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Abstract 
 

The increasing global demand for energy, coupled with rapid industrial growth, has raised critical concerns 

about sustainability and the contribution of CO2 emissions to climate change. Renewable energy sources 

represent a particularly promising means of mitigating these issues thanks to their vast energy generation 

capacity. Furthermore, carbon-free fuels—such as hydrogen—can be produced via water electrolysis powered 

by renewable energy, creating a closed loop that is free from carbon emissions. Additionally, renewable energy 

can be used to power carbon capture and utilization techniques, resulting in negative carbon emissions. These 

solutions rely on two key electrochemical reactions: water electrolysis and CO2 electrolysis. Water electrolysis 

is a promising technology that allows for hydrogen production without relying on fossil fuels. Similarly, CO2 

electrolysis aims to reduce CO2 emissions by converting it into other carbon-containing fuels. However, both 

of these reactions involve multiple electron-transfer steps, most notably the anodic oxygen evolution reaction 

(OER) and the cathodic CO2 reduction reaction (CO2RR), resulting in high overpotentials and limited energy 

efficiencies. As such, the development of catalysts to enhance the activity and stability of these reactions is 

imperative for their practical application.  

The primary challenge of OER research is the development of cost-effective, earth-abundant catalysts to 

replace expensive benchmark materials such as IrO2 and RuO2. In contrast, the primary challenge of enabling 

CO2 reduction in aqueous environments is related to the stability of the CO2 molecule and the complexity of 

its reaction pathways, resulting in low reaction efficiency and uncontrolled product selectivity. Copper-based 

materials have become the focus of extensive research into electrochemical CO2 reduction (eCO2RR) due to 

their unique ability to convert CO2 into carbonaceous compounds with more than two carbon atoms (C2+ 

products). Nevertheless, further research is necessary to reduce the reaction's overpotential and refine the 

selectivity of copper-based catalysts toward desired products. This thesis describes a comprehensive study 

aimed at developing catalysts with improved activities and stabilities, as well as promoting their selectivity for 

specific targeted products. Furthermore, we conducted an in-depth study of the structure of the catalyst and 

attempted to determine the underlying mechanisms responsible for these improvements.  

First, we explored the role of surface oxygen functionalization on the dispersion and activity of Co-based 

catalysts in the context of OER. We found that carbon supports that were rich in acidic oxygen-containing 

functional groups enhanced the adsorption of metal cations and the dispersion of the catalysts. The presence 

of carboxyl functional groups was particularly effective at facilitating O2 spillover from the Co surface.  

Second, we studied how the incorporation of Fe impacts the OER activity of Co-based catalysts. Through in 

situ synthesis, we found that Fe is incorporated as a solid solution, primarily through the substitution of Fe³⁺ 

at Co³⁺ sites. Our CoFe catalyst exhibited excellent OER performance, as evidenced by a low Tafel slope and 

overpotential, making it one of the top-performing CoFe-based materials. 
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We then focused on improving the electrocatalytic reduction of CO2 to C2+ products by tuning the 

hydrophilicity of polymer binders used to bind powder catalysts to the carbon paper supports. We selected 

fluorinated ethylene propylene (FEP)—a hydrophobic, CO2-philic polymer—and observed a significant 

increase in total current density and faradaic efficiency toward C2+ products. Operando Raman spectroscopy 

revealed that the hydrophobicity of FEP resulted in the retention of CO2 and intermediate CO on the surface 

of the catalyst, promoting the formation of C2+ products. 

Finally, we identified the primary degradation mechanisms of CO2 electrolysis in acidic environments to be 

the flooding of gas diffusion electrodes (GDEs). By separating the inlet catholyte from the outlet liquid 

products, we successfully kept the pH near the catalyst below a critical value, thereby extending the carbon-

based GDEs lifetime. 

In summary, we implemented a range of strategies to enhance both the activity and stability of electrochemical 

reactions. These strategies include the design of electrocatalysts, such as the incorporation of Fe into Co oxides 

and the dispersion of Co nanoparticles. We also fine-tuned the reaction environment by adjusting factors such 

as hydrophilicity and local pH. Our research has provided insights into the mechanisms that drive these 

improvements, which were accomplished through structural modifications and alterations in the reaction 

environment. 

 

 

Keywords :  

Electrochemistry, catalysis, water splitting, oxygen evolution reaction, cobalt catalysts, iron incorporation, 

electrochemical CO2 reduction, copper catalysts, gas diffusion electrode, reaction environment. 
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Résumé 
 

La demande croissante d'énergie à l'échelle mondiale, associée à une croissance industrielle rapide, suscite des 

préoccupations cruciales concernant la durabilité et la contribution des émissions de CO2 au changement 

climatique. Les sources d'énergie renouvelable représentent un moyen particulièrement prometteur d'atténuer 

ces problèmes grâce à leur vaste capacité de production d'énergie. De plus, des carburants sans carbone, tels 

que l'hydrogène, peuvent être produits par électrolyse de l'eau alimentée par une énergie renouvelable, créant 

une boucle fermée exempte d'émissions de carbone., L'énergie renouvelable peut aussi être utilisée pour 

alimenter des techniques de capture et d'utilisation du CO2, entraînant des émissions négatives. Ces solutions 

reposent sur deux réactions électrochimiques clés : l'électrolyse de l'eau et l'électrolyse du CO2. L'électrolyse 

de l'eau est une technologie prometteuse permettant la production d'hydrogène sans recourir aux combustibles 

fossiles. De même, l'électrolyse du CO2 vise à réduire les émissions de CO2 en le convertissant en d'autres 

carburants contenant du carbone. Cependant, ces deux réactions impliquent plusieurs étapes de transfert 

d'électrons, notamment la réaction d'évolution de l'oxygène anodique (OER) et la réaction de réduction du CO2 

cathodique (CO2RR), entraînant des surtensions élevées et des efficacités énergétiques limitées. Ainsi, le 

développement de catalyseurs pour améliorer l'activité et la stabilité de ces réactions est impératif pour leur 

application pratique. 

Le principal défi de la recherche sur l'OER est le développement de catalyseurs économiques à base de 

matériaux abondants sur Terre pour remplacer les matériaux de référence coûteux tels que l'IrO2 et le RuO2. 

En revanche, le principal défi de la réduction du CO2 en milieu aqueux est lié à la stabilité de la molécule de 

CO2 et à la complexité de ses voies réactionnelles, entraînant une faible efficacité de réaction et une sélectivité 

de produit incontrôlée. Les matériaux à base de cuivre ont fait l'objet de nombreuses recherches sur la réduction 

électrochimique du CO2 (eCO2RR) en raison de leur capacité unique à convertir le CO2 en composés carbonés 

contenant plus de deux atomes de carbone (produits C2+). Cependant, des recherches supplémentaires sont 

nécessaires pour réduire la surtension de la réaction et affiner la sélectivité des catalyseurs à base de cuivre 

vers les produits souhaités. Cette thèse décrit une étude approfondie visant à développer des catalyseurs avec 

des activités et des stabilités améliorées, ainsi qu'à promouvoir leur sélectivité pour des produits ciblés 

spécifiques. De plus, nous avons mené une étude approfondie de la structure du catalyseur et tenté de 

déterminer les mécanismes sous-jacents responsables de ces améliorations. 

Tout d'abord, nous avons exploré le rôle de la fonctionnalisation de l'oxygène de surface sur la dispersion et 

l'activité des catalyseurs à base de Co dans le contexte de l'OER. Nous avons constaté que les supports en 

carbone riches en groupes fonctionnels oxygénés acides favorisaient l'adsorption des cations métalliques et la 

dispersion des catalyseurs. La présence de groupes fonctionnels carboxyles était particulièrement efficace pour 

faciliter le transfert d'oxygène depuis la surface du Co. 

Ensuite, nous avons étudié comment l'incorporation de Fe affecte l'activité pour l'OER des catalyseurs à base 

de Co. Par une synthèse in situ, nous avons constaté que le Fe est incorporé sous forme de solution solide, 

principalement par substitution de Fe³⁺ aux sites Co³⁺. Notre catalyseur CoFe a présenté d'excellentes 
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performances en OER, comme en témoignent une faible pente de Tafel et une surtension réduite, le plaçant 

parmi les meilleurs matériaux à base de CoFe. 

Nous nous sommes ensuite concentrés sur l'amélioration de la réduction électrocatalytique du CO2 en produits 

C2+ en ajustant l'hydrophilicité des liants polymères utilisés pour lier les catalyseurs en poudre aux supports en 

papier carbone. Nous avons choisi le polytétrafluoroéthylène (FEP), un polymère hydrophobe et CO2-phile, et 

avons observé une augmentation significative de la densité de courant totale et de l'efficacité faradique vers 

les produits C2+. La spectroscopie Raman operando a révélé que l'hydrophobicité du FEP entraînait la rétention 

du CO2 et du CO intermédiaire à la surface du catalyseur, favorisant la formation de produits C2+. 

Finalement, nous avons identifié les mécanismes primaires de dégradation de l'électrolyse du CO2 dans des 

environnements acides comme étant le phénomène d'inondation des électrodes de diffusion de gaz (GDEs). 

En séparant le catholyte d'entrée des produits liquides de sortie, nous avons réussi à maintenir avec succès le 

pH près du catalyseur en dessous d'une valeur critique, prolongeant ainsi la durée de vie des GDEs à base de 

carbone. 

En résumé, nous avons mis en œuvre une gamme de stratégies pour améliorer à la fois l'activité et la stabilité 

des réactions électrochimiques. Ces stratégies comprennent la conception d'électrocatalyseurs, telle que 

l'incorporation de Fe dans les oxydes de Co et la dispersion des nanoparticules de Co. Nous avons également 

affiné l'environnement réactionnel en ajustant des facteurs tels que l'hydrophilicité et le pH local. Nos 

recherches ont fourni des aperçus des mécanismes qui entrainent ces améliorations, réalisées grâce à des 

modifications structurelles et des altérations de l'environnement réactionnel. 

Mots-clés : Électrochimie, catalyse, électrolyse de l'eau, réaction d'évolution de l'oxygène, catalyseurs de 

cobalt, incorporation de fer, réduction électrochimique du CO2, catalyseurs de cuivre, électrode de diffusion 

de gaz, environnement réactionnel. 
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CHAPTER 1: Introduction 
The world experienced an explosion in global population over the last century; this was coupled with an 

exponential increase in energy demand, which increased by a factor of 80 in contrast to the 6-fold increase in 

world population[1]. This trend highlights an increase in the amount of energy required per capita: an 

unavoidable consequence of industrialization and modernization. Ever since the discovery of the steam engine 

by Watt during the Industrial Revolution, in which steam derived from charcoal-boiled water was transformed 

into mechanical work, fossil fuels have been the primary source of energy in modern civilization. In 1997, 

fossil fuels provided 75% of the total global energy supply, while the contributions of renewable and nuclear 

energy only amounted to 19% and 6%, respectively[2]. The intensive use of fossil fuels has raised two major 

issues: i) Sustainability: fossil fuels are a finite primary source, and thus finding alternative sources is vital 

for current and future generations; ii) Climate change: the burning of fossil fuels generates CO2, which leads 

to global warming and other related environmental disasters. It is thus extremely important to reduce the 

amount of past, present, and future CO2 emissions. 

 

1.1. Question of sustainability 

The Cambridge dictionary defines “sustainability” as “the quality of causing little or no damage to the 

environment and therefore able to continue for a long time”. Fossil fuels, usually in the form of coal, oil, or 

natural gas, are hydrocarbons with varying carbon chain lengths that can be burned to generate energy. These 

materials are formed from the decomposition and accumulation of dead plant and animal matter over several 

hundreds of millions of years[3]. Due to its long formation time, fossils are non-renewable, and thus their use 

in modern society is highly unsustainable. According to Holdren[4], “the problem is not that we are running out 

of energy” but “it's that we have nearly run out of the low-cost energy”. Indeed, despite their ability to provide 

a theoretically infinite amount of energy, renewable resources have remained relatively expensive compared 

to fossil fuels due to their high cost of production. With the development of photovoltaic technology, the cost 

of renewable energy has been significantly reduced: the price of concentrating solar power (CSP) and 

photovoltaic (PV) energy dropped twofold between 2010 and 2020, and now costs approximately the same 

amount as fossil fuel[5] . 

One source of renewable energy is the Sun, which supplies an amount of energy that could theoretically meet 

global energy consumption: 3×1024 Joules a year. This reservoir has an energy capacity that is 10,000 times 

greater than Earth’s total energy consumption[6]. Although it only ever shines on half of the Earth’s surface at 

any one time, its capacity as an energy source remains far greater than global energy demands. However, the 

amount of energy generated from this source is limited due to a lack of infrastructure. Specifically, although 

the “raw material” available for electricity generation is more than sufficient, we are unable to collect all of 

the sunlight incident on the Earth’s surface due to the lack of solar panel coverage, as well as the intrinsic 

energy inefficiencies associated with solar panels. Another problem associated with solar energy is that the 

Sun does not shine everywhere or at all times. Thus, the storage of solar energy is an important consideration 

https://dictionary.cambridge.org/fr/dictionnaire/anglais/quality
https://dictionary.cambridge.org/fr/dictionnaire/anglais/cause
https://dictionary.cambridge.org/fr/dictionnaire/anglais/damage
https://dictionary.cambridge.org/fr/dictionnaire/anglais/environment
https://dictionary.cambridge.org/fr/dictionnaire/anglais/therefore
https://dictionary.cambridge.org/fr/dictionnaire/anglais/able
https://dictionary.cambridge.org/fr/dictionnaire/anglais/continue
https://dictionary.cambridge.org/fr/dictionnaire/anglais/long
https://dictionary.cambridge.org/fr/dictionnaire/anglais/time
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for energy trading, transportation, and mobile applications. In general, energy can be stored within an electric 

field in a capacitor, as gravitational potential energy in a pumped-hydroelectric storage system, as kinetic 

energy in flywheels, or within chemical bonds in specific compounds[7]. In chemical energy storage, hydrogen 

is a particularly promising candidate due to its high gravimetric energy density of 120 kJ/g[8]. Furthermore, 

hydrogen is often utilized in many industries, such as the production of ammonia or carbon hydrogenation 

reactions. Approximately 50% of the world’s hydrogen is used for ammonia production through a high-

pressure reaction between hydrogen and nitrogen[9]. In the carbon hydrogenation reaction, hydrogen and 

carbon monoxide react at high pressures and temperatures to produce synthetic fuels such as methane, 

methanol, or other hydrocarbons.  

Züttel et al. described a completely sustainable hydrogen energy cycle (Figure 1.1a) involving the collection, 

storage, and consumption of solar energy using hydrogen as an energy carrier[1]. Solar energy is first used to 

split water into hydrogen and oxygen. The hydrogen could then be used as an energy carrier, either to be stored 

for use during the night or transported to areas with low irradiation. Hydrogen can be either combusted or used 

in a fuel cell to release energy; these processes do not generate any CO2 emissions, unlike fossil fuels. The 

limited exploitation of this significant source of renewable energy arises from inefficiencies in three specific 

stages: 1) the production of hydrogen from solar energy, 2) the storage efficiency of the energy carrier, and 3) 

the consumption of the energy carrier. During the production step, there are limitations regarding the scalability 

of hydrogen production from water electrolysis due to the high cost of the stack compared to the methane–

steam reforming methods[10]. In the storage step, the low volumetric energy density of hydrogen at ambient 

pressure necessitates its compression into liquid hydrogen, which is extremely costly. Furthermore, additional 

safety requirements are necessary due to the highly flammable nature of hydrogen. The conversion of hydrogen 

in fuel cells is also relatively costly due to the high cost of the catalysts used in the stack, such as platinum[11]. 

 

Figure 1.1. The hydrogen and carbon economies: the cycle of production, storage, and consumption. a) Hydrogen cycle: 

Solar energy is used in water electrolysis, generating oxygen and hydrogen. This reaction releases back oxygen into the 

atmosphere, while hydrogen is used as the energy carrier. The hydrogen can be stored for later use, shipped, or used in 

mobile applications. Energy is extracted from the hydrogen by combustion or by reacting the hydrogen with oxygen in a 

fuel cell to form water. b) Carbon cycle: Solar energy is used in water electrolysis, generating oxygen and hydrogen. 

The hydrogen is used in the CO2 hydrogenation reaction to synthesize hydrocarbons. These hydrocarbons act as energy 
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carriers and can be stored or transported. Energy can be extracted from the hydrocarbons using fuel cells or via combustion 

processes, resulting in the release of CO2. Reprint with permission from Züttel et al.[1], copyright 2010, Royal Society. 

To address these limitations, several approaches have been used to improve the efficiency and reduce the cost 

of each of these steps. Alternative storage materials have been studied to replace liquid hydrogen. These 

include porous carbon, zeolites, or metal–organic frameworks (MOFs) through physisorption as well as 

porous organic polymers[12], which can be used to store hydrogen. Hydrides can also be used to store 

hydrogen by chemisorption; these generally exhibit higher storage capacities compared to physisorption[13]. 

Extensive research has also been conducted on the development of catalysts that can replace expensive 

catalysts with non-precious, earth-abundant catalysts for electrochemical reactions in water electrolysis (i.e., 

catalysts for the oxygen evolution reaction (OER) and the hydrogen evolution reaction) and fuel cell (oxygen 

reduction reaction and hydrogen oxidation reaction)[14]. 

 

1.2.   CO2 emissions 

In addition to sustainability issues, fossil fuel-based economies are well-known for their severely negative 

environmental impact. The drastic rise in fossil fuel consumption in the 20th century has led to a tenfold 

increase in CO2 emissions[2]; these emissions are considered to be the main driver of anthropogenic climate 

change and can lead to other environmental complications such as acid rain and ozone depletion[15]. Carbon 

capture, utilization, and storage (CCUS) refer to a family of complex techniques that are used to collect and 

store/use the discharged CO2, effectively recycling CO2 emissions. CO2 is collected from the outlet streams of 

industrial sources or direct-air carbon capture (DACC) before being separated and stored either biologically in 

plants or geologically in the deep ocean or soil. Figure 1.1b provides an example of how the captured carbon 

can be utilized in a closed loop in which there are net-zero carbon emissions. CO2 reacts with the H2-generated 

photo-water electrolysis to form carbon-based fuels. The energy stored in these hydrogen carbons can be 

extracted using a fuel cell or via combustion, releasing CO2 back into the atmosphere. In addition to the net-

zero carbon emissions promised by the utilization of carbon in closed carbon loops, carbon storage allows for 

net negative emissions, compensating for the over-utilization of fossil fuels over the last two centuries. In 

contrast to the hydrogen cycle, in which water is the only initial “raw material”, CCUS requires the pure CO2 

generated from the capture and separation processes. Each of the fundamental steps—capture, separation, 

carbon hydrogenation reaction, and fuel consumption—has its own inefficiencies and thus requires specific 

materials or catalysts, significantly increasing the research complexity required to maximize their overall 

efficiency. Nevertheless, CCUS techniques are extremely valuable since they can help store renewable energy 

while removing atmospheric CO2.  

The storage of energy in the carbon cycle described above involves two major steps: the production of 

hydrogen by water electrolysis, and the reaction of this hydrogen with CO2 to form hydrocarbons. The latter 

reaction requires high temperatures and pressures, and the overall efficiency of the process is limited by the 

efficiency of each sub-step. Recently, electrochemical CO2 reduction reactions (eCO2RRs) powered by 

renewable energy have been proposed as a promising means of combining water electrolysis and CO2 

https://www.sciencedirect.com/topics/engineering/metal-organic-frameworks
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hydrogenation. This involves the use of CO2 and water to reduce CO2 to single- or multi-carbon products 

(depending on the catalyst). Figure 1.2 describes how this utilizes captured CO2 and converts it into chemical 

feedstocks, such as hydrocarbons, alcohols, and syngas, reducing the need for fossil fuels in the chemical 

production industry. Notably, this process precludes the need for high temperature and pressure conditions. 

Consequently, this process can be used for decentralized, scalable, and mobile applications. 

 

Figure 1.2. The storage of renewable energy via the reduction of CO2 to chemical feedstocks and fuels. Reprint with 

permission from De Luna et al.[16], copyright 2019, American Association for the Advancement of Science. 

eCO2RR is thus a promising technology for both CO2 sequestration and the chemical storage of renewable 

energy. Nevertheless, there are still several challenges that must be overcome, such as the development of 

catalysts that can lower the overpotential of the eCO2RR while achieving the desired product selectivity. 

This research described in this thesis aimed to design and develop catalysts for electrochemical reactions in 

energy conversion devices. Specifically, this study investigated the use of electrocatalysts in two key half-cell 

reactions: the OER and the eCO2RR. These reactions are fundamental components of electrolysis processes 

that are needed to convert renewable energy into a chemical energy carrier for efficient storage. The OER takes 

place at the anode in water and CO2 electrolysis, while the eCO2RR occurs at the cathode in CO2 electrolysis 

(Figure 1.3). 

 

Figure 1.3. Diagram showing the two half-cell reactions in alkaline water- and CO2- electrolysis. 
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1.3. Water electrolysis and the oxygen evolution reaction 

An electrolysis unit used to split water into hydrogen and oxygen consists of an anode, a cathode, an electrolyte, 

and a power supply. Water electrolysis involves the following chemical reaction: H2O → 2 H2 + O2, which 

produces hydrogen at the cathode and oxygen at the anode[17]. In an electrolyser, the cathode and the anode are 

attached to the negative and positive terminals of the power supply, respectively. 

The half-reactions that occur at the electrodes are:  

Acidic condition: 

Cathode: 2H+ + 2e- → H2         (1) 

Anode: 2H2O → 4H+ + 4e- + O2         (2) 

Alkaline condition: 

Cathode: 2H2O + 2e- → H2 + 2OH-        (3) 

Anode: 4OH- → 2H2O + 4e- + O2        (4) 

Applying a potential to the electrolysis cell results in the simultaneous formation of hydrogen and oxygen at 

both the cathode and anode, respectively. Hydrogen formation only involves two electrons, while oxygen 

evolution is a sluggish multi-step reaction that requires four electrons and significant activation polarization at 

the anode. Due to the complexity of the OER, researchers have attempted to break down the multi-step reaction 

into individual steps that only involve the transfer of a single electron, which would allow them to investigate 

the rate-determining step of the reaction in more detail[18]. Several mechanisms have been proposed such as a 

three-step reaction with two intermediates, M-OH and M-O[19,20], a four-step reaction with three intermediates, 

M-OH, M-O, and M-OOH[21–23], or a two-site mechanism[24].  

The definition of a catalyst according to the Cambridge Dictionary is “something that makes a chemical 

reaction happen more quickly without itself being changed”. Specifically, a catalyst facilitates the adsorption 

of the reactant followed by the desorption of the intermediate from its surface without participating in the 

reaction itself. The intrinsic activity of a catalyst is typically represented by the turnover frequency (TOF), 

which measures the number of electrons transferred per active site per second[14]. However, determining the 

number of active sites on a catalyst is complex; consequently, two other kinetic parameters are commonly used 

as an activity metric: the Tafel slope and the overpotential at a fixed geometric current density, typically 1 or 

10 mA cm-2. 

1.3.1.  Pathways and descriptions of OER activity 

Man et al. describe OER activity as the difference in free energy of the two intermediates O* and OH*[25,26]. 

The binding energies of three intermediates — O*, OH*and OOH* — were estimated from first principles using 

density-functional theory (DFT) calculations on the following four electron reaction paths: 

H2O + * → OH* + H+ + e          (5) 

OH* → O* + H+ + e           (6) 
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H2O + O* → HOO* + H+ + e          (7) 

HOO* → * + O2
 + H+ + e          (8) 

By plotting the adsorption energy of HOO* as a function of that of HO* on perovskites, rutiles, anatase, MnxOy, 

Co3O4, and NiO oxides, Man et al. discovered a universal scaling relationship between the binding energy of 

two intermediates ΔEOOH* and ΔEOH*: ΔEOOH* = ΔEOH* + 3.2 eV. The change in free energy in Equation (7) 

can be written as: ΔGOOH* – ΔGO* = ΔGOH* + 3.2 eV – ΔGO* = 3.2 eV – (ΔGO* – ΔGOH*). The overpotential of 

the reaction is determined by the two reaction steps (6) and (7) featuring the intermediate O*; specifically, the 

reaction with the higher change in free energy, [ΔGO* – ΔGOH*] or [3.2 eV – (ΔGO* – ΔGOH*)], determines the 

overpotential. Consequently, ΔGO* – ΔGOH* was chosen to be the descriptor of OER overpotential; Man et al. 

used this representation of OER overpotential to obtain a volcano plot for perovskites (Figure 1.4a), rutiles, 

anatase, MnxOy, and Co3O4 oxides (Figure 1.4b). 

 

Figure 1.4. Volcano plot devired from the universal scaling relationship between the binding energy of two intermediates 

ΔEOOH* and ΔEOH* for a) perovskites and b) rutiles, anatase, Co3O4 and MnxOy oxides. Reprint with permission from Man 

et al.[25], copyright 2011, John Wiley & Sons. 

Based on the work of Hammer and Nørskov[27], who used a d-band centre to describe the reactivity of the 

transition metals, Suntivich et al. used the occupancy of the eg orbital in surface transition metal ions as a 

descriptor of OER activity [28]. The eg orbital of surface transition metal (i.e., B-site metal) ions is associated 

with the σ-bonding with the adsorbate, which affects the OER activity. Consequently, a volcano plot was 

obtained by plotting the potential at a fixed current of 50 µA cm-2
ox as a function of the occupancy of the eg 

orbital for different double perovskites. It was found that the potential decreases with increasing eg, reaching 

a minimum at eg = 1 before increasing again for eg > 1. The volcano-shaped nature of the plot was explained 

by the different rate-determining steps in each of the two branches. Suntivich et al. concluded that 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) was the best catalyst in terms of OER activity because it exhibited eg = 1.2, 

which was closest to unity.  

https://www.sciencedirect.com/science/article/pii/S0360056402450134?via%3Dihub#!
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Grimaud et al.[29] recently proposed another descriptor for OER activity based on the work of Lee et al.[30], who 

found that the oxygen (O) p-band centre measured relative to the Fermi energy was an appropriate descriptor of the 

oxygen reduction reaction (ORR) in SOFCs. The O p-band centre relative to the Fermi energy of perovskites was 

calculated and was determined to be a good descriptor for OER activity. BSCF remained the best catalyst for the 

OER because its O p-band centre was located relatively close to the Fermi energy. However, BSCF undergoes 

amorphization after a few OER cycles[31,32]. Despite possessing an O p-band centre that was further away from the 

Fermi energy, the double perovskite Ln0.5Ba0.5CoO3-δ (with Ln = Pr, Sm, Gd, and Ho) exhibited comparable 

OER activity and a much higher stability than BSCF. 

Cheng et al.[33] suggested that a network of descriptors would provide a better assessment of OER activity 

compared to a single descriptor; consequently, the flat band potential (Efb), ex-situ electronic conductivity, and 

oxygen vacancy were used in their multi-descriptor system. Although the OER activity of the La1-xSrxCoO3-δ, 

LaMnO3-δ perovskite series, BSCF, and PrBaCo2O6-δ (PBCO) complex perovskites followed each single 

descriptor, exceptions were observed. High electronic conductivity was found to enhance OER activity, with 

the exception of PBCO and LaMnO3-δ. Unfunctionalized BSCF had a relatively high vacancy concentration 

but did not favour OER, deviating from the common trends observed in the rest of the samples. Furthermore, 

no correlation was observed between Efb and OER catalytic activity. In general, a good catalyst has Efb lower 

than 1.53 V; nevertheless, the other two parameters must be considered to explain the trends in catalytic OER 

activity.  

Recently, evidence of an (oxy)hydroxide layer formed at the surface of the oxide catalyst during operation was 

revealed using ex-situ and operando characterization methods; these included the formation of CoO(OH) on 

top of Co3O4
[34], Ni(Fe)OOH on top of  NiFe2O4

[35,36], and Co(Fe)OOH on top of BSCF[37]. The change in the 

electronic structure of the catalyst after OER suggested another oxygen evolution mechanism: the lattice 

oxygen evolution reaction (LOER)[38,39]. In this framework, the oxygen generated in the OER does not come 

from the electrolyte but instead comes from the lattice oxygen in the oxide catalyst[40,41] (M2n+On
2- → Maq

2n+ + 

0.5 O2 + 2n e-). Lattice oxygen vacancies remaining after OER are replenished by oxygen from the 

electrolyte[41]. The remaining Maq
2+ can either remain in the solution and become oxidized to a higher oxidation 

state or recombine with OH- to form a superficial oxy(hydroxide) layer[21,38]. The proposed LOER model, 

which is driven by the mobility of the oxygen anion in the bulk material, provides a good explanation for 

catalyst corrosion as well as the evolution of oxygen and the formation of the oxy(hydroxide) layer during 

electrolysis operations. Another suggested model for the participation of lattice oxygen in the OER is the 

lattice-oxygen participation mechanism (LOM)[42–44]. The mechanism was initially proposed for LaNiO3, 

where the oxygen from the electrolyte is first adsorbed at the transition metal site before interacting with the 

lattice oxygen site and displacing surface oxygen, leaving the lattice oxygen site vacant before being filled by 

surface oxygen. The process is thus continuously assisted by lattice oxygen: the displaced lattice oxygen 

generates molecular oxygen, while oxygen from the electrolyte continuously fills up the surface vacancies. 

DFT calculations also demonstrate that the as-described mechanism is energetically favoured compared to 

conventional mechanisms[39]. 
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1.3.2.  Electrocatalysts for OER 

OER catalyst research covers a wide range of materials, including solid-state and molecular catalysts. Solid-

state catalysts comprise metals, metal oxides, perovskites, and spinels, while molecular catalysts include 

ruthenium polypyridine and ammine catalysts, inorganic clusters, iridium complexes, and macrocyclic OER 

catalysts[19]. Among these materials, metal oxides are currently preferred over metals for OER, since it is 

widely accepted that a surface oxide layer forms on top of the metal surface prior to OER onset potential. The 

most commonly used oxide catalysts for OER are RuO2 and IrO2, but their scarcity has motivated scientists to 

investigate other noble-metal-free oxides, including perovskites, spinels, and other layer-structured 

materials[22], with a focus on first-row transition metals such as Ni, Co, and Fe due to their abundance, low 

cost, and high catalytic activity[20,23,34,35,45–47].  Suen et al.[22] presents a comprehensive summary of the 

experimental parameters and kinetic criteria of the OER activity for different families of compounds. 

1.3.2.1. Perovskite  

Perovskites are compounds with the chemical formula ABO3, where A and B are different cations. A is 

typically an alkaline or rare-earth metal, while B is a transition metal that occupies the octahedral site. The 

combination of charges for A and B can be 1-5, 2-4, or 3-3. Some perovskites, such as LaCoO3, LaMnO3, and 

LaFeO3, have been utilized as cathode materials in solid oxide fuel cells (SOFC) rather than alkaline 

electrolysis as catalysts for OER; this is despite them being highly promising candidates for both oxygen 

reduction and evolution reactions. BSCF has been identified as the most effective perovskite catalyst based on 

the recently proposed descriptor involving the occupancy of the eg orbital of surface transition metal ions. Man 

et al. and Mefford et al. have also used DFT calculations to show that SrCoO3 and  SrCoO0.27 are the best 

catalysts for OER[39,48]. 

1.3.2.2. Spinel 

The standard chemical formula for spinel is AB2O4, where A is a divalent cation occupying the tetrahedral site 

and B is a trivalent cation occupying the octahedral site[49]. Like perovskites, spinels have been extensively 

studied as catalysts for the OER. Cation and oxygen vacancies can be introduced by changing synthesis 

conditions, such as oxygen pressure, synthesis temperature, or calcination temperature[50]. The structure can 

also be doped to add more defects. These structural modifications can result in changes to the d-band splitting, 

electrical conductivity[51] or diffusion of oxygen[52].   

Cobalt-based catalysts are the most commonly used spinel structure for the OER. The spinel structure of cobalt 

oxide is Co3O4, in which Co2+ occupies the tetrahedral site and Co3+ occupies the octahedral site. Replacing 

Co2+ or Co3+ with other transition metals is an efficient way to improve the OER activity of Co-based spinels. 

Wang et al. investigated the roles of Co2+ and Co3+ in Co-based spinel structures by comparing three 

compounds: Co3O4, CoAl2O4, and ZnCo2O4
[53]. By replacing Co2+ with Zn2+ and Co3+ with Al3+, the OER 

activity of ZnCo2O4 was much lower than that of Co3O4 and CoAl2O4, which exhibited similar values. It was 

revealed that the Co2+ occupying tetrahedral sites was responsible for releasing electrons at high potentials to 

form CoOOH, enhancing OER activity[53]. In addition, both the activity for OER and the stability of Co3O4 
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were improved by Cu doping[54]. Specifically, OER activity enhancement was observed for increasing Cu 

concentrations from 0.1 to 0.7, peaking at 0.7 before dropping as Cu concentrations increased from 0.7 to 0.9. 

The occupation of octahedral sites by Cu2+ leads to a higher concentration of Co3+ in tetrahedral sites, 

improving OER activity. In the Co-Fe spinel system, Fe3+ preferentially occupies octahedral sites, lowering 

the symmetry of the catalyst due to the longer Fe3+-O bond compared to that of Co3+-O[55]. This leads to the d-

orbital splitting of Co3+, which modifies its electronic properties. The optimal OER activity was observed when 

the occupation of Fe3+ was maximized with Co2.775Fe0.225O4. 

Dispersing or growing Co-based spinel onto a high-surface-area support is the second most common method 

of improving its OER activity, as this increases the specific surface area of the active phase. Co3O4 grown on 

reduced mildly oxidized graphene oxide (rmGO) was reported to possess excellent catalytic activity for both 

the ORR and the OER[56]. A sub-monolayer of cobalt oxide deposited on an Au substrate also exhibited a TOF 

that was 45 times greater than that of a bulk phase[57]. This outstanding intrinsic activity is due to the selective 

growth of Co3O4 (111) surfaces on single Au crystal (100)[58,59]. 

1.3.2.3. Layered-double hydroxides 

Layered double hydroxides (LDHs) have a structure composed of a 2D positively charged brucite-like layer 

that is intercalated with anions[60]. The 2D layer is a series of octahedral structures connected at shared edges. 

These octahedral sites have a transition metal at their centre that is surrounded by oxygen. LDH families based 

on Co and Ni have been shown to exhibit good OER catalytic activities[46,47,61–68].  

Subbaraman et al.[69] investigated the OER of four different LDH structures electrodeposited on Pt (111) 

surfaces; they found that a reduced Metal-OHads bond strength resulted in a lower activation barrier during the 

Volmer step, facilitating water dissociation. Meanwhile, stronger bonds led to an excessive amount of OHads 

on the surface, preventing the re-adsorption of water molecules on available sites. The highest catalytic 

activities were obtained with Ni, followed by Co, Fe and Mn; this was attributed to the optimal balance between 

the facilitation of water dissociation and the exposure of enough surface area for water re-adsorption. In Ni-

based LDHs, aged Ni(OH)2 was reported to exhibit an OER catalytic activity that was 20 times higher than 

that obtained from a freshly deposited Ni film, suggesting that ageing Ni films improve OER activity in the 

same way as Fe incorporation[67]. Later, it was revealed that the deposition of aged Ni film in Fe-free KOH 

only increases the crystallinity and that the enhanced OER activity observed in aged Ni(OH)2 was mainly 

caused by the presence of Fe impurities in commercial KOH[47]. In pure Ni films in the presence of both 

TraceSelect KOH (< 36 ppb Fe) and reagent grade KOH (< 1 ppm Fe), ageing leads to the anodic shift of the 

redox peak (hydroxide/oxyhydroxide) and improved OER activity. Similarly, the addition of a small amount 

of iron to Co films lowered both the OER onset potential and the Tafel slope of Co-based LDHs[70]. Although 

both the Co-Fe and Ni-Fe systems exhibited exceptional catalytic OER activities, Fe is more easily 

incorporated into Ni films than Co films, and the activity of Ni increases by 100 times while the activity of Co 

only increases by a factor of 10 with the same amount of Fe impurities[70]. This stark difference was attributed 

to the more oxophilic nature of Co, resulting in much stronger Co-O bonds and, consequently, more stable 

CoOOH morphologies upon Fe incorporation[71]. 
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1.4. CO2 electrolysis and cathodic electrochemical CO2 reduction (eCO2RR) 

CO2 electrolysis is relatively similar to water electrolysis, with the exception being that CO2 is fed into the 

electrolyte at the cathode of the electrochemical cell. Therefore, two reduction reactions occur simultaneously 

at the cathode: the HER and the CO2RR, which form different carbon-containing products. The half-cell 

reactions at the cathode and anode are as follows: 

Cathode:  

xCO2 + nH+ + ne- → product + yH2O 

2H2O + 2e- → H2 + 2OH- 

Anode:  

4OH- → 2H2O + 4e- + O2 

1.4.1.  Pathways and descriptors of the eCO2RR 

The reduction reaction between CO2 and H2O produces a wide range of carbon-containing products with 

different reaction pathways. Table 1 presents the possible reaction pathways between CO2 and H2O and their 

equilibrium potential at standard conditions (vs RHE).  

Table 1. The equilibrium potential of different half-cell eCO2RR reactions. 

Half-cell reaction E0 (V vs RHE) 

CO2 + H2O + 2e- = CO + 2OH- 

CO2 + 2H2O + 2e- ➝ HCOOH + 2OH- 

CO2 + 6H2O + 8e- = CH4 + 8OH- 

2CO2 + 8H2O + 12e- = C2H4 + 12OH- 

2CO2 + 9H2O + 12e- = C2H5OH + 12OH- 

3CO2 + 13H2O + 18e- = C3H7OH + 18OH- 

2H2O + 2e → H2 + 2OH- 

-0.11  

-0.09  

+0.16  

+0.07  

+0.08  

+0.09  

0.00 

 

In general, aqueous CO2 reduction is performed at neutral pH ranges because HER is favoured at low pHs and 

CO2 molecules do not exist under alkaline conditions. Hori et al. systematically studied the eCO2RR 

performance of different metal cathodes using electrolytes at neutral pH ranges and found that the selectivity 

of eCO2RR is highly correlated with the metal used for the cathode[72]. They found that electrodes could be 

classified into four main categories based on the primary products formed on the metal surfaces. The first 

group is composed of metals that favoured the formation of formate (HCOO-) – these include Pb, Tl, In, Sn, 

and Cd. The second group includes Au, Ag and Zn, which mainly favour the production of CO. The third 
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group refers to metals that favour the HER, such as Fe, Ni, Ti, and Pt. Finally, the fourth group is comprised 

of Cu, which reduces CO2 to hydrocarbons, aldehydes, and alcohols[72]. Since such trends in product selectivity 

are not closely related to the periodic table, there has been a significant amount of research into uncovering 

parameters that can be used to classify these metals. Bagger et al.[73] proposed a descriptor based on the binding 

energies of various intermediates for the classification of the transition metals into different categories. Here, 

the binding energies of H* and CO* were used to describe the ability of Cu to further reduce CO*: Cu is the 

only metal that possesses a negative ECO* and a slightly positive EH* (Figure 1.5). In addition, it was suggested 

that protonated formaldehyde was prone to the formation of hydrocarbons when bound to the metal surface 

through carbon while being prone to the formation of alcohol when bound through oxygen. Therefore, the 

adsorption energies of the protonated species OCH3* and CH2OH* were also used to categorize the metals 

into hydrocarbon- or alcohol-production groups. The binding energy of CO* intermediates was widely 

accepted as a descriptor for eCO2RR, since weaker CO* binding can lead to the release of CO while stronger 

CO* binding can block active sites, resulting in significant HER[74]. However, the CO* binding energy used 

in these works was based on computational studies: although they correlated well with the adsorption energies 

of CO on a single crystal surface in an ultrahigh vacuum, they did not consider the complexity of 

electrochemical interfaces. Most recently, Xu et al. revealed that CO* binding energies only partially describe 

C2+ selectivity and that an additional descriptor should be taken into account: the ratio between active Cu sites 

for CO2→CO reduction and active sites for CO→C2+ products.  

 

Figure 1.5. Classification of metal surfaces with respect to hydrogen and CO binding energies. Reprint with permission 

from Bagger et al.[73], copyright 2017, John Wiley & Sons.. 

Considering that Cu is the only metal capable of producing hydrocarbons and alcohols, gaining a deeper 

understanding of the reaction mechanisms on the Cu surface would potentially allow for the enhanced 

selectivity of the desired products. It is generally accepted that CO* is an intermediate in CO2 reduction that 

can be further reduced due to the similarity in the product distribution of eCO2RR and eCORR on Cu 

surfaces[75]. Two pathways for ethylene formation from adsorbed CO* on Cu surfaces have been proposed. 

The first pathway was proposed by Norskov et al.[74], who suggested that the adsorbed CO* was reduced to 

ethylene and proved that the limiting factor of this pathway was controlled by CO* protonation. The second 

pathway was suggested by Koper et al., who showed that two adjacent CO* could interact to form a CO dimer, 
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which subsequently hydrogenated and bonded to the surface through an enediol or oxametallacycle 

intermediates. The rate-determining step in this pathway was suggested to be the dimerization of CO and its 

subsequent electron transfer.  

In summary, different computational studies have shown that there are two possible pathways for the reduction 

of CO2 to ethylene:  

- At low overpotentials (-0.4 V vs RHE), CO dimerization is the primary pathway. This pathway is 

specific to Cu (100) surfaces and selective to ethylene formation. 

- At high overpotentials (-0.8 vs RHE), CO hydrogenation is the primary pathway. This pathway has a 

common intermediate with the production of methane and can take place on both Cu (111) and Cu 

(100) surfaces. 

 

1.4.2.  Electrocatalysts for the eCO2RR to C2+ products 

The unique selectivity of Cu for the formation of C2+ products has motivated researchers to modify it for 

enhanced selectivity. The selectivity of eCO2RR on Cu surfaces depends strongly on the overpotential. Hori 

and Kuhl reported that the selectivity of the reaction towards hydrocarbons and alcohols reaches a maximum 

at a relatively high overpotential of approximately -1.05 V vs RHE. At low overpotentials, hydrogen and CO 

are still the main products. Consequently, the main goal of many researchers is the lowering of the 

overpotential while still maintaining the selectivity of eCO2RR. 

In recent years, several experiments have been conducted to improve the eCO2RR performance of Cu[76–83]. 

These studies have shown that the activity and selectivity of Cu catalysts can be tuned by increasing the number 

of active sites or by boosting the intrinsic catalytic performance of the materials. More active sites are 

introduced in structures with large surface areas such as nanoparticles, nanowires, or porous materials. In 

addition, the use of high-surface-area supports such as graphene or carbon nanotubes can help better disperse 

active sites. Since reactions can preferentially occur at specific sites (e.g., kinks, steps, edges, and specific 

crystalline planes), it is important to control the shape of the catalyst to maximise the number of active sites. 

The following section presents the three most representative material classes used to significantly enhance 

selectivity towards C2+ products: Cu nanoparticles, oxide-derived Cu, and Cu alloys.  

1.4.2.1. Cu nanoparticles (Cu-NP) 

The synthesis of nanoparticles is the preferred method of increasing the number of active sites on a catalyst 

per unit mass, which improves its overall activity. The effect of the Cu particle size on the eCO2RR activity 

and selectivity was assessed by measuring the increase in faradaic current when particle sizes were reduced to 

the nanometre scale[84]. However, it was found that the selectivity of the catalyst towards CO and H2 increased 

and its selectivity towards CH4 and C2H4 decreased when the particles were smaller than 15 nm. These 

selectivity values remain constant for particle sizes between 2–15 nm, but particles smaller than 2 nm were 

found to produce almost no C2+ products. This size–selectivity correlation was attributed to an increased 

number of atoms with a coordination number of less than 8. In order to achieve high activities while retaining 
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a high selectivity towards ethylene on a Cu (100) surface, Cu nanocubes were synthesized to maximise the 

surface area to volume ratio while maintaining the (100) facet; the performance of these nanocubes was then 

compared to polycrystalline Cu[85]. 44-nm Cu nanocubes were found to exhibit an eCO2RR faradaic efficiency 

(FE) of 80% and a 25% selectivity towards ethylene; size-dependent selectivity was found to be associated 

with the ratio between the number of edge-sites to plane-sites in the (100) plane[86]. 

Ex situ studies on the structural evolution of Cu nanocubes were conducted to identify links between the 

electrochemical performance and the morphology of the catalysts. Ex situ transmission electron microscopy 

(TEM) tracking was used to monitor the Cu nanocubes at different reaction times, revealing that the nanocubes 

progressed through three stages of evolution[87]. First, there is a pitting process during which the corners and 

edges of the cubes dissolve, followed by the formation of Cu nanoclusters in the neighbourhood of the initial 

cube. Over time, the clusters grow in size and coalesce between the nanocubes, resulting in nanocluster 

formation up to 12 hours after the start of the reaction. The degradation of Cu nanocubes explains the increase 

in H2 selectivity and the decrease in CO selectivity over time. Ex situ TEM was also used to show that the 

morphology of the Cu2O nanocubes changed after the reaction: the initial cubes were found to have fragmented 

into 2–4 nm particles that were stacked on top of each other. The enhanced selectivity towards C2+ products 

was thus attributed to the combination of fragmentation and stacked geometry because isolated 2-nm 

nanocubes only resulted in increased HER activities[88]. 

1.4.2.2. Oxide-derived Cu catalysts (OD-Cu) 

In addition to Cu nanoparticles, OD-Cu catalysts also exhibit excellent activities with respect to eCO2RR[89–

93]. Annealed Cu2O nanowires[91], galvanostatically deposited Cu2O[90], electrochemically oxidized Cu2O[92] 

were found to be capable of generating 40%, 50%, and 60% C2+ products, respectively; in addition, oxygen 

plasma-treated treated duplex CuO–Cu2O exhibited a 60% faradaic selectivity towards C2H4
[89]. Ex situ 

characterizations are commonly used to examine the catalysts before and after eCO2RR[94–96]. However, the 

surface of Cu is sensitive to the presence of oxygen; consequently, Cu catalysts may be oxidized between the 

end of the electrochemical measurements and the start of the characterization. The complete reduction of 

copper oxides under eCO2RR conditions was supported by operando Raman spectroscopy[90] as well as ex-situ 

secondary ion mass spectroscopy (SIMS)[92]. Furthermore, the presence of a significant amount of oxides was 

reported by a combination of EDX and quasi-in-situ XPS[93,97]. Ex situ electron energy loss spectroscopy 

(EELS) also demonstrated that, although the surface of the reduced catalyst is composed of a pure metallic 

phase, there is a subsurface layer of oxygen that increases the CO binding energy and aids the formation of C-

C bonds[98]. Consequently, the structure and chemistry of CO2RR-active catalytic surfaces have remained the 

subject of further investigations. 

1.4.2.3. Cu-based bimetallic catalysts 

Since it is widely accepted that CO is the key reaction intermediate in the electroreduction of CO2 to C2+ 

products, the combination of Cu and a CO-producing metal has attracted a significant amount of attention in 

the context of boosting the selectivity of C2+ products. In such a catalytic system, the guest metal (such as Ag, 

Au, or Zn) can produce CO more effectively than pure Cu; consequently, if the distance between the guest 
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metal site and the Cu is sufficiently small (i.e., lower than the diffusion length of CO), the CO formed at the 

guest metal can diffuse onto an active Cu site, allowing it to be adsorbed and transforming the CO more reduced 

products.  

The stability and selectivity of Cu-based bimetallic catalysts can be tuned by varying the composition of the 

alloyed metals or by designing specific bimetallic structures and interfaces. Ag-decorated Cu nanowires have 

been shown to boost the FE of C2H4 to 52% compared to the 33% obtained on bare Cu nanowires[99], while the 

Ag@C@Cu core-shell structure is known to promote the formation of ethanol over ethylene[100]. In addition, 

the stability of the core-shell structure and the selectivity of the catalyst towards C2+ products were significantly 

improved when Ag was replaced with Pd, which produces CO at a lower rate[101].  

 

1.5. Objectives and outline of the research work 

Given the aforementioned challenges of dealing with sustainability and CO2 emissions, it is clear that water 

electrolysis remains a promising solution for the fossil fuel-free production of hydrogen, and that eCO2RR can 

address the problems associated with the discharge of CO2 by capturing and reducing it to other carbon-

containing fuels. However, both reactions involve multiple electrons; these reactions involve different 

intermediate steps, leading to high overpotentials and low energy efficiencies. Consequently, it is vital to 

identify catalysts that can enhance the activity and stability of the reaction, allowing these reactions to be used 

daily. In addition, the reduction of CO2 in aqueous media could produce a wide range of carbon-containing 

compounds; it is therefore necessary to develop catalysts that can enhance its selectivity towards a targeted 

product. In the context of the OER, the challenge is less reliant on product selectivity and has more to do with 

the development of earth-abundant catalysts that can replace the current benchmark catalysts, which generally 

include precious oxides such as IrO2 and RuO2.  

In a practical electrochemical reactor, the activity and stability of a reaction not only depends on the catalyst 

but also the reaction environment; this includes parameters such as reactant concentrations, pH, and ions in 

the electrolyte. Thus, improving the performance of the reaction can be accomplished either by modifying the 

catalyst[102] or by tuning the reaction environment[103]. Modifications to catalysts include strategies that aim to 

increase the intrinsic activity of the material by modifying the electronic structure and interfaces of the catalysts 

via alloying, interactions, and confinement[83]. The number of active sites on the catalyst can be also tuned by 

growing nanostructures or by dispersing the nanocatalysts onto a high-surface-area support[83]. In contrast, 

tuning the reaction environment consists of adjusting the local hydrophilicity, local pH, and local 

concentrations of the reactants. In the context of the OER and eCO2RR, which produce and consume O2 and 

CO2 in an aqueous electrolyte aided by a catalyst surface, the reaction site refers to the interface between the 

solid, liquid, and gaseous components. Therefore, controlling the hydrophilicity of the local environment 

around the catalyst can change the ability of the gas and liquid phase to access the surface, which would result 

in changes in the catalyst’s activity and product selectivity. Furthermore, changes to the local pH might affect 

the coverage of certain reaction intermediates, such as the known low coverage of CO at low pHs, resulting in 
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the depletion of C2+ products in eCO2RR[104]. Finally, increasing the mass transport of the reactants to the 

catalyst surface enhances reaction activity; for example, higher OH- concentrations are known to result in lower 

Tafel slopes in the OER[105], while using a flow-cell reactor to promote the diffusion of CO2 to the catalyst 

surface allows for a much higher CO2RR current density compared to a conventional H-cell[103]. 

In this thesis, we synthesized a highly active catalyst and adjusted its reaction environment to optimize its 

activity and stability while also maximizing its selectivity towards the desired products. The work is divided 

into four chapters, each describing a distinct aspect of the research: 

Chapter 2: Understanding the role of surface oxygen-containing functional groups on carbon-supported 

cobalt catalysts for oxygen evolution reaction 

In this chapter, we investigated the impact of surface oxygen functionalization on the dispersion of Co-based 

catalysts and their catalytic activity towards the OER. Our research focused on different oxygen species present 

on the surface of various carbon supports. We specifically highlight the crucial role played by surface oxygen-

containing functional groups (s-OFGs) in enhancing the adsorption of metal cations onto the carbon surface. 

We revealed that the carbon support with the highest acidic s-OFGs content exhibited a superior dispersion of 

sub-nano- and nano-sized Co particles, as well as the highest mass activity and TOF for OER at a Co loading 

of 0.5 wt.%. Furthermore, our research revealed evidence of a strong interaction between the support and small 

Co nanoparticles, particularly in the formation of additional s-OFGs. In particular, carboxyl functional groups 

(COOH) were found to be particularly effective in facilitating O2 spillover from the Co surface, thereby aiding 

the removal of O2.  

Chapter 3: Elucidating the mechanism of Fe incorporation in in situ synthesized Co–Fe oxygen-evolving 

nanocatalysts 

This chapter describes our attempt to understand the incorporation mechanisms, local structure, placement, 

and mechanistic role of Fe in enhancing the OER activity of Co-based catalysts. The in situ synthesis method 

described in this research allows for the investigation of the structure of the catalyst at its most native state. 

TEM and sensitive surface characterization techniques revealed that the in situ catalyst is composed of a 

mixture of amorphous CoFeOx and crystalline CoO and Co3O4, with Fe incorporated as a solid solution. 

Electron diffraction and operando electrochemical quartz-crystal microbalance (EQCM) analyses revealed that 

the incorporation of Fe into the Co-host structure occurred through the substitution of Fe3+ at Co3+ sites. The 

CoFe catalyst exhibited a Tafel slope of 28.3 mV dec-1 and an overpotential at 10 mA cm-2 of 319 mV, which 

ranks among the best CoFe-based catalysts for OER. Operando Raman spectroscopy and electrochemical 

microbalance measurements showed that Fe reduces the transition potential from the in situ deposited catalyst 

to the OER-active phase.  

Chapter 4: Enhanced electrocatalytic CO2 reduction to C2+ products by adjusting the local reaction 

environment with polymer binders 

Here, we aimed to regulate the local access of the liquid and gas phases to the catalyst surface by tuning the 

hydrophilicity of the polymer binder, which is usually used to bind the catalyst to the carbon paper support. 
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The powder catalyst can be effectively coated with a thin layer (~1.2 nm) of polymer binder through a 

combination of physical mixing and sonication. The utilization of three polymer binders with different 

hydrophilicity revealed that the most hydrophobic/CO2-philic polymer, FEP, significantly enhanced the total 

current density as well as the selectivity of the catalyst towards CO2RR products. We also observed a 

significant increase in selectivity towards C2+ products. Such trends were explained by operando Raman 

spectroscopy, which showed that the hydrophobicity of the FEP not only retains CO2, which promotes the 

formation of CO2RR products but also retains the important intermediate CO, which is subsequently reduced 

to C2+ products.  

Chapter 5: Unveiling degradation mechanisms in gas diffusion electrodes towards enhancing the 

stability of CO2 electrolysis in acidic environments. 

This chapter investigates the activity and stability of OD-Cu in low-pH environments. A reasonably low pH 

allows for the production of C2+ products while also allowing for the improved utilization of CO2; this is 

because the acid electrolyte can convert bicarbonate (formed due to high local pH) back into CO2. Although 

an acidic solution could generate a significant amount of hydrogen, additional cations reduced proton access 

and resulted in an FE of 70% towards C2+ products; this was similar to the yield obtained in alkaline conditions 

(pH 14). Operando Raman spectroscopy revealed that even at a bulk pH of 2, the local pH at the catalyst 

surface remained alkaline due to the presence of surface hydroxide species. We also found that the dynamic 

reconstruction of OD-Cu catalyst in acid was not the only reason for electrode deactivation since the potential-

induced metallic Cu surface was stable under the reaction conditions; instead, it was the change in bulk pH 

and the flooding of the gas diffusion electrode (GDE) that led to the depletion of C2+ products. To mitigate this 

issue, we suggested the separation of the inlet catholyte from the outlet liquid products. This strategy aims to 

uphold a consistent pH level upon entering the cell. By maintaining a continuous flow of the solution, we 

effectively regulated the pH in close proximity to the catalyst, ensuring it remains below a critical threshold, 

thus preventing flooding. 

The final chapter concludes the research and discusses the potential of future research projects. 
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Abstract 
Supported Co-based catalysts exhibit promising catalytic activities in oxygen evolution reaction (OER) during 

alkaline water electrolysis. Surface functionalization of the support modulates the dispersion of the catalysts 

and their interaction with the support, consequently tuning their catalytic properties. This study thoroughly 

investigates the role of surface oxygen-containing groups (OFGs) during the synthesis of carbon-supported 

Co-based catalysts and their contribution to the OER catalytic activity of the material. Following the dispersion 

of Co onto four different carbon supports, X-ray photoelectron spectroscopy, N2 adsorption-desorption, and 

transmission electron microscopy were used to analyze the dispersion degree of cobalt and the concentration 

of surface OFGs. The results reveal that high concentrations of acidic OFGs over the surface of carbon support 

lead to the fine dispersion of Co nanoparticles. Raman spectroscopy further demonstrates that the 

homogeneous dispersion of Co nanoparticles results in the formation of additional surface OFGs and defects 

in the carbon structure. By adjusting the Co loading onto support, it is verified that the small and finely-

dispersed Co nanoparticles, rather than the large agglomerates, contribute significantly to the introduction of 

additional surface carboxyl groups (COOH) resulting from strong metal-support interaction. The excellent 

mass activities that exceeded 8 A mg-1 can be predominantly attributed to these small and finely-dispersed Co 

nanoparticles and their corresponding high surface concentration of COOH groups, which were found to 

participate directly in OER by serving as O2 spillover sites.     
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1 Introduction  

Of the many transition metals that are non-precious, Co-based materials exhibit the most promising catalytic 

activity for oxygen evolution reactions (OERs) in alkaline water electrolysis[1–3]. Indeed, Co-based materials 

from several different structural families exhibit excellent catalytic activities for OERs, including spinels[4], 

perovskites[5,6], or layer-structured type materials[7,8]. Despite exhibiting a high geometric current density in 

OERs, the mass activity of these bulk Co-based catalysts is relatively low due to the limited surface area that 

is exposed to the electrolyte. Consequently, the catalysts are typically dispersed onto an inert support, a 

protocol that allows for the prevention of agglomerations, maximizes the surface area exposed to the electrolyte 

and enhances their stability[9]. Carbon-based materials are commonly used as supports for OER-active catalysts 

due to their inertness and electrical conductivity[10,11]. Catalyst surface areas can be further enhanced using a 

variety of different methods, including the synthesis of single-atom catalysts or by anchoring the catalysts to 

clusters of nanoparticles[12,13]. For example, one approach aimed at maximizing the atomic efficiency of a 

transition metal catalyst and achieving high current densities at low metal loading is the synthesis of single-

atom cobalt-based catalysts, such as Co-N-C, which increases their turnover frequency (TOF)[14]. Co3O4 

nanocrystals grown on mildly reduced graphene oxide exhibited higher geometric current densities for OER 

and a lower Tafel slope compared to bulk Co3O4 subjected to the same degree of surface loading. This suggests 

that this approach not only increases the active surface area of the catalyst but enhances metal-support 

interactions (MSIs), which synergistically improve the OER catalytic activity[15]. In general, the catalytic 

activity of a metal-supported catalyst is strongly dependent on the dispersion, particle size, and loading of the 

metal[16]. These parameters can be tuned by selecting suitable carbon supports or employing different 

treatments during the synthesis process[17].  

Oxygen-containing functional groups (OFGs) have been widely studied due to their strong influence on the 

reactivity of carbon surfaces[12,18–22]. Introducing surface OFGs (s-OFGs) or shifting their distribution towards 

specific functional groups allows the activity of specific reactions to be tuned towards certain desired products. 

OFGs have been used to regulate reactivity in applications such as heavy metal adsorption as well as several 

electrochemical applications. Different OFGs have exhibited different activities with regards to the adsorption 

of different heavy metals[23]; for example, acidic OFGs enhance the adsorption of Pb2+ onto carbon 

surfaces[24,25], while increasing the amount of carboxyl and phenol groups has a positive effect on capacitance 

in supercapacitor applications[26,27]. Hydroxyl groups help anchor CoP particles to biomass-carbonized carbon 

microtubes in applications that exploit the hydrogen evolution reaction (HER), facilitating electron transfer 

from the catalyst to the carbon support and consequently enhancing HER activity[28]. An excess number of 

carboxylic groups has been shown to intrinsically boost CO2RR activity due to their synergistic effect with 

other surficial functional groups, while also enhancing the dispersion of Ag nanoparticles on CNT, increasing 

surface area and geometric current density[29,30]. Oxygen reduction reaction (ORR) to hydrogen peroxide is 

aided by the presence of quinone functional groups on the carbon surface[31]. Despite the extensive amount of 

research conducted on ORRs, few studies have examined the impact of OFGs on OERs[32,33]. Previous studies 

have shown that s-OFGs directly influence the intrinsic OER activity of defective graphene[33] and may also 
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indirectly by influencing the dispersion of the active metal phase[32]. Nonetheless, a more comprehensive 

understanding about the influence of s-OFGs on factors such as metal dispersion, metal-support interactions, 

and on OER activity, is strongly required. 

In this study, we aim not only to understand the influence of surface oxygen-containing functional groups (s-

OFGs) on carbon-supported cobalt with regards to OER reactivity but also intend to discuss their role in the 

modulation of Co nanoparticle size and metal-support interactions during synthesis. Four different carbon 

materials were used as inert supports for a Co-based catalyst, with each material possessing an inherently 

different surface concentration of s-OFGs. Using X-ray photoelectron spectroscopy (XPS), N2 adsorption-

desorption and transmission electron microscopy (TEM), we reveal that a carbon support with a high content 

of acidic groups (e.g., COH and COOH) leads to the formation of highly dispersed nano- and sub-nano-sized 

Co-based nanoparticles. The results of Raman spectroscopic analysis further demonstrate that the introduction 

of nano-sized Co results in the formation of more defects on the carbon surface while also generating additional 

s-OFGs. Catalytic performance tests show that this increase in s-OFGs enhances OER activity. Accordingly, 

we propose a mechanism that explains the role of s-OFGs in the synthesis of carbon-supported cobalt catalysts 

and discuss their potential OER applications. 

2 Materials and methods 

2.1 Synthesis of carbon-supported Co-based catalyst 

Four commercial carbon materials were used to synthesize the cobalt-based catalysts used in this study: 

graphene nanoplatelets (GNPs; Sigma-Aldrich), carbon nanotubes (CNT; Jiangsu Cnano Technology), carbon 

black (CB; Vulcan XC-72R, Fuelcellstore) and acetylene carbon black (ACB; 100% compressed, abcr). Cobalt 

(II) oxide (CoO, Sigma-Aldrich) and cobalt (II,III) oxide (Co3O4, Sigma-Aldrich) were used as control samples. 

The carbon-supported cobalt catalysts were synthesized using the incipient wetness method. Cobalt nitrate 

(Co(NO)3.6H2O) from Alfa Aesar was used as the cobalt precursor. To synthesize each catalyst, cobalt nitrate 

salt was first dissolved in a mixture of deionized water and ethanol (1:1, vol%) to form a Co solution with a 

concentration of 83 mg mL-1. The prepared solution was then applied to a 2 g sample of each carbon material 

by dry impregnation multiple times until the target loading percentage was obtained. Following the 

impregnation step, the samples were dried in air at 80°C for 12 h. After drying, each sample was calcined at 

400°C for 3h in N2.  

Throughout the rest of the manuscript, the Co-based catalysts will be referred to using the following notation: 

[support-mass loading of Co]. For example, a GNP support with a Co mass loading of 0.5 wt.% will be referred 

to as GNP-0.5. 

2.2 Preparation of the electrolyte 

A 1M KOH solution was prepared by diluting potassium hydroxide (KOH; 50%, Carl Roth) in 1 L of milli-Q 

water. The Fe impurities were removed from the electrolyte through the addition of 1 g of nickel(II) hydroxide 
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(Ni(OH)2; Fluka) per litre of KOH solution; the resulting solution was stirred overnight. The solution was 

subsequently filtered using filter paper (Cytiva, pore size 50 µm) to obtain a Fe-free 1M KOH solution.  

2.3 Preparation of the electrode 

A 3-mm diameter disk of glassy carbon electrode (ALS) was polished using silicon carbide grinding paper 

with two different grit numbers. The disks were initially polished using P500 paper, followed by P100 (VSM). 

The electrode was further polished using a 0.05 µm polishing alumina suspension (BASi) on a polishing cloth 

(MicroCloth, Buehler) until the reflective surface resembled a mirror finish. The electrode was rinsed with 

milli-Q water and dried using a hot-air gun. The reference electrode used in this study was Ag/AgCl, while the 

counter electrode was a Pt spring. 

The catalyst ink for drop-casting was prepared using 10 mg of as-synthesized catalyst, 1 mL of IPA, and 100 

μL of Nafion. The ink was sonicated for 30 min. 1 µL of the as-prepared ink was drop-casted onto the glassy 

carbon working electrode. The surface dose of the catalyst was 0.143 mg cm-2. 

2.4 Electrochemical characterization 

A potentiostat (Metrohm Autolab PGSTAT204) was used for electrochemical measurements. Cyclic 

voltammetry (CV) was performed using a conventional three-electrode chemical setup in the Fe-free 1M KOH 

solution (pH 14). The potential was swept between 1.0 and 1.7 and back to obtain V vs RHE (reversible 

hydrogen electrode) data at a scan rate of 10 mV s-1. A rotating disk electrode system (RDE; RRDE-3A, ALS) 

was used to ensure that no bubbles were present during the CV scan. The rotating speed of the RDE was fixed 

at 1600 revolutions per minute (rpm). For electrochemical measurements extending to high overpotentials 

between 1.5 to 2.2 V vs RHE, linear sweep voltammetry (LSV) was performed at the same scan rate and RDE 

rotation speed. 

To estimate the electrochemical surface area (ECSA), CVs were performed in a non-Faradaic region over a 

100-mV interval at seven different scan rates. The scan rates used for the GNP support were 50, 75, 100, 150, 

200, 300, and 400 mV s-1, while the scan rates used for the CNT, CB, and AB supports were 100, 200, 300, 

400, 600, 800, and 1000 mV s-1 due to the noise observed at lower scan rates. The double-layer capacitance 

(Cdl) can be calculated from the measured charging current (ic) and the scan rate (θ) using the following 

equation: 

ic = Cdl × θ   

The TOF was then calculated as follows:  

TOF = i / (z × F × ncatalyst)   

With i the measured current at a fixed overpotential, z the number of electrons involved in the reaction, F the 

Faraday constant and n the number of moles of Co in the catalyst. 

The electrochemical impedance spectroscopy (EIS) was conducted by applying 1.5 V vs RHE ± 10 mV to the 

working electrode. The frequency for the EIS ranges from 105 to 0.1 Hz. 
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2.5 Materials characterization 

Scanning electron microscopy (SEM) images and their corresponding elemental maps obtained by energy 

dispersive X-ray spectroscopy (EDX) were acquired using a Thermo Fisher Teneo FE-SEM. High-angle 

annular dark-field (HAADF) images and the corresponding EDX elemental maps were obtained using a 

Thermo Fisher Tecnai Osiris 200kV transmission electron microscope (TEM). X-ray diffraction (XRD) 

patterns were obtained using a Bruker D8 Advance system using Cu Kα (λ = 1.54 Å) radiation. Inductively 

coupled plasma optical emission spectrometry (ICP-OES) was performed using an Agilent 5110 instrument. 

Raman spectroscopy was conducted between 1000–3800 cm-1 using a Raman microscope (Renishaw, inVia 

confocal Raman microscope) with a green light source with a wavelength of 532 nm. The surface area of the 

supports was determined using the N2 adsorption-desorption method on a BELSORP MAX II analyzer 

(Microtract MRB) following the Brunauer-Emmett-Teller (BET) technique. C 1s and O 1s X-ray photoelectron 

spectroscopy (XPS) spectra were obtained using a Kratos Axis Supra XPS system in an ultra-high-vacuum 

(UHV) environment, utilizing the monochromatic Kα line of an aluminium X-ray source (1486.6 eV), with 

the analyser set to a pass energy of 20 eV. The deconvolution of the C 1s and O 1s peaks was performed using 

the CasaXPS software. 

3 Results & Discussion 

3.1 Cobalt dispersion modulated by surface oxygen-containing functional groups  

The XRD patterns of the four supports (Figure 2.1a) revealed that the GNP support had a graphite structure 

with a sharper primary peak, suggesting that it possessed a higher degree of crystallinity compared to the other 

three samples. The Raman spectra of the supports acquired in the range of wavelengths containing the D and 

G peaks are presented in Figure 2.1b. In general, the ratio of Id to Ig provides information about the crystallite 

size as well as the nature of the defects in a material[34,35]. The decreasing Id to Ig ratios of the supports (ACB 

> CB > CNT > GNP) suggested that the supports exhibited the following degree of graphitization: GNP > 

CNT > CB > ACB, indicating that the  GNP support exhibits the greatest electrical conductivity[36]. Figures 

S2.1 and 2.1c present the adsorption-desorption isotherm and the specific surface area of the supports 

determined with the BET method, respectively. The CNT support exhibited the highest BET surface area, 

followed by GNP, ACB, and CB (Table S2.1). The two most graphitized carbon supports (GNP and CNT) 

exhibited specific surface areas that were almost triple those observed in the two amorphous carbons.  

The ECSA, typically dependent of the surface area[37], was determined by investigating the double-layer 

capacitance of the four supports under identical surface loading conditions (Figure S2.2). Interestingly, the 

ECSA of the supports exhibited a different trend compared to their specific surface area (Figure 2.1c): although 

the carbon nanotubes (CNT) and the graphene nanoplatelets (GNP) exhibited the greatest specific surface areas, 

GNP displayed a Cdl that was 20 times higher than the others (Figure S2.3). One of the factors contributing to 

the disparity between BET surface area and ECSA was proved to be the distinct electrical conductivity 

exhibited by various materials[38]. Since carbon-based materials are recognized for their high electrical 



EPFL SB ISIC LMER 
Thi Ha My PHAM 
 

41 
 

Laboratory of Materials for Renewable Energy (LMER) 
Institute of Chemical Sciences and Engineering (ISIC) 
Basic Science Faculty (SB) 

conductivity[39,40], there must be factors beyond electrical conductivity that contribute to this discrepancy. 

Previous studies have shown that the surface chemistry of carbon materials, particularly the presence of OFGs, 

plays a crucial role in their double-layer capacitance[26]. To this end, the C 1s and O 1s XPS spectra were 

examined to compare the differences between the carbon and oxygen species on the surfaces of these supports. 

Figure 2.1. The structural characterizations of the four carbon supports investigated. a) XRD patterns acquired at 2θ 

between 10–80°. b) Raman spectroscopy including the peaks of the D band (1300–1500 cm-1) and the G band (1500–

1700 cm-1), which are associated with carbon. c) Specific surface area of the four supports as measured by N2-adsorption 

measurements as well as their double-layer capacitance as determined by electrochemical methods. 

The XPS O 1s and C 1s spectra of the four supports and their corresponding peak deconvolutions are presented 

in Figure 2.2 and S2.4, respectively. The deconvoluted peaks revealed different s-OFGs on the carbon supports, 

including acidic surface species such as phenol (COH) and carboxyl (COOH) groups as well as basic species 

such as quinone and carbonyl (C=O) groups[22,41]. Figure 2.2 shows that four oxygen surface species were 

identified in all four supports, fitted to the following peak positions: C=O (532.2–532.7 eV), COH (533.4–

533.9 eV), COOH (534.2–535.0 eV), and gas-phase water/surface carbon oxygenates (536.1–537 eV)[42]. The 

C 1s spectra and their deconvoluted peaks are presented in Figure S2.4, indicating the presence of the following 

six surface carbon species: C=C ( 284.81–284.84 eV), C-C (285.03–285.25 eV), COH (285.83–286.41 eV), 

C=O (288 eV), COOH (289.62–390 eV), and surface carbon oxygenates (291.55–291.69 eV)[42,43]. There was 

a significant difference between the surface oxygen concentrations observed in each support. GNP and CB 
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possessed the highest surface oxygen concentrations exceeding 3% (Table S2.2), while ACB and CNT only 

exhibited surface oxygen concentrations of approximately 1% and 0.6%, respectively. 

Furthermore, we observed a significant variation in the distribution of s-OFGs. To assess the composition of 

the various s-OFGs across the four supports, the surface concentration of each s-OFG was determined by 

dividing the corrected area obtained from the O 1s spectra by the corresponding carbon area obtained from the 

C1s spectra. The distribution of s-OFG surface concentrations, obtained via the peak deconvolution of all four 

supports using defined deconvolution parameters, is summarized in Table S2.2. We found that there was a 

slight disparity in the distribution of s-OFGs between the two supports that exhibited the highest surface 

oxygen concentrations (GNP and CB): the GNP support exhibited a higher concentration of acidic groups, 

while CB exhibited a greater abundance of basic groups (Table S2.2). 

 

Figure 2.2. The XPS O 1s spectra of the four supports and the fitted peaks for the following s-OFGs: O=C, O-C, O-C=O 

(in COOH), and surface carbon oxygenates. The intensity of the O 1s spectra is normalized to the carbon intensity of the 

C 1s spectra to illustrate the oxygen concentration relative to the total amount of surface carbon. 

After wet impregnation, drying, and calcination, the Co content of the Co-catalyst supported on carbon support 

(GNP-0.5, CNT-0.5, CB-0.5, ACB-0.5) was assessed with ICP-OES (Table S2.3). GNP-0.5 exhibited a Co 

content of 0.51 ± 0.005 wt.%; this uncertainty is approximately 1% of the average value, suggesting that the 

Co was homogeneously distributed across the calcined powder. The CNT-0.5, CB-0.5, and ACB-0.5 samples 

also had an average Co content close to 0.5 wt.%, but the variation between the two sets of measurements 

conducted in all three samples revealed the heterogenous distribution of Co within these samples.  
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Figure 2.3. The distribution of the Co-catalyst on the carbon support. From left to right: HAADF-STEM images, 

elemental maps of carbon and cobalt (blue rectangle), and the particle size distribution of the Co-catalyst supported on a) 

GNP-0.5, b) CNT-0.5, c) CB-0.5, and d) ACB-0.5

The distribution of the Co-catalyst on the four carbon supports was further visualized using scanning 

transmission electron microscopy (STEM; Figure 2.3). The HAADF-STEM images of the Co-catalyst 

supported on carbon highlight the mass differences between cobalt and carbon, with the bright area 

corresponding to cobalt. The elemental maps of carbon and cobalt showed that the cobalt was most 

homogeneous dispersed on the GNP support (Figure 2.3a), while the agglomeration of cobalt can be clearly 

seen in the other three supports (Figure 2.3b–d). HAADF-STEM images and elemental maps of other areas 

are presented in Figures S2.5–8; the particle size distribution of cobalt on the carbon support was also measured 

in those areas. While the Co-catalyst dispersed on GNP has an average particle size of 1.45 nm, the other 

carbon supports exhibited an average Co particle size between 7–9 nm, with the largest particle sizes 

approaching 40 nm. Since the same synthesis protocol was used for all supports, these differences in Co particle 

size and dispersion must be attributed to the differences in the specific surface area and/or the surface-active 

sites for metal nucleation and growth in each carbon support. 

We observed two trends concerning the average size of Co nanoparticles supported on carbon materials. First, 

the CNT and GNP supports exhibited similar BET surface areas (368 and 310 m2 g-1, respectively). However, 

the GNP support had a more homogenous Co dispersion with smaller nanoparticle sizes, indicating a reduced 

degree of agglomeration. Based on the discussion above, the more homogenous Co dispersion observed can 

be attributed to the higher concentration of surface oxygen on the GNP support. Second, although CB and 

GNP had similar surface oxygen concentrations (3.51% and 3.32%, respectively), CB had a much lower 

surface area, and thus less well-dispersed cobalt.  We noticed that there is a tradeoff between the surface 
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concentration of acidic groups and the specific surface area. For instance, CB with a low specific area but a 

high concentration of s-OFGs shows a similar average Co-particle size compared to CNT, which possesses a 

high surface area but a much lower s-OFGs concentration. Hence, the dispersion of Co nanoparticles depends 

strongly on both the specific surface area and the surface oxygen concentration of the porous carbon support. 

In other words, maximizing both factors is necessary to provide sufficient nucleation sites for the Co 

nanoparticles. 

To investigate the extent of the effects of specific surface area, we calculated the total surface content of each 

s-OFG by multiplying their surface concentrations with their corresponding specific surface area on each of 

the carbon supports. Figure 2.4 presents the total surface content of three s-OFGs in conjunction with the 

average size of Co nanoparticles on each of the four supports. We found that fresh supports with lower total 

surface concentrations of phenol and carboxyl groups led to the formation of larger particles. However, the 

total surface concentration of the carbonyl groups did not exhibit the same trends. It is important to note that 

the presence of both COH and COOH groups results in a slightly acidic surface, which lowers the pH of the 

point of zero charge and imparts a negative charge to the carbon surface[24]. This improves the adsorption of 

the metal cation to the carbon surface, resulting in a more even dispersion of the supported metal particles[25,44]. 

 

Figure 2.4. The total surface content of COH, COOH, and C=O groups across each of the four supports, as well as the 

average size of the supported Co nanoparticles in each support. 

These results further emphasize the fact that GNP is a promising carbon support that allows for an ideal degree 

of Co dispersion, which can be attributed to its high surface concentration of acidic groups and its relatively 

large specific area. Based on these observations, we propose that the total surface content of acidic groups can 

be used as a valuable indicator for optimizing the dispersion of metals on carbon-based supports. This 

parameter has the potential to be utilized in other applications that require highly dispersed nanoparticles, 

allowing users to choose the most suitable supports for their applications. 

Figure 2.5a presents the geometric current density as a function of potential for a catalyst with a Co mass 

loading of 0.5 wt.% (denoted as Co0.5) at a surface loading of 0.14 mg cm-2. The geometric current density at 

a fixed overpotential of 450 mV (Figure 2.5b) increases across the four supports as follows: ACB-0.5 < CB-

0.5 < CNT-0.5 < GNP-0.5. Interestingly, the mass activity of GNP-0.5 exceeds 8 A mg-1, which is much higher 

than the values obtained for the CNT-0.5, CB-0.5, and ACB-0.5 catalysts (1.0, 0.6, and 0.3 A mg-1, respectively; 

Figure 2.5c). The mass activity obtained on our GNP-0.5 was among the highest values that were previously 
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reported for Co-based catalysts[45–54] (Figure 2.5d). Similarly, the TOF obtained for the GNP-0.5 catalyst was 

12, 15 and 19 times higher than that obtained for CNT-0.5, CB-0.5, and ACB-0.5 respectively. The fitted 

Nyquist plot reveals that the charge-transfer resistance of GNP-0.5 is notably lower compared to the other 

three supported catalysts (Figure S2.9). Besides, the Tafel slope exhibits a remarkable similarity among GNP-

0.5, CNT-0.5, and CB-0.5, with a slightly elevated value for ACB-0.5 (Figure S2.10). However, this variation 

in Tafel slope is not as significant as the differences observed in mass activity and TOF. In brief, the high 

geometric current density, ECSA, and TOF values, obtained for GNP reflect an abundance of active sites to 

the electrolyte, and are most likely attributable to the homogeneous dispersion of the Co-catalyst on GNP. This 

similarity in Tafel slope further confirms that the enhanced OER activity of GNP arises from the fine dispersion 

of Co catalysts, rather than from a difference in intrinsic activity. 

 

Figure 2.5. The OER activity of the Co-catalyst supported on each of the four carbon materials. a) The geometric current 

density of GNP-Co, CNT-Co, CB-Co, and ACB-Co in Fe-free 1M KOH solution, scanned from 1.0–1.7 V vs RHE at a 

scan rate of 10 mV s-1. CV curves were iR-corrected (85% iR drop compensation) and averaged across the forward and 

backward scans. b) A summary of the geometric current density at an overpotential of 450 mV, measured on a fresh 

carbon support and Co0.5 supported on the four carbon materials. c) Mass activity and TOF of the carbon-supported 

Co0.5 catalyst. d) Mass activity for OER of the GNP-0.5 catalyst compared with those of other reported Co-based catalyst 

(summarized in Table S2.4). 

3.2 The role of surface oxygen-containing functional groups in enhancing OER activity 

Although the dispersion of the Co catalyst on the GNP support was attributed to the adsorption of metal cations 

onto acidic s-OFGs, the concentration of s-OFGs did not decrease following the wet impregnation process. 

Instead, the total oxygen surface concentration increased from 3.32% to 4.37% in conjunction with a change 

in the distribution of s-OFGs. This suggests that the Co doping process introduced additional surface oxygen 

groups. We also observed an increase in the Id/Ig ratio following the doping process (Table S2.5). The Id/Ig 

ratio, as determined through Raman spectra, exhibited the highest increase following Co doping (a 29% 

increase in the GNP-0.5 sample compared to fresh GNP), indicating that the incorporation of Co introduced 

more defects to the carbon support (Figure S2.11). 
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To investigate the contribution of s-OFGs to oxygen generation, we conducted experiments using the same 

GNP support with varying oxygen surface concentrations and s-OFGs distributions. After impregnation and 

drying, the GNP-0.5 sample was subjected to two different thermal treatments: calcination in N2 at 400°C 

(GNP-0.5) and calcination in air at 300°C (GNP-0.5-Air). The XPS peak deconvolutions for O 1s (Figure 2.6a) 

and C 1s (Figure S2.12) were performed with similar deconvolution parameters as with the four fresh carbon 

supports, but a peak at 530.5 eV in the O 1s spectra was added for the metal-oxygen bond. The calculated s-

OFGs surface concentrations are summarized in Table S2.6. Although the oxygen content of GNP-0.5-Air was 

found to be slightly greater than that of the fresh support, both samples exhibited very similar s-OFG 

distributions. In contrast, GNP-0.5 had a much higher oxygen content while also possessing a significantly 

different s-OFG distribution. Specifically, the concentration of C=O groups decreased slightly, while there was 

a slight increase in the concentration of COH groups. Most notably, the surface concentration of carboxylic 

groups (COOH) increased fivefold, suggesting that the surface chemistry of the GNP support had been 

significantly altered following the impregnation of the Co catalyst and the subsequent calcination process in 

N2. Although the s-OFGs of the fresh support serve as adsorption sites for metal cations, the increase in s-

OFGs following Co impregnation could be attributed to MSI[55]. These interactions, which typically involve 

encapsulation or interphase interactions[56], introduce additional surface functional groups. In addition, the 

strong interaction between the Co catalyst and the carbon support may distort the graphene network, resulting 

in the formation of sp2 defects and consequently creating more edges for the generation of carboxylic groups[12].  

The iR-corrected and averaged CV curves of GNP-Co and GNP-0.5-Air were plotted in Figure 2.6b. The 

geometric current densities at an overpotential of 450 mV were found to be higher for the N2-calcined samples 

compared to the air-calcined samples (Figure S2.13). Indeed, DFT calculations have shown that the 

combination of defects and COOH groups elevates the adsorption energies of ΔGOads - ΔGOHads to the top of 

the volcano descriptor plot, reducing the overpotential of the OER[33]. The presence of surface COOH groups 

facilitates the deprotonation reaction at the carbon surface[57], which has been shown to contribute significantly 

to the additional overpotential required for OERs[58]. These s-OFGs can also participate in the reaction by 

serving as sites for the spillover of oxygen molecules generated from OERs, providing additional active sites 

on the surface of the catalyst[59] and improving OER kinetics[60]. The Raman spectra acquired over the 

wavelength range containing Co3O4 for GNP-0.5, GNP-0.5-Air and commercial Co3O4 were plotted in Figure 

S2.14a. It is widely accepted that the presence of oxygen vacancies contributes to a blue-shift in the Raman 

peak[61,62]. In our study, since the peak corresponding to Co3O4 of the two samples is located at the same position 

as that of the commercial reference, it can be deduced that there were no oxygen defects induced to the 

supported Co-catalyst during the calcination. The similarity in Tafel slope between GNP-0.5 and GNP-0.5-

Air, as illustrated in Figure S2.14b, further supports that the primary distinction arising from the two 

calcination procedures is mainly the surface content of COOH groups rather than the catalysts themselves. 
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Figure 2.6. A comparison of the impregnated, dried Co-catalyst supported on GNP calcined in air and in nitrogen. a) 

XPS O 1s spectra of GNP-0.5-air and GNP-0.5 and their corresponding deconvoluted peaks. b) CV of GNP-0.5-Air 

and GNP-0.5 in Fe-free 1M KOH solution, scanned from 1.0–1.7 V vs RHE at a scan rate of 10 mV s-1. CV curves 

were iR-corrected (85% iR drop compensation) and averaged across the forward and backward scans. c) LSV of GNP-

0.5-Air and GNP-0.5 in Fe-free 1M KOH solution, scanned from 1.5–2.2 V vs RHE at a scan rate of 10 mV s-1. The 

potentials were iR-corrected (85% iR drop compensation).

To investigate the extent to which the COOH groups facilitate O2 spillover, we collected LSV measurements 

in the high overpotential range between 1.5–2.2 V vs RHE. Across this range, the measured current density is 

no longer predominantly governed by the kinetics of the OER and is instead influenced by the mass transport 

of hydroxide ions and generated oxygen. As we increased the potential beyond 1.9 V vs RHE, the current 

density plateaued and ceased to increase (Figure 2.6c). Notably, the limit of the current density was higher for 

GNP-0.5 compared to GNP-0.5-Air despite both samples being subjected to the same degree of catalyst surface 

loading (Figure S2.15). This suggests that the mass transport of released O2 from the active Co sites is more 

efficient in GNP-0.5, which — as previously shown — possesses a higher abundance of COOH groups. Thus, 

our measurements of the limiting current densities in the mass-transport region suggest that O2 spillover is 

enhanced by the presence of COOH groups. 

3.3 Additional s-OFGs modulated by metal-support interactions 

A range of Co loads on GNP was investigated to examine the balance between the abundance of metal cations 

and the amount of available acidic s-OFGs. The following Co mass concentrations (mass of Co/ total mass) 

were used for sample preparation and loading: 0.05, 0.1, 0.5, 4.8, 9.1, 17, and 29; the loaded samples are 
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henceforth denoted as GNP-0.05, GNP-0.1, GNP-0.5, GNP-4.8, GNP-9.1, GNP-17, and GNP-29, respectively. 

At the two lowest Co mass loading, there was almost no enhancement in OER activity (Figure S2.16). This 

can be primarily attributed to the insufficient Co content for achieving a uniform impregnation through wet-

impregnation synthesis. As a result, a concentration of 0.5 wt.% was set to be the minimum threshold for our 

study. The weight percentages of the Co-catalyst supported on GNP were measured using ICP and confirmed 

that the prepared catalysts (produced via the wet-impregnation method) had Co loadings similar to the 

theoretical values calculated for synthesis (Table S2.7).   

As shown previously in Figure 2.2, GNP-0.5 possessed well-dispersed Co-catalyst particles with sizes ranging 

from the sub-nanometer scale to a maximum of 5 nm.  Figures 2.7 and S2.17–20 present the HAADF-STEM 

images of the four GNP samples with Co loadings higher than 0.5 wt.%. At a loading of 4.8 wt.%, the Co 

particles remained relatively well-distributed on the carbon support; however, some regions with higher Co 

concentrations exhibited metal agglomeration, leading to the formation of larger metal particles. While Co 

nanoparticles were still observed both on the surface and in between the nanoplatelets, the majority of Co 

formed a separate bulk phase. This phase separation became more evident at higher Co loadings, as shown by 

the elemental maps (Figure 2.7c,d). These results suggest that when there is an excess of Co2+ cations compared 

to acidic s-OFGs, only a small portion of the cations can be adsorbed onto the surface via the action of s-OFGs. 

Previous studies have reported that, upon calcination at low Co concentrations, inner-sphere complexes can 

form on the surface of the GNP support, while an excess of Co at high concentrations results in the formation 

of outer-sphere complexes[63]. Upon calcination, inner-sphere complexes tend to transform into well-anchored 

CoO on the support, while outer-sphere complexes form more loosely attached Co3O4 crystallites[64]. This 

would explain the mixed oxides observed in the XRD patterns of Co-catalysts supported on GNP samples at 

loadings higher than 4.8 wt.% (Figure S2.21). Again, the absence of a blue-shift in the Raman spectra when 

comparing the samples to the commercial reference indicates that the calcination process did not induce any 

oxygen defects (Figure S2.22).  
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Figure 2.7. Co distribution of Co-catalysts supported on GNP at different Co loadings. a–d) HAADF-STEM images and 

elemental maps of GNP with Co loadings of 0.5, 4.8, 9.1, 17, and 29 wt.%. 

The increased Id/Ig ratio of GNP-0.5 compared to fresh GNP (Table S2.5) can be attributed to the increased 

number of defects in the carbon support caused by Co-doping, suggesting that the well-dispersed Co 

nanoparticles directly interact with the carbon support. When the Co loading was increased, the Id/Ig ratio 

remained relatively stable (Table S2.8), suggesting that excessive Co doping does not result in additional 

defects in the carbon support. Furthermore, agglomerations only formed when Co loading exceeded 0.5 wt.% 

(Figure 2.7). We can thus conclude that the finely dispersed nanoparticles can directly interact with the carbon 

supports, leading to the generation of additional defects. Furthermore, the formation of large agglomerates 

does not contribute to this interaction. These observations are consistent with the results of previous studies 

that demonstrated that the fine dispersion of nanoparticles exhibited strong MSIs[65,66].   
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Figure 2.8. The quantification of defect levels, surface functional groups, and OER activity normalized to Co-loading. 

a) Id/Ig ratio normalized to Co-loading. b) Surface concentration of COH, COOH, and C=O group normalized to Co-

loading. c) CV of GNP-supported Co at different Co loadings in Fe-free 1M KOH solution, scanned from 1.0–1.7 V 

vs RHE at a scan rate of 10 mV s-1. CV curves were iR-corrected (85% iR drop compensation) and averaged across 

the forward and backward scans. d) Summary of the mass activity at 1.7 V vs RHE and the TOF at an overpotential of 

450 mV acquired on GNP-supported Co with different Co loadings and on commercial bulk CoO and Co3O4. 

The peak deconvolution of XPS O 1s and C1s spectra (Figure S2.23) was used to calculate the surface 

concentration of s-OFGs at different Co loadings. As the Co loading increased, the surface concentration of 

oxygen (i.e., the concentration of COH, COOH, and C=O groups) also increased (Figure S2.24). The surface 

oxygen concentrations of the five Co-doped GNP samples were all higher than that of a fresh GNP support, 

providing further support for the suggestion that Co-doping leads to an increase in s-OFGs; however, no 

linear correlations were observed between these two parameters. Indeed, despite an almost 20-fold increase 

in Co loading, the surface concentration of s-OFGs only slightly increased from 4.37% to 4.85%. Similarly, 

an almost 60-fold increase in Co loading resulted in less than a twofold increase in s-OFG concentration 

(Table S2.9). Furthermore, the Co-normalized Id/Ig ratios and s-OFG concentrations (Table S2.10) were 

found to decrease with increasing Co loading (Figure 2.8a and 2.8b, respectively). These observations 

suggest that the presence of s-OFGs in the Co-doped GNP can be primarily attributed to the presence of 

small, finely dispersed nanoparticles rather than large, agglomerated Co oxides, which have an insignificant 

contribution by comparison. The evaluated OER activity of the Co-doped GNP at different Co loadings is 
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presented in Figure 2.8c and 8d. The geometric current density increased from GNP-0.5 to GNP-4.8 to GNP-

9.1 but remained unchanged at higher Co loadings (Figure 2.8c). In contrast, both the mass activity and the 

TOF decreased as the Co loading increased (Figure 2.8d). Modulating the surface loading of the catalyst 

reveals that an optimal mass activity was achieved across all Co loading values when the loading is set at 

0.143 mg cm-2 (Figure S2.25), which was consistently used throughout the entirety of this study. OER 

activity was also measured on two unsupported commercial oxides: CoO and Co3O4 (Figure S2.26) that 

were subjected to the same degree of catalyst surface loading. Despite being subjected to higher Co loadings, 

the bulk oxides did not exhibit higher geometric current densities compared to the carbon-supported oxides. 

The increase in Co loading resulted in a consistent decrease in both mass activity and TOF, consistent with 

the trends observed in the Co-normalized Id/Ig ratios and s-OFGs surface concentrations. This suggests that 

the finely dispersed nanoparticles primarily function as active sites, where strong MSIs facilitate the 

generation of OFGs such as COOH on the surface of the catalyst. The formation of these OFGs plays a 

crucial role in enhancing the intrinsic activity of the supported catalyst, particularly in terms of facilitating 

O2 spillover, as previously demonstrated. In conclusion, the presence of small, well-dispersed nanoparticles 

with robust MSIs is vital for maximizing the mass activity of the Co-doped GNP catalyst. This can be 

achieved by promoting the formation of OFGs that contribute to the overall OER activity of the catalysts. 

3.4 Proposed mechanism for s-OFGs promoted OER activity  

 

Figure 2.9. The proposed mechanism for the contribution of s-OFGs at different stages of the synthesis process. a) 

High concentrations of acidic groups enhance the dispersion of small nanoparticles. b) Strong interaction between the 

anchored nanoparticles resulting in an abundance of additional surface COOH. c) COOH facilitates the generation of 

O2 spillover sites under OER conditions. 
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s-OFGs play a crucial role in determining the dispersion and size distribution of carbon-supported Co-based 

catalysts. In this study, we suggest that the specific surface concentration of acidic s-OFGs is a key factor 

in metal cation adsorption. A high surface concentration of acidic s-OFGs, in conjunction with a large 

specific surface area, results in a higher overall concentration of acidic groups. The abundance of acidic 

groups creates more sites for the adsorption of Co cations (Figure 2.9a). These acidic s-OFGs serve as 

anchoring sites, enabling the fine dispersion of Co nanoparticles and reducing the potential formation of 

agglomerations during heating or electrochemical reactions. Supports with a high concentration of acidic s-

OFGs but low specific surface areas, or vice versa, do not generate a sufficient number of adsorption sites 

for the optimal dispersion of nanoparticles. In the absence of adequate adsorption sites, excess cations form 

outer-sphere complexes, leading to weakly attached nanoparticles that are more prone to agglomeration[64]. 

The process of doping the Co catalysts introduces a significant number of active sites for OERs.  These 

active sites consist of finely dispersed nano- and sub-nanoparticles that are firmly anchored onto the carbon 

support. Their strong interactions with the support lead to an increased number of structural defects within 

the carbon structure and facilitate the formation of high concentrations of s-OFGs; specifically, additional 

edge sites for COOH groups can be created through the generation of additional sp2 defects in the structure[12] 

(Figure 2.9b). In contrast, large, agglomerated particles that are weakly bound to the surface do not generate 

a substantial amount of s-OFGs. Under OER conditions, the abundant COOH groups generated by the small 

Co nanoparticles function as spillover sites for the O2 generated at the Co surface. This continuous release 

of occupied active sites enables the reaction to proceed more effectively (Figure 2.9c). It can thus be 

concluded that small Co nanoparticles that are firmly anchored to the surface serve as primary active sites 

for OERs, and are consequently the greatest contributors to the samples with the highest mass activity and 

TOF. 

4 Conclusions 

This study demonstrated that adjusting the surface functionalization and the specific surface area of a 

support can be a promising approach to control the size and distribution of supported metal catalysts, which 

in turn, can have a significant impact on the activity of electrochemical reactions that occur at gas-solid-

liquid interfaces. Of the different surface oxygen species investigated, we found that the acidic s-OFGs of 

C-OH and COOH played a significant role in serving as active sites for the mounting of Co phases on the 

carbon surface. The GNP support exhibited the greatest specific surface area, the highest surface 

concentration of acidic OFGs, and the best dispersion of Co phases across the four carbon supports 

investigated. Consequently, GNP was found to have a superior dispersion of sub-nano- and nano-sized Co 

particles, as well as the highest mass activity and TOF for OER when loaded with Co0.5. Our findings offer 

insights into the overall surface content of acidic groups, which can be applied in diverse applications 

requiring well-dispersed nanoparticles, enabling the selection of the most suitable supports for specific 

applications. 

In addition, our research has provided evidence for strong interactions between the support and the Co 

particles, especially in the case of small nanoparticles, which can lead to the formation of additional oxygen 
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functional groups. Among these groups, the carboxyl functional groups (COOH) are particularly efficient 

in facilitating O2 spillover, which helps remove O2 from the Co surface. Based on these findings, we can 

conclude that small, well-dispersed Co nanoparticles can strongly interact with carbon, in contrast to large, 

agglomerated Co particles, and can serve as active sites for OERs due to the formation of more COOH 

groups. 
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5 Supporting information 

 

Figure S2.1. N2 adsorption-desorption as a function of relative pressure, acquired by N2-adsorption measurements on 

the four fresh supports. 
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Table S2.1. Summary of the BET surface area of the four fresh supports, derived from the N2 adsorption-desorption 

measurements using BET method. 

Support BET surface area (m2 g-1) 

CNT 368 

ACB 107 

CB 74 

GNP 310 
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Figure S2.2. Double-layer capacitance measurements for different carbon supports. The sub-figures plot the current 

as a function different scan rate. 
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Figure S2.3. Linear regression of the measured charging currents as a function of the scan rate. The slope of the line 

corresponds to the double-layer capacitance. 
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Figure S2.4. XPS C 1s spectra of the four supports, and the fitted peaks for carbon (C=C and C-C), surface oxygen 

containing groups (COH, COOH and C=O), and surface carbon oxygenates 
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Table S2.2. Summary of the surface concentration of oxygen and s-OFGs, measured on the four fresh supports.  

 Oxygen (%) COH (%) COOH (%) C=O (%) 

GNP 3.32 1.48 0.32 1.37 

CB 3.51 1.32 0.32 1.72 

ACB 1.15 0.38 0.21 0.49 

CNT 0.65 0.12 0.23 0.31 
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Table S2.3. Co contents in the synthesized catalysts: GNP-0.5, CNT-0.5, CB-0.5 and ACB-0.5, averaged from 2 sets 

of measurements 

 Co concentration (%) 

GNP 0.51 ± 0.01 

CNT 0.57 ± 0.23 

CB 0.46 ± 0.23 

ACB 0.53 ± 0.10 
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Figure S2.5. HAADF-STEM images and the corresponding elemental maps for C and Co, obtained at two different 

regions on GNP-0.5. 
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Figure S2.6. HAADF-STEM images and the corresponding elemental maps for C and Co, obtained at two different 

regions on CNT-0.5. 
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Figure S2.7. HAADF-STEM images and the corresponding elemental maps for C and Co, obtained at two different 

regions on CB-0.5. 
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Figure S2.8. HAADF-STEM images and the corresponding elemental maps for C and Co, obtained at two different 

regions on ACB-0.5. 
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Figure S2.9. Nyquist plot and the fitted curve according to the corresponding equivalent circuit. The EIS was acquired 

at 1.5 V vs RHE, with a perturbation amplitude of ±10 mV, from 100 kHz to 0.1 Hz. 
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Figure S2.10. a) Tafel plots and b) the corresponding Tafel slopes of Co- catalyst supported on four different carbons. 
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Table S2.4. Mass activities of previously reported Co-based catalysts. 

References Samples 
Overpotential 

(V vs RHE) 

Mass activity (A g-

1) 

A[1] Co SAC 1.65 2209 

B[2] BN/CA-NiCoFe-600 1.6 201 

C[3] Co0.7Fe0.3CB 1.55 643 

D[4] Ir-networks (Ir:Co = 1:55) 1.53 800 

E[5] SL-Co(OH)2 1.58 153.8 

F[6] Au–Co(OH)2 1.5 177 

G[7] γ-CoOOH nanosheets 1.53 66.6 

H[8] YRCO-560 1.48 49.75 

I[9] EtOH-CoO 1.7 2900 

J[10] ECA-CoxNi1−xS2 1.57 217 
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Table S2.5. Summary of Id/Ig ratio of the fresh- and doped- carbon, determined with Raman spectroscopy. The 

presented value was obtained from at least 10 different regions. 

Support Fresh With Co doping 

GNP 0.11 ± 0.02 0.15 ± 0.06 

CNT 0.76 ± 0.11 0.79 ± 0.09 

CB 1.11 ± 0.04 1.22 ± 0.04 

ACB 1.12 ± 0.03 1.20 ± 0.04 
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Figure S2.11. The gain in Id/Ig between before and after Co-incorporation. This value is calculated as the quotient 

between [Id/Ig[Co-doped] - Id/Ig[fresh support]] and [Id/Ig[fresh support]]. 
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Figure S2.12. XPS C 1s spectra of GNP-0.5-Air and GNP-0.5 and the corresponding deconvoluted peaks. 
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Table S2.6. Summary of the s-OFGs surface concentration on the fresh GNP support, GNP-0.5-Air and GNP-0.5. The 

s-OFGs surface concentration is the ratio [area of s-OFGs fitted in O 1s spectra] to [total area of carbon in C 1s spectra]. 
 

GNP support GNP-0.5-Air GNP-0.5 

Oxygen surface contents (%) 3.21 3.47 4.37 

C=O surface concentration (%) 1.37 1.53 1.00 

COH surface concentration (%) 1.48 1.49 1.96 

COOH surface concentration (%) 0.32 0.27 1.15 
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Figure S2.13. Specific COOH surface concentration and geometric current density at an overpotential of 450 mV of 

GNP-0.5-Air and GNP-0.5.  
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Figure S2.14. a) Raman spectroscopy including the peaks of Co3O4, acquired on GNP-0.5, GNP-0.5-Air and on 

commercial Co3O4. b) the Tafel slopes of GNP-0.5 and GNP-0.5-Air 
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Figure S2.15. Summary of the limiting current density, calculated from LSV of GNP-0.5-Air and GNP-0.5, in Fe-free 

KOH 1M, scanned from 1.5 to 2.2 V vs RHE at a scan rate of 10 mV s-1. The potential was corrected with 85% of iR-

drop. 
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Figure S2.16. CVs of GNP, GNP-0.05 and GNP-0.1 loadings in Fe-free 1M KOH solution, scanned from 1.0–1.7 V 

vs RHE at a scan rate of 10 mV s-1. CV curves were iR-corrected (85% iR drop compensation) and averaged across 

the forward and backward scans. 
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Table S2.7. Co contents in the synthesized catalysts with different Co loadings: GNP-0.5, GNP-4.8, GNP-9.1, GNP-

17 and GNP-29, averaged from 3 sets of measurements 

Theoretical loading Co concentration by ICP-OES 

0.5 0.51 ± 0.01 

4.8 4.67 ± 0.71 

9.1 10.88 ± 0.21 

17 17.72 ± 4.33 

29 29.62 ± 6.81 
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Figure S2.17. HAADF-STEM images and the corresponding elemental maps for C and Co of GNP-4.8. Scale bar: 100 

nm. 
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Figure S2.18. HAADF-STEM images and the corresponding elemental maps for C and Co of GNP-9.1. Scale bar: 100 

nm.  
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Figure S2.19. HAADF-STEM images and the corresponding elemental maps for C and Co of GNP-17. Scale bar: 1 

µm. 
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Figure S2.20. HAADF-STEM images and the corresponding elemental maps for C and Co of GNP-29. Scale bar: 200 

nm. 
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Figure S2.21. XRD patterns of the Co-based catalysts supported on GNP at different Co loadings and the reference 

bulk oxide phases (CoO PDF 1541662, Co3O4 PDF 1548531) 
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Figure S2.22. Raman spectroscopy including the peaks of Co3O4, acquired on Co-catalyst supported on GNP at various 

Co loadings and on commercial Co3O4. 

  



EPFL SB ISIC LMER 
Thi Ha My PHAM 
 

86 
 

Laboratory of Materials for Renewable Energy (LMER) 
Institute of Chemical Sciences and Engineering (ISIC) 
Basic Science Faculty (SB) 

Table S2.8. Summary of Id/Ig ratio of the Co-based catalysts supported on GNP at different Co loadings, determined 

with Raman spectroscopy. The presented value was obtained from at least 10 different regions. The gain in Id/Ig 

between before and after Co-incorporation is calculated as the quotient between [Id/Ig[Co-doped] - Id/Ig[fresh GNP]] and 

[Id/Ig[fresh GNP]]. 

Co loading Id/Ig Gain in Id/Ig (%) 

0 0.114 ± 0.023  

0.5 0.148 ± 0.056 29.410 

4.8 0.154 ± 0.085 34.586 

9.1 0.141 ± 0.034 23.434 

17 0.140 ± 0.023 22.065 

29 0.154 ± 0.051 34.250 
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Figure S2.23. XPS spectra of different Co-catalyst supported on GNP, at various Co loadings. a) XPS O 1s spectra 

and b) XPS C 1s spectra and the corresponding deconvoluted peaks.  
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Figure S2.24. Surface concentration of COH, COOH and C=O, measured on Co-based catalysts supported on GNP at 

different Co loadings. 
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Table S2.9. Summary of the surface concentration of COH, COOH and C=O, measured on Co-based catalysts 

supported on GNP at different Co loadings. 

Co loading 
(%) C-OH O=C-OH C=O 

0.5 1.96 1.15 1.00 

4.8 1.34 0.24 2.41 

9.1 1.39 0.18 3.18 

17 1.89 0.40 4.36 

29 1.62 0.28 5.47 
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Figure S2.25. Summary of the mass activities at 1.7 V vs RHE of GNP-0.5, GNP-4.8, GNP-9.1, GNP-17 and GNP-

29 in Fe-free 1M KOH solution, at various surface loadings. 
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Figure S2.26. OER activity of commercial CoO and Co3O4. a) CV in Fe-free KOH 1M, scanned from 1.0 to 1.7 V vs 

RHE at a scan rate of 10 mV s-1. The curves were corrected with 85% of iR-drop, and averaged from onward and 

backward scans. b) The corresponding Tafel slopes. 
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Table S2.10. Summary of the surface concentration of COH, COOH and C=O, measured on Co-based catalysts 

supported on GNP at different Co loadings, normalized by the Co mass loading of the samples. 

Co loading 

(%) 

Co-normalized 

C-OH (%) 

Co-normalized 

O=C-OH (%) 

Co-normalized 

C=O (%) 

Co-normalized 

Id/Ig 

0.5 3.929 2.305 1.998 0.296 

4.8 0.279 0.050 0.502 0.032 

9.1 0.152 0.020 0.349 0.016 

17 0.111 0.023 0.257 0.008 

29 0.056 0.010 0.189 0.005 
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Summary: OER highly-active CoFe nanocatalysts was formed by anodic deposition of a Co mixed oxides 

host-structure, followed by continuous incorporation of Fe. The Fe was incorporated by replacement of Fe3+ 

onto the Co3+ sites, reducing the transition potential of the Co-Fe catalyst to the OER-active phase of CoO2. 
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Abstract 

Ni- and Co-based catalysts with Fe as a dopant demonstrate promising activity in the oxygen evolution 

reaction (OER) during alkaline water electrolysis, with the presence of Fe in a certain quantity being crucial 

for their enhanced performance. The mode of incorporation, local placement, and structure of Fe ions in the 

host catalyst, as well as their direct/indirect contribution to enhancing the OER activity, remain under active 

investigation. Herein, the mechanism of Fe incorporation into a Co-based host was investigated using an in 

situ synthesized Co-Fe catalyst in an alkaline electrolyte containing Co2+ and Fe3+. Fe was found to be 

uniformly incorporated as a dopant element rather than as a separate phase, which occurs solely after the 

anodic deposition of the Co host structure, and results in exceptional OER activity with an overpotential of 

319 mV at 10 mA cm-2 and a Tafel slope of 28.3 mV dec-1. Studies on lattice structure, chemical oxidation 

states, and mass changes indicated that Fe is doped into the Co host structure by replacing the Co3+ sites 

with Fe3+ from the electrolyte. Operando Raman measurements revealed that the presence of doped Fe in 

the Co host structure reduces the transition potential of the in situ Co-Fe catalyst to the OER-active phase 

of CoO2. The findings of our facile synthesis of highly active and stable Co-Fe particle catalysts provide a 

comprehensive understanding of the role of Fe doping in Co-based electrocatalysts, covering aspects that 

include the incorporation mode, local structure, placement, and their mechanistic role in enhancing OER 

activity. 
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1 Introduction  

In alkaline water electrolysis, the oxygen evolution reaction (OER) is the sluggish multistep reaction 

involving four electrons that results in a considerable anode activation polarization. First-row transition 

metals such as Ni and Co have been demonstrated as promising candidates due to their low-cost, abundance, 

and high OER catalytic activity in alkaline conditions[1–4]. The presence of Fe in the structure has been 

reported to play a crucial role in enhancing the OER activity of Ni-based and Co-based catalysts, regardless 

of their structure, for example Ba0.5Sr0.5Co0.2Fe0.2O3-δ (BSCF) of the perovskite family[5], Co3-xFexO4 with 

spinel structure[6], or Ni0.75Fe0.25OOH[7] and Co0.46Fe0.54OOH[8] of the layer-structure type catalysts.  

Extensive research has been conducted on the mechanism of Fe incorporation into Ni- and Co-based 

catalysts and its role in enhancing the OER activity. Conventionally, Fe is intentionally doped in the Ni-and 

Co-catalysts during the synthesis step by adjusting the composition of the precursor solution for wet-

chemical routes[9,10], or that of the electrolyte bath for electrodeposition[8,11]. Trotochaud et al. utilized 

grazing-incident X-ray diffraction (GIXRD) patterns to confirm that the cathodically deposited 

Ni0.75Fe0.25(OH)2 aged thin films in commercial KOH has a layered double hydroxide structure of Ni-Fe 

fougèrites[12]. These minerals featured an extended c-axis compared to β-Ni(OH)2. The lattice change was 

attributed to the substitution of Ni2+ ions by Fe3+, resulting in an increased concentration of intercalated 

anions. Furthermore, Friebel et al., using operando X-ray absorption spectroscopy (XAS), found that Fe3+ 

cations do not intercalate between the γ-NiOOH sheets at Fe concentrations inferior to 25%[7]. Instead, they 

tend to replace Ni3+ within a sheet due to the shorter Fe-O bond length in Ni1-xFexOOH compared to γ-

FeOOH and similar to that of Ni-O. Computational calculations also indicated that Fe is the active site in 

Ni1-xFexOOH since it exhibits stronger adsorption of the OER intermediates compared to Ni. For the Co-Fe 

system, Burke et al. have demonstrated that CoOOH provides an electrically conductive and stable host for 

the OER-active but poorly conductive FeOOH[8]. 

Recently, an electrochemical approach using cyclic voltammetry (CV) in a Fe-containing electrolyte has 

been reported as an efficient way for doping the Ni- and Co-based catalysts with Fe[13,14]. Compared to the 

cathodic co-deposition of the bulk Ni-Fe or Co-Fe catalyst, the incorporation of Fe directly via the OER 

alkaline electrolyte is usually referred as incidental doping or Fe-spiking. For this doping method, many 

studies have agreed that the presence of Fe in the catalyst structure is an irreversible process, as confirmed 

by Fe detection in the final catalyst. Deng et al. have shown, using operando atomic force microscopy (AFM), 

that exfoliated Ni(OH)2 transforms into NiOOH nanoparticles with a high surface area upon anodic 

oxidation, with FeOOH deposited as a separate phase in this porous structure[15]. For Co-based catalysts 

spiked with Fe, Zhang et al. have demonstrated that intentional Fe incorporation has a stronger interaction 

with the CoOOH sheet compared to incidental Fe ions, which mainly localize at the edge of the hexagonal 

sheet and do not incorporate into the bulk structure, by analyzing their electrochemical profile[16]. However, 

the lattice-scale structural modifications of the Ni- and Co-based catalysts induced by Fe have not been 

“visualized”, and the role of Fe in enhancing OER activity remains elusive. 

Here, we first synthesized a Co-Fe catalyst directly on top of the carbon rotating-disk electrode (RDE) by 

electrochemical cycling in a KOH electrolyte containing Co2+ and Fe3+ (in situ Co-Fe catalyst). This in situ 
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synthesis enables the characterization of catalysts in their most natural state without the need for a polymer 

binder, which could potentially diminish surface hydrophilicity, hindering the electrolyte's access to the 

catalyst or the release of oxygen. Moreover, it offers valuable insights into the preparation of nanostructures 

without the need of an additional exfoliation process[15] or the use of organic agents[17], holding potential for 

applications in operando nanoscale characterizations TEM or AFM. In comparison to the highly inert bare 

glassy carbon, the in situ deposited Co-Fe catalyst exhibits an overpotential at 10 mA cm-2 of 319 mV and 

a Tafel slope of 28.3 mV dec-1. The electron microscopy and X-ray spectroscopy measurements reveal that 

the deposited Co-Fe catalyst has a Co-based host-structure with slightly larger lattice spacing compared to 

the deposited Co catalyst, induced by the Fe3+ substitution onto Co3+ sites. Moreover, operando optical 

spectroscopy and quartz-crystal microbalance measurements demonstrate that the substituted Fe3+ cations 

reduce the transition potential from the CoOOH phase to the OER-active CoO2 phase. 

2 Methodology 

2.1 Preparation of the electrolyte 

The electrolyte was diluted from potassium hydroxide 50% (KOH, Carl Roth) with deionized water, in order 

to obtain a 1 M KOH solution. To remove Fe contamination from the commercial KOH[7,12,14], the electrolyte 

was treated with nickel(II) hydroxide (Ni(OH)2, Fluka). 1 g of Ni(OH)2 was added to 1 L of 1 M KOH and 

the solution was stirred overnight. After sedimentation of Ni(OH)2, the top solution was decanted and 

filtered through filter paper (Cytiva).  

Neutral and acidic electrolytes were also prepared at a concentration of 1 M from potassium nitrate (KNO3, 

Alfa Aesar) and nitric acid 65% (HNO3, Sigma-Aldrich), respectively. 

Different nitrate salts were prepared for addition to the treated KOH electrolyte. Cobalt(II) nitrate 

hexahydrate (Co(NO3)2.6H2O, Sigma-Aldrich), iron(III) nitrate nonahydrate (Fe(NO3)3.9H2O, Sigma-

Aldrich), copper(II) nitrate trihydrate (Cu(NO3)2.3H2O, Sigma-Aldrich), nickel(II) nitrate hexahydrate 

(Ni(NO3)2.6H2O, Sigma-Aldrich) and silver nitrate (AgNO3, Sigma-Aldrich) were prepared as 0.05 M 

solutions.  

2.2 Preparation of the electrode 

For the activity test, the glassy carbon - rotating disk electrode (GC-RDE) was polished with sandpaper of 

two different grit numbers, first with P500 and then with P1000 (VSM). After being rinsed thoroughly, the 

GC-RDE was polished again with 0.05 µm polishing alumina suspension (BASi) on a polishing cloth 

(MicroCloth, Buehler). The RDE was rinsed again with Milli-Q grade water and dried in air. The reference 

was a Ag/AgCl electrode, and the counter electrode was a Pt spring. Before use, the Pt counter electrode 

was soaked in HNO3 25% and then a blowtorch flame applied to remove all contaminants or depositions 

from previous electrochemical reactions. Reference catalysts (IrO2||C and RuO2||C) were prepared by adding 

10 mg of oxide catalysts (IrO2 (Sigma-Aldrich), or RuO2 (Sigma-Aldrich)), 15 mg of carbon black (Vulcan 

XC 72R, Fuel Cell Store) and 40 µL of Nafion (Nafion 117 containing solution, Sigma-Aldrich) into 1 mL 
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of  isopropanol. The mixture was then sonicated and drop-casted onto the GC-RDE with a surface loading 

of 0.3 mg cm-2 of oxide catalyst, 0.45 mg cm-2 of carbon black, and 0.06 mg cm-2 of Nafion. 

For surface characterization, glassy carbon plates (Sigradur, HTW) and carbon papers (Toray, Alfa Aesar 

and Sigracet 29 AA, FuelCellStore) were used. The electrochemical measurements were performed in an 

H-cell which was composed of two compartments separated by a Nafion membrane. The working electrode 

was positioned close to the magnetic bar to reduce the effect of mass transport.  

2.3 Electrochemical characterization 

A potentiostat (Metrohm Autolab PGSTAT204) was used for electrochemical measurements. Cyclic 

voltammetry (CV) was performed with the conventional three-electrode chemical set-up in 1 M KOH, with 

a pH of 14. We noted that interaction between Co- and Ni-based catalysts and Fe contamination in 

commercial KOH was previously reported in many works[7,12,14]. Thus, to avoid crossover-effects created 

by the added Co(NO3)2.6H2O and the Fe in KOH solution, the KOH used in this work, denoted as Fe-free 

KOH, was treated with Ni(OH)2. After treatment, the amount of Fe in commercial KOH was reduced from 

55 ppb to 5 ppb (Table S3.1).  

Next, the potential was swept from 1.0 to 1.7 V, then back to 1.0 V, vs RHE with a scan rate of 10 mV s-1. 

A rotating disk electrode system (RRDE-3A, ALS) was used to thoroughly degas the electrode surface 

during the CV cycle. The rotating speed of the RDE was fixed at 1600 revolutions per minute (rpm). 

The electrochemically active surface area (ECSA) was estimated by performing CV cycles in a non-faradaic 

region over an interval of 100 mV at 9 scan rates: 10, 25, 50, 75, 100, 150, 200, 300 and 400 mV s-1. The 

charging current, ic, is related to the scan rate, θ, following the equation: 

ic = Cdl × θ 

The ECSA is proportional to the double layer capacitance, Cdl, by Cs
-1, in which Cs is the specific capacitance 

of the sample. 

ECSA = Cdl × Cs
-1 

The typical value of Cs of a metal electrode in NaOH is reported to be 0.040 mF cm-2[1,18]. The unit of ECSA 

is cm2. 

 

2.4 Materials characterization 

Scanning electron microscopy (SEM) images and corresponding energy dispersive X-ray spectroscopy 

(EDX) elemental mapping were acquired on a ThermoFisher Teneo FE-SEM. High-resolution transmission 

electron microscopy (HR-TEM) images, high angle annular dark field (HAADF) images and the 

corresponding EDX maps were obtained with a ThermoFisher Tecnai Osiris 200kV TEM. Selected area 

electron diffraction (SAED) analyses were performed on a JEOL 2200FS 200 kV TEM. Electron energy-

loss spectroscopy (EELS) characterizations were performed on Titan Themis TEM (ThermoFisher 

Scientific, USA) equipped with post column GIF Quantum ERS EELS spectrometer (Gatan, USA). The 
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microscopy conditions for EELS acquisition were 300 kV, with a probe current 0.07 nA, under scanning 

TEM mode. The convergent and collection angles for EELS acquisition were 20 mrad and 19.8 mrad, 

respectively. Energy resolution of the EELS data is determined by full width half maximum of the zero-loss 

peak with the value 1.1 eV using the dispersion condition 0.1 eVch-1. Spectrum-Imaging (SI) was applied 

with the pixel time set at 0.1s. DualEELS were performed for all the EELS acquisitions. Both low-loss and 

core-loss range were acquired to align zero-loss peak position in the SI datasets and deconvolve plural 

scattering in the core-loss spectra using Gatan Microscopy Suite (GMS).  

X-ray diffraction (XRD) spectra were acquired with a Bruker D8 Advance system using Cu Kα (λ = 1.54 

Å) radiation. Inductively coupled plasma optical emission spectrometry (ICP-OES) was performed with an 

Agilent 5110 instrument.  

X-ray photoelectron spectroscopy was performed in an ultrahigh vacuum (UHV) spectrometer equipped 

with a VSW Class WA hemispherical electron analyzer. A Mg Kα X-ray source (1253.6 eV) was used as 

incident radiation beam. The high-resolution spectroscopy was conducted with a constant pass energy of 

22eV, while survey scan was collected with a pass energy of 90eV. The deconvolution of Co 2p and Fe 2p 

spectra was completed with CasaXPS software, while the attribution of binding energy to a specific metal 

phase was based on previous literatures[19–21].  

Operando Raman spectroscopy was performed with our home-built Raman cell, also composed of three 

conventional electrodes. A glassy carbon plate was used as the working electrode for the electrochemical 

measurements. An immersion objective (Leica, 63x) was used to send an incident beam and collect the 

scattered beam. Acquisition for low wavenumbers from 300 to 1200 cm-1 used a blue light with a wavelength 

of 457 nm, and that for high wavenumbers between 3000 and 4000 cm-1 used a red light of 633 nm. A 

constant potential between 1.1 and 1.7 V vs RHE was applied and held for 2 minutes before launching the 

Raman acquisition.   

Operando electrochemical quartz-crystal microbalance (EQCM) measurements were performed with 

QCM922A (Seiko EG&G). Toray carbon paper was ground and mixed with isopropanol and Nafion, then 

drop-cast onto a Pt-quartz electrode. Ag/AgCl and Pt wire were used as the reference and counter electrodes, 

respectively. The standard resonance frequency of the Pt-quartz oscillator is 8.99 ± 0.03 MHz. 
 

3 Results & Discussion 

3.1 In situ synthesis of CoFe-based catalysts on carbon electrode and their characterization 

The in situ synthesis of the CoFe-based catalysts, schematically demonstrated in Figure 3.1a, was performed 

in a RDE system. Co-Fe catalysts were precipitated on carbon electrodes by performing cyclic voltammetry 

(CV) in an alkaline solution of 1M KOH with 0.5 mM Co(NO3)2.6H2O and 0.2 mM Fe(NO3)3.9H2O (labeled 

as KOH-CoFe). The electrochemical cycling was done between 1.0 and 1.7 V vs RHE at a scan rate of 10 

mV s-1 for 10 cycles, where an increase in OER current density was observed from the 1st to the 10th cycle 

(Figure 3.1b). Compared to the fresh glassy carbon (GC) electrode, deposition of Co-Fe catalyst was clearly 

observed after 10 CV cycles as shown in the photographs of the electrodes in Figure 3.1b. We note that 
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similar catalyst deposition could be performed on various carbon paper supports (Figure S3.1). The surface 

of the carbon paper during the deposition process was investigated using SEM imaging. From a bare surface 

at open circuit potential (OCP, shown in Figure S3.2), spherical Co-Fe nanoparticles were formed after the 

first cycle (Figure 3.1c). The average size of these spherical catalysts was measured and found to be 

approximately 40 nm (Figures S3.3 and S3.4). From the 3rd to the 10th cycle, the newly-formed Co-Fe 

particles increased both in size and population, as also demonstrated by the size distribution analysis in 

Figures S3.3-S3.4. After 10 cycles, the carbon surface was almost fully covered by these Co-Fe particles 

(Figure 3.1c). Control experiments showed that Co-Fe catalysts with similar morphology were also 

deposited by applying a constant current density (chronopotentiometry (CP) at a current of 20 mA cm-2) as 

shown in Figure S3.5, indicating that the in situ synthesis is an anodic deposition process. Unlike other 

transition metals such as Cu, Fe, Ag and Ni, which do not show deposition upon application of anodic 

potential and consequently do not exhibit enhanced OER activity (Figure S3.6), the Co-based catalyst was 

the only one showing notable OER activity. When synthesizing by cycling the Co-catalyst alongside with 

other transition metals in KOH-CoCu, KOH-CoAg, KOH-CoNi and KOH CoFe, we observed a decrease in 

overpotential at 10 mA cm-2 and a change in Tafel slope only when using KOH-CoFe (Figure 3.1 and Figure 

S3.7). Additionally, no enhanced OER activity was observed when the GC electrode was cycled in KOH-

NiFe, under similar experimental conditions as KOH-CoFe (Figure S3.8). This suggests that the CoFe-

catalyst, deposited in situ, shows excellent OER activity, and is particularly interesting for understanding 

the effects of Fe incorporation in this structure. 

We further investigated the influence of pH on in situ synthesis of the CoFe-based catalysts through CP 

activation in acidic and neutral environments. A constant current density of 20 mA cm-2 was first applied 

for 600 seconds on the GC electrode in KNO3-CoFe, followed by 10 CV cycles in 1M Fe-free KOH. No 

activity enhancement was observed for the neutral solution (Figure S3.9a). Correspondingly, no particle 

deposition (or other change) was noticed on the carbon surface after the activation in neutral medium, except 

for the residual salt (Figure S3.9b). An activation process in 1 M HNO3, similarly, did not modify the OER 

activity of the GC electrode (Figure S3.10), demonstrating that the deposition occurs only in alkaline 

solution. 

The chemical composition and elemental distribution of the Co-Fe catalysts obtained from the deposited 

layer on carbon paper were further investigated using STEM-EDX. Within a single Co-Fe catalyst particle, 

as shown in the HAADF-STEM image in Figure 3.1d, the EDX elemental maps reveal a homogeneous 

distribution of Co and Fe. STEM-EDX quantification indicates an overall 29 at% of Fe in the Co-Fe catalyst 

particle. We also note that the content of Fe in the Co-Fe catalyst particles can be adjusted by changing the 

concentration of Fe3+ in the electrolyte (Figure S3.11). The X-ray diffraction (XRD) analysis of the Co-Fe 

catalyst did not exhibit any characteristic peaks corresponding to Co or Fe-based phases. Instead, only 

graphite-related features were observed, which can be attributed to the significant thickness of the carbon 

support material (Figure S3.12). As a result, the crystal structure of the Co-Fe catalyst was examined by 

analyzing the micro-diffraction pattern obtained through electron diffraction in TEM. Figure 3.1e depicts a 

high resolution bright-field TEM image of the Co-Fe catalyst after 10 CVs. The corresponding fast Fourier 

transform (FFT) pattern of Co-Fe catalysts shows features of polycrystalline phases CoO and Co3O4 (Figure 
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3.1e), and no additional peaks associated with Fe-rich phase are detected. Rotational average intensity of 

the selected area electron diffraction (SAED) pattern shows that the Co-Fe catalysts are predominantly 

composed of polycrystalline CoO, Co3O4 and amorphous CoFeOx (Figure S3.13). We note that the peak 

corresponding to Co3O4 at 2.15 nm-1 was insignificant in the SAED patterns of the in situ Co-Fe catalyst but 

clearly observable in those of the Co catalyst (Figure S3.14), suggesting a weaker presence of Co3+ in the 

Co-Fe structure.  

Moreover, XPS spectra indicate that Co in the Co-Fe catalyst is predominantly in a mixed oxidation state of 

Co2+ and Co3+, with Co2+ being the major component[19,20], while Fe is in the Fe3+ oxidation state[21] (Figure 

3.1f). Co L3,2 edge EEL spectra of the in situ Co-Fe catalysts are shown in Figure 3.1g. The Co L3,2 peak 

position matches the EELS of CoO (II) reference, indicating that the valence of Co is predominantly +2 in 

the Co-Fe-based catalyst. The contribution of the +3 oxidation state with respect to the LiCoO2 (III) 

reference was almost unnoticeable for the Co-Fe catalyst in the EEL spectrum. To conclude, the in situ Co-

Fe catalyst is composed of amorphous CoFeOx and polycrystalline CoO and Co3O4 with mixed Co oxidation 

states (predominantly +2). 
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Figure 3.1. a, Schematic of rotating disk electrode (RDE) setup. b, Evolution of the polarization curves of glassy 

carbon electrode during 10 CV cycles in KOH-CoFe. The scan rate is 10 mV s-1 and the iR was corrected at 85 %. c, 

SEM images of the carbon paper at OCP, and after 1, 3, 10 cycles of CV in KOH-CoFe. Scale bar: 500 nm. d, HAADF-

STEM image of in situ Co-Fe catalyst (after 10 CVs) and the corresponding elemental maps of Co and Fe. Scale bar: 

50 nm e, BF-HRTEM image of the in situ Co-Fe catalyst (after 10 CVs), scale bar: 5 nm. Inset: corresponding FFT 

pattern, scale bar: 5 nm-1. Right: corresponding rotational average intensity. f, XPS spectra for Co 2p and Fe 2p of in 

situ Co-Fe after 100 CVs (extended cycling is needed to collect sufficient signal from the catalyst layer). g, EEL spectra 

for Co L3,2 and Fe L3,2 of the in situ Co-Fe after 10 CVs. The spectra of CoO (II) and LiCoO2 (III) references are also 

shown. 

 

3.2 Identifying the structural phase of Fe in the Co-Fe catalyst 

To better understand the structural form of Co and Fe in the Co-Fe catalyst, we performed identical in situ 

synthesis separately in 1 M KOH + Co2+ (denoted as KOH-Co), or in 1 M KOH + Fe3+ (denoted as KOH-

Fe) on GC electrodes. Interestingly, only the GC electrode cycled in KOH-Co showed an enhancement of 

OER current after 10 CV cycles (Figure 3.2a). The GC electrode cycled in KOH-Fe showed no activity 
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enhancement compared to that cycled in Fe-free KOH. SEM images of the GC electrode showed that there 

was anodic deposition of Co particles after cycling in KOH-Co electrolyte (Figure S3.15a), while no 

deposition occurred in KOH-Fe electrolyte (Figure S3.15b). These results reveal that the anodic deposition 

takes place only with the presence of Co2+ in the electrolyte, and there is no deposited Fe-based phase in 

Fe3+-containing electrolyte. It suggests that the in situ Co-Fe catalyst has a Co host-structure, and Fe3+ 

incorporation occurs solely after the anodic deposition of Co host-phase.  

To this point, the route by which Fe is doped into the host-structure remains unclear, whether it forms a 

separate second phase on the deposited scaffold or exists as a solid solution. Additionally, the specific 

location of Fe within the host-structure is yet to be determined. With electrochemical QCM, we first 

evaluated the change in mass of the GC electrode by CV in KOH-Co and KOH-Fe electrolytes, in sequence. 

When a current density of 25 mA cm-2 was applied to the carbon electrode in KOH-Co, we observed a gain 

in mass of the electrode corresponding to the anodic deposition of Co (Figure 3.2b). The potential recorded 

was 1.59 V vs RHE in KOH-Co. The electrode was then immersed in KOH-Fe and the same geometric 

current density was applied. In KOH-Fe, the recorded potential dropped from 1.59 V vs RHE in KOH-Co 

to 1.50 V vs RHE in KOH-Fe, confirming again the positive effect of Fe incorporation in enhancing OER 

activity of Co catalyst. Interestingly, there was no change in the mass of the deposited Co catalyst, indicating 

that no additional anodic deposition or insertion of an Fe-based phase onto the Co-host structure occurred 

during cycling in KOH-Fe. The experimental design, along with the electrochemical quartz crystal 

microbalance (QCM), suggests that Fe is incorporated into the Co host-structure by replacing Fe at specific 

Co sites. Furthermore, the concentrations of Co2+ in the KOH-Fe solution were measured after performing 

cyclic voltammetry (CV) or anodic constant potential (CP) experiments (Table S3.2). Following 10 CV 

cycles of the in situ Co in KOH-Fe, the Co2+ concentration in the KOH-Fe electrolyte rose from 15 ppb to 

65 ppb, demonstrating that Co is being released from the deposited catalyst into the solution. Similarly, after 

subjecting the in situ Co catalyst in KOH-Fe to 30 minutes of CP at 25 mA cm-2, we observed an increase 

in the Co2+ concentration in the KOH-Fe electrolyte from 20 to 50 ppb. The change in Co2+ concentration 

in KOH-Fe following CV and anodic constant potential CP can be attributed to the leaching of Co from the 

deposited Co-catalyst. These results provide additional evidence supporting the hypothesis of Fe-to-Co 

exchange. 

Additionally, we compared the structure of Co and Co-Fe particles to further understand the specific location 

of Fe in the Co-Fe catalysts. The FFT pattern shows that the reflections of Co catalysts are similar to the 

ones in the Co-Fe catalysts (Figure S3.14) with mixed Co oxide phases that include amorphous CoOx and 

crystalline phases of rock salt CoO and spinel Co3O4. Bright-field TEM images show that both catalysts 

exhibit spherical morphology (Figure 3.2c). HR-TEM images and the corresponding FFT patterns of the 

catalysts are shown in Figure S3.16. The crystal structure of Co-Fe catalysts resembles that of the Co-

catalysts, as suggested by the reflections in the FFT patterns occurring at similar spatial frequency (Figure 

3.2d). However, when overlapping the rotational average intensity of the two FFT patterns, we observed a 

slight shift of every peak to smaller Q-value, indicating a larger lattice parameter of approximately 3% in 

the case of Co-Fe (Table S3.3). The alteration in the lattice constant suggests the formation of a uniform 

solid solution consisting of Fe incorporated within the deposited Co-catalysts. Additionally, at a particle 
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level, we observed that the average size of Co-Fe spheres was larger than that of Co spheres following an 

equivalent number of cycles (Figures S3.3-3.4,3.17-3.18). This observation aligns with the prior discovery 

made through operando AFM, which revealed a significant increase in particle height with the incorporation 

of Fe[15]. Deconvolution of XPS spectra reveals that the ratios of Co2+ to Co3+ in in situ Co and Co-Fe 

catalysts are 4.83 and 8.62 respectively, meaning that there is less Co3+ in the Co-Fe catalyst (Figure 3.2e). 

This indicates that Fe3+ replaces Co3+ in the mixed oxide structure, therefore lowering the numbers of Co3+ 

site. No shift in the main peaks of Co 2p was observed, suggesting that no change in coordination of Co 

sites takes place upon addition of Fe. In the EEL spectra, despite the +2 oxidation state in both catalysts, the 

Co L3,2 fine structure of Co-Fe particles differs slightly from pure Co particles, as shown in Figure 3.2f. This 

is attributed to the modification of the electronic structure due to Fe incorporation in the cobalt host structure.  

 

Figure 3.2. Comparison of in situ Co and Co-Fe catalysts. a, CV curves of the in situ CoFe, in situ Co catalysts, and 

glassy carbon cycled in KOH-Fe. The 10th cycle is plotted, with 85 % of iR correction. The scan rate is 10 mV s-1. b, 

Mass gain recorded during anodic polarization of carbon electrode in KOH-CO, at a current density of 25 mA cm-2. 

After that, no change in mass was observed during anodic polarization of the electrodeposited Co in KOH-Fe, at a 

current density of 25 mA cm-2. c, TEM images of in situ Co and in situ Co-Fe catalyst formed after 10 CVs in KOH-

Co and KOH-CoFe respectively. Scale bar 20 nm. d, Integrated intensity of the FFT pattern of in situ Co and in situ 

Co-Fe after 10 CVs (corresponding HR-TEM images in Figure S3.14). e, XPS spectra for Co 2p of in situ Co-Fe and 

in situ Co catalysts formed after 100 CVs (extended cycling is needed to collect sufficient signal from the catalyst 

layer), with the corresponding peak deconvolution to Co2+ and Co3+. f, EEL spectra for Co L3,2 of the in situ Co and 

Co-Fe catalysts after10 CVs. The spectra of CoO (II) and LiCoO2 (III) references are also shown. 
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3.3 OER activity and stability of Co-Fe catalysts 

Next, the OER activity of the in situ Co-Fe catalyst was evaluated (Figure 3.3a). The in situ synthesis was 

considered to be complete after 10 CV cycles, with full coverage of the carbon surface by the deposited Co-

Fe catalyst (Figure 3.1c). The bare GC cycled in Fe-free KOH showed that it was inactive for OER with 

only 0.23 mA cm-2 at 1.7 V vs RHE. Compared to the bare carbon surface, the in situ Co-Fe catalyst showed 

an overpotential at 10 mA cm-2 of 319 mV. Correspondingly, the Tafel slope dropped from 306 mV dec-1 

for bare carbon to 28.3 mV dec-1 for the Co-Fe catalyst. The values were averaged from 10 sets of 

measurements, as summarized in Table S3.4. A variation range of ±10% for both the overpotential at 10 

mA cm-2 and the Tafel slope emphasizes the high repeatability of our in situ synthesis method. The evolution 

of the OER activity of the in situ Co-Fe catalyst over 50 CV cycles at a scan rate of 10 mV s-1 is shown in 

Figures S3.19 and S3.20. The two kinetic parameters reached their stable value range after only 10 cycles, 

and they remained relatively stable from 10 cycles onwards: between 315 and 328 mV for the overpotential 

at 10 mA cm-2 and between 28 and 32 mV dec-1 for the Tafel slope. Therefore, we emphasize the rapidity 

and practicality of the proposed in situ synthesis method to produce an OER-active catalyst. 

The ECSA measurements of the in situ Co-Fe catalyst were performed after 10 CV cycles. The cycles at 

different scan rates in the non-faradaic region showed that the double layer capacitance rose from 0.011 to 

0.269 mF, corresponding to an increase of ECSA from 0.28 to 6.7 cm2 after only 10 CVs in KOH-CoFe, as 

shown in Figure 3.3b. To further evaluate the influence of Fe/Co ratio on the OER activity, we gradually 

increased the concentration of Fe3+ and fixed the concentration of Co2+ at 0.5 mM (Figure S3.21). The 

content of Fe quantified by EDX represented as a function of the concentration of Fe3+ precursor followed 

a linear relationship with a slope of 1.03 (Figure S3.11). This demonstrated that, with our in situ synthesis 

method, the content of Fe can be easily tuned by adjusting the ratio of Co2+ to Fe3+ in the KOH-CoFe solution. 

Figure 3.3c showed that both the overpotential at 10 mA cm-2 and the Tafel slope changed depending on the 

amount of Fe in the in situ synthesized Co-Fe catalyst. The two parameters followed an inversed volcano 

shape where the lowest values were obtained at an Fe3+ concentration of 0.2 mM, corresponding to 

approximately 28.6 at% in the CoFe mixture (a trend obtained from 2 sets of measurements, Figure S3.22). 

This reverse volcano shape is very similar to previous findings for Ni-Fe bimetallic catalysts, in which the 

Ni-Fe film was prepared by cathodic electrodeposition in a mixed salt bath[7,22].  

The stability of the in situ Co-Fe catalyst was also evaluated in the same electrolyte where in situ synthesis 

occurs. The in situ Co-Fe catalyst was first formed with 10 CV cycles in KOH-CoFe with a scan rate of 10 

mA s-1, then underwent an accelerated stability test at a scan rate of 400 mA s-1. After 2000 accelerated CV 

cycles, the change of overpotential at 10 mA cm-2 was only 3 mV, from 313 to 310 mV, and the Tafel slope 

showed an increase 0.1 mV dec-1 (Figure 3.3d). Even though the CV curve remains stable after 2000 

accelerated cycles, we observed a change in size and distribution of the catalyst. Both the average size and 

the size distribution increased with the number of cycles, indicating a continuous nucleation of new particles, 

in parallel with the growth of the previously formed particles (Figures S3.3-3.4). The ECSA, on the other 

hand, primarily undergoes changes between the 1st and 10th cycle, with negligible evolution observed 

within the stability test range from the 10th to the 2000th cycle (Figure S3.23). The marginal 3 mV decrease 

of the overpotential agrees with the slight increase in ECSA between the 10th and 2000th cycle, which 
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enhances the overall OER activity. In summary, the stability in OER activity can be assigned to the full 

geometrical coverage and the dynamic nucleation and growth of the in situ Co-Fe catalyst.  

 

Figure 3.3. Activity for OER of the in situ synthesized Co- and CoFe-based catalysts. a, Cyclic voltammetry (CV) 

curves of glassy carbon (GC) in Fe-free KOH and in KOH-CoFe after 10 cycles. Inset: Tafel slopes. The scan range 

of the CVs were 1.0 to 1.7 V vs RHE and the scan rate was 10 mV s-1. The CV curves and Tafel slopes were averaged 

over 10 individual measurements (Table S3.2). All the CV curves were corrected with 85% of iR-drop. b, 

Electrochemically Active Surface Are (ECSA) of the glassy carbon, in situ Co-Fe catalyst, acquired after 10 CVs in 

the electrolyte for synthesis. c, Overpotential at 10 mA cm-2 and Tafel slope as a function of the Fe3+ concentration in 

the electrolyte (mM), obtained from 2 sets of measurements. d, Activity for OER before and after 2000 accelerated 

CVs in KOH-CoFe at 400 mV s-1 scan rate. The curve was plotted with CV measurements (10 CVs at 10 mA cm-2) 

before and after the accelerated stability test.  
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Similar measurements were performed on the in situ Co catalyst to evaluate its electrochemical performance 

for OER. We noticed an anodic shift of the Co2+/Co3+ redox peak of Co catalyst induced by doped-Fe (Figure 

S3.24), which was previously assigned to the strong electronic interaction between Co and Fe[8]. The 

overpotential at 10 mA cm-2, Tafel slope, ECSA and stability of the in situ Co catalyst are presented in Table 

S3.5 and Figures S3.25-3.29. The Co catalyst exhibits an overpotential at 10 mA cm-2 of 395 mV and a Tafel 

slope of 51.4 mV dec-1, with a stability up to 2000 CV cycles. Its ECSA was 16-fold higher than bare glassy 

carbon yet only half that of the Co-Fe catalyst. The OER activity of the Co catalyst synthesized by our in 

situ method was among the best of Co-based compounds[6,14,31,23–30], as presented in Figure S3.30 and Table 

S3.6. 

 

3.4 Operando characterization of Co-Fe catalyst at anodic polarization 

Operando Raman measurements were performed to track the evolution of the surface structure of in situ Co-

Fe and Co catalysts, at different applied potentials from 1.1 to 1.7 V vs RHE. In the in situ Co catalyst 

(Figure S3.31), we observed peaks at 503 and 686 cm-1 which have been previously reported to be 

characteristic for the Eg and A1g vibrational modes of CoOOH[11,23,32,33] (reference for peak positions 

summarized in Table S3.7). The small peak at 487 cm-1 is assigned to the glassy carbon surface, as observed 

in the Raman spectrum of the bare glassy carbon (Figure S3.32). For the in situ Co-Fe catalyst (Figure 3.4a), 

the similar phase of Co(Fe)OOH was observed in the entire range of applied potential, with the main peak 

at 503 cm-1 red-shifted to 497 cm-1 (Figure 3.4a). We also noticed a broad shoulder ranging from 600 to 700 

cm-1 in the Co-Fe catalyst, instead of a sharp and intense peak at 686.5 cm-1 as observed in pure Co catalyst. 

The presence of this shoulder and the red shift of the main peak might be induced from a change in electronic 

structure due to the replacement of doped Fe3+ at Co3+sites[34]. Starting from 1.4 and 1.6 V vs RHE for Co-

Fe and Co catalysts, respectively, new peaks at 465 and 580 cm-1 were observed. Previous studies have 

assigned these peaks to the Eg and A1g vibrational modes of the OER-active phase CoO2, prior to OER, 

which was formed after the redox reaction from Co3+ to Co4+, as summarized in Table S3.7[23,33,35,36]. In order 

to understand the phase transition from CoOOH to the OER-active phase CoO2 , we deconvoluted the Raman 

spectra (Figure 3.4a,b for Co-Fe and Co catalysts) and plotted the ratio between their areas in Figure 3.4c. 

For the in situ Co catalyst, CoOOH is the only surface species from 1.1 to 1.5 V vs RHE, and the phase 

transition occurs only after 1.5 V vs RHE. In Co-Fe catalyst, the OER-active phase CoO2 appeared at 1.4 V 

vs RHE, and the area ratio between OER-active phase CoO2 and CoOOH increased from 1.4 to 1.7 V vs 

RHE, indicating that CoOOH is gradually replaced by the OER-active phase CoO2.  This phase transition 

from CoOOH to OER-active phase CoO2 was also observed with electrochemical QCM. During the forward 

scan from 1.4 to 1.7 V vs RHE, we observed a decrease in mass of the Co-Fe catalyst which corresponds to 

a phase transition, as shown in Figure 3.4d. The change in mass was reversible when the potential was 

scanned backwards from 1.7 to 1.4 V vs RHE. This transition was observed only between 1.55 and 1.7 V 

vs RHE in in situ Co catalyst (Figure S3.33). At the potential range where the OER-active phase CoO2 was 

present, we also observed an increase in noise, which can be attributed to the generation of oxygen bubbles 

on the surface. The potential of transition from CoOOH to OER-active phase CoO2 identified by EQCM 

match those determined by operando Raman spectroscopy (red for CoOOH and green for OER-active phase 
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CoO2 in Figure 3.4d). Therefore, operando Raman spectroscopy and electrochemical QCM demonstrated 

that the formation of OER-active phase CoO2 takes place at 1.4 V vs RHE in Co-Fe catalyst and at 1.6 V vs 

RHE in Co catalyst. 

 

Figure 3.4. Tracking the catalyst evolution during OER. a, Operando Raman measurements acquired on in situ Co-Fe 

catalysts at different applied potential and the corresponding spectra deconvolution from 410 to 530 cm-1. Each 

spectrum was acquired 60s after the application of the potential. b, Operando Raman spectra of in situ Co catalyst and 

its deconvolution. c, Ratio of the area of OER-active phase CoO2 to that of CoOOH for in situ Co-Fe and Co, 

determined with Raman spectra deconvolution. d, Change in mass of in situ Co-Fe catalyst over 5 CVs. The drop of 

mass occurred when the potential went up from 1.4 to 1.7 then down to 1.4 vs RHE. The red and green colors 

correspond to the phases plotted in (a). 

 

With Raman spectroscopy, we further investigated the hydroxyl stretching mode located between 3000 and 

4000 cm-1 for in situ Co-Fe and Co catalysts (Figures S3.34 and S3.35). The broad peak between 3100 and 

3700 cm-1 was deconvoluted to three peaks. The first two peaks at low Raman shift were assigned to the 

two stretching vibrational modes of the OH band[37], and the third peak at the highest shift to the M-OH 

bond[38,39]. We observed a blue shift in the M-OH peak of Co-Fe compared to the pure Co catalyst at all 

applied potentials, indicating that the M-OH bond is stronger in Co-Fe than Co (Figure S3.36). According 

to the volcano plot of the intrinsic activity as a function of M-OH bond strength proposed by Morales-Guio 
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et al., the CoOx is on the left branch while the FeOx is on the right branch[40]. For OER, since OH- adsorption 

is necessary in each single step, it must bind sufficiently strong to the metal to reach low overpotential[41]. 

However, when the OH- adsorption is too strong, the oxygenated species cannot be desorbed from the 

surface, leading to high overpotential[42]. Thus, an intermediate M-OH bond strength is optimal for OER 

catalytic activity. In our in situ Co-Fe catalyst, the substitution of Fe3+ at Co3+ site helps increase the OH- 

adsorption strength of Co, bringing the M-OH bond strength closer to the optimal value corresponding to 

the top of the volcano plot.  

 

3.5 Incorporation mechanism and role of Fe in in situ Co-Fe catalyst 

Based on the observations discussed in Section 3.2, it can be inferred that Fe3+ ions replace Co3+ ions within 

the Co-rich lattice, indicating a homogeneous Fe doping through Fe-to-Co exchange rather than the 

formation of a separate phase. Therefore, the in situ synthesized Co-Fe catalyst can be defined as a Co-based 

structure that is uniformly doped with Fe through Fe-to-Co exchange. The catalyst retains the primary 

characteristics of anodically deposited Co oxides, with a slightly enlarged lattice plane due to the 

incorporation of Fe. 

By examining the electrochemical characteristics of the Co and Co-Fe catalyst, it it possible to predict the 

specific placement of Fe within the Co-host structure. Previous studies of Fe-spiked NiOOH have shown 

that the incorporation of Fe at the edge of the NiOOH sheet was reflected in an increase in activity without 

any change in the redox properties of the host phase. Upon cycling, the anodic shift in the redox peak 

suggests a gradual incorporation of Fe from the edge or defect sites into the bulk structure[13]. During the 

cycling process in KOH-Co, we observed a gradual improvement in OER activity (Figure 3.5a), which can 

be attributed to the anodic deposition of the Co-catalyst. At the same time, the area underneath the redox 

peak at -185 mV, corresponding to the Co2+/3+ redox wave[16], also increased, indicating a higher amount of 

deposited Co-catalyst (Figure S3.37). The position of this peak remained unchanged throughout the process. 

Subsequently, when the deposited Co-catalyst (10 CVs anodic deposition) was cycled in KOH-Fe, we 

noticed an increase in activity and an anodic shift of the redox peak by 25 mV, occurring spontaneously 

after the first cycle. This observation suggests an immediate incorporation of Fe into the bulk of the Co-host 

structure rather than at the edges. Throughout 10 CVs in KOH-Fe, both the OER activity (Figure 3.5a) and 

the redox peak (Figure S3.37) remained unchanged, indicating that the Fe remained stable within the bulk 

structure and there was no gradual evolution in its specific location during cycling. Based on the above 

discussion, we conclude that the in situ synthesis of the Co-Fe catalyst from an alkaline electrolyte 

containing Co2+ and Fe3+ ions involves a continuous process of Co deposition and Fe substitution onto the 

bulk Co host-structure. During the 1st cycle, Co2+ is anodically deposited onto the carbon support to form a 

Co oxide host structure. This deposited structure is composed of amorphous CoOx, with crystalline 

nanoparticles of Co3O4 and CoO. After this 1st cycle, Fe3+ in the electrolyte is incorporated into the bulk 

structure of deposited Co oxides via substitution into a solid solution where Co3+ sites in the Co oxides host-

structure are replaced by Fe3+. With increased number of CV cycles, Co2+ continues to deposit, resulting in 

nucleation of new Co oxide nanoparticles on available carbon surface and growth in size of previously 
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formed Co mixed-oxide nanoparticles. Simultaneously, Fe3+ keeps substituting Co3+ in the deposited Co-

based host-structure to form the final structure of Co-Fe catalyst with uniform Fe distribution in the Co host-

structure with larger lattice spacing (Figure 3.5a). 

The resulting in situ Co-Fe catalyst is highly active for OER due to an increase in both intrinsic and extrinsic 

activities. The enhanced extrinsic activity can be assigned to the increased ECSA of the in situ Co-Fe catalyst, 

compared to that of in situ Co catalyst. With the presence of doped-Fe in the Co-based structure, the ECSA 

was boosted by a factor of two (Figure S3.28). The enhanced intrinsic activity with Fe-doping is revealed 

by the lower Tafel slope of Co-Fe catalyst in ECSA-normalized current density (Figure S3.38). Indeed, 

operando Raman spectra and QCM data support the fact that incorporation of Fe3+ in the mixed Co oxides 

reduces the formation potential for OER-active phase CoO2 (Figure 3.5a), resulting to an enhancement of 

the intrinsic activity of the Co-Fe catalyst.  

Figure 3.5b presents the overpotential at 10 mA cm-2 and the Tafel of previously reported CoFe-based 

compounds and our in situ Co-Fe catalyst[5,6,44–50,8,14,24,25,27,28,30,43].The in situ catalyst synthesized herein 

outperforms a wide range of other CoFe-based catalysts and was among the best with other Co-Fe oxy-

hydroxides. Thus, with a simple method of adding Co2+ and Fe3+ into the electrolyte, we directly synthesized 

an in situ Fe-doped Co-based catalyst on glassy carbon RDE, with high intrinsic catalytic performance and 

high active surface area.  

 

Figure 3.5. a, Schematic of the proposed Fe3+substituted on Co3+ site for enhanced OER activity in in situ Co-Fe 

catalyst. b, Activity for OER of the in situ Co-Fe catalyst compared with other reported CoFe-based catalyst. The 

details of the catalysts and electrolyte are summarized in Table S3.8. 

4 Conclusions 

In conclusion, we have demonstrated the mechanism of Fe incorporation onto a Co host-structure via the in 

situ synthesis of a highly active Fe-doped Co-based catalyst for OER. The in situ Co-Fe catalyst comprises 

of a Fe solid solution phase within a Co host-phase that is formed via anodic electrodeposition of Co2+ from 

the electrolyte. The Co base phase is composed of crystalline Co3O4, crystalline CoO and amorphous CoOx, 

and exhibited an overpotential at 10 mA cm-2 of 395 mV and a Tafel slope of 54.1 mV dec-1. Our 
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investigation reveals that the incorporation of Fe into the host structure occurred through the substitution of 

Fe3+ ions at Co3+ sites within the mixed Co oxides. This conclusion is supported by our analysis of the lattice 

structure and oxidation states of the Co-Fe catalyst, as well as by in situ electrochemical QCM measurements 

carried out using a specific experimental design. The Fe-doped Co catalyst further enhanced the activity for 

OER: the overpotential at 10 mA cm-2 and the Tafel slope were reduced to 319 mV and 28.3 mV dec-1, 

respectively. This is due to the strengthened metal-OH bond in the Co base phase and increased 

electrochemically active surface area resulting from the doped Fe. In addition to providing valuable insights 

into the mechanism and impact of Fe incorporation on enhancing the OER activity of Co-based catalysts, 

our research emphasizes the significance of in situ synthesis, which enables the characterization of the 

catalyst in its most natural state. This approach can be extended to other operando characterizations of Co-

Fe-based electrocatalysts, opening up possibilities for further exploration and understanding in this field.  
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5 Supporting Information 

 

Table S3.1. Fe concentration of the commercial and treated KOH, determined by ICP-OES at different wavelengths. 

 Fe 234.350 

nm (ppm) 

Fe 238.204 

nm (ppm) 

Fe 239.563 

nm (ppm) 

Fe 259.940 

nm (ppm) 

Average 

Commercial KOH 1 M 0.06 0.06 0.06 0.04 0.055 

Treated KOH 1 M 0.00 0.00 0.02 0.00 0.005 
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Figure S3.1. Geometrical current density as a function of overpotential of two carbon papers Toray and Sigracet 29 

AA activated in KOH-Co. 
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Figure S3.2. SEM image of the carbon paper after 10 CVs in Fe-free KOH. No deposited catalyst has been observed. 

Scale bar: 1 µm. 
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Figure S3.3. SEM images of the spherical particles formed on Toray carbon paper after different number of cycles in 

KOH-CoFe (from left to right): 1, 5, 10, 30, 50, 100, 300 and 3000 cycles. 
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Figure S3.4. Size distribution of the spherical particles formed on Toray carbon paper after different number of cycles 

in KOH-CoFe (from left to right): 1, 5, 10, 30, 50, 100, 300 and 3000 cycles.  
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Figure S3.5. Activity for OER of different CP activation of GC-RDE in KOH-Co and in KOH-CoFe a) Current density 

as a function of overpotential. Inset: Evolution of the potential as a function of time at 20 mA cm-2. b) corresponding 

Tafel slopes.  
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Figure S3.6. GC-RDE electrode cycled in different electrolytes: Fe-free KOH, KOH-Co, KOH-Cu, KOH-Fe, KOH-

Ag and KOH-Ni, at a scan rate of 10 mV s-1. a) Current density as a function of overpotential. b) Summary of the Tafel 

slopes. 
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Figure S3.7. Deposited Co-catalyst cycled in different electrolytes, at a scan rate of 10 mA s-1. a) KOH-CoCu, b) 

KOH-CoAg, c) KOH-CoNi. d) Summary of the Tafel slopes. 
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Figure S3.8. GC-RDE electrode cycled in KOH-NiFe, composed of Fe-free KOH + 0.5 mM Ni2+ + 0.2 mM Fe3+, 

under similar electrochemical conditions as KOH-CoFe. 
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Figure S3.9. Anodic CP activation of the GC-RDE in KNO3 1 M with the presence Co2+ and Fe 3+. a) Current density 

as a function of overpotential. b) SEM image of the Toray carbon paper after CP activation in neutral conditions. Scale 

bar: 1 µm. 
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Figure S3.10. Anodic CP activation of the GC-RDE in HNO3 1 M with the presence of Co2+ + Fe3+. 
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Figure S3.11. The correlation curve between the content of Fe in the catalyst determined by EDX and the concentration 

of Fe3+ in the ionic mixture. 
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Figure S3.12. XRD pattern of the dry Toray carbon paper and that activated in KOH-CoFe. 
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Figure S3.13. BF-TEM image, SAED patterns (scale bar: 5 nm-1) and the corresponding integrated intensity of in 

situ Co-Fe catalyst, acquired at two different regions.  
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Figure S3.14. BF-TEM image, SAED patterns and the corresponding integrated intensity of in situ Co catalyst, 

acquired at two different regions. 
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Figure S3.15. a) SEM image and the corresponding EDX of the in situ Co catalyst, formed after 10 CVs of Toray 

carbon paper in KOH-Co. b) SEM image of Toray carbon paper after 10 CVs in KOH-Fe. No deposition was observed. 
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Table S3.2. Concentration of Co in KOH-Co and subsequential KOH-Fe, determined with ICP-OES. The in situ Co 

catalyst was first deposited in KOH, by 10 CVs and by 30 minutes of CP at 25 mA cm-2. After deposition, the Co-

catalyst underwent similar CV and anodic CP tests in KOH-Fe. Upper line = initial concentration in Co, lower line = 

Co concentration after the electrochemical tests. 

Co concentration (ppm) 10 CVs CP 30 min at 25 mA cm-2 

Deposition in KOH-Co 
10.79476 12.61379 

6.109813 10.10931 

Subsequential cycling in 

KOH-Fe 

0.017138 0.019824 

0.064708 0.050088 
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Figure S3.16. HR-TEM images and the corresponding FFT of a) in situ Co catalyst. b) in situ Co-Fe catalyst.  
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Table S3.3. Q-value and corresponding lattice parameters of in situ Co and Co-Fe catalyst, extracted from integrated 

intensity of the FFT in Figure S3.16. In the last column: calculated expansion of the lattice parameter in Co-Fe with 

respect to that of Co catalyst.  

aCo (nm-1) aCo-Fe(nm-1) dCo(Å) dCo-Fe(Å) Expansion (%) 

2.148 2.089 4.656 4.786 2.805 

3.489 3.407 2.866 2.935 2.422 

4.096 3.964 2.442 2.523 3.330 

4.941 4.790 2.024 2.088 3.172 
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Figure S3.17. SEM images of the spherical particles formed on Toray carbon paper after different number of cycles 

in KOH-Co (from left to right): 1, 5, 10, 30, 50, 100, 300 and 3000 cycles.  

  



EPFL SB ISIC LMER 
Thi Ha My PHAM 
 

134 
 

Laboratory of Materials for Renewable Energy (LMER) 
Institute of Chemical Sciences and Engineering (ISIC) 
Basic Science Faculty (SB) 

 

Figure S3.18. Size distribution of the spherical particles formed on Toray carbon paper after different number of cycles 

in KOH-Co (from left to right): 1, 5, 10, 30, 50, 100, 300 and 3000 cycles.  
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Table S3.4. Summary of the overpotential at 10 mA cm-2 and the Tafel slope of 10 different samples, measured after 

10 CVs in KOH Co-Fe. 

 Overpotential at 10 mA cm-2 (mV) 
Tafel slope  

(mV dec-1) 

1 316 26.2 

2 319 26.72 

3 320 28.33 

4 322 28.4 

5 326 33.5 

6 319 27.5 

7 315.5 27.3 

8 322.6 28.46 

9 315.5 30.37 

10 318 25.3 

Average 319.4 ± 3.42 28.2 ± 2.33 
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Figure S3.19. Evolution of the CV scan at 10 mV s-1 over 50 cycles in KOH-CoFe. Each sub-figure presented a set of 

measurements. From left to right: current density as a function of overpotential, Tafel slope, overpotential at 10 mA 

cm-2 and Tafel slope over as a function of number of cycles. 

 

  



EPFL SB ISIC LMER 
Thi Ha My PHAM 
 

137 
 

Laboratory of Materials for Renewable Energy (LMER) 
Institute of Chemical Sciences and Engineering (ISIC) 
Basic Science Faculty (SB) 

 

Figure S3.20. Evolution of the overpotential at 10 mA cm-2 and the Tafel slope over 50 CVs in KOH-CoFe. The scan 

rate was 10 mV s-1. The error bar was averaged from 3 sets of measurements in Figure S3.19. 
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Figure S3.21. Activity for OER at different concentration of Co2+ in the solution a) Current density as a function of 

overpotential. b) Tafel slope. c) Summary of the overpotential at 10 mA cm-2 and the Tafel slope with respect to the 

concentration of Co2+.   
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Figure S3.22. Evolution of the CV scan at 10 mV s-1 for various concentration of Fe3+ in the electrolyte, with a fixed 

concentration of Co2+ of 0.5 mM. Each sub-figure presented a set of measurements. From top to bottom: current density 

as a function of overpotential, Tafel slope, overpotential at 10 mA cm-2 and Tafel slope over, as a function Fe3+ 

concentration. 
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Figure S3.23. Evolution of the Cdl with respect to the number of cycles in KOH-CoFe. The Cdl was evaluated after 1, 

3, 5, 10, 50, 300 and 2000 cycles.    
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Figure S3.24. CV curves of in situ Co and in situ Co-Fe in the potential range prior to OER.  
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Table S3.5. Summary of the overpotential at 10 mA cm-2 and the Tafel slope of 10 different samples, measured after 

10 CVs in KOH-Co. 

 

 

  

 Overpotential at 10 mA cm-2 (mV) Tafel slope (mV dec-1) 

1 389 51.4 

2 394 50.6 

3 412 56.3 

4 398 49.1 

5 401 50.7 

6 395 52.2 

7 389.4 49.6 

8 393 51.7 

9 392 51.6 

10 390 51.3 

Average 395 ± 6.99 51.5 ± 1.96 
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Figure S3.25. CV curves of GC-RDE in Fe-free KOH and in KOH-Co after 10 cycles. Inset: Tafel slopes. The scan 

range of the CVs were 1.0 to 1.7 V vs RHE and the scan rate was 10 mV s-1. The CV curves and Tafel slopes were 

averaged over 10 individual measurements (Table S3.5). All the CV curves were corrected with 85% of iR-drop. 
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Figure S3.26. Evolution of the CV scan at 10 mV s-1 over 50 cycles in KOH-Co. Each sub-figure presented a set of 

measurements. From left to right: current density as a function of overpotential, Tafel slope, overpotential at 10 mA 

cm-2 and Tafel slope over as a function of number of cycles. 
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Figure S3.27. Evolution of the overpotential at 10 mA cm-2 and the Tafel slope over 50 CVs in KOH-Co. The scan 

rate was 10 mV s-1. The error bar was averaged from 3 sets of measurements in Figure S3.26. 
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Figure S3.28. ECSA of the bare GC-RDE, in situ Co and Co-Fe catalysts, acquired after 10 CVs in their corresponding 

electrolyte for synthesis. 
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Figure S3.29. Activity for OER before and after 2000 accelerated CVs in KOH-Co at 400 mV s-1 scan rate. 

  



EPFL SB ISIC LMER 
Thi Ha My PHAM 
 

148 
 

Laboratory of Materials for Renewable Energy (LMER) 
Institute of Chemical Sciences and Engineering (ISIC) 
Basic Science Faculty (SB) 

Table S3.6. Summary of Tafel slope, overpotential at 10 mA cm-2 and concentration of KOH from a variety of Co-

based catalyst. 

Co-based catalysts 
Tafel slope 

(mV dec-1) 

Overpotential at 

10 mA cm-2 (mV) 
cKOH References 

In situ Co 51.4 397 1 M This work 

ED-CoOOH 60 430 0.1 M Ref [23] 

PCP-CoOOH 51 385 0.1 M Ref [24] 

Pristine Co3O4 54 398 1 M Ref [25] 

Co3O4/rmGO hybrid 68 320 1 M Ref [26] 

Co3O4/N-rmGO hybrid 67 310 1 M Ref [26] 

Co NPs 68.2 380 0.1 M Ref [27] 

CoOOH PNSAs/CFC 56.4 331 1 M Ref [28] 

c-Co3O4 53 440 1 M Ref [29] 

n-Co3O4 153 380 1 M Ref [29] 

Meso-Co3O4 78 411 1 M Ref [6] 

Co-Co-N-C 57 415 1 M Ref [30] 

Co-Co bulk LDH 59 393 1 M Ref [31] 

Co-Co exfoliated LDH 45 353 1 M Ref [31] 

Co-N-C precatalyst 72 495 1 M Ref [14] 
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Figure S3.30. Activity for OER of the in situ Co catalyst compared with other reported Co-based catalyst. The details 

of the catalysts and electrolyte are summarized in Table S3.6. 
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Figure S3.31. Operando Raman measurements acquired on GC plate in KOH-Co. 
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Table S3.7. Summary of the reported Raman peak positions for CoOOH and OER-active phase CoO2. 

References CoOOH (cm-1) CoO2 (cm-1) 

Mechanism of Oxygen Evolution Catalyzed by 

Cobalt Oxyhydroxide: Cobalt Superoxide Species 

as a Key Intermediate and Dioxygen Release as a 

Rate-Determining Step[23] 

500 474 (Eg), 581 (A1g) 

Electrochemical Construction of Low-Crystalline 

CoOOH Nanosheets with Short-Range Ordered 

Grains to Improve Oxygen Evolution Activity[32] 

502, 684  

Reversible Structural Evolution of NiCoOxHy 

during the Oxygen Evolution Reaction and 

Identification of the Catalytically Active Phase[35] 

 467 (Eg), 572 (A1g) 

Understanding the Roles of Electrogenerated Co3+ 

and Co4+ in Selectivity-Tuned 5-

Hydroxymethylfurfural Oxidation[33] 

503 (Eg) 474 (Eg), 560 (A1g) 

Raman Study of Layered Rock-Salt LiCoO2 and 

Its Electrochemical Lithium Deintercalation[36] 

 460 (Eg), 570 (A1g) 

(Li0.4CoO2) 

Enhanced Activity of Gold-Supported Cobalt 

Oxide for the Electrochemical Evolution of 

Oxygen[11] 

505, 565  
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Figure S3.32. Raman spectrum of bare GC plate surface. 
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Figure S3.33. Change in mass of in situ Co catalyst over 5 CVs. The drop of mass occurred when the potential went 

up from 1.55 to 1.7 then down to 1.55 vs RHE. 
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Figure S3.34. Operando Raman spectroscopy and the deconvoluted peaks of the GC plate activated in KOH-Co in the 

range of 3050 to 3750 cm-1. The applied potentials were from 1.3 to 1.6 V vs RHE. 
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Figure S3.35. Operando Raman spectroscopy and the deconvoluted peaks of the GC plate activated in KOH-CoFe in 

the range of 3050 to 3750 cm-1. The applied potentials were from 1.3 to 1.6 V vs RHE. 
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Figure S3.36. Position of the M-OH bond peak at different applied potentials for GC plate activated in KOH-Co and 

in KOH-CoFe. 
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Figure S3.37. CV curve of GC-RDE cycled in KOH-Co, and that of deposited Co cycled in KOH-Fe, in the potential 

range prior to OER. The 1st, 3rd, 5th and 10th CV curves were presented to follow to evolution of electrochemical profile 

upon cycling. 
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Figure S3.38. a) ECSA-normalized current density as a function of overpotential of in situ Co and Co-Fe catalysts. b) 

and the corresponding Tafel slopes. 
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Table S3.8. Summary of Tafel slope, overpotential at 10 mA cm-2 and concentration of KOH from a variety of Co-Fe-

based catalyst, IrO2 and RuO2. 

Co-Fe-based catalyst 
Tafel slope 
(mV dec-1) 

Overpotential at 
10 mA cm-2 (mV) cKOH Ref 

In situ Co-Fe 28.6 320 1 M This work 

Fe0.33Co0.67OOH PNSAs/CFC 30 266 1 M Ref [28] 

Co/Fe 32 red 41 339 1 M Ref [51] 

Co/Fe 32 55 378 1M Ref [25] 

Co0.46Fe0.54OOH 29 330 1 M Ref [8] 

Co3Fe7 70.8 440 0.1 M Ref [27] 

Co disk activated in Fe3+ 33 345 1 M Ref [52] 

Fe adsorbed CoOx 27.6 309 1 M Ref [43] 

Co-Fe-N-C on carbon cloth 40 321 1 M Ref [30] 

Co-Fe-N-C on glassy carbon 44 360 1 M Ref [14] 

Co(Fe)OOH 55 300 0.1 M Ref [24] 

Fe-CoOOH/G 37 330 1 M Ref [44] 

FeCo2O4 83.2 470 0.1 M Ref [45] 

Co(Fe)OOHx nanoparticles (2.8%Fe) 43 556 1 M Ref [46] 

Fe1Co3Ox@C-800 40 272 1 M Ref [53] 

CoxFe1−xP/NC 44 299 1 M Ref [47] 

CoFe-7.5 58 294 1 M Ref [6] 

BSCF 60 360 0.1 M Ref [5] 

CoFe2O4 82.15 403 0.1 M Ref [48] 

RuO2 || C 52.7 328 1M This work 

IrO2 || C 72.8 491 1M This work 
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Summary: Powder catalysts coated with polymer binder for enhanced electrochemical CO2 reduction to 

multi-carbon products were developed, inspired by water-repulsive surfaces in the nature. The use of 

hydrophobic binders increases the local concentration of gas reactants and intermediates, suppressing the 

hydrogen evolution reaction. 
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Abstract 

The activity and selectivity of the electrochemical CO2 reduction reaction (CO2RR) are often hindered by 

the limited access of CO2 to the catalyst surface and overtaken by the competing hydrogen evolution 

reaction. Herein, it is revealed that polymers used as catalyst binders can effectively modulate the 

accessibility of CO2 relative to H2O at the vicinity of the catalyst and thus the performance of CO2RR. Three 

polymers with different hydrophilicities (i.e., polyacrylic acid (PAA), Nafion, and fluorinated ethylene 

propylene (FEP)) were selected as binders for Cu catalysts. At a thickness of only ~1.2 nm, these binders 

strongly affected the activity and selectivity towards multi-carbon (C2+) products. The FEP coated catalyst 

exhibits a C2+ partial current density of over 600 mA cm−2 with ~77% faradaic efficiency at −0.76 V vs. 

RHE. This high performance is benefitted from the hydrophobic (aerophilic) property of FEP, which reduces 

the local concentration of H2O and enhance that of the reactant (i.e., CO2) and the reaction intermediates 

(i.e., CO). These findings suggest that tuning the hydrophobicity of electrocatalysts with polymer binders 

can be a promising pathway to regulate the performance of electrochemical reactions involving gas-solid-

liquid interfaces. 

 

Keywords: electrocatalysis, CO2 reduction, polymer binder, copper catalyst, hydrophobicity 
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1. Introduction  

Over the past century, an excessive amount of CO2 has been released into the atmosphere due to the 

consumption of fossil fuels, giving rise to climate change and other environmental problems [1,2]. A zero-

emission energy economy is no longer sufficient; the discharged carbon in the atmosphere must be 

sequestrated. Recently, electrochemical CO2 reduction reactions (CO2RR) enabled by renewable energy 

have been suggested as a promising strategy to solve these problems, sequestrating discharged CO2 into 

chemical feedstocks and downscaling the use of fossil fuels in the chemical production industry. In addition, 

CO2RR is an efficient way to store electricity generated from intermittent renewable energies in the form of 

liquid fuels for transport and other applications [3–5].  

Copper-based materials are the most investigated class of catalysts for CO2RR due to their unique ability to 

reduce CO2 molecules to carbonaceous compounds containing more than two carbon atoms (C2+ products). 

However, the high overpotential required and the low product selectivity over the pristine Cu surface have 

motivated researchers to develop more efficient strategies to overcome these challenges. Most previous 

publications have focused on engineering the properties of Cu-based catalysts, such as optimizing the size 

and shape of Cu nanomaterials [6–10], introducing grain boundaries [11], and creating alloys with other metals 
[12–15] to increase the number of active sites and/or to improve the intrinsic catalytic activities of Cu towards 

the desired products. Despite the tremendous progress that has been made, CO2RR is still not viable at an 

industrial scale. 

The performance of a catalytic reaction, however, is not only affected by the catalyst. It is also influenced 

by reaction pressure, temperature, ratio of reactants, etc. In the case of CO2RR, the reaction is mostly carried 

out at room temperature and at ambient pressure conditions; hence, tuning the ratio of reactants becomes a 

practical and attractive strategy to improve the performance of CO2RR. Since H2O and CO2 are the reactants 

for aqueous CO2RR, and the hydrogen evolution reaction (HER) from H2O is the competitive reaction that 

limits the CO2RR selectivity, it is reasonable to optimize the ratio of H2O and CO2 to suppress H2 evolution 

and enhance the electrolysis of CO2. In a conventional H-cell reactor, the electrode is immersed in the 

electrolyte, and CO2 molecules dissolve in the electrolyte and diffuse to the surface of the electrode. Thus, 

the ratio of CO2 to H2O is always limited by the low solubility and slow diffusion of CO2, particularly at 

high current densities [16]. Using a flow reactor can overcome this limitation, as the supply of CO2 and H2O 

is separated by the gas diffusion electrode (GDE) [17,18]. However, GDEs tend to lose their hydrophobicity 

during CO2RR, leading to the flooding of the electrodes and, consequently, a decrease in CO2 mass transport 
[19,20]. To maintain a higher CO2 to H2O ratio, researchers have tried to coat Cu surfaces with a relatively 

thick layer of polymer or ionomer[21–23]. This strategy, however, may decrease the conductivity of the 

electrode and block the active sites of the catalyst[21].  

On the other hand, polymers are often used to bind catalyst powders onto the supporting material (e.g., 

carbon paper), and Nafion is an almost universal binder selection for catalysts used in CO2RR due to its 

good proton conductivity. However, little attention has been paid to whether Nafion is the most suitable 

binder for Cu catalysts used in CO2RR, and how the hydrophobicity of polymer binders affects the catalytic 

performance. Here, we used three types of polymers, such as polyacrylic acid (PAA) and fluorinated 
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ethylene propylene (FEP), as binders for Cu catalysts, and revealed that their distinct hydrophobic properties 

can change the transport of H2O and CO2 to the electrode surface, thus greatly affecting the activity and 

selectivity of CO2RR. We observed an enhanced selectivity towards carbonaceous products, particularly in 

C2+ products, induced by the hydrophobicity of the FEP binder. We also observed an increased H2 selectivity 

induced by a hydrophilic binder (PAA). Specifically, with FEP as a binder, we achieved ~50% Faradaic 

efficiency (FE) for C2+ at -1.1 V vs RHE in a conventional H-cell and ~77% C2+ FE at -0.76 V vs RHE in a 

flow cell. In addition, we confirmed the important role of polymer binders in tuning the local environment 

through ex-situ and in situ characterizations. Since polymer binders are widely used in electrochemical 

reactions, including CO2, CO and N2 reduction reactions, we believe that this work is of great importance 

to researchers from these fields and we anticipate that screening of polymer binders will be an important 

step in future studies. 

 

2. Results & Discussions 

2.1. Characterization of the copper electrode 

CuO was synthesized from Cu(NO3)2 and NaOH through a simple precipitation method and used as a 

representative Cu catalyst in this work. The X-ray diffraction (XRD) spectrum confirmed that the obtained 

material was pure polycrystalline CuO (Figure 4.1a). The morphology of CuO was studied using scanning 

electron microscopy (SEM), and a highly porous structure was revealed (Figure S4.1). Close-up analysis of 

the CuO material reveals that the porous structure was built out of CuO needles, which have a length of 

several hundred nanometers and a width of 10 to 20 nm (Figure 4.1b). The high-resolution transmission 

electron microscopy (HR-TEM) images acquired at the edge of a CuO needle indicates that the needle was 

composed of small grains with a well-defined crystal structure (Figure S4.2a) and rich in grain boundaries 

(Figure S4.2b). Figure 4.1c shows HR-TEM images of particles with grains corresponding to various 

crystalline planes. Figure 4.1d is composed of four representative grains with well-defined d-spacings 

between the crystalline planes, which can be attributed to the exposure of (002), (111), and (1�13) facets 

(Figure S4.2c), verifying the polycrystalline nature of the as-synthesized CuO catalyst.  
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Figure 4.1. Physical characterizations of the as-synthesized powder catalysts. a) XRD pattern of the as-synthesized 

catalyst including the diffraction lines of CuO from the Powder Diffraction File database. b) Needle like structure of 

the as-synthesized CuO with an aspect ratio of 6 to 10. (SEM image, Scale bar: 200 nm). c) Selected grains of as-

synthesized CuO (HR-TEM image, Scale bar: 10 nm). d) Magnified image of the areas outlined in Figure 4.1c. (HR-

TEM images, Scale bar: 2 nm). 

 

For preparing the working electrode, we chose three types of polymers that have different hydrophobicities 

as binders: (1) PAA, which only has hydrophilic functional groups; (2) Nafion, which has both hydrophobic 

and hydrophilic functionalities; and (3) FEP, which only has hydrophobic functional groups (chemical 

formulae shown in Figure S4.3). The CuO powder and the polymer binder (0.2 mg/mg catalyst) were simply 

mixed in iso-propanol, sonicated for dispersing, and drop-casted to prepare the electrode. The distribution 

of the polymer binder on the powder catalyst was first studied using SEM energy-dispersive X-ray 

spectroscopy (SEM-EDX). Figure 4.2a shows a SEM image and its corresponding EDX map of the Cu-

PAA sample, where the map of carbon present in PAA strongly overlaps with that of Cu, indicating that 

PAA is uniformly distributed on the CuO needles. Similar results were also obtained for Cu-Nafion and Cu-

FEP, as indicated by the overlap of the elemental map of F and those of Cu and O (Figure S4.4). In addition, 

energy-filtered TEM (EF-TEM) was used to investigate the coverage of the polymer layer on the powder 

catalyst. Figure 4.2b shows the bright-field TEM image of CuO particles coated with the PAA polymer. The 

corresponding EF-TEM carbon elemental map in Figure 4.2c using core-loss carbon K edge electron energy-

loss spectra (EELS) corroborates the fact that the carbonaceous polymer layer was homogeneously coated 

on the surface of the CuO particles. The TEM images in Figure S4.5 also show that the coating layer had a 

thickness of around 1.2 nm for all three samples. Thus, these results demonstrate that a simple method 

involving physical mixing and ultrasonication is sufficient to coat the surface of the CuO powder with a thin 

layer of polymer binder.  
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The surface properties of polymer coated CuO samples were studied using X-ray photoelectron 

spectroscopy (XPS). For this measurement, the three dispersions were drop-casted on clean Au foils to 

ensure good conductivity and to avoid the influence of other elements. On all three samples, the presence 

of polymer binder on the CuO surface was confirmed, with C-O, C=O, and C-F peaks clearly observable in 

the C 1s and O 1s region in the XPS spectra (Figure 4.2d). All samples show typical Cu 2p spectra of CuO, 

indicated by the presence of Cu 2p3/2 peak at ~933.6 eV as well as high intensity satellite peaks. In addition, 

no peaks related to Cu-F or Cu-S bonding were detected, demonstrating that coating of polymer binder did 

not change the chemical properties of CuO.  

 

Figure 4.2. Morphology and chemical composition of the Cu-polymer catalysts. a) Cu-PAA drop-casted on a Ni foil 

(SEM image and the corresponding elemental map of Cu and C, Scale bar: 1 µm). A clean Ni foil was used as substrate 

to avoid the influence of other elements. b) Morphology of CuO (bright-field TEM image, Scale bar: 50 nm) and c) 

The corresponding carbon distribution of the Cu-PAA catalyst (EF-TEM carbon elemental map, Scale bar: 50 nm). d) 

Surface chemistry of the three Cu-polymer catalysts (XPS spectra for C 1s, O 1s, and Cu 2p, respectively); a clean Au 

foil was used for good conductivity and to avoid the influence of other elements. 

 

To evaluate the effect of different polymer binders on the hydrophobicity of Cu-based electrodes, we 

performed the water contact angle (WCA) and the captive bubble contact angle (CBCA) measurements. 

Figure 4.3 shows that the WCA for Cu-PAA, Cu-Nafion, and Cu-FEP were 32°, 132°, and 144°, respectively, 

corresponding to an increasing trend in hydrophobicity. On the other hand, the measured CBCA followed 

an opposite trend compared to the WCA (Figure 4.3): the contact angle for the CO2 bubble increased from 

Cu-FEP (47°) to Cu-Nafion (73°) and Cu-PAA (117°). These results indicate that a thin layer of polymer 

binder can successfully change the hydrophobicity of the electrode. With PAA as a binder, the electrode 

surface is highly hydrophilic, hindering the access of CO2 towards the surface of the catalyst during CO2RR. 

In contrast, for Cu-FEP electrodes, the hydrophobic nature of FEP favors the accumulation of CO2 gas, thus 

can increase its local concentration near the catalyst. Overall, from the comprehensive characterizations 

above, we can conclude that Cu-based catalysts coated with a thin layer of three different polymer binders 

were successfully synthesized. The hydrophobicity of the electrode was effectively tuned by the hydrophilic 
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or hydrophobic properties of the polymer binder, which is expected to change the ratio of reactants (H2O 

and CO2) near the surface of the electrode. 

 

Figure 4.3. Characterization of the hydrophilicity and CO2-philicity of the Cu-polymer catalysts. The water- and CO2-

contact angles of each catalyst were determined by the tangent method. Water contact angle: filled, CO2 captive contact 

angle: striped. 

 

2.2. CO2RR performance 

To evaluate the effect of the polymer binder on the catalytic performance of the as-synthesized Cu-based 

catalysts, we first performed CO2RR tests in a conventional H-cell in CO2-saturated 0.1 M KHCO3 at 

potentials ranging from -0.6 to -1.2 V vs RHE (product distributions are shown in Figure S4.7, with bare Cu 

sample as reference). The FEs of H2 on CuO-derived catalysts with three different binders were plotted 

against the applied potential (Figure 4.4a). The H2 selectivity was significantly suppressed in the entire 

potential range by the hydrophobic polymer, compared to a hydrophilic polymer such as PAA. Consequently, 

the total FEs for CO2RR (FEs for CO, formate, CH4, C2H4, n-propanol, ethanol, and acetate) increased with 

the polymer’s hydrophobicity and aerophilicity (Figure S4.8a). We further analyzed the product distribution 

of CO2RR and plotted the FEs for C2+ products (C2H4, n-propanol, ethanol, and acetate) and C1 products 

(CO, HCOOH, and CH4) in Figure 4.4b and Figure S4.8b, respectively. As shown in Figure 4.4b, C2+ 

products can be detected at potentials from -0.7 V vs RHE for all three samples, and the FEs increased with 

the hydrophobicity of the surface: Cu-FEP > Cu-Nafion > Cu-PAA. The highest FE of C2+ products (~ 52%) 

was reached on the CuO-FEP electrode at -1.1 V vs RHE at a partial current density of 37.4 mA cm-2. In 

addition, the enhancement of the CO2RR selectivity by the hydrophobic polymer is more significant for C2+ 

than that for C1 products, especially at high overpotentials. As shown in Figure S4.8c, the maximum ratio 

of C2+ FE to C1 FE for the Cu-FEP electrode was 5.5, while the ratio for the Cu-PAA sample was only 2. 

These results suggest that the polymer binder plays a significant role in enhancing the selectivity of CO2RR, 

especially for C2+ products, while suppressing the selectivity of H2. 

In addition to product selectivity, the current density of CO2RR was also affected by the polymer binder. As 

shown in Figure 4.4c, at a high overpotential range (-1.0 to -1.2 V vs RHE), the overall current density of 

Cu-FEP was higher than that of Cu-Nafion and Cu-PAA. The high current density of Cu-FEP was mainly 
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attributable to the increased partial current density for CO2RR rather than HER (Figure S4.9 a,b). This 

indicates that even with a thin hydrophobic polymer layer on the catalyst surface, the H2O supply in the H-

cell was still sufficient for HER, and the enhanced CO2 local concentration was the key to improved CO2RR 

activity and C2+ selectivity. Further, we evaluated the effect of binder content on the catalytic performance. 

As shown in Figure S4.10, a low level of FEP (0.05 mg/mg-catalyst) could not effectively promote the 

reduction of CO2 to C2+ products, while an excessive amount of FEP (0.8 mg/mg-catalyst) led to thick 

coatings that block the active surface of the catalyst, again demonstrating the important role of polymer 

binders in electrocatalysis. 

After the performance tests, the morphology and the hydrophobicity of the used catalysts were studied. The 

highly porous network and the needle-like structure of CuO remained intact for all three samples, as 

demonstrated in the SEM images (Figure S4.11). Also, the polymer layers coated on the CuO needles are 

preserved (Figure S4.11 c,f,i). In consequence, the WCAs of the three used samples are very similar to that 

of the fresh sample, indicating that the initial CuO reduction and the following CO2 electrolysis process did 

not change the hydrophobicity of the catalysts (Figure S4.12). During long-term test, the current density and 

FE for C2H4 remained stable for Cu-FEP (Figure 4.4e) and Cu-Nafion (Figure S4.13a), while a decrease of 

FE for C2H4 and fluctuations in current density were observed due to the wetting of the Cu-PAA electrode 

(Figure S4.13b). Overall, a good correlation between the CO2RR performance and the surface 

hydrophobicity can be established (Figure 4.4d), and this correlation can be further extended to other 

polymer binders (Figure S4.14).  
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Figure 4.4. (a) Faradaic efficiency of H2, (b) faradaic efficiency C2+ products, and (c) Total current density for Cu-

PAA, Cu-Nafion and Cu-FEP. (d) Activity and product selectivity of the CO2RR towards H2 and C2+ products as a 

function of the hydrophilicity, acquired in H-cell at -1.1 V vs RHE. (e) Current density and C2H4selectivity for Cu-

FEP over 10 h of CO2RR, acquired in H-cell at -0.8 V vs RHE. 

 

As we have shown above, although the hydrophobic layer can dramatically improve the performance of 

CO2RR in the H-cell, both the current density and C2+ selectivity are still limited by the low CO2 

concentration (~34 mM L-1). To overcome the limitations of CO2-solubility, we performed CO2 electrolysis 

in a flow cell where the CO2 supply and H2O supply were decoupled by a gas diffusion electrode (GDE). 

The experiments were performed at constant current densities of 50, 100, 200, 300, 400, and 800 mA cm-2 

using 1.0 M KOH as an electrolyte, and product distributions are shown in Figure S4.15. Similar to the H-

cell, the use of hydrophobic bonder suppressed significantly the HER over the whole range of overpotential 

(Figure S4.16). Figure 4.5a shows the FEs of C2+ products for the Cu-FEP, Cu-Nafion, and Cu-PAA samples. 

The C2+ selectivity of Cu-FEP and Cu-Nafion increased continuously with a decrease in the applied potential, 

unlike in the H-cell where volcano-shaped curves were observed. This trend can be explained by the absence 

of the limitation of CO2 mass transport in the flow reactor even at much higher current densities. However, 

the volcano-shaped C2+ FE curve was still observed for Cu-PAA, where the C2+ FE reached a maximum of 

49% between -0.5 and -0.6 V vs RHE, and then dropped down to only 13% at -0.88 V vs RHE. This was 

mainly due to the low hydrophobicity of the Cu-PAA electrode which led to severe flooding, and hence 
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limited CO2 transport at higher overpotential ranges, as salt crystals were clearly observed on the CO2-gas 

side of the GDE after only a few minutes of reaction (Figure S4.17). Notably, at -0.76 V vs RHE, Cu-FEP 

showed the highest C2+ FE of ~77% towards C2+ products and a partial current density of more than 600 

mA.cm-2 (Figure 4.5b). Cu-Nafion also reached similar FE and current density but at a more negative 

potential (-0.86 V vs RHE). In the case of the hydrophilic Cu-PAA sample, the best partial current density 

for C2+ was 87.6 mA cm-2 at -0.81 V vs RHE, approximately eight times lower than that of the Cu-FEP and 

Cu-Nafion samples. Thus, similar to that of the H-cell, the binder’s hydrophobicity correlates well to the 

activity and selectivity of the Cu catalysts in the flow reactor, as summarized in Figure 4.5c and Figure 

S4.14b. By performing additional control experiments using the spray-coating method to prepare GDE[24], 

we further confirm that this hydrophobicity-performance correlation is also applicable for electrodes 

prepared by other methods (Figure S4.18).  

Previous studies have shown that electrodes are much less stable in flow cells than that in H-cells due to the 

flooding issue. However, we find that the stability of the GDE can be significantly improved with a 

hydrophobic binder. For the Cu-FEP electrode, no flooding was observed after 16 h of stability test at 200 

mA cm-2 in 1.0 M KOH, and the FE for C2H4 even increased slightly with the reaction time (Figure S4.19a). 

In comparison, after 10 h test, the Cu-Nafion electrode became less stable at 200 mA cm-2 and the Cu-PAA 

electrode was completely flooded at only 50 mA cm-2. Notably, the morphology of Cu nanowires changed 

during the reaction, which is similar to previous observations that Cu catalysts undergo reconstruction[25]. 

The reconstruction is more obvious for the Cu-PAA sample, as the needle-like structure of Cu changed to a 

particle structure after 15 min of CO2 electrolysis at 50 mA cm-2 (Figure S4.20). After longer reaction time, 

the morphology reconstruction takes place for all three samples (Figure S4.21). However, EDX maps 

showed that polymer binders remained on the electrode and their signals overlapped with that of Cu (Figure 

S4.21b,c), explaining the high stability of the Cu-FEP sample. 
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Figure 4.5. (a) Faradaic efficiency for C2+ products, (b) Partial current density for C2+ products, and (c) Activity and 

product selectivity of the CO2RR towards H2 and C2+ products as a function of the hydrophilicity, acquired in flow cell 

at -0.71 V vs RHE, with aqueous 1.0 M KOH as electrolyte. (d) C2+ production rate (represented as partial current 

density) as a function of the potential. The Cu-FEP catalyst compared with other reported CO2RR catalysts obtained 

in H-cells (star) and flow cells (square). Details of each catalyst and the reported reactions conditions are provided in 

Table S4.2 and Table S4.3. 

 

We also compared the performance of the Cu-FEP sample with the reported state-of-the-art Cu-based 

catalysts in H-cells [8,21,33–36,22,26–32] and flow cells [18,24,37–41] (Figure 4.5d), in terms of the partial current 

density and the applied potential. It is clear that in both the H-cell and flow cell reactors, our Cu-FEP sample 

is among the best Cu-based catalysts documented in the literature, showcasing high C2+ selectivity and 

current density at relatively low overpotentials. These results demonstrate that optimizing the 

hydrophobicity of the electrode with a polymer binder is a simple yet highly effective way of enhancing the 

CO2RR performance of Cu-based catalysts.  

 

2.3. Investigation into the mechanism of C2+ enhancement  

To gain insight into the enhanced C2+ selectivity observed on the hydrophobic electrode, we monitored the 

reduction process of the CuO and intermediates of CO2RR using operando surface-enhanced Raman 

spectroscopy (SERS). As shown in Figure 4.6, for all three samples, two distinct peaks at 298 and 340 cm-

1 and one broad peak ranging between 570–650 cm-1 were observed at open circuit potential (OCP), which 

are originated from cupric oxide (CuO) [42,43]. When -0.4 V vs RHE was applied, all of the above peaks 

disappeared from the Cu-Nafion and Cu-FEP spectra, indicating that the Cu samples were completely 

reduced to Cu. In the case of Cu-PAA, these peaks disappeared at -0.5 V vs RHE, suggesting that the 
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reduction of Cu to metallic Cu is more sluggish compared to the other two cases. This may be attributed to 

the slightly denser and thicker layer of PAA coating around the powder catalyst due to its higher solubility 

(Figure S4.5). 

After the complete reduction of Cu, several Raman peaks related to the adsorbed CO appeared. Two peaks 

at 280 and 367 cm-1 were attributed to the rotation of COads on Cu and the stretching of metal-molecular 

bond, respectively [14,30,44,45] (Figure 4.6); a broad band ranging between 2000–2093 cm-1 was attributed to 

the internal stretching of CO molecule (Figure S4.22). This broad peak was composed of two adjacent peaks: 

the first peak at 2000 cm-1 corresponded to the COatop configuration, and the second peak at 2093 cm-1 arose 

from the CObridge configuration [45]. These peaks became more clearly defined at moderate overpotentials (-

0.6 and -0.7 V vs RHE), indicative of a greater degree of CO coverage at this potential range. We also 

observed a blueshift in the metal-molecular stretching as the potential became more negative, which had 

been previously attributed to the electrochemical Stark effect [46,47]. Starting from -0.9 V vs RHE for Cu-

FEP and Cu-Nafion, and from -0.8 V vs RHE for Cu-PAA, a new peak at 520 cm-1 appeared. This was 

reported to be from adsorbed OHads on the Cu surface, originating from the high local pH near the catalyst 

surface due to the consumption of protons by CO2RR and HER [48]. After removing the potential, no 

intermediate peaks were detected, but a new broad peak indicative of cuprous oxide appeared at 610–625 

cm-1[45]. Thus, we can conclude that metallic copper is the active site for CO2RR, and is responsible for 

adsorbing the key reaction intermediate, CO, for C2+ products. 

The results above can be correlated with the electrochemical performance of the catalysts. Figure 4.6d 

summarized the presence of adsorbed species on the catalyst surface at various applied potentials. The CO 

adsorption peaks were observed in a wider potential range (-0.5 to -0.9 V vs RHE) for Cu-FEP compared to 

that for Cu-Nafion (-0.5 to -0.8 V vs RHE) and Cu-PAA (-0.6 to -0.9 V vs RHE). The enhanced CO 

chemisorption can be attributed to the high production rate of CO (Figure S4.23) induced by the high local 

concentration of CO2 on the surface, as well as to the accumulation of CO on the catalyst surface thanks to 

the hydrophobicity of the polymer binder. As CO is the key intermediate for C2+ products, the presence of 

these CO chemisorption peaks at low overpotentials, as well as over a wide potential range, explains why 

Cu-FEP produced more C2+ products over the entire potential range compared to Cu-Nafion and Cu-PAA.  
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Figure 4.6. Operando Raman spectra of (a) Cu-FEP, (b) Cu-Nafion, (c) Cu-PAA. From bottom to top: initial OCP, -

0.4 to -0.9 V vs RHE, final OCP. (d) Adsorbed species (CuOx(OH)y, COads, CuO) present at the surface of the three 

working electrode (Cu-FEP, Cu-Nafion, Cu-PAA) during the CO2RR, identified by operando Raman. The detection 

of each surface species at their characteristic Raman shifts was presented with respect to the applied potential.  

 

While the contact angle measurements shed light on how the ratio between CO2 and H2O was responsible 

for the enhanced CO2RR selectivity, the operando Raman measurements suggest that the ratio between CO 

and H2O plays a key role in tuning the C2+ selectivity. To further verify these results, we carried out control 

experiments on a catalyst with better CO selectivity (Figure S4.24): the Au-nanoparticle-decorated CuO 

catalyst (Figure S4.24a, b). Catalysts with the three different polymer binders were denoted as Au@Cu-

PAA, Au@Cu-Nafion, and Au@Cu-FEP. We also evaluated these samples in an H-cell using 0.1 M KHCO3 

as the electrolyte. As expected, the Au@Cu-FEP catalyst, which contains the most hydrophobic polymer 

binder, exhibited the highest CO2RR selectivity due to the highest local CO2 concentration (Figure S4.24c). 

However, its C2+ selectivity was lower than that of Au@Cu-Nafion (Figure S4.24d). Since Au is highly 

selective for CO but not active for HER, the Au@Cu surface was expected to require more protons to further 

reduce the adsorbed CO towards C2+ products compared to a pure Cu catalyst. Consequently, when the 

binder is partially hydrophilic, as is the case of Au@Cu-Nafion, the reduction of CO is more efficient, 

resulting in greater C2+ selectivity. These results, together with those observed from Cu-polymer catalysts, 

allows us to conclude that the hydrophobicity of polymer binders can effectively regulate the activity and 

selectivity of CO2RR by tuning the local concentrations of reactants (i.e., CO2 and H2O) and intermediates 

(i.e., CO). 
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Based on the results described above, the mechanism of CO2RR over Cu-polymer binder catalysts is 

illustrated in Figure 4.7. In an H-cell, Cu particles are coated with a layer of binder, the electrolyte is CO2-

saturated, and both protons and CO2 have to access the catalyst surface through the electrolyte. In the case 

of Cu-PAA, due to the hydrophilic nature of the binder, the surface of the catalyst is covered by the 

electrolyte such that the CO2 concentration is much lower than H2O (33 mmol L-1 for CO2 compared to 55 

mol L-1 for H2O) (Figure 7a). For Cu-FEP, due to the high hydrophobicity of FEP, there exist local channels 

around the catalyst where only CO2-vapor can access the electrode, thus increasing the local concentration 

of CO2 and enhancing CO2RR (Figure 4.7b). In a flow cell, the catalyst is drop-casted on the microporous 

layer (MPL) side of the GDE, and CO2 is introduced from the other side. The reaction takes place at the 

triple-phase boundary where the catalyst is in contact with both the electrolyte and CO2. With a hydrophilic 

binder, these boundaries are located only at the electrolyte-MPL interface, because the surface of the catalyst 

is covered by the electrolyte (Figure 4.7c). When a hydrophobic binder such as FEP is used, the catalyst is 

only partially in contact with the electrolyte due to the water-repellent properties of the binder. A micro-

hydrophobic environment is created around the FEP molecules and allows CO2 to access surfaces of the 

catalyst that are located far away from the electrolyte-MPL interface, thus enhancing CO2RR (Figure 4.7d). 

Furthermore, in both configurations, a high concentration of CO2 near FEP can result in a high production 

rate of CO; this, combined with the enhanced accessibility of CO to the catalyst surface, improves the 

selectivity of C2+. 

 

 

Figure 4.7. Proposed mechanism of water and CO2 transports to the Cu surface in hydrophilic (a, c) and hydrophobic 

(b, d) environments in an H-cell (a, b) and flow cell (c, d). Electrolyte (light blue), Cu (brownish red), polymer binder 

(gray), trapped CO2 in hydrophobic samples (white), CO2 pathway (red arrow), H+ pathway (blue arrow). 
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3. Conclusions 

In summary, we show that coating the surface of Cu catalysts with a thin layer of polymer binder is a simple 

but effective method for tuning the CO2RR activity and selectivity. This is because polymer binders not 

only bond catalyst powders on the support but also change the local concentration of reactants (i.e., CO2 and 

H2O) near the catalyst surface, thus altering the CO2RR performance. Specifically, a hydrophobic polymer 

binder (i.e., FEP) can facilitate the access of CO2 to the Cu surface, thereby promoting the production and 

accumulation of the key reaction intermediate CO, and resulting in an increase in the production of C2+ 

products. Our results show that a Cu catalyst coated with an FEP binder achieved ~52 % faradaic efficiency 

toward C2+ products in an H-cell. In a flow reactor, a partial current density of more than 600 mA cm-2 was 

obtained for C2+ products with ~77% faradaic efficiency. Therefore, our findings highlight that, in addition 

to modifying the intrinsic properties of the catalyst, controlling the local concentration of the reactants by 

tuning the hydrophobicity of the catalyst with a proper polymer binder can also greatly improve the 

performance of CO2RR. 

 

4. Methodology 

4.1. Synthesis of the CuO catalyst 

The CuO catalyst was synthesized using a precipitation method adapted from a previous publication [49]. 1.3 

g of Cu(NO3)2.3H2O (Sigma-Aldrich) was dissolved in 100 mL of Milli-Q water, followed by the addition 

of 30 mL of 0.15 M NH4OH prepared from ammonium hydroxide, 28% NH3 (Alfa Aesar). Following this, 

10 mL of 1.0 M NaOH (Reactolab SA) was introduced at a rate of 2 mL/min. The precipitation reaction was 

carried out for 30 min while being continuously stirred with a magnetic agitator. The obtained Cu(OH)2 

precipitate was then washed thoroughly with deionized water and ethanol in a centrifuge. Finally, the 

Cu(OH)2 precipitate was freeze-dried for 72 h and calcined in air for 1 h at 300°C to obtain the CuO catalyst. 

 

4.2. Working electrode preparation 

The catalyst ink was prepared by dispersing the as-synthesized CuO catalyst in isopropanol (IPA, ≥ 99.8%, 

analytical reagent grade, Fisher Scientific). Polyacrylic acid (PAA, 63 wt.% solution in water, Fisher 

Scientific), Nafion (5 wt.% in a mixture of lower aliphatic alcohols and water, Sigma-Aldrich), and 

fluorinated ethylene propylene (FEP, 50 wt.% dispersion in water, FuelCellStore) were used as binders 

across three separate samples. The chemical formulae of the three polymers are shown in Figure S4.3. The 

dispersion (containing 0.2 mg of polymer binder and 0.25 mL of solvent for every mg of catalyst) was 

sonicated for 10 min, then drop-casted onto the carbon paper (H-cell: Toray Carbon Paper, TGP-H-60, Alfa 

Aesar; Flow cell: YLS-35, Suzhou Sinero Technology Co.) with a loading of 0.4 mg/cm2. The obtained 

working electrodes were denoted as Cu-PAA, Cu-Nafion, and Cu-FEP, respectively. 
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4.3. Performance test 

A potentiostat (Metrohm Autolab PGSTAT302N) was used to perform electrochemical measurements. The 

gas products were quantified using an on-line gas chromatograph (GC, SRI instruments 8610C), which was 

equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID). A series of 

standard gases with different concentrations of CO, CH4, C2H4, and C2H6 were used to calibrate the GC 

(Equation S4.1). The electrolyte was collected after the chronoamperometric measurement, and 1H nuclear 

magnetic resonance (NMR) was used to quantify liquid products (Bruker 400 MHz AVIII HD. A mixture 

of methanol, ethanol, n-propanol, acetic acid, acetone, and formic acid with a pre-defined concentration was 

used to construct a calibration curve. The concentrations of the liquid mixtures used for calibration ranged 

from 0.067 to 10 mM (Equation S4.2, Figure S4.6, Table S4.1). 

The electrochemical cell was an H-shaped, gas-tight cell composed of two compartments: one for the oxygen 

evolution reaction (OER), and one for the CO2RR. An ion-exchange membrane (Nafion 212, Dupont) was 

used to separate the two compartments. The cathode compartment was composed of an Ag/AgCl reference 

electrode and a working electrode with the catalyst of interest. CO2 was continuously bubbled into the 0.1 

M KHCO3 catholyte both before and during the CO2RR. A Pt wire was used as a counter electrode in the 

anode compartment. The electrochemical measurements in the flow reactor were performed using a 

previously reported system [17]. The CO2 flow rate was kept at 110 mL/min. The constant potential mode 

was used for H-cell measurements and the constant current mode was used for flow-cell measurements. All 

potentials were reported after iR correction. 

4.4. Materials characterization 

Scanning electron microscopy (SEM) images were acquired on a Thermofisher Teneo FE-SEM, and high-

resolution transmission electron microscopy (HR-TEM) images were obtained with a Thermofisher Tecnai 

Osiris 200kV TEM. The energy-filtered TEM (EF-TEM) images were acquired using a JEOL 2200FS TEM. 

EFTEM carbon elemental maps were performed using the three window-method on the carbon K edge in 

electron energy-loss spectra (EELS). The X-ray diffraction (XRD) spectra were acquired using a Bruker D8 

Advance system using Cu Kα (λ = 1.54 Å) radiation. X-ray photoelectron spectroscopy (XPS) was 

performed with a Kratos Axis Supra XPS system, using a monochromated Al Ka (1486.61eV) X-ray source 

at a nominal power of 225W. A pass energy of 20 eV was used for acquiring the C 1s, O 1s, and Cu 2p core-

level spectra. The Water Contact Angle (WCA) and the Captive Bubble Contact Angle (CBCA) were 

measured with a Kruss EasyDrop Drop Shape Analyzer.  

4.5. Operando Raman measurements 

Surface-enhanced operando Raman spectroscopy was performed using a home-built Raman cell. The 

incident and scattered beams were sent to the sample and collected through an immersion objective, 

respectively (Leica, 63x). A red light with a wavelength of 632 nm was used as the laser beam. 0.1 M 

KHCO3 was used as the electrolyte and CO2 was purged continuously to the cathodic compartment both 

before and during the Raman measurements. 
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5. Supporting Information 

Characterization of the oxide catalyst 

 

Figure S4.1. SEM images of the highly porous catalyst copper oxide, acquired at different magnifications. Scale bar 

for a) 20 µm b) 1 µm c) 500 nm.  
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Figure S4.2. HR-TEM images of different grains and analysis of their d-spacing. Scale bar: 2 nm. A line was drawn 

perpendicularly to the crystal plane and a profile plot of the grey scale is shown. The d-spacing was determined by 

analyzing the distance between two adjacent grey intensity peaks. Determination of d-spacing base on grey intensity 

level of the crystal planes and d) the corresponding HR-TEM images of different grains of as-synthesized CuO. Scale 

bar: 2 nm.  
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Figure S4.3. Chemical formula of PAA, Nafion and FEP.  
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Figure S4.4. SEM image and elemental maps of a) Cu-Nafion and b) Cu-FEP. The dispersions of Cu-Nafion and Cu-

FEP were drop-casted onto a glassy carbon surface. The distribution of the polymer can be well indicated by the 

elemental map of Cu and F.   
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Figure S4.5. TEM images of the polymer layer coated on the CuO surface. a) Cu-PAA. b) Cu-Nafion. c) Cu-FEP. 

Scale bar: 20 nm.  
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Electrochemical performance 

Equation S4.1 Calculations of the partial current density and the faradaic efficiency (FE) for gas products 

 

Partial current density =  
measured concentration × F × z × pressure × CO2 flow rate

R × T
 

FE =  
measured concentration × F × z × pressure × CO2 flow rate

Itotal × R × T
 

 

Equation S4.2 Calculations of the partial current density and the faradaic efficiency (FE) for liquid products 

Partial current density =  
measured molarity × F × z × pressure × CO2 flow rate

t
 

FE =  
measured molarity × F × z × pressure × CO2 flow rate

Itotal × t
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Figure S4.6. 1H NMR spectrum for of a) a prepared solution used for calibration curve and b) a sample from CuO-

FEP after 800 s of reaction under –400 mA.cm-2.  
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Table S4.1. Chemical shift of the liquid products in NMR measurements 

Product Chemical shift 

n-propanol 0.77 

Ethanol 1.06 

Acetate 1.87 

Acetone 2.1 

Methanol 3.23 

Formate 8.33 
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Figure S4.7. Faradaic efficiencies towards all CO2RR products of (a)(b) Cu-PAA, (c)(d) Cu-Nafion, and (e)(f) Cu-

FEP. (g)(h) Bare Cu.  
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Figure S4.8. Faradaic efficiencies towards a) C1 and C2+ products, b) C1 products and c) Ratio of FE for C2+/C1 products 

of the Cu-polymer catalysts with respect to the potential, in the H-cell, with 0.1 M KHCO3 as the electrolyte. 
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Figure S4.9. a) Partial current densities of H2 and b) C2+ of the three Cu-polymer catalysts with respect to the potential, 

obtained in the H-cell, with 0.1 M KHCO3 as the electrolyte. 
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Figure S4.10. (a) Product distribution and current density of Cu-FEP at three different loadings of FEP. Obtained in 

H-cell, at -1.1 V vs RHE, in 0.1 M KHCO3. (c) A typical TEM image of the Cu-FEP sample with 0.8 mg FEP/ mg 

catalyst. 
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Figure S4.11. Morphology of the catalyst after 1 h electrolysis of CO2, at -1.1 V vs RHE, in 0.1 M KHCO3. (a-c) Cu-

PAA, (d-f) Cu-Nafion, (g-i) Cu-FEP. Scale bar: (a)(d)(g) 1 µm, (b)(e)(h) 100 nm, (c)(f)(i) 10 nm. 
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Figure S4.12. Water contact angle (CA) measurements of the three coated surfaces after 1 h electrolysis of CO2, at -

1.0 V vs RHE, in 0.1 M KHCO3. 
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Figure S4.13. Stability of a) Cu-PAA and b) Cu-Nafion over 10 h of electrolysis of CO2, at -0.8 V vs RHE, in 0.1 M 

KHCO3. 
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Figure S4.14. Activity and product selectivity of the CO2RR towards H2 and C2+ products as a function of the 

hydrophilicity for 5 polymers, acquired in a) H-cell at -1.1 V vs RHE in 0.1 M KHCO3, and b) flow cell at -0.71 V 

vs RHE in 0.1 M KOH.   
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Figure S4.15. Product distributions of the Cu-polymer catalysts in a flow cell, with 1.0 M KOH as an electrolyte at a 

CO2 flow rate of 110 mL/min. (a)(b) Cu-PAA, (c)(f) Cu-Nafion, and (e)(f) Cu-FEP. Lines are added to guide the eyes.  
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Figure S4.16. FE of H2 of the three Cu-polymer catalysts with respect to the potential, obtained in the flow cell, with 

1.0 M KOH as the electrolyte. 
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Figure S4.17. K2CO3 accumulates at the backside of the GDE of Cu-PAA after CO2 electrolysis reaction.  
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Figure S4.18. a) Activity and product selectivity of the CO2RR towards H2 and C2+ products as a function of the 

hydrophilicity, acquired at around -0.64 V vs RHE, for spray-coated Cu-PAA, Cu-Nafion and Cu-FEP. b) Partial 

current densities for C2+ products of the three Cu-polymer catalysts with respect to the potential, obtained in the flow 

cell, with 1.0 M KOH as the electrolyte.   
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Figure S4.19. Stability of a) Cu-PAA over 10 h of electrolysis of CO2, at 50 mA.cm-2 in 1.0 M KOH and b) Cu-Nafion, 

and c) Cu-FEP over 15 h of electrolysis of CO2, at 200 mA.cm-2 in 1.0 M KOH. The increasing trend of C2H4 FE for 

Cu-Nafion and Cu-FEP can be due to the decrease of potential. And the decreased potential may originate from the 

change of Cu structure, electrode conductivity, or accumulation of K2CO3.  
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Figure S4.20. Morphology of the catalyst after 15 min electrolysis of CO2, at 50 mA.cm-2, in 1.0 M KOH. (a-c) Cu-

PAA, (d-f) Cu-Nafion, (g-i) Cu-FEP. Scale bar: (a)(d)(g) 1 µm, (b)(e)(h) 100 nm, (c)(f)(i) 10 nm. 
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Figure S4.21. Morphology of the Cu-binder catalysts after stability test in the flow cell. a) SEM image of Cu-PAA 

(the signal of C from the microporous layer does not allow to interpret the elemental maps of Cu and C for Cu-PAA). 

b) SEM image and its corresponding elemental maps of Cu and F for Cu-Nafion, and c) Cu-FEP. Scale bar: 1µm. 
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Table S4.2. Comparison of the catalysts, electrochemical performance and reactions conditions between this work and 

previous publications in H-cell 

Position in 

Figure 4.6 

References FE C2+ (%) Current 

density 

(mA.cm-2) 

Potential 

(V vs 

RHE) 

Electrolyte 

A 5wt%-PTFE-coated Cu nanoarrays[1] 34 18 -1.1 0.1M KHCO3 

B Nafion-coated CuO nanowires[2] 26 25 -1.3 0.1M KHCO3 

C 8.1-μm-length Cu NW arrays[3] 
28 4 -1.1 0.1M KHCO3 

D Electropolished Cu wire[4] 
40 12.6 -1.1 0.1M KHCO3 

E Oxide-derived nanostructured Cu 

wire[4] 

49 12 -1.1 0.1M KHCO3 

F Alkanethiol-treated Cu dendrites[5] 74 30 -1.6 0.1M CsHCO3 

G 3.6 um Cu2O film deposited on Cu[6] 50.6 35 -0.99 0.1M KHCO3 

H Cu2O nanocubes decorated with 3 

at% Ag[7] 

60 13 -1 0.1M KHCO3 

I 18O enriched OD Cu catalysts[8] 60 10.9 -1 0.1M KHCO3 

J 44 nm-Cu nanocubes[9] 55 2 -1.1 0.1M KHCO3 

K Ag15Cu85 foam[10] 41.2 30.5 -1.1 0.5M KHCO3 

L Electropolished Cu(111)[11] 10 3 -1 0.1M KHCO3 

M Cu-Sustainion covered with 

Nafion[12] 

80 20.5 -1.15 0.1 M CsHCO3 

N ZnO/CuO[13] 31.8 48.6 -1.15 0.1M KHCO3 

O Fragmented Cu-Based NP/C[14] 17 74 -1.1 0.1M KHCO3 

 CuO-FEPthis work 52 37.4 -1.1 0.1M KHCO3 
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Table S4.3. Comparison of the catalysts, electrochemical performance and reactions conditions between this work and 

previous publications in flow-cell 

Position in 

Figure 4.6 

References FE C2+ 

(%) 

Current 

density 

(mA.cm-2) 

Potential 

(V vs RHE) 

Electrolyte 

P Electrodeposited hydrophobic 

Cu-nanoneedles electrode[15] 

64 438 -0.68 1.0 M KOH 

Q Cu particles and Nafion[15] 25.3 398 -0.75 1.0 M KOH 

R Unsupported Cu2O nanocubes[16] 59 300 -1.02 1.0 M 

KHCO3 

S Cu nanodendrites[17] 57 298 -2 0.1M KBr 

T Cu nanoparticles, prepared by 

solvent-based method[18] 

46 430 -0.58 1.0 M KOH 

U Thermal annealed Cu oxide 

nanowires[19] 

36 300 -0.6 1M KOH 

V Wet chemical oxidized Cu oxide 

nanowires[19] 

38 300 -0.6 1M KOH 

W Cu2O nanoparticle, dropcasted 

GDE[20] 

32 300 -0.93 1M KHCO3 

X Cu2O nanoparticle, airbrushed 

GDE[20] 

75.5 300 -0.85 1M KHCO3 

Y B-doped CuO[21] 60 137 -0.625 1.0 M KOH 

 CuO-FEPthis work 77 800 -0.76 1.0 M KOH 
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Figure S4.22. Operando Raman spectrum of the three Cu-polymer catalysts, Raman shift ranges from 1700 to 2200 

cm-1. From bottom to top: initial OCP, -0.4 to -0.9 V vs RHE, final OCP. Raman spectrum is acquired at 60s after the 

chronoamperometric test starts. a) Cu-FEP. b) Cu-Nafion. c) Cu-PAA. 
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Figure S4.23. Faradaic efficiencies towards CO of Cu catalysts with the three binders with respect to the potential. 

Obtained in the H-cell, with 0.1 M KHCO3 as the electrolyte. 
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Synthesis of Au-nanoparticles-supported on Cu 

On the as-synthesized CuO support, Au is precipitated and deposited to obtain the Au@Cu catalyst. The 

synthesis proceeds as following: 

(1) Neutralization of the precursor: The precursor for Au deposition is HAuCl4.3H2O, it is neutralized 

with NaOH to avoid dissolution of the CuO support. In 28.5 mL of H2O, 1.5 mL of 0.02 M 

HAuCl4.3H2O is added. The solution is stirred and heated up to 70°C and 0.01 M NaOH is added to 

bring the pH up to 6.  

(2) Precipitation deposition: 81 mg of CuO is added to the neutralized position and the pH is adjusted 

to approximately 7.5. The reaction is kept at 75°C under continuous stirring for 1h then cooled down 

to room temperature. The obtained solution is washed with deionized water twice, then ethanol, 

before freeze-fried for 72 hours, 

(3) After freeze-drying, the powder CuO-Au is calcined in air for 1 h at 300°C. 

  



EPFL SB ISIC LMER 
Thi Ha My PHAM 
 

210 
 

Laboratory of Materials for Renewable Energy (LMER) 
Institute of Chemical Sciences and Engineering (ISIC) 
Basic Science Faculty (SB) 

 

Figure S4.24. Performance of the as-synthesized Au@Cu-polymer catalysts. a) TEM image (Scale bar: 100 nm) and 

b) the particle size distribution of the Au@Cu sample without polymer binder. c) and d) Faradaic efficiency towards 

C1 and C2+ products of the Au@Cu-polymer catalysts, 0.1 M KHCO3 in H-cell. 
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Abstract 

CO2 electrolysis in acidic environments is recognized for its capacity to enhance CO2 utilisation via a 

buffering effect to convert carbonate formed at high local pH levels back into CO2. Nevertheless, the process 

requires further exploration to improve its selectivity towards CO2 reduction reaction (CO2RR) products, 

particularly multicarbon (C2+) ones, and enhance its overall stability. This study reveals that in a 

configuration where the catholyte is recycled to form a closed liquid cycle, the bulk pH increases throughout 

the reaction and the Cu-based catalyst undergoes dynamic evolution, involving initial dissolution at a low 

pH followed by redeposition under a negative overpotential. The observed shift in bulk pH was identified 

as the primary cause of flooding and the deactivation of the gas diffusion electrode (GDE). To address this, 

we proposed separating the inlet catholyte from the outlet liquid products to maintain a constant pH entering 

the cell. The continuous flow of the solution ensures that the pH near the catalyst is kept below a critical 

value, preventing flooding. Additionally, a rational design of the microporous and catalyst layers contributes 

to extending the lifetime of the GDE before flooding occurs, achieving stability for up to 8 hours at 600 mA 

cm-2. 

 

Keywords: electrocatalysis, CO2 reduction, acidic environment, multicarbon product, stability. 
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1 Introduction  

The electrochemical carbon dioxide reduction reaction (eCO2RR) represents a promising strategy for 

mitigating CO2 emissions and storing renewable energy in the form of chemical feedstock[1–3]. However, 

this reaction faces challenges primarily due to the limited water solubility of CO2 molecules and the high 

overpotential resulting from their stability. Additionally, the eCO2RR typically operates at neutral pH to 

avoid the competing hydrogen evolution reaction (HER) in acidic environments and carbonate formation in 

alkaline solutions[4,5]. 

Flow cell reactors, in which CO2 is fed from the rear of a gas diffusion electrode (GDE) coated with a 

microporous (MP) layer (where the catalyst is deposited and the electrolyte is supplied), effectively address 

the challenge of CO2 solubility in aqueous electrolytes[6]. Since CO2 is introduced from the rear of the GDE 

and comes into contact with the electrolyte in a very thin region – that is, the catalyst layer – this cell design 

allows for the utilisation of alkaline electrolytes, reducing the occurrence of the HER. Therefore, the partial 

current density for multicarbon (C2+) products can be boosted to over 1 A cm-2 in a flow cell reactor 

employing an alkaline electrolyte[7].  

CO2 electrolysis in a flow cell is primarily performed in alkaline solutions to minimise hydrogen evolution. 

However, even when CO2 is supplied from the rear of the GDE, it can still permeate the alkaline electrolyte, 

leading to carbonate formation. The supplied CO2 is, thus, only partially converted into the desired products, 

resulting in low CO2 utilisation[8–10]. Furthermore, once the alkaline electrolyte penetrates the MP layer and 

reaches the rear of the GDE, it can rapidly form carbonate salts, hindering CO2 access to the catalyst layer 

and leading to the flooding of the GDE[11–14]. Scholars have reported that a moderately low-pH electrolyte 

can still lead to high selectivity towards C2+ products due to localised high-pH levels at the catalyst surface[15]. 

Simultaneously, the low-pH bulk electrolyte can continuously diffuse towards the surface, converting the 

bicarbonate generated by the elevated local pH back into CO2. This approach, involving an acidic electrolyte, 

not only yields a comparable amount of C2+ products using less CO2 but also protects the GDE from flooding. 

In CO2 electrolysis, many strategies have been proposed to minimise the occurrence of the HER, increase 

the selectivity towards C2+ products, and enhance the reaction stability in acidic environments. The C2+ 

Faradaic efficiency (FE) can be improved via the suppression of proton access by increasing the cation 

concentration at the catalyst layers[16,17] and the hydrophobicity in the vicinity of the catalyst[18,19]. One can 

elevate the cation concentration near the catalyst by, for example, introducing a cation-enriched layer[9], 

utilising a functionalised adlayer[20,21], or employing a nanostructured catalyst to increase the localised K+ 

concentration[22]. Improving the stability of CO2 electrolysis in acidic settings involves altering the MP layer 

to prevent flooding, introducing cationic groups to regulate the water[16], or employing pulse electrolysis to 

self-remove salt formation[23].  

Despite the successful development of numerous strategies to improve C2+ selectivity in acidic environments, 

one still needs to consider the interplay between reaction activity and stability. High activity results in a 

significant release of hydroxide ions at the reaction sites, constituting the principal reason for GDE 

degradation[24]. In particular, the cationic concentrations typically used for the CO2RR in acidic 

environments, such as 3 M, could induce a more critical deactivation of the GDE than the concentration 
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employed in alkaline electrolytes, which is only 1 M. In this work, we confirmed that CO2 electrolysis in 

acidic media exhibits a similar product distribution to that in alkaline media and that the surface pH is 

alkaline. The continuous generation of hydroxide ions from the reaction sites rapidly changes the bulk pH, 

leading to the deactivation of the GDE. By separating the inlet catholyte and the liquid products, the 

hydroxide ions are quickly neutralised, and the pH near the catalyst is kept constant, enhancing the stability 

of the GDE. Increasing the thickness of the MP and catalyst layers while ensuring sufficient porosity for 

CO2 diffusion significantly extends the lifetime of the GDE before the onset of flooding. 

2 Methodology 

2.1 Synthesis of CuO catalysts 

The CuO catalysts were synthesised following the same protocol reported in previous studies[18]. 

Specifically, 1.3 g of Cu(NO3)2·3H2O (Sigma-Aldrich) was dissolved in 100 mL of Milli-Q water, followed 

by the addition of 30 mL of 0.15 M NH4OH prepared from ammonium hydroxide, 28% NH3 (Alfa Aesar). 

Subsequently, 10 mL of 1.0 M NaOH (Reactolab SA) was gradually added at a rate of 2 mL min-1. The 

precipitation reaction was allowed to proceed for 30 minutes, with continuous stirring facilitated by a 

magnetic agitator. The Cu(OH)2 precipitate was then centrifuged, filtered, and thoroughly washed with 

deionised water and ethanol. Subsequently, the precipitate was freeze-dried for 72 hours and then calcined 

in air for 1 hour at 300 ℃ to yield the CuO catalyst. 

2.2 Preparation of the GDE 

The GDE was prepared by spray-coating the as-received GDE (YLS-30T, Suzhou Sinero Technology Co.) 

with the catalyst ink, consisting of isopropanol as the solvent, the as-synthesised catalyst (4 mg mLIPA
-1), 

and a 5% dispersion of PTFE (diluted from 65% PTFE, Fuel Cell Store) at 4 µL mgcatalyst
-1. After evaporating 

the solvent, the GDE was calcined at 300 ℃ for 30 minutes to melt the PTFE particles. 

The Vulcan PTFE ink was prepared by mixing carbon black (CB; Vulcan XC-72R, Fuel Cell Store) with 

5% PTFE (diluted from PTFE DISP 30, Fuel Cell Store) and IPA as the solvent. A loading of 4 mg mLIPA
-1 

was used, and that of the 5% PTFE was 4 µL mgcarbon
-1.  

The GNP-CuO catalysts were prepared using IPA and 5% PTFE with a powder loading – total mass of 

graphene nanoplatelets (GNPs; Sigma-Aldrich) and CuO – of 4 mg mLIPA
-1 and a PTFE loading of 4 µL 

mgpowder
-1.  

2.3 Electrochemical characterisation 

Electrochemical measurements were performed using a potentiostat (Metrohm Autolab PGSTAT302N). 

The gaseous products were quantified using an online gas chromatograph (GC, SRI Instruments 8610C) 

equipped with a thermal conductivity detector (TCD) and a flame ionisation detector (FID). The electrolyte 

was collected after the chronopotentiostatic measurements, and 1H nuclear magnetic resonance (NMR; 

Bruker 400 MHz AVIII HD) spectroscopy was used to quantify the liquid products. The flow cell used for 

the electrochemical measurements is the same as that used in previous work[6], with a cation exchange 
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membrane (CEM, Nafion 115, Ion Power) separating the cathode and anode chambers. A leakless Ag/AgCl 

(Metrohm) reference electrode was employed, and a Pt plate served as the counter electrode. The catholyte 

was composed of 3 M KCl (Sigma-Aldrich), and the pH of the solution was adjusted to acidic levels via the 

addition of 3 M H3PO4 (diluted from 85% H3PO4, Sigma-Aldrich). The anolyte comprised a solution of 3 

M KHCO3 (Thermo Scientific). The pH evolution was measured over time with a pH metre (Mettler Toledo). 

2.4 Material characterisation 

Scanning electron microscopy (SEM) images and corresponding energy-dispersive X-ray (EDX) 

spectroscopy elemental maps were acquired using a FE-SEM ThermoFisher Teneo device. High-angle 

annular dark field (HAADF) images and the corresponding EDX maps were obtained with a ThermoFisher 

Tecnai Osiris 200 kV TEM instrument. The water contact angle (WCA) was measured with a Kruss 

EasyDrop Drop Shape Analyzer, and inductively coupled plasma-optical emission spectrometry (ICP-OES) 

was performed with an Agilent 5110 instrument. 

Operando Raman measurements were performed using an in situ Raman cell (Gaoss Union), with a 

continuous flow of CO2 in the gas chamber (Figure S5.1). The catholyte comprised 3 M KCl adjusted with 

3 M H3PO4 to the targeted pH, and the anolyte was 3 M KHCO3. A noncontinuous flow was used for both 

since the catholyte chamber was open to the air to accommodate the immersion objective (Leica, 63x). The 

incident beam involved red light with a wavelength of 632 nm. Constant currents of 10, 20, 30, and 50 mA 

were applied and maintained for 2 minutes before the acquisition of Raman spectra. 

3 Results and Discussion 

3.1 CO2 electrolysis using a CuO catalyst in an acidic environment 

The Cu-based catalyst herein, synthesised using a similar protocol as in our previous work, involved Cu(II) 

oxide, showcasing a highly porous morphology. Since the selectivity of this catalyst towards H2 exceeds 

25% in 0.1 M KHCO3 in an H-cell[18], using an acidic electrolyte was expected to result in a higher FE for 

H2. Therefore, when using an acidic electrolyte, CO2 electrolysis was only performed in a flow cell. 

The product distribution of the eCO2RR in an acidic electrolyte at a pH of 1, 2, and 3 is presented in Figures 

5.1a–c. The FE was acquired over 20 minutes of CO2 electrolysis with 90 mL of the catholyte being recycled; 

specifically, the outlet liquid from the cell was injected back into the inlet catholyte (Figure 5.2a). We 

observed a FE of approximately 10% for H2 and around 90% for the CO2RR at almost all current densities, 

indicating that the flow cell effectively suppresses H2 evolution even in an acidic electrolyte. At every pH, 

while the FE for H2 remains unchanged with an increasing current density, the product distribution shifts 

from CO to C2H4, most likely due to the increased overpotential with increasing current densities. Notably, 

there is no significant difference in the product distribution at different pH levels of the acidic electrolyte; 

the distribution is very similar to that obtained with 1 M KOH, using the same catalyst and experimental 

setup (Figure S5.2). 
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Figure 5.1. Product distribution of CO2 electrolysis at 600 mA cm-2 under different pH conditions: a) pH 1, b) pH 2, 

and c) pH 3. The feed CO2 flow rate is approximately 50 mL min-1, and the flow rates of the catholyte and anolyte are 

maintained at 1.5 mL min-1. The outlet liquids from both chambers are reinjected into the inlet electrolytes for a closed 

liquid flow. d) Operando Raman spectra for CO2 electrolysis at pH 2. From bottom to top: OCP and applied currents 

of 10, 20, 30, and 50 mA. 

The selectivity towards C2+ products at the three pH values also exhibits an identical trend. The FE for C2+ 

products ranges from 45–55% at 200 mA cm-2 and increases to 65–75% at 800 mA cm-2 (Figure S5.3). 

When the cell is performing optimally – for instance, at 600 and 800 mA cm-2 at pH 1, and at 800 mA cm-2 

at pH 2 – the FE for C2+ products exceeds 70% and approaches the value of 76% achieved with a flow cell 

using 1 M KOH[18]. This demonstrates that the added cations function efficiently as competing actors to 

reduce the access of protons to the catalyst. 

The post-corrected potentials measured as a function of the current density at different bulk pH levels 

(Figure S5.4a) indicate that more acidic environments result in a more negative potential versus RHE, as 

determined by the correction according to the Nernst equation using the bulk pH. However, the recorded 

potentials versus the Ag/AgCl reference electrode are similar regardless of the bulk pH (Figure S5.4b). 

Additionally, the product distribution of the CO2RR on the CuO catalyst exhibits a similar profile at the 

three different acidic pH values; this distribution also closely resembles that obtained with an alkaline pH 

of 14 (Figure S5.2), suggesting that even in a bulk acidic electrolyte, the local pH in the vicinity of the 

catalyst might be alkaline. Indeed, the hydroxide species of Cu was observed on the catalyst surface in an 
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acidic electrolyte with operando Raman spectroscopy[25–27] (Raman shifts ranging from 385–390 cm-1 and 

530–535 cm-1), confirming the alkaline environment at the surface (Figure 5.1d).  

The CO2 flow rate has no significant influence on the distribution of the gaseous products: the FEs of H2 

and C2+ are almost equal at inlet CO2 flow rates of 50 and 15 mL min-1 (Figure S5.5). Upon examining the 

final catholyte, we noted not only the presence of liquid products from the eCO2RR but also dissolved Cu. 

The amount of dissolved Cu exceeds 15% of that initially spray-coated on the GDE after the reaction at pH 

1; is approximately 3.5% and 2% at pH 2 and 3, respectively; and is negligible (under 1%) at pH 14 (Figure 

S5.6). The pre-electroreduction of the oxide catalyst (to form EC-Cu) in a neutral electrolyte at a low current 

density prior to CO2 electrolysis in acidic media, as conducted in some reported works[10,28], does not reduce 

the amount of dissolved Cu (Figure S5.7). This might arise from the dissolution of the oxide shell that has 

been re-oxidised during the sample-transfer step of the EC-Cu. Therefore, in our work, CuO was directly 

employed (as-synthesised) in CO2 electrolysis. 

3.2 Evolution of product distribution under two system configurations 

The CO2 electrolysis setup, schematically illustrated in Figure 5.2a, features a closed electrolyte flow, 

aligning with numerous previous studies on CO2 electrolysis in an acidic environment[9,10,22,29,30]. When 

transitioning from an alkaline to an acidic electrolyte, we anticipated a trade-off between flooding mitigation 

and proton concentration. Specifically, the acidic electrolyte was expected to prevent flooding due to the 

buffering capacity of the acid, neutralising hydroxide ions. Concurrently, however, it introduces an 

excessive amount of protons to the catalyst. Despite successfully managing the proton concentration by 

introducing cations through the high CO2RR and C2+ selectivity, we did not observe any improvement in 

the stability of the electrode (Figures 5.2b–d and S5.8). The changes in the liquid C1 and C2+ products are 

also negligible (Figure S5.9); therefore, tracking the evolution of gaseous products is sufficient to evaluate 

the degree of flooding in the GDE. In our case, the deactivation of the electrode was predominantly observed 

through the evolution of gaseous products, specifically H2 (via the HER) and C2H4. After 1 hour of CO2 

electrolysis, the FE of H2 increases to more than 30%, while that of C2H4 drops from more than 50% to 30%, 

regardless of the bulk pH (Figures 5.2b–d). Such deactivation of the electrode could be induced by the 

degradation of the catalyst or the GDE; to further investigate whether it arose from the evolution of the CuO 

catalyst in acidic bulk electrolyte or from the flooding of the electrode, we monitored the former over 1 hour 

of CO2 electrolysis via ICP-OES. The evolution of the amount of Cu in the catholyte as a function of time 

indicates initial dissolution percentages of approximately 2.6, 3.2, and 8.0% of the CuO catalyst at pH 3, 2, 

and 1, respectively (Figure S5.10). This aligns with the Pourbaix diagram, indicating that CuO dissolves in 

an acidic environment[31]. Once the CuO had been completely reduced to the metallic Cu phase by the 

negative overpotential, the catalyst ceased to dissolve. Additionally, the amount of Cu in the catholyte 

started to decrease after 1500 s, suggesting a redeposition process of ionic Cu2+ in the catholyte onto the 

electrode. We concluded that during CO2 electrolysis, the CuO catalysts evolve dynamically under the 

effects of low pH and a negative overpotential, leading to the formation of newly deposited Cu-based 

catalysts that might differ from the as-synthesised catalysts. 
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Figure 5.2. “Recycling” configuration of CO2 electrolysis. a) Schematic illustration of the “recycling” configuration, 

where the outlet catholyte flowing out of the flow cell is injected back into the catholyte reservoir (the volume of the 

catholyte is 90 mL). Evolution of the product distribution and the pH of the catholyte reservoir over 1 hour of CO2 

electrolysis with a “recycling” configuration at b) pH 1, c) pH 2, and d) pH 3. The feed CO2 flow rate is approximately 

15 mL min-1, and the flow rates of the catholyte and anolyte are maintained at 1.5 mL min-1. 

GDE flooding was indeed identified as the origin of electrode deactivation in an acidic electrolyte, as 

evidenced by salt formation on the rear of the GDE after 1 hour of electrolysis (Figure S5.11). The source 

of GDE flooding can be traced to the pH evolution of the catholyte. With a bulk pH of 3, the pH rapidly 

rises to 10.3 after 300 s and 12.1 after 1 hour of CO2 electrolysis due to the formation of hydroxide ions 

(Figure 5.2d). Therefore, the electrolyte transforms rapidly into an alkaline state, explaining the similar 

product distribution between pH 3 and 14 as well as the rapid flooding phenomenon. Similarly, an initial 

bulk pH of 2 increases quickly to 5.8 after 300 s and then to 10.5 after 1 hour of CO2 electrolysis (Figure 

5.2c). On the other hand, the highly acidic catholyte at pH 1 only increases to a pH of approximately 5 after 

1 hour of CO2 electrolysis (Figure 5.2b). From these observations, one can anticipate the possibility that the 

local pH at the reaction sites, where hydroxide ions are released, is significantly higher than the measured 

bulk pH. The bulk pH, which evolves rapidly, is not sufficient to neutralise the local pH levels and prevent 

flooding. 

The GDE was reused with the same catalyst after removing the salts on its rear, with a partial recovery in 

its CO2RR performance, as evidenced by reduced hydrogen evolution and an increase in the FEs of CO and 

C2H4 (Figure S5.12). This confirms that the GDE is one factor causing electrode degradation. However, the 

CO2RR selectivity does not reach the initial level of the freshly prepared GDE and also degrades rapidly 
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after 1500 s. This irreversible loss in performance could arise from the dissolved and redeposited CuO 

catalyst or the loss in GDE hydrophobicity, as indicated by a reduction in the WCA from 135° to 75° (Figure 

S5.13), which cannot be recovered by simply cleaning the rear of the GDE. 

To avoid the effects of the dynamic redeposition of the Cu-based catalysts and pH changes in the bulk 

electrolyte, we proposed a modification to the reaction system. Rather than injecting the outlet catholyte 

back into the initial catholyte reservoir (herein referred to as the “recycling” configuration), the outlet 

catholyte containing liquid products was collected in a separate container (herein termed the “separating” 

configuration), as shown in Figure 5.3a. In this setup, the inlet catholyte is consistently maintained at its 

bulk pH, and the redeposition of dissolved Cu ions onto the GDE is avoided. 

As expected, in measuring the amount of Cu in the outlet catholyte (collected immediately after every GC 

injection), dissolved Cu was only observed in the catholyte collected after 500 s (Figure S5.14). This 

dissolution represents a loss fraction of 1.1, 1.8, and 9.6% at pH 3, 2, and 1, respectively. No dissolved Cu 

was noted thereafter, indicating that the dissolution occurred only during immersion and before the CuO 

was completely reduced to metallic Cu. Therefore, one can conclude that this change in the design of the 

reaction system can successfully prevent the effect of Cu redeposition. 

Tracking the pH of the outlet electrolyte aided in evaluating the pH at the reaction site. While the latter 

might be higher than the value measured at the outlet, the continuous flow of inlet acidic catholyte allows 

for the immediate neutralisation of the excess basicity. Therefore, the measured pH of the outlet liquid 

products is expected to correspond to that in the vicinity of the catalyst. In the “separating” configuration, 

the measured pH of the outlet liquid products is significantly different from that of the inlet, with values of 

5, 10.5, and 12 for inlet pH values of 1, 2, and 3, respectively (Figure 5.3b). For all three inlet pH values, 

the measured pH of the outlet liquids remains stable over time, except for the initial values, which are 

slightly lower since they involve introducing the acidic electrolyte to wet the GDE before applying the 

current density of 600 mA cm-2. 

The evolution of gaseous products in this modified system is presented in Figures 5.3c–e. Unlike the case 

of the “recycling” configuration, where changes are observed in the bulk pH and product selectivity, in the 

“separating” configuration, the pH of the inlet liquid flow is fixed, and the reaction exhibits significantly 

greater stability. Over 1 hour, the HER remains stable at approximately 10% for all three pH values, and no 

major changes were observed in the FE of C2H4, which is consistently maintained at approximately 50%. 

Therefore, with this change in the reaction system configuration, one can successfully monitor the pH of the 

catholyte entering the cell, ensuring sufficient inlet protons to recombine with the hydroxide ions generated 

from the reaction. 
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Figure 5.3. “Separating” configuration of CO2 electrolysis. a) Schematic illustration of the “separating” configuration, 

where the outlet catholyte flowing out from the flow cell is collected separately (the pH of the catholyte flowing into 

the flow cell is kept at the value of the catholyte reservoir). b) Evolution of the pH of the outlet liquid products flowing 

out of the cathode chamber over 1 hour. Evolution of the product distribution and pH of the catholyte reservoir over 1 

hour of CO2 electrolysis in a “separating” configuration at c) pH 1, d) pH 2, and e) pH 3. The feed CO2 flow rate is 

approximately 15 mL min-1, and the flow rates of the catholyte and anolyte are maintained at 1.5 mL min-1. 

3.3 GDE design for enhanced stability 

3.3.1 Catalyst surface loading 

The initial dissolution of CuO before reduction to metallic Cu is rather significant in the case of a CuO 

loading of 0.4 mg cm-2, especially in a highly acidic environment (pH 1). This loss of the catalyst not only 

decreases the number of active sites for the CO2RR but also weakens the GDE since the catalyst layer itself 

prevents liquid penetration to the rear of the GDE. Increasing the catalyst loading undoubtedly reduces the 

loss fraction and creates a thicker catalyst layer that can improve the resistance of the electrode against 

flooding. After increasing the catalyst loading to 2 and 4 mg cm-2, the values of the FE of CO almost double, 

while those of C2H4 are slightly lower compared to the values at loadings of 0.4 and 1 mg cm-2, probably 

due to the lower overpotential at a similar current density (Figures 5.4a and S5.15b). 

After increasing the catalyst loading from 0.4 to 1.0 mg cm-2, we observed an improvement in the stability 

of the GDE: the time for the FE of C2+ to drop below 40% and, correspondingly, for the HER to exceed 20% 

is extended to 5000 s (Figures 5.4a and S5.15b). At a higher loading of 2 mg cm-2, the lifetime of the GDE 

before the onset of flooding is further improved. The HER is kept under 20% for 5000 s before increasing 

to 40% at 8000 s, indicating a gradual flooding of the GDE. The FE of C2H4 gradually increases from 38 to 

55% in the first 4000 s, likely due to the wetting of the thick catalyst layer. Even in the presence of flooding, 

the FE of C2H4 remains above 40% after 8000 s, and the increased hydrogen evolution is compensated for 
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by the decrease in the FE of CO (Figure S5.15). Therefore, a thicker catalyst layer protects the GDE from 

abrupt flooding, as in the case of a loading of 0.4 mg cm-2. When the catalyst loading is excessively high – 

at, for example, 4 mg cm-2 – the catalyst might become too thick and dense, potentially blocking CO2 

diffusion within the catalyst layer and leading to an overall higher degree of hydrogen evolution (Figure 

S5.15a). The decrease in hydrophobicity after the reaction involving the GDE with a CuO loading of 2 mg 

cm-2 is also the smallest among the samples (Figure S5.16). In brief, increasing the thickness of the catalyst 

layer could enhance the barrier against flooding to a certain degree, though the layer must always allow for 

the diffusion of CO2 through it. 

3.3.2 Microporous layer 

As a thicker catalyst layer helps decelerate the flooding of the GDE, we introduced an additional MP layer 

by spray-coating an ink containing Vulcan carbon black and a PTFE binder onto the as-received GDE YSL-

30T. This layer was expected to provide additional thickness to the GDE while maintaining the continued 

diffusion of CO2 due to the porous carbon, without changing the product distribution of the reaction (Figure 

S5.17). Such a layer is unlike a dense catalyst layer, which could block the feed gas and reduce the transport 

of gaseous products to the gas outlet. 

While the HER does not change with the addition of this layer (Figure S5.18a), the FE of C2H4 gradually 

increases within the first hour before reaching its maximum value, corresponding to the wetting process of 

the GDE (Figure 5.4b). The additional MP layer results in a slightly higher amount of CO and a lower 

quantity of C2H4 compared to the as-received GDE (Figure S5.18b). This is attributed to the additional 

hydrophobicity provided by the MP layer to the GDE, as indicated by the larger WCA of the GDE coated 

with the MP layer (Figure S5.19). The GDE might be “drier”, reducing the amount of hydrogenated CO, 

which is one of the intermediates for C2H4. However, the additional MP layer effectively increases the 

lifetime of the GDE before flooding occurs. 
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Figure 5.4. Rational design of the carbon GDE to improve its lifetime prior to flooding. a) FEs of C2+ achieved at 

different surface loadings of the catalyst and b) those obtained with an additional MP layer, generated by spray-coating 

Vulcan PTFE ink onto the GDE at a surface loading of 0.8 mg cm-2 of Vulcan. c) SEM image of GDE spray-coated 

with GNP-CuO 1-4 (scale bar: 2 µm). d) FEs of C2+ obtained with different GNP:CuO mass ratios. The feed CO2 flow 

rate is approximately 15 mL min-1, and the flow rates of the catholyte and anolyte are maintained at 1.5 mL min-1. 

3.3.3 Dispersion of CuO catalysts 

To increase the catalyst loading without creating a dense layer blocking CO2 diffusion, we mixed the CuO 

catalyst with a nonactive compound acting as a scaffold to better disperse the powder catalyst. Inspired by 

the work of Kwon et al.[32], who used MgAl nanosheets to create “house-of-cards” scaffolds for their 

catalysts and to allow for catalyst loadings up to 5.82 mg cm-2, we employed graphene nanoplatelets (GNPs), 

which also exhibit a nanosheet structure, as demonstrated in our previous work[33,34]. By physically mixing 

the GNPs and CuO catalysts, we observed that the nanosheet phase successfully generates channels 

separating the compact catalyst phase, ensuring CO2 diffusion, as shown in the SEM images in Figures 5.4c 

and S5.20. 

Different GNP:CuO mass ratios were tested to obtain the optimal ratio for enhanced resistance against 

flooding. The product distributions for the three mixtures – GNP-CuO 1-10, GNP-CuO 1-4, and GNP-CuO 

1-1 – and that for CuO are presented in Figure S5.21. Upon the addition of GNPs to the catalyst layer, the 

GNP phase does not affect the CO2RR selectivity, as opposed to the activity of tandem catalysts (e.g., Cu–

Ag ones)[35,36]. At GNP:CuO mass ratios of 1:10 and 1:4, the product distribution profiles of the mixed 

systems are very similar to that of CuO used alone. At a 1:1 ratio, there is increased hydrogen evolution due 
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to the excess amount of GNPs, but the profile of the CO2RR products remains unchanged. Therefore, one 

can conclude that GNPs do not chemically contribute as an active phase or a coupled phase (for tandem 

catalysts) to CO2RR catalytic activity. 

While the addition of GNPs does not change the CO2RR selectivity, it exerts a significant influence on the 

lifetime of the GDE. Using a GNP:CuO mass ratio of 1:10, the time point for the FE of H2 to reach 20% and 

that of C2H4 to drop below 40% is 6000 s (Figures 5.4d and S5.22a). When this ratio is further increased to 

1:4, the above-mentioned time point is extended to 12000 s. In addition, even though hydrogen evolution 

slowly increases over time due to gradual flooding, the FE of C2H4 remains stable and over 50%. This 

increasing trend of the HER is mostly compensated for by the decrease in CO (Figure S5.22b). However, 

when the GNP:CuO mass ratio is further increased to 1:1, with the molar concentration of the GNPs almost 

sevenfold higher than that of CuO, this time point is significantly reduced, most probably due to the 

excessive occurrence of the HER caused by the carbon (Figures 5.4d and S5.22). Furthermore, the WCA 

after the reaction indicates that the resistance of the GDE improves upon adding GNPs to the CuO catalyst 

since its loss in hydrophobicity is reduced (Figure S5.23). We determined that a GNP:CuO ratio of 1:4 offers 

the optimal layer thickness and morphology; this thickness is sufficient to enhance resistance against 

flooding, with channels dispersing the CuO to facilitate improved CO2 diffusion. Importantly, this ratio 

ensures that the hydrogen evolution generated by the carbon is minimised. 

Incorporating the optimized GDE composition in the “separating” configuration significantly improves the 

lifetime of the GDE prior to flooding. With a GDE comprising an additional MP layer and GNP-CuO 1-4 

with a surface loading of 0.4 mg cm-2, the FE of H2 remains below 10% for almost 3 hours, with the 

corresponding FE of C2H4 remaining stable at approximately 50% (Figure S5.24). Higher loadings of 1 and 

2 mg cm-2 aid in keeping the hydrogen evolution at 10% for approximately 5 hours (Figures S5.25 and 

S5.26). Additionally, once flooding begins, a higher surface loading with a thicker layer makes the 

deactivation less abrupt. The outlet pH remains stable when the GDE exhibits consistent performance but 

increases once flooding starts. With a bulk pH of 2, the outlet pH remains stable at around 10.5 but surges 

to over 11.5 at the point of flooding; this increase may result from salt crystals blocking CO2 access to the 

catalyst layer. Consequently, the absorption of hydroxide ions by CO2 is significantly reduced, leading to a 

higher pH in the outlet liquid. 

Upon transitioning to a bulk pH of 1, the outlet liquid is maintained at a pH between 6 and 6.5, and no 

flooding occurs for almost 8 hours of CO2 electrolysis. The FE of H2 is maintained under 10%, accompanied 

by a transition from CO to C2H4 over time, as evidenced by the gradual increase in the FE of C2H4 and the 

gradual decrease in the FE of CO (Figure 5.5a). In brief, the “separating” system configuration utilising 

GNP-CuO 1-4 on a carbon GDE modified with an additional MP layer leads to stability for up to 8 hours 

(Figure 5.5b). Even though the lifetime of our GDE was shorter than the long-term longevity achieved with 

carbon-based GDEs at low current density in other works[19,37], we emphasize that our relatively high current 

density of 0.6 A cm-2 shows a good tradeoff between lifetime and current density[19,24,37–42] (Figure 5.5c and 

Table S5.1). Additionally, this stability falls within the range obtained for CO2 electrolysis achieved with 

the PTFE GDE, commonly used in acids [9,10,20,22,28–30,43], and known for its high hydrophobicity and stability 

(Figure S5.28 and Table S5.2). 
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Figure 5.5. a) Gaseous product distribution of CO2 electrolysis, b) FEs of C2+ and pH of the outlet liquids using 

“separating” configuration, in 3 M KCl adjusted to pH 1 with H3PO4, over time. The feed CO2 flow rate is 

approximately 15 mL min-1, and the flow rates of the catholyte and anolyte are maintained at 1.5 mL min-1. c) Plot of 

the current densities versus lifetime of the carbon-based GDEs for CO2-electrolysis in flow-cell. The details of the 

catalysts and electrolytes are summarized in Table S5.1. 

4 Conclusion 

In conclusion, we have demonstrated that CO2 electrolysis in acidic environments, while expected to exhibit 

better stability than in alkaline environments, still suffers from flooding due to high local pH levels. 

Operando Raman spectroscopy revealed an alkaline catalyst surface, evidenced by the presence of 

oxyhydroxide species when examining the catalyst surface in acidic environments. Additionally, in a system 
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configuration where the catholyte is recycled to form a closed liquid flow, the oxide catalyst undergoes a 

reconstruction process, including dissolution and redeposition. Furthermore, the bulk pH increases over time 

and leads to insufficient neutralisation of the hydroxide ions generated at the reaction sites, causing GDE 

flooding. By collecting the outlet liquid separately in a “separating” configuration, one can avoid the 

dynamic evolution of the Cu-based catalyst while maintaining the pH of the catholyte entering the cell 

constant. This inlet flow at a constant pH provides sufficient acidity to neutralise the hydroxide ions, keeping 

the pH near the catalyst below the critical range for carbonate formation upon combination with CO2. The 

rational design of the GDE, including increasing the thicknesses of the MP and catalyst layers while ensuring 

the continued diffusion of CO2 through them, contributes to creating a more resistant barrier against flooding, 

thereby increasing the lifetime of the carbon GDE. 
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5 Supporting Information 

 

Figure S5.1. Photograph of the cell used for operando Raman measurements. CO2 flows through the gas chamber 

while the anode chamber is closed, and the cathode chamber is open to the air to accommodate the immersion objective. 
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Figure S5.2. Product distribution of CO2 electrolysis in 1 M KOH at a constant current density of 600 mA cm-2 and a 

CO2 flow rate of 100 mL min-1. 
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Figure S5.3. Selectivity of the eCO2RR towards C2+ measured in electrolytes of different pH values at a constant 

current density of 600 mA cm-2. 
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Figure S5.4. Potentials recorded at a constant current density of 600 mA cm-2: a) calculated, iR-corrected potentials 

versus RHE and b) measured potentials versus the Ag/AgCl electrode. 

 

  



EPFL SB ISIC LMER 
Thi Ha My PHAM 
 

235 
 

Laboratory of Materials for Renewable Energy (LMER) 
Institute of Chemical Sciences and Engineering (ISIC) 
Basic Science Faculty (SB) 

 

Figure S5.5. Gaseous product distribution at various CO2 flow rates and a constant current density of 600 mA cm-2. 
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Figure S5.6. Calculated fraction of Cu dissolved in the catholyte at different pH levels of the catholyte. The dissolved 

Cu was measured from the catholyte collected after 1 hour of CO2 electrolysis at a constant current density of 600 mA 

cm-2. The mass of dissolved Cu is normalised against the mass of CuO initially spray-coated onto the GDE. 
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Figure S5.7. Calculated fraction of Cu dissolved in the catholyte over 1 hour of CO2 electrolysis at pH 2 and a constant 

current density of 600 mA cm-2. The Cu dissolution was examined for both the as-synthesised CuO and the EC-Cu, 

which was reduced for 20 minutes at 20 mA cm-2 in 0.1 M KHCO3 before CO2 electrolysis. The mass of dissolved Cu 

is normalised against the initially spray-coated mass of CuO on the GDE. 
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Figure S5.8. Evolution of gaseous products over 1 hour of CO2 electrolysis at pH 14 and a constant current density of 

600 mA cm-2, utilising the “recycling” configuration.  
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Figure S5.9. Evolution of liquid products over 1 hour of CO2 electrolysis in acidic electrolytes of pH 1, 2, and 3 at a 

constant current density of 600 mA cm-2. 
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Figure S5.10. Calculated fraction of Cu dissolved in the catholyte over 1 hour of CO2 electrolysis at pH 1, 2, and 3, 

utilising the “recycling” configuration at a constant current density of 600 mA cm-2. The mass of dissolved Cu is 

normalised against the initially spray-coated mass of CuO on the GDE. 
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Figure S5.11. Photographs of the rear of the carbon GDE after 1 hour of CO2 electrolysis at pH 1, 2, and 3 and a 

constant current density of 600 mA cm-2. 
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Figure S5.12. Evolution of gaseous products over 1 hour of CO2 electrolysis at a constant current density of 600 mA 

cm-2 and pH 2, and that in a new catholyte of pH 2 after cleaning the rear (back side) of the GDE. 
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Figure S5.13. WCA of the CuO catalyst initially spray-coated onto the carbon GDE and that after 1 hour of CO2 

electrolysis at pH 2 and a constant current density of 600 mA cm-2. 
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Figure S5.14. Calculated fraction of Cu dissolved in the catholyte over 1 hour of CO2 electrolysis at pH 1, 2, and 3, 

using the “separating” configuration at a constant current density of 600 mA cm-2. The mass of dissolved Cu is 

normalised against the initially spray-coated mass of CuO on the GDE. 
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Figure S5.15. Evolution of gaseous products over 1 hour of CO2 electrolysis at pH 2 and a constant current density of 

600 mA cm-2, with different CuO surface loadings: a) FE of H2 and b) FE of CO. 
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Figure S5.16. WCA of the carbon GDE with different CuO loadings at pH 2 and a constant current density of 600 mA 

cm-2, after CO2 electrolysis until the onset of flooding. 
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Figure S5.17. Product distribution of CO2 electrolysis at a current density of 600 mA cm-2 and pH 2 for the as-received 

YLS-30T GDE spray-coated with CuO and the GDE with an additional MP layer. The CuO loading is 0.4 mg cm-2. 
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Figure S5.18. Evolution of gaseous products over 1 hour of CO2 electrolysis at pH 2 and a constant current density of 

600 mA cm-2 for the as-received YLS-30T GDE spray-coated with CuO and the GDE with an additional MP layer: a) 

FE of H2 and b) FE of CO. 
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Figure S5.19. WCAs of different freshly prepared GDEs: as-received YLS-30T GDE, as-received YLS-30T GDE 

spray-coated with CuO, YLS-30T GDE spray-coated with additional MP layer, and GDE with CuO spray-coated onto 

YLS-30T modified with an additional MP layer. 
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Figure S5.20. SEM images of the GDE spray-coated with a) GNP-CuO 1-10 and b) GNP-CuO 1-1. Scale bar: 2 µm. 
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Figure S5.21. Product distribution of CO2 electrolysis at a current density of 600 mA cm-2 and pH 2, using GNP/CuO 

mixtures of different ratios spray-coated onto the as-received YLS-30T GDE. The CuO loading is 0.4 mg cm-2. 
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Figure S5.22. Evolution of gaseous products over 1 hour of CO2 electrolysis at pH 2 and a constant current density of 

600 mA cm-2 for mixtures of different GNP:CuO ratios spray-coated onto the as-received YLS-30T GDE. The CuO 

loading is 0.4 mg cm-2. a) FE of H2 and b) FE of CO. 
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Figure S5.23. WCA of the as-received YLS-30T GDE spray-coated with mixtures of different GNP:CuO ratios at pH 

2 and a constant current density of 600 mA cm-2, after CO2 electrolysis until the onset of flooding. 
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Figure S5.24. FEs of H2, CO, and C2H4 in extended CO2 electrolysis on the MP-coated GDE spray-coated with GNP-

CuO 1-4 at pH 2 and a constant current density of 600 mA cm-2. The CuO loading is 0.4 mg cm-2.  

  



EPFL SB ISIC LMER 
Thi Ha My PHAM 
 

255 
 

Laboratory of Materials for Renewable Energy (LMER) 
Institute of Chemical Sciences and Engineering (ISIC) 
Basic Science Faculty (SB) 

 

Figure S5.25. FEs of H2, CO, and C2H4 and the pH evolution of the outlet liquid in extended CO2 electrolysis on the 

MP-coated GDE spray-coated with GNP-CuO 1-4 at pH 2 and a constant current density of 600 mA cm-2. The CuO 

loading is 1 mg cm-2. a) 1st sample and b) 2nd sample. 
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Figure S5.26. FEs of H2, CO, and C2H4 and the pH evolution of the outlet liquid in extended CO2 electrolysis on the 

MP-coated GDE spray-coated with GNP-CuO 1-4 at pH 2 and a constant current density of 600 mA cm-2. The CuO 

loading is 2 mg cm-2. a) 1st sample and b) 2nd sample. 
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Figure S5.27. FEs of H2, CO, and C2H4 and the pH evolution of the outlet liquid in extended CO2 electrolysis on the 

MP-coated GDE spray-coated with GNP-CuO 1-4 at pH 1 and a constant current density of 600 mA cm-2. The CuO 

loading is 2 mg cm-2. a) 1st sample and b) 2nd sample. 
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Table S5.1. Summary of catalysts, pH of electrolytes and partial current density for C2+ products from a variety of 

carbon-based GDEs. 

pH Catalysts Current density 
(mA cm-2) 

Lifetim
e (h) 

jC2+ References 

7 Cu/GDL 10 2 
 

Role of the Carbon-Based Gas Diffusion Layer 
on Flooding in a Gas Diffusion Electrode Cell 

for Electrochemical CO2 Reduction 

7 AgNPs 150 1 
 

Effects of microporous layer on electrolyte 
flooding in gas diffusion electrodes and 

selectivity of CO2 electrolysis to CO 

7 Cu2O 200 10 138 Modulating Local CO2 Concentration as a 
General Strategy for Enhancing C−C Coupling 

in CO2 Electroreduction 

2 Cu/PTFE/C 300 50 186 Overcoming Low C2+ Yield in Acidic 
CO2 Electroreduction: Modulating Local 

Hydrophobicity for Enhanced Performance 

1 Cu 
nanoneedles 

600 10 468 Gas diffusion enhanced electrode with ultrathin 
superhydrophobic macropore structure for 

acidic CO2 electroreduction 

14 Ag 196 0.5 
 

Investigating Electrode Flooding in a Flowing 
Electrolyte, Gas-Fed Carbon Dioxide 

Electrolyzer 

14 Ag 150 0.5 
 

Investigating Electrode Flooding in a Flowing 
Electrolyte, Gas-Fed Carbon Dioxide 

Electrolyzer 

14 Ag 100 1 
 

Investigating Electrode Flooding in a Flowing 
Electrolyte, Gas-Fed Carbon Dioxide 

Electrolyzer 

14 Ag 50 2 
 

Investigating Electrode Flooding in a Flowing 
Electrolyte, Gas-Fed Carbon Dioxide 

Electrolyzer 

14 Ag 25 5 
 

Investigating Electrode Flooding in a Flowing 
Electrolyte, Gas-Fed Carbon Dioxide 

Electrolyzer 

14 Ag 200 6 
 

Investigation of Electrolyte-Dependent 
Carbonate Formation on Gas Diffusion 

Electrodes for CO2 Electrolysis 

14 Ag NPs 100 100 
 

Mitigating Electrolyte Flooding for 
Electrochemical CO2 Reduction via Infiltration 

of Hydrophobic Particles in a Gas Diffusion 
Layer 
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Figure S5.28. Plot of the current densities versus lifetime of the PTFE GDEs for CO2-electrolysis in flow-cell, and 

that of the carbon-based GDE used in this work. The reference numbers in the graph follow the numbering order in the 

main manuscript. The details of the catalysts and electrolytes are summarized in Table S5.2. 
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Table S5.2. Summary of catalysts, electrolytes and partial current density for C2+ products from a variety of PTFE 

GDEs. 

pH Catalyst Current 
density 

(mA cm-2) 

Lifetime 
(h) 

jC2+ References 

1 CuNNs 800 8 500 Breaking K+ Concentration Limit on Cu 
Nanoneedles for Acidic Electrocatalytic CO2 

Reduction to Multi-Carbon Products 

1 CuNNs 1200 5 700 Breaking K+ Concentration Limit on Cu 
Nanoneedles for Acidic Electrocatalytic CO2 

Reduction to Multi-Carbon Products 

2 6.2% Pd–Cu 500 4.5 350 High carbon utilization in CO2 reduction to 
multi-carbon products in acidic media 

≤ 1 ER-CuNS 700 30 525 CO2 electroreduction to multicarbon products 
in strongly acidic electrolyte via 

synergistically modulating the local 
microenvironment 

0.5 M H3PO4, 
0.5 M KH2PO4, 

2.5 M KCl 

CoPc@HC/C
u 

800 16 640 Efficient multicarbon formation in acidic 
CO2 reduction via tandem electrocatalysis 

1 COF:PFSA-
modified 
PTFE–Cu 
electrodes 

200 20 150 Conversion of CO2 to multicarbon products in 
strong acid by controlling the catalyst 

microenvironment 

1.0 M 
H3PO4 ([K+]=0.
1 M), 1.5 mM 

tolyl-pyr 

Modified-
Cu/PTFE 

50 5 14 Organic Additive-derived Films on Cu 
Electrodes Promote Electrochemical 

CO2 Reduction to C2+ Products Under 
Strongly Acidic Conditions 

1 Cu catalyst, 
reduced from 

CuO 
precatalyst 

200 8 120 Acidic Electroreduction of CO2 to Multi-
Carbon Products with CO2 Recovery and 

Recycling from Carbonate 

1 CAL-
modified Cu 

1200 12 300 CO2 electrolysis to multicarbon products in 
strong acid 
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CHAPTER 6: Conclusion 
 

In this thesis, we conducted an in-depth exploration of two sluggish reactions: water electrolysis and CO2-

electrolysis. The first reaction is the OER, which occurs at the anode side of the electrochemical cell in both 

water and CO2-electrolysis, producing oxygen from an alkaline electrolyte. The second reaction involves 

the eCO2RR, converting CO2 into carbon-containing compounds. Both of these reactions involve multi-

electron processes with complex pathways, necessitating the development of catalysts to reduce 

overpotential and enhance selectivity toward specific target products. 

The enhancement of electrochemical reaction performance has been explored from various angles. This 

improvement can be achieved through the modification of the catalyst's activity, involving both its intrinsic 

activity via alloying and its active surface area through dispersion onto a high surface-area support. 

Additionally, the activity and stability of a reaction can be improved by adjusting the micro-environment in 

the vicinity of the catalyst, such as increasing hydrophobicity or controlling the local pH to prevent an 

excessively high concentration of hydroxide ions. 

To be precise, we initially synthesized and investigated highly-dispersed Co-based nanoparticles on a high 

surface area carbon-based support for the OER. Our study not only successfully dispersed Co nanoparticles 

and sub-nanoparticles to achieve high mass activity, but also provided insights into the role of s-OFGs in 

the dispersion of the nanocatalysts. We have demonstrated that a high concentration of acidic s-OFGs 

enhanced the adsorption of cations from the precursor onto the support surface. Additionally, our work has 

shown that the finely dispersed and strongly anchored nanoparticles introduced additional defects to the 

carbon structure, as well as COOH groups to the surface which serves as sites for oxygen spillover. This 

process enhanced the overall OER activity of the supported Co-based catalysts. 

Furthermore, we incorporated Fe in situ into the Co-based catalysts to enhance their activity toward OER. 

In-depth studies on the crystalline and chemical structures of the CoFe catalyst, as well as the local 

placement and incorporation mechanism of Fe, were conducted using ex-situ surface characterizations and 

electron microscopy techniques. Furthermore, we investigated the role of Fe in improving OER activity 

through operando Raman spectroscopy and electrochemical quartz-crystal microbalance. Initially, we 

demonstrated that the in situ synthesis of CoFe-catalyst is initiated by the anodic deposition of the Co-based 

phase, followed by the incorporation of Fe into this host-structure. Fe is homogeneously incorporated into 

the Co-based mixed oxides without forming a separate Fe-rich phase. This incorporation occurs through the 

replacement of Fe³⁺ in Co³⁺ sites, resulting in a slight increase in the Co lattice spacing of approximately 

3%. The CoFe catalyst exhibited a Tafel slope of 28.3 mV dec-1 and an overpotential of 319 mV at 10 mA 

cm-2, making it among the best CoFe-based materials for OER. Operando mass- and phase-tracking 

indicated that Fe reduced the transition potential from the in situ CoFe-catalyst to the OER-active phase. 

On the cathode side of CO2-electrolysis reaction, where CO2 is electrochemically reduced to multicarbon 

products on a Cu-based catalyst, we managed water accessibility through the use of different polymer 

binders. Since the solubility of CO2 in water is limited, the FE toward CO2RR products is often hindered by 

the HER. By coating the catalyst with a thin layer of a hydrophobic binder, FEP, we successfully repel water 
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and promote CO2 access to the vicinity of the catalyst, thereby reducing HER and enhancing the selectivity 

toward CO2RR products. Furthermore, through operando Raman spectroscopy, we observed that the CO 

surface intermediate is present over a wider potential range with a hydrophobic polymer binder compared 

to a hydrophilic one. This observation reveals that employing a hydrophobic binder retains not only CO2 

but also CO, which can be further reduced to C2+ products, explaining the enhanced selectivity toward C2+ 

products observed in both the H-cell and flow cell. 

Finally, we performed CO2-electrolysis in an acidic electrolyte with a flow cell to enhance the CO2 

utilization of the reaction. With the addition of cations, we successfully minimized the HER and achieved a 

selectivity towards C2+ products similar to that in alkaline media. By separating the inlet catholyte and the 

liquid products, we eliminated the effects from bulk pH changes and the dynamic restructuring of the 

catalysts, which typically reduce the electrode's lifetime. The resistance of the GDE against flooding could 

be further improved by modulating its composition, such as the thickness of MP layer, the loading of catalyst 

and the CO2 diffusion within the catalyst layer. The implementation of the modified reaction system’s design 

combined with optimal conditions of the GDE allowed us to mitigate flooding of the GDE and achieve 

stability for up to 7 hours at 600 mA cm-2. 
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CHAPTER 7: Perspectives 
 

1. Application of the in situ CoFe catalyst in operando XAS electrochemical cell:  

Since the CoFe catalyst can be directly deposited onto carbon, studying its operando oxidation state and 

local structure in an electrochemical cell becomes possible by spray-coating carbon powder onto a gold-

coated Kapton film. Operando XAS performed on such catalysts will provide further insights into the Co-

Fe interaction, enhancing and complementing our understanding of the role of Fe in promoting OER activity 

in Co-based catalysts. 

2. Investigation on polymers with limited proton conductivity and high anion conductivity for 

application in acidic eCO2RR:  

High cation concentration is often used to reduce proton access to the catalyst, lowering the HER. However, 

in regions with high pH during the reaction, this can combine with CO2 and the anion to form carbonate, 

potentially blocking CO2 access. New approaches for managing proton access without high cation 

concentrations are necessary. Coating the catalyst layer with an ionomer or polymer exhibiting limited 

proton conductivity and high anion conductivity might offer a solution. This approach could minimize 

proton access while promoting anion transfer from the reaction site to the bulk electrolyte, enhancing 

buffering near the catalyst. 

3. Application of the FEP-coated CuO and the CoFe catalyst in a zero-gap flow cell to reduce 

cell voltage:  

While the FEP-coated CuO demonstrated enhanced current density and selectivity toward C2+ products in 

the CO2RR in a flow cell, the in situ CoFe catalyst also exhibited superior activity for OER. Integrating the 

CoFe catalyst and the FEP-coated CuO into a zero-gap cell aims to reduce cell voltage. Other components 

involved in the reaction, such as the GDE and the membrane, will also be studied to lower the cell voltage, 

achieving a specific partial current density for C2+ products. 

4. Integration of Polydimethylsiloxane (PDMS) in the CO2-electrolyzer:  

PDMS is commonly used for direct-air capture of CO2 due to its CO2-philicity. Therefore, integrating this 

polymer into the system, either as a binder or an additional layer near the catalyst, might allow for CO2 

electrolysis at lower CO2 partial pressure. 
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