thickness, 75% porosity) was purchased from GKN Sintered Materials. Nafion membrane (Nafion 115, 127
	2 utilisation technologies, and that such collaboration should micrometers thick) was bought from Sigma. Cation exchange membrane (Fumasep FKS-50, 50 micrometers
	become a standard. thick), anion exchange membrane (Fumasep FAS-PET-130, 130 micrometers thick) and bipolar membrane
	(Fumasep FBM-PK, 200 to 250 micrometers thick) were bought from Fuel Cell Store. Oxygen 5.0 and Argon
	5.0 were purchased from Linde. Hydrothermal syntheses were performed in a Carbolite Gero CWF1213
	123

furnace. SEM images were collected on a SU-70 Hitachi FEGSEM equipped with a X-Max 50 mm2 Oxford spectrometer for energy dispersive X-Ray spectroscopy (EDX) measurements. Inductively coupled plasmaoptical emission spectrometry (ICP-OES) measurements were performed on a Thermo Scientific iCAP 6300 duo device.

  • C min -1 ramp rate). Copper oxide nanoparticles were electrodeposited on the surface from a 0.2 mM Cu(imidazole) 2 Cl 2 solution prepared by dissolving the complex in MeCN:H 2 O with a 1:0.03 volume ratio, containing a 0.103 M TBABF 4 supporting

1: Synthesis of NiFe-LDH An

  aqueous solution containing Ni(NO 3 ) 2 •6H 2 O (0.91 mmol), FeSO 4 •7H 2 O (0.23 mmol), NH 4 F (4.55 mmol) and CH 4 N 2 O (11.36 mmol) was prepared. 18.2 mL of this solution was added to a 23 mL teflon-lined autoclave reactor and a piece of pre-treated Ni foam was added. The autoclave was heated to 120 • C for 16 hours to form a light green deposit on the nickel foam. The sample was rinsed with EtOH and H 2 O and dried in air.

Step 2: Synthesis of NiFeSe Se

  powder (1.70 mmol), NaOH (3.4 mmol) and N 2 H 4 (0.7 mmol, 36.6 µL) were dissolved in DMF (11.3 mL).

1: Synthesis of CoFe-LDH An

  aqueous solution containing Co(NO 3 ) 2 •6H 2 O (0.900 mmol), FeSO 4 •7H 2 O (0.227 mmol), NH 4 F (4.45 mmol) and CH 4 N 2 O (11.16 mmol) was prepared. 18.2 mL of this solution was added to a 23 mL teflon-lined autoclave reactor and a piece of pre-treated Ni foam was added. The autoclave was closed and heated to 120 • C for 16 hours to form a red deposit on the nickel foam. The sample was rinsed with EtOH and H 2 O and dried in air. CoFeSe was activatedelectrochemically in 1 M KOH, by applying a constant current of 5 mA cm -2 for 2 hours, until a stable potential was observed. This led to the formation of the derived oxide CoFeSe-dO. The mass loading was 7 mg cm -2 .

	Step 2: Synthesis
	of CoFeSe Se powder (1.70 mmol), NaOH (3.4 mmol) and N 2 H 4 (0.7 mmol, 36.6 µL) were dissolved in DMF

(11.3 mL)

. The previously obtained CoFe-LDH sample was added to a 23 mL teflon-lined autoclave and the solution was added. The autoclave was heated to 200 • C for 6 hours to obtain a black deposit of CoFeSe, which was rinsed with water and dried in air. Step 3: Synthesis of CoFeSe-dO

This thesis aims at providing design rules and principles for OER catalyst development, based on a throughout study of reported catalysts. Drawing on these findings, we proposed original routes for OER catalyst improvement, and we described new synthesis strategies leading to highly active catalysts. We integrated OER anodes into CO 2 electro-conversion devices and highlighted key parameters for the design of energy efficient devices, from the anode point of view.The next chapters are directed to identification and development of highly active, cheap and robust OER catalysts for practical CO 2 reduction applications. Chapter 2 focuses on benchmarking some of the most active OER catalysts recently reported, and highlights key features for further development of active anodes. A support modification detailed in Chapter 3 led to the improvement of OER catalysis activities. An advanced strategy for stability assessment is developed in this chapter. In Chapter 4, we build on our previous findings to develop two FeNi-based catalysts showing impressive OER activities. Finally, in Chapter 5, we focus on the most advantageous conditions (such as electrolyte pH and membrane) to integrate these anodes in CO 2 reduction electrolysers and achieve the highest energy efficiencies.
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Chapter 3

Hierarchical structuration of a porous nickel support

This chapter was written on the basis of the paper: Benchmarking of oxygen evolution catalysts on porous nickel supports, by Adèle Peugeot, Charles E. Creissen, Dilan Karapinar, Huan Ngoc Tran, Moritz Schreiber, and Marc Fontecave, Joule, 2021, 5, 5 1281-1300. [23] A.P. contribution: conceptualisation, methodology, investigation and writing.

Introduction

A major aspect of the benchmarking study performed in Chapter 2 is the use of a porous, Ni-based supportnamely nickel foam (NF), for the nine catalysts studied. Our work showed the tremendous importance of the support, as authors often use different substrate materials such as glassy carbon, carbon paper or metal plates.

Discrepancies with the reported OER activities were measured in certain cases when the support used in the literature was different from NF. Therefore we highlighted that anode performance relies on the assembly of both support and catalyst. Careful selection and design of the support is key to improving catalytic activity and stability.

The importance of the substrate for OER catalysis arises in terms of several parameters, decribed hereafter. A porous support can enhance catalyst dispersion, and therefore increase the density of exposed electrochemically enables a more efficient electrodeposition of dendrites on Cu. We also speculate that an additional resistance arises from a lower adhesion of Cu dendrites to the Ni support due to lattice mismatch. Moreover, the difference observed could be the consequence of a lower ECSA as fewer nanoparticles were observed at the surface of this catalyst on NF than on Cu plate.

In the light of the unavoidable role of the support stated above, we report a novel NF-based support with different morphology and increased structuration. Use of this innovative support led to significant improvements of the performances of almost all studied catalysts. We report two OER catalysts deposited on this support with overpotential values among the lowest reported in the literature so far.

Here we also demonstrate the outstanding stability of these two catalysts, evaluated by a long-term flow experiment. We stress the importance of evaluating both electrochemical and compositional stabilities when characterising OER catalysts. Indeed, there is strong evidence that OER catalysts are dynamic materials which exhibit surface restructuring and phase changes during operation. [230,231] It is therefore necessary to understand whether or not these dynamic dissolution/reprecipitation equilibria result in stable active surfaces in the long term. Dissolution rates can exceed precipitation rates in some cases, resulting in irreversible surface leaching. Raman et al. studied the stability of SrIrO 3 and SrRuO 3 perovskites under oxidative conditions. They highlighted that selective Sr leaching resulted in the formation of a highly active and stable IrO x -rich phase in the case of SrIrO 3 . In the case of SrRuO 3 , both Sr and Ru leached quickly and the catalyst was irreversibly degraded, revealing its poor stability under OER conditions. Owing to these observations, the authors underlined the need for an unified approach for catalyst stability quantification. [232] Most authors use galvanostatic tests in order to evaluate the stability of OER catalysts. Although this technique enables detection of major stability issues, it sometimes reveals artifacts that can hamper interpretations. Indeed, it has been demonstrated that some catalysts can show a stable potential response at a given current density, while undergiong irreversible degradation of their surface. [233,234] Other examples show that strong potential increases during OER operation are often wrongly attributed to catalyst instability, whereas it can be an effect of the accumulation of O 2 bubbles in the pores of the catalyst. [235] As a consequence, an advanced protocol for stability evaluation is required. Here we stress the importance and necessity of performing Cr removal. This work therefore highlights the value of SS-derived oxides for OER catalysts. Here, a bottom-up approach was employed to reach such a composition, by electrodeposition of Fe, Ni and Cr precursors followed by selective leaching. One could envision using a top-down strategy starting from commercial SS to design active and robust OER catalysts. This type of material was evaluated for OER catalysis in the next chapter.

CoPi

The procedure was adapted from reference. [59] A 0.1 M aqueous methylphosphonic acid (MePi) solution was prepared and adjusted to pH 8.5 with KOH. This solution was used due to the higher solubility of the cobalt salt in MePi. Co(NO 3 ) 2 •6H 2 O (10 mM total concentration) was added to form the deposition solution.

Electrochemical deposition was performed from 100 mL of this solution in a three-necked round-bottomed flask using a three-electrode arrangement with a Pt mesh counter electrode and an Ag/AgCl/KCl sat reference electrode (BioLogic) under rapid stirring (∼ 300 rpm). A potential of 1.1 V vs Ag/AgCl was applied to the working electrode for 6 hours. A thick black deposit was obtained. We observed that the film cracked and became very fragile and brittle upon drying. Consequently, all the electrochemical characterisations were performed directly after synthesis. The sample was rinsed with distilled water, but never dried. The mass loading measured after characterization and subsequent air drying was 35 mg cm -2 .

NiMoFe-O

Synthesis was adapted from previously published procedures. [193,196] Ni foams were pre-treated following the method described above. A mixture of NiSO 

NiFe-OOH

The procedure was reproduced from reference. [197] 

CoV-O

The synthesis was adapted from a reported procedure. [102] CoCl 2 (70.11 mg, 0.54 mmol), VCl 3 (28.31 mg, 0.18 mmol), urea (68.11 mg, 1.13 mmol) and trisodium citrate TSC (37,2 mg, 0.14 mmol) were added to 18 mL H 2 O.

As the precursors are air and light sensitive, the solution was kept in the dark and degassed with Ar for 30 minutes. The solution (18 mL) was transferred into a teflon-lined autoclave (23 mL capacity) and a piece of the pre-treated Ni foam was added. The autoclave was heated to 150 • C for 14 hours to obtain a very thin deposit.

The mass loading was 0.5 mg cm -2 .

NiNF

The dendritic Ni foam support was synthesized as follows. (2 M) was prepared and used for electrodeposition. The electrodeposition was performed in a three-necked round-bottomed flask (50 mL solution) using a three-electrode arrangement with a Pt mesh counter electrode and an Ag/AgCl/KCl sat reference electrode. A constant current of -2.0 A cm -2 was applied for 100 s at the working electrode. The gas produced during deposition was delivered into a gas trap. After deposition, the sample was rinsed thoroughly with water and dried in air. Note that we measured a difference between the activities measured for NiNF in Chapters 3 and 4, whereas the synthesis procedure described above was used in both cases. We believe that the difference is due to the use of a new potentiostat to carry out the work reported in Chapter 4. All results are consistent within each Chapter. where C S is the specific capacitance of the sample, which corresponds to the capacitance of an atomically smooth planar surface of the same material per unit area under identical electrolyte conditions. However, it is impossible to determine reliable values of C S for each sample. Note that in previous studies, for determination of ECSAs of various OER catalysts, the same value of C S = 0.040 mF cm -2 in 1 M NaOH, based on typical reported values for metallic surfaces, was applied. [192,193] However, one should be aware that this only gives an estimation of the ECSAs since the C S value varies significantly from one material to another. [192] 

NiNFc

Pre-OER oxidation wave analysis

The charge passed during the pre-OER oxidative process was evaluated. Each sample was maintained at a reducing potential (+0.4 V vs RHE) for 20 minutes in order to start from a fully reduced catalyst. Linear sweep voltammetry scans were recorded from +0.40 to +1.62 V vs RHE, with scan rates ranging from 1 to 100 mV s -1 . Between each scan rate, the sample was kept at +0.4 V for 5 minutes. An exponential background was subtracted from the i = f (E) curve in order to deconvolute the contributions from the pre-OER redox process and the OER catalysis, which often occur in similar ranges of potential. The charge Q passed during the pre-OER process was calculated from the integration of the oxidative wave (Equation 7.8):

with ν the scan rate in V/s. The charge value was taken in a range where Q is independent from the scan rate.

Metal content evaluation

Each catalyst deposited on NF with a 1 cm2 geometric area was carefully removed from the support. Note that this operation was not possible in the case of NiFe-OOH and CoV-O. The collected powders were dissolved in 65% HNO 3 at room temperature for 10 days in Teflon tubes. The solutions were diluted with 2% HNO 3 and analysed using inductively coupled plasma -mass spectroscopy (ICP-MS). The quantity of each metal in each catalyst was calculated. The total number of moles of metals n M is the sum of the number of moles of each metal contained in the catalyst. For instance, in the case of NiMoFe-O,

Cell potential measure in flow conditions -water splitting

The 2-electrode electrochemical flow cell described in Figure 7.2 was used. A Nafion membrane pre-treated in KPi was used. A platinum mesh stacked with a platinum foil was used as the cathode. SSFF stacked with two SSFF foils was used as the anode. 100 mL of electrolyte solution was recirculated from an electrolyte container in each compartment at a 9 mL min -1 flow rate. A constant current of j = 100 mA cm -2 was applied for 7 hours. The cell potential was measured between the anode (working electrode) and the cathode (counter electrode). The electrodes potentials were measured using a leak free Ag/AgCl/KCl 3.4M micro reference (Innovative instruments Ltd.

). An aliquot of anolyte (1 mL) was collected every hour. In order to study the stability of the anode, the aliquots collected were analysed via inductively coupled plasma -mass spectrometry (ICP-MS).

Cell potential measure in flow conditions -CO 2 reduction

A custom-made gas-fed flow cell purchased from Sphere Ltd. (Figure 7.3) was used for all CO2RR experiments.

The activated PTFE|Cu gas diffusion electrode was used as the cathode and SSFF stacked with two SS plates was used as the anode. CO 2 was flowed from the backside of the cathode, and the catholyte was constantly purged with Ar (35 mL min -1 ). The CO 2 outlet and the catholyte gas outlet were supplied using mass flow controllers (Bronkhorst) and combined in a gas trap prior to delivery to the GC. The flow rate was regularly checked using a digital flow meter placed after the gas trap to account for consumption of any gas products.

The membrane was either a bipolar membrane or a Nafion membrane pre-treated in KPi. Electrolytes were recirculated from 200 mL containers in each compartment at a flow rate of 12 mL min -1 . A constant current of j = 100 mA cm -2 was applied for 7 hours. The cell potential was measured between the anode (working electrode) and the cathode (counter electrode). The electrode potentials were measured using a leak free Ag/AgCl/KCl 3.4M micro reference (Innovative Instruments Ltd.). 

Aliquots of both electrolytes