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PREFACE 

Motivated by the desire to contribute to solving global energy crisis and the alarming 

environmental situation by using sustainable resources, this thesis is focused on the fabrication 

and characterization of nanostructured materials and their application as catalysts in 

electrochemical systems for biomass exploitation, with an emphasis on both electricity 

generation and the valorization of biomass-derived products. 

Following this central goal, the work is structured into six chapters. 

The first chapter introduces biomass as a sustainable alternative resource to fossil fuels and 

presents the objectives of this thesis. It outlines the advantages of biomass over conventional 

resources and describes current procedures used for its exploitation, both thermochemical and 

biological. Additionally, it introduces electrochemical methods, emphasizing their role in both 

energy generation and the further valorization of biomass-derived compounds, with a deeper 

explanation of the reactions studied in subsequent chapters.  

Chapters 2 to 5 detail the experimental work conducted in this thesis. Each chapter illustrates 

the synthesis of the different materials, employing strategies to reduce the amount of noble 

metals, their subsequent characterization and their application as catalysts in electrochemical 

oxidation reactions. 

According to the role that biomass plays in the electrochemical system, the experimental section 

can be divided into two sub-blocks: energy generation and further valorization of biomass-

derived compounds  

The first block, which includes chapters 2 to 4, focuses on the fabrication and application of 

several nanostructured materials as catalysts in OER and FOR, for electrical energy generation. 

In Chapter 2, the ternary material CoFeP is employed for the OER, while Chapters 3 and 4 

investigate the FOR using Pd-based catalysts modified with light elements such as P and H. 

In the second block, encompassing chapter 5, the synthesis of Ni-based catalysts and their use 

for the electrochemical valorization of glucose is details. GOR is studied due to the large number 

of high-value-added products that can be generated using a  NiSn0.6 alloy, thereby avoiding the 

use of noble metals. By varying the reaction conditions, it has been possible to modulate the 

products and electrocatalytic activity, achieving a highly competitive Faradaic efficiency. 
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Finally, chapter 6 offers a general discussion of the experimental section and the obtained 

results, followed by the general conclusions of the thesis and a short section on future work of 

interest to be done. 



15 

SUMMARY OF RESULTS 

The global energy situation coupled with the indiscriminate use of fossil fuels is currently a major 

problem for both human health and the prosperity of the planet. Biomass represents a highly 

promising renewable resource, and electrochemical processes can serve as an efficient 

technology for energy conversion and the sustainable generation of a wide variety of high-value 

products. However, the main current challenge is the development of competitive, efficient, and 

cost-effective catalysts.  

Nanostructured materials are highly valuable in this field due to their large surface area and the 

ability to modulate their properties through structural, compositional, and morphological 

changes, providing them versatility across a wide range of application fields. Historically, noble 

metals such as Pt or Pd have been the primary choice as catalysts due to their remarkable 

electrochemical properties despite their high cost, limited availability, and susceptibility to 

contamination with CO.  

In this context, in the different chapters of the thesis, I detail the work I have undertaken to 

produce and optimize different catalysts for application in electrochemical systems, either for 

electricity generation or for the valorization of compounds extracted from biomass. Among the 

four types of materials produced, two are based on Pd alloys modified to enhance both activity 

and stability. In the other two catalysts, I have replaced noble metals with more cost-effective 

and abundant transition metals. 

In Chapter 2, the development of a bimetallic electrocatalyst based on cobalt-iron oxyhydroxide 

derived from cobalt-iron phosphide nanorods is detailed. This material is used in high-

performance anodes for the OER at high current densities, exceeding 1 A cm-2. Under alkaline 

conditions and anodic polarization, phosphorous depletion and a morphological transition 

occur, converting the initial CoFeP nanorods to CoFe oxyhydroxide nanoplates with a high ECSA. 

This procedure enables the preservation of the metal homogeneous distribution on the support, 

achieving a high density of active sites. 

In Chapter 3, the application of the compound PdH0.58@C2N as a catalyst in the FOR reaction is 

studied. The introduction of hydrogen modifies the electronic energy levels, increasing the 

specific activity to achieve a current density of up to 5.6 A·mgPd
−1, which is 5.2 times higher than 

that of Pd/C. Additionally, the introduction of hydrogen reduces the onset potential and 

enhances stability, as it exhibits the slowest current decay compared to the reference 
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electrocatalysts. Analysing the results using DFT, it is observed that the d-band of the 

PdH0.58@C2N surface is downshifted, weakening the adsorbate binding and thus accelerating the 

rate-limiting step of the FOR.  

In Chapter 4, the synthesis of the ternary compound Pd2Sn0.8P and the effect of phosphorus 

incorporation into the Pd-Sn alloy on the electrocatalytic response for formate oxidation are 

detailed. As a result, Pd2Sn0.8P exhibits very high catalytic activity, with record mass current 

densities of up to 10.0 A·mgPd
−1. Additionally, compared to Pd1.6Sn, not only is the activity 

improved, but the stability of the catalyst is also enhanced. To understand how phosphorus 

affects the reaction mechanism, the system was studied using DFT calculations, which confirm 

that the presence of phosphorus favors the desorption of CO2, thus reducing the energy barrier 

of the rate-limiting step. 

In Chapter 5, I detail the effect of introducing an oxophilic element into Ni nanoparticles used as 

catalysts in the oxidation of glucose. We observed that incorporating Sn not only enhances the 

reaction kinetics but also that NiSn0.6 achieves excellent current densities and a Faradaic 

efficiency of 93% towards formic acid. A DFT study shows that Sn facilitates the adsorption of 

glucose on the Ni surface and promotes the formation of catalytically active Ni³⁺ species. At low 

concentrations and potentials, formic acid overoxidation to carbonates reduces the total 

Faradaic efficiency, while at high concentrations, the non-Faradaic glucose degradation pathway 

is promoted, increasing selectivity towards fructose, acetic acid, and lactic acid production.   
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RESUMEN DE RESULTADOS 

La situación energética global, junto con el uso indiscriminado de combustibles fósiles, 

constituye actualmente un grave problema tanto para la salud humana como para la 

prosperidad del planeta. La biomasa representa un recurso renovable altamente prometedor, y 

los procesos electroquímicos pueden servir como una tecnología eficiente para la conversión de 

energía y la generación sostenible de una amplia variedad de productos de alto valor. Aun así, 

el principal desafío radica en el desarrollo de catalizadores competitivos, eficientes y rentables 

económicamente.  

Los materiales nanoestructurados tienen un gran valor en este ámbito debido a su gran área 

superficial y a la capacidad de modular sus propiedades mediante cambios estructurales, 

composicionales y morfológicos, lo que les otorga versatilidad en una amplia gama de campos 

de aplicación. Históricamente, los metales nobles como el Pt o el Pd han sido la elección principal 

como catalizadores debido a sus notables propiedades electroquímicas, a pesar de su alto costo, 

disponibilidad limitada y susceptibilidad a la contaminación con CO.  

En los diferentes capítulos de la tesis, he detallado el trabajo que he llevado a cabo en la 

fabricación y optimización de diferentes catalizadores y su aplicación en sistemas 

electroquímicos, ya sea para la generación de electricidad o para la valorización de compuestos 

extraídos de la biomasa. De los cuatro tipos de materiales producidos, dos están basados en 

aleaciones de Pd modificadas para mejorar tanto la actividad como la estabilidad. En los otros 

dos catalizadores, he reemplazado los metales nobles por metales de transición más abundantes 

y económicos. 

En el Capítulo 2, se ha detallado el desarrollo de un electrocatalizador bimetálico basado en 

oxihidróxido de cobalto-hierro derivado de nanorods de fosfuro de cobalto-hierro. Este material 

es usado en ánodos de alto rendimiento para la OER a densidades de corriente elevadas, 

superiores a 1 A cm-2. Bajo condiciones alcalinas y polarización anódica, ocurre una disminución 

de fósforo y una transición morfológica, convirtiendo los nanorods iniciales de CoFeP en 

nanoplates de oxihidróxido de CoFe con una alta ECSA. Este procedimiento permite la 

preservación de la distribución homogénea de metal en el soporte, logrando una alta densidad 

de sitios activos. 

En el capítulo 3, se estudia la aplicación del compuesto PdH0.58@C2N como catalizador en la 

reacción FOR. La introducción del hidrógeno modifica los niveles de energía electrónicos, 
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incrementando de la actividad específica, para obtener una densidad de corriente de hasta 5.6 

A·mgPd
−1, que es 5.2 veces mayor que la del Pd/C. Además, la introducción del hidrógeno reduce 

el potencial de inicio y aumenta la estabilidad, ya que exhibe la menor tasa de decaimiento de 

corriente en comparación con los electrocatalizadores de referencia. Analizando los resultados 

mediante DFT, se observa que el d-band de la superficie de PdH0.58@C2N se desplaza hacia abajo, 

debilitando la unión del adsorbato y acelerando así el paso limitante de la reacción FOR.  

En el capítulo 4, se detalla la síntesis del compuesto ternario Pd2Sn0.8P y el efecto de la 

incorporación del fósforo en la aleación de Pd-Sn sobre la respuesta electrocatalítica para la 

oxidación de formato. Como resultado, Pd2Sn0.8P presenta una actividad catalítica muy elevada, 

con densidades de corriente masiva récord de hasta 10.0 A·mgPd
−1. Además, al comparar los 

resultados con Pd1.6Sn, no solo se mejora la actividad, sino también la estabilidad del catalizador. 

Para comprender cómo afecta el fósforo al mecanismo de reacción, se ha estudiado el sistema 

mediante cálculos DFT los cuales confirman que la presencia de fósforo favorece la desorción de 

CO2, reduciendo así la barrera energética del paso limitante de la reacción. 

En el capítulo 5, se estudia el efecto de introducir un elemento oxofílico en nanopartículas de Ni 

como catalizadores en la oxidación de la glucosa. Observamos que la incorporación de Sn no 

solo mejora la cinética de la reacción, sino que también el NiSn0.6 alcanza excelentes densidades 

de corriente y una eficiencia Faradaica del 93% hacia el ácido fórmico. Un estudio DFT muestra 

que el Sn facilita la adsorción de glucosa en la superficie de Ni y promueve la formación de 

especies activas Ni³⁺. A bajas concentraciones y potenciales, la sobreoxidación del ácido fórmico 

a carbonatos reduce la eficiencia Faradaica mientras que, a altas concentraciones, la 

degradación no Faradaica de la glucosa se promueve, aumentando la selectividad hacia la 

producción de fructosa, ácido acético y ácido láctico. 
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CHAPTER 1 

 

GENERAL INTRODUCTION 

 

1.1. BIOMASS-DERIVED COMPOUNDS 

Fossil fuels have played a crucial role as energy sources and chemical feedstocks since the 

Industrial Revolution to the present day. Their high energy density, low oxygen/hydroxide 

content, easy accessibility and simple implementation compared to other energy sources have 

propelled significant technological, social, and economic advancements in society. However, the 

exploitation of these compounds has also had several negative impacts on society and the 

environment. About 87% of global greenhouse gas emissions is due to the use of fossil resources, 

thus they are the primary contributors to global warming, local air pollution and acid rain. In 

addition to their harmful effects, fossil fuels pose a long-term challenge due to their status as 

non-renewable resources. As extraction becomes more difficult, the cost of these resources will 

gradually increase. This dilemma is aggravated by the continuous rise in energy demand, driven 

by global population growth, and industrial and technological development, among other 

factors. Despite efforts to increase awareness about the negative consequences of their use, 

their dominance in critical sectors such as transportation, electricity generation, and industrial 

production of chemicals hinders the transition to more sustainable alternatives.  

The transition towards renewable and sustainable energy sources and chemical feedstocks has 

become indispensable not only to reduce current dependence on fossil fuels but also to mitigate 

the adverse effects on the planet. However, it is important to diversify energy supplies to avoid 

overexploitation of any of them. One of the foremost renewable energy sources, alongside solar, 

wind, and hydroelectric power, is energy derived from biomass, commonly referred to as 

bioenergy. Bioenergy accounts for 55% of renewable energy and contributes over 6% to the 

global energy supply. Furthermore, the utilization of modern bioenergy has been steadily 

increasing by an average of approximately 3% between 2010 and 2022, underscoring its current 

significance.1 
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Biomass encompasses all organic matter derived from living organisms, including plants, 

animals, and microorganisms. It is a very heterogeneous and chemically complex renewable 

resource with a chemical composition comprised of C, H, O, and N. Lignocellulosic biomass 

stands out as the most abundant and cost-effective biomass source, composed of cellulose, 

hemicellulose, and lignin. While cellulose consists of a polysaccharide made exclusively of 

glucose molecules, hemicellulose can include a variety of sugars such as mannose, xylose, 

arabinose, galactose, among others. Due to its more amorphous structure compared to 

cellulose, hemicellulose can be degraded more easily. On the other hand, lignin represents the 

most complex and resistant biopolymer, composed of three different phenylpropanoid 

monomeric units: p-coumaric alcohol, coniferyl alcohol, and sinapyl alcohol. Additionally, 

various lipids can also be extracted from biomass and converted into biodiesel and glycerol.2 

 

Scheme 1.1. Scheme of some of the possible biomass reaction pathways 

The utilization of biomass is characterized by being a carbon-neutral process, which means that 

in net terms, it does not contribute to the increase in CO2 emissions in the atmosphere. This is 

because the CO2 released during its use is equivalent to the carbon previously absorbed during 

its growth, thus closing the carbon cycle. This aspect justifies the increasing trend in the use of 

biomass, as it helps to reduce associated CO2 emissions.3 

In developing countries, the consumption of fossil fuels is significantly lower compared to 

developed nations like the United States, Australia, or Germany. Additionally, in many of these 

countries, the generation of biomass waste is considerable due to predominant agricultural 

activity and the lack of efficient waste management systems. Despite this abundance, the reuse 
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of biomass for energy production remains limited due to the lack of infrastructure and 

appropriate technologies for its transformation, as well as a lack of awareness about its 

benefits.4 

1.1.1. Methods for biomass conversion  

The traditional use of biomass has often involved its direct combustion, especially in less 

economically developed countries. It remains one of the most utilized methods due to its 

simplicity and adaptability of technologies used for fossil fuels. However, comparable to the 

situation with fossil fuels, biomass combustion poses health and environmental problems due 

to the poor process efficiency. 

Besides being an energy source, biomass exhibits remarkable versatility by offering a wide range 

of compounds that can be utilized in various applications. This biomass conversion process, 

where different compounds are decomposed and transformed into various high-value products, 

is known as biorefining.3,5 These compounds encompass not only fuels but also chemicals, 

pharmaceuticals, and a variety of bioproducts applicable to industry. The biorefining processes 

can be divided into two main categories: (1) thermochemical methods that include pyrolysis, 

gasification or hydrothermal liquefaction and (2) biochemical processes like enzymatic 

hydrolysis, anaerobic digestion, fermentation or transesterification.3,5–8 

In thermochemical methods, the organic matter is heated to high temperatures breaking down 

the molecules to obtain energy and other valuable compounds. A clear example is the direct 

combustion of biomass, in which molecules are heated under an excess amount of oxygen. 

Gasification and pyrolysis processes occur when this organic matter is heated under controlled 

oxygen levels (gasification) or in the absence of oxygen (pyrolysis). Through gasification, biomass 

is converted into primarily gaseous products like syngas, containing CH4, CO2, H2, and CO, among 

others. Pyrolysis mainly yields bio-oil, biochar, and other gaseous and aerosol products, 

although varying experimental conditions can result in a greater variety of compounds. The 

hydrothermal liquefaction and aqueous phase reforming processes are thermochemical 

depolymerization methods performed in a liquid environment, taking place in a chamber at 

lower temperatures than the aforementioned processes. These methods involve subjecting 

biomass to high pressures, in the presence of water, to enhance the conversion efficiency. While 

the hydrothermal liquefaction process yields biocrude oil, fermentable sugars, along with other 

valuable byproducts, aqueous phase reforming systems focus on producing gaseous products 
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like hydrogen, but also other small carbon molecules, alcohols, and other chemically 

functionalized products. 

On the other hand, biochemical processes involve the transformation of biomass using 

microorganisms, resulting in slower but milder conditions and greater selectivity. Enzymatic 

hydrolysis, as its name suggests, employs enzymes to depolymerize biomass to obtain simple 

sugars, such as glucose and xylose. Subsequently, these monosaccharides are converted into 

derivative compounds such as bioethanol or biobutanol through anaerobic digestion and 

fermentation. In anaerobic digestion, specialized bacteria break down organic materials in the 

absence of oxygen, producing biogas as a primary final product. Alternatively, fermentation 

involves the metabolic action of various microorganisms, such as yeast or bacteria. During 

fermentation, sugars are converted into alcohol and other byproducts through biochemical 

reactions. Depending on the specific microorganisms and substrate used, fermentation can yield 

various end products, with bioethanol being one of the most commonly produced. 

Transesterification is a chemical reaction commonly used in the conversion of biomass into 

biodiesel. In this process, triglycerides are broken down into fatty acid alkyl esters (biodiesel) 

and glycerol. The reaction proceeds through a series of steps where the alcohol molecule 

replaces the glycerol backbone of the triglyceride, resulting in the formation of biodiesel and 

glycerol as byproducts.  

While both thermochemical and biochemical processes are effective, they present several 

disadvantages. In the case of thermochemical processes, they require high temperatures and 

pressures, leading to significant energy consumption and the generation of greenhouse gases, 

detrimental to the environment. Conversely, biochemical processes are known for their high 

selectivity and ability to operate under conditions close to ambient, but their main limitation lies 

in their relatively slow production rate. Moreover, both the processes and the microorganisms 

involved are sensitive to factors such as pH and temperature, meaning that any variation can 

negatively impact process efficiency. 

1.2. ELECTROCHEMICAL BIOMASS CONVERSION 

Electrochemical methods stand out as an alternative to these thermochemical and biochemical 

strategies.9 On one hand, these processes can be highly efficient and selective, with mild working 

conditions and lower environmental impact. Besides, they facilitate operation across a diverse 

pH range, with heightened reaction kinetics. Their scalability is readily achievable, owing to both 

process safety considerations and the compounds employed. Furthermore, electrochemical 
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methods can be integrated with thermochemical and biochemical processes, thus contributing 

to maximizing the performance and sustainability of the biomass value chain. Just like with 

previous methods, electrochemical processes can be employed both for energy generation, 

using fuel cells, and for obtaining a wide range of derivative products by applying energy to the 

system.2,10 

1.2.1. Electrochemical cells 

Electrochemical cells serve as devices for electrochemical reactions. They consist of two 

electrodes, an anode and a cathode, an electrolyte, and an external circuit. At the anode, species 

undergo oxidation, releasing electrons that flow through the external circuit, generating 

electricity. These electrons are used at the cathode to undergo reduction reactions, thus closing 

the circuit. This configuration is primarily used in galvanic cells (fuel cells or batteries) where the 

cell voltage is driven by the reaction. In electrolytic cells, an external energy input drives the 

chemical reaction. A reference electrode is introduced to control the applied potential. The 

positive and negative ions created in the reaction travel through the electrolyte to complete the 

circuit and maintain charge neutrality.10 

The different types of electrochemical cells can be classified in various ways according to their 

characteristics. For instance, they can be classified based on the state of the electrolyte used 

(solid, liquid, or gel), as well as by their nature (aqueous, organic, etc.). Additionally, they can 

also be categorized according to the membrane used, among other parameters such as 

electrode configuration, operating temperature, working pressure, electrode composition, and 

the specific application for which they are designed. Another important classification is based 

on their mode of operation: batch mode or continuous flow mode. In continuous flow mode, 

reactants are supplied continuously, allowing for continuous energy production. The 

electrochemical response is often more efficient due to a more effective contact between the 

electrolyte and the electrode, leading to higher reaction rates and increased energy conversion 

efficiency. However, this setup entails greater complexity in assembly and operation. Multiple 

additional factors must be considered, such as flow pressure, flow rate, and system tightness. 

On the other hand, in batch mode cells, a specific quantity of reactants is loaded, and the 

chemical reaction continues until the reactants are depleted or a specific goal is achieved. The 

process is simpler and more direct. By loading a specific quantity of reactants in a single 

operation cycle, the need for continuous material supply is avoided. This results in quicker and 

easier assembly and disassembly. 
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Figure 1.1. Schematic representation of the two main electrochemical cell configurations: 

Single-chamber (a) and two-chamber configuration (b). 

Additionally, the first type of cells can also be classified according to whether they have a single-

chamber or two-chamber configuration separated by a membrane (Figure 1.1). Those with a 

single chamber allow reactants to mix freely, while two-chamber cells separate the anodic and 

cathodic reactions using a selective membrane to prevent unwanted sub-processes. The main 

drawback of this second type is the increased system resistance due to the separation of the 

electrodes and the introduction of the membrane. Nonetheless, due to their simplicity and ease 

of assembly, both single-chamber and two-chamber configurations have been explored 

throughout the thesis. 

1.2.2. Fuel cells 

Fuel cells are devices where the chemical energy of the fuel is converted into electricity through 

redox reactions. When the fuel is supplied to the anode it oxidizes, releasing electrons that travel 

through an external circuit to the cathode, generating electricity. Fuel cells stand out in the 

search for sustainable solutions to satisfy energy demands for their high efficiency, eco-

friendliness, and reliance on abundant and renewable fuel resources. Moreover, fuel cells 

facilitate the creation of simple and portable systems, demonstrating their versatility in 

application.  

Fuel cells and batteries have the common aim of converting chemical energy into electricity. 11 

Their operational distinction lies in the fact that while batteries harness the chemical energy 

stored in their electrodes, fuel cells rely on the chemical energy of a supplied fuel. Fuel cells 

theoretically offer unlimited operational time, subject to enough reactants in the electrolytic 
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medium and effective separation of the generated products. In contrast, batteries have a finite 

operational lifespan, requiring replacement or recharging after a certain period of use.12 

In recent years, various types of fuel cells have been developed, such as SOFC, MCFC, AFC, PAFC 

or PEMFC (Table 1.1). Among them, PEMFCs have gained significant importance due to their 

versatility in various applications, especially in the automotive industry.13 They use a solid 

polymer as an electrolyte and Pt-based catalyst. These cells are known for their high-power 

density, fast start-up time, high efficiency, and low operating temperature. However, PEMFCs 

use pure H2 as fuel, which needs to be stored under high pressure and handled properly. 

Additionally, H2 is flammable and requires careful transportation.  

As an alternative, DLFCs have been extensively investigated especially in mid-size power 

applications ranging from a few hundred watts to around 3 kW. In these cells, liquid fuel is 

introduced at the anode, while O2 is used at the cathode. They exhibit a higher volumetric energy 

density, benefit from a well-established infrastructure, and are easier to store and transport 

compared to PEMFCs. Moreover, liquid fuel cells tend to have simpler system designs and can 

operate at lower temperatures, reducing the complexity and cost of thermal management 

systems. Besides the intrinsic characteristics of fuel cells, DLFCs can be categorized based on the 

type of fuel utilized in their operation.  

Table 1.1. Overview of leading DLFC technologies. Adapted from Francisco et al published 

review.14   

Fuel E° (V) 

Energy 

density 

(Wh L-1) 

Anode Reaction (Dis)Advantages 

H2 1.23 2350 H2 → 2 H+ + 2e- 

• High energy density  
• Fast start-up 

• High efficiency 

• Clean technology 

• Careful storage and transport 

• Expensive infrastructure 

• Flammable 

Methanol 1.21 4820 
CH3OH + H2O →  

CO2 + 6H+ + 6e- 

• High energy density 

• Cheap fuel  

• Easily handled, stored and transport 

• High fuel crossover 

• Toxic fuel 

• Low cell voltage and efficiency 
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Ethanol 1.15 6280 

C2H5OH + 3H2O →

  

2CO2 + 12H+ + 12e
- 

• Fuel easily produced and storage 

• Relative Non-toxic  

• high energy density 

• Slow oxidation  

• Difficult complete reaction, side 

products 

• Fuel crossover 

Propanol 1.12 7080 

C3H7OH + 5H2O →

  

3CO2 + 18H+ + 18e
- 

• High electrochemical energy density 

• Safe handling  

Many unwanted byproducts 

Ethylene 

glycol 
1.22 5800 

C2H6O2 + 2H2O →  

2CO2 + 10H+ + 10e

- 

• Non-volatile 

• High fuel volumetric energy density 

• Existence of distribution 

infrastructure 

• Difficult complete oxidation 

• Low power density and cell voltage 

• High cost 

• Fuel crossover 

• Pt usually used as catalyst. 

Glycerol 1.21 6400 

C3H8O3 + 3H2O →  

3CO2 + 14H+ + 14e

- 

• Really low cost 

• Non-toxic, non-volatile, non-

flammable 

• High energy density 

• Early research phase 

 

FA 
1.45 2110 

HCOOH →  

CO2 + 2H+ + 2e- 

• Non-toxic, non-flammable 

• Mil operation conditions 

• Limited fuel crossover  

• Rapid electrooxidation 

• Higher theoretical cell potential and 

power energies 

• High fuel cost 

• Low volumetric energy density 

• CO poisoning 

Dimethyl 

ether 
1.20 5610 

(CH3)2O + 3H2O 

→  

2CO2 + 12H+ + 12e

- 

• Well stablished storing and handling 

technologies 

• Non-carcinogenic, non-toxic, non-

teratogenic and non-mutagenic 

• Less toxic than methanol 

• volatile 

• formaldehyde and methanol as 

byproducts 

• Electrochemical activity lower than 

methanol 

Furfural 1.16 3915 - • High energy density 

Cyclohexane 1.06 1578 - 

• Regenerative fuel cell 

• Low power density 

• Need a development of effective 

catalyst 

Decalin  1.09 1893 - • Non-volatile 

• CO free 
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Dodecahydro-

N-

ethylcarbazol

e 

1.18 1715 - 

• High OCV  

• Regenerative fuel cell 

• Low current density 

• Need a development of effective 

catalyst 

Glucose 1.26 4430 

C6H12O6 + H2O →  

C6H12O7 + 2H+ + 2

e- 

• Fuel availability and cheap. 

• Non-toxic 

• High energy density 

• Low electrochemical efficiency 

• Many Byproducts 

• Difficult complete oxidation 

Ammonia 

borane 
1.62 8400 

NH3BH3 + 6OH− →  

NH4
+ + BO2

− + 4H2O + 

6e− 

• Chemically stable, available 

• High energy density 

• Non-toxic, inexpensive 

• The hydrolysis lower cell efficiency 

• Crossover 

• Complex equipment to eliminate H2 

• Far from commercialization 

Ammonia 1.17 
1704  

(35 wt%) 

1/3NH3 + OH− →  

1/6N2 + 1/2H2O + 

e− 

• Clean oxidation 

• Power density higher than H2 

• Need to be used in aqueous solution 

• Toxic 

• Catalyst degradation 

• Crossover 

Sodium 

borohydride 
1.64 

2940  

(30 wt%)  

BH4
- + 8 OH- →  

BO2
- + 6H2O + 8e- 

• No CO produced 

• High power density 

• High open circuit potential 

• Quite toxic 

• Hydrogen oxidation competition 

• Observed OCV much lower 

• Commercialization problems 

• Noble metal catalysts 

Urea 1.15 4694 

CO(NH2)2 + 

6OH−→  

CO2 + N2 + 5H2O + 

6e- 

• High energy density 

• Easy transport,  

• Non-flammable, non-toxic 

• Non-volatile 

• Sluggish electrokinetics 

• Dominant OER 

• Low durability 

• Declined power output 

Ascorbic acid 1.23 - 

L-C₆H₈O₆ → 

C₆H6O₆  + 2H+ + 

2e- 

• High rection rate 

• Non-toxic, environment-friendly 

• Inexpensive  

• Low crossover 

• Low power 

• Early research phase 

• Far from commercial  
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1.2.3. Electrochemical valorization of biomass-derived intermediates  

Once the biomass is fractioned, the small constituent molecules can be further modified 

precisely into a variety of high-value products through electrochemical methods, either by 

adding or removing functional groups (Table 1.2). This ability for molecular manipulation quickly 

and efficiently not only offers great flexibility in organic compound synthesis but can also be 

tailored to various industrial needs and specific applications. Additionally, the low energy 

consumption associated with electrochemical methods makes them an attractive environmental 

option. Thus, they contribute to the sustainability of biomass transformation processes. 15–18 

Table 1.2. Summary of electrochemical valorization chain from biomass-derived compounds. 

Adapted from Francisco et al published review.18  

Biomass 
groups 

Intermediate products Final product 

Polyols 

Glycerol 

Glyceraldehyde, glyceric acid, formic acid, glycolic 
acid, oxalic acid, tartronic acid, 1,3-
dihydroxypropan-2-one, 2-oxomalonic acid, lactic 
acid 

Acetol 1,2-propanediol, acetone, 2-propanol 

Ethanol Acetaldehyde, acetic acid, ethyl acetate 

Xylose Xylonic acid, xylitol, d-valerolactone 

Glucose 

Gluconic acid, glucaric acid, glyceraldehyde, 
glyceric acid, tartronic acid, glycolic acid, oxalic 
acid, formic acid, sorbitol, 

Galactose Galactonic acid 

Mannose Mannonic acid 

Furans 

Hydroxymethyl furfural 
2,5-dihydroxymethyl furan, furandicarboxylic acid, 
2,5-diformylfuran, 2,5-dihydroxymethylfurfural, 2,5-
hexanediol, 5-methylfurfural 

Furfural 

2-methylfuran, furfuryl alcohol, furoic acid, maleic 
acid, 5-hydroxyfuroic acid, 5-hydroxy-2(5H)-
furanone, 1,5-pentanediol, hydroxyfuroin, 2,5-
dimethyltetrahydrofuran 

Carboxylic 
acids 

Levulinic acid Valeric acid, valerolactone, 2,7-octanedione 

2,7-octanedione n-octane 
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4-hydroxy-2-butanone 1-butanol 

Valeric acid n-octane 

Lactic acid Lactaldehyde, acetic acid 

Pyruvic acid Lactic acid 

Itaconic acid Methylsuccinic acid, 2,5-dimethyladipticacid 

Maleic acid Succinic acid 

Amino acids 

L-glutamic acid 3-cyanopropanoic acid 

3-cyanopropanoic acid Adiponitrile 

L-cysteine L-cysteric acid 

L-phenilalanine Benzyl cyanide 

L-isoleucine 2-methylbutyronitrile 

L-alanine Acetonitrile, 2-aminopropan-1-ol 

L-valine Isobutyronitrile 

L-serine 
Glycolonitrile, ethanolamine, 2-aminopropane-1,3-
diol 

L-threonine Lactonitrile, 1-amino-2-propanol 

L-glutamine 3-cyanopropionamide 

L-aspargine Acetamide 

L-aspartic acid 
3-cyanopropionic acid, pyruvic acid, succinonitrile, 
2-aminobutane-1,4-diol, 2-oxosuccinic acid 

L-arginine N-(3-cyanopropyl)-guanidine 

L-lysine 
5-aminopentanenitrile, 1,5-pentanediamine, 5-
aminopentanamide 

L-prolyne 2-pyrrolidone 
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1.3. BASIC ELECTROCHEMICAL REACTIONS STUDIED 

Numerous electrochemical reactions have been observed to employ both biomass and its 

constituent molecules, obtained through biorefinery processes, for both energy generation and 

subsequent modification to obtain derivative compounds. To optimize the response of each of 

these processes and make them more efficient, understanding their mechanisms and 

characteristics is essential. 

One of the most important reactions studied in energy-generating devices is the OER mainly for 

its involvement in key energy technologies such as electrolyzers and metal-air batteries. 

Understanding this reaction is also crucial because it competes with biomass oxidation reactions, 

potentially reducing their efficiency.  

The oxidation reaction of FA/formate has been also extensively researched for its application in 

DLFCs. This reaction enables rapid electrooxidation, higher theoretical cell potential, and power 

energies under mild conditions. On the other hand, the oxidation reaction of glucose has been 

extensively studied for its versatility in obtaining derivative products, which is of great interest 

to the industry. Finally, ORR and HER are the primary reactions occurring at the cathode of an 

electrochemical system, where they capture the electrons generated at the anode. 

1.3.1. Oxygen evolution reaction 

The OER is an important electrochemical process applied to energy storage, in metal-air 

batteries, or coupled with cathodic electrochemical conversions such as CO2RR or water 

splitting. The OER in alkaline media follows the overall four-electron transfer process with a 

formal potential of 1.23 V vs RHE: 

4 OH− → O2 + 2 H2O + 4 e− 

However, the reaction proceeds through different elementary steps, and they require the 

application of an overpotential to take place. The oxygen precursors involved in the reaction 

depend on the pH of the medium. Under basic conditions (Figure 1.2), the precursor is OH-, 

whereas under neutral or basic conditions, it is H2O. The OER typically proceeds through two 

possible pathways:19 
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Figure 1.2.  Conventional OER mechanism under alkaline conditions. 

On one hand, the reaction can proceed via the AEM. In this reaction, a molecule of OH- is 

adsorbed onto an active site and undergoes oxidation progressively until forming O2, which is 

then desorbed. On the other hand, the OER can also occur via the I2M mechanism. In this 

pathway, M-O species are formed through the same process as in the AEM, but instead of 

oxidizing to MOOH, this MO species couples with another MO species to form first the M-O-O-

M species and finally O2, which desorbs. 

These reaction mechanisms are suggested with the premise that OER is a surface phenomenon 

on the catalyst, involving the adsorption and transformation of various precursors in solution 

and a change in valence state at the active sites. However, in certain transition metal oxides, 

destabilization occurs, elucidated by another mechanism involving oxygen from within the 

catalyst structure. This mechanism is referred to as the LOM. In these pathways, the release of 

oxygen creates a vacancy in the lattice that is subsequently filled by the insertion of OH-/H2O 

species. 

1.3.2. Formate oxidation reaction 

FA, with the chemical formula HCOOH, is the shortest chain carboxylic acid, composed of a single 

carbon atom. It is a biodegradable compound, relatively non-toxic, and mildly corrosive. 

Moreover, it is more economical compared to similar compounds. These properties make it 

widely utilized in the chemical industry, it serves as a preservative and finds application in the 

production of pharmaceuticals, dyes, agricultural products, and cleaning agents, among other 

uses. It is also a common additive and preservative in the food industry. 

Recently, it has gained considerable interest as a hydrogen donor agent, being employed in 

various chemical processes. Compared to molecular hydrogen, it is more advantageous in terms 

of transportation and storage safety. Its short-chain structure ensures that its dehydrogenation 
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results in only CO2 and H2, making it a promising candidate as a hydrogen storage material. With 

a high volumetric hydrogen content, 1L of liquid FA contains 26.5 moles of H2 (53 g H2/L). 

Additionally, this dehydrogenation reaction can be achieved under mild conditions. Similarly, it 

can also be utilized for CO storage, as the dehydration reaction produces H2O and CO. 

In addition to the previously mentioned applications, FA/formate is gaining interest as a 

precursor in DLFCs.20 This type of cell is appealing due to its high effectiveness in operating 

portable devices, in terms of transportation, storage, utilization, and safety of liquid fuels. 

Although traditionally acidic conditions and other compounds like methanol or ethanol have 

been used, direct formate fuel cells have stood out for their high oxidation kinetics and high 

theoretical cell voltage of 1.45 V, but also for their ease of transportation and storage due to 

being a solid compound under ambient conditions. 

The main drawback of using formate as an energy source in an electrocatalytic process is the 

catalyst contamination and deactivation during the oxidation process. The oxidation of formate 

is a 2-electron process, but the reaction mechanism has two possible pathways. On one hand, 

there is direct oxidation where formate is converted to CO2, which is the most efficient and 

favourable reaction. On the other hand, there is indirect oxidation which generates CO as an 

intermediate. This CO can strongly adsorb to the surface of catalysts, leading to the deactivation 

of active sites and thus inhibiting the process. 

1.3.3. Glucose oxidation reaction 

Glucose is a monosaccharide aldohexose containing six carbon atoms, one of which forms part 

of an aldehyde group, while the others are bonded to hydroxyl groups. Glucose stands out for 

its abundance, making it an attractive option for various applications. Besides being a key 

component in human nutrition, it is used in the production of biofuels, bioplastics, and industrial 

chemicals. Its availability, low cost, and non-toxicity make it particularly valuable in fields such 

as biotechnology and medicine, where it is utilized in drug manufacturing and tissue 

engineering, among other innovative applications. Primarily, glucose is derived from biomass 

sources such as cellulose and hemicellulose through enzymatic or chemical hydrolysis processes. 

The oxidation of glucose has been extensively studied for its application in both biotic (enzymatic 

and microbial) and abiotic fuel cells, as well as in sensors. In most of these applications, glucose 

reactivity is based on the oxidation of the two functional groups located at the end of the 

molecule. Initially, the oxidation of the aldehyde group to form an acid group results in gluconic 

acid. Subsequently, the oxidation of the hydroxyl group yields glucuronic acid and glucaric acid. 
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The performance of fuel cells using glucose as a fuel is inferior to that of other compounds such 

as ethanol, methanol, FA or glycerol. For this reason, and due to the wide range of products 

obtained through its oxidation, glucose has recently been investigated as a precursor for 

obtaining other industrially and medically relevant products. In addition to the products 

resulting from the oxidation of the functional groups, such as gluconic acid and glucaric acid, 

other compounds with shorter chains can be obtained through C-C bond cleavage. Some notable 

examples include glyceric aldehyde, tartronic acid, glycolic acid, glyceric acid, oxalic acid, and 

especially FA. Furthermore, through isomerization reactions, fructose can be obtained, from 

which lactic and acetic acid, among others, can be derived. 

1.3.4. Oxygen reduction reaction 

As previously explained, fuel cells involve two interconnected processes. While oxidation 

reactions such as FOR or GOR occur at the anode, reduction reactions take place at the cathode, 

utilizing electrons provided in the other half-reaction. Typically, during FOR or GOR processes, 

the ORR occurs at the cathode.13,21 This reaction is not only important in fuel cells but also in 

storage devices, such as metal−air batteries. The ORR is a multi-step reaction that follows a four-

electron pathway, directly resulting in the production of H2O in acidic medium, or OH- in alkaline 

medium:  

O2 + 2H2O + 4e- → 4OH- 

Despite the reaction being possible in both acidic and basic pH, in alkaline media, a less corrosive 

environment is provided to the catalysts, and the kinetics of the ORR are faster compared to 

acidic media. There are two main pathways in the ORR. On one hand, the reaction can occur via 

the direct pathway, which involves 4 electrons. On the other hand, it can also take place via the 

indirect conversion: 

O2 + H2O + 2e- → HO2
- 

HO2
- + H2O + 2e- → 3OH- 

2 HO2
- → 2OH- + O2 

The GOR can be also coupled with the HER, as an alternative to the OER (1.23V vs RHE) due to 

the lower oxidation potential (0.05 V vs RHE) that presents GOR. 
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1.3.5. Hydrogen evolution reaction 

The search for sustainable alternatives to fossil fuels has triggered renewed interest in hydrogen 

as a clean and highly efficient energy source. Currently, it has been demonstrated to be a fuel of 

significant interest for various types of vehicles, as its combustion only yields water, unlike fossil 

fuels. From its negligible levels in 2020, the production of clean hydrogen, both for its direct use 

as well as for the production of derivative fuels, is expected to increase to more than 500 million 

tons by the year 2050. This significant increase in clean hydrogen production underscores the 

need to seek and optimize different methods for its generation.22 

There are indeed various methods for obtaining H2 from biomass, such as gasification or 

pyrolysis. However, it has been observed that electrochemical methods are a sustainable and 

efficient alternative for production. 23 

The HER is one of the fundamental reactions in electrochemistry, in which H2 is obtained through 

the reduction of H+ or H2O from the electrolytic medium. There are two reaction mechanisms 

during water electrolysis depending on how Hads reacts: Volmer-Tafel, where Hads reacts with 

another nearby Hads, and Volmer-Heyrovsky, where Hads reacts with precursors in the medium. 

Moreover, the HER mechanism varies significantly depending on the pH conditions (Figure 1.3) 

in which it occurs.24,25 

  

Figure 1.3.  Reaction mechanisms of HER on an electrode surface in acid (left) and alkaline (right) 

conditions. (Extracted from: Copyright 2019, Elsevier Ldt. 26) 

The first step of the reaction involves reducing a precursor to obtain adsorbed hydrogen on the 

catalyst surface. Subsequently, the formation of H2 occurs through two possible processes: on 

one hand, via the Heyrovsky step, where Hads reacts with a species in solution, undergoing 
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reduction, or through the Tafel step, where the reaction takes place between two adsorbed 

hydrogen species.  

1.4. ELECTROCATALYSTS 

The cost-effective implementation of electrochemical processes for biomass conversion 

depends largely on the process's effectiveness. In biomass electrooxidation processes, the OER 

can pose a challenge because these reactions are typically performed in alkaline media with a 

higher concentration of OH- than biomass reagent. This concentration disparity leads to 

competition between the OER and biomass conversion, which reduces the biomass conversion 

efficiency. To address this challenge, working potentials are adjusted to hinder or reduce the 

OER intensity. In this context, catalysts play a crucial role by being selected in a manner that not 

only inhibits the OER but also enhances the desired conversion, thus ensuring an optimal and 

sustainable process.27 

Electrocatalysts are fundamental. In electrocatalytic reactions, the interface between the 

catalyst and the reaction medium is critical, as it is the surface atoms that dictate the specific 

reaction rate. The low coordination of surface atoms on the catalyst is the essence of catalysis, 

as surfaces with low coordination exhibit higher surface energy, resulting in increased reactivity 

for reagent adsorption. Nanomaterials providing high surface areas are fundamental.28–30 

1.4.1. Synthetic methods 

The performance of electrocatalytic nanomaterials is heavily influenced not just by their 

composition but also by their structure and morphology. Hence, ensuring precise control and 

uniformity over the particles produced becomes imperative for their optimization. There are 

numerous techniques for synthesizing these materials, which can be classified into two main 

groups: bottom-up and top-down. While top-down methods involve the degradation or breaking 

down of macroscopic materials to reduce their size to the nanoscale, bottom-up methods 

involve the combination of atoms or molecules to form particles or compounds within the 

required range, with colloidal methods being an example of this second approach.  

Thermal decomposition methods are widely used for their ability to precisely control both the 

morphology and composition of particles, all without the requirement of extreme pressure or 

temperature conditions or costly equipment. Moreover, they enable the production of a diverse 

array of NCs, ranging from simple oxides, chalcogenides or metals to more complex structures 

like core-shells or Janus particles.31 
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Figure 1.4.  Schematic representation of the steps involved in the NCs formation. 

In these methods (Figure 1.4), the soluble precursors decompose with temperature, typically 

within the range of 180 to 340°C, leading to the formation of atomic units (or monomers). In the 

presence of a reducing agent, monomers assemble to form small nuclei, which subsequently 

grow to eventually form nanostructures. Ensuring monodispersity of the NCs requires a distinct 

separation of the nucleation and growth phases. This is accomplished by inducing 

supersaturation to accelerate nucleation. Once nucleation initiates, the concentration 

diminishes, thereby halting further nucleation. The remaining monomers then bind to the nuclei 

to facilitate the continuation of the growth process. 32–34 

There are two main types of thermal degradation methods: heat-up and hot-injection 

methods.35 Both methods are based on the same principle of creating supersaturation but differ 

in the timing of adding the reactants. In the hot-injection method, compounds are injected at 

high temperatures, creating an instantaneous supersaturation of monomers, leading to rapid 

nucleation.36 In contrast, in the heat-up method, precursors are first added, and then the 

temperature is gradually increased. In this latter method, nucleation takes place once the 

concentration reaches a critical value, which depends on the nature of the reactants and the 

reducing agent.37 

The main issue with these compounds is that their high surface energy makes them more 

reactive and prone to aggregation. To prevent particle aggregation and control their 

morphology, capping agents (as surfactants, polymers or polyelectrolytes) are employed. These 

substances adhere to the surface of NPs, preventing their aggregation either through steric 
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hindrance or electrostatic repulsion, thereby inhibiting their union with other particles. 

Moreover, these surfactants preferentially adhere to specific structural faces, depending on the 

nature of the compounds involved. This selective adhesion enables control over particle shape, 

allowing for the synthesis of spheres, cubes, rods, and so forth.  

The high reactivity of the particles, as well as some of the reagents used, makes them prone to 

oxidation, especially at the relatively high temperatures involved. For this reason, the Schlenk 

line is used for their synthesis. Before synthesis, vacuum conditions at around 100°C are applied 

to remove oxygen, water, and other organic impurities, thus preventing the uncontrolled 

oxidation of the precursors. Subsequently, an inert atmosphere is introduced. 

1.4.2. Noble metal-based catalysts  

As previously mentioned, the presence of catalysts has become crucial for the application of 

electrochemistry and the development of various reactions. Noble metals exhibit remarkable 

versatility, demonstrating high performance across a diverse range of reaction conditions. They 

are capable of maintaining their catalytic activity under varying pH levels, temperatures, and 

reaction environments. 

The main drawback of these noble elements lies in their scarcity and high cost, which limits their 

widespread application in many industrial processes and emerging technologies. Consequently, 

there is a continuous need to search for alternatives and strategies to reduce dependency and 

maximize their efficiency and sustainable use in industry and technology. 9 

Different strategies can be considered to reduce dependency on noble elements as catalysts: (1) 

reducing the amount, (2) alloying, or (3) substitution with other elements. 

To decrease this dependency, taking into account their high cost, the first strategy involves 

modifying these compounds to increase their activity. This way, the amount used can be reduced 

while maintaining the same effectiveness. There are multiple strategies available for this 

purpose, such as structural and morphological modification of catalysts, as these factors play a 

fundamental role in NCs. Additionally, reducing the particle size or improving their dispersion on 

different substrates can increase the available surface area, thus enhancing catalytic 

performance. 

The incorporation of other elements has emerged as the main strategy for reducing the 

utilization of noble metals. Research efforts have been directed towards the formation of a 
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diverse array of compounds, including metal alloys, oxides, chalcogenides, phosphides, and 

more. However, a challenge associated with these compounds lies in their synthesis. Given their 

complexity, precise control over nucleation and growth of the two or more elements introduced 

is essential. Nevertheless, thanks to extensive research over the past decades, significant 

progress has been made in achieving this control.  

These compounds not only enhance the activity of monometallic catalysts but also introduce 

new properties or modify existing ones. In the field of heterogeneous catalysis, the incorporation 

of multiple elements opens a range of possibilities due to finely tuning the electronic structure 

through controlled modification of the composition and structure of NPs. For example, the 

presence of certain elements can promote the adsorption and activation of specific substrates, 

promoting biomass oxidation reactions and inhibiting oxygen evolution. Another advantage of 

introducing a second or third element is the improvement in catalyst stability. Depending on the 

reaction being used, especially in the oxidation of organic compounds such as FA or methanol, 

noble elements like Pt or Pd can become contaminated due to the production of intermediates 

such as CO. The introduction of poisoning-tolerant materials such as Ni, Co, Fe or Sn promotes 

the degradation of poisoning species, extending the material's durability. 

Finally, another strategy to reduce dependency on noble metals is their substitution with other, 

more cost-effective elements. In biomass oxidation reactions, transition metals such as Fe, Co, 

Ni, or Cu have shown significant activity, often surpassing that of Pd or Pt. However, the primary 

challenge with these compounds lies in their low stability under extreme pH conditions, 

particularly in acidic environments. Nonetheless, oxidation reactions of compounds like FA or 

glucose tend to be more efficient under alkaline conditions. In such conditions, metal surfaces 

tend to oxidize, forming oxyhydroxides at working potentials, which have demonstrated 

considerable oxidizing activity and high stability. 

1.5. OBJECTIVES  

The general objective is to fabricate efficient catalysts to exploit completely the properties of 

biomass and its derivatives, thereby reducing the reliance on fossil fuels and initiating a reversal 

of the pollution and global warming situation. To achieve this, the thesis focuses on the synthesis 

of nanostructured materials using chemical methods to attain high activity and stability for 

oxidation reactions under alkaline conditions. To achieve this, this thesis presents several main 

objectives: 
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1. Develop and optimize colloidal synthetic methods to prepare NPs with controlled 

composition, structure, and morphology. 

2. Establish the possibility of reducing or entirely eradicating the utilization of toxic or costly 

elements while achieving a material with superior electrochemical properties compared to 

previously documented analogues. 
3. Elucidate the mechanism governing electrochemical reactions, investigating the processes 

and interactions dictating the conversion. 
4. Establish a correlation between the electrocatalytic behaviour and the composition of the 

nanostructured compounds employed in the different oxidation reactions. 
 

To achieve these general goals, more specific objectives have been established for each of the 

chapters of these thesis. 

In the second chapter, the goal is to fabricate CoFeP nanoparticles as catalysts for the OER 

reaction and determine the mechanism by which phosphorus modifies the material 

electrocatalytic properties. 

In the third and fourth chapters, the objective is to enhance the electrocatalytic properties of Pd 

by incorporating light elements such as P or H, as well as other metals like Sn. The aim is to 

establish experimentally and theoretically how these elements affect the active sites in the 

formic acid oxidation reaction. 

In the fifth chapter, the goal is to introduce an oxophilic element, such as Sn, to Ni nanoparticles 

to enhance their activity and efficiency in the GOR. In addition to elucidating the mechanism of 

GOR, the objective is to establish theoretically and experimentally the effect of Sn on Ni active 

sites and glucose molecules. 
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CHAPTER 2 

 

 Cobalt-iron oxyhydroxide obtained from the metal 

phosphide: a highly effective electrocatalyst for the 

oxygen evolution reaction at high current densities. 

 

 

 

 

2.1. ABSTRACT 

The development of high current density anodes for the OER is fundamental to manufacturing 

practical and reliable electrochemical cells. In this work, we have developed a bimetallic 

electrocatalyst based on cobalt-iron oxyhydroxide that shows outstanding performance for 

water oxidation. Such a catalyst is obtained from cobalt-iron phosphide nanorods that serve as 

sacrificial structures for the formation of an oxyhydroxide through phosphorous loss 

concomitantly to oxygen/hydroxide incorporation. CoFeP nanorods are synthesized using a 

scalable method using TPOP as a phosphorous precursor. They are deposited without the use of 

binders on NF to enable fast electron transport, a highly effective surface area and a high density 

of active sites. The morphological and chemical transformation of the CoFeP NPs is analysed and 

compared with the monometallic cobalt phosphide, based on the structural and chemical 

characterization of the materials in alkaline media and under anodic potentials. The resulting 

bimetallic electrode presents a Tafel slope as low as 42 mV dec-1 and low overpotentials for OER. 
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For the first time, an anion exchange membrane electrolysis device with an integrated CoFeP-

based anode was tested at high current densities of 1 A cm-2, demonstrating excellent stability 

and Faradaic efficiency near 100%. This work opens up a way for using metal phosphide-based 

anodes for practical fuel electrosynthesis devices.  

2.2. INTRODUCTION 

The production of fuels by electroconversion coupled with renewable sources is one of the 

backbones of a sustainable energy future. In most of these systems, such as the electrosynthesis 

of H2, NH3, or CO2 reduction products, the corresponding cathodic reaction is usually coupled to 

the OER. Nevertheless, OER is the most sluggish reaction in the overall process and its complexity 

derives from the four reaction steps associated with this reaction. Consequently, a rational 

design of the anode requires strategies for overcoming these drawbacks. The use of multi-

metallic catalysts is advantageous as can provide appropriate metallic sites for achieving a more 

effective reduction of the energy barriers associated with each step.1,2 To this end, a dispersion 

of metallic atoms in the electrode frame and skeleton should be ensured to achieve an adequate 

density of active sites with adjacent locations of the metallic sites to reach high production rates. 

Furthermore, this rational design of the anode must take into account its electrical conductivity 

to guarantee adequate electron transport, the mass transport to or from the active sites to 

prevent diffusion limitations and also the increase of the kinetic rate constant associated with 

the reactions taking place in the active site. 

The use of metal oxides as electrocatalysts has the limitation of their low conductivity. Among 

the alternative compounds proposed, TMPs are excellent candidates, as some of them present 

metallic-like properties and exhibit much higher conductivities3 than the corresponding metal 

oxides. TMPs have attracted much interest as electrocatalysts for water splitting for both half-

reactions, HER and OER.1,4–7 In this context, cobalt, iron and the corresponding bimetallic 

phosphides have been reported as electrocatalysts for OER, displaying low overpotentials.1,7,8 So 

far, most of these studies have been focused on the electrocatalytic activity at low and medium 

currents (10-50 mA cm-2) while working at high current densities, > 1 A cm-2, has barely been 

studied despite its relevance concerning the demonstration of industrial feasibility. For 

achieving such high production rates, more attention must be paid to different features such as 

high active site density, high turnover frequency and efficient mass transport of the chemical 

species from and toward the electrocatalysts to optimize the reaction overpotentials.  
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However, most metal transition compounds are not stable under the oxidizing conditions of OER  

and the influence of the chemical transformation of these materials in the catalytic reaction 

should be considered.8–11 Usually, metal (oxy)hydroxides are generated in situ at the surface of 

oxides, selenides, or even phosphides.3,9,10,12–14 In some cases, the transformation is not only 

limited to the surface, and also affects the electrocatalyst bulk, which can be detrimental if the 

new material possesses low conductivity. A detailed analysis of the material conversion and the 

role of the non-metallic element needs to be faced for a complete rational design of the anode. 

Metal (oxy)hydroxides are well known to have a high electrocatalytic performance, providing 

highly active sites for OER,9,15–17 especially those containing Fe, Co or Ni.18–20 In fact, for these 

materials, the combination of Fe with Ni or Co has led to improved activity.21 The enhancement 

of the electrochemical activity for OER in bimetallic CoFe-based electrocatalysts compared with 

the corresponding monometallic compounds has also been corroborated by observing a 

decrease in the overvoltages.9,22–24 This is a critical aspect in the design of the anodes for 

achieving commercially viable electrolysers for fuel production.  

In this work, we report on a detailed investigation of CoFe bimetallic phosphide and the 

transformation mechanism in alkaline electrolyte leading to high performance anodes for OER 

at high current densities, >1 A cm-2. The rational procedure to prepare the electrodes involves 

as the first step, the synthesis of tiny nanorods mainly composed of CoFeP. They are obtained 

by a “heating up” process, using triphenyl phosphite which is advantageous against other 

phosphorous precursors because is air-stable and inexpensive.25 A NF substrate has been 

selected as a 3D scaffold of the electroactive material because of its high conductivity and porous 

structure. The simplicity of the method employed for loading the electrocatalyst should be 

highlighted because of its potential scalability and the fact that no additives or heat treatments 

are used. The CoFeP/NF electrodes were characterized from a morphological, structural, 

physicochemical and functional point of view before and after OER in alkaline electrolyte. The 

most significant results concern the depletion of phosphorus (linked to the formation of CoFe 

oxyhydroxide) and the radically different morphology between the initial nanorod-like shape 

found in the CoFeP powder and the nanoplate-like shape of the oxyhydroxide after OER. All of 

these characteristics allow a rational design of the anode for working at high current densities. 

Then, the effectivity of the proposed strategy for the anode design is tested for reaching 1 A cm-

2 for OER. The significance of the transformation of the bimetallic phosphide into a bimetal 

oxyhydroxide and the role played by phosphorus have been corroborated. 
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2.3. EXPERIMENTAL 

2.3.1. Synthesis of colloidal CoFeP NPs 

For the synthesis of the CoFeP NPs,26 2.4 g (10 mmol) of HDA (90%, Acros Organics) were mixed 

with 10.0 mL of ODE (90%, ACROS Organics) and 2.6 mL (10 mmol) of TPOP (99%, ACROS 

Organics) in a 50 mL flask. The system was degassed, heated to 130 °C and kept at this 

temperature for 1 h to remove low boiling point impurities, moisture, and oxygen. Then, the 

mixture was cooled down to 60 ºC and 4 mL of ODE containing 380 mg (1 mmol) Co2(CO)8 (95%, 

ACROS Organics) and 0.3 mL (2 mmol) Fe(CO)5 (Sigma Aldrich) were added. Firstly, the 

temperature was increased to 230 ºC, and then stirred for 30 min, secondly heated to 300 ºC 

for 40 min and kept at this temperature for 1 h. Finally, the system was allowed to cool down to 

200 ºC by removing the heating mantle and subsequently cooled rapidly down to room 

temperature with a water bath. The product was precipitated using acetone and centrifuged for 

3 min at 7500 rpm. To remove organics, three dispersion and precipitation cycles using 

chloroform and acetone were additionally carried out to obtain a cleaner CoFeP precipitate. To 

synthesize the Co2P NPs used as reference material, an identical procedure was followed but 

without adding the iron precursor.  

2.3.2. Ligand removal 

10 mL of a dispersion CoFeP or Co2P in hexane (10 mg mL-1) was mixed with 10 mL acetonitrile 

to form a two-phase mixture. Afterward, 1 mL HBF4 solution (48%) was added. The resulting 

solution was sonicated until the NPs transferred from the upper to the bottom layer. Finally, 

these NPs were washed with ethanol three times and dispersed in 10 mL ethanol with around 

0.5 mL of DMF for further use. 

2.3.3. Electrode preparation 

 First, NF substrates were cleaned in an ultrasonic bath in 1 M HCl, water and ethanol for 10 min 

in each one. A suspension of 10 mg mL-1 of the CoFeP NPs in ethanol was prepared and sonicated 

for 30 min. The cleaned NF substrates were dipped into this suspension for 30 s and 

subsequently, the dispersion excess was removed. Finally, the electrode was dried at ambient 

temperature. The deposited amount of catalyst used for the objective of this work was 

estimated to be enough to guarantee enough active site density > 1018 cm-2 to facilitate reaching 

a current density higher than 1 A cm-2. Electrodes with a higher amount of electrocatalyst have 

been prepared by repeating the immersion and drying steps up to four times. Unless otherwise 



47 

stated, the electrodes were prepared with a single immersion and the samples named “after 

OER” were subjected to a current density of ca. 120 mA cm-2 during 2 h. 

2.3.4. Morphological, Structural and Physicochemical characterization 

Structural characterization was performed by XRD using a Bruker D8 Advance diffractometer 

equipped with a Cu Kα (1.5406 Å) radiation source, LYNXEYE super speed detector and Ni filter. 

A Bragg−Brentano (θ−2θ) configuration was used with a step size of 0.025º. The morphology of 

the electrodes was analysed by a Zeiss Auriga 60 FESEM. Both the HRTEM and STEM-EELS are 

obtained in an FEI F20 at 200kV. The HRTEM was acquired with a condenser aperture of 100 µm, 

no objective aperture, spot size 3 and a BM-UltraScan CCD camera. The STEM-EELS was acquired 

with a condenser aperture of 70 µm, no objective aperture, nominal camera length 30 mm, spot 

size 6, and Gatan EF-CCD camera. The same conditions apply for STEM-EDS, with a detector 

EDAX SUTW X-Ray detector, 136 eV resolution (Z> Z(Be)), and a detector area of 30 mm2. The 

EELS and EDS supporting STEM images are from an annular dark field detector (DF4). For 

analysing the samples, the initial CoFeP or Co2P samples were diluted in hexane before 

deposition on the grid. For the analysis of the electrode after OER, the electrocatalyst was 

scraped from the NF substrate, and the resulting powder was dispersed in hexane by sonication 

before the deposition on the HRTEM grid. For the XPS analysis, a monochromatic X-ray source 

Al Kα line was used in both a PHI 5500 Multitechnique System (Physical Electronics) for the 

electrodes before OER and a NEXSA X-Ray Photoelectron Spectrometer (Thermo-Scientific) for 

the electrodes after OER.  

2.3.5. Electrochemical measurements 

The electrochemical performance of the CoFeP-based electrodes was analysed with a Biologic 

VMP-300 potentiostat using a three-electrode cell. All the potentials were measured against an 

Ag/AgCl reference electrode. The potentials in the RHE scale are calculated according to: E (vs 

RHE) = E (vs Ag/AgCl) + 0.205 V + 0.059·pH. To evaluate the oxygen evolution reaction activity, 

LSV and CV were performed at a scan rate of 5 mV s-1 in 1 M KOH. All the potentials were 

corrected with the IR drop, and the corresponding R was determined by EIS. The overpotentials 

were calculated in all cases as η = E – 1.23 V, where E is the applied potential vs RHE. The 

determination of Cdl by  CV was performed between 0.1 and 0.2 V vs Ag/AgCl, a potential region 

with no faradaic processes, at different scan rates. The electrochemically ECSA was calculated 

as Cdl/Cs, where Cs is a reference capacitance for a planar surface taken as 40 μF cm-2.27,28 Nyquist 

plots were obtained by EIS in the frequency range of 50 kHz to 100 mHz and employing a signal 
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amplitude of 10 mV. The fitting of the experimental EIS curves to the equivalent circuit was 

performed with the Biologic software. The calculation of the TOF can differ from study to study.27 

In this work, TOF is calculated as the number of product molecules (O2) per second and active 

site: TOF = j A/(4 N e), where j is the current density, A is the area, N is the number of active sites 

and e is the elementary charge constant (1.6·10-19 C). The calculated number of active sites is 

3.2·1018 and 2.3·1018 for CoFeP and Co2P, respectively. They are estimated considering that both 

Co and Fe metallic atoms at the surface act as active sites. The metallic content was calculated 

from the measure of the electrode mass before and after the electrocatalyst loading and the 

elemental ratios obtained by EDS in the as prepared electrodes. In the full cell assembly, water 

splitting was performed in a two-electrode configuration with the two compartments separated 

by a Sustainion (Dioxide Materials) alkaline exchange membrane. The gas outlets from the 

anodic and cathodic compartments were connected to two inverted graduated cylinders filled 

with water to measure accumulated O2 and H2, respectively. For the theoretical calculation of 

the volumes, they are considered ideal gases. The presence of H2 was corroborated by gas 

chromatography using He as a carrier gas. 

2.4. RESULTS AND DISCUSSION 

2.4.1. Characterization of the CoFeP NPs and the fabricated CoFeP/NF electrode  

The bimetallic CoFeP NPs obtained by the TPOP route were characterized in terms of 

morphology, crystallinity and composition. HRTEM images were performed to obtain 

information about the nanostructure morphology. Figure 2.1a and b and Figure 2.S1 show the 

synthesized CoFeP NPs exhibiting a nanorod-like shape with lengths up to about 18 nm and a 

diameter of 2-3 nm. FFT in Figure 2.1b reveals the presence of the CoFeP PNMA 62 phase that 

is according to the XRD analysis in Figure 2.S2. Importantly, the planes observed in isolated 

nanorods (Figure 2.1a) can be ascribed to the (020) and (210) planes of CoFeP PNMA. Figure 

2.1a shows a sketch of the nanorod crystallographic arrangement. It was observed that these 

rods present a growth direction [010] (and its corresponding (020) observed planes), that 

coincides with the longitudinal axis of the nanorods, which is further supported by its relative 

orientation with the resolved (210) planes of CoFeP. Additionally, EELS compositional maps of 

Co, Fe and P were also performed to get insights into the nanostructure composition. Figure 2.1c 

shows a particle composed of the coalescence of different nanorods. A similar spatial 

distribution of the three elements along all the particles was found, coherent with the expected 

stoichiometry of the CoFeP. Nevertheless, EELS quantification reveals a slightly higher 

concentration of Co against Fe, Co/Fe ≈ 1.5. Monometallic Co2P NPs were also analysed by 
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HRTEM. They also exhibit rod-like shapes (Figure 2.S3), having similar sizes to the bimetallic 

nanorods. The planes found have interplanar distances similar to that of CoFeP and are 

according to the Co2P PNMA, which was further corroborated by FFT (Figure 2.S4). As in the case 

of CoFeP, Co and P, are homogeneously distributed through the Co2P nanorods as revealed by 

EELS (Figure 2.S5).In both, CoFeP and Co2P NPs the metal to phosphorous ratio, based on the 

atomic concentration obtained by EDS, was near 1.3, which is lower than the stoichiometric. 

This can be partly due to the presence of oxygenated species such as metal phosphates or the 

presence of CoP as a secondary phase.  

 

Figure 2.1. (a) HRTEM images showing individual nanorods (from the red squared region in the 

lower magnification images in the inset) and the schematic illustration of the orientation of the 

nanorods on the right side. (b) FFT spectrum of the HRTEM image on the right that corresponds 

to the red squared region of the image on the left showing the planes ascribed to the CoFeP 

PNMA 62. (c) EELS compositional maps of Co, Fe and P in CoFeP nanorods. The inset shows the 

corresponding STEM-ADF image.  
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XPS is used to gather information about the first fourth or sixth atomic monolayers (2-3 nm) at 

the sample surface. This has been employed to characterize the surface composition and 

chemical nature of the synthesized electrocatalyst, although it can be altered after its deposition 

on the NF by the interaction with the ambient air. The full survey spectrum of a bare CoFeP/NF 

electrode shown in Figure 2.S6 reveals the presence of Co, Fe, P, O and C. In the P 2p spectra 

(Figure 2.S7), the largest peak is located near 133.3 eV and can be correlated with the presence 

of phosphate species.9,10 This confirms that the surface of the electrocatalyst is composed of 

metal phosphate rather than phosphide after air exposure, which usually occurs in metal 

phosphides.15,23 The Co 2p spectrum in Figure 2.S7 exhibits the 2p3/2 and 2p1/2 signals with the 

overlapping of different contributions including satellite peaks. The fact that the position of the 

strongest peak in the Co 2p3/2 region (781.2 eV) was higher than the typical metal peak positions 

of oxides, together with the predominant peak in the O 1s region at 531.1 eV (Figure 2.S7) are 

in agreement with the presence of metal phosphate.29,30 The small peak located at 778.1 eV in 

the Co 2p3/2 could be assigned according to some authors to the presence of metal phosphides, 

but the corresponding Co 2p1/2 signal is challenging to be identified because of the small amount 

of phosphide detected at the surface.9,24 Accordingly, a very small peak at 130.1 eV in the P 2p 

spectrum can be attributed to metal phosphide. The Fe 2p3/2 signal (Figure 2.S7) revealed the 

presence of oxidized iron species.9 Therefore, the results from the XPS characterization indicate 

that the outer layer of the electrocatalyst surface shows a transformation from metal phosphide 

to phosphate, even when the samples were stored in a protective atmosphere before the 

analysis.  

2.4.2. Characterization of the CoFeP-based electrodes working as anodes for OER 

Metal phosphides can be unstable in alkaline media (1 M KOH) under anodic conditions, then, a 

detailed physicochemical characterization was performed before and after OER to study the 

material transformation and especially the role of phosphorous. Despite the transformation, the 

electrodes were stable for OER and any significant decay of the current was observed at about 

100 mA cm-2 (Figure 2.S8). Figure 2.2a-d show the morphology of the CoFeP NPs on the NF 

surface before and after OER by FESEM images. The small particle size of the CoFeP nanorods 

favors a good dispersion of the electrocatalyst on the NF surface. In the as-prepared electrodes, 

a porous network of interconnected NPs with spherical shape is observed (Figure 2.2a), probably 

derived from the coalescence of the initial CoFeP nanorods observed in Figure 2.1a and the 

oxidation of the surface leading to an outer metal phosphate layer. The CoFeP/NF electrodes 

were analyzed after CA at different times selecting a potential in the OER region with a current 
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density near 100 mA cm-2. A radical change of the overall morphology was observed (Figure 

2.2b-d) after OER, now displaying nanostructures with a plate-like shape resembling 2D units 

and thus conferring high effective area to the electrode. However, there was no significant 

evolution of the morphology from 5 to 120 min of OER. The approximate dimensions of the 

nanoplates are 200-400 nm and 10-40 nm in length and thickness, respectively. For comparison 

purposes, the Co2P/NF electrodes were also analyzed by SEM before and after OER (Figure 2.S9). 

A similar morphological change was observed after 120 min of OER, although in this case, the 

nanoplates were smaller with approximated lengths of 60 nm and thickness of 10 nm.  

 

Figure 2.2. SEM micrographs showing the morphology of the (a) as prepared and after (b) 5, (c) 

30 and (d) 120 min of OER for a CoFeP/NF electrode. (e) EELS compositional maps of the powder 

obtained by scrapping the electrocatalyst from the electrode surface of the CoFeP/NF electrode 

after 120 min of OER. 

Despite the huge transformation of the material, a homogeneous distribution of Co and Fe is 

observed in the EELS maps as shown in Figure 2.2e. Remarkably, we could not observe any 

presence of crystalline planes in the HRTEM images neither in the corresponding FFT patterns 

obtained in the samples after OER, pointing out the amorphous nature of the transformed 

material. Furthermore, the high oxygen signal together with the absence of phosphorous, 

suggests that oxygenated phases as oxygen and hydroxyl groups have replaced the initial 

phosphide/phosphate species forming oxyhydroxide structures. To further investigate these 

assumptions, high resolution XPS spectra in Figure 2.3 and S10 in the electrodes after OER are 

compared with the previous results using fresh samples (Figure 2.S7). To increase the intensity 

of the XPS signal, the analysis was performed in a sample synthesized by four immersions in the 

iron precursor dispersion. We must stand out on several significant features. On one hand, there 
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is a low concentration of residual phosphorous at the surface (see Table 2.S1). On the other 

hand, a significant change in the O 1s spectrum is noticeable after OER (Figure 2.3). Apart from 

the peak around 532.5 eV that can be attributed to absorbed H2O, the main signal can be 

deconvoluted in two peaks. The one at 529.4 eV is according to M-O and the largest peak at 

530.8 eV would correspond to M-OH species supporting the presence of metal oxyhydroxides.15 

These characteristics are endorsed for the measured spectra in the 2p regions of cobalt and iron 

in Figure 2.3, 2.S7 and 2.S10, in which the most intense peaks are shifted to lower energies in 

agreement with the expected values of oxyhydroxides compared to the initial phosphates. 

Concretely, the peak at 779.8 eV in the Co 2p region can be correlated with Co3+. Therefore, after 

the electrochemical measurements in alkaline media, the material is transformed in terms of 

morphology and composition from the initial CoFeP to CoFeOxHy material. After immersing in 

the 1 M KOH solution, a morphological change already occurs, afterwards, the cyclic 

voltammogram of the CoFeP (Figure 2.S11) shows an anodic irreversible peak appearing at 1.35 

V vs RHE that is only present in the first cycle. This peak has been attributed to the irreversible 

evolution of CoOOH.19,31,32 Accordingly, a peak near the same potential region was also observed 

in the Co2P/NF electrodes. After this anodic peak, the current densities for OER remain constant 

as evidenced by the overlapping of the first and second voltametric curves in Figure 2.S11. The 

complete morphological transformation of the CoFeP structure together with the phosphorous 

loss leading to CoFeOxHy is favoured by the small size of the initial NPs and the interconnected 

porous network of these NPs that facilitate the permeability of the alkaline electrolyte. Raman 

analysis in Figure 2.S12 supports the presence of metal oxyhydroxide. Concretely, the bands at 

575 and 675 cm-1 can be correlated with cobalt and iron oxyhydroxides,33–35 although the 

presence of oxides/hydroxides as secondary phases cannot be discarded. On the other hand, 

Co2P/NF electrodes were also analysed by XPS after OER (Figure 2.S13). No evidence of different 

oxidation states of cobalt with respect to the bimetallic material is found as the Co 2p region 

presents the same characteristics.  
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Figure 2.3. XPS spectra in the Co 2p and O 1s regions for the CoFeP/NF electrodes after OER. 

2.4.3. Electrochemical analysis of the electrodes using CoFeP as electrocatalyst 

The electrochemical activity of the initial bimetallic CoFeP/NF transformed to CoFeOxHy/NF has 

been investigated in 1 M KOH electrolyte. Figure 2.4a shows the cyclic voltammograms after IR 

correction for the CoFeP/NF electrodes, compared with both the Co2P/NF electrode and the 

bare NF scaffold. The bimetallic CoFeP/NF electrode presents the best catalytic activity for OER, 

outperforming the monometallic Co2P/NF. The overpotentials for OER at 10 and 100 mA cm-2, 

are 285 and 335 mV for CoFeP/NF and 345 and 410 mV for Co2P/NF, respectively. The bare NF 

also presents electrochemical activity for OER in alkaline media,36–38 but significantly lower than 

the bimetallic phosphide-loaded electrodes. The Tafel representation depicted in Figure 2.4b 

further confirms the favourable OER kinetics in the bimetallic electrocatalyst. The Tafel slope for 

Co2P/NF is 53 mV dec-1, while for CoFeP/NF is as low as 42 mV dec-1. To the best of our 

knowledge, the latter value is the lowest reported for cobalt iron phosphide-based anodes 

without using a hybrid material (as compared in Table 2.S2). Additionally, the behaviour of the 

CoFeP/NF electrodes was tested during cycling for OER displaying good stability after 500 cycles 

(Figure 2.S14).  

The effect of the deposited amount of electrocatalysts was studied by repeating different cycles 

of immersion in the CoFeP dispersion and drying up to four times, leading to different catalyst 

loading (see inset of Figure 2.S15a). The potentials for a given current density are reduced as the 

catalyst loading increases as expected. For 10 mA cm-2, the overpotential is 360 mV for four 
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immersions, 15 mV lower than for the one of a single immersion (Figure 2.S15a). However, as 

the catalyst loading increases the current density normalized by the mass loading decreases 

(Figure 2.S15b). Then, for the lowest loaded amount of catalyst, there is an optimum dispersion 

of the CoFeP on the NF maximizing the number of reactive sites available per overall amount of 

catalyst. The overpotentials achieved in this work, considering the loaded amount of 

electrocatalyst, are one of the lowest reported for CoFeP-based anodes for OER without the 

addition of other binders or conductive materials (see Table 2.S2).  

 

Figure 2.4. (a) Cyclic voltammogram recorded at 5 mV s-1, (b) Tafel plots, (c) (ja-jc)/2 vs scan rate 

plot and (d) calculated TOF values as a function of the potential for CoFeP/NF and Co2P/NF in 1 

M KOH. (e) Cdl and (f) log (Rct / Ω) vs overpotential from the Nyquist plots for CoFeP/NF in 1 M 

KOH. The green line in (e) indicates the Cdl value obtained from cyclic voltammograms in Figure 

2.4c and the red line in (f) the linear fitting of the points. 

To get more insights into the origin of the catalytic activity of CoFeOxHy obtained from the 

bimetallic phosphide, the double-layer capacitances were calculated from the (ja-jc)/2 versus the 

scan rate plot obtained from Figure 2.S16. The calculated Cdl values are similar for the CoFeP/NF 

and Co2P/NF and are estimated as 120 and 140 mF cm-2, respectively, as shown in Figure 2.4c. 

Then, ECSA values of 3000 and 3500 cm2 are obtained for CoFeP/NF and Co2P/NF, respectively, 

referred to a planar surface. The huge ECSA values can be correlated with a high density of active 

sites due to good dispersion of the material favoured by the low particle size and the porous 

structure of the electrode scaffold that allow the full penetration of the electrolyte.  
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Figure 2.4d displays TOF values deduced from the calculated number of active sites based on 

the loaded amounts of electrocatalysts. A TOF value of 0.1 s-1 is reached at 358 mV for the 

CoFeP/NF, while for Co2P/NF 425 mV is required. This demonstrates that despite both electrodes 

possessing similar ECSA and estimated number of active sites, the bimetallic phosphide exhibits 

a faster kinetic toward OER. This may be caused by the catalytic combined effects of the metallic 

Co and Fe adjacent sites cooperating on the four steps of the water oxidation reaction. This is 

supported by the lower value of Tafel slope in the CoFeP/NF electrode. In this regard, the 

concentration of iron is not critical in the OER activity, as when the concentration of iron 

decreases by 40%, the bimetallic electrode produces similar overpotentials. This is in agreement 

with a previous work using comparable Co/Fe ratios.15 A contribution derived from the nickel 

substrate cannot be discarded as active nickel species for OER can be generated in the alkaline 

electrolyte.   

Nyquist plots obtained from electrochemical impedance spectroscopy are useful to better 

understand the electrocatalyst kinetics for OER. Then, they were recorded at different applied 

potentials (Figure 2.S17a), and the obtained spectra were fitted according to the model circuit 

displayed in Figure 2.S17b. R  is the electrolyte resistance and the RI and QI (a constant phase 

element) at high frequencies can be tentatively associated with the Ni/electrocatalyst interface 

or to the presence of a passive film.39 Cdl and Rct are related to the charge transfer to the 

electrolyte and they can provide information about the OER kinetic parameters. Concretely, the 

exchange current density (j0) and the Tafel slope (b) can be estimated from the Nyquist plots 

using the following expression:40–42 

𝑙𝑜𝑔 (
1

𝑅𝑐𝑡
) = 𝑙𝑜𝑔 (

𝑑𝑖

𝑑𝜂
) =

1

𝑏
𝜂 + 𝑙𝑜𝑔 (

2.3𝑗0

𝑏
)    (1) 

where b=2.3RT/αaF in mV dec-1, being αa the overall transfer coefficient given by αa=(nf /ν+ nrβa), 

where nf is the number of electrons transferred before the RDS, ν is the stoichiometric number 

with a typical value of one, nr is the number of electrons transferred in each occurrence of the 

RDS, and βa is correlated with the symmetry factor.43,44 On one hand, Cdl values calculated from 

Figure 2.S17 are represented in Figure 2.4e as a function of the overpotential. Although they are 

in the same order of magnitude as that obtained by cyclic voltammograms in the region without 

faradaic currents (Figure 2.4c), there exists some dispersion of values in the considered range of 

potentials. On the other hand, according to equation (1), Figure 2.4f shows a linear relationship 

between log(Rct) and η. The points in Figure 2.4f can be fitted to a straight line with good fitting 

(R2 = 0.996). The Tafel slope (b) can be calculated as 48 mV dec-1 while a value of 42 mV dec-1 
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was determined from the voltammogram in Figure 2.4b. Then, the overall αa can be calculated 

as 1.24-1.41. Such values suggest that a step subsequent to the first electron transfer is the RDS 

with ν=1, nf=1 and nr=1.44 According to equation (1), from the intercept with the y-axis the 

exchange current density is calculated to be 1.1·10-5 mA cm-2. 

The excellent characteristics based on the kinetics and the active site density suggest that the 

synthesized CoFe-based anodes are good candidates for working at high current densities as 

feasible and reliable electrodes. Thus, the electrochemical activity of these anodes was 

evaluated at higher applied potentials and the effect of the temperature was studied. Figure 

2.5a shows the potential region of current densities > 1 A cm-2 at 22 °C and 50 °C. For reaching 

1 A cm-2, the overpotential is only 475 mV, and they decrease by 80 mV when the temperature 

rises to 50 °C. Furthermore, the stability tests at 1 A cm-2 in Figure 2.5b show that the current 

density remains constant at 22 °C while at 50 °C there is a slight decrease with time may be due 

to a lack of thermal stability of the experimental set-up. Table 2.1 summarizes the approximate 

overpotential values achieved for 10, 100 and 1000 mA cm-2 based on Figure 2.5a. 

 

Figure 2.5. (a) Cyclic voltammogram and (b) chronoamperogram at a current density of ca. 1 A 

cm-2 at 22 ºC and 50 ºC for the CoFeP/NF electrode in 1 M KOH. 
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Table 2.1. Overvoltage for OER at selected current density values at 22 and 50 ºC. 

 

2.4.4. Anion exchange membrane water electrolysis performance 

The stability of the electrocatalysts is a critical issue in fuel production and should be tested 

under more realistic conditions of continuous electrolyte flow to better evaluate its commercial 

viability. For this goal, the developed cobalt iron oxyhydroxide anode was integrated into an 

electrolyser schematized in Figure 2.6a for H2 and O2 production, which is a relevant 

configuration for an industrial application. The cell comprises two compartments separated by 

an alkaline anion membrane, with the anolyte and catholyte recirculating at a high flow rate 

through the respective compartments. Consequently, this configuration allows for the 

separation and collection of both produced gases, where hydrogen is evolving in the Ti/Pt plate 

(10 cm2), and oxygen is evolving in the CoFeOxHy/NF anode with a geometric area of 1 cm2.  

The stability of the full cell was examined at a high current density of nearly 1 A by heating the 

electrolytes at 50 ºC. Figure 2.6b shows good stability of the current during 2 h, without any 

significant decay. Additionally, the volumes of H2 and O2 were measured for 10 min after 2 h at 

1 A in the same conditions. The inset of Figure 2.6b displays the points corresponding to the 

measured gas volumes while the straight lines correspond to the calculated values. An excellent 

agreement between the experimental and theoretic values was found, which means that the 

faradaic efficiency for OER and HER in both processes is near 100%. The outlet gas stream from 

the cathode was analysed by gas chromatography confirming the presence of hydrogen gas. 

Similar results were obtained at room temperature (Figure 2.S18) displaying also good stability. 

In that case, because of the lack of temperature control, an initial increase in the current was 

reported before thermal equilibration.  
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Figure 2.6. (a) Sketch of the alkaline exchange membrane electrolyser using geometric 

electrodic areas of 1 cm2 in the anode and 10 cm2 for the Ti/Pt cathode. (b) Chronoamperogram 

in the full cell depicted in (a) at a current density near 1 A and heating the electrolyte to 50 ºC. 

Inset: experimental (points) and calculated accumulated (solid lines) volumes of H2 and O2. 

2.5. CONCLUSIONS 

In this work, an efficient anode for OER obtained by the in-situ generation of amorphous cobalt 

iron oxyhydroxide from the corresponding bimetallic phosphide on NF is reported. In the 

chemical conversion, phosphorous acts as a sacrificial element for homogeneous metal 

oxyhydroxide formation facilitated by the electrolyte permeation within the nanoporous 

structure. The initial CoFeP/NF electrode is synthesized from tiny rod-like NPs of bimetallic 

phosphide obtained by a feasible and scalable synthesis. These nanorods were dispersed in a 3D 

framework of a highly conductive metallic NF as a key element in the anode design. It ensures a 

high density of active sites as well as an appropriate pore size to guarantee the release of oxygen 

gas. Under alkaline media and anodic polarization, apart from the phosphorous depletion, the 

morphology radically changes from the initial nanorods to CoFe-oxyhydroxide nanoplates with 

a high electrochemically active surface area. Remarkably, this procedure guarantees maintaining 

a homogeneous distribution of metal atoms on a NF that allows for a rational design of the 

anodes to achieve a high density of active sites. The presence of Co and Fe atoms promotes 

favourable catalytic effects on the four-step reaction of water oxidation. Then, this rational 

anode design allows achieving working conditions of high current densities (higher than 1 A cm-

2) at optimized overpotentials lower than 500 mV for 1 A and Tafel slope as low as 42 mV dec-1. 
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Remarkably, apart from the feasible and scalable manufacturing route of the CoFeOxHy/NF 

electrode, its stability was excellent in an alkaline exchange membrane flow cell at 1 A, which 

makes this electrode a robust and promising anode in high production rate devices for fuel 

electrosynthesis. 
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SUPPORTING INFORMATION 

 

2.7. SI RESULTS 

 

 

Figure 2.S1. HRTEM images of the CoFeP nanorods. 
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Figure 2.S2. XRD pattern of the CoFeP powder before the ligand removal. 

 

Figure 2.S3. HRTEM images of Co2P nanorods and the schemes displaying the orientation of 

these nanorods.  

 

 

 

Figure 2.S4. a) HRTEM image of an individual nanorod and (b) the corresponding FFT spectrum 

showing the planes ascribed to the Co2P PNMA. 
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Figure 2.S5. EELS compositional maps of Co and P in the as prepared Co2P nanorods and the 

corresponding STEM-ADF image on the left. 
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Figure 2.S6. XPS survey of CoFeP/NF before OER labelling the main signals.  
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Figure 2.S7. XPS spectra in the P 2p, Co 2p, O 1s and Fe 2p regions for the CoFeP/NF electrode 

before OER (as-prepared). 
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Figure 2.S8. Chronoamperograms starting from ca. 100 mA·cm-2 for CoFeP/NF and Co2P/NF 

electrodes. 
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Figure 2.S9. SEM micrographs of Co2P/NF electrodes: (a) as-prepared and (b) after 120 min of 

OER at 100 mA·cm-2. 

 

 

Figure 2.S10. XPS spectra in the Fe 2p region for a CoFeP/NF electrode (prepared by four 

immersion/drying steps) after OER. 

 

Table 2.S1. Atomic percentages determined by XPS in the electrodes after OER. 

Atomic concentrations 

/ % 

Co Fe P O 

Co2P/NF 10.4 0 2.6 48.3 

CoFeP/NF 8.8 5.6 1.5 47.2 
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Figure 2.S11. First and second cyclic voltammograms at 5 mV·s-1 for a CoFeP/NF electrode in 1 

M KOH. 
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Figure 2.S12. Raman spectrum for a CoFeP/NF electrode after OER. 
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Figure 2.S13. XPS spectra in the Co 2p and O 1s regions for a Co2P/NF electrode (prepared by 

four immersion/drying steps) after OER. 
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Figure 2.S14. Cyclic voltammograms corresponding to the 1st and 500th cycles at 200 mV·s-1. 
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Figure 2.S15. Cyclic voltammograms for (a) current density and (b) current density normalized 

by the electrocatalyst mass loading vs E vs RHE recorded at 5 mV·s-1 for CoFeP/NF after 1, 2 and 

4 immersions/drying steps. Co2P/NF after 4 immersions was included in (a). Inset in (a) shows 

the electrocatalyst mass loading as a function of the number of immersions.  

 

 

 

Figure 2.S16. Cyclic voltammograms of  CoFeP/NF (a) and Co2P/NF (b) electrodes at different 

scan rates (5, 10, 20 and 40 mV·s-1) in 1 M KOH.  
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Figure 2.S17. (a) Nyquist plots of the CoFeP/NF electrode in 1 M KOH for different overpotentials 

(see Figure 2.4f) showing the experimental points and the theoretical curves adjusted by the 

equivalent circuit in (b). 

 

 

Figure 2.S18. Chronoamperogram in the full cell depicted in Figure 2.6a at a current density near 

1 A at room temperature (without temperature control). Inset: experimental (points) and 

calculated (solid lines) accumulated volumes of H2 and O2. 
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Table 2.S2. Comparison of the CoFeP-based electrodes for OER in 1 M KOH in chronological 

order. 

Catalyst 
Intermediate 

precursor material 

Catalyst 

loading/ 

mg·cm-2 

η10 / mV 

Tafel / 

mV· dec-

1 

Stability 

test 
Ref. 

(Co0.54Fe0.46)2P Co-Fe-O nanocubes N/A 280 N/A N/A 1 

(Co0.54Fe0.46)2P Co-Fe-O nanocubes 0.2a 370* N/A 
1000 

cycles* 
2 

Co-Fe-P CoFe- MOFs 1.0 244 58 
30 h at 10 

mA·cm-2 
3 

Co0.7Fe0.3P/CNTs Co1−xFexOOH 0.5 243 36 
3 h at 10 

mA·cm2 
4 

Fe1Co2P Fe-Co MOFs 
0.012 mg on 

a RDEa 
362 50 

8 h at ca. 

4 mA·cm-2 
5 

CoFeP CoFe2O4, NaH2PO2 
0.05 mg on a 

GCa 
350 59 

12 h at 10 

mA·cm-2 
6 

CoFeP 
CoFe-PBA 

nanocubes 

0.015 mg on 

a GC 
180 55 

20 h at 10 

mA·cm2 
7 

CoFeP-1.8 CoFe LDHs 3.41 
242 (100 

mA·cm-2) 
53 

40 h at 

100 

mA·cm-2 

8 

Co2P-Fe2P 

FeOOH/ 

Co3O4 

3 (Co3O4) + 4 

(FeOOH) 

(precursors) 

185 51 

250 h 

from 10 

to 100 

mA·cm-2 

9 
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CoFeP CoFe(OH)x 15.1 193 73 
50 h at 10 

mA·cm2 
10 

Co2P@NC-Fe2P FeHP-ZIF-67-2 1 260 41 

35 h at 10 

and 50 

mA·cm-2 

11 

p-CoFeP-0.35 Zn/Fe-Co PBA-x 0.283 280 48.8 

12 h at 10 

and 20 

mA·cm-2 

12 

CoFeP Direct synthesis ca. 0.5-2 285-270 42 
1 h at 1 

A·cm-2 

This 

work 

aCalculated from the reported experimental procedure   

*in 0.1 M KOH 
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CHAPTER 3 

 

Palladium hydride on C2N to Boost Formate 

Oxidation 

 

 

 

3.1. ABSTRACT 

The lack of electrocatalysts for the FOR hampers the deployment of DFFC. To overcome this 

limitation, herein, we detail the production of palladium hydride particles supported on C2N 

(PdH0.58@C2N ) via a facile method. PdH0.58@C2N displays excellent FOR performance reaching 

current densities up to 5.6 A·mgPd
−1 and stable cycling and CA operation. The Pd lattice expands 

due to the hydrogen intercalation. Besides, an electronic redistribution associated with the 

distinct electronegativity of Pd and H is observed. Both phenomena modify the electron energy 

levels enhancing the activity and stability of the composite catalyst. More specifically, 

differential functional theory calculations show H intercalation to downshift the Pd d-band 

centre in Pd0.58@C2N, weakening adsorbate binding and accelerating the FOR rate-determining 

step. 
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3.2. INTRODUCTION 

Fuel cells are an attractive alternative to conventional fossil fuel-based combustion 

technologies, offering high efficiencies of conversion from chemical to electrical energy. Among 

the possible liquid fuels, FA/formate offers a particularly simple oxidation reaction, involving the 

transfer of just two electrons.1-5 In particular, FA is regarded as a safe, low-cost, and low-toxicity 

hydrogen carrier, with a large content of hydrogen, 4.4 wt %, excellent stability, low ignition 

point, and convenient transportation and storage.6-8 But it is the use of formate in alkaline cells 

the one that is attracting more recent attention. The use of a solid formate salt is beneficial in 

terms of storage and transportation over liquid FA.9, 10 Formate is also characterized by much 

lower toxicity and corrosiveness than FA, and therefore it can be used at higher 

concentrations.11, 12 Besides, the FOR presents faster reaction kinetics, lower over-potentials, 

faster reaction kinetics and reduced poisoning when compared with FA.13-15 Additionally, DFFC 

also present faster kinetics due to the rapid ORR kinetics in alkaline medium when compared 

with an acid environment.11, 16, 17 Moreover, formate is industrially used for the production of 

FA, thus having a reduced price. On top of all this, the synthesis of formate from CO2RR has seen 

rapid progress recently and may reach industrialization in the foreseeable future, which could 

make DFFCs a net-zero CO2 technology.18-20  

Pd is the most promising candidate to catalyse the FOR. However, the performance of Pd is still 

far from optimum in terms of stability and also activity.21 As a main drawback, Pd binds too 

strongly to hydrogen, limiting its desorption and thus blocking the adsorption sites available for 

additional reactants.22, 23 To improve the FOR performance, we need to develop effective 

strategies to tune the electronic properties of Pd and particularly to reduce the adsorption 

energy of the intermediates. Recently, the introduction of lighter and smaller elements to diffuse 

within the Pd lattice and expand it has awakened notorious attention. By changing the metal 

lattice parameters, the electronic properties of the metal can be modified and potentially 

optimized.24-26 Among possible light elements, H is particularly suitable to modify the Pd 

structure owing to the small atomic radius of H and the high affinity of Pd towards this 

element.27-29  

To maximize its dispersion, electrocatalytic particles are generally supported on electrically 

conductive high surface area supports, such as carbon.30 However, traditional carbon materials 

contain a uniformly distributed surface charge, which makes them catalytically inactive. To 

overcome this limitation, nitrogen-doped carbon and carbon nitrides can be used.31 In particular, 

C2N has emerged as a new 2D graphene-like layered covalent organic material.32-34 The presence 
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of N atoms within the carbon lattice introduces polarity to interact with polar species and 

enhances thermal stability.35-37 Besides the electrical conductivity of C2N is higher than that of 

other C-N materials. The unique porous structure of C2N increases the electron density of the N 

atoms, which enables them to act as excellent sites for the nucleation and growth of metal.38, 39  

Taking into account all the above, we developed a strategy to produce palladium hydride 

(PdH0.58) nanodendrites supported on C2N. Such composite catalyst was tested towards FOR in 

alkaline media. To rationalize the obtained results, DFT calculations are used to identify the 

effect of H intercalation on the d-band centre of Pd within the composite Pd0.58@C2N and its 

influence on the binding of adsorbates. 

3.3. RESULTS AND DISCUSSION 

Palladium hydride NPs were produced in the presence of C2N using Pd(acac)2 as metal precursors 

and OAm as a solvent and hydrogen source (see details in the Experimental section, Figure 3.S1). 

In the presence of C2N, Pd heterogeneously nucleates and grows at N sites on the C2N surface 

which offer lone electron pairs and thus act as electron donors coordinating with the metal ions. 

Figure 3.S2 shows the nanosheet structure and composition of the initial C2N support. Figures 

1a-c and 3.S3 display representative SEM and TEM micrographs of the particles supported on 

C2N. The final product consists of the C2N covered with small hyperbranched NPs or 

nanodendrites. HRTEM micrographs reveal that the nanodendrites have a crystal phase in 

agreement with the Pd cubic phase (space group =Fm-3m) but with a significantly larger lattice 

parameter a=b=c=4.0190 Å, well above that of pure Pd a=b=c=3.89 Å. The larger lattice spacing 

measured confirms the presence of H within the Pd lattice.40-42 Since the presence of H linearly 

affects the lattice parameter of PdH, from the HRTEM data we calculated a H/Pd atomic ratio of 

ca. 0.58. The XRD pattern of PdH0.58@C2N was consistent with that of the Pd face-centred cubic 

(fcc) structure (Pd-PDF#87-0641) but, consistently with HRTEM results, diffraction peaks were 

shifted to lower angles. A reference Pd@C2N sample was produced by annealing PdH0.58@C2N 

under Ar at 450 C for 2 h to remove the intercalated hydrogen. As shown in Figure 3.2a, after 

the annealing treatment, the shift of the XRD pattern disappeared. These results further confirm 

the expansion of the Pd lattice with the introduction of H.27, 28 HAADF-STEM micrographs (Figure 

3.1d) and STEM-EELS elemental composition maps (Figure 3.1e) of PdH0.58@C2N show the 

presence of C, N, and Pd, being all the elements homogeneously distributed at the nm scale. 

Additional TEM, HRTEM, and STEM-EELS of the Pd@C2N sample show a relatively similar 

architecture with a homogeneous distribution of the different elements (Figure 3.S4). 
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Figure 3.1. Structural and chemical characterization of PdH0.58@C2N. a) SEM image, b) TEM 

image, c) HRTEM and corresponding FFT spectrum of the PdH0.58@C2N, visualized along its [101] 

zone axis. d, e) HAADF-STEM and EELS chemical composition maps obtained from the red 

squared area of the STEM micrograph. Individual Pd M4,5-edges at 335 eV (red), N K-edges at 

401 eV (green) and C K-edges at 285 eV (grey) and composites of Pd-N, N-C and Pd-N-C. 

As an additional reference material, self-standing PdH0.58 NPs were synthesized using the same 

procedure as for the synthesis of PdH0.58@C2N but in the absence of C2N. Afterward, these NPs 

were physically mixed with C2N to produce PdH0.58/C2N. TEM images of PdH0.58 and SEM images 

of PdH0.58/C2N samples show the PdH0.58 NPs to be highly agglomerated (Figures 3.S5 and 3.S6), 

which reveals the presence of C2N during the Pd-based NP synthesis to decisively contribute to 

their dispersion. Besides, the XRD pattern of the PdH0.58/C2N sample displays an additional peak 

at ca. 35 associated with the presence of a small amount of the PdO phase (JCPDS 06-0515), 

which reveals that the coordination of PdH0.58 with C2N during synthesis, through the N atoms, 

contributes to prevent it surface oxidation. 

Figure 3.2b,c displays the XPS spectra of Pd@C2N and PdH0.58@C2N. For both materials, the high-

resolution Pd 3d XPS spectra presented two doublets. The majoritarian component, at 335.4 eV 

(Pd 3d3/2) for PdH0.58@C2N, was associated with Pd0, and the minoritarian, at 336.5 eV (Pd 3d3/2), 

with an oxidized Pdx+ chemical environment.25, 43 The Pd 3d spectra of PdH0.58@C2N was shifted 
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about 0.2 eV toward higher binding energies than Pd@C2N, which indicates a charge 

redistribution within the palladium hydride, with Pd giving electrons to H. The presence of 

electron-deficient Pd in PdH0.58@C2N is consistent with previous reports.44, 45 Electron-poor Pd 

has been reported to reduce the electron exchange with CO 2π* orbitals, which translates into 

a weaker CO adsorption.43 Thus, PdH0.58@C2N may present a higher resistance towards CO 

poisoning during FOR than Pd@C2N. 

 

Figure 3.2. a) XRD patterns of C2N, Pd@C2N, PdH0.58@C2N, PdH0.58/C2N, b) High-resolution Pd 3d 

XPS spectra and c) valence band XPS spectra of Pd@C2N and PdH0.58@C2N. The d-band widths 

are indicated by the double-headed arrows, and the black dash line highlights the Fermi level 

position. 

The valence band XPS spectra of Pd@C2N and PdH0.58@C2N are displayed in Figure 3.2c. A broad 

band of states, contributed by Pd 4d electronic states, is observed in both spectra.27, 28 

PdH0.58@C2N shows a narrower bandwidth of ca. 4.95 eV as compared to 5.91 eV of Pd@C2N, 

which indicates a modified electronic structure. Such narrower bandwidth results from the 

increase of distance between Pd atoms within the PdH.46 Besides, a new peak in the band 

structure of PdH0.58 was observed at 6.17 eV and it was associated with the interaction between 

the H 1s and Pd 4d electronic states within the PdH.47  

The FOR performance of PdH0.58@C2N, Pd@C2N, PdH0.58/C2N, and commercial Pd/C was studied 

in a conventional three-electrode system. First, CV curves were obtained in an Ar-saturated 0.5 

M KOH solution (Figure 3.3a). In the cathodic scan, the current density peaks in the potential 

region −0.6 to −0.8 V vs. Hg/HgO are assigned to hydrogen adsorption. Besides, equivalent peaks 

in the anodic scan are associated with the desorption of hydrogen.48 In the anodic scan, the 

increase of current density observed at about −0.2 V vs. Hg/HgO is assigned to the surface 

oxidation of palladium. Additionally, the current density peak associated with the PdO reduction 

is found at about −0.2 V versus Hg/HgO during the cathodic scan. The distinct hydrogen 
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adsorption/desorption features of hydrogen between PdH0.58@C2N and Pd@C2N, indicate 

different surface atomic configurations. 

The ECSA was estimated from the PdO reduction peak. CV curves showed the Pd oxide reduction 

peak area to be significantly larger on PdH0.58@C2N than on Pd@C2N, PdH0.58/C2N and Pd/C, 

suggesting a larger ECSA. Quantitatively, ECSA was calculated from: 

ECSA =
Q (𝜇𝐶⋅𝑐𝑚−2)

𝑄𝑃𝑑𝑂(𝜇𝐶⋅𝑐𝑚𝑃𝑑
−2)×𝑃𝑑𝑙𝑜𝑎𝑑𝑖𝑛𝑔(𝑚𝑔⋅𝑐𝑚−2)×10

                           (1) 

where QPdO = 405 μC cm−2 is the charge involved in the reduction of a PdO monolayer, Q is the 

charge obtained from the integration of the PdO reduction peak, and Pdloading is the Pd amount 

loaded on the working electrode.30 From this equation, the ECSA values for Pd0.58@C2N, Pd@C2N, 

PdH0.58/C2N and Pd@CB catalysts were 40.84 m2 g−1, 31.51 m2 g−1, 24.75 m2 g−1 and 18.78 m2 g−1, 

respectively. Thus, significantly larger ECSAs were obtained with the growth of PdH0.58 in the 

presence of C2N.49, 50 

The electrocatalytic activity toward FOR was investigated by CV in a solution containing 0.5 M 

KOH and 0.5 M HCOOK (Figure 3.3b). The obtained current was normalized to the calculated 

ECSA. Even when normalizing to the ECSA, the PdH0.58@C2N catalyst exhibited a much higher 

specific activity when compared with the reference catalysts. PdH0.58@C2N delivered a peak 

current density of 27.44 mA cm-2, well above that of Pd@C2N (16.25 mA·cm−2), PdH0.58/C2N 

(14.37 mA·cm−2), and Pd/C (11.43 mA·cm−2). Even larger differences were obtained when 

normalizing to the mass of Pd. PdH0.58@C2N exhibited the highest mass activity at 5.60 A mg Pd-

1, which was 5.2-fold larger than that of Pd/C (1.07 A mg Pd-1) and well above that of the other 

electrocatalysts. PdH0.58@C2N-based electrodes also provided the lowest onset potentials, as 

shown in Figure 3.3d. The onset potential of PdH0.58@C2N was -0.71 V, much smaller than that 

of Pd@C2N (-0.64 V). Besides, as shown in Figure 3.3e, the lowest Tafel slope was also obtained 

for PdH0.58@C2N, at 90.4 mV dec-1, significantly below that of Pd@C2N, PdH0.58/C2N and Pd/C 

catalysts at 101.9, 168.6 and 208.1 mV dec-1, respectively. The lowest Tafel slope of the 

PdH0.58@C2N catalyst indicates promoted FOR kinetics. 

Figure 3.3f resumes the specific and mass activities of all catalysts in this work toward the FOR. 

Additionally, figure 3.3g and Table 3.S1 compare the results obtained in the present work with 

state-of-the-art Pd-based catalysts reported to date. Overall, PdH0.58@C2N shows outstanding 

specificity and mass activities, above most catalysts reported so far. 

The electrocatalytic stability of PdH0.58@C2N was evaluated using CA measurements at -0.2 V in 

0.5 M KOH + 0.5 M HCOOK electrolyte for 5000 s (Figure 3.3h). PdH0.58@C2N exhibited the 
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slowest current decay compared with the reference electrocatalysts. To remove the 

accumulated poisoning species, a rapid potential scan to oxidize and reduce the Pd surface was 

tested. Figure 3.3i shows the regeneration capacity of the tested catalysts. After every 1000 s of 

CA test, the catalysts were re-activated by cycling for 100 s in a clean 0.5 M KOH solution. This 

simple regeneration strategy allows cleaning the surface of the catalyst from adsorbed 

contaminants and thus recovering most of the catalytic activity. After 1000 cycles in the voltage 

range -0.9 to 0.3 V vs. Hg/HgO in 0.5 M KOH + 0.5 M HCOOK electrolyte, the catalyst was 

collected and analysed. As shown in TEM and HRTEM images in Figure 3.S7, the post-FOR 

product maintained the initial architecture, crystal phase and composition, without significant 

variations. 

 

Figure 3.3. Electrochemical performance of PdH0.58@C2N, Pd@C2N, PdH0.58/C2N, Pd/C catalysts 

for FOR. a) CV curves in Ar-saturated 0.5 M KOH solution and b, c) in a 0.5 M KOH + 0.5 M ethanol 

solution normalized by the geometric area (b) and the mass of Pd (c), d) enlarged CV curves at 

the onset potential, e) Tafel plot and calculated Tafel slopes, f) Comparison of mass activity and 

specific activity, g) Comparison of peak potentials between this work and previous reports, h) 

CA curves, i) CA curves with CV reactivation every 1000 s for PdH0.58@C2N. 
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To provide the theoretical basis for the experimental results, the thermochemical reaction 

energetics of the FOR on PdH0.58@C2N and Pd@C2N were investigated by DFT calculations using 

the (111) surface of FCC Pd. The PDOSs of Pd@C2N (111) and PdH0.58@C2N (111) surfaces is 

displayed in Figure 3.4a. The d-band of the PdH0.58@C2N surface is downshifted, with a centre 

farther away from the Fermi level (-2.02 eV) than that of the Pd@C2N surfaces (-1.77 eV). We 

also calculated the d-band centre of the (111) surface, which gives the same result (Figure 3.S8, 

Supporting Information). The configurations of the adsorbed FOR intermediates (HCOObi
*, 

HCOOmo
*, H* and CO2*) on the surface of PdH0.58@C2N are displayed in Figure 3.4c. A priori, on 

Pd-based catalysts, the FOR direct path follows four steps:  

HCOO + * → HCOObi
*→ HCOOmo*→ H* + CO2* → H + CO2 + *                         (2) 

where * denotes a surface site; and HCOObi
*, HCOOmo

*, H* and CO2
* are the formate bidentate, 

formate monodentate, H and CO2 adsorbed on the sites, respectively.51, 52 Figure 3.4b displays 

the free energy profiles of FOR steps. The results show an endothermic second step, HCOObi
* → 

HCOOmo
*, having associated the highest energy barrier for both catalysts. DFT calculations show 

that the energy barrier for this RDS is 1.047 eV for PdH0.58@C2N surfaces and significantly higher 

for Pd@C2N (1.151 eV) surfaces, which is consistent with the lower onset potential and higher 

activity of the former. Besides, the energy barrier for the desorption of the reaction products is 

also much lower for PdH0.58@C2N (0.738 eV) than for Pd@C2N (0.986 eV), which is consistent 

with the higher activity and stability of the former.  
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Figure 3.4. a) d-band centres of Pd 4d partial density of states, b) Gibbs free energy diagrams of 

FOR intermediates for PdH0.58@C2N and Pd@C2N, c) Evolution of the local structural 

configurations illustrating FOR process of PdH0.58@C2N. (* represents the active site). 

3.4. CONCLUSION 

In summary, PdH0.58@C2N was prepared using a one-step in situ growth method based on the 

heterogeneous nucleation and growth of PdH0.58 on the surface of C2N. The grown palladium 

hydride displays a favourable architecture with a high surface area. The presence of H provides 

several advantages, including an expansion of the Pd lattice and an electronic reconfiguration 

within the material that promotes the FOR catalytic performance, improving both activity and 

stability. DFT calculations show the presence of H to downshift the Pd d-band centre within 

Pd0.58@C2N, weakening the adsorbate binding and thus accelerating the rate-limiting step of the 

FOR. Overall, the presence of H allows tuning the Pd crystallographic and electronic structure to 

enhance electrocatalytic properties. Beyond FOR, the same strategy is susceptible to be applied 

to other electrocatalytic reactions.  
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SUPPORTING INFORMATION 

 

3.6. SI EXPERIMENTAL SECTION 

3.6.1. Chemicals 

OAm (approximate C18 content 80–90%) was purchased from ACROS Organics. Palladium(II) 

acetylacetonate (Pd(acac)2, Pd 34.7 wt%), potassium hydroxide (KOH, 85%), sulfuric acid (95–

98%), NMP (99.99%), diethyl ether (99.9%) and Nafion (5 wt% in a mixture of low aliphatic 

alcohols and water) were obtained from Sigma-Aldrich. EDA (99%), HACO (99%), CAA (98%), ODE 

(90%) and a reference Pd catalyst, 20% Pd on activated carbon powder, were purchased from 

Alfa Aesar. Hexane, ethanol and acetone were of analytical grade and obtained from various 

sources. MilliQ water was obtained from a Purelab flex from Elga. All chemicals were used as 

received, without further purification. 

3.6.2. Synthesis of Hexaaminobenzene  

CAA was added into a 15 mL glass vial placed in a 0 °C ice bath under vigorous stirring. Next, 5.64 

mL EDA and a few drops of concentrated sulfuric acid were added. Then the ice bath was 

removed and the obtained solution was warmed up to room temperature. Afterwards, the 

solution was transferred to a 15 mL Teflon autoclave, where it was maintained at 80 °C for 12 h 

to complete the amination reactions. Then the solution was cooled to room temperature and 

the obtained mixture was vacuum filtrated using a PTFE membrane (0.47 µm), rinsed with 

diethyl ether and degassed ethanol three times, and finally vacuum dried overnight. The identity 

of the final product was confirmed by 1H NMR. 1H NMR (400 MHz, H2O-d2, δ): 3.39 (s, 2H, NH2) 

(Figure 3.S1). 

3.6.3. Synthesis of C2N 

An equal mol ratio of HAB and CAA, and degassed NMP were placed into a three-necked round 

bottom flask placed in an ice bath under argon gas. Under vigorous stirring, a few drops of 

concentrated sulfuric acid were added. Then the ice bath was removed and the mixture was 

warmed up to room temperature. The resulting solution was heated to 175 °C for 12 h. After 

cooling to room temperature, the mixture was vacuum filtrated, washed with ethanol and water 

three times, and finally freeze-dried for 24 h. The obtained black solid was annealed at 450 °C 

for 3 h under argon gas with a ramp rate of 5 °C min−1. 
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3.6.4. Synthesis of PdH0.58@C2N, Pd@C2N, PdH0.58 and PdH0.58/C2N 

10 mL OAm, 5 mL ODE, and 5 mL of a C2N ethanol solution (6 mg mL−1) were added to a three-

necked flask and heated to 120 °C for about 1h min under Ar atmosphere to remove water, 

ethanol, and oxygen. Afterwards, 0.5 mmol Pd(acac)2 were added to the solution and the 

temperature of the mixture was slowly increased to 180 °C at a rate of 5 °C min-1 and maintained 

for 30 min. After cooling, the obtained black product was washed with ethanol and hexane via 

centrifugation three times, dried in a vacuum oven at 60 °C overnight, and annealed at 350 °C in 

an Ar gas atmosphere for 2 h to remove the organic ligands. As a reference, Pd@C2N was 

synthesized by annealing the PdH0.58@C2N in Ar gas at 450 °C for 2 h. Additionally, PdH0.58 NPs 

were also produced in the absence of C2N and they were physically supported on C2N by 

sonication in ethanol and hexane mixed solution to produce a third reference sample, 

PdH0.58/C2N. 

3.6.5. Structural characterization 

Powder XRD was performed on a Bruker AXS D8 Advance X-ray diffractometer with Cu-Kα 

radiation (λ= 1.5406 Å). SEM analysis was conducted with a Zeiss Auriga microscope equipped 

with an EDS detector operating at 20 kV. TEM, HRTEM, HAADF-STEM and EELS analysis were 

obtained using a field emission gun FEI™ Tecnai F20 microscope with a Gatav Quantum filter at 

200 kV. XPS measurements were conducted on a SPECS system equipped with an Al anode XR50 

source operating at 150 W and a Phoibos 150 MCD-9 detector. ICP-MS was conducted with a 

Shimadzu simultaneous ICP atomic emission spectrometer ICPE-9820. 

3.6.6. Electrochemical Measurements 

Electrochemical measurements were conducted at room temperature with an electrochemical 

workstation (CHI 760E, CH Instruments) using a standard three-electrode system. A Hg/HgO (1 

M KOH) and graphite rod were employed as reference and counter electrodes, respectively. The 

catalyst ink was produced by ultrasonically dispersing 2 mg of the catalyst powder in 750 μL 

isopropanol, 230 μL deionized water and 20  μL of 5 wt% Nafion solution. The working electrode 

was prepared by drop-casting 5 μL of the catalyst ink on a 5 mm diameter GC electrode and 

letting it dry naturally. CV curves were recorded at a scan rate of 50 mV s−1 in Ar-saturated 

aqueous solutions that contained 0.5 M KOH or 0.5 M KOH + 0.5 M HCOOK. CA measurements 

were conducted at −0.2 V vs. Hg/HgO for 5000 s in a 0.5 M KOH + 0.5 M HCOOK electrolyte. 
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3.6.7. Computational method 

We have employed VASP 1, 2 to perform all the DFT calculations within the GGA using the PBE 

formulation.3 We have chosen the PAW potentials4, 5 to describe the ionic cores and take valence 

electrons into account using a plane wave basis set with a kinetic energy cutoff of 400 eV. Partial 

occupancies of the Kohn−Sham orbitals were allowed using the Gaussian smearing method and 

a width of 0.05 eV. The electronic energy was considered self-consistent when the energy 

change was smaller than 10−5 eV. A geometry optimization was considered convergent when the 

force change was smaller than 0.02 eV/Å. Grimme’s DFT-D3 methodology  was used to describe 

the dispersion interactions.6 

The equilibrium lattice constant of FCC Pd unit cell was optimized, when using a 10×10×10 

Monkhorst-Pack k-point grid for Brillouin zone sampling, to be a=3.886 Å. The equilibrium lattice 

constants of hexagonal C2N monolayer unit cell were optimized, when put together with a 

vacuum layer in the depth of 15 Å and using a 3×3×1 Monkhorst-Pack k-point grid for Brillouin 

zone sampling, to be a=8.310 Å. We then use it to construct a Pd(111)/C2N heterojunction 

surface model (model 1). It should be noted that we also constructed the Pd(200)/C2N model 

and calculated the formate adsorption energy on both Pd(111)/C2N and Pd(200)/C2N. Because 

the adsorption energy of formate on Pd(111)/C2N was higher than on Pd(200)/C2N, we used the 

former model for further calculations. 

The Pd(111) part of model 1 has a p(3×3) periodicity in the x and y directions and 3 atomic layers; 

the C2N part has a unit cell of C2N monolayer; the Pd(111)/C2N slab was separated in the z 

direction by a vacuum layer in the depth of 15 Å in order to separate the surface slab from its 

periodic duplicates. Model 2 was built by adding one layer of H atoms between the topmost 

layer of Pd(111) part in model 1 and second layer of Pd(111). During structural optimizations, a 

2×2×1 k-point grid in the Brillouin zone was used for k-point sampling, and all atoms were 

allowed to relax. 

The adsorption energy (Eads) of adsorbate A was defined as: Eads = EA/surf – Esurf – EA(g) , where EA/surf, 

Esurf and EA(g) are the energy of adsorbate A adsorbed on the surface, the energy of clean surface, 

and the energy of isolated A molecule in a cubic periodic box with a side length of 20 Å and a 

1×1×1 Monkhorst-Pack k-point grid for Brillouin zone sampling, respectively. 

The transition state of an elementary reaction step was located by the nudged elastic band (NEB) 

method.7 In the NEB method, the path between the reactant(s) and product(s) was discretized 

into a series of five structural images. The intermediate images were relaxed until the 

perpendicular forces were smaller than 0.02 eV/Å. 
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Figure 3.S1. 1H NMR spectrum of HAB. (1H NMR (400 MHz, H2O-d2, δ): 3.39 (s, 2H, NH2)) 

 

 

Figure 3.S2. a-b) SEM, c) TEM images and d) EDS result of C2N. 
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Figure 3.S3. a-d) TEM images of in situ PdH@C2N 

 

 

Figure 3.S4. a) TEM images of Pd@C2N, b) HRTEM and corresponding FFT spectrum Pd@C2N, 

c) HAADF-STEM and EELS chemical composition maps of Pd@C2N obtained from the red 

squared area of the STEM micrograph. Individual Pd M4,5-edges at 335 eV (red), N K-edges at 

401 eV (green) and C K-edges at 285 eV (grey) and composites of Pd-N, N-C and Pd-N-C. 
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Figure 3.S5. a-c) SEM images and d) EDS result of PdH/C2N. 

 

 

Figure 3.S6. a-d) TEM images of PdH0.58 NP without C2N 
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Figure 3.S7. a-d) TEM images; e-h) HRTEM images and corresponding FFT spectra of 

PdH0.58@C2N after 1000 cycles in the range -0.9 to 0.3 V vs. Hg/HgO 

 

Figure 3.S8. a, b) Simulated PdH0.58@C2N models and c) d-band centre of Pd@C2N and 

PdH0.58@C2N. 

 

mailto:PdH0.58@C2N
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Table 3.S1. Summary of the FOR activity and stability of Pd-based nanoalloys. 

Electrocatalyst 
Mass activity 

(A mgPd
−1) 

Specific activity 

(mA cm−2) 
Electrolyte Ref. 

PdH0.58@C2N 5.6 27.4 0.5 M KOH + 0.5 M HCOOK 
This 

work 

Pd3Au3Ag1/CNT 4.5 14.5 1.0 M KOH + 1.0 M HCOOK 8 

PdNi/C 4.5 12.0 1.0 M KOH + 1.0 M HCOOK 9 

PdRh/C 4.5 8.1 1.0 M KOH + 1.0 M HCOOK 10 

Pd55Ag30Rh15/C 3.3 5.9 1.0 M KOH + 1.0 M HCOOK 11 

Ag20Pd60Ni20 3.0 10.9 2.0 M KOH + 2.0 M HCOOK 12 

PdAgPt aerogels 2.9 3.5 0.5 M KOH + 0.5 M HCOOK 13 

PdAgCu 

aerogels 
2.7 10.1 1.0 M KOH + 1.0 M HCOOK 14 

Pd72Ce28/C 1.1 19.4 1.0 M KOH + 1.0 M HCOOK 15 

Pt-Ag alloy 

nanoballoon 
0.8 32.6 1.0 M KOH + 1.0 M HCOOK 16 

Pd10/Ag-CNTs 4.7 0.9 1.0 M KOH + 1.0 M HCOOK 17 
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CHAPTER 4 

 

PHOSPHOROUS INCORPORATION INTO PALLADIUM 

TIN NANOPARTICLES FOR THE ELECTROCATALYTIC 

FORMATE OXIDATION REACTION 

 

4.1. ABSTRACT 

The deployment of DFFCs relies on the development of active and stable catalysts for the FOR. 

Palladium, providing effective full oxidation of formate to CO2, has been widely used as FOR 

catalyst, but it suffers from low stability, moderate activity, and high cost. Herein, we detail a 

colloidal synthesis route for the incorporation of P on Pd2Sn NPs. These NPs are dispersed on CB 

and the obtained composite is used as electrocatalytic material for the FOR. The Pd2Sn0.8P-based 

electrodes present outstanding catalytic activities with record mass current densities up to 10.0 

A mgPd
-1, well above those of Pd1.6Sn/C reference electrode. These high current densities are 

further enhanced by increasing the temperature from 25 °C to 40 °C. The Pd2Sn0.8P electrode 

also allows for slowing down the rapid current decay that generally happens during operation 

and can be rapidly re-activated through potential cycling. The excellent catalytic performance 

obtained is rationalized using DFT calculations.  

100 nm

10 A mgPd

 or ic  ci 

CO 
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4.2. INTRODUCTION 

Fuel cells, characterized by high efficiencies of conversion from chemical to electrical energy, 

are an appealing alternative to conventional fossil fuel-based combustion technologies. Among 

the possible energy carriers, liquid and solid C1 and C2 fuels, such as ethanol, methanol, FA, or 

formate, are particularly attractive. Such fuels can be directly produced from CO2RR, thus 

enabling a zero-CO2 energy cycle, and offer advantages in terms of safety, storage, and 

transportation over carbon-free energy carriers such as hydrogen, hydrazine, or ammonia.1  

DFAFCs have received special attention due to their high energy density, low fuel crossover, and 

superior theoretical cell potential of 1.45 V, which is well above that of direct ethanol fuel cells, 

1.14 V, and direct methanol fuel cells, 1.21 V. Despite these advantages, DFAFCs have not 

reached the market because of drawbacks associated with the use of an acid medium, including 

moderate stability related to the degradation of the electrodes and membrane, and the toxicity 

and corrosiveness of FA at high concentration.  

As an alternative to DFAFCs, DFFCs have received much less attention despite their several key 

advantages.2–7 The use of a solid formate salt is beneficial in terms of storage and transportation 

over liquid FA.  Formate is also characterized by much lower toxicity and corrosiveness than FA, 

and therefore it can be used at higher concentrations.3,6 Besides, DFFC present faster kinetics 

due to the rapid ORR kinetics in alkaline medium when compared with an acid environment.8  

However, the performance and overall cost-effectiveness of DFFCs strongly depend on the 

performance of the catalyst activating the FOR. FOR can proceed through two main pathways.9 

A first pathway is the direct formate oxidation to CO2. This is the most convenient mechanism 

for electrochemical application because it is the fastest and most energetically efficient. The 

second pathway is the indirect reaction that involves the initial formation of intermediate COads 

that is afterward oxidized to CO2.   

As a drawback of DFFCs, the demanding FOR requires the use of noble metal catalysts such as 

Pt and Pd. Among FOR electrocatalysts, Pt generally displays the highest initial activities, but it 

also suffers from poor stability.10–14 Pt-based catalysts generally drive FOR through the indirect 

path, producing COads that strongly bind to the surface active sites, thus rapidly deactivating the 

catalyst.15 Besides being slightly more abundant and less expensive than Pt, Pd also shows higher 

long-term activity and durability, which has positioned Pd as the state-of-the-art FOR catalyst.2–

4,16–20 However, pure Pd catalysts still suffer from too elevated cost, and unsatisfactory activity 



103 

and durability for the deployment of cost-effective commercial DFFC.21 While competition 

between the two FOR mechanisms exist in pure Pd catalysts, Pd oxidizes formate mainly through 

the direct pathway.22 During this process, formate decomposes into surface adsorbed Hads and 

CO2ads.23 Hads binds strongly to the Pd active sites, which is generally assumed to block the 

adsorption of unreacted formate molecules and, consequently, reduce the catalytic activity.24–

26 Besides, the production of COads through the minoritarian indirect reaction pathway also 

affects the catalyst's long-term activity.  

Several strategies have been developed to overcome the limitations of Pd catalysts. The main 

approach is the alloying of palladium with other metallic or non-metallic elements. This alloying 

target three main objectives: i) to optimize the palladium electronic energy levels to tune the 

adsorption energy of precursors/intermediates/products; ii) to provide additional surface 

adsorption/reaction sites; and iii) to minimize the amount of Pd used. In this scenario, numerous 

noble metal Pd-based alloys have been tested, including Pd-Ag,27–29 Pd-Rh,30 Pd-Au,31,32 Pd-Ag-

Ir,33 Pd-Ag-Ru,34 Pd-Ag-Rh,35 or Pd-Au-Ag36. Besides, the alloying of Pd with abundant metals such 

as Sn, Cu, Ni, or Co is not only particularly interesting in terms of cost but also to promote the 

interaction with hydroxyl groups.24,37,38 The formation of M-OH weakens the adsorption of 

poisoning intermediates such as COads and Hads. As an example, J. Noborikawa et al. 

demonstrated Pd87Cu13/C to have 1.8 times higher activity than monometallic Pd/C.39 Qiao Wang 

et al. showed that the incorporation of Cu into AgPd resulted in a factor 1.2 mass activity 

increment and improved stability compared to the binary compound.24 Besides, Sankar et al. 

reported Pd2.3Co/C with a mass activity of 2.5 A mgPd
-1 and PdNi/VC with 4.5 A mgPd

-1, well above 

that of Pd/C.38,40  

Among the different Pd alloys, PdSn is particularly interesting both in terms of cost and 

performance in oxidation reactions. We and others have demonstrated that the incorporation 

of Sn remarkably improves the Pd resistance towards poisoning and the electrooxidation 

catalytic activity by both electronic and geometrical effects.41–48 Several previous works have 

tested Pd-Sn alloys for the FA oxidation reaction (FAOR).49–53 Liu et al. showed Pd2Sn as the most 

effective catalyst in comparison with other PdxSny alloys and pure Pd/C.51 Wang et al. obtained 

PdSn alloy NPs on carbon nanotubes with 1.81 times higher activity and superior stability 

towards FAOR than the palladium counterpart. Additionally, Hwang et al. deposited PdSn on Ti 

and demonstrated excellent performance in the interconversion between CO2 and FA.52,53 

Surprisingly, very few studies have focused on the application of Pd-Sn alloys as FOR 

electrocatalysts in DFFCs. Recently, Sasidharan et al. reported a Pd85Sn15 alloy with an excellent 
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FOR activity of 5.7 A mg-1, which is more than 3.5 times that of Pd/C, and prominent stability.54 

Additionally, Hosseini-Benhangi developed a novel class of non-metal flow batteries using 

bifunctional CO2/formate electrocatalysis based on binary PdSn and ternary PdSnPb and PdSnIn 

alloys.55 

Phosphorus is an inexpensive non-metallic element with abundant valence electrons. Its alloying 

with metals modify the metal's electronic state, facilitating the adsorption of hydroxyl species 

and hampering the adsorption of poisoning compounds and the dissolution of metal ions from 

the catalyst surface. To the best of our knowledge, no studies have reported the use of palladium 

phosphides for FOR. However, Pd-P and Pd-M-P alloys have been demonstrated as efficient 

catalysts for the FAOR.56–61 As an example, the ternary PdNiP exhibits a remarkable 

improvement in electrocatalytic activity towards FA, methanol, ethanol oxidation, and HER 

compared to the binary PdNi.62–65 Besides, we demonstrated the incorporation of P to PdSn 

alloys to significantly improve the catalyst performance towards the ethanol oxidation 

reaction.66 

In this work, we demonstrate that the incorporation of phosphorus into PdSn NPs results in a 

significant improvement of the FOR electrocatalytic performance. Using a colloidal synthesis 

method, Pd-Sn-P particles are prepared and afterward supported onto CB. The FOR activity and 

stability of the produced composite electrodes are experimentally analysed. Besides, the 

outstanding performances obtained are rationalized using DFT calculations.  

4.3. RESULTS AND DISCUSSION 

4.3.1. Catalyst physico-chemical properties.  

As detailed in the experimental section (Supporting Information, SI), phosphorous-containing 

palladium tin-based catalysts were prepared through a four-step approach (Scheme 4.1). In the 

first step, colloidal Pd-Sn NPs were grown from the co-reduction of Pd(acac)2 and Sn(OAc)2  at 

230 C using OAm as both solvent and reducing agent, and TOP and MAC as stabilizers and 

shape-directing agents.67 Afterwards, phosphorous was incorporated into the Pd-Sn NPs 

through reaction with HMPT at 300 C. In a third step, Pd-Sn-P NPs were supported onto CB 

Vulcan XC-72 to maximize the particle dispersion for electrochemical application. Once 

supported, the NP surface ligands were removed using an acid treatment and posterior 

annealing under an inert atmosphere to obtain a ligand-free electrocatalyst.67–74  
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Scheme 4.1. Schematic view of the process used to prepare the palladium tin phosphide-based 

catalyst. 

TEM analysis of the produced Pd-Sn-P NPs shows them to be characterized by elongated 

geometries with an average length of 20 nm and an average thickness of 9 nm (Figure 4.1a). 

SEM-EDS and ICP-MS data confirmed the presence of the three elements with an atomic ratio 

of Pd/Sn/P = 2/0.8/1 (Figure 4.S1b). The powder XRD pattern of the Pd2Sn0.8P particles resembles 

that of an orthorhombic Pd2Sn phase with space group Pnma (JCPDS 01-89-2057, Figure 4.1b). 

Figure 4.1c shows a representative HRTEM image of the Pd2Sn0.8P NPs. The FFT of the magnified 

detail matched that of the Pd2Sn orthorhombic Pnma phase, consistent with XRD data. No 

additional phases, particularly the binary phosphides SnP (JCPDS 03-065-9787) and PdP (JCPDS 

01-077-1421), were detected by HRTEM and XRD analyses (Figure 4.S5). Figure 4.1d displays a 

TEM image of the Pd2Sn0.8P particles homogeneously dispersed onto CB, after the purification 

and annealing process. HAADF-STEM and EELS analysis of the supported particles showed a 

uniform distribution of the three elements throughout each NP and between NPs (Figure 4.1e). 

To evaluate the electrocatalytic activity variation with the incorporation of phosphorous, binary 

Pd1.6Sn and ternary Pd2Sn0.8P1.8 containing a larger amount of P were also prepared (Figure S1a 

and 4.S1c). Pd1.6Sn and Pd2Sn0.8P1.8 also displayed elongated morphologies (Figure 4.S2 and 4.S3, 

respectively) and a structure similar to the orthorhombic Pd2Sn phase (Figure 4.S4 and 4.S6, 

respectively). 
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Figure 4.1. Structural and chemical characterization of Pd2Sn0.8P NPs. (a) TEM micrograph. (b) 

XRD pattern. (c) HRTEM micrograph, detail of the orange squared region and its corresponding 

indexed FFT. (d) TEM image of the Pd2Sn0.8P NPs supported onto CB. (e) HAADF-STEM general 

image of the Pd2Sn0.8P NPs (left) and HAADF-STEM magnified detail of the orange squared region 

on the left with the corresponding EELS elemental composition maps (right): Pd (blue), Sn (red) 

and P (green). 

Figure 4.2 displays the XPS spectra of Pd2Sn0.8P NPs. The high-resolution Pd 3d XPS spectrum has 

the main doublet at 335.6 eV (3d5/2) attributed to metallic Pd, and another less intense doublet 

at 337.2 eV (3d5/2) assigned to Pd2+.  The Sn 3d XPS spectrum also displays two doublets, at 484.8 

eV (Sn 3d5/2) and 487.0 eV (Sn 3d5/2), that are assigned to a metallic Sn and an oxidized Snx+ 

component, respectively. In this case, the oxidized Sn component is majoritarian. Figure 4.S7 

shows a comparison of the XPS spectra of Pd-Sn alloys with and without phosphorous. We 

observe the introduction of P to have an electronic effect on Pd and Sn, shifting the Pd 3d and 

Sn 3d spectra to lower and higher binding energies, respectively. The P 2p XPS spectrum displays 

one doublet at 133.5 eV (P 2p3/2) and 134.4 (P 2p1/2) assigned to P within a phosphate 

environment. Thus, the surface of the deposited Pd2Sn0.8P particles was partially oxidized owing 

to its exposure to air, especially the Sn and P components. 
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Figure 4.2. High-resolution Pd 3d, Sn 3d, and P 2p XPS spectra of the Pd2Sn0.8P catalyst. 

4.3.2. Electrocatalytic formate oxidation.  

The electrocatalytic properties of the carbon-supported Pd2Sn0.8P NPs toward FOR were 

assessed using a standard three-electrode system in a potential range of -0.9 to 0.4 V vs Hg/HgO. 

Initially, CV was performed at room temperature using a sweep rate of 50 mV s-1 in an alkaline 

medium containing 1M KOH but no formate (Figure 4.3a). In these conditions, the CV curves 

obtained from Pd2Sn0.8P/C and Pd1.6Sn/C catalysts displayed the characteristic Pd redox peaks in 

an alkaline medium. In the forward scan, the current density peaks in the region between -0.9 

and -0.4 V are attributed to the oxidation of adsorbed hydrogen and the peaks in the region 

between 0.2 to 0.4 V are associated with the superficial Pd oxidation. The current density 

measured in the region between -0.5 and -0.4 is associated with OH- adsorption38 Notice this 

contribution is significantly larger for the samples containing P.  In the reverse scan, the peak 

located at -0.5 V is associated with hydrogen adsorption and the peaks in the region between -

0.2 to -0.4 V to Pd-O reduction. The ECSA was determined from the area of the Pd-O reduction 

peak (Q):  

ECSA =
Q (μC·𝑐𝑚−2)

Q𝑃𝑑𝑂 (μC·𝑐𝑚𝑃𝑑
−2)·Pd𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (mg·𝑐𝑚−2)

    (3) 

where QPdO corresponds to the charge associated with the reduction of a Pd-O monolayer (420 

μC cm-2). The ECSA obtained for Pd1.6Sn/C, Pd2Sn0.8P/C and Pd2Sn0.8P1.8/C are 44.38 m2 gPd
-1, 197.1 

m2 gPd
-1 and 106.2 m2 gPd

-1, respectively. Thus, despite introducing a third element, significantly 

larger ECSA values are obtained for Pd2Sn0.8P/C compared with Pd1.6Sn/C.   

Figure 4.3b shows the mass-normalized voltammograms obtained from binary Pd1.6Sn/C and 

ternary Pd2Sn0.8P/C catalysts in an Ar-saturated 1 M KOH + 1 M HCOOK solution. During the 

anodic scan, a broad band at ca. -0.2 vs Hg/HgO is associated with the catalyst activity toward 

the FOR. In the high potential range, the current density decreases due to the oxidation of the 
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surface Pd. An extension of the FOR potential range is systematically obtained with the 

introduction of P, which we related to an increase in the resistance of the surface Pd towards 

oxidation. An additional extension is also systematically observed for the Pd2Sn0.8P1.8/C 

electrode, which is associated with the presence of a P-related FOR site that evolves with cycling 

(Figure 4.S8). In the cathodic scan, the FOR activity is recovered at ca. -0.3 V vs Hg/HgO, when 

the Pd surface is reduced. As more clearly displayed in Figure 4.3c, the onset potential at 1 A 

mgPd
-1 of the Pd2Sn0.8P/C catalyst was significantly lower (-0.66) than that of the binary Pd1.6Sn/C 

(-0.55 V) and ternary Pd2Sn0.8P1.8/C (-0.62 V). The highest current densities were obtained with 

the Pd-Sn-P alloys. Pd2Sn0.8P/C was characterized by very high mass currents up to 10.0 A mgPd
-

1 at ca. -0.2 V vs Hg/HgO, which is the highest value reported to date (Figure 4.3d). This value 

was more than twofold higher than that of binary Pd1.6Sn/C (4.9 A mgPd
-1) and about 1.4 times 

higher than Pd2Sn0.8P1.8/C (7.0 A mgPd
-1). The electrochemical impedance spectra at -0.6 V were 

used to investigate the influence of P on the charge transfer phenomena (Figure 4.S8). The 

lowest charge transfer resistance was obtained for the Pd2Sn0.8P, which agrees with the CV 

measurements. 

The catalyst stability under FOR conditions was assessed by CA in an Ar-saturated 1M KOH + 1M 

HCOOK solution for 7200 s (Figure 4.3e). A relatively rapid current decay was obtained due to 

the double layer discharge and the progressive accumulation of adsorbed intermediate species 

(Hads and/or COads) that deactivate the catalyst active sites.22,25 Pd1.6Sn/C was deactivated after 

2000 s, while for both phosphide catalysts the mass current was still ca. 0.1 A mg pd
 -1 after 5500 

s and 4200 s for Pd2Sn0.8P/C and Pd2Sn0.8P1.8/C, respectively. Thus, the incorporation of P not 

only increases the FOR activity but also the stability against the adsorption of poisoning species.  
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Figure 4.3. (a) CV voltammograms in 1 M of KOH aqueous solution, (b,c) CV 

voltammograms in 1 M KOH + 1 M HCOOK aqueous solution of Pd1.6Sn/C (black line), 

Pd2Sn0.8P/C (red line) and Pd2Sn0.8P1.8/C (blue line) catalysts, and (d) Comparison of 

prepared Pd2Sn0.8P/C mass current (red column) with Pd-based catalysts reported in the 

literature (blue columns). (e) CA test at the voltage of the maximum current response in 

1 M KOH + 1 M HCOOK aqueous solution, of Pd1.6Sn/C (black line), Pd2Sn0.8P/C (red line) 

and Pd2Sn0.8P1.8/C (blue line) catalysts.  

Figure 4.4 shows the dependence on temperature of the FOR electrochemical activity obtained 

from the three palladium-based catalysts. At 40 °C, the current density significantly increased 

and the onset potential diminished for the phosphorized catalysts. This improved performance 

is related to the fact that a higher temperature lowers the relative reaction energy barrier, 

decreasing the overpotential and facilitating the desorption of CO2. The faster product 

desorption allows a higher rate of unreacted formate molecules to reach the catalyst's active 

sites, incrementing the current density.   
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Figure 4.4. CV voltammograms of Pd1.6Sn/C, Pd2Sn0.8P/C and Pd2Sn0.8P1.8/C at 25 °C (black line) 

and 40 °C (red line). 

To remove the accumulated poisoning species, a rapid potential scan to oxidize and reduce the 

Pd surface was tested. Figure 4.5 shows the regeneration capacity of the three tested catalysts. 

After every 30 minutes of CA test, the catalysts were re-activated by performing 2 CV cycles in 

the potential range -0.9 V to 0.4 V (vs Hg/HgO). All three catalysts demonstrate a high activity 

recovery and stability throughout the process.    

 

Figure 4.5. Successive CA curves of the Pd1.6Sn/C, Pd2Sn0.8P/C and Pd2Sn0.8P1.8/C catalysts 

regenerated every 30 min using two CV cycles (vertical lines).   

4.3.3. DFT calculations 

DFT calculations were used to gain insight into the mechanism behind the outstanding FOR 

performance experimentally measured from Pd2Sn0.8P catalysts. In aqueous conditions, the 

HCOO- oxidation to CO2 could occur through the following elementary steps: 

* + HCOO  *HCOO (4) 

*HCOO  *CO2 + H+ + e- (5) 

*CO2  * + CO2 (6) 

The top-view and side-view structures of the optimized pristine Pd2Sn and Pd2Sn0.8P  and the 

corresponding adsorption structures of *HCOO and *CO2 are shown in Figure 4.S9. The 
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computational Gibbs free energy of *HCOO oxidation to *CO2 was calculated comparatively on 

Pd2Sn and Pd2Sn0.8P (Figure 4.6a,b). It can be found that the free energy decreases in the first 

and second steps involving the *HCOO oxidation to adsorbed *CO2, thus they are energy-

favourable exothermic reactions. However, the last step from adsorbed *CO2 to free CO2 is an 

endothermic reaction, involving an energy barrier of 0.57 eV on Pd2Sn (001) and just 0.33 eV on 

Pd2Sn0.8P (001). Thus, it can be deemed that the Pd2Sn0.8P (001) performs better activity than the 

Pd2Sn (001) because of a significantly decreased adsorption energy of CO2 after the 

incorporation of phosphorous into the Pd2Sn system. That is, the adsorption energy of CO2 on 

Pd2Sn0.8P (001) surface is only about -0.33 eV, which is 0.24 eV above that on Pd2Sn (001) surface 

(Figure 4.6b). The modulation of the electronic structure of Pd2Sn0.8P through introducing P to 

the Pd-Sn system may play a dominant role during the reaction.75,76 In addition, the adsorption 

energy of HCOO on Pd2Sn (001) is -1.23 eV, and -1.42 eV on Pd2Sn0.8P (001). We need to point 

out that we further calculated the indirect FOR pathway, but this calculation yielded an energy 

barrier of the oxidation of HCOO to CO of more than 3 eV on Pd2Sn0.8P, pointing at a less 

favorable path.  

 

Figure 4.6. (a) Change of Gibbs free energy according to reactions of (4-6) on Pd2Sn and 

Pd2Sn0.8P. (b) Adsorption energy of HCOO and CO2 on Pd2Sn and Pd2Sn0.8P. 

The decreased interaction after P doping was further confirmed by the calculation of the charge 

density difference as shown in Figure 4.7. The moderate difference in HCOO adsorption energy 

is also reflected in the charge density difference in HCOO-Pd2Sn and HCOO-Pd2Sn0.8P systems 

(Figure 4.7a,c). A significantly lower charge redistribution difference between CO2
 and Pd2Sn0.8P 

(001) in Figure 4.7b was obtained compared with the system CO2-Pd2Sn (001) in Figure 4.7d, 

implying a lower interaction. Thus, the desorption of CO2 from Pd2Sn0.8P (001) is much easier 

than from Pd2Sn, which facilitates the re-exposure of active sites on the surface. The PDOS is 

shown in Figure 4.7e. The interaction of the p orbital of P and the d orbital of Pd can be found 
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around the Fermi level. The d band of Pd was expanded after the P doping. The d-band centre 

of Pd2Sn is -2.82 eV, while it decreased to -3.34 eV in the Pd2Sn0.8P. This decrease in the d-band 

centre explains the decreased adsorption energy for the adsorbed species.  

 

Figure 4.7. Charge density difference plots of (a) Pd2Sn-HCOO, (b) Pd2Sn-CO2, (c) Pd2Sn0.8P-HCOO 

and (d) Pd2Sn0.8P-CO2. The isosurface value is 0.00025 e Å-3. The blue region means charge 

depletion while the yellow region means charge accumulation. (e) PDOS of Pd2Sn and Pd2Sn0.8P. 

4.4. CONCLUSIONS 

In summary, we demonstrated that through a phosphorization process, the electrocatalytic 

performance of Pd-Sn catalysts towards FOR can be strongly enhanced. Palladium tin phosphide 

catalysts were obtained by a colloidal process, in which the binary Pd-Sn was first obtained and, 

subsequently, phosphorized by HMPT at 300 °C. Pd2Sn0.8P/C catalysts exhibited not only higher 

activity and stability than Pd1.6Sn/C and Pd/C catalysts but also the highest mass-specific current 

densities reported so far. Furthermore, activity can be boosted by increasing the temperature 

from 25 °C to 40 °C. While a rapid current decay throughout the CA test was obtained, especially 

for Pd/C and Pd1.6Sn/C samples, the catalysts could be regenerated using two CV cycles. Finally, 
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DFT results confirmed that the presence of P favours the desorption of CO2 thus reducing the 

energy barrier of the rate-limiting step.  
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SUPPORTING INFORMATION 

 

4.6. SI EXPERIMENTAL AND THEORETICAL METHODS 

4.6.1. Chemicals 

OAm (98%) was purchased from Acros Organics. Palladium(II) acetylacetonate (Pd(acac)2, Pd 

34.7 wt%), tin(II) acetate (Sn(OAc)2, 99%), HMPT (97%), TOP (97%), MAC (98%), potassium 

hydroxide (KOH, 85%) and Nafion (5 wt% in a mixture of low aliphatic alcohols and water) were 

obtained from Sigma-Aldrich. Potassium formate (HCOOK, 99%, water less than 2%) was 

purchased from Alfa Aesar. CB Vulcan XC-72 was acquired from Fuel Cell Earth. Hexane, ethanol 

and acetone were of analytical grade and purchased from various sources. MilliQ water was 

obtained from a Purelab flex from Elga. All reagents and solvents were used without further 

purification.  

4.6.2. Synthesis of Pd1.6Sn and Pd2Sn0.8Px NPs 

The synthesis of Pd2Sn0.8P NPs was adapted from our previous work.[1] Briefly, 95 mg 

(0.31 mmol) of Pd(acac)2 and 100 mg (1.5 mmol) of MAC were mixed with 20 mL of OAm 

in a 50 mL three-neck flask and degassed under vacuum at 120 ᵒC for 1 h. Under Ar 

atmosphere, 1 mL of TOP and 73 mg (0.3 mmol) of Sn(OAc)2, which were stored inside 

the glovebox, were introduced. Then the temperature was raised to 230 C at a rate of 5 

C min-1 and maintained for 30 min. Subsequently, the sample was heated to 300 C for 

40 min. During this temperature increase, the solution gradually turned black, indicating 

the nucleation of Pd–Sn NCs. Once the solution reached 300 C, 0.2 mL (1.1 mmol) of 

HMPT was injected and the solution was allowed to react for 1 h before it was cooled to 

ambient temperature with a water bath. Larger amounts of P could be introduced by 

increasing the amount of HMPT during the phosphorization process. We particularly 

tested the addition of 0.4 mL (2.2 mmol) of HMPT. On the other hand, Pd1.6Sn NPs were 

produced by skipping the phosphorization step, i.e. without adding HMPT. The product 

was precipitated with acetone, centrifugated at 7000 rpm for 3 min and re-dispersed with 

chloroform. This cleaning cycle was repeated 3 times and the final black product was kept 

in hexane.  
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4.6.3. Characterization 

Powder XRD patterns were collected from the samples supported on a Si substrate on a Bruker-

AXS D8 Advanced X-ray diffractometer with Ni-filtered (2 μm thickness) Cu K radiation (λ = 

1.5406 Å) operating at 40 kV and 40 mA. The 2θ range was between 20-80°. SEM analysis was 

conducted with a Zeiss Auriga microscope equipped with an EDS detector and BSE contrast 

mode, operating at 20 kV. TEM images were carried out with a JEOL 2000 FX II working at 80 kV. 

HRTEM analysis was carried out using a field emission gun FEI™ Tecnai F20 microscope at 200 

kV with a point-to-point resolution of 0.19 nm. HAADF-STEM was combined with EELS in the 

Tecnai F20 with a Gatan Quantum filter. XPS was analysed on a Specs system equipped with an 

Al anode XR50 source operating at 150 W and a Phoibos 150 MCD-9 detector. The CasaXPS 

program was employed for the data process. ICP-MS was conducted with a Shimadzu 

simultaneous ICP atomic emission spectrometer ICPE-9820. 

4.6.4. Electrochemical tests 

Electrocatalysts were prepared by supporting the particles onto CB Vulcan XC-72. Before 

incorporating the NPs, the CB was treated with HNO3 at 80 C for 3 hours. To prepare the 

catalyst, a dispersion of Pd2Sn0.8P (Pd1.6Sn or Pd2Sn0.8P1.8) in hexane was mixed with a dispersion 

of CB in ethanol. The mixture was sonicated for 1 h. Then the product was collected by 

centrifugation and then re-dispersed in a mixture of acetic acid/ethanol (10 % v/v) to remove 

surface organic ligands through sonication. Afterward, the catalyst was washed three times with 

ethanol, dried at 60 C overnight and annealed at 300 C in an Ar atmosphere for 1 h. A catalyst 

ink was prepared by ultrasonically dispersing 6 mg of electrocatalyst, 1 mL of isopropanol and 

30 μL of Nafion. The working electrode was prepared by coating a GC electrode, with a surface 

area of 0.196 cm2, with 3 μL of the ink and dried under ambient conditions. The amount of Pd 

on the catalyst was determined ICP-MS. From the concentration of Pd on the catalyst obtained 

by ICP, we determined that 0.5, 1.4 and 2.4 μg of Pd were used to prepare the Pd1.6Sn, Pd2Sn0.8P 

and Pd2Sn0.8P1.8 electrodes, respectively. Electrochemical measurements were conducted at 

room temperature with a VersaSTAT electrochemical workstation using a three-neck-type cell 

including a Pt gauze as a counter electrode and a Hg/HgO (1 M KOH) electrode as reference. The 

catalytic activity was determined using CV at a scan rate of 50 mV/s in Ar-saturated aqueous 

solutions containing 1 M KOH or 1 M KOH + 1 M HCOOK. EIS was carried out in the range from 

0.1Hz to 100kHz with an amplitude of 10mV. Stability was explored using  7200 s CA tests at the 

potential in which the maximum mass current was obtained in Ar-saturated 1 M KOH + 1 M 

HCOOK electrolyte. 
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4.6.5. DFT calculations.  

DFT calculations were performed using the VASP.2,3 The interaction between the electrons and 

ions was described using the PAW method.4 The PBE functional with GGA was utilized to treat 

the electronic exchange-correlation energies.5 For all the geometry optimizations, the cut-off 

energy was set at 500 eV. The 3×3×1 Monkhorst-Pack k-points were set to optimize the bulk 

structure of Pd2Sn and Pd2Sn0.8P.6 A five-layer 3×3×1 Pd2Sn (001) model which contains 30 Pd 

atoms and 15 Sn atoms, and a similar Pd2Sn0.8P model which contains 23 Pd atoms, 10 Sn and 

12 P atoms were chosen to be studied comparatively. All atoms could relax until the electronic 

self-consistency and the ionic relaxation reached the convergence criteria of 10-5 eV and 0.02 

eV/Å. The adsorption energies for COOH and CO2 on the surfaces were calculated based on the 

following equation: 

Eads = E*
adsorbate – (E* + Eadsorbate )    (1) 

where E*
adsorbate, E* and Eadsorbate are the total energies for either COOH or CO2 adsorbed 

on the substrate, pure substrate and the free COOH or CO2 adsorbate.  

The Gibbs free energy change, ∆G, of each reaction step is evaluated based on CHE model: 

∆G = ∆E + ∆EZPE – T∆S                                               (2) 

where ∆E is the reaction energy directly computed from the DFT calculations, ∆EZPE is the 

zero-point energy obtained from vibrational frequency calculations, and T∆S is the 

corresponding entropy difference obtained from standard tables for gas-phase 

molecules. 

4.7. SI RESULTS 

 

Figure 4.S1.  SEM-EDS analysis of (a) Pd1.6Sn, (b) Pd2Sn0.8P and (c) Pd2Sn0.8P1.8. 

 



123 

 

Figure 4.S2.  TEM micrograph of Pd1.6Sn nanorods. 

 

 

Figure 4.S3.  TEM micrograph of Pd2Sn0.8P1.8 nanorods. 
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Figure 4.S4.  XRD pattern of Pd1.6Sn nanorods 

 

Figure 4.S5.  XRD pattern of Pd2Sn0.8P nanorods 
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Figure 4.S6.  XRD pattern of Pd2Sn0.8P1.8 nanorods 

 

Figure 4.S7.  High-resolution Pd 3d and Sn 3d XPS spectra of the Pd1.6Sn catalyst. 
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Figure 4.S8.  Nyquist plots in 1 M KOH and 1 M HCOOK for the formate oxidation at -0.6 V of 

Pd1.6Sn/C (black line), Pd2Sn0.8P/C (red line) and Pd2Sn0.8P1.8/C (blue line) catalysts. 
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Figure 4.S9. Top and side views of the optimized structures before and after the adsorption of 

*COOH and *CO2 on Pd2Sn (a-c) and Pd2Sn0.8P (d-f). H (small white), C (small purple), O (small 

red), Pd (big white), Sn (big purple) and P (big blue).  
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CHAPTER 5 

 

Oxophilic Sn to promote glucose oxidation to formic 

acid in Ni nanoparticles 

 

 
 

5.1. ABSTRACT 

The electrochemical GOR presents an opportunity to produce hydrogen and high-value chemical 

products. Herein, we investigate the effect of Sn in Ni nanoparticles for the GOR to FA. 

Electrochemical results show that the maximum activity is related to the amount of Ni, as Ni 

sites are responsible for catalyzing the GOR via the NiOOH/Ni(OH)2 pair. However, the GOR 

kinetics increases with the amount of Sn, associated with an enhancement of the OH- supply to 

the catalyst surface for Ni(OH)2 reoxidation to NiOOH. NiSn nanoparticles supported on carbon 

nanotubes (NiSn/CNT) exhibit excellent current densities and direct GOR via C-C cleavage 

mechanism, obtaining FA with a FE of 93% at 1.45 V vs. RHE. GOR selectivity is further studied 

by varying the applied potential, glucose concentration, reaction time, and temperature. FE 

toward FA production decreases due to formic overoxidation to carbonates at low glucose 

concentrations and high applied potentials, while AA and LA are obtained with high selectivity 

at high glucose concentrations and 55 °C. DFT calculations show that the SnO2 facilitates the 

adsorption of glucose on the surface of Ni and promotes the formation of the catalytic active 

Ni3+ species. 
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5.2. INTRODUCTION 

Glucose is one of the main biomass-derived compounds in terms of production volume, cost, 

safety, potential uses, and ease of transportation and storage. While primarily used in the food 

industry, it finds additional applications in the production of bioplastics and biofuels as well as 

in pharmaceutical and cosmetic manufacturing.  Besides, the GOR can be also coupled with the 

HER for energy-efficient hydrogen production. As an alternative to the OER (1.23 V vs RHE), the 

GOR offers a much lower oxidation potential (0.05 V vs RHE). Additionally, within this coupled 

system, the GOR can be used to produce several value-added chemical compounds and fuels 

under mild synthesis conditions. Among others, the value-added glucose oxidation products 

range from 6C species such as gluconic acid and GRA down to OXA and FA. The relatively large 

number of carbons in the structure increases the complexity of the reaction mechanisms in 

action and the related challenge of maximizing product selectivity. Two main mechanisms with 

a complex interconnection have been proposed in the literature (Scheme 5.1). A first GOR 

pathway consists of the sequential oxidation of the aldehyde and alcohol functional groups 

located at the edges of the molecule generating gluconic acid followed by glucuronic acid, and 

eventually GRA.[1] A second GOR mechanism involves the cleavage of one of the C-C bonds. This 

cleavage predominantly occurs at the glucose edge, shortening it by one carbon atom at each 

step, to enter the glyceraldehyde/dihydroxyacetone route to finally yield LA (3-C), OXA (2-C) and 

FA (1-C).[2–4] The 5C, 4C, and 3C compounds can be generally produced with lower selectivity due 

to the difficulty in precisely stopping the C-C cleavage reaction at early stages. Glucose can 

additionally isomerize to fructose under basic conditions and also enter the 

glyceraldehyde/dihydroxyacetone route.[5] Glyceraldehyde/dihydroxyacetone further oxidizes 

to form either glyceric acid or LA, respectively, that further oxidizes to TA or AA and FA, 

respectively.[3],[6] 

Among the possible GOR products, the selective production of FA is particularly interesting 

owing to its extensive use in various sectors such as agriculture, water treatment, medicines, 

and especially in the food, chemical, and textile industries. Besides, in the energy field, the 

development of direct FA/formate fuel cells is a topic of major interest due to their high 

potential energy density, safe fuel transportation and storage, and superior theoretical cell 

potential.[7–9] In addition, the oxidation of each glucose molecule all the way down to FA provides 

10 e- that can be used to produce 5 H2 molecules. 
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Scheme 5.1. Scheme of some of the possible GOR pathways. 

The multiple GOR pathways and products underscore the importance of developing highly active 

but at the same time selective electrocatalysts. While noble metals such as Pt, Au, or Rh are 

commonly used for the electrooxidation of biomass-derived products, their scarcity and high 

price limit their industrial application. Among the alternative catalytic materials, Ni-based 

compounds are particularly attractive electrocatalysts in basic media due to their impressive 

activity, high abundance, low cost, and reduced toxicity. In an alkaline media cell, the GOR 

mechanism generally relies on the conversion of the surface of the Ni-based material to Ni(OH)2. 

Then, under GOR operation conditions, when injecting electrons at the cathode and 

withdrawing them from the anode at a proper potential, the Ni(II) ions at the anode are further 

oxidized to Ni(III), in the form of nickel oxyhydroxide (NiOOH). The formation of this NiOOH 

triggers the GOR, thus Ni(III) is considered the catalytic active species. In the process of biomass 

electrooxidation, Ni(III) acts as an electron acceptor, receiving an electron from the glucose 

molecule, thus reducing back to Ni(II). Subsequently, the electrode re-oxidizes this Ni(II) to Ni(III) 

by withdrawing another electron, completing the cycle. This cyclic electron transfer, involving 

the reduction and subsequent re-oxidation of nickel ions, plays a pivotal role in the GOR 

mechanism and depends on the ability to exchange electrons with the electrode, the availability 

of OH- groups on the catalyst surface, and the adsorption of the glucose and intermediate 

molecules: [10] 
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Ni + 2OH- → Ni(OH)2 + 2e- (1) 

Ni(OH)2 + OH- → H2O + NiOOH + e- (2) 

Glucose + NiOOH → Product + Ni(OH)2 (3) 

While nickel is widely acknowledged for its outstanding catalytic activity and versatility in 

facilitating a broad range of reactions, it is also commonly noted for its lack of selectivity and 

stability.[4,11–14] Thus, several strategies have been developed to overcome these issues. One 

main approach is the formation of Ni alloys to adjust the surface electronic structure and 

introduce additional anchoring and catalytic sites. In this direction, Ni has been combined with 

several other transition metals such as Fe and Co within oxides, nitrides, and chalcogenides, 

among others.[1,15–17] Yu et al. reported NiFeOx and NiFeNx compounds that convert glucose via 

the functional groups oxidation mechanism, achieving a maximum FE of 87% for GNA plus GRA.[1] 

Lin et al. synthesized NiCoSex as a bifunctional catalyst for both GOR and HER, that directs the 

reaction through the C-C bond cleavage pathway, achieving a FE for formate of 70%.[17]  

Moreover, Wei et al. catalyzed the GOR mainly to FA  with a FE of 86 % using a Mn-doped nickel 

iron phosphate.[18] 

Alternatively, alloying noble metals such as Pd and Pt with p-block elements such as Sn, with 

higher oxophilicity, has been demonstrated as an excellent strategy to promote 

electrooxidation.[19] As an example, Brouzgou et al. reported that Pd3Sn2/C and PdSn/C exhibited 

higher electrocatalytic activity and stability than Pd/C towards the GOR.[20] Our group and others 

have also demonstrated the high activity and enhanced stability of PdSn and PtSn-based 

catalysts towards ethanol and formate oxidation.[21–24] The presence of Sn within the alloy or 

SnO2 forming a composite has two important effects. On the one hand, Sn can alter the 

interaction with reactants/products, stabilizing intermediates. This adjustment of adsorption 

energies between reactants and catalyst surface sites can significantly alter, and potentially even 

entirely redirect, the reaction pathway.[25] In this direction, Tang et al. showed how within a Pt-

Sn catalyst the charge transfer from Sn to Pt facilitates the C-O and C-C polarization, thus 

promoting complete ethanol oxidation to CO2.[26] On the other hand, the oxophilic character of 

Sn and readily formation of Sn(OH)x species contributes to promoting water activation at low 

potentials, providing oxygen-containing species, OHads, to the surface. In this way, Sn promotes 

oxidation reactions by lowering the oxidation barriers through hydrogen-bond interactions.[27] 

As an example in this direction, Du et al. showed that the addition of Sn to Pd promoted AA 

production through the ethanol oxidation reaction.[24] Besides, Liu et al. demonstrated that Pt-
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SnO2 core-shell heterostructures facilitate C-C cleavage by the oxidation of COads and CHx,ads 

promoted in the presence of OHads formed at Sn sites.[28] In the particular case of Ni, the presence 

of Sn could potentially provide the OHads needed for the re-oxidation of Ni(OH)2 to the active 

oxyhydroxide sites (Equation 2). 

Ni-Sn catalysts have been demonstrated effective in promoting the electrooxidation of 

methanol, ethanol, and urea, among others, the performance of NiSn towards the GOR is yet to 

be explored.[29,30] In this work, we investigate the effect of Sn inclusion in Ni nanoparticles 

supported on CNTs as a catalyst for the GOR. We analyze how the amount of Sn influences the 

GOR kinetics and the oxidation products at different potentials and initial glucose 

concentrations. Furthermore, we explore the products generated over extended 24-hour 

reactions at both room temperature and 55 °C. Additionally, we assess the stability of the 

catalysts through consecutive one-hour electrochemical experiments with electrolyte 

regeneration between each cycle. Besides, to rationalize the obtained results, density functional 

theory (DFT) calculations are used to identify the effect of Sn on the Ni(OH)2 structure. 

5.3. EXPERIMENTAL SECTION 

5.3.1. Chemicals 

OAm (98%), H2SO4 (98 %), and AA (99.8%) were purchased from Acros Organics. LA (90%) was 

obtained from VWR, and GNA aqueous solution (50%) from ThermoFisher. Nickel(II) 

acetylacetonate (Ni(acac)2, 95%), tin(II) acetate (Sn(OAc)2, 95%),  TOP (97%), TBAB (97%), KOH 

(85%), D-(+)-Glucose (99.5%), GRA (98%), D-(-)-Fructose (99%), OXA (98%), FA (97%) and Nafion 

(5 wt% in a mixture of low aliphatic alcohols and water) were obtained from Sigma-Aldrich. 

MWCNT were purchased from Carnd-China. Hexane, ethanol, and acetone were of analytical 

grade and purchased from various sources. MilliQ water was obtained from a Purelab flex from 

Elga. All reagents and solvents were used without further purification.  

5.3.2. Synthesis of NiSn0.6, NiSn1.8  and Ni nanoparticles 

The synthesis of NiSn0.6 nanoparticles was adapted from our previous work.[31] Briefly, 224 mg 

(0.9 mmol) of Ni(acac)2 and 112 mg (0.5 mmol) of SnCl2 were mixed with 20 mL of OAm in a 50 

mL three-neck flask and degassed under vacuum at 120 ᵒC for 1 h. Under Ar atmosphere, 5 mL 

of TOP was introduced. Then the temperature was raised to 230 C at a rate of 5 C min-1. Once 

the solution reached 230 C, a solution of 2.5 mmol of TBAB in 5 mL of purged OAm was injected. 

After the injection, the solution turned immediately black indicating the nucleation of Ni–Sn 
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nanocrystals. Then it was allowed to react for 2 h before it was cooled to ambient temperature 

with a water bath. The product was precipitated with acetone, centrifugated at 7000 rpm for 3 

min, and re-dispersed with chloroform. This cleaning cycle was repeated 3 times and the final 

black product was kept in hexane. To produce the NiSn1.8, the ratio Ni/Sn was variated increasing 

the amount of SnCl2 to 202 mg and reducing the Ni(OAc)2 to 124 mg. On the other hand, Ni 

nanoparticles were produced without adding SnCl2.  

5.3.3. Synthesis of NiSnx/CNTs 

NiSnx/CNTs electrocatalysts were prepared by supporting the particles onto MWCNTs, with a 

loading amount of 20 %. To prepare the catalyst, a dispersion of NiSnx (NiSn0.6, NiSn1.8, or Ni) 

nanoparticles in hexane was mixed with a dispersion of MWCNTs in ethanol. The mixture was 

sonicated for 1 h. Then the product was collected by centrifugation and then re-dispersed in a 

mixture of acetic acid/ethanol (10 % v/v) to remove surface organic ligands through sonication. 

Afterward, the catalyst was washed three times with ethanol, dried at 60 C overnight, and 

annealed at 300 C in an Ar atmosphere 1 h. 

5.3.4. Characterization  

XRD patterns were collected from the samples supported on a Si substrate on a Bruker-AXS D8 

Advanced X-ray diffractometer with Ni-filtered (2 μm thickness) Cu K radiation (λ = 1.5406 Å) 

operating at 40 kV and 40 mA. The 2θ range was between 20-80°. SEM analysis was conducted 

with a Zeiss Auriga microscope equipped with an EDS detector and BSE contrast mode, operating 

at 20 kV. HRTEM images and STEM studies were conducted on an FEI Tecnai F20 field emission 

gun microscope operated at 200 kV with a point-to-point resolution of 0.19 nm, which was 

equipped with HAADF and a Gatan Quantum EELS detector. AC-HAADF-STEM was performed in 

a double aberration-corrected Thermo Fisher Spectra 300 STEM operated at 300 KeV. The 

Spectra 300 is equipped with a Super X EDS detector. XPS was analyzed on a SPECS system 

equipped with an Al anode XR50 source operating at 150 W and a Phoibos 150 MCD-9 detector. 

The Multipak data reduction software (Physical Electronic-PHI, Inc., EE. UU.) was employed for 

the data process (C 1s peak corrected at binding energy of 284.8 eV). ICP-OES was conducted 

using an Agilent system model 5100. 

5.3.5. Electrochemical tests 

A catalyst ink was prepared by ultrasonically dispersing 6 mg of electrocatalyst, 0.8 mL of 

isopropanol, 0.2 mL of H2O, and 50 μL of Nafion. Electrochemical analyses were conducted in an 
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H-type electrochemical cell at room temperature with a BioLogic electrochemical workstation. 

A three-electrode system was utilized to perform all the tests with a Pt gauze as a counter 

electrode and a Hg/HgO (KOH saturated) electrode as a reference. The working electrode was 

prepared by coating a CP, with a surface area of 1 cm2, with 0.5 mL of the ink using an aerograph 

to disperse the liquid. The amount of catalyst deposited onto the CP was 3 mg.  

All the potentials were converted  to RHE potential following equation (4): 

ERHE= EHg/HgO + 0.059 · pH + 0.098 (4) 

A proton exchange membrane (Nafion 117) was used to separate anode and cathode 

compartments. The cathode was prepared using a 45 mL solution of 1M KOH, while 45 mL of a 

glucose solution in 1M KOH was used in the anode. CV and LSV curves were performed at a scan 

rate of 5 mV/s. EIS was carried out from 100 MHz to 0.1 Hz with an amplitude of 5 mV. The ECSA 

was established with the Cdl, obtained by CV cycles at OCV ± 50 mV at different scan rates (from 

5 - 100 mV s-1). Generally, Cdl is determined from the linear fit of the current vs the scan rate, ν: 

I = 𝐶𝑑𝑙 · 𝑣 (5) 

Then, ECSA is calculated by dividing the double-layer capacitance by the Cs 

𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙

𝐶s
 

(6) 

which is 0.04 mF cm−2 based on values reported in alkaline solution.[32] 

CA experiments were conducted for 1 hour at a potential range from 1.35 to 1.6V vs RHE at a 

concentration of 10 mM glucose in 1M KOH. The same conditions were used, but this time 

maintaining the applied potential constant at 1.45 V and 1.55 V, while increasing the glucose 

concentration from 10 mM to 100 mM 

5.3.6. Product analysis 

Liquid products generated from the glucose electrooxidation were quantified by HPLC equipped 

with a Rezex™ ROA-Organic Acid H+ (8%) column (LC column 300 x 7.8 mm), diode array detector 

operating at 210 nm and a refractive index detector. The mobile phase consists of a 0.005 N 

H2SO4 solution with a flow rate of 0.2 mL min-1 and a temperature of 40 °C. For the HPLC 

determination, 1 mL of the sample is extracted and diluted with 0.5 mL of 2M H2SO4 aqueous 

solution. FE was calculated with the following equation (7): 
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𝐹𝐸 (%) =  
𝑛𝑒- ·  F ·  𝑚𝑜𝑙product

𝑄total
· 100 (7) 

where F is the faradaic constant (96500 C mol-1), n is the number of transferred electrons based 

on the balanced half-cell reaction and Q is the total charge passed throughout the experiment. 

Selectivity was calculated with the following equation (8): 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
𝑚𝑜𝑙𝑠product · 𝐶product

𝑚𝑜𝑙𝑠glucose · 𝐶glucose
· 100 (8) 

where Cproduct is the number of carbons of each product, Cglucose is the number of carbons that 

the molecule of glucose has (Cglucose = 6), molsproduct are the mols obtained of each product, and 

molsglucose are the mols of glucose consumed during the reaction. 

 

5.3.7. DFT analysis  

DFT calculations were carried out with the VASP.[33,34] The PBE functional within GGA was chosen 

to describe the electronic exchange-correlation energies.[35] The PAW method was utilized to 

describe the interaction between the electrons and the ions.[36] For all the geometry 

optimizations, the cut-off energy was set at 600 eV. The 2×2×1 Monkhorst-Pack k-points were 

used to sample the Brillouin zone.[37] A mono-layer 3×4×1 Ni(OH)2 (001) model which contains 

12 Ni atoms was used to represent the pristine Ni(OH)2 catalysts, while a mono-layer 

Ni(OH)2/SnO2 which contains 6 Ni atoms and 6 Sn atoms was chosen to represent the oxidative 

NiSn alloy system. A vacuum with a 15 Å thickness along the z-axis was inserted to eliminate the 

periodic interaction of the catalysts. A Hubbard U was specified onto the d orbitals of Ni with an 

effective U value of 4.00. All atoms could relax until the electronic self-consistency and the ionic 

relaxation reached the convergence criteria of 10-6 eV and 0.01 eV/Å. The adsorption energies 

for glucose on the surfaces were calculated based on the following equation (9): 

Eads = E*glucose – (E* + Eglucose ) (9) 

where E*glucose, E*, and Eglucose are the total energies for glucose adsorbed on the Ni(OH)2 or 

Ni(OH)2/SnO2. A more negative Eads means a stronger adsorption. 

To determine the effect of SnO2 on the O-H bond scission in both pristine Ni(OH)2 and 

Ni(OH)2/SnO2. The formation energy of H vacancy ,Ef-H, was calculated according to equation 10: 
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Ef-Hv = Eslab-Hv + 1/2 EH2 - Eslab (10) 

where Eslab-Hv, EH2, and Eslab are the total energies of structure with an H vacancy, gaseous H2, and 

the catalysts without hydrogen vacancy, respectively. A more positive Ef-Hv means a more 

difficult O-H scission. 

5.4. RESULTS AND DISCUSSION 

5.4.1. Catalyst preparation and characterization 

NiSn-based catalysts supported on carbon nanotubes (NiSny/CNT) were produced in four steps 

(Scheme 5.2, see details in the Experimental section). First, colloidal NiSn nanoparticles were 

synthesized from the simultaneous co-reduction at 230 °C of the two metal precursors, Sn(Oac)2 

and Ni(acac)2, with borane TBAB within a mixture of OAm and TOP, used as solvents and 

stabilizers. NiSn particles with two Ni/Sn precursor ratios, NiSn1.8 and NiSn0.6, were produced. 

Additionally, as a reference, a pure Ni sample was also produced in the same conditions. In a 

second step, to maximize the electrocatalyst electrical conductivity and minimize the 

aggregation of the NiSn particles, they were dispersed on the surface of multi-walled CNTs. 

Finally, in a third and fourth step, ligands were removed using a diluted AA solution and the 

material was annealed at 300 °C for 1 h under an inert atmosphere.  

 

Scheme 5.2. Schematic diagram of the preparation of the NiSn-based catalyst 

Figure 5.1a-f shows representative TEM and images of the different catalysts. The Ni particles in 

Ni/CNT appear very small and are distributed along the CNTs with an undefined geometry. With 

the introduction of Sn, the particle geometry becomes more regular. While NiSn0.6 particles have 
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a spheroidal shape with a large size and shape distribution, NiSn1.8 particles are slightly smaller 

and show a more homogeneous spherical geometry. XRD pattern (Figure 5.1g) of Ni/CNTs shows 

no metal-related XRD peaks, which is consistent with an amorphous lattice. Only the XRD pattern 

of the carbon nanotubes with a main peak at about 2q ≈  25° is observed. In contrast, the XRD 

patterns of the two NiSny/CNT catalysts produced show the presence of the orthorhombic Ni3Sn2 

crystallographic phase. In both NiSny/CNT samples, bands around 2q ≈ 28° and 2q ≈  34° can be 

appreciated, which coincide with the main peaks of the SnO2 structure. The presence of both 

metals was confirmed through ICP-OES and SEM-EDS (Figure 5.S1). The Ni/Sn ratios of the two 

NiSny/CNT samples measured by ICP-OES were NiSn0.8  and NiSn1.5, which slightly differ from the 

nominal metal ratios used. Nevertheless, we will rely on the nominal metal ratio to refer to the 

two different materials. 

  

Figure 5.1. (a-f) Representative TEM (a, c, e) and STEM-HAADF (b, d, e) micrographs of  

NiSn1.8/CNT (a,b), NiSn0.6/CNT (c, d) and Ni/CNT (e, f) catalysts. (g) XRD patterns of NiSn1.8/CNT 

(black line), NiSn0.6/CNT (red line), and Ni/CNT (blue line) catalysts.  

Figure 5.2a-b shows an AC STEM-HAADF image of the NiSn0.6/CNT sample. The power spectrum 

analysis confirms the presence of the Ni3Sn2 phase, characterized by an orthorhombic crystal 

structure within the Pnm space group. Moreover, atomic resolution AC STEM-HAADF images 

display a SnO2 shell surrounding the Ni3Sn2 core, with an orthorhombic structure belonging to 

the Pbcn space group. Upon further examination of the atomic plane frequencies obtained from 

the FFT spectra calculated using STEM-HAADF images (specifically, the bottom right panel in 
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Figure 5.2a), we observed additional frequency spots corresponding to atomic planes associated 

with SnO2. After filtering out these frequencies related to SnO2 and aligning them with the Ni3Sn2 

core lattice fringes, we evidenced that the SnO2 shell exhibits a discontinuous morphology, as 

clearly depicted in the frequency-filtered map shown in Figure 5.2b. The thickness of the SnO2 

shell is close to 2 nm. Frequency-filtered maps of a single nanoparticle (Figure 5.2b) and EDX 

maps of a particle’s ensemble (Figure 5.2c) corroborate the core-shell structure. HRTEM analysis 

of the NiSn1.8 nanoparticles displays a similar core-shell structure (Figure 5.S2), showing a core 

crystallizing in the Ni3Sn2 orthorhombic phase and a similarly thick SnO2 shell. The similar shell 

thickness despite the higher Sn amount is consistent with the smaller size of the NiSn1.8 cores. 

HAADF-STEM coupled with STEM-EELS analysis of the NiSny/CNT (Figures 5.S3 and 5.S4) shows 

that Sn is homogeneously distributed throughout the sample, while Ni is concentrated within 

the center of the particles (core) and the O is mainly found in the nanoparticles shell. In Ni/CNT, 

oxygen and nickel are equally distributed, showing full oxidation of the nickel nanostructures 

(Figure 5.S5). 

 

Figure 5.2. (a) Z-contrast AC STEM-HAADF micrograph of NiSn0.6 nanoparticles and detail of the 

orange squared region and its corresponding FFT. (b) Frequency filtered map of the nanoparticle 

highlighted in (a) by the orange box showing the Ni3Sn2 core in green and SnO2 shell in red. (c) 

EDX elemental maps of NiSn0.6 particles showing the Ni (green), Sn (red), and O (blue) 

distributions. 
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The high-resolution Ni 2p XPS spectrum of NiSn0.6/CNT shows two doublets at 853.0 eV (2p3/2) 

and 856.7 eV (2p3/2), corresponding to Ni(0)and Ni(II) oxidation states, respectively (Figure 

5.S6a). The Ni(II) chemical environment, which accounts for about 56% of the total Ni detected 

on the NiSn0.6/CNT surface, is generated during the acid treatment. Likewise, Sn exists in two 

chemical states, Sn(0) at 485 eV (3d5/2)  and Sn(IV) at 487 eV (3d5/2). The Sn(IV) accounts for 

about 79% of the total Sn detected by XPS. The Ni/Sn atomic ratio provided by XPS is Ni/Sn ≈ 

0.1, which is consistent with the Sn surface segregation and the formation of the SnO2 shell on 

the Ni3Sn2 particle surface, as observed by atomic resolution AC HAADF STEM, STEM-EDX, and 

STEM-EELS analyses. Similar results were obtained for the NiSn1.8/CNT sample (Figure 5.S6b). In 

this case, Ni(0) and Ni(II) oxidation states account for about 47% and 53% of the total Ni, 

respectively. Besides, Sn(0) and Sn(IV) account for about 10% and 90% of the total Sn. The Ni/Sn 

atomic ratio provided by XPS in this sample is Ni/Sn ≈ 0.05, consistent with the higher amount 

of Sn introduced in this material, the Sn surface segregation, and the formation of the SnO2 shell 

on the Ni3Sn2 particle surface, as observed by HRTEM, STEM-EDX and STEM-EELS analyses. On 

the other hand, the Ni 2p XPS spectrum of the Ni/CNT sample (Figure 5.S7) confirms a unique 

oxidation state (Ni(II)) associated with the small size of the Ni particles in this sample. 

5.4.2. Electrochemical characterization 

The electrochemical properties of the Ni-based catalysts towards GOR were evaluated using a 

double-compartment H-cell, with a conventional three-electrode configuration (see details in 

the SI). Electrodes were fabricated onto a 1 x 1 cm CP substrate via airbrushing using an ink 

containing 3 mg of catalyst, 0.75 mL of ethanol, 0.2 mL of Milli-Q water, and 50 μL of Nafion 

(Figure 5.S8). Despite its lower conductivity and smaller surface area compared to Ni foam, CP 

was selected as support to remove a potential role of the Ni support on the GOR reaction.   

LSV in the potential range of 1.0 to 1.8 V vs RHE was first conducted in 1 M of KOH at a scan rate 

of 5 mV s-1 (Figure 5.3a). LSV curves show a peak between 1.3 V and 1.5 V corresponding to the 

Ni0/Ni2+ oxidation to Ni3+ (NiOOH). At potentials higher than 1.6 V, LSV voltammograms display 

an increase in intensity associated with the OER. The larger Ni oxidation current obtained for 

Ni/CNTs and NiSn0.6/CNT compared with NiSn1.8/CNT is consistent with the lower Ni amount of 

the latter. The larger Ni oxidation current obtained with the NiSn0.6/CNT electrode, compared to 

the Ni/CNT, can be attributed to two factors. First, in the bimetallic samples, nickel is found in 

both Ni0 and Ni2+ states, implying that part of the oxidation to Ni3+ involves three electrons (Ni0 

to Ni3+). In contrast, all the Ni within Ni/CNTs is found as Ni2+, thus involving only one electron 

(Ni2+ to Ni3+). XPS analysis of the electrodes after the electrochemical experiment (Figure 5.S9) 
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reveals that the metallic Ni peaks in the bimetallic samples have disappeared, indicating 

complete oxidation of nickel during the LSV. Besides, the oxyhydroxide formation involves the 

reaction with OH- molecules in solution, which is potentially enhanced by the oxophilic nature 

of Sn. In this direction, Tafel plots confirm the NiSn alloy to promote the kinetics of NiOOH 

formation (Figure 5.S10a).   

The electrocatalytic GOR activity was evaluated by adding 10 mM of glucose to the 1 M KOH 

solution. LSV curves of the electrodes in the presence of glucose (Figure 5.3b) display three 

distinct regions: (1) a minor rise in current between 1.1 V and 1.35 V, associated with the 

formation of  Ni3+ species, followed by (2) an abrupt boost at approximately 1.35 V, coinciding 

with the Ni oxidation to Ni3+, and (3) a subsequent current surge at potentials higher than 1.55 

V, where the contribution of the OER becomes significant. As will be discussed later in the 

manuscript, glucose conversion at potentials below 1.35 V is almost negligible, which confirms 

NiOOH species are the truly active catalysts. XPS analysis of the material after the LSV curves 

confirms the presence of Ni3+ (Figure 5.S10). The current densities in the 1.1-1.35 V region match 

well the amount of Ni within each material, Ni/CNT > NiSn0.6/CNT  > NiSn1.8/CNT. The current 

density in region 2 (1.35 V - 1.6 V) reflects the GOR electrocatalytic activity of the materials. Both 

the onset potential and the steepness of the slope improve with the tin content. The GOR Tafel 

plots (Figure 5.3c) in this second region confirm that the kinetics are faster in NiSn1.8/CNT > 

NiSn0.6/CNT > Ni/CNT. As the applied potentials increase, mass transport becomes the limiting 

step of the process. Desorbed products from the electrode surface hinder the arrival of new 

glucose molecules, leading to a saturation of the current displayed in the voltammogram. The 

saturation current of the NiSn1.8/CNTs catalyst remains significantly lower than that of the other 

two materials owing to the lower amount of Ni. Meanwhile, in the Ni/CNT, given that the 

reaction proceeds at a slower rate compared to bimetallic compounds, it is necessary to apply 

higher potentials to augment the GOR rate and attain electrode surface saturation. Increasing 

the glucose concentration prevents current saturation by alleviating reactant diffusion 

limitations. Notably, NiSn0.6/CNT exhibits its peak GOR activity in 100 mM of glucose, as observed 

by LSV (Figure 5.3d) and the Tafel plot (Figure 5.S10b). 

CV in the range between 1.0 V and 1.8 V of the electrodes within a 1 M KOH solution shows the 

pair redox Ni2+/Ni3+ at oxidation potentials between 1.3-1.5 V and reduction potentials between 

1.3-1.05 V (Figure 5.3e). When adding 100 mM glucose, a significant increase in current 

associated with the GOR is observed for all the samples, and no reduction peak is detected. As 

displayed in equation 3, the glucose oxidation induces the reduction of NiOOH to Ni(OH)2. All 
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the NiOOH species formed are immediately reduced upon glucose interaction. Thus during the 

reduction process, all species are already reduced, which explains the absence of the reduction 

peak. Extending the potential window down to 0.1 V (Figure 5.S11), with and without glucose, 

no additional oxidative peaks are obtained. Nevertheless, during the reduction process in 1 M 

KOH, an extra peak is observed at 0.5 - 0.7 V, corresponding to the reduction of the oxygen 

generated during the OER at high potentials. Since, in the presence of glucose, the GOR activity 

predominates over OER for the as-prepared electrocatalysts within the measured potential 

range, hardly any current variation associated with the oxygen reduction reaction is observed. 

The EIS data in Figure 5.3f indicate that NiSn0.6/CNT exhibited the lowest charge-transfer 

resistance, confirming it as the most efficient GOR catalyst among the three tested materials. 

The relative ECSA was estimated by Cdl measurements (Equations 5 and 6). Capacitances for the 

as-prepared catalysts are compared in Figure 5.S12. Results show that the calculated 

capacitance follows a trend Ni/CNT > NiSn1.8/CNT > NiSn0.6/CNT. The calculated ECSA values 

indicate that Ni/CNT has the highest electrochemical surface area (205 cm²), followed by NiSn1.8 

(122.5 cm²) and NiSn0.6 (60 cm²), which is consistent with the different sizes of the Ni-based 

particles, but it is inversely proportional to the kinetics of the GOR process. This suggests that 

the activity of the prepared materials is closely related not to the exposed active sites but to 

their intrinsic activity.  

 

Figure 5.3. (a-d) LSV voltammograms in 1 M KOH aqueous solution (a), LSV voltammograms and 

Tafel slopes in 1 M KOH + 10 mM glucose aqueous solution (b, c) and LSV voltammograms in 1 

M KOH + 100 mM glucose aqueous solution (d) using NiSn1.8/CNT (black line), NiSn0.6/CNT (red 

line) and Ni/CNT (blue line) catalysts. (e) CV voltammograms of NiSn0.6/CNT in 1 M KOH (black 
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dotted line) and (red solid line) 1 M KOH + 100 mM glucose. (f) Nyquist plots in 1 M KOH + 100 

mM glucose aqueous solution of NiSn1.8/CNT (black line), NiSn0.6/CNT (red line), and Ni/CNT (blue 

line) catalysts. 

In the Faradaic region, the potential difference between the oxidation and reduction peaks of 

Ni(OH)2 ↔NiOOH is directly correlated with the electron transfer kinetics between the 

electrode surface and the active centers, which indicates whether the reaction is kinetically 

favorable.[38] Comparing the value of 0.25 V, obtained for NiSn0.6, with the values of 0.3 V and 

0.18 V for Ni and NiSn1.8, respectively (Figure 5.S13), it is evident that the incorporation of Sn 

improves the reaction kinetics of Ni(OH)2↔NiOOH.  

The Γ* of Ni(OH)₂/NiOOH redox species is another key kinetic parameter for evaluating and 

comparing the performance of different materials. This parameter provides information about 

the amount of NiOOH active sites available on the surface, which are crucial for electrochemical 

reactions. The Γ* can be determined from the linear fit of the Ia with the scan rate from 10-80 

mV s-1 (Figures 5.S14) 

𝐼𝑎 =  (
n2F2

4RT
) 𝐴Г∗𝜈 (11) 

where F is the Faraday constant (96485 C mol−1), n is the number of transferred electrons (n=1), 

T is the temperature (295 K), R is the gas constant (8.314 J K−1 mol−1) and A is the geometric 

surface area of the electrode (1 cm2). The Γ* value for NiSn₀.₆ electrodes, as obtained from the 

forward scans, was 2.9 × 10⁻⁶ mol cm⁻² (Figure 5.14e), which is slightly higher than the Γ* value 

for Ni at 2.7 × 10⁻⁶ mol cm⁻² and for NiSn₁.₈ at 1.9 × 10⁻⁶ mol cm⁻². A higher Γ* value indicates a 

greater density of active sites, which can translate to a higher charge storage capacity and 

improved efficiency in electron transfer. 

Since proton diffusivity is generally the rate-limiting step controlling the Ni(OH)₂↔NiOOH redox 

reaction for Ni-based electrodes,[39] we decided to calculate the D within the electrodes using 

the simplified form of the Randles–Sevcik equation (12):  

𝐼𝑎𝑐 = 2,69 · 105 𝑛3/2𝐴 𝐷1/2𝐶ν1/2 (12) 

n represents the number of electrons transferred in the redox reaction, while A denotes the 

electrode area. The diffusion coefficient of the redox species is indicated by D, the concentration 

of the redox species is given by C, and ν stands for the scan rate. The results for the proton 
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diffusion coefficient indicate that diffusion in the NiSn₀.₆ electrode (3.81 × 10⁻7 cm² s-1) is faster 

than in Ni/CNT (3.12 × 10⁻7 cm² s-1) and NiSn₁.₈/CNT (1.86 × 10⁻7 cm² s-1). 

The TOF values were deduced from the mass of the catalyst added to the electrode 

TOF =  (
J A

n F m
) (13) 

where F is the Faraday constant (96485 C mol−1), n is the number of transferred electrons, m is 

the number of moles of catalyst involved in the reaction, J is the current density and A is the 

geometric surface area of the electrode (1 cm2). A TOF value of 0.044 s−1 was obtained for NiSn₀,₆ 

at 1.45 V in the presence of glucose, while NiSn₁,₈ and Ni showed TOF values of 0.035 s−1 and 

0.007 s−1, respectively. This TOF value indicates that the active sites in NiSn catalysts are more 

efficient compared to the monometallic compound, as the reaction kinetics are faster despite a 

lower ECSA value. 

The glucose electrochemical conversion was further studied using CA measurements conducted 

for 1 h at room temperature. The obtained products were identified and quantified using HPLC. 

The electrocatalysis was initially carried out with a constant glucose concentration of 10 mM, 

while varying the working potential within the range from 1.35 to 1.6 V. At potentials lower than 

1.35 V, a very low glucose conversion (< 5%) was achieved. Beyond 1.60 V, there is strong 

competition with the OER, particularly as glucose is being consumed and its concentration 

decreases, thereby reducing the GOR FE. In the voltage range 1.35-1.6 V, FA, and OXA were the 

only GOR products, with FA being the predominant one for the three catalysts. This result points 

to glucose being mainly converted throughout the C-C bond cleavage pathway. Considering the 

two identified products, the total FE (calculated by Equation 7) is below 100% in the entire 

potential range tested (Figure 5.4a-c). We attribute this discrepancy to the overoxidation of the 

generated FA to CO2 which was in turn converted to carbonate within the alkaline solution. This 

was confirmed when 2M sulfuric acid was added to the electrolyte solution after 1h GOR and a 

clear effervescence, due to the conversion of carbonates to CO2, was observed. The FA oxidation 

was intensified as the applied potential was increased. Thus, the FE for FA gradually decreased 

with the working potential, even in the range where no competition with OER was expected. 

The NiSn0.6/CNT electrode was the most active when considering LSV curves, but it provided the 

lowest glucose conversion and the lowest FA selectivities. This is attributed to the faster FA 

oxidation in this material, which reduces the overall GOR and the GOR-to-FA selectivity. 
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Figure 5.4. FE of the GOR to FA and OXA using NiSn1.8/CNT (a), NiSn0.6/CNT (b), and Ni/CNT (c) as 

electrodes at applied potentials from 1.40 to 1.60 V in 1M KOH and 10 mM glucose for 1h. 

Figure 5a-b presents the characterization of the NiSn₀,₆/CNT sample after GOR, conducted at a 

potential of 1.45 V vs. RHE in 1M KOH and 10 mM glucose. The power spectrum analysis and 

atomic-resolution AC STEM-HAADF images reveal the presence of both the Ni₃Sn₂ core phase 

and the SnO₂ shell, with their crystalline structures preserved post-reaction. Furthermore, 

STEM-EELS analysis (Figure 5.5c) shows that, following the reaction, Sn remains predominantly 

localized in the nanoparticle core and the thin oxide shell, consistent with its pre-reaction state. 

However, a faint signal is also detected throughout the material, suggesting the presence of 

dispersed Sn atoms across the entire sample. In contrast, nickel is found in large concentrations 

both at the core and also forming an oxide matrix surrounding the particles, along with small 

pure Ni precipitates, as indicated by the stronger Ni signal. This surface nickel oxide formation 

is attributed to the generation of NiOOH during the reaction, highlighting the material's 

transformation under catalytic conditions. 

   



144 

 

Figure 5.5. Characterization of NiSn₀.₆ nanoparticles after being used as catalysts in the GOR 

applying a potential of 1.45 V vs. RHE for 1 h in 1M KOH and 10 mM glucose. (a) Z-contrast AC 

STEM-HAADF micrograph of the nanoparticles and detail of the orange squared region and its 

corresponding FFT. (b) Frequency filtered map of the nanoparticle highlighted in (a) by the 

orange box showing the Ni3Sn2 core in green and SnO2 shell in red. (c) EDX elemental maps of 

NiSn0.6 particles showing the Ni (green), Sn (red), and O (blue) distributions. 

The GOR catalytic activity is strongly dependent on glucose concentration. To maximize GOR and 

minimize FA overoxidation, the potential was set at 1.45 V and the glucose concentration was 

increased from 10 mM to 100 mM. As depicted in Figure 5.6a, the FE for FA production increases 

with the amount of glucose in the solution. At a higher glucose concentration, pristine glucose 

molecules faster replace the generated FA, which is thus less susceptible to being overoxidated. 

The NiSn0.6/CNT reaches the maximum FA FE (93 %) at 100 mM of glucose and demonstrates to 

be more selective than NiSn1.8/CNT (83 %) and Ni/CNT (84 %) in the same reaction conditions 

(Figure 5.S15). This FE value for FA is one of the largest values reported and the highest for a Ni-

based catalyst (Table 5.S1). At a higher applied potential of 1.55 V (Figure 5.6b), the FE for FA 
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also increases with the glucose concentrations, but it decreases in comparison to the results 

obtained at a lower applied potential due to FA overoxidation. Besides, although the activity for 

GOR is enhanced using the bimetallic NiSnx/CNT catalysts, the FE at higher potentials for FA is Ni 

(83%) > NiSn1.8 (81%) > NiSn0.6. (76%).      

As previously mentioned, the C-C cleavage oxidation process competes with the non-Faradaic 

degradation process. As seen in Scheme 5.1, under basic conditions, glucose can convert to 

fructose and subsequently form various compounds such as LA, TA, or AA. This degradation 

occurs within the bulk of the electrolyte, distinct from the oxidative process occurring at the 

electrode surface. The overall product selectivity was calculated based on a carbon balance (see 

details in the Experimental section, Equation 8), which accounts for the glucose consumed in the 

process and, therefore, includes the products obtained in both the gas and liquid phases. The 

results show that the non-Faradaic glucose degradation pathway is promoted when the glucose 

initial concentration is increased, as evidenced by the higher proportion of fructose detected. 

Additionally, AA is obtained, which has not been widely reported as a product of GOR. Increasing 

the applied potential, a minor overall selectivity is obtained (Figure 5.6b), particularly at lower 

concentrations, due to increased carbonate production. Furthermore, the observed proportion 

of fructose diminishes with the applied potential, which is attributed to the accelerated GOR, 

resulting in less remaining unreacted glucose.  
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Figure 5.6. FE (top) and selectivity (bottom) of the products obtained during GOR at applied 

potentials of 1.45 V (a) and  1.55 V (b) using a NiSn0.6/CNT electrode. GOR was performed for 1h 

at 20 °C in 1M KOH and increasing glucose concentration from 10 to 100 mM. 

Most previous works show the results obtained after relatively short reaction times to minimize 

the glucose conversion by non-Faradaic processes. To evaluate this aspect, a long-term 

experiment was performed to study how glucose oxidation varies over time (Figure 5.7). The 

electrocatalytic reaction was carried out for 24 h at an applied potential of 1.45V and an initial 

glucose concentration of 30 mM to reduce the overoxidation of FA while also minimizing glucose 

degradation. At ambient temperature, the FE for FA decreases over time, as the declining 

glucose concentration leads to overoxidation of the generated FA (Figure 5.7a). Consequently, 

a decrease in the selectivity of FA is observed. On the other hand, the selectivity towards AA 

increases over time, eventually surpassing that of FA. The same experiments were conducted at 

a temperature of 55°C to enhance the reaction kinetics. Initially, the reaction was performed at 

a potential of 1.35 V (Figure 5.7b). At 55°C, unlike at room temperature, a significant 

consumption of glucose was observed. After 1 hour, the maximum FE value obtained was 94%, 

although a similar decrease over time was observed. At this potential, a higher selectivity for LA 

              



147 

was evident. Elevated temperatures accelerate the kinetics of glucose oxidation to FA but also 

promote the degradation process. Conversely, at a higher potential of 1.45 V and elevated 

temperature (55°C), the decrease in FA is more rapid, as is the oxidation of LA, resulting in a 

higher amount of AA (Figure 5.7c). 

 

Figure 5.7. FE and glucose conversion (top) and selectivity (bottom) of products obtained during 

GOR using NiSn0.6/CNT as the electrode in 1M KOH and 30 mM glucose for 24 h. The different 

experiments were carried out at 1.45 V at 20 °C (a),  1.35 V at 55 °C (b), and 1.45 V at 55 °C (c). 

The stability of NiSn₀.₆/CNT under GOR conditions was evaluated through 5 subsequent cycles 

of CA, each lasting 1 hour in a solution of 1M KOH and 10 mM glucose (Figure 5.S16). After each 

experiment, the electrolyte was replaced with the same amount of reactant. It is observed that 

the decrease in the CA curves is solely due to glucose consumption, as each new cycle starts 

with the same current value. If there were any deactivation of the material, a progressive or 

total decrease would be observed at the beginning of each cycle. The glucose consumption and 

formate production in each cycle were analyzed by HPLC (Figure 5.S17) and, at the end of each 

cycle, both remained constant, indicating that the activity of the catalyst did not decrease with 

each reaction. The observation is consistent with the post-catalysis characterization results, 

previously discussed, which show no loss of Ni or Sn after the GOR. This confirms that the NiSn 

alloy is stable under GOR operation. 

5.4.3. DFT calculations 

To gain insight into the role of Sn on the GOR over the Ni surface, DFT calculations were 

conducted. The adsorption energy of glucose on pure Ni(OH)2 and on Ni(OH)2 sites near a Sn 
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atom was first calculated. The top-view and side-view structures of the optimized pristine 

Ni(OH)2 and the Sn-containing Ni(OH)2, along with the corresponding adsorption structures of 

glucose, are shown in Figure 5.8a,b. Calculations revealed that, in absolute value, the adsorption 

energy of glucose on Ni(OH)2, -0.22 eV increased with the introduction of Sn, up to -0.34 eV. As 

shown in Figure 5.8c, the spin density difference between spin-up and spin-down electrons 

decreased from 0.82 eV to 0.76 eV after introducing Sn to Ni(OH)2. The reduced 

antiferromagnetic spintronics indicates an improved electroconductivity in the oxidative Sn-

containing Ni(OH)2 alloy, which explains the variation in activation energy compared to pristine 

Ni(OH)2. Besides, to determine the effect of the SnO2 shell on the catalytic activity of Ni(OH)2, 

the process of gaining effective oxidative NiOOH intermediate through Ni(OH)2 was analyzed 

(Figure 5.8d,e). The Ef-Hv of the pristine Ni(OH)2, which represents the transformation of Ni(OH)2 

to NiOOH, is as large as 2.03 eV. In contrast, in the Ni(OH)2/SnO2 composite, it decreases to 1.06 

eV. A more positive Ef-Hv implies the O-H scission is less favored. Thus, overall, the presence of 

Sn/SnO2 not only enhances glucose adsorption by modulating the antiferromagnetic spintronics 

of Ni but also promotes the formation of the active species NiOOH. 
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Figure 5.8. (a,b) Top and side views of the optimized structures of glucose adsorption on Ni(OH)2 

(a) and Sn-Ni(OH)2 (b) surface. H (small white), C (small brown), O (small red), Ni (big white), and 

Sn (big purple). (c) Partial density of states (PDOS) curves of the d-orbital electrons of Ni in 

Ni(OH)2 and oxidative Sn-Ni(OH)2. (d,e) Top-view of the deprotonation process on Ni(OH)2 

surface (d) and oxidative Ni(OH)2/SnO2 composite (e).  

5.5. CONCLUSIONS  

In summary, we detailed the synthesis of NiSnx nanoparticles via colloidal reduction and their 

subsequent support on CNTs. Characterization revealed the NiSnx particles to display a core-

shell Ni3Sn2@SnO2 architecture, with a porous SnO2 shell and smaller and more regularly shaped 

cores observed at higher Sn concentrations. NiSnx/CNT catalysts exhibited enhanced GOR 

performance, displaying improved kinetics with increasing Sn concentration and higher activity 

with greater Ni content. Notably, NiSn0.6/CNT demonstrated superior electrochemical 
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performance compared to both NiSn1.8/CNT and Ni/CNT. Furthermore, the analysis of the 

oxidation products highlighted the excellent performance of the NiSn0.6/CNT catalyst, achieving 

a maximum FE of 93% for FA at 1.45 V vs RHE. We observed that at higher potentials and lower 

concentrations, FA overoxidation to carbonates occurs, reducing the total FE. Higher glucose 

concentrations mitigate FA overoxidation but increase competition with glucose degradation in 

basic conditions. Consequently, at high concentrations, FA selectivity decreases, while AA and 

LA production increases. Enhanced selectivity for these compounds is also observed with longer 

reaction times and higher temperatures. Even though achieving high selectivity and efficiency in 

an H-type cell remains challenging due to the complexity of the GOR mechanisms, intermediate 

conditions of 50 mM and 1.5 V at temperatures below 50°C are proposed to maximize FA 

production while minimizing competition with the formation of other products. Finally, DFT 

results confirmed that the presence of Sn/SnO2 promotes the Ni activity thus enhancing the 

adsorption of glucose and boosting the oxohydroxyde formation. 
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SUPPORTING INFORMATION 

5.7. SI RESULTS 

 

 

Figure  5.S1. Representative SEM images of the as-prepared NiSn1.8/CNT (a), NiSn0.6/CNT (b) and 

Ni/CNT(c) catalyst. 

 

Figure 5.S2. (a) HRTEM micrograph of NiSn1.8 nanoparticles and detail of the orange squared 

region and its corresponding FFT analysis. (b) Frequency filtered map of the nanoparticle 

highlighted in (a) by the orange box showing the Ni3Sn2 core in green and SnO2 shell in red. (c) 

EDX elemental maps of NiSn0.6 particles showing  Ni (green), Sn (red), and O (blue) distribution. 
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Figure 5.S3. STEM-EELS elemental maps of NiSn0.6/CNT NPs showing a Ni (green), Sn (red) and O 

(blue) distribution. 

 

Figure 5.S4. STEM-EELS elemental maps of NiSn1.8/CNT NPs showing a Ni (green), Sn (red) and O 

(blue) distribution.  

 

Figure 5.S5.  STEM-EELS elemental maps of Ni/CNT NPs showing a Ni (red) and O (blue) 

distribution.  
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Figure 5.S6. High-resolution Ni 2p3/2 and Sn 3d5/2 XPS spectra of the NiSn0.6/CNT (a) and 

NiSn1.8/CNT (b) catalysts. 

 

Figure 5.S7. High-resolution Ni 2p3/2 XPS spectra of the Ni/CNT catalyst. 
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Figure 5.S8. Representative SEM images of NiSn1.8/CNT (a), NiSn0.6/CNT (b) and Ni/CNT (c) 

catalyst. 

 

 

Figure 5.S9. High-resolution Ni 2p3/2 of NiSn1.8/CNT (a), NiSn0.6/CNT (b) and Ni/CNT (c)  catalyst 

performed after electro-characterization. 
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Figure 5.S10.  Tafel plots in 1M KOH (a) and 1M KOH +100 mM glucose (b) of NiSn1.8/CNT (black 

line), NiSn0.6/CNT (red line), and Ni/CNT (blue line) catalysts. 
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Figure 5.S11. CV voltammogram of NiSn0.6/CNT in 1 M KOH (Black doted line) and 1 M KOH + 

100 mM glucose (red solid line). 
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Figure 5.S12.  ECSA determination of NiSn1.8/CNT (a, b), NiSn0.6/CNT (c, d), and Ni/CNT (e, f) 

catalysts. (a, c, e) CV voltammograms at OCP ± 50 mV at different scan rates (100 – 5 mV s-1). (b, 

d, f) Capacitive current as a function of scan rate. 
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Figure 5.S13. CV voltammograms of NiSn1.8/CNT (a) and Ni/CNT (b) in 1 M KOH (black dotted 

line) and (red solid line) 1 M KOH + 100 mM glucose. 

 

Figure 5.S14.  Electrochemical kinetics of Ni/CNT (a, b, c), NiSn1.8/CNT (d, e, f), and NiSn0.6/CNT 

(g, h, i) catalysts in 1.0 m KOH. (a,d,c) CV curves in the potential range from 0.9 to 1.9 V with 

variable scan rate of 10–80 mV s−1. (b,e,f) Linear fitting of the peak current as a function of the 

scan rate. (c, f, i) Linear fitting of the peak current as a function of the square root of scan rate.  
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Figure 5.S15. FE comparison graph of the GOR to FA and OXA using the as-prepared NiSn1.8/CNT, 

NiSn0.6/CNT, and Ni/CNT catalysts with an applied potential of 1.45 V (a) and 1.55 V (b). The GOR 

experiment was carried out for 1h in 1M KOH increasing the glucose initial concentration from 

10 mM to 100 mM. 

 

Figure 5.S16. Five subsequent CA curves of NiSn0.6/CNT at 1.45V in 1M KOH and 10 mM of 

glucose at room temperature. The electrolyte was replaced after each cycle. 
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Figure 5.S17. Variation in the concentration of glucose and formic acid present in the electrolyte 

during the electrooxidation of glucose reaction, applying a potential of 1.45V vs RHE using the 

as-prepared NiSn0.6/CNTs catalyst. The electrolyte was replaced after each cycle. 

 

 

Table 5.S1. Bibliographic reported results using different catalysts toward GOR. 

Catalyst 
Main 

product 
Selectivity 

(%) 
FE (%) Potencial Ref. 

Au GNA 86  0.55 VRHE 

1 Cu FA 54  1.80 VRHE 

Pt GNA 68  0.70 VRHE 

Fe0.1-CoSe2/CC GNA  87 0.72VRHE 2 

NiFeOx/NiFoam GRA  87 1.39 VRHE 3 

Cu2+ FA 50  1.5 VRHE 4 

NiO/CNT 

FA 

~ 90 

 1.46-1.66 
VRHE 

5 CuO/CNT ~95 

Co3O4/CNT 86 
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CoOOH FA 84 90 1.5 VRHE 6 

CoOOH FA  69 1.6 VRHE 7 

CuO 

FA 

70 95 

1.4 VRHE 8 NiOOH  ~ 65 

CoOOH  70 

NiO FA 6 39 1.91 VRHE 9 

NiCoSex FA  70 1.40 VRHE 10 

Mn-doped nickel 
iron phosphate 

embedded in a P, N 
codoped carbon 

substrate 
 

FA  86 1.45 V RHE 11 

NiO + TEMPO GRA 83 83  1.45 V RHE 12 

NiSn0.6/CNT FA 36 93 1.45 V RHE This work 
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CHAPTER 6 

 

GENERAL DISCUSSION 

 

Colloidal NPs were fabricated using the thermal decomposition method, which requires 

relatively moderate temperature and pressure conditions and yields particles with 

homogeneous structure, morphology, and composition. As introduced earlier in the first 

chapter, precursors decompose with increasing temperature, leading to the formation of 

monomers. Then, these monomers assemble to form small nuclei, which subsequently grow 

generating the NCs. The nucleation and growth process for the metallic alloys occurs within the 

range of 180 to 230°C, whereas a temperature of around 300°C is required to decompose 

phosphide precursors.  

Besides temperature, these methods need four main components: (1) a solvent, (2) precursors, 

(3) capping agents/surfactants, and (4) reducing agents. 

Alkylamines, specifically HAD (C16) and OAm (C18), were used as solvents due to their 

compatibility with a wide range of precursors, their high boiling points (above 320°C), and their 

roles as reducing and capping agents. HDA was initially employed in the synthesis of CoFeP but 

was later replaced by OAm in subsequent materials. Using OAM resulted in an improvement in 

particle monodispersity, and a more efficient washing step, as HDA solidifies at room 

temperature, causing aggregation of the final material. 

ODE (a C18 alkene) was used as a solvent alongside alkylamines in the synthesis of CoFeP and 

PdH0.58. It does not act as a reducing agent, thus minimizing this effect from the alkylamines. As 

a non-polar solvent, it helps in stabilizing hydrophobic ligands. Moreover, ODE can act as a 

surface passivating agent and stabilizing medium. However, ODE polymerizes at high 

temperatures, producing significant amounts of polymer on the surface of the NC, making it 

difficult to remove and potentially hindering the electrochemical reaction. For this reason, in the 

synthesis of Pd2Sn0.8P and NiSn0.6, only OAm was used as the solvent. 

Both organometallic complexes and inorganic salts have been utilized as metal precursors. In 

the synthesis of CoFeP, Fe and Co carbonyls were selected, resulting in the formation of 
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homogeneous and active particles for the OER. However, due to their high reactivity and 

sensitivity, they require highly careful handling and storage. For this reason, and because Ni(CO)₄ 

is highly flammable and extremely toxic, the carbonyl was replaced by the Ni(acac)2 complex in 

the synthesis of Ni-Sn. For the Pd-based compounds, the acetylacetonate was also used as Pd 

precursor, as it has been reported to provide better control over the NCs morphology compared 

to the chloride or acetate salts. In contrast, both acetate and chloride were used as Sn 

precursors. While Sn(OAc)₂ was added in the Pd2Sn0.8P synthetic route, the SnCl₂ was used for 

the preparation of NiSn0.6. The acetate, in the Ni-based synthesis, produces a dense SnO2 shell 

surrounding the Ni-Sn core that hinders the active sites. As a phosphorus precursor, two 

compounds were employed. Firstly, TPOP was used for the CoFeP nanocrystals due to its 

stability under ambient conditions, which facilitates its manipulation and storage. However, in 

the synthesis of Pd2Sn0.8P, the P precursor was changed to HMPT. Although it must be stored 

under inert conditions due to its susceptibility to oxidation, HMPT offers greater reactivity and 

versatility than TPOP. 

The capping agents provide control primarily over both the morphology and structure of the 

nanoparticles, as well as stabilize them preventing their aggregation. The particle size and shape 

can not only be regulated by changing the concentration of these reagents but also by variating 

the affinity of these complexes with the particle surface. For example, although the C2N support 

influences PdH0.58 growth, alkylamines act as capping agents in the production of both CoFeP 

and PdH0.58 nanostructures. As a result, while nanorod-like shapes are obtained in the synthesis 

of CoFeP, nanodendrites are produced in the synthesis of PdH0.58. On the other hand, TOP is 

added as a capping agent in the synthesis of Pd2Sn0.8P and NiSn0.6 particles due to its excellent 

ability to stabilize the particles. Various tests omitting TOP were carried out and large aggregates 

or highly heterogeneous particles were obtained. Furthermore, the introduction of various 

surfactants has been shown to influence morphology by preferentially binding to specific 

crystallographic faces. For instance, the addition of MAC in the Pd2Sn0.8P synthesis produces NRs, 

due to chlorine ions inducing TOP desorption at the nanoparticle tip facets. 

As previously mentioned, alkylamines are often playing the role of reducing agents, as in CoFeP, 

PdH0.58 and Pd2Sn0.8P synthetic routes. However, for the synthesis of NiSn0.6, TBAB was 

introduced to accelerate the reduction of both Ni and Sn, facilitating the production of the alloy. 

Once NCs were obtained, they were deposited on different supports. CoFeP NPs were deposited 

onto an NF support, offering high conductivity, high stability and large surface area. The main 

drawback of this support is that it requires careful coating because, unlike carbon supports, 
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nickel exhibits reactivity with certain compounds, including biomass derivatives. To avoid any 

potential effects from the NF, different carbon-based supports were used in the FOR and GOR. 

The PdH was supported, during synthesis, onto a 2D graphene-like C2N. This material not only 

exhibits higher electrical conductivity compared to other C-N compounds, but the pores in the 

C2N structure also have a higher electron density, making them excellent nucleation sites. The 

Pd2Sn0.8P NPs were deposited on CB offering low cost, high commercial availability, chemical 

stability, large surface area, and good conductivity. However, when preparing the NiSn0.6 catalyst 

for the GOR, it was decided to substitute CB with CNTs. CNTs possess a larger surface area, 

higher electrical conductivity, and a greater ability to provide anchoring sites compared to CB. 

The electrochemical experiments were conducted under alkaline conditions, of 1M KOH, 

because at this pH the studied reactions are kinetically improved. The electrocatalysis of both 

the OER and the FOR was carried out in a three-electrode cell since the generated products, O2 

and CO2, do not cause crossover. Although the FOR reaction may proceed via the indirect 

pathway, using Pd-based catalysts the CO is likely to be produced in very small amounts and 

mostly remain adsorbed on the electrode surface. In contrast, an H-type electrochemical cell 

was used for the GOR performance. As extensively discussed, as a result of the complex GOR 

process a wide range of soluble products can be generated, which can undergo reduction again 

onto the Pt surface.  

The prepared catalysts have been applied in different reactions with two distinct objectives. 

Firstly, both CoFeP and PdH, as well as Pd2Sn0.8P, were studied in the OER and FOR reactions, 

respectively, aiming to achieve high catalytic activity for potential application in fuel cells. The 

modifications introduced in each compound resulted in an increase in current density in the 

voltammograms compared to analogous materials reported in the literature. Additionally, 

chronoamperometric studies revealed enhanced stability over time. In the FOR and GOR 

reactions, a noticeable decrease in activity was observed over time, attributed not necessarily 

to catalyst deactivation but rather to a reduction in formate concentration in solution. Hence, 

stability was evaluated in two ways: (1) through consecutive CV cycles and (2) through CA cycles, 

with the electrolyte replaced to monitor any progressive decrease in activity compared to the 

initial chronoamperogram.  

The second main application of my work was the conversion of biomass derivatives into other 

high-value products. During the electrocatalysis of glucose, it has been important to not only 

assess the activity and stability of the catalysts but also to analyse the products obtained at 

various potentials. HPLC analysis has been employed to identify and quantify the different 
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compounds formed during the electrochemical reactions. This comprehensive analysis allowed 

us to gain insights into the selectivity and efficiency of the catalysts in promoting the desired 

transformations of biomass derivatives.  

Transition metal-based compounds have demonstrated high activity for both the OER and GOR, 

with a FE exceeding 90% for formic acid in the latter reaction. However, it is noteworthy that Pd-

based compounds still exhibit a significantly lower reaction potential. Therefore, it is essential 

to evaluate both the properties exhibited by the materials and the economic investment 

required for their applications and working conditions. 
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CONCLUSIONS 

Throughout the thesis, various nanostructured materials with well-defined morphology and 

composition have been synthesized and applied to the OER and the oxidation of biomass 

derivatives such as formate and glucose. These catalysts have shown high activity and long-term 

stability, outperforming analogous materials. The development of these materials opens new 

avenues for innovation, enabling the exploitation of renewable and sustainable resources and 

reducing dependence on fossil fuels. 

NPs with various morphologies and structures have been prepared using the thermal 

decomposition methods. By adjusting parameters such as temperature, reactants, and reaction 

times, optimal conditions have been established to produce highly active catalysts with minimal 

or no noble metal content. Specifically, using this colloidal method, it has been possible to 

introduce light elements (such as P and H) or alloy with other oxophilic metals (such as Sn), 

thereby modifying the performance and activity of the catalysts. 

It has been determined the introduction of P increases the activity and stability of the catalysts 

through two mechanisms.  

CoFeP particles have been synthesized, exhibiting a nanorod-like shape, and have been studied 

for the OER reaction. During the electrochemical study, it has been established that P acts as a 

sacrificial element for homogeneous metal oxyhydroxide distribution, which allows a high 

density of active sites. 

On the other hand, using colloidal synthesis, palladium-tin phosphide particles have also been 

prepared, featuring a nanorod-like shape. In contrast to CoFeP, electrochemical studies using 

Pd2Sn0.8P for the FOR reaction show that phosphorus favours the desorption of CO₂, thereby 

reducing the energy barrier of the rate-limiting step 

By tuning the experimental conditions, it has also been possible to introduce H into the Pd 

structure, improving the electrocatalytic properties of the noble metal. The results demonstrate 

that H causes an expansion of the Pd lattice and an electronic reconfiguration within the 

material, enhancing both activity and stability. Similarly to phosphorus in Pd2Sn0.8P, H weakens 

the adsorbate binding, thus accelerating the rate-limiting step. 

On the other hand, it has been established that the incorporation of oxophilic metals is another 

appropriate strategy to increase the electrocatalytic efficiency of Ni-based compounds. The 
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kinetics of the GOR reaction are favoured once Sn is introduced, although the activity is related 

to the amount of nickel present in the NPs. 
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FUTURE WORK  

After the thesis has been completed, it is considered that the objectives set at the beginning 

have been achieved. However, it is important to recognize that these were specific objectives, 

established based on the time, knowledge, and resources available throughout the project. 

Science, in this sense, is a continuous effort that extends beyond individual work, encompassing 

collaboration within the community.  

As discussed in the different sections, the initial objective was to contribute to the research and 

development of materials for the exploitation of biomass derivatives, to use more 

environmentally sustainable compounds and technologies. In this regard, compounds such as 

Pd2Sn0.8P and PdH0.58 have been produced, optimizing the use of noble metals. Additionally, 

compounds like NiSn0.6 and CoFeP have been developed, utilizing abundant and inexpensive 

materials, and improving the performance of multiple compounds based on more expensive or 

toxic elements.  

Nonetheless, this work also aims to serve as a starting point and a modest inspiration for future 

projects, as there are still aspects left to be further developed or investigated more extensively. 

Various materials have been applied to these three reactions OER, FOR, and GOR, due to their 

advantages and the demonstrated importance in both energy production and the generation of 

key compounds for industry. However, as shown in the first chapter, numerous biomass-derived 

compounds can be transformed into others with higher value or used as electron sources. For 

this reason, one of the upcoming objectives should be to apply the developed catalysts to other 

biomass-derived compounds such as furans, amino acids, or even other sugars and carboxylic 

acids, and observe the activity towards the oxidation reaction along with the efficiency of the 

obtained products. 

Secondly, closely linked to the projects conducted in this thesis, some aspects should be further 

pursued in the future: 

• Firstly, continuing the study of Pd-based materials for the FOR, these materials should be 

applied in flow cells, which are more suitable for subsequent scale-up and application. In 

flow cells, there are other factors to consider, such as flow rate or whether the flow passes 

through the sample or not, but it is interesting to examine due to higher current density 

values are usually obtained due to more efficient contact between the catalyst and the 

electrolyte. 
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• Another aspect to consider is the application of the materials in flow cells. As discussed in 

various chapters, the produced materials have improved current densities compared to 

analogous catalysts reported in the literature. However, the study conducted thus far has 

been in a standard three-electrode electrochemical cell. Therefore, it is intriguing to observe 

the electrical energy produced in fuel cells and determine if these materials can truly be 

competitive. 

• In the third place, an in-situ study of the various materials during the electrochemical 

reaction should be considered. These studies can be particularly interesting for phosphides. 

On one hand, it has been observed that during the OER, CoFeP reacts in a controlled manner 

to form the active oxyhydroxide species. On the other hand, phosphides significantly 

enhance the activity of the FOR compared to their phosphorus-free analogues, and it would 

be valuable to study the exact reaction mechanism to better understand and further 

optimize the various parameters. Additionally, as discussed, the GOR is a complex reaction 

that can follow different pathways. In situ characterization can help discern the mechanism 

by which NiSn0.6 oxidizes glucose in this reaction, allowing for a better understanding of the 

process. 

Finally, another aspect to consider for future work is the reduction of CO2. The consumption of 

biomass for energy production is considered carbon-neutral because the CO2 generated is 

equivalent to the amount captured during the growth of the biomass precursor species. 

However, in recent years, research has been focusing on the electrochemical reduction of CO2 

to transform it into species such as formic acid, methanol, or ethanol, which can be used in fuel 

cells. To this end, we are researching the application of single metal atom materials as cathodes 

for the transformation of CO2 into formic acid, to recycle the CO2 produced in liquid fuel cells. 

Nevertheless, optimizing the electrochemical results and achieving a more comprehensive 

characterization of the materials are necessary. Moreover, we are also currently working on 

using NiSn0.6 and CuxSn NPs for this reaction, with FA being obtained as the product with higher 

faradaic efficiency. 
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