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AABSTRACT  
 

The transiƟon towards a sustainable and carbon-neutral economy is crucial due to the 

escalaƟng concerns over excessive greenhouse gas emissions, climate change, and the need 

for effecƟve uƟlizaƟon of renewable energy sources. The conƟnued reliance on fossil fuels has 

led to a significant increase in CO2 and other greenhouse gases, contribuƟng to global warming 

and severe climate change impacts. To miƟgate these effects, it is imperaƟve to develop 

sustainable energy systems that can harness and store renewable energy efficiently. This 

thesis explores the synthesis of value-added nitrogen-based products, parƟcularly ammonia, 

through advanced electrocatalyƟc systems, addressing the urgent need for sustainable 

ammonia producƟon pivotal for agriculture, industry, and as a potenƟal energy carrier. 

The Power-to-X concept involves converƟng renewable electricity into carbon-neutral 

syntheƟc fuels and chemicals, such as hydrogen, syntheƟc natural gas, liquid fuels, and 

ammonia, which can be stored and uƟlized as energy carriers. Electrocatalysis contributes to 

Power-to-X technologies by enabling the efficient conversion of electrical energy into chemical 

bonds, thus providing a sustainable method to store and transport renewable energy. 

Electrochemical processes are parƟcularly advantageous due to their low environmental 

impact, mild operaƟonal condiƟons, and compaƟbility with renewable energy sources.  

Chapter 3 invesƟgates the synergisƟc effects of combining Cu and Ti-based materials as 

electrocatalysts for the electrochemical reducƟon of nitrate to ammonia. The study 

demonstrates that the integraƟon of Cu2O-Cu nanocubes on Ti substrates significantly 

enhances catalyƟc performance, leading to higher yields and selecƟvity of NH3. Detailed 

kineƟc insights reveal that the improved acƟvity is due to beƩer adsorpƟon and acƟvaƟon of 

nitrate ions, facilitated by efficient electron transfer and intermediate stabilizaƟon. 

Chapter 4 evaluates the energy efficiency and scalability of flow-cell configuraƟons in 

ammonia electrogeneraƟon. By opƟmizing the flow-cell design and operaƟonal parameters, 

the research demonstrates substanƟal improvements in energy efficiency, with the tandem 

system combining Cu-based and TiO2-based catalysts achieving high faradaic efficiency and 

selecƟvity. Energy efficiency calculaƟons indicate that the opƟmized configuraƟon is 

economically viable for large-scale applicaƟons. The feasibility of large-scale implementaƟon 
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of these flow-cell systems presents a promising pathway for integraƟng sustainable ammonia 

producƟon into industrial processes. 

Chapter 5 explores the impact of lithium enrichment on hydrogen evoluƟon reacƟons during 

nitrate electroreducƟon. The incorporaƟon of lithium into mixed nickel oxide and Ɵn oxide 

catalysts effecƟvely limits the evoluƟon of hydrogen, enhancing the selecƟvity towards nitrate 

conversion, and providing insights about catalyst doping for future works. 

Overall, this thesis contributes to the field of sustainable chemistry by presenƟng innovaƟve 

electrocatalyƟc strategies for ammonia synthesis. The research findings highlight the potenƟal 

of Cu and Ti-based catalysts, the advantages of flow-cell configuraƟons, and the beneficial 

effects of lithium enrichment, paving the way for more efficient and environmentally friendly 

ammonia synthesis technologies. 
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RRESUM 

 
La transició cap a una economia sostenible i neutral en carboni és crucial a degut a les 

preocupacions creixents sobre les emissions excessives de gasos d'efecte hivernacle, el canvi 

climàƟc i la necessitat d'un ús efecƟu de les fonts d'energia renovable. La conƟnuada 

dependència dels combusƟbles fòssils ha comportat un augment significaƟu del CO2 i d'altres 

gasos d'efecte hivernacle, contribuint a l'escalfament global i a greus impactes del canvi 

climàƟc. Per miƟgar aquests efectes, és imprescindible desenvolupar sistemes energèƟcs 

sostenibles que puguin capturar i emmagatzemar energia renovable de manera eficient. 

Aquesta tesi explora la síntesi de productes nitrogenats de valor afegit, especialment amoníac, 

mitjançant sistemes electrocatalíƟcs avançats, abordant la urgent necessitat d'una producció 

sostenible d'amoníac essencial per a l'agricultura, la indústria i com a potencial portador 

d'energia. 

El concepte Power-to-X implica converƟr l'electricitat renovable en combusƟbles sintèƟcs i 

productes químics neutres en carboni, com ara hidrogen, gas natural sintèƟc, combusƟbles 

líquids i amoníac, que poden ser emmagatzemats i uƟlitzats com a portadors d'energia. 

L'electrocatàlisi contribueix a les tecnologies Power-to-X permetent la conversió eficient 

d’energia elèctrica en enllaços químics, proporcionant així un mètode sostenible per 

emmagatzemar i transportar energia renovable. Els processos electroquímics són 

parƟcularment avantatjosos per el seu baix impacte ambiental, unes condicions operaƟves 

suaus i la seva compaƟbilitat amb fonts d'energia renovable. 

El Capítol 3 invesƟga els efectes sinèrgics de la combinació de materials basats en Cu i Ti com 

a electrocatalitzadors per a la reducció electroquímica del nitrat a amoníac. L'estudi demostra 

que la integració de nanocubs de Cu2O-Cu en substrats de Ti millora significaƟvament el 

rendiment catalíƟc, conduint a majors rendiments i selecƟvitat de NH3. Informacions 

cinèƟques detallades revelen que l'acƟvitat millorada es deu a una millor adsorció i acƟvació 

dels ions nitrat, facilitada per una transferència d'electrons eficient i la estabilització dels 

compostos intermèdis. 

El Capítol 4 avalua l'eficiència energèƟca i l'escalabilitat de les configuracions de cel·les de flux 

en l'electrogeneració d'amoníac. OpƟmitzant el disseny de la cel·la de flux i els paràmetres 
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operaƟus, la invesƟgació demostra millores substancials en l'eficiència energèƟca, amb el 

sistema en tandem que combina catalitzadors basats en Cu i TiO2, assolint alta eficiència 

faradaica i selecƟvitat. Els càlculs d'eficiència energèƟca indiquen que la configuració 

opƟmitzada és econòmicament viable per a aplicacions a gran escala. La viabilitat de la 

implementació a gran escala d'aquests sistemes de cel·la de flux presenta una via 

prometedora per integrar la producció sostenible d'amoníac en processos industrials. 

El Capítol 5 explora l'impacte de l'enriquiment en liƟ en les reaccions d'evolució d'hidrogen 

durant la reducció electroquímica de nitrat. La incorporació de liƟ en catalitzadors d'òxid de 

níquel i d'òxid d'estany mixts limita efecƟvament l'evolució d'hidrogen, millorant la selecƟvitat 

cap a la conversió de nitrat i proporcionant informació sobre el dopatge de catalitzadors per a 

futurs treballs. 

En general, aquesta tesi contribueix al camp de la química sostenible presentant estratègies 

electroanalíƟques innovadores per a la síntesi d'amoníac. Els resultats de la invesƟgació 

destaquen el potencial dels catalitzadors basats en Cu i Ti, els avantatges de les configuracions 

de cel·la de flux i els efectes beneficiosos de l'enriquiment en liƟ, obrint camí cap a tecnologies 

de síntesi d'amoníac més eficients i respectuoses amb el medi ambient. 
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CHAPTER 1 GENERAL INTRODUCTION. 
 

1.1. Research context. 

Ammonia, a compound conformed by nitrogen (N2) and hydrogen (H2) with the formula NH3, has been 

a central component in the development of modern agriculture and industry. Its role extends from 

ancient pracƟces to modern applicaƟons, marking its significance over centuries. In our days, the rapid 

increase in energy demand, along with the changes associated with greenhouse gas emissions, 

requires the support of alternaƟve energy systems that can help to meet this demand. The following 

secƟons have the objecƟve of providing an overview of the challenges that moƟvated the invesƟgaƟon 

of electrochemical generaƟon of NH3 as a free-carbon energy source, together with the state of the 

art of the actual technology to finally define the scope of this thesis. 

 

1.1.1. Energy sources and greenhouse gas emissions. 

The energy sector, encompassing generaƟon, distribuƟon, and consumpƟon, has significantly 

expanded due to exponenƟal populaƟon and economic growth since the Industrial RevoluƟon [1]. The 

urban populaƟon has surged from 746 million in the mid-20th century to 8 billion in 2024, with 

projecƟons reaching 9.8 billion by 2050 [2]. This rapid growth places immense pressure on each 

component of the energy sector. 

One of the key indicators of this pressure is the rising electricity demand. According to the InternaƟonal 

Energy Agency (IEA), global electricity demand increased by nearly 2.4% in 2022, though this growth 

slowed to 2.2% in 2023 [3]. This trend underscores the challenges in meeƟng the energy needs of a 

rapidly expanding populaƟon and urbanizing world. However, with the increasing electricity demand, 

there are significant implicaƟons for CO2 emissions. The IEA also reports that global energy-related CO2 

emissions rose by 1.1% in 2023, increasing by 410 million tons (Mt) to a record high of 37.4 billion tons 

(Gt). This compares to a 1.3% increase in 2022, where emissions grew by 490 Mt, with over 65% of this 

rise aƩributed to coal [4]. These values highlight an ongoing strain on both energy resources and the 

environment, emphasizing the urgent need for sustainable soluƟons. 

In addressing these challenges, low-carbon energy sources, including renewables (wind, solar, 

hydroelectric) and nuclear, are projected to account for 46% of the world's electricity generaƟon by 

the end of 2026, up from 39% in 2023 according to projecƟons of the IEA [3]. Although renewable 

energy is growing impressively in many parts of the world, it is sƟll insufficient to achieve net-zero 

emissions by mid-century [4] and other alternaƟves must be addressed. Figure 1.1 represents the 
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evoluƟon of energy consumpƟon by sources [1], [4], [5] illustraƟng the shiŌs and trends within the 

energy sector over Ɵme. 

 

 

Figure 1.1 EvoluƟon of energy demand distributed by source in the period 1800 to 2022. Data obtained from the 
InternaƟonal Energy Agency. 

 

During the last three decades, many studies have pointed that the greenhouse gas emissions affect 

the planet’s climate [5], with the major contribuƟon of CO2 concentraƟon in the atmosphere directly 

connected to an increase in the average global temperature[6]–[8]. In turn, this increase has been 

correlated to numerous effects on the ecosystems. The correlaƟon between tradiƟonal energy 

systems, CO2 emissions, and the increase in average temperature has captured global aƩenƟon. This 

led to the 2015 Paris Agreement, where 195 countries commiƩed to reducing CO2 emissions. The goal 

is to keep global temperatures below 2°C above pre-industrial levels, striving for a 1.5°C limit [9], [10]. 

Recognizing that economic growth requires increased energy consumpƟon underscores the urgency 

of transiƟoning to sustainable energy sources. It is crucial to address the negaƟve impacts of tradiƟonal 

energy systems on our climate and ecosystems to responsibly and sustainably meet rising global 

energy demands and follow the internaƟonal agreements. 
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1.1.2. Transforming energy systems. 

To help miƟgate global climate change and achieve the objecƟves of internaƟonal agreements, global 

energy demand should be covered with a secure, affordable, and reliable energy supply that ensures 

reduced greenhouse gas emissions [11], [12]. MeeƟng global energy demand in as sustainable way will 

require both increased energy efficiency of exisƟng carbon-based technologies, and a shiŌ to others 

that can be close the net-zero emissions[13], [14]. By IntegraƟng renewable energy into these 

tradiƟonal systems contributes to a more sustainable energy supply, reducing the consumpƟon of non-

renewable energy and consequently lowering the emission of greenhouse gases [14]. 

In 2022, the total greenhouse gas emissions of the European Union (EU); excluding land use, land-use 

change, and forestry, and internaƟonal aviaƟon; decreased by 2.4% compared to 2021. This reducƟon 

conƟnues the 30-year descending trend of emissions in the EU. Among several reasons, this reducƟon 

in CO2 emissions was possible by the implementaƟon of renewable energy sources, with a record high 

of around 60 GigawaƩs of wind and solar installaƟons according to a REPORT FROM THE COMMISSION 

TO THE EUROPEAN PARLIAMENT AND THE COUNCIL EU Climate AcƟon Progress Report 2023[15]. 

In the specific case of Spain, during 2022 the main sources of renewable energy were wind, solar, 

biofuel and waste, and hydroelectric power, making up 56.4% of the country's total energy producƟon 

(Figure 1.2). These sources generally avoid air, land, or water polluƟon and emit low CO2 (including 

nuclear power), with reduced costs due to technological advances. However, their intermiƩency, 

dependency on climate condiƟons, and storage challenges demand alternaƟves. For instance, 

potenƟal soluƟons include developing chemical energy storage technologies, such as converƟng CO2 

to hydrocarbons and producing nitrogen-energy carriers like NH3. 

 

Figure 1.2 Sources of energy in Spain in 2022. Data obtained from World Energy StaƟsƟcs and Balances, IEA. 
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1.1.3. Powering new technologies.

As previously menƟoned, the intermiƩency of renewable energy sources necessitates alternaƟves to 

smooth the instability of its producƟon. This intermiƩency someƟmes leads to periods where excess 

energy (specifically electric energy) cannot be consumed immediately and is lost. For this reason, 

chemical energy storage systems can uƟlize the surplus electricity from renewable power plants to 

drive chemical or electrochemical reacƟons, producing several types of energy carriers. This method 

captures energy that might otherwise be wasted.

The current compeƟƟve prices of renewable energy present a significant opportunity to transform 

sectors requiring chemicals such as H2, alcohols, and other energy carriers. However, using excess 

renewable energy for chemical storage is only the first stage of this transformaƟon. The second stage 

involves the full producƟon of chemical energy carriers using renewable energy. This approach, known 

as Power-to-X, converts renewable electricity into carbon-neutral syntheƟc fuels, such as H2, syntheƟc 

natural gas, liquid fuels, or syntheƟc energy carriers[16]. Power-to-X also addresses environmental 

problems by transforming certain pollutants such as CO2, nitrogen oxides and oxyanions among others, 

into valuable compounds and energy carriers into a circular economy context[17].

Electrochemical processes are included into Power-to-X technologies and can contribute miƟgaƟng 

the impact of pollutants and add economic value to clean energy use[18]. Figure 1.3 schemaƟcally 

represents this concept.

Figure 1.3 Power-to-X concept for converƟng electricity into carbon-neutral syntheƟc fuels, such as H2, syntheƟc 
natural gas, liquid fuels, or syntheƟc energy carriers.
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1.1.4. Electrochemical processes for the future. 

Electrochemical processes have a low environmental impact, typically operate under mild condiƟons, 

and are well-suited to be coupled with renewable electricity sources for decarbonizaƟon [19]. This 

allows electrical energy to be stored in the chemical bonds of various substances, including H2, 

alcohols, and others. 

Among these substances, H2 has aƩracted special aƩenƟon as a high-energy dense fuel/energy carrier 

(gravimetric energy density: 143 MJ·kg-1) and an environmentally friendly alternaƟve to fossil fuels[20] 

when it is produced using renewable energy sources (green-H2)[21]. Its use in the transportaƟon and 

electricity sectors can significantly reduce carbon emissions. AddiƟonally, its compaƟbility with the 

actual natural gas infrastructure makes H2 an aƩracƟve opƟon for the future [22]. 

Although hydrogen's high gravimetric energy density makes it a promising energy carrier for weight-

sensiƟve applicaƟons, its low volumetric energy density presents challenges for storage and 

transportaƟon (refer to Figure 1.4). Storing H2 as compressed gas is inefficient because of its lightest 

molecular weight and very low density, with 1 kg of gas occupying over 11 m³ at room temperature 

and atmospheric pressure. To be viable for large-scale storage, the storage density must be increased, 

which increases risk factors such as heat, pressure, and process complexity. To understand this, 

compressed gas storage systems require storage compartments and compressors, and large amounts 

of gaseous H2 are typically stored at pressures not exceeding 100 bar above ground and 200 bar 

underground. Even at 100 bar and 20°C, hydrogen gas density is only about 7.8 kg·m³, leading to large 

storage volumes and high investment costs. On the contrary, liquefying H2 increases its density 

significantly, with saturated liquid hydrogen at 1 bar having a density of 70 kg·m³. While this high 

density is advantageous for transporƟng, the liquefacƟon process is energy-intensive due to its low 

boiling point (−250°C at 1 bar) and the need for precooling with liquid nitrogen [23]. This makes the 

storage of liquid hydrogen as well costly and complex. To harness the benefits of hydrogen's 

gravimetric energy density while addressing the issues related to volumetric energy density, ongoing 

efforts focus improving hydrogen storage methods and system efficiency as will see next. 

An alternaƟve to storing H2 as a final product is to store it as NH3, which has a higher volumetric energy 

density of about 12.7 MJ·L-1 compared to hydrogen's 10.1 MJ·L-1 [1] (both in liquid forms). NH3 can be 

easily liquefied by increasing the pressure to about 10 bar at room temperature or by cooling it to -

33°C at 1 bar. AddiƟonally, NH3 is safer and easier to store and transport due to its low vapor pressure 

and high boiling point [25], [26], all this with the advantage of being compaƟble with exisƟng 

infrastructure. 
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Figure 1.4 plots the volumetric energy density vs. the gravimetric energy density of some common 

energy carriers. Although NH3 shows the lowest gravimetric energy density among the compounds in 

the figure, it is the only non-carbon energy carrier of the group besides hydrogen.  

Building up on the advantages of having NH3, it is worth exploring into the available methods for 

producing it using renewable energy sources. In the next secƟons we will introduce important aspects 

of NH3 as an alternaƟve energy/hydrogen carrier and in the industry as commodity. 

 

 

Figure 1.4 Energy density vs specific energy of common fuels. Data obtained from [24], [25], [27], [28] 

 

1.1.5. Ammonia in the past, present and future. GeneraƟon of NH3 and CO2 emissions. 

Ammonia or nitrogen trihydride is a colorless, poisonous gas with a strong 

nervous odor. It occurs in nature, primarily by anaerobic decay of plants 

and animal maƩer. Some plants, mainly legumes, in combinaƟon with 

rhizobia bacteria use atmospheric nitrogen to produce NH3.  
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Historically, NH3 has an extended variety of uses, including very early civilizaƟons that uƟlized 

ammonium chloride (NH4Cl) in dyeing and metallurgy. It was isolated in the 18th century by the 

chemists Joseph Black, Peter Woulfe, Carl Wilhem Scheele, and Joseph Priestley in 1785 and Claude 

Louis Berthollet determined its elemental composiƟon. 

In our days, the use of NH3 is extensive, parƟcularly in agriculture, where it is crucial for ferƟlizer 

producƟon (around 70% of the total amount[29]). These compounds are the main source of nitrogen 

(a macronutrient) used for plants to grow, being this way essenƟal for food producƟon (Table 1.1). 

 

N-based ferƟlizer 
N% by 

weight 
Precursors 

NH3 82% H2, N2 

Urea – CO(NH2)2 46% NH3, carbon dioxide (CO2) 

Ammonium nitrate – NH4NO3 34% Nitric acid (HNO3), NH3 

Calcium ammonium nitrate – Ca(NO3)2(NH4)2 27% Calcium carbonate (CaCO3), NH4NO3, H2O 

Urea ammonium nitrate – H2ONH3HNO3CO(NH2)2 30% NH3, NO3, CO(NH2)2, H2O 

Diammonium phosphate – (NH4)2HPO4 18% NH3, phosphoric acid (H3PO4) 

Monoammonium phosphate – (NH4)H2PO4 11% NH3, phosphoric acid (H3PO4) 

Ammonium sulphate – NH4SO4 21% NH3, sulfuric acid (H2SO4) 

Table 1.1 Nitrogen content of typical NH3-derivaƟve ferƟlizers. Represented from Table 1.1 from reference [30] 

 

Along with ferƟlizers producƟon, NH3 plays a crucial role in various industrial processes, where 

approximately 30% of global demand is for a range of industrial applicaƟons, including plasƟcs, 

explosives, pharmaceuƟcal products among others, and as well a role in refrigeraƟon and wastewater 

treatment processes[30], [31]. 

Although NH3 producƟon is currently massive, its syntheƟc generaƟon at industrial scale was not 

possible unƟl the second decade of the 20th century [32]. This was due that N2 molecule is extremely 

stable as consequence of strong triple bond, which has a bond-dissociaƟon energy of approx. 941 

kJ·mol-1 [33]. Breaking this bond requires a large acƟvaƟon energy, making difficult to conduct the 

reacƟon under mild condiƟons of pressure and temperature. For this reason, when Fritz Haber and 

Carl Bosch introduced the Haber-Bosch process (H-B) pointed a complete change of paradigm of NH3 

producƟon. This industrial process revoluƟonized agriculture by enabling the mass producƟon of NH3 

from atmospheric N2 and H2 gas under high pressure and temperature, using an iron (Fe) and later a 

ruthenium (Ru) catalyst. This innovaƟon provided an abundant source of NH3-based ferƟlizers, 

addressing the global food shortages and catalyzed NH3 transformaƟve impact. 
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Figure 1.5 SchemaƟc diagram of Haber-Bosch process. Inspired from reference [32]. 

 

In the H-B process (schemaƟcally represented in Figure 1.5) the system is supplied with H2, typically 

produced from methane through Steam Methane Reforming (SMR), and N2, which completes the gas 

mixture. This gas mixture is then compressed to pressures of 100 to 450 bars and fed into the Fe or Ru 

fixed-bed reactor operaƟng at temperatures between 400 and 500°C. Only about 15-20% of the feed 

gas is converted to NH3. The reactor effluent is then cooled to ambient temperature to condense the 

NH3 and the remaining gas is recycled back into the bed reactor.  

The H-B process faces some important drawbacks: 

(1) Energy intensive: H-B requires high temperatures (400 - 500°C) and pressures (100 – 450 bar) to 

synthesize NH3[34], making it highly energy-intensive. This energy is typically supplied by non-

renewable energy sources consuming 1 % to 2 % of the global energy supply annually[35]. (2) 

Greenhouse gas Emissions: The H2 required for the H-B process is primarily produced via SMR, which 

emits a global average of 2.9-ton carbon dioxide (CO2) per ton NH3[36], resulƟng in one of the major 

contributors to global carbon emissions. (3) Scalability Issues and dependence on fossil fuels: The 

process is designed for large-scale producƟon, which limits its flexibility and makes it less suitable for 
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decentralized or small-scale applicaƟons. Along with this, the process is not well suited for batch 

operaƟon, making it difficult to integrate with renewable energy sources[37]. 

In the future, NH3 is set to play a significant role in various alternaƟve sectors to those menƟoned due 

to its potenƟal as an energy/hydrogen carrier. This includes its use in internal combusƟon engines and 

gas turbines, etc. AddiƟonally, the concept of green-NH3 (produced with zero or net-zero emissions) 

posiƟons it as an acƟve parƟcipant in the decarbonizaƟon of the global energy system expected for 

2050[38]. 

Figure 1.6 illustrates the demand for NH3 in 2020, expressed in Mton of nitrogen, and provides a 

perspecƟve on future demand of the global energy system, considering both Sustainable and Net-Zero 

scenarios[30]. Notably, in the ideal Net-Zero-emissions scenario, it is expected that around 50% of the 

total NH3 demand will come from its use as an energy carrier. 

 

 

Figure 1.6 Actual and future demand of NH3 expressed in Mton of Nitrogen. This is a work derived by Marcelo Chavez from 
IEA material and Marcelo Chavez is solely liable and responsible for this derived work. The derived work is not endorsed by 
the IEA in any manner. Source[30]. 
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1.1.6. GeneraƟon of NH3 and CO2 emissions. 

The current technology used for NH3 producƟon generates about 450 Mton of CO2 annually (about 

1.3% of global CO2 emissions) and consumes 1–2% of the total global energy producƟon according to 

the IEA. This is because about 22% of its producƟon is coal-powered, which duplicates the amount of 

emiƩed CO2 if compared with natural gas-based producƟon[30]. 

 

 

Figure 1.7 EvoluƟon of CO2 emissions for NH3 technologies from 2000 to 2050. Adapted from[39]. BAT - Best Available 
Technology. CCS - Captured and Stored Carbon. HFO – Heavy Fuel Oil. 

 

Figure 1.7 illustrates the current and expected evoluƟon of energy consumpƟon and associated CO2 

emissions for NH3 technologies from 2000 to 2050. Among current processes, the coal-based H-B 

process has a high energy requirement of about 12 MWh per ton of NH3[39]. Progressive system 

developments, including the replacement of the coal-based H-B process with the Best Available 
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Technology (BAT) using Heavy Fuel Oil (HFO), Naphtha, and SMR show improved system efficiencies. 

The BAT-SMR process has shown a significantly reduced carbon footprint (1.5 tons CO2 per ton of NH3) 

and improved energy efficiency (8 MWh per ton of NH3), making it the most efficient H-B plant in 

operaƟon. In contrast, NH3 producƟon via direct electrolysis, despite its low CO2 emissions, sƟll shows 

a high energy consumpƟon (12 MWh per ton of NH3) compared to the current BAT-SMR process. 

However, by 2050, it is anƟcipated that NH3 producƟon from direct electrolysis will achieve improved 

system efficiency (with approx. zero-CO2 emissions and around 8.5 MWh per ton of NH3 of energy 

consumpƟon), and with nuclear-powered NH3 synthesis expected to offer the most efficient 

technology. 

Without the improvement in efficiency and the transiƟon from the coal based H-B processes, as well 

as from fossil fuels to renewable energy sources and beƩer technologies, emissions will keep growing 

joined to the increased demand of NH3, already situated as the second most consumed commodity 

among industrial chemicals[40]. 

In the previous secƟons, we menƟoned that electrocatalysis is an integral part of the Power-to-X 

concept. Notably, the technology referred to as “Electrochemical” in Figure 1.7 corresponds to the 

direct electrocatalyƟc generaƟon of NH3 from N2. This promising ongoing development process aims 

to achieve the full electroreducƟon of the N2 molecule to NH3 using water or other sources of hydrogen 

under milder condiƟons than the H-B process. In the next secƟon, we will discuss this technology in 

more detail. 

 

1.2. N2 electrochemical fixaƟon for producing NH3. What is the problem here? 

The energy-intensive nature, complexity, and environmental impact of the H-B process drive the search 

for alternaƟves that enable the reacƟon of N2 and H2 under milder condiƟons. In this context, 

advancements in sustainable chemistry have explored the aqueous electrochemical reducƟon of N2 

(eN2RR) as a promising alternaƟve. The eN2RR employs electrocatalysis to convert N2 to NH3 or to the 

protonated ammonium (NH4
+) under ambient condiƟons, promising a sustainable soluƟon with lower 

energy requirements and a reduced carbon footprint. The eN2RR involves the direct reducƟon of N2 

gas to NH3 using electrical energy (e-) and H2O as the source of protons (H+). The overall reacƟon is 

represented in EquaƟon 1.1. 

  (U°= 0.275 vs Standard Hydrogen Electrode)  1.1 

   (U°= 0.000 vs Standard Hydrogen Electrode)  1.2 
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As presented in Figure 1.8 eN2RR can follow several direct and indirect reacƟon mechanisms. Direct 

NH3 synthesis follows dissociaƟve and associaƟve pathways, differenƟated by either direct dissociaƟon 

of the triple bond of N2 or by protonaƟon of the adsorbed N2 molecule, respecƟvely. The H-B process 

corresponds to a dissociaƟve pathway, which requires high input energy of 941 kJ·mol−1, and involves 

the hydrogenaƟon of dissociated nitrogen using H2. In the case of the associaƟve pathway, it involves 

a six proton-coupled electron transfer steps, keeping the N‒N bond intact iniƟally and then divided 

into associaƟve alternaƟng and associaƟve distal pathways[41]. In the alternaƟng pathway, 

hydrogenaƟon occurs on both nitrogen atoms simultaneously, while in the distal pathway, it occurs 

sequenƟally, with the first ammonia molecule being released before the second nitrogen is 

protonated. AddiƟonally, the Mars–van Krevelen (MvK) mechanism which occurs on transiƟon metal 

nitrides[42]. 

 

Figure 1.8 NH3 synthesis mechanisms. Reprinted from source[43]. 

 

Although eN2RR represents as a very promising technology for producing NH3, it sƟll faces several 

limitaƟons that confines the technology at laboratory scale. One major challenge is the already 

menƟoned high stability of the triple bond in the N2 molecule, which is of the most inert diatomic 

molecules that adds complexity to electrochemical reducƟons[33]. 



Chapter I. IntroducƟon 

15 

In addiƟon to the bond stability, a second limitaƟon is found in the very low solubility of the molecule 

in water base electrolytes. The solubility of N2 in water at normal condiƟons is approx. 20 mg·L-1, a very 

low value that derives in mass transport limitaƟons that restrict the rate at which N2 can be supplied 

to the catalyst surface for reducƟon[44]. Enhancing the solubility of N₂ or improving mass transport 

within the electrolyte can help miƟgate this issue. Approaches such as using gas-diffusion electrodes 

(GDE) or designing electrolytes that have beƩer N2 solubility are acƟvely under research. Another 

significant limitaƟon inherent to aqueous electrolysis is that eN2RR has a standard reducƟon potenƟal 

very close to that of the hydrogen evoluƟon reacƟon (HER)[44]. AddiƟonally, eN2RR is kineƟcally more 

complex than HER. While HER only requires the reducƟon of two protons (EquaƟon 1.2), eN2RR 

involves the adsorpƟon and spliƫng of N2, followed by its reacƟon with six or eight protons to produce 

NH3 or ammonium (NH4
+), respecƟvely[45]. 

Another significant challenge is the absence of an effecƟve catalyst that combines selecƟvity, high 

catalyƟc acƟvity, and stability under operaƟonal condiƟons. Designing such materials is complex, as 

many catalysts suffer from poisoning and degradaƟon due to reacƟon intermediates and by-

products[33]. 

All these factors combined directly impact the efficiency of the eN2RR process. However, in the recent 

years, research efforts have been succeeded in overcoming many of the menƟoned challenges. Several 

types of electrocatalyst have shown excellent results in terms of current efficiency, reaching values 

close to 70% for the direct eN2RR[46] but maintaining low producƟviƟes. 

 

1.3. NO3
- and NO2

- as pollutants and as a nitrogen source. 

NO3
- and NO2

- are nitrogen oxyanions with oxidaƟons stages of 5+ and 3+ respecƟvely. They are key 

components of the nitrogen cycle, also essenƟal for agricultural producƟvity and environmental 

health. However, the extensive use of nitrogen-based ferƟlizers has led to significant nitrate polluƟon, 

which poses threats to both ecosystems and human health[47], [48]. In the specific case of the EU, the 

average NO3
- concentraƟon in groundwaters did not change significantly from 2000 to 2021 despite 

the changes in legislaƟon. In fact, it has not been reduced the number of groundwater monitoring 

staƟons with NO3
- concentraƟons greater than 50 mg·L-1 (or 50 ppm). Figure 1.9 shows the NO3

- 

concentraƟons in groundwater for the period 2016 – 2019, classifying the type of water by 

concentraƟon of the pollutant. All EU-27 countries had some groundwaters with reported NO3
- 

concentraƟons above the maximum allowable of 50 ppm of NO3
-. At present, there are several physical 

and chemical treatment methods on the market, such as electrodialysis, reverse osmosis, ion 
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exchange, and others which can be used only to collect NO3
- from wastewater resulƟng in the 

accumulaƟon of high-concentraƟon NO3
- brines for aŌer treatment [17]. For instance, finding a route 

for NO3
- and NO2

- reconversion to N2, or to value-added products such NH3, is highly desirable. NO3
- 

electrochemical reducƟon (NO3
-RR) along with its complementary NO2

-RR to NH3 have recently 

became trend research, poinƟng to be an alternaƟve to eN2RR given its dual-benefit soluƟon: it 

removes the harmful NO3
-/NO2

- ions from water sources and produces valuable NH3 offering at the 

same Ɵme, the opƟon of being powered by renewable energy sources. As is the case of N2 reducƟon, 

NO3
-RR involves complex pathways where a total of eight electrons are required for the complete 

reducƟon to NH3. Details of the pathways and condiƟons have been studied during the last years, 

giving an overview of the key factors governing the reacƟon that will be presented in the further 

secƟons. 

 

Figure 1.9 NO3- in Groundwater - Nitrates DirecƟve reporƟng period 7 (2016-2019) from the European Environment Agency 
(EEA). Class 1 represents concentraƟons that are below 25 ppm, Class 2 from 25 to 40 ppm, class 3 from 40 to 50 ppm and 
Class 4 >50 ppm maximum allowable concentraƟon.  

 

1.4. NO3
-RR to NH3. An opportunity for restoring the nitrogen cycle. 

The NO3RR has both a lower bond energy of N – O (204 kJ·mol-1) and a higher theoreƟcal reducƟon 

reacƟon potenƟal (0.69 V vs. RHE), compared with eN2RR, ensuring a high selecƟvity due to the distant 

reducƟon potenƟal to the compeƟng HER[49]. This represents a thermodynamical advantage which 

allows a reachable route for NH3 electrogeneraƟon under mild condiƟons. Based on the previous 
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menƟoned consideraƟons, NO3
-RR to NH3 provides a promising soluƟon for restoring the balance of 

the global nitrogen cycle along with the applicaƟon of the circular economy menƟoned above. 

However, calculaƟons performed at molecular level has concluded that a slow NO3
- reducƟon kineƟcs 

can be expected, due to the high energy of the lowest unoccupied molecular π* orbital of NO3
- 

molecules, resulƟng in a high acƟvaƟon energy. This has been experimentally corroborated during the 

study of the reacƟon with several materials. Therefore, the slow kineƟcs of the reacƟon is an intrinsic 

property of the reacƟon to be taken into account[50]. 

 

Figure 1.10 NO3- Pourbaix diagram. Reprinted from reference [51]. 

 

There is wide pH range where NO3
-RR to NH3 can be conducted (Figure 1.10), with dependance on the 

specific catalyst or other operaƟve condiƟons. Studies have been carried out from extreme and 

moderate acidic condiƟons[52], [53], neutral[54], [55] to highly alkaline condiƟons[56], [57]. The HER 

is pH-dependent[58]. For instance, this reacƟon competes for the acƟve sites of the catalyst with the 

NO3
-RR. Although is not in all cases, current efficiencies of HER are normally higher in acid pH than in 

alkaline and consequently can reduce the overall efficiency towards NH3. This because of the high 

availability of protons (H+) in the soluƟon. In contrast, as it will be discussed in the next secƟon of 

reacƟon mechanisms, when NH3
-RR is conducted in acidic media, several steps are proton-coupled 

electron transfer reacƟons, consuming H+ and producing OH- ions during the process[59]. This 

produces an increase of pH along the progress of the reacƟon modifying the iniƟal condiƟons. For 
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electrode materials opƟmized for operaƟng under acidic condiƟons, alkalinizaƟon of the electrolyte 

could limit efficiency and conducts to the generaƟon of byproducts (nitrogen oxides – NO, N2O, NO2) 

or to deacƟvaƟon of acƟve sites given morphological changes or oxidaƟon state. For electrolysis 

conducted in alkaline media, the reducƟon of NO3
- ions to NH3 with 100% of current efficiency has 

been demonstrated even in the absence of H+ as source of hydrogen[60], [61]. pH fluctuaƟon and 

effects sƟll require further studies; however, it seems clear that the opƟmal pH has a strong 

dependency on the catalyst to be uƟlized for the reacƟon. 

 

1.4.1. NO3
-RR to NH3 reacƟon pathways. 

Under alkaline condiƟons, NO3
-RR to NH3 is conducted to a series of electron transfer reacƟons that 

occur in the presence of hydroxide ions (OH-). The process is strongly influenced by the pH 

environment, which affects both reacƟon kineƟcs and stability of intermediates (Figure 1.11). 

 

Figure 1.11 NO3-RR to NH3 when alkaline condiƟons are applied. 

 

This pathway involves stepwise electron transfer, converƟng NO3
- to NO2

-, then to nitric oxide (NO), 

hydroxylamine (NH2OH), and finally to NH3[62]–[65]: 

  (AdsorpƟon of NO3
- to an acƟve site *)    1.3 

         1.4 

        1.5 

        1.6 

 

1.3 to 1.6 reacƟons correspond to the RDS of the overall NO3
-RR, this was corroborated by several 

authors which in general terms aƩributes the formaƟon of NO2
- intermediate as the limiƟng step. 

 

         1.7 

        1.8 

         1.9 
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Steps 1.7 to 1.9 correspond to the formaƟon of nitric oxide, which is the second meta-stable 

intermediate, from where other products can be formed. 

 

          1.10 

        1.11 

         1.12 

        1.13 

         1.14 

        1.15 

 

Steps 1.10 to 1.15 correspond to the formaƟon of hydroxylamine as one of the potenƟal reacƟon 

products. Experimental condiƟons can be adapted to conduct the reacƟon on this direcƟon. 

 

         1.16 

        1.17 

        1.18 

          1.19 

Steps 1.16 to 1.19 correspond to the final reducƟon of NH2OH to NH3. 

The full reacƟon at alkaline condiƟons is summarized in EquaƟon 1.20. 

 

     1.20 

 

1.4.2. NO3
-RR to NH3 under acidic condiƟons. 

Under acidic condiƟons the high concentraƟon of H+ in the soluƟon corresponds to the source of 

hydrogen atoms that form NH3. The HER can be favored by the massive presence of protons in soluƟon. 

Similar to the alkaline pathway, this one involves a stepwise electron transfer, converƟng NO3
- to NO2

- 

(RDS), a further formaƟon of *NO, *NH2OH intermediates, and finally the reducƟon to NH3 (Figure 

1.12). 

 

Figure 1.12 NO3-RR to NH3 when acidic condiƟons are applied. 
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The pathway is summarized in steps 1.21 to 1.26[2]. 

          1.21 

        1.22 

       1.23 

       1.24 

          1.25 

 

The full reacƟon at acidic condiƟons is the EquaƟon 1.26.  

 

      1.26 

 

1.4.3. CondiƟons affecƟng the NO3
-RR to NH3. 

The NO3
-RR to NH3 is influenced by several condiƟons that affect the reacƟon's efficiency, selecƟvity, 

and overall performance. In this secƟon, we analyze some key condiƟons that impact the process. 

(a) ConcentraƟon of NO3
-: 

The iniƟal concentraƟon of NO3
- influences both the kineƟc and current efficiencies of NO3

-RR to NH3. 

Higher concentraƟons can lead to increased current densiƟes, however, may also conduct to side-

reacƟons. An opƟmal concentraƟon of nitrate ensures there is enough reactant at the acƟve sites while 

minimizing mass transport limitaƟons, essenƟal for maintaining high efficiency. At lower 

concentraƟons, the process may suffer due to limited availability of NO3
- ions. For nitrate 

concentraƟons less than 1M, direct reducƟon mechanisms are favored, whereas concentraƟons 

greater than 1M, parƟcularly in the presence of nitrite, tend to support indirect reducƟon mechanisms. 

AddiƟonally, in alkaline condiƟons, the abundance of OH- ions helps stabilize intermediates and 

enhance electron transfer, promoƟng the direct reducƟon pathway. 

It is crucial to consider the iniƟal concentraƟon of the nitrate electrolyte when evaluaƟng conversion 

or faradaic efficiency, as this affects the mass transfer rate in the soluƟon and the coverage of nitrate 

on the electrode surface. At higher concentraƟons, the reacƟon rate is largely dependent on the 

availability of effecƟve acƟve sites. In contrast, at lower concentraƟons, the efficiency is more 

influenced by the transport of nitrate to the catalyst surface. 

Given the broad applicaƟons and compaƟbility of nitrate reducƟon catalysts, a thorough invesƟgaƟon 

into varying iniƟal nitrate concentraƟons is recommended to opƟmize performance and efficiency. 
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(b) Working electrode potenƟal (UW).

The applied electrode potenƟal influences the reducƟon steps and the overall reacƟon pathway. Each 

reducƟon step (NO3
⁻ to NO2

⁻, NO2
⁻ to NO, NO to NH2OH, and NH2OH to NH3) requires specific potenƟals 

to proceed efficiently[67]. This UW must be sufficient to drive these reducƟons while avoiding excessive 

overpotenƟals that could lead to side reacƟons, parƟcularly the HER. Understanding this, the standard 

reducƟon potenƟals (U0) for NO3
⁻RR to NH3 based on thermodynamic simulaƟon for both acidic and 

alkaline extreme condiƟons are[51]:

Figure 1.13 shows the variaƟon of Faradaic Efficiency and current density at different applied 

potenƟals for a series of electrodes. In most cases, the range of applied potenƟals forms a volcano 

shape with a peak, indicaƟng the opƟmal applied potenƟal for that electrode and process among the 

various parameters.

Figure 1.13 Influence of the applied potenƟal in a) Faradaic Efficiency to NH3 and b) NH3 ParƟal current density. Reprinted 
from reference [68].

b

a
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1.4.4. Electrocatalyst surface and State-of-the-art electrocatalysts for NO3
-RR to NH3. 

Along with the pH, NO3
- concentraƟon and UW, the electrocatalyƟc surface strongly affects both 

efficiency and selecƟvity to NH3 during the reacƟon. Factors such as adsorpƟon, acƟvaƟon, and 

intermediate stabilizaƟon are directly correlated with the idenƟty of the acƟve sites within the catalyst. 

TransiƟon metals (TM) or d-band metal group is the more extensively studied group in electrocatalysis. 

The name of the group is given due that the d-orbital is the outer most filled with electrons orbital. 

These d-orbitals are normally semi filled, which allow them to both donate and accept electrons easily 

from other molecules and conduct reacƟons through more energeƟcally favorable intermediate states. 

For instance, TM-based catalysts, parƟcularly those involving Cu combined with other metals like Ti, V, 

Cr, Mn, Fe, and Co, have been extensively reported for NO3
-RR to NH3 due to their ability to lower the 

acƟvaƟon energy for NO3
- dissociaƟon and subsequent reducƟon steps. A probe of this is the 

dissociaƟve – associaƟve mechanism, recently proposed by X. Zheng e.al[62]. According with this study 

the NO3
- undergoes iniƟal bond breaking (dissociaƟon) followed by the hydrogenaƟon (associaƟon), 

highlighƟng the importance of the catalyƟc surface in breaking the N-O bond before hydrogenaƟon. 

Cu-base combined with other TM used as models for the study exhibit low limiƟng potenƟals, making 

them efficient for NO3
-RR. As depicted in Figure 1.13 most of the recent catalysts used for NO3

-RR to 

NH3 are TM-based (with excepƟon of the last group of non-metallic). However it is interesƟng to 

highlight the work presented by X. Deng et al.[69], where using a catalyst based on Co nanoarrays 

reached and impressive parƟal current density of approx. 2 A·cm-2 towards NH3, almost 6 Ɵmes higher 

than the next (CoP NAs/CFC) included in the figure. 

Another important group to highlight is the TM-compound catalysts, including TM-Oxides and their 

combinaƟons. These materials are characterized by their variable oxidaƟon states and proven catalyƟc 

acƟvity for NH3 electrogeneraƟon. Similar to pure TM, the d-orbitals in TM-composites can parƟcipate 

in the donaƟon and back-donaƟon of electrons, which is essenƟal for weakening the N-O bond and 

facilitaƟng the water dissociaƟon process (a source of hydrogen). AddiƟonally, surface defects, such as 

oxygen vacancies (OV) can be created in TM-compounds like oxides (CuO or TiO2 catalysts). These 

defects create acƟve sites that significantly enhance NO3
- reducƟon by providing specific acƟve sites 

for NO3
- adsorpƟon and acƟvaƟon[70], [71]. Density FuncƟonal Theory (DFT) calculaƟons have shown 

that the presence of these defects can reduce the acƟvaƟon energy of intermediate species and 

improve the overall reacƟon kineƟcs[72]. Many of these TM-compounds are depicted in Figure 1.13. 

However, despite the high faradaic efficiency demonstrated by most TM-compounds included, the 

parƟal current densiƟes towards NH3 are lower than 100 mA·cm-2 for all components of the group. 

This is because most of them are oxides with lower conducƟvity than their respecƟve pure metal 

components. 
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TM - compound catalysts 
TiO2 (OV)[70] 
TiO2−x [73] 
BiFeO3 [74] 
BiOCl nanocrystals [75] 
Co2AlO4 nanoarrays [76] 
CuCo2O4/CFs [77] 
NiCo2O4/CC [78] 
CoOx nanosheets [79] 
CoP PANSs [80] 
CoP nanorings [78] 
CoP NAs/CFC [81] 
Cu2O [82] 
CoBx NPs [83] 
 
TM - SAC 
Fe SAC [84] 
Fe-PPy SAC [61] 
Co SAC [85] 
Cu–N4 [86] 
Cu–N–C [87] 
Cu-cis-N2O2 [88] 
Cu SAC [89] 
BCN@Cu/CNT [90] 
BCN–Cu [91] 
Fe@C-900 [92] 
 
Non-noble metal catalysts 
Cu Nanosheets [60] 
Cu-NPs-111 [93] 
FOSP-Cu0.1 [94] 
Co nanoarrays [95] 
Cu50Ni50 [69] 
NiCu@N–C/NF [96] 
 
TM composite catalysts 
Core–shell Cu [97] 
Cu/TiO2−x [98] 
Cu/Cu–Mn3O4 NSAs/CF[99] 
CuO/Cu2O NWs [100] 
 
Non-metallic catalysts 
NTCDA-LIG [101] 
N-doped carbon (NDC) [102] 
 

Figure 1.14 NH3 ParƟal current density vs NH3 Faradaic Efficiency of Recent catalyst used for NO3-RR to NH3. 

 

In the recent years Single-atom catalysts (SACs) have emerged as very funcƟonalized catalysts and the 

applicaƟon in NO3RR to NH3 is extensive. These type catalysts are composed by isolated metal atoms 

dispersed on a support material combining the advantages of single and composite catalysts. The 

surface properƟes of SACs, including the electronic structure and coordinaƟon environment can be 

finely tuned by the support material, which also influences the catalyƟc acƟvity[103]. SACs 

demonstrate excepƟonal selecƟvity for NH3 producƟon due to their well-defined acƟve sites. The 

precise coordinaƟon environment around the single metal minimizes generaƟon of byproducts such 

as nitrogen oxides (NOx) and nitrogen gas. During recent years SAC based on Cu and Fe were uƟlized 
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for NH3 electrogeneraƟon, highlighƟng the work performed by W.-D. Zhang et al.[84], which uƟlizing a 

Fe-SAC reached faradaic efficiencies higher than 90% towards NH3 and an important enhance in parƟal 

current density towards NH3 (>170 mA·cm-2). 

Figure 1.13 illustrates some state-of-the-art materials used in recent years for NH3 electrogeneraƟon 

from NO3
-. The figure aims to showcase the recent advancements in terms of parƟal current density 

for different groups of materials, including TM, TM-composites, and composites, along with pure 

metals and non-metallic catalysts. In recent years, the faradaic efficiency towards NH3 has reached 

values close to 100% for many materials. However, other parameters, such as producƟvity (linked to 

the parƟal current) and energy efficiency, sƟll require improvement and moƟvated this work which 

aims to situate electrogenerated NH3 from NO3
- as a viable alternaƟve to alleviate the effects caused 

by the extensive use of the Haber-Bosch process.  
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1.5. Thesis scope 

Aiming for a carbon-neutral economy and the integraƟon of renewable electricity into the energy 

system, new technologies are being developed to convert electrical renewable energy into chemical 

energy. This doctoral thesis focuses on the experimental invesƟgaƟon of the electrochemical reducƟon 

of nitrate and nitrite to value-added ammonia. The emphasis is placed on the cathodic reacƟon, while 

the anodic reacƟon (water oxidaƟon) is outside the scope of this thesis. The primary goal is to enhance 

efficiency towards value-added chemicals as final energy carriers, requiring the development of a 

system that can operate efficiently and maintain stability over extended periods. 

 

Chapter 1 introduces the project, highlighƟng the significance of ammonia and the current state of 

nitrate electroreducƟon research. Chapter 2 describes the principles and methods of characterizaƟon 

and analysis used throughout the project. Chapter 3 explores the combinaƟon of materials with 

different properƟes to opƟmize the conversion of nitrate to ammonia. Chapter 4 examines the energy 

efficiency of various electrochemical cell configuraƟons. Chapter 5 invesƟgates the impact of lithium 

enrichment on hydrogen evoluƟon during nitrate electroreducƟon. Finally, Chapter 6 summarizes the 

findings and provides an outlook for future research and development in this field. 
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1.6. General ObjecƟves: 

 

Development of Electrochemical Systems for Ammonia ProducƟon from Nitrates: 

To develop of advanced electrochemical systems for the generaƟon of nitrogen-based energy carriers 

from nitrate as a simulated pollutant of water. This involves creaƟng highly acƟve and stable 

electrocatalysts to enhance the efficiency and selecƟvity of the ammonia producƟon process. 

 ExploraƟon and Development of Cu and Ti-based ElectrocatalyƟc Materials: 

To explore and develop electrocatalyƟc materials based on copper (Cu) and Ɵtanium (Ti) 

that can be integrated into electrochemical systems. This includes invesƟgaƟng the 

properƟes and performance of these materials to improve catalyƟc acƟvity and stability. 

 MechanisƟc and KineƟc Processes of nitrate to ammonia electroreducƟon: 

To invesƟgate and understand the mechanisƟc and kineƟc processes involved in the 

electrochemical reducƟon of nitrate to ammonia. This includes studying the reacƟon 

pathways, intermediate species, and factors affecƟng the reacƟon rates and selecƟvity. 

 IntegraƟon of Electrocatalysts into ElectrocatalyƟc Systems: 

To integrate these electrocatalysts into electrocatalyƟc h-cell and flow-cell systems by 

opƟmizing the operaƟve condiƟons. The goal is to maximize the producƟon of ammonia-

energy carriers under various reacƟon environments. 

 OpƟmizaƟon of Electrochemical Systems for Energy Efficiency and Scalability: 

To opƟmize the integrated electrocatalyƟc systems in terms of energy efficiency and 

scalability. This includes evaluaƟng and improving the systems to viable parameters for 

scaling-up ammonia producƟon with minimal energy consumpƟon and environmental 

impact. 

 IteraƟon and Enhancement of ElectrocatalyƟc Systems: 

To conƟnuously iterate and enhance the opƟmized electrocatalyƟc systems, focusing on 

improving material properƟes and catalyƟc performance. This involves ongoing 

development to ensure sustained efficiency, stability, and selecƟvity in the producƟon of 

ammonia and other nitrogen-based compounds with reducing compeƟƟve reacƟons such 

as HER.  
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CHAPTER 2 EXPERIMENTAL METHODS 
 

2.1 IntroducƟon to Chapter 2 

This chapter describes the experimental techniques used during the development of this work. SecƟon 

2.1 describes the catalyst, electrode preparaƟons, and deposiƟon onto the acƟve supports used during 

NOx
-RR. SecƟon 2.2 presents the characterizaƟon techniques of the catalyst and full electrodes. 

SecƟon 2.3 describes the analyƟcal techniques for determining NOx-RR to the most significant 

reactants and products. SecƟon 2.4 details the equipment and methods used for esƟmaƟng the 

electrochemical surface area the intrinsic charge transfer coefficient. SecƟon 2.5 describes the 

electrochemical techniques used for determining the acƟvity, selecƟvity, and producƟvity in terms of 

final products, along with others encompassing the energy efficiency of the full and half-cell. 
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2.2 Catalyst and electrode preparaƟon techniques. 

Three types of catalysts and three acƟve supports were used during the development of this work. 

Chapter 3 describes how Copper-based nanocubes were deposited onto a Titanium substrate, for an 

electrode defined as Cu2O-Cu@Ti. In Chapter 4 TiO2 nanoparƟcles show catalyƟc properƟes when 

deposited onto Cu-based supports in a tandem process for NO3
-RR to NH3. Chapter 5 evaluates the 

effects of caƟons in the electrolyte and Li in the catalyst structure during NO3
-RR for the catalysts 

NiO+SnO2 deposited on a carbon paper. Details of the preparaƟon of electrodes are included in the 

respecƟve chapters. 

 

2.3 CharacterizaƟon techniques. 

The following characterizaƟon techniques were used during the development of this work to 

understand the electrode-electrolyte interface and look for the key to the acƟvity for NO3
-RR. The 

subsecƟons covered the essenƟal informaƟon for evaluaƟng results obtained using the technique. 

Specific details and condiƟons are included in the respecƟve chapters. 

 

2.3.1 Field Emission - Scanning Electron Microscopy (FE-SEM) and Energy Dispersive X-Ray 

Spectroscopy (EDX). 

SEM is a technique uƟlized for high-resoluƟon imaging and analysis of materials at the nanoscale level. 

It operates by employing a focused beam of electrons to generate a magnified image of a sample. The 

electron beam is systemaƟcally scanned in a regular paƩern across the surface of the sample, and the 

electrons emiƩed from the sample are uƟlized to create the image. SEM magnifies nanoparƟcles from 

about 10 Ɵmes up to 300,000 Ɵmes in no-color or arƟficially colored images, and due to depth of field, 

images can appear three-dimensional with minimal penetraƟon of the electron beam into the sample. 

Detectors on SEM can capture two different types of images defined by the type of electrons 

depending on the energy and inelasƟc collision (SE) and elasƟc collisions (BSE). The electron beam 

consists of high-energy electrons generated by an electron gun, which are then processed by magneƟc 

lenses to focus on the specimen surface. As the beam scans across the specimen surface, it illuminates 

each point at a Ɵme in a regular scanning paƩern. The resulƟng image is formed by the strength of the 

signal generated from each point, reflecƟng differences in the sample such as topographical or 

composiƟonal variaƟons. The viewing screen is scanned synchronously with the beam on the 

specimen, establishing a one-to-one relaƟonship between points on the specimen and points on the 

image viewing screen, known as a point-by-point translaƟon. By decreasing the size of the area 
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scanned on the specimen, increased magnificaƟon can be achieved, allowing for a detailed 

examinaƟon of fine features at the nanoscale level[1], [2]. 

EDX is a technique that allows to explore the chemical composiƟon of the electrode surfaces. By 

uƟlizing an EDS X-ray spectrophotometer integrated into SEM setups, this technique enables accurate 

dimensional and elemental analysis of surfaces. The process involves the generaƟon of characterisƟc 

X-rays from a specimen upon electron beam irradiaƟon, with emiƩed X-rays corresponding to the 

elemental composiƟon of the sample. This allows for both qualitaƟve and quanƟtaƟve analysis of 

elemental consƟtuents. With the help of a detector, the X-ray generates a small current, which is then 

converted into a voltage pulse dependent on the X-ray energy[3]. 

 

Figure 2.1 EDX spectroscopy schemaƟc representaƟon. 

 

EDX analysis is capable of detecƟng and quanƟfying elements with atomic numbers larger than Z = 3, 

with Bremsstrahlung X-rays and CharacterisƟc X-rays providing valuable insights into sample 

composiƟon. The low detecƟon limit of EDX analysis in SEM ranges from 0.1 to 0.5 wt.%, making it 

suitable for major and minor element analysis but less sensiƟve for trace-element analysis. Despite its 

non-destrucƟve nature, some materials may experience damage under the electron beam, reason why 

some electrodes cannot be analyzed by this technique. 

 

2.3.2 X-Ray DiffracƟon Spectroscopy (XRD) 

X-ray diffracƟon (Figure 2.2) is uƟlized to analyze the crystalline structure of materials.  It is based on 

the construcƟve interference of monochromaƟc X-rays and the crystalline conformaƟon of the sample. 
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Copper (Cu) stands as the most used X-ray source, generaƟng Cu-Kα X-rays with a wavelength of 1.6529 

Å. During X-ray diffracƟon analysis, the incident X-rays interact with the crystalline structure of the 

sample. At specific angles, X-rays undergo construcƟve interference aŌer reflecƟng off repeaƟng 

crystalline planes, providing valuable informaƟon about the material's atomic arrangement. Bragg’s 

law relates the angle of diffracƟon, or the Bragg angle (θ), and the laƫce spacing (d) between adjacent 

idenƟcal crystal planes to the incident X-ray wavelength (λ) and the diffracƟon order (n) which indicates 

how many crystalline planes are interacƟng. The informaƟon about the material’s crystalline structure 

can be obtained using Bragg´s law, for idenƟfying the specific crystal planes using Miller indices[4].

For metal nanoparƟcles, XRD serves as a tool for esƟmaƟng parƟcle size using the Scherrer equaƟon 

(EquaƟon 2.2). In this equaƟon, τ represents the average size of the crystallite, K denotes the shape 

factor (typically 0.9), λ signifies the wavelength of the X-ray, β indicates the full width of the peak at 

half the maximum, measured in radians, and θ represents the Bragg angle of the peak normally 

expressed in radians[5].

Figure 2.2 Bragg's law for X-ray DiffracƟon (XRD).

2.3.3 X-Ray Photoelectron Spectroscopy (XPS).

XPS is a technique for studying the elemental composiƟon and chemical state of the surface of a solid 

material. In the present thesis, it was mainly used to invesƟgate the chemical state of the Cu and Ti-

based electrodes used in NO3
-RR-to NH3. This technique operates by uƟlizing X-ray radiaƟon to excite 
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electrons from the surface of a sample material. As depicted in Figure 2.3, an incoming X-ray photon 

is absorbed by the sample, transferring its energy to a bound electron (photoelectron). This excited 

photoelectron subsequently leaves the surface with a specific kineƟc energy. The relaƟonship between 

the incoming X-ray energy (hν), the binding energy of the electron in the sample ( ), and the resulƟng 

kineƟc energy of the photoelectron ( ) is described by the following equaƟon[6]:

Where represents the work funcƟon of the electron energy analyzer. The binding energy of the 

electron is specific to the element from which it was excited and its chemical state. When an electron 

from a higher energy level relaxes to fill the hole leŌ by the photoelectron, the energy released can 

excite an addiƟonal electron, a process known as Auger electron emission. The kineƟc energy of an 

Auger electron is element-specific and does not depend on the energy of the incoming X-rays. An 

example of an XPS survey spectrum corresponding to the TiO2@Cu electrode used in processes 

discussed in Chapter 4 is depicted in Figure 2.4[7].

Figure 2.3 ExcitaƟon mechanisms occurring during XPS.

The XPS measurements in this thesis were conducted using a SPECS system equipped with a XR50 

source operaƟng at 300W and a Phoibos 150 MCD-9 detector, uƟlizing an AlKα X-ray source. The pass 

energy of the hemispherical analyzer was set at 20 eV, and the energy step of high-resoluƟon spectra 

was set at 0.1 eV. Most of the XPS spectra presented in Chapters 3 and 4 correspond to ex-situ analysis. 

However, the analysis corresponding to the Cu2O-Cu@Ti electrodes presented in Chapter 3 is 

considered semi-in-situ due to the experimental design, which prevented the exposure of the 

electrode to the atmosphere to conserve the oxidaƟon state of the Cu-based nanoparƟcles. In the case 
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of the TiO2@Cu electrodes presented in Chapter 4, all measurements were conducted ex-situ before 

and aŌer electrochemical processes. The specific details of the analysis are shown in the respecƟve 

chapters. 

 

Figure 2.4 XPS Survey of the electrode TiO2@Cu before electrolysis (Chapter IV) 

 

2.3.4 Raman Spectroscopy 

Raman spectroscopy is a non-destrucƟve technique for surface characterizaƟon, offering insights into 

the chemical composiƟons and structural properƟes of both liquids and solids. We used it in this work 

across disƟnct purposes: discerning the oxidaƟon states of Cu and Ti electrodes in Chapter 3 and 

elucidaƟng the crystalline phase of TiO2 nanoparƟcles in Chapter 4, as well to evaluate the presence 

of structural defects. One facet of Raman spectroscopy lies in its expansive measurement range 

spanning from 50 to 4000 cm-1, coupled with the advantage of dispensing with the need for intricate 

sample preparaƟon protocols. The measurement condiƟons can be room temperature, cryogenic, and 

high-temperature observaƟons. Raman spectroscopy entails the analysis of radiaƟon scaƩered from a 

sample. Typically, Raman spectra are presented in terms of wavenumber (cm-1) shiŌs relaƟve to the 

incident radiaƟon. These shiŌs in wavenumber signify absolute energy dispariƟes between eigenstates 

of the molecule. Indirect probing of vibraƟonal transiƟons is achieved through light scaƩering in 

Raman spectroscopy. Notably, the Raman shiŌs correspond to energy absorpƟons akin to those 

observed in infrared spectroscopy, oŌen revealing similar absorpƟons in both techniques. Hence, 

Raman scaƩering finds applicaƟon in the qualitaƟve idenƟficaƟon of ions and organic compounds by 

leveraging group frequencies and scaƩer intensiƟes. From a quantum mechanical standpoint, the 
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scaƩering of incident electromagneƟc waves is construed as perturbaƟon of the molecule's 

eigenstates. This perturbaƟon induced by the incident radiaƟon engenders a Ɵme-dependent virtual 

state (Figure 2.5). When the iniƟal and final states coincide, the perturbaƟon yields Rayleigh scaƩering, 

termed as inelasƟc scaƩer. Conversely, Raman scaƩering, arising from transiƟons between eigenstates 

, is categorized as elasƟc scaƩer. In Stoke scaƩering , no net energy transfer occurs for the 

molecule, whereas in the AnƟ-Stoke process , the scaƩer carries away the excess energy 

relinquished by the molecule. The intensity raƟo of the Stokes Raman lines of the sample depends on 

the temperature of the sample, the populaƟon of molecules in the ground and exited states, according 

to EquaƟon 2.4[8], [9].

Where is the Plank’s constant,  is the Boltzmann’s constant, is the temperature, is the 

vibraƟonal energy of the molecule ( ). The electrodes Cu2O-Cu@Ti and nanoparƟcles of TiO2 were 

analyzed with a iHR320 spectrometer from HORIBA ScienƟfic with a green laser (λ = 532 nm). Details 

of the measurements are given in the respecƟve chapters.

Figure 2.5 Raman scaƩering.

2.3.5 High-ResoluƟon Transmission Electron Microscopy (HR-TEM).

HR-TEM is a technique of imaging the internal structure of solids using a beam of high-energy 

electrons transmiƩed through the solid, that also provides a direct informaƟon about the 

crystallographic structure of materials. This technique allows advanced characterizaƟon of materials, 

allowing the acquisiƟon of informaƟon about punctual defects and grain boundaries. 
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The basic principle of the TEM is that a photographic image is recorded from the electron flux aŌer it 

has passed through a thin sample of the specimen under study. The TEM image is formed by 

propagaƟng a bundle of waves onto the sample. Some of the waves interact with the sample aŌer 

with the resulƟng image is magnified by a series of lenses. 

 

2.4 AnalyƟcal techniques. 

 

2.4.1 Ion Chromatography (IC). 

IC is employed for the quanƟficaƟon of ionic reactants and products. By this analyƟcal technique, ions 

are separated while moving in a mobile phase based on their interacƟon with a staƟonary phase within 

a chromatography column (Figure 2.6). The staƟonary phase typically consists of a resin or gel 

containing charged funcƟonal groups, while the mobile phase is usually a soluƟon of ions or buffers. 

The separaƟon mechanism primarily relies on ion exchange interacƟons between the sample ions and 

the staƟonary phase. In the chromatography process, ions in the sample soluƟon compete with ions 

in the mobile phase for binding sites on the staƟonary phase, leading to separaƟon based on their 

ionic properƟes such as charge and size. The quanƟficaƟon process begins with an injector controlling 

the mixing of the sample liquid with the eluent, which is then passed along for analysis. The dilute 

sample in the eluent liquid subsequently passes through an auxiliary column to remove unwanted 

components such as heavy metals or large solid parƟcles. AŌer this pre-column stage, the sample 

liquid passes through the main column of the IC, coated with the staƟonary phase described 

previously. As the sample liquid passes through the column, ions iniƟally adhere to the surface of the 

resin. However, with the conƟnuous flow of eluent through the column, the ions are gradually washed 

or pushed off the resin and carried along. DetecƟon occurs aŌer ion separaƟon using various methods 

such as conducƟvity, UV-visible spectroscopy, amperometry, or mass spectrometry. SubsequenƟally, 

the ion-separated liquid then passes through a suppressor to reduce the background signal of the 

eluent, which would otherwise exhibit high conducƟvity by itself. In the case of our equipment, 

conducƟvity detecƟon is the method applied for which, the conducƟvity of the liquid sample is 

measured, and as charged ions pass through, the conducƟvity increases, generaƟng a signal that 

correlates with the number of ions present. The different ions pass the detector at various delayed 

Ɵmes due to the chromatography column, enabling independent measurement and 

quanƟficaƟon[10]–[12]. 
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Figure 2.6 InteracƟon of ions within the column during IC.

In this work, IC was uƟlized to quanƟfy the concentraƟon of NO3
- and NO2

- ions in the electrolyte before 

and aŌer electrochemical processes. A Thermo-Fisher Dionex 1100 ICS, equipped with a Dionex Ion 

Pack AS-22 anion exchange column and a chemical suppressor ASR-ultra 4 mm, was employed for this 

purpose. The mobile phase (eluent) used for anion quanƟficaƟon comprised 4.5 mM sodium 

carbonate (Na2CO3) and 1.4 mM sodium hydrogen carbonate (NaHCO3), with a flow rate of 1.5 mL·min-

1[13].

Figure 2.7 IC chromatogram for different ions. Reproduced from Thermo ScienƟfic IonPac AS22 Anion-Exchange Column 

manual.

CalibraƟon curves for NO3
- and NO2

- anions were established by correlaƟng peak areas (μS·min) with 

the concentraƟon of standard soluƟons (ranging from 0.0 to 0.6 mM for each ion), as depicted in Figure 
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2.8. To measure the concentraƟon of samples, a 55 μL aliquot of electrolyte was diluted in 10 mL of 

MilliQ water and subsequently analyzed using IC. The actual ion concentraƟon in the electrolyte was 

determined by mulƟplying the measured concentraƟon by the diluƟon factor (10/0.055).  

 

Figure 2.8 calibraƟon curves for NO2- and NO3- ions constructed using standard soluƟons. The concentraƟons of these ions in 

the electrolyte were determined by analyzing a 55 μL aliquot with the IC and then mulƟplying the measured concentraƟon by 

the diluƟon factor. 

 

2.4.2 Gaseous products 

Gas Chromatography (GC) is an analyƟcal technique used to separate and analyze compounds that can 

be vaporized without decomposiƟon. In this process, a sample is injected into a chromatograph and 

carried by a mobile phase (typically an inert gas) through a column containing a staƟonary phase (oŌen 

a polymer film). The various compounds in the sample interact differently with the staƟonary phase, 

causing them to exit the column at different Ɵmes and enabling individual detecƟon. The principle of 

GC is based on the distribuƟon of components between the mobile and staƟonary phases. The 

interacƟon strength between a compound in the sample and the column depends on factors such as 

size (with Van der Waals interacƟons), polarity, and other forces. Compounds that are weakly retained 

in the column exit the column first, while those that interact more strongly take longer to elute. A key 

parameter for detecƟng gases in GC is the retenƟon Ɵme, which is the interval between sample 

injecƟon and the appearance of a specific product's signal in the detector. 

The elements of a Gas Chromatography (GC) system include the injector, which introduces the sample 

into the chromatograph, and the mobile phase, typically composed of an inert gas such as argon, 

helium, or nitrogen, which transports the sample. The column, where the separaƟon of sample 
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components occurs, is usually a long, coiled tube containing the staƟonary phase, oŌen made of high 

molecular weight polymers like polysiloxane derivaƟves (dimethylpolysiloxane, diphenyl-

dimethylpolysiloxane) or polyethylene glycol. The detector, located at the end of the column, idenƟfies 

and quanƟfies the separated components as they elute. 

GC data is represented on a chromatogram, a plot of the detector signal against the Ɵme of analysis, 

where each peak corresponds to a specific component of the sample at a disƟnct retenƟon Ɵme, and 

the area of each peak indicates the quanƟty of the corresponding component. 

An on-line 490 Micro GC, Agilent Technologies equipped with three columns, a first molecular sieve 

(CP-Molsieve 5 A, Ar) for H2 analysis; a second molecular sieve (CP-Molsieve 5 A, He); and a porous 

polymer (CP PoralPlot U, He) for the analysis of CO2 and C2+ products. The specific condiƟons of the 

analysis were: Injector temperature: ; Column temperature: , and Column pressure: 150 

kPa. 

 

2.4.3 UV-Vis spectroscopy. 

UV-Vis spectroscopy is technique used for determining the concentraƟon of compounds in liquid 

soluƟons. It involves direcƟng a beam of light with wavelengths in the UV-Vis range (170 – 1200 nm) 

onto a sample held in a cuveƩe. A detector then collects the signal represenƟng the light intensity 

passing through the sample. Specific light wavelengths are absorbed by the sample, and the difference 

between the signal with and without the sample is known as the absorbance. This absorbance is 

directly proporƟonal to the concentraƟon of UV-Vis absorbing species and follows Beer’s law, as 

defined in EquaƟon 2.1, where A represents absorbance, ɛ is the molar exƟncƟon coefficient, 1 is the 

path length of the sample (normally defined by the cuveƩe width), C is the concentraƟon of the UV-

Vis acƟve species, I0 is the incident light intensity, and I is the light intensity aŌer passing through the 

sample. The absorpƟon scales linearly with the concentraƟon, so a calibraƟon curve can be made and 

used for quanƟficaƟon of for example NH3/NH4
+ in the soluƟon. 

          2.1 

Factors such as solvent and dissolved salts can influence the adsorpƟon profiles, and there might be 

interferences due to the presence of certain species in soluƟon. One way of avoiding many of these 

issues is diluƟng the species to be determined before the measurement[14], [15]. 
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Figure 2.9 Beer's law for Ultraviolet-Visible (UV-Vis) spectrophotometry. 

 

The quanƟficaƟon of NH3/NH4
+ species resulƟng from electrochemical processes in Chapters 3, 4 and 

5, was performed using a PerkinElmer Lambda-950 double beam UV-Vis spectrophotometer. A quartz 

cuveƩe with a 1 cm path length was used, and absorbance was measured in the visible wavelength 

range (390 to 500 nm), leveraging the expected transparency of quartz materials in both the visible 

and UV ranges. Although NH3/NH4
+ is not UV-Vis acƟve, it is possible to uƟlize this technique aŌer 

complexing these species with the assistance of Nessler reagent (K[Hg(H2O)I3]) and measuring the 

absorbance in the visible range as described below. 

NH3/NH4
+ measurements. 

For NH3/NH4
+ quanƟficaƟon, a calibraƟon curve was constructed using five standard concentraƟons of 

ammonium chloride (NH4Cl): 0, 0.06, 0.11, 0.17, and 0.22 mM (0 to 4 mg L-1 of NH4
+ respecƟvely). Each 

sample's NH3/NH4
+ concentraƟon was determined by diluƟng an aliquot 100 to 200 Ɵmes (0.050 to 

0.100 mL up to 10 mL) with Milli-Q water to match the calibraƟon curve's concentraƟon range. To each 

diluted sample, two drops of Polyvinyl alcohol dispersing agent (Hach) and two drops of a mineral 

stabilizer soluƟon (Hach) were added. Subsequently, 200 μL of Nessler reagent (Sigma-Aldrich) was 

added. The formaƟon of the complex compound Hg2ONH2I (reacƟon below) was observed within 10 

to 30 minutes following the addiƟon of the Nessler reagent, and its absorbance was measured at 420 

nm. Figure 2.10 displays the calibraƟon curve derived from NH4Cl[16], [17]. 
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Figure 2.10 UV-Vis absorbance calibraƟon curve constructed with the standard NH4Cl soluƟons. ConcentraƟons shown 

reflect the concentraƟon in the cuveƩe during the spectrophotometry. The actual concentraƟon of NH3/NH4+ was obtained 

by correcƟng the measured cuveƩe concentraƟons with diluƟon factor. 

 

The obtained concentraƟons of NH3 were further used for determining faradaic efficiencies and 

selecƟvity. 

 

2.5 Catalyst synthesis. 

 

2.5.1 ElectrodeposiƟon 

Electrochemical deposiƟon or electrodeposiƟon is a technique uƟlized in both laboratory and 

industrial seƫngs for metal plaƟng. In this secƟon some fundamental aspects of the process are 

presented, parƟcularly those important for the fabricaƟon of structures for composite electrodes, as 

it will be presented in Chapter 3. 

The principle of electrodeposiƟon lies in the transfer of electrons between the electrode and 

electroacƟve species in soluƟon, alongside the transformaƟon of discharged metal ions into a 

crystalline state. The iniƟaƟon of electrochemical deposiƟon occurs with the reducƟon of species 

within a soluƟon[18]. From the thermodynamic point of view, this reducƟon process is characterized 

by the standard electrode potenƟal (E°), which represents the equilibrium potenƟal at which the rates 

of reducƟon and oxidaƟon reacƟons are equal under standard condiƟons of concentraƟon, pressure, 

and temperature. The Nernst equaƟon provides a mathemaƟcal framework to relate standard 
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electrode potenƟal ( ) to the electrode potenƟal ( ), incorporaƟng factors such as temperature, 

number of transferred electrons, and the raƟo of acƟviƟes of oxidized and reduced species[19]. 

          2.2 

Here,  represents the gas constant (8.314 J·mol⁻¹·K⁻¹),  denotes the absolute temperature (K),  

signifies the number of transferred electrons, and  is Faraday’s constant (96485.31 C·mol⁻¹). This 

equaƟon elucidates the dynamic relaƟonship between electrode potenƟal and the redox processes 

occurring at the electrode interface. 

The mass of material deposited during electrodeposiƟon is a direct consequence of Faraday's law, 

which states that the mass ( ) is directly proporƟonal to the total electric charge ( ) and the molar 

mass ( ) of the deposited material, and inversely proporƟonal to the  and [20]. 

           2.3 

The electrochemical deposiƟon can be controlled by adjusƟng either the current or the potenƟal. In 

constant current mode, a specific current is applied through the electrochemical cell, while in constant 

potenƟal mode, a desired potenƟal is maintained, with the accompanying current being monitored. 

By manipulaƟng  relaƟve to the  for an electrochemical reacƟon influences the reducƟon current. 

When the electrode potenƟal is more negaƟvely polarized, the reducƟon current increases due to an 

acceleraƟon in the rate of electron transfer[21]. This phenomenon, known as the Tafel linearity, 

manifests as a linear relaƟonship between the potenƟal and the logarithm of the deposiƟon current 

in the electron transfer-controlled region. However, it's important to note that factors such as mass 

transfer limitaƟons, chemical processing steps, and crystallizaƟon processes can also influence the 

deposiƟon current, potenƟally deviaƟng from the ideal Tafel behavior[22]. 

The opƟmum current density applied to the WE in the deposiƟon of metals from aqueous electrolytes 

depends on the desired coaƟng or nanostructure. Hence, the final structure of the deposited metal is 

correlated with the end of the Tafel linearity range and, nucleaƟon increases with more negaƟve 

potenƟals, but mass-transport limitaƟons can lead to irregular growth or parƟcle formaƟon[21]. In the 

case of metal oxide deposiƟon, nanostructures can be formed by the reducƟon of metal ions that form 

stable oxides on the surface of the cathode or by deposiƟng a metallic coaƟng and subsequently 

parƟally oxidizing this deposited metal with the applicaƟon of an anodic potenƟal. This parƟal 

oxidaƟon allows for controlled reducƟon, facilitaƟng the development of desired nanostructures[23]. 

In our specific case, electrochemical deposiƟon condiƟons have been developed for allowing the 

synthesis of nanocrystalline Cu2O-Cu parƟcles by using a pulsed electrodeposiƟon (PED). Details of the 
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specific condiƟons and applied potenƟals are presented in Chapter 3. However, the basics of PED are 

discussed here: 

PED is a type of electrodeposiƟon where nanocrystals are deposited onto a substrate by applying 

periodic charge pulses in the electric potenƟal or current[24]: 

1) ApplicaƟon a of a cathodic potenƟal ( ) for nucleaƟon and iniƟal growth: During this phase, a 

cathodic potenƟal is applied to the substrate, which serves as WE. At this potenƟal, metal ions from 

the electrolyte soluƟon are reduced and deposited on the substrate, forming nuclei of nanoparƟcles. 

This phase as well iniƟates the growth process and the period in which the cathodic potenƟal is applied 

can define the size and distribuƟon of the nanoparƟcles. 

 

Figure 2.11 a) PED waveform Ew vs Ɵme b) CA applied to a 5mM CuCl2 + 5mM KCl electrolyte using a Ti as WE.  

 

2) Anodic potenƟals ( ) for parƟal oxidaƟons: AŌer nucleaƟon and iniƟal growth phase, an anodic 

potenƟal is applied.  allows the deposited nanoparƟcles to undergo parƟal oxidaƟon. This oxidaƟon 

process can alter the composiƟon and catalyƟc properƟes of the nanocrystals, tailoring the surface 

towards the specific electrochemical reacƟon to be further conducted. The process is schemaƟzed in 

Figure 2.11a, whereby alternaƟng cathodic and anodic potenƟals at defined periods, the synthesis of 

nanoparƟcles offers control over size, shape, composiƟon, and surface properƟes of the structures. 

Figure 2.11b shows an example chronoamperometry of the synthesis of Cu2O-Cu nanoparƟcles 

deposited by PED over a Ti substrate. 

The electrochemical cell used for electrodeposiƟon processes is presented in secƟon 3.8. 

 

2.5.2 Pulsed Laser ablaƟon in Liquids (PLAL). 
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PLAL is a technique used for the synthesis of nanostructures in the colloidal state depending on the 

target employed. This technique has been widely employed in the ablaƟon of Ɵtanium dioxide TiO2 

nanomaterials with different shapes, sizes and phases depending on the laser parameters employed 

such as lased wavelength, laser pulse energy and the type of liquid medium employed. The process 

begins with laser ablaƟon, which involves focusing a high-energy pulsed laser beam onto a solid target 

material immersed in a liquid. The intense energy from the laser pulse vaporizes or ablates a porƟon 

of the target material, creaƟng a plasma plume above the target surface. The ablaƟon of the target 

material generates a plasma plume consisƟng of atoms, ions, and clusters of the target material, as 

well as the surrounding liquid molecules. The plasma plume expands rapidly into the surrounding 

liquid medium due to the high energy imparted by the laser pulse. The third stage consists of the 

nucleaƟon and formaƟon of the nanoparƟcles by the occurrence of several simultaneous processes. 

(1) Rapid cooling, the high temperature plasma plume rapidly cools upon contact with the liquid, 

causing the vaporized species to condense. (2) nucleaƟon, the condensed species in the plasma plume 

undergo nucleaƟon, forming small nuclei or clusters. (3) Growth, these nuclei then grow further as 

more atoms and clusters in the plasma plume are deposited onto their surfaces. (4) StabilizaƟon, 

nanoparƟcles formed in the liquid medium may undergo surface modificaƟons or stabilizaƟon through 

interacƟon with the surrounding solvent molecules or by surface funcƟonalizaƟon. The last step 

corresponds to the nanoparƟcle collecƟon, in which the nanoparƟcles synthesized are collected from 

the liquid medium by filtraƟon, centrifugaƟon or precipitaƟon. TiO2 nanoparƟcles synthesized by PLAL 

are used for NO3-RR to NH3. Specific details of the synthesis of nanoparƟcles and preparaƟon of 

electrodes are given in Chapter 4[25]. 

 

2.6 Electrochemical methods. 

In this secƟon we provide a descripƟon of the electrochemical methods employed during the thesis. 

All measurements were recorded using a BioLogic electrochemical workstaƟon, which offers 

capabiliƟes for controlling and measuring potenƟals and currents arising from the electrochemical 

processes. 

 

2.6.1 Open circuit voltage (OCV) 

In OCV measurements, the electrochemical cell is allowed to reach equilibrium with no external bias 

applied. This means that no current flows between the electrodes, indicaƟng that reacƟons proceed 

forward and backward at the exact same rate. In this state, the electrodes are disconnected from the 



Chapter 2. Experimental methods 
 

53 

power source, but potenƟal measurements between the reference and working electrodes are sƟll 

conducted. The recorded data thus reflects the rest-potenƟal, providing valuable insights into the 

redox state of species involved in the electrochemical system. OCV measurements serve as a baseline 

reference point, indicaƟng the equilibrium potenƟal of the system when no current is passing through 

it. They are oŌen used to assess the thermodynamic properƟes of electrochemical systems and to 

monitor changes in the composiƟon of the system or state over Ɵme[19]. 

 

2.6.2 Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV). 

 

Figure 2.12 (a) LSV applied to a 0.1M KNO3+1M KOH using a Cu plate WE at 20 mV s-1. (b) CV applied to a 5mM CuCl2 + 5mM 

KCl using a TiO2 substrate as WE, a scan rate of 10 mV s-1. 

 

For NO3
-RR to NH3 processes, the WE must be adequately cathodic for producing enough 

overpotenƟal. The determinaƟon of the cathodic potenƟal of current required for this reducƟon was 

iniƟated with linear scan of the applied potenƟal of the cathode. This allowed monitoring the specific 

range of cathodic potenƟals at which the electrochemical reacƟon is conducted at the electrode 

surface. Since, when reacƟons occur, charges are transferred resulƟng in a current, with the LSV it was 

possible to determine an opƟmal range of applied potenƟals for NO3
-RR towards different products 

related to the different materials described in the next chapters. AŌer a cathodic LSV, the WE potenƟal 

can be scanned in the anodic direcƟon, compleƟng a cycle. This scanning back and forth of the 

potenƟals is called CV and an example is given in Figure 2.13 [26]. It shows the two first cyclic scans on 

a Cu electrode in a 5mM CuCl+5mM KCl electrolyte, measured vs a Pt mesh counter and a Ag/AgCl 

reference electrodes, respecƟvely.  
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2.6.3 PotenƟostaƟc Electrochemical Impedance Spectroscopy (PEIS). 

PEIS involves studying the electrochemical response of a system to a low-amplitude sinusoidal 

electrical perturbaƟon applied at varying frequencies. This technique allows for the measurement of 

the system's impedance, which is the opposiƟon to the flow of electrical current[27]. As the frequency 

of the applied field is altered, the response in current is measured, providing insights into the 

electrochemical behavior of the system. Depending on the characterisƟcs of the system under study, 

there may be a delay between the applicaƟon of the potenƟal and the response in current. This delay 

results in a phase shiŌ, along with a certain amplitude, in the measured impedance. By analyzing these 

phase shiŌs and amplitudes across a range of frequencies, valuable informaƟon about the kineƟcs and 

mechanisms of electrochemical processes within the system can be obtained[27], [28]. 

By varying the frequency in PEIS, processes occurring over different Ɵme periods can be probed. For 

instance, the ohmic resistance, which is a fast process, is predominantly observed at high 

frequencies[28]. On the other hand, charge transfer processes, being slower, are more discernible at 

low frequencies. Due to the similar nature of ionic and electric charge transfers, it is possible to infer 

an equivalent electrical circuit diagram from the electrochemical PEIS measurements. An analysis of 

PEIS data requires a high understanding of the characterisƟc of the system. However, in this thesis, the 

PEIS technique was only employed to determine the ohmic resistance within the setup. 

According to Ohm's law, a current (I) is generated by a potenƟal difference (E) across a resistor (R). 

When conducƟng measurements on an electrochemical cell, a porƟon of the applied potenƟal is 

aƩributed to the resistance of the cell. To account for this resistance-induced potenƟal loss, the 

measured potenƟal can be compensated using EquaƟon 2.4 defining the actual potenƟal at the 

electrode for reacƟons[29]. 

         2.4 

While IR compensaƟon helps to isolate and analyze specific electrochemical processes, the un-

compensated cell potenƟal reflects the total energy input into the system, including contribuƟons from 

both the desired electrochemical reacƟons and any resisƟve losses within the cell. 

 

2.6.4 Chronoamperometry (CA) and chronopotenƟometry (CP) tests. 

An electrochemical system can be controlled, eighter by defining the WE potenƟal or seƫng the 

current between the electrodes. In CA tests, the current is recorded over Ɵme at a specified potenƟal. 

In a three-electrode setup, it is the potenƟal of the WE that is defined. Depending on the experimental 
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condiƟons, a certain current can be generated, and the potenƟal of the counter electrode (CE) may 

adjust accordingly. For example, if a cathodic potenƟal applied to the WE facilitate a significant amount 

of reacƟon, a high current will be generated. In response, the potenƟal of the CE may shiŌ to maintain 

appropriate electrochemical condiƟons. Similarly, depending on the availability of oxidaƟon reactants, 

the potenƟal of the anode may need to be adjusted to a more anodic value to increase the reacƟon 

rate in accordance with the current drawn. This dynamic interplay between the potenƟals of the WE 

and CE ensures the proper progression of electrochemical reacƟons and facilitates the desired 

experimental outcomes. On the other hand, in a CP it is the current between the WE and CE what is 

defined, while recording the electrode potenƟals over the Ɵme. Like CA, the electrode potenƟals must 

be adjusted to have reacƟon rates set by the current[29]. 

In this thesis, both techniques have been used for NO3
-RR experiments. Whether CA or CP is used, 

depends on what parameters need to be controlled. From both cases, the accumulated charge passed 

during an experiment, Q can be calculated by integraƟng the current over Ɵme. This data is also 

proporƟoned by the soŌware of the system. 

By knowing the applied potenƟal, current, and total charge transferred, different parameters can be 

calculated for evaluaƟng the performance of the process or materials. For NH3 synthesis, FE towards 

the different products ( , ,  ) needs to be evaluated. The FE refers to how efficient the charge 

passed in the system goes toward the product formaƟon. During  synthesis from , the 

formaƟon of each mole requires a total of 8 electrons While the formaƟon of  requires the 

transference of 2 charges per molecule. FE is defined as follows in EquaƟon 2.5. 

 

          2.5 

Where, Ci (M) is the obtained molar concentraƟon of a target product; M (g/mol) is the molar mass; α 

is the number of transferred charges for producing a target product; F is the Faraday constant, and Q 

is the total charge transferred to the system. 

For the H2 produced during CA and CP processes the FE is calculated with EquaƟon 2.6 

         2.6 

Where  is the parƟal current of the GC-measured concentraƟon of H2, and  is the measured 

current density in case of potenƟostaƟc electrolysis or the applied current density during galvanostaƟc 

processes. 
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In the same line, another efficiency parameters calculated in this work are Global Cell Energy Efficiency 

( ) and the half-cell Energy Efficiency ( ), parameters rarely reported in the literature 

for the synthesis of   from .  and  refers to the electrical energy input 

compared to the chemical energy output from the products. It is less agreed upon, what energy should 

be included (chemical, mechanical energy such pumps, and others). However, here it was defined that 

only the chemical energy of the products will be considered for EE calculaƟons. The EECELL would 

involve the energy input, chemical energy output, and losses due to inefficiencies in the 

electrochemical processes[30]. 

    2.7 

where the numerator is the theoreƟcal energy consumpƟon in absolute terms, defined as the Gibbs 

free energy of the reacƟon ( )[29]: 

    2.8 

The standard Gibbs Free Energy ( ) is calculated from the standard cell potenƟal ( ) of the 

involved reacƟon, the Faraday constant ( ), and the number of transferred charges ( )[29]: 

         2.9 

The integral presented in the denominator,  of the Ɵme dependent current , 

and the total cell potenƟal (U)(t) respecƟvely, gives the electrical energy input to the cell[31]. 

The  measures how efficiently the electrical energy input is converted into the chemical 

energy stored in NH3 only considering the half-cell reacƟon at the cathode[32]. 

       2.10 

The  in the numerator corresponds to the same energy consumpƟon used for the , 

calculated from the . However, the denominator includes only the cell potenƟal of the semi 

reacƟon in the cathode, being 0.4V vs SHE the Standard ReducƟon PotenƟal of water at pH 14, and 

 the applied potenƟal in the cathode[33]. 

 

2.6.5 Electrochemical acƟve surface area (ECSA). 
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In all interfaces between solids and liquids, liquid molecules interact with the solid surface, and this 

interacƟon is ruled by the electrostaƟc field present. In electrochemical systems, this electrostaƟc field 

is manipulated by applying a potenƟal gradient between two electrodes. This manipulaƟon alters the 

distribuƟon of molecules or ions on the surface of the solid material. Similar to a capacitor, the surface 

of an electrode undergoes electrostaƟc changes, leading to the formaƟon of a double layer with 

molecules and ions. The resulƟng current arising from electrostaƟc surface charging is known as non-

Faradaic current. In contrast, Faradaic current results from the transfer of electrons[34].  

 
Figure 2.13 Cyclic Voltammetry applied at four different scan rates using a gas diffusion electrode (carbon paper) with 1M 

KOH electrolyte in a region where only non-faradaic currents are observed. 

 

For materials which act close to ideal capacitors (where the capacitance is constant across applied 

potenƟals), the charge associated with the double layer can be related to the ECSA. Using a cyclic 

voltammetry, if the electrode is cycled across the non-Faradaic region at different scan rates (ν). The 

current at the midpoint potenƟal is linearly related to the scan rates and the slope is the differenƟal 

capacitance. Using the specific capacitance of the material the electrochemical surface area is 

obtained. The charging of the CDL during the experiment is assumed to match the condiƟons used to 

obtain the specific capacitance. 

The electrochemical surface area is commonly used for normalizing the measured current and idenƟfy 

intrinsic acƟvity values for catalysts. Most materials do not act as ideal capacitors and, therefore, using 

the specific capacitance is a first approximaƟon for esƟmaƟng the ECSA. Some limitaƟons of esƟmaƟng 

ECSA only from specific capacitance can be 1) non-faradaic and faradaic currents can be difficult to 

deconvolute; 2) high surface area or porous structures can have non-linear relaƟonship between 
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surface-charging and scan rate; 3) the capacitance contribuƟons of the acƟve metals of supported 

catalyst are not easily separated from total capacitance; 4) and the distribuƟon of species at the 

double-layer might not be idenƟcal for each scan rate within the potenƟal range. The determinaƟon 

of CDL and ECSA are defined in EquaƟons 2.11 and 2.12[35], [36]. 

           2.11 

           2.12 

Where,  represents the measured current or current density by geometric surface area,  is the 

double layer capacitance,  is the scan rate of the CV, and  corresponds to the specific capacitance 

for a material, a value standardized in 40 μF·cm2 in most of the cases. During CV, in the non-faradaic 

region, there is a linear correlaƟon between the  and . 

 

2.6.6 Intrinsic charge transfer coefficient determinaƟon. 

ReacƟon kineƟc measurements play a criƟcal role in making sense of catalyst acƟvity, elucidaƟng both 

reacƟon rates and mechanisms in simple and complex reacƟons. The exchange of electrons between 

the electrode and an acƟve species can be tracked through the measurement of current. Specifically, 

the current resulƟng from this electron exchange is defined as faradaic current. In electrocatalyƟc 

reacƟons, the faradaic current serves as a correlaƟon to the reacƟon rate, as it effecƟvely monitors the 

movement of electrons during the catalyƟc reacƟon. 

The primary objecƟve of studying reacƟon kineƟcs is to disƟnguish the parameters controlling the 

catalyƟc acƟvity. However, experimental condiƟons can introduce some errors, potenƟally causing the 

observed reacƟon rate to deviate from the intrinsic reacƟon rate, parƟcularly if mass transport 

processes are slower than the intrinsic kineƟcs. A prevalent challenge encountered in reacƟons 

transpiring in liquid phases pertains to the sluggish movement of reactants and products within the 

medium. Such transport limitaƟons can significantly influence the observed reacƟon rate by altering 

reactant concentraƟons at the electrode surface as they are consumed by the reacƟon, thereby 

potenƟally give a false idea of the true reacƟon rate under desired condiƟons. 
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Figure 2.14 RotaƟng Disk Electrode (RDE) for Koutecky-Levich analysis. 

 

To reduce the restricƟons imposed by mass transport limitaƟons and facilitate the movement of 

species within a soluƟon towards the electrode surface, some strategies can be used. These include 

the uƟlizaƟon of sƟr bars to induce mixing, employing flow devices where the electrolyte is acƟvely 

drive through a channel, or employing a rotaƟng disk electrode (RDE) capable of rotaƟng at high 

speeds to conduct the acƟve species in the soluƟon towards the electrode surface. These techniques 

serve to enhance mass transport and minimize concentraƟon gradients[37]. The Koutecky-Levich 

analysis is a method for discerning the intrinsic kineƟc and mass transport limiƟng currents within 

electrocatalyƟc systems[38]. This analysis, elaborated upon in Chapter 3, facilitates the separaƟon of 

the observed current into its intrinsic kineƟc and mass transport limited components. Specifically, in 

Chapter 3, the intrinsic current coefficients for three individual catalysts employed in NO3
-RR are used 

to understand the synergy and the kineƟc advantages observed for one composite electrode.  

The Koutecky-Levich analysis is defined by EquaƟon 2.13 and the kineƟc current is determined using 

EquaƟon 2.14. The analysis of the synergisƟc performance of the catalyƟc materials is detailed in 

Chapter 3[39]. 

        2.13 

           2.14 

Where iLC is the limiƟng current (normally expressed in mA), n is the number of transferred electrons 

for a defined reacƟon, F is the Faraday constant (96485.33 C mol-1), D is the NO3
- diffusion coefficient 

(2×10-5 cm2 s-1), ν is the kinemaƟc viscosity (0.0088 cm2 s-1)[40], ik is defined as the kineƟc current, C0 
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is the iniƟal concentraƟon of electrolyte, and k is the electrochemical rate constant or intrinsic charge 

transfer coefficient. 

 

2.7 Experimental electrochemical NOX
-RR set-up. 

The cell design and configuraƟon for NOx
-RR-to-NH3 play a role in the electroreducƟon performance, 

parƟcularly when the final objecƟve aligns with industrial applicaƟons of the process. The major 

influenced parameters of cell designing correspond to the maximum contact between the reactants 

and the acƟve sites in the catalyst, which aims to address the mass transport limitaƟons and reduce 

the cell resistance and the kineƟc of the catalyƟc process. Align with these, the type of ion exchange 

membrane, electrolytes, and reactant feeding modes would be as well influenƟal. For NOx-RR in 

general terms, the most employed electrochemical cells are the undivided three-electrode cell, the H-

type cell and the flow cell. H-type cells typically serve for assessing novel materials and fundamental 

studies, whereas flow cells are employed to derive scaling-up parameters, parƟcularly with materials 

in advanced stages of development or for well-established processes. 

 

2.7.1 Undivided three electrode cell. 

The preliminary studies in this project on NO3
-RR were conducted using a glass three-electrode 

undivided cell with a volume of 50 mL electrolyte. This cell was uƟlized for experiments requiring a 

high degree of control over the environment and condiƟons, such as electrodeposiƟon for preparing 

electrodes, as well as the iniƟal evaluaƟon of reducƟon and oxidaƟon potenƟals in NO3
- with different 

materials and electrolyte condiƟons. AddiƟonally, experiments with the RotaƟng Disk Electrode (RDE) 

were carried out in another undivided glass cell capable of accommodaƟng a larger volume of 

electrolyte. Both glass cells are constructed from borosilicate and enable bubbling of inert gases for 

the removal of other dissolved reacƟve gases. These cells provided the necessary experimental 

plaƞorms for invesƟgaƟng various aspects of the NO3
-RR process under controlled condiƟons. Figure 

2.15 shows the electrochemical cell where electrodeposiƟon processes of Cu2O nanoparƟcles were 

carried out for studies in Chapter 3. 
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Figure 2.15 a) Three electrode undivided electrochemical cell (b) Redox-me electrochemical cell used in electrodeposiƟon 

processes and basic electrochemical measurements in Chapter 3. 

 

2.7.2 H-Type cell 

H-type cells are commonly uƟlized for invesƟgaƟng various types of reacƟons, including CO2RR, alcohol 

oxidaƟons, and notably NOx
-RR, among others (Figure 2.16 a). These cells comprise two compartments 

separated by an ion exchange membrane. Each compartment houses an electrode immersed in an 

electrolyte soluƟon. Electrochemical reacƟons take place at the electrode surfaces, with ions capable 

of traversing between compartments via the membrane. The design of H-type cells facilitates selecƟve 

product generaƟon, rendering them suitable for exploring reacƟons involving gases like hydrogen and 

those resulƟng from NO3
- electrochemical reducƟons (such as N2 and nitrogen oxides). The 

configuraƟon of compartments and membranes affords precise control over reacƟon condiƟons, 

encompassing pH, temperature, and reactant concentraƟons. However, certain drawbacks are 

associated with this cell type. These include mass transport limitaƟons of electrochemically acƟve 

species to the electrode surfaces, as well as the accumulaƟon of products hindering the global reacƟon 

toward equilibrium, according to Le Chatelier’s principle. AddiƟonally, limitaƟons may arise from the 

poor transport of ions across the membrane, potenƟally leading to excessively high cell potenƟals and 

diminishing overall energeƟc efficiency. 
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Figure 2.16 (a) H-type electrochemical cell (b) Redox-me electrochemical h-type cell used in Chapter 3.

The first studies developed in Chapter 3 were performed using an H-Type cell (Figure 2.16 b) Redox-

me (EC H-CELL 2X15 ML- SCREW MOUNT ELECTROCHEMICAL H-CELL) with a nominal exposure area of 

the ion exchange membrane of 1cm2 and 15 milliliters for the electrolyte compartments. For NO3
-RR 

the cathode corresponds to the working electrode (WE) and it is situated in the catholyte compartment 

along with the reference electrode (RE; Ag/AgCl3.5M KCl). The anode compartment contains the counter 

electrode (CE) consƟtuted by a PlaƟnum mesh (Pt) where the oxidaƟon of water is carried out as 

counter-reacƟon. The presence of a membrane in between the two compartments prevents products 

from transferring to the opposing catalyst and thereby performing the reverse redox reacƟon, 

effecƟvely consuming the formed product and reducing the efficiency of the process. In the cathode 

compartment, the reacƟng NO3
-, NO2

- and intermediates react in the cathode surface during 

electrolysis and NH3 is accumulated as the final product during electrolysis. The cathode compartment 

should be airƟght to prevent gas products to scape, thus affecƟng the calculaƟons of FE. The gas 

products, specifically H2 produced during NO3
-RR are removed from the headspace and delivered to 

the gas chromatography system described in SecƟon 2.3.2 for detecƟon and quanƟficaƟon. 

AddiƟonally, the liquid products accumulated in the electrolyte are detected and quanƟfied with the 

described ion chromatography and colorimetry methods. In the H-type cell, the current density (j) was 

mostly restricted by the mass transport limitaƟons, inherent to the design cell, especially under large 

overpotenƟals where the reacƟon kineƟcs become relaƟvely fast, and ions cannot reach the acƟve 

sites faster enough to feed the reacƟon. Some of these limitaƟons were addressed in Chapter 4 by 

using a flow cell for all electrolysis measurements. 

a b
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2.7.3 Flow cell.

To overcome the menƟoned issues presented by H-type cell systems, a flow cell was used in the 

electrolysis processes for NO3
-to-NH3 conversion. Knowledge obtained from H-type cells can be used 

as a starƟng point for transferring studies to flow cell experiments looking at parameters that can be 

enhanced by the changed environment proporƟoned for the last one. The flow cell consists of 

compartmentalized secƟons separated by ion exchange membranes, with electrodes situated at the 

lowest possible distance. The conƟnuous flow of electrolyte soluƟon containing NO3
- ions enables to 

reduce mass transport limitaƟons and ensures beƩer results in terms of producƟvity. Advantages 

include conƟnuous operaƟon, controlled environments, and high-throughput screening capabiliƟes, 

while challenges include complexity, maintenance requirements, and cost. The filter-press flow cell 

consists of an assembly of gaskets that are pressed together, forming two or three flow channels: one 

or two for the catholyte and one for the anolyte. A CEM separates the anode and cathode chambers 

allowing the interchange of ionic charges to keep the potenƟal difference between electrodes. The 

electrolytes are transported to the containers and recirculated to the cell with the assistance of a 

peristalƟc pump.

Figure 2.17 (a) Two channels electrolyte flow cell (b) Three channels electrolyte flow cell.

a

b
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The electrochemical flow cell uƟlized in the electrolysis process is an ELECTROCELL adapted to 

accommodate two or three flow channels for the electrolyte. The cell has two separated 

compartments: one for the WE and RE, and another for the CE, as illustrated in Figure 2.17 a, and 

comprises two end plates constructed with POM and INOX. Two current collectors facilitate the 

placement of the working and counter electrodes, enabling connecƟon to the potenƟostat. 

AddiƟonally, the flow cell incorporates mulƟple gaskets and flow conductors. These current collectors 

facilitate the installaƟon of electrodes (e.g. planar or porous electrodes) for the electrolysis processes 

outlined in Chapters 4 and 5. Like the H-type cell, a CEM is deployed to provide separaƟon between 

the compartments. 

Cell type Advantages  Disadvantages  

H-Type 

 Easy operaƟvity 

 Low electrolyte volume required. 

 Used for first stages of materials 

evaluaƟon. 

 RelaƟve low maximum current densiƟes. 

 Fixed ion exchange membrane area. 

 Mass transport issues 

Flow Cell 

 Higher current densiƟes. 

 Reduced mass transport limitaƟons. 

 Lower ohmic losses. 

 Higher energy efficiency. 

 Easier interchange of charges across 

the membrane. 

 Complexity in number of components 

Table 2.1 Comparison of electrochemical systems. 

 

Several variables necessitate consideraƟon during flow cell operaƟon due to their impact on process 

efficiency: (1) The electrolyte flow rate, which determines the operaƟonal regime and is regulated 

using a peristalƟc pump. (2) The electrode area, defined by the type of current collector. (3) The 

distance between the WE and counter electrode CE, alongside other parameters influencing the final 

measured cell potenƟals. Low flow rates may manifest as current and mass transport limitaƟons. 

Contrarily, excessively high flow rates can induce turbulent regimes, impeding proper interacƟon 

between reactants and acƟve sites. A notable advantage of employing the flow cell lies in its ability to 

achieve increased producƟvity compared to H-type cell systems, aƩributed to higher current densiƟes 

at lower operaƟon voltages towards the desired product. However, this design also presents certain 

disadvantages. For instance, there is a heightened risk of leaks occurring through layers of gaskets. 

AddiƟonally, mechanical instabiliƟes may arise in nanoparƟcles deposited on an acƟve substrate. 

Furthermore, the requirement for external pumps for electrolyte recirculaƟon can be comparable to 
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the requirements of agitaƟon in H-type cells, both impacƟng the energy efficiency of the processes. 

Table 2.1 provides a comparaƟve overview of the two electrochemical setups uƟlized in this 

dissertaƟon. 

 

2.7.4 Ion exchange membranes 

The ion exchange membranes have the funcƟon of separaƟng the electrolytes in the cathode and 

anode compartments, facilitaƟng the selecƟve transport of ions across the membrane while blocking 

the passage of other ions. The specific funcƟon depends on the type of ion transport that is required 

by the process. There are three types of ion exchange membranes (1) the caƟon exchange membrane 

(CEM) is comprised of a polymer matrix containing fixed negaƟvely charged funcƟonal groups, such as 

sulfonic acid (- SO3H-) or carboxylic acid (- COOH) groups, which facilitate the exchange of caƟons across 

the membrane. CEM also facilitates the transport of protons (H+) from the anode to the cathode and 

ensures that only caƟons are transported, maintaining the electrochemical potenƟal difference 

between the anode and cathode electrodes. (2) The anion exchange membranes (AEM) that are 

composed of a polymer matrix with fixed posiƟvely charged funcƟonal groups, such as quaternary 

ammonium (- NR3
+) or quaternary phosphonium (PR3

+) groups, which facilitate the selecƟve transport 

of anions across the membrane. AEM facilitates the transport of hydroxide ions (OH-) from the cathode 

to the anode compartments. The ion exclusion only allows the transport of anions ensuring the 

potenƟal is maintained during the electrochemical process. (3) The third type corresponds to bipolar 

membranes (BPM) which are membranes that possess both caƟon and anion exchange funcƟonaliƟes 

within the same membrane structure. BPM are composed of one caƟon exchange one anion exchange 

layer and a non-conducƟng spacer layer between them to create a localized pH gradient when the 

electric potenƟal is applied across the membrane. When the electrodes are polarized, water molecules 

are electrolyzed at the juncƟon of the caƟon and anion exchange layers., resulƟng in the formaƟon of 

H+ and OH- ions. 

The most used membrane for NO3
-RR processes is the CEM (Figure 2.18), such as the Nafion-117 in 

both H and Flow-cells under a variety of electrolyte condiƟons (pH and ions concentraƟon). Nafion 

membranes are extensively applied in processes that requires proton exchange such as NO3
-RR 

because of their excellent stability and easy availability. When the electrolyte employed is KOH, Nafion 

CEM are supposed to transfer K+ ions via ion exchange mechanism, while reject OH- because of 

exclusion effect between the negaƟvely charged groups and OH- anions. The uƟlizaƟon of Nafion CEM 

alongside high electrolyte concentraƟons under alkaline condiƟons facilitates the equilibraƟon of OH- 

concentraƟons between chambers and miƟgates crossover of NO3
- and NO2

- ions during 
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electrochemical reducƟon. Following protonaƟon and formaƟon of ammonium ion (NH4
+), NH3 

molecules possess the capability to traverse from the cathode chamber to the anode chamber. 

However, the concentraƟons of NH3 measured as consequence of this crossover in the anolyte are 10 

Ɵmes lower than those measured in the catholyte where the reducƟon process takes place. Nafion 

117 CEM was uƟlized in all chronoamperometry and chronopotenƟometry processes presented in 

Chapters 3, 4 and 5. 

 

Figure 2.18  Transport of ions through an CEM. 

 

2.7.5 Porous electrodes applicaƟon. 

Porous electrodes are conducƟve substrate with an extended surface, such as carbon paper, carbon 

cloth, or metallic porous material, onto which catalyst materials can be deposited in various structural 

configuraƟons. The porous nature of these electrodes facilitates ion diffusion while offering a large 

surface area for electrochemical reacƟons to take place. When combined with the catalyst layer, they 

effecƟvely enhance the target reacƟon. In Chapter 5, a carbon paper is uƟlized, featuring a porous 

carbon substrate serving as both the structural support and conducƟve medium for the electrode. This 

substrate is coated with NiO2+SnO2 nanoparƟcles catalyst, facilitaƟng the invesƟgaƟon of caƟon effects 

during NO3
-RR. The chemical stability of carbon paper substrates enables operaƟon under harsh 

alkaline condiƟons and supports long-term experiments with minimal catalyƟc effects, parƟcularly 

when assessing only the performance of the catalyst or effects of the electrolyte for the defined 

reacƟon. 
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2.8 Summary of equaƟons. 

Beer's law  2.1 

Nernst equaƟon  2.2 

ElectrodeposiƟon  2.3 

PEIS IR correcƟon  2.4 

Faradaic Efficiency  2.5 

H2 Faradaic Efficiency  2.6 

Cell energy efficiency  2.7 

TheoreƟcal Energy 
consumpƟon  2.8 

Standard Cell Gibbs Free 
reacƟon energy  2.9 

Half-cell Energy Efficiency  2.10 

Double Layer Capacitance  2.11 

Electrochemical AcƟve 
surface Area  2.12 

Koutecky-Levich analysis  2.13 

LimiƟng current  2.14 
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CHAPTER 3 Cu AND Ti-BASED MATERIALS WITH SYNERGISTIC EFFECTS IN NO3-RR TO NH3 

 

3.1 Abstract 

This chapter invesƟgates the synergisƟc effects of Ɵtanium (Ti) and copper (Cu) composite electrodes 

for the NO3
−RR to NH3. By integraƟng Cu2O-Cu nanocubes on a Ti substrate, the study aims to leverage 

the high catalyƟc acƟvity of Cu and the excellent faradaic efficiency of Ti. OpƟmal electrochemical 

condiƟons, such as pH and NO3
- concentraƟon, were idenƟfied to maximize NH3 generaƟon. The 

composite electrode demonstrated enhanced performance, combining the strengths of both 

materials, resulƟng in improved kineƟc behavior and stability over mulƟple cycles. These findings 

highlight the potenƟal of using composite materials with differing intrinsic properƟes to significantly 

enhance NO3
- reducƟon efficiency and producƟvity.   
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3.2 IntroducƟon to Chapter 3. 

NO3
-RR has been studied using several noble metals such as silver, gold, palladium, and ruthenium[1], 

[2]. However, the prohibiƟve costs of these materials make them less compeƟƟve for applicaƟons 

further than fundamental studies at the laboratory scale[3]. Other pure and combined transiƟon 

metals have been also studied, among which copper (Cu) and Iron (Fe) at different oxidaƟon states 

[4]–[7] stand out as highly acƟve materials for nitrate electroreducƟon by modificaƟon of shape, 

crystallographic orientaƟon, and oxidaƟon state, being either use as single catalyst or in composite 

electrodes. Fu et al. have synthesized Cu nanosheets to maximize the efficiency of NO3
-RR towards 

NH3, reaching a faradaic efficiency to ammonia (FENH3) of 99.7% and studied the effects of changing 

catalyst shape in FENH3[8]. Oxidized forms of Cu have demonstrated to enhance acƟvity for NiRR. Fu et 

al have studied how the interface Cu2O-Cu alleviates the adsorpƟon energy of NO2
- and improves its 

diffusion[9]. Chen et al. have incorporated Cu nanoparƟcles onto an organic semiconductor busƟng 

the NiRR towards NH3 reacƟon by regulaƟng the proton/electrons flow to Cu centers[10]. Shih et al. 

have reported the effects on selecƟvity towards different nitrogen-based products of crystalline 

morphology of Cu nanoparƟcles on composite electrodes[11]. In fact, Cu selecƟvity is not limited to 

ammonia generaƟon. Several studies have been carried out with Cu-based materials, demonstraƟng 

its potenƟal for water denitrificaƟon (NO3
- to N2) and achieving N2 selecƟvity values close to 100% 

[12]–[14] due its high ability of promoƟng the rate determinant step (RDS) NO3
- to NO2- of the overall 

NO3
-RR. This intrinsic property of Cu make it an excellent primary catalyst if it is combined with other 

materials that can conduct NiRR towards ammonia generaƟon aŌer surpassing the RDS. 

Ti-based electrodes have also recently aƩracted aƩenƟon of researchers due their high efficiency and 

stability under extreme electrochemical condiƟons. McEnaney et al. have reached a 90% FENH3 and 

80% of selecƟvity (SENH3) with a pure Ti electrode applying electrolyte engineering[15]. MeanƟme, 

oxidized forms of Ti have also shown catalyƟc properƟes. Jia et al. busted selecƟvity towards NH3 by 

using TiO2 nanotubes with rich oxygen vacancies[16]. Consequently, the high selecƟvity of Ti 

electrodes for NiRR towards NH3 makes them suitable acƟve support for other more acƟve materials. 

In this case, fulfilling the role of a secondary electrocatalyst increasing selecƟvity toward desired 

products, while maintaining the catalyƟc properƟes of the primary catalyst. 

In the present Chapter we aim to study the role of Ti and Cu (primary components of electrodes) in 

NO3
-RR towards NH3 and establish the opƟmal electrochemical condiƟons for maximizing its 

generaƟon. Under those circumstances, electrochemical acƟvity (NO3
- reducƟon rate) and kineƟc rate 

constants were evaluated in first place for the Ti electrode (Ti as the primary catalyst). In the second 

place, for the Cu (I) oxide-copper Ɵtanium-modified electrode (Cu2O-Cu@Ti), studying the synergisƟc 
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effects on efficiency parameters of having Ti as acƟve support for more acƟve materials such as Cu2O-

Cu. 

 

3.3 Copper-based materials as acƟve catalysts for NO3
-RR to NH3. 

Cu has been widely studied in the field given its high acƟve performance for NO3
-RR, mostly due to its 

ability to undergo structural transformaƟons that create polycrystalline surfaces, enhancing mass 

transfer and thus the overall catalyƟc acƟvity of the material. The morphology and structure of Cu-

based catalysts can expose different crystal planes. Gao et al.[17] used DFT calculaƟons to show that 

both Cu (1 0 0) and Cu (1 1 1) crystal planes are thermodynamically favorable. Similarly, Hu et al.[18] 

confirmed with DFT that Cu (1 0 0) and Cu (1 1 1) planes exhibit superior catalyƟc acƟvity compared 

to Cu (1 1 0). Notably, Cu (1 1 1) is parƟcularly effecƟve at converƟng NO3
- to NH3 in neutral or alkaline 

electrolytes, while Cu (1 0 0) excels in strongly acidic electrolytes. Copper's effecƟve interacƟon with 

reacƟon intermediates and its synergisƟc effects when combined with other materials make it an 

excellent catalyst for driving reacƟons toward desired products. This secƟon examines the factors 

contribuƟng to Cu-based catalysts' efficiency, selecƟvity, and stability, providing context for the results 

obtained for electrodes used in Chapters 4 and 5. 

 

3.3.1 AdsorpƟon and acƟvaƟon of NO3
- 

Commonly to most electrochemical reacƟons, the iniƟal step in the NO3
- reducƟon involves the 

adsorpƟon of the ions onto the surface of the Cu acƟve sites. According to several DFT calculaƟons, 

this adsorpƟon, which has been found especially on specific facets like Cu (1 1 1) and neutral/alkaline 

condiƟons, is thermodynamically favorable. Therefore, the interacƟon between the NO3
- and Cu acƟve 

centers involves the formaƟon of a Cu – O bond, stabilizing the intermediates and facilitaƟng further 

reducƟons[19], [20]. Gibbs Free Energy ( ) diagrams illustrate the potenƟal energy landscape of the 

NO3
-RR on Cu Figure 3.1. They show the energy changes associated with each reacƟon step, 

highlighƟng the most thermodynamically favorable pathways. For Cu, the key steps with relaƟvely low 

energy barriers include the reducƟon of NO3
− to NO2

− and the subsequent hydrogenaƟon steps leading 

to NH3 formaƟon. The diagrams also indicate that Cu surfaces have lower energy barriers for *NH2 

hydrogenaƟon, a criƟcal step for NH3 producƟon. The electronic structure of Cu, parƟcularly the 

posiƟon of the d-band center, plays a role in its catalyƟc acƟvity. ShiŌing the d-band center closer to 

the Fermi level enhances the adsorpƟon strength of intermediates like *NO and *NH2, opƟmizing the 

reacƟon kineƟcs according to the study presented by Wang et al.[20], [21] 
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Understanding several studies, the high acƟvity of Cu-based materials for NOx
- reducƟon to NH3 results 

from its opƟmal electronic structure, favorable adsorpƟon properƟes, and the ability to form various 

reacƟve intermediates efficiently. These properƟes can be further enhanced by nano-structuring, 

alloying, and creaƟng composite materials which synergisƟcally enhances the already favorable 

apƟtude of Cu-based for NO3
-RR. 

 

Figure 3.1 a) AdsorpƟon configuraƟons of reacƟon intermediates (Cu: orange-red, N: blue, O: red, H: gray). b Free energy 
profiles of NH3 formaƟon from NO3− reducƟon on Cu (1 0 0) and Cu (1 1 1) at 0 V vs. RHE from grand-canonical DFT 
calculaƟons. Reproduced from “Breaking adsorpƟon-energy scaling limitaƟons of electrocatalyƟc nitrate reducƟon on 
intermetallic CuPd nanocubes by machine-learned insights”[17]. 

 

3.4 Titanium-based materials as acƟve catalyst/support for NO3
-RR to NH3. 

To understand how Ti-based materials can act as the principal catalyst or as an acƟve support for other 

more acƟve materials, we explore some fundamental aspects at the molecular level that explain their 

acƟvity for NO3
-RR in this secƟon. Ti-based materials offer several advantages, including corrosion 

resistance, stability across various pH condiƟons, and relaƟvely poor acƟvity for HER, making them 

suitable for various reacƟons[15]. It is important to stablish that in the electrochemical studies 

conducted in this chapter, a Ti foil was used as an acƟve support. However, XPS measurements, 

discussed in SecƟon 3.7.4, revealed the presence of a thin layer of TiO2 on the Ti substrate, part of the 

naƟve oxides remaining on the surface aŌer chemical pre-treatment. This layer is the actual surface in 

contact with the electrolyte, and for instance the one showing catalyƟc acƟvity during NO3
- reducƟon. 
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Therefore, the acƟvity of TiO2-based catalysts is explored here, with Ti-based materials referring 

specifically to this oxide. 

 

3.4.1 AdsorpƟon and acƟvaƟon of NO3
- and structural defects of TiO2. 

Several studies revealed that the NO3
-RR mechanism on TiO2 proceeds in a similar way to that for Cu-

based catalysts, however, differences in its acƟve sites can modify the catalyƟc acƟvity in terms of 

efficiency and selecƟvity toward desired intermediates and products. Furthermore, structural defects 

introduced to the TiO2 structure change the catalyƟc acƟvity and locaƟon of the acƟve sites within the 

catalyst. Defects including Oxygen Vacancies (OV) and Titanium Vacancies (TiV) that enhance 

adsorpƟon and kineƟc properƟes during NO3
-RR to NH3. 

The OVs in TiO2 disrupt the regular laƫce structure of the catalyst, creaƟng localized states that 

facilitate stronger binding of NO3
- molecules to the catalyst surface. According to Ranran Jia et al., the 

Ovs introduce local states within the band gap of TiO2, which can act as electron donors, a property 

that enhances the electron transfer necessary for the acƟvaƟon of NO3
-. This presence of OVs lowers 

the acƟvaƟon energy for breaking the N – O bonds, making the reducƟon process more efficient. In 

addiƟon, another property aƩributed to the presence of OV corresponds to the suppression of side 

reacƟons such as HER, enhancing the whole efficiency of the process[16], [22]. 

In the case of the TiVs, like OVs, introduce defects that alter the electronic structure of TiO2 that reduce 

the band gap of the structure that enhances among others the photocatalyƟc properƟes by allowing 

a beƩer adsorpƟon of visible light and improved electron-hole separaƟon. According to the study 

presented by Xi Zhang et al.[22], the presence of TiVs can also create unsaturated coordinaƟon sites, 

which can act as acƟve sites for NO3
- adsorpƟon, enhancing the overall acƟvity of TiO2 by providing 

addiƟonal pathways for electron transfer and reacƟon intermediate stabilizaƟon. 

 

3.5 Methods. 

Experimental methods were outlined in Chapter 2. However, here we briefly highlight the most 

important informaƟon related to this chapter. 

3.5.1 Electrode preparaƟon: 

Cu Foil. Purchased from Alfa Aesar (0.5 mm Ɵck, 99.99% metal basis) is defined here as an electrode 

and acƟve support. Before the electrolysis process, the foil underwent a pre-treatment process aimed 

at eliminaƟng naƟve oxides present on the surface. For that, iniƟally, the Cu foil was subjected to a 15-

minute sonicaƟon process in a soluƟon comprising acetone, isopropyl alcohol, and ethanol in a raƟo 
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of 1:1:1. This step effecƟvely removed both organic and inorganic oils from the surface. Subsequently, 

the material underwent a second treatment involving immersion in an acidic soluƟon (10% H2SO4 + 

36 g L-1 C6H8O7) while being sonicated for 5 minutes. Finally, the material was thoroughly rinsed with 

Milli-Q water for 10 minutes.

Ti Foil. Purchased from Alfa Aersar Titanium foil, 0.127mm (0.005in) thick, annealed, 99% - metals 

basis. The electrode preparaƟon consisted of the chemical removal of impuriƟes present on the Ti 

surface. First, the Ti foil was sonicated for 15 min in a soluƟon of acetone, isopropyl alcohol, and 

ethanol in a proporƟon (1:1:1) for the removal of organic and inorganic oils. Then, it was submerged 

in the acidic soluƟon under sonicaƟon for 5 min; and finally rinsed in milli-Q water for 10 min.

Gr Foil. Purchased from Alfa Aesar (Graphite foil, 0.5mm thick, 99.8% metal basis). The electrode 

preparaƟon consisted of removal of impuriƟes with milli-Q water and sonicaƟon for 15 minutes.

Cu2O-Cu@Ti electrode. Cu2O-Cu nanoparƟcles were plated by PED on a 1x1.5 cm² Ti foil treated as 

previously described. This technique has been reported to allow for the direct growth of shape 

controlled Cu2O-Cu nanocubes[23]. During the alternaƟng potenƟal condiƟons, Cu nuclei form with 

further material deposiƟon, while non-cubic parƟcles are preferenƟally dissolved during the anodic 

cycles. A CV measurement was performed with an electrolyte containing 5 mM CuCl2 and 5 mM KCl 

(pH 5) to determine the opƟmal parameters for Cu electrodeposiƟon and its parƟal oxidaƟon to Cu2O 

onto Ti substrate using a three-electrode undivided cell (Figure 3.1a). Figure 3.1b shows the CV curve 

performed at a scan rate of 10 mV·s⁻¹. The peaks situated at -0.26 V and 0.24 V vs. RHE are associated 

with the reducƟon of Cu2+ to Cu1+ and the reducƟon of Cu1+ to Cu0, respecƟvely[24]. 

Figure 3.2 SchemaƟc representaƟon of the electrode Cu2O-Cu@Ti synthesized by electrodeposiƟon from a Cu precursor 
soluƟon.
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From the CVs the applied potenƟals for PED were EW,C= -0.25V vs RHE, during a duty Ɵme of 0.625 s, 

and EW,A = 0.3V vs RHE, during 7.5s for a defined number of cycles (N = 30) (Figure 3.3c). The opƟmum 

pH value for the PED and Cu nanoparƟcles stability was fixed in a range of 5.5-6, before the formaƟon 

of copper hydroxide Cu(OH)2 in the electrolyte[25]. Figure 3.3d shows the waveform of the 

chronoamperometry, and the currents reached during the PED, with a cathodic current peak of -5.5 

mA where the Cu nanoparƟcles were expected to be deposited on the Ti support, and a later anodic 

peak current of 0.1 mA where the nanoparƟcles are expected to parƟally oxidize to Cu2O onto the Cu 

surface. AŌer PED, the electrodes were rinsed with Milli-Q water (18.2 MΩ·cm-1) to remove the rest of 

electrolyte.

Figure 3.3 a) Electrochemical three electrode undivided cell b) CV of Ti substrate for CuCl2 5mM + KCl 5mM. c) PED CP scheme 
d) PED chronoamperometry Ti substrate for CuCl2 5mM + KCl 5mM.

The resulted Cu2O-Cu nanoparƟcles acquired a cubic-like shape as shown in the SEM images of Figure 

3.4. A further XPS ex-situ analysis of nanoparƟcles synthesized under controlled Ar atmosphere 

revealed a potenƟal core-shell structure of the nanoparƟcles.

a b

c d
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Figure 3.4 SEM images of Cu2O-Cu@Ti electrode 

 

Cu2O-Cu@Gr electrodes. These electrodes were prepared following the procedure described for Cu2O-

Cu @Ti electrodes, aŌer an electrochemical evaluaƟon of the required applied potenƟals. 

 

3.5.2 Electrochemical measurements: 

As menƟoned in Chapter 2 all electrochemical measurements were performed with a BioLogic 

electrochemical workstaƟon. For the NO3
-RR to NH3 electrolysis experiments, a three-electrode H-cell 

was used. A Nafion-117 CEM divided the cathode and anode. A gas absorpƟon liquid chamber was 

connected to the cathode compartment. A flow of Ar was passed through the cathode chamber (but 

not through the catholyte) dragging gaseous products and a soluƟon of 5 mM H2SO4 was used to 

capture the NH3 passed to the gas phase of the chamber. For the calculaƟons, the total produced 

ammonia was the addiƟon of the ammonia present in the electrolyte and that in the acidic trap. Figure 

3.5 shows the electrochemical setup for all measurements. 

The prepared Cu2O-Cu deposited on Ti and Gr Foils (1x1 cm2 in all cases) were used as working 

electrodes, Ag/AgCl3.5M KCl as reference electrode, and a Pt mesh served as the counter electrode. All 

potenƟals in chronoamperometry tests in this study are reported in V vs Reversible Hydrogen 

Electrolyte (RHE) and the potenƟal interconversion between electrodes is defined by ERHE= EAg/AgCl 3.5M 

KCl + 0.205V + 0.059·pH. 

For NO3
-RR studies, two electrolyte condiƟons were prepared with two extreme pH values. For acidic 

condiƟons, the electrolyte was 0.3M KNO3 + 0.1M HNO3 (final [NO3
-] of 0.4M and pH 1). While for the 

alkaline condiƟons, a soluƟon consisƟng of 0.1M KNO3 and 1M KOH was prepared, with a final pH 14. 

The electrolyte for the electrochemical rate constant determinaƟon with the RDE consisted of 0.01M 

KNO3 + 1M KOH. The double layer capacitances were determined for Ti and Cu2O-Cu/Ti electrodes 

using a 0.1 M K2SO4 electrolyte. Before the experiments, Ar was bubbled through the electrolyte 

soluƟon for 15 min to remove all the dissolved gasses. 
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Figure 3.5 H-type cell electrochemical set up including the acidic trap. 

 

Chronoamperometry tests were conducted with all previously cited electrodes. The acidic electrolyte 

condiƟons were applied only for pure Ti electrodes due the low stability of Cu-based nanoparƟcles 

under those condiƟons. FEi towards NH3, NO2
-, and H2, SEi towards NH3, and NO2

- and producƟvity (NH3 

Yield) were evaluated by electrolysis at -0.3, -0.4, -0.5, -0.6, -0.7 and -0.8 V vs RHE working potenƟals. 

These efficiency parameters were calculated as presented in Chapter 2. 

 

           

          

  

 

Ci (M) is the obtained molar concentraƟon of a target product; V (L) is the volume of electrolyte in the 

cathode chamber; M (g/mol) is the molar mass of the target product; A (cm2) is the geometric surface 

area of the electrode; α is the number of transferred electrons for producing a target product; F is the 

Faraday constant, Q is the total charge transferred to the system; CNH3 (M) is the measured NH3 

concentraƟon for the reacƟon; t (h) represents the duraƟon of chronoamperometry tests; and  

and  (M) represent the iniƟal and final concentraƟon of nitrates in the electrolyte 
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3.5.3 Electrochemical rate constant (ki) determinaƟon: 

RDE - LSV measures were performed at 0.5 V to -0.88 V vs RHE potenƟal window for 0.01M KNO3 + 1M 

KOH with a scan rate of 10 mV s-1 under the rotaƟng rates 100, 300, 600, 1000, 1500, 2000 RPM. The 

kineƟc currents of NO3
-RR for the different electrode materials were determined by the Koutecky–

Levich (K–L) analysis and the electrochemical rate constants by the equaƟons[26]. 

                                                                                                                     3.1 

                                                                                                                                                            3.2 

n is the number of transferred electrons for a defined reacƟon; D is the NO3
- diffusion coefficient (2×10-

5 cm2 s-1)[27]; υ is the kinemaƟc viscosity (0.0088 cm2 s-1); iC is the current at a defined working potenƟal 

EW; ik is defined as the kineƟc current; C0 is the iniƟal concentraƟon of electrolyte and, k is the 

electrochemical rate constant. 

 

3.5.4 AnalyƟcal instrumentaƟon and measurements: 

From Chapter 2. A gas chromatography equipment (GC, Agilent technologies 490 Micro GC) was used 

for quanƟficaƟon of H2, as major gas product. The concentraƟon of NO3
- and NO2

- anions were 

measured by an Ion Chromatograph (Dionex 1100) equipped with a Dionex Ion Pac AS-22 anion 

exchange column and a chemical suppressor (ASR-ultra 4mm), using 4.5 mM Na2CO3 + 1.4 mM NaHCO3 

as eluent at 1.5 mL min-1. The NH3/NH4
+ concentraƟon was determined by visible spectroscopy (aŌer 

complexing NH4
+ ions by Nessler reagent)[28], [29] on a PerkinElmer Lambda-950 spectrometer. 

 

3.6 Cu and Ti-based electrodes characterizaƟon. 

Cu2O-Cu@Ti electrodes correspond to the most important catalyst used for the study presented in this 

chapter and the characterizaƟon by SEM, EDX, XRD, XPS and Raman is presented in further secƟons, 

correlaƟng the structure parameters with the catalyƟc acƟvity observed during electrolysis of NO3
-. 

 

3.6.1 Cu2O-Cu@Ti. SEM and EDX analysis. 

The morphology of Cu2O-Cu nanoparƟcles and the Ti support was studied using FE-SEM before and 

aŌer electrolysis experiments. The images, presented in Figure 3.6 a-e, show that the irregular surface 

of the Ti support is homogeneously covered by Cu2O-Cu nanocrystals aŌer PED. At high magnificaƟon, 

a layer of cubic-like nanocrystals, ranging in size from 40-80 nm (edge-to-edge), is observed. When 
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these nanoparƟcles are subjected to NO3
-RR to NH3, extensive changes in the oxidaƟon state and 

morphology can be seen, especially at high cathodic potenƟals. The iniƟally well-defined nanocubes 

transform into more aggregated and parƟculate forms. This transformaƟon becomes evident when 

comparing Figures 3.6 e and f, with the laƩer showing the nanoparƟcles aŌer 90 minutes of 

electrolysis, an effect observed in similar studies[30]. Regarding the oxidaƟon state changes of 

nanoparƟcles, Lichen Bai et al. [31] studied the acƟvity of isolated Cu-based nanoparƟcles for NO3
-RR, 

finding correlaƟons between the morphology and crystalline phases of the nanoparƟcles and their 

selecƟvity toward different products.

Figure 3.6 SEM images of Cu2O/Cu@Ti electrode a-e) before electrolysis and f) aŌer electrolysis.

By recording EDX spectrum Figure 3.7, the Cu2O-Cu@Ti electrode was esƟmated to have an average 

atomic composiƟon of 1.2% Cu, 86.5% Ti and 12.2% C, before electrolysis (Figure 3.7a-b). The 

electrode composiƟon shows that a low percentage of Cu-based nanoparƟcles on the Ti acƟve support 

can highly impact in the catalyƟc acƟvity of the electrode for NO3
-RR. In the other hand, the EDX study 

performed to the electrode aŌer electrolysis (Figure 3.7 c-d), showed a similar atomic composiƟon of 

1.25% Cu, 87.3% Ti and 11.3% C.

a b c

d e f
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Figure 3.7 EDX analysis for the Cu2O-Cu@Ti electrode a-b) before electrolysis c-d) aŌer electrolysis.

a b

c d
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3.6.2 Cu2O-Cu@Ti. XRD. 

The phase composiƟon of the Cu2O-Cu@Ti electrodes was studied by XRD, and the results are 

displayed in Figure 3.8 a. A set of diffracƟon peaks at different posiƟons can be seen, indexed to the 

(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), (2 0 1), (0 0 4), (2 0 2) and (1 0 4) laƫce 

planes of Ti (JCPDS 00-044-1294). No peaks corresponding to TiO2 can be observed by XRD. 

 

Figure 3.8 XRD spectrum a) for Cu2O-Cu@Ti electrode and inset graph for the 2ϴ range 34° to 38°. b) for the auxiliary electrode 
Cu2O-Cu@Gr electrode. 

 

AddiƟonally, a small diffracƟon peak corresponding to cuprite Cu2O (JCPDS 005-0667) can be also 

found in Figure 3.8 a. The corresponding peaks of Cu0 resulted impercepƟble owing to the small 

amount of deposited Cu nanoparƟcles (charge equivalent to 0.055C) and the overlapping with high 

intensity peaks associated to Ti. However, an alternaƟve route was employed for idenƟfying the peaks 

of Cu2O-Cu nanoparƟcles deposiƟng them onto a Gr foil support. Figure 3.8 b shows the XRD 

diffracƟon paƩerns for the Cu2O-Cu@Gr electrode in which it was possible idenƟfying two peaks at 

36.7° and 43.3°associated with the laƫce planes of Cu2O (1 1 1) and Cu (1 1 1), respecƟvely (JCPDS 

005-0667 and 004-0836). These results indicate the parƟal oxidaƟon of the Cu nanoparƟcles during 

the PED. Meanwhile, no other impurity peaks were observed on the XRD paƩerns of both electrodes. 

ContribuƟng to both, acƟvity for NO3
-RR and selecƟvity towards NH3, the presence of Cu and Cu2O 

phases in the structure of a single nanocube is highly desirable for the catalyst. Different chemical 

states of Cu catalyze specific stages of NO3
-RR as studied by Lichen Bai et al., whereby different in-situ 

applied techniques, idenƟfied that Cu is mostly in metallic form during the selecƟve reducƟon of NO3
- 

or NO2
- to NH3, while Cu(I) species are predominant when NO3

- is reduced to NO2
- (the RDS)[3][31]. 
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3.6.3 Cu2O-Cu@Ti. Raman Spectroscopy.

Raman spectroscopy measurements were also conducted on a Cu2O-Cu/Ti electrode, as shown in 

Figure 3.9. As seen, peaks corresponding to several modes of Cu2O, CuO and ruƟle TiO2 can be found, 

in agreement with the results obtained by XRD.

Figure 3. 9 Raman analysis of Cu2O-Cu@Ti electrode.

3.6.4 Cu2O-Cu@Ti. XPS.

In Figure 3.10 a is presented the XPS spectrum of the Cu2O-Cu@Ti electrode in the Cu 2p sub-level. 

The spectrum shows the two peaks corresponding to the 2p3/2 and 2p1/2 spin orbitals, along with the 

satellite peaks at 940-948 eV. The presence of these satellite peaks and their binding energy both 

confirm the existence of oxidized Cu forms on the Cu2O-Cu/Ti electrode. The peak Cu 2p3/2 was 

deconvoluted into three peaks, indicaƟng the co-existence Cu+ at 932.39 eV, Cu2+ at 934.48 eV and Cu0

at 931.0 eV in the nanocubes[32]. The raƟos Cu+/total-Cu and Cu2+/total-Cu were determined to be 

78% and 20%, respecƟvely. However, the presence of Cu2+ can be correlated with oxidaƟon process of 

the nanocubes by exposiƟon to air prior to the XPS analysis (this will be discussed in secƟon 3.10). 

Figure 3.10 b shows the Ti 2p spectrum. Two strong peaks appear at 458.4 and 464.1 eV that can be 

correlated with Ti4+, indicaƟng the presence of superficial TiO2 in the Cu2O-Cu/Ti electrode. A 

deconvoluƟon of the peaks situated at 453-457 eV indicates the minor presence of other oxidized 

forms as well of Ti (Ti2+, and Ti3+ 454.4 and 456.6 eV respecƟvely)[32]. The Ti peak is situated at 453.71 

eV. The Auger LMM spectrum for the Cu2O-Cu/Ti electrode in Figure 3.10 c also suggests the presence 

of copper in the form of Cu+ rather than as metallic Cu0, as observed by the signal at 570 eV, associated 

to Cu+[32].
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Figure 3.10 HR-XPS spectrum for Cu2O-Cu@Ti electrode a) Cu 2p region b) Ti 2p region and c) The Auger LMM spectrum for 
the Cu2O-Cu/Ti electrode. 

 

3.7 Ti-base materials as efficient and selecƟve acƟve support. 
 

3.7.1 Effects of pH in NO3
-RR catalyzed by Ti-based electrodes. 

The catalyƟc acƟvity for NO3
-RR was evaluated using Ti-based and Cu-based materials by introducing 

pH changes and different NO3
- concentraƟons, aiming to idenƟfy the opƟmal condiƟons for direcƟng 

the reacƟon towards the generaƟon of NH3. The Ti plate used in all studies in the chapter will be 

referred to as Ti-based materials, indicaƟng the presence of Ti0 and Ti4+ species. 

Several studies have correlated extreme pH condiƟons with higher nitrate conversion rates, FE or SE, 

or with higher NH3 producƟviƟes [15], [24], [27]. LSV curves obtained with the Ti-base plate electrodes 

were recorded at pH 14 (0.4 M KNO3 + 1M KOH) and pH 1 (0.3M KNO3 +0.1M HNO3) using a scan rate 

of 10 mV s-1 as illustrated in Figure 3.11. Lower polarizaƟon values (0 to -0.3V vs RHE) showed low 

current densiƟes for both electrolyte condiƟons. However, a sustained increment can be seen in the 

current density at alkaline condiƟons from -0.4V to more negaƟve potenƟals. A different behavior is 

observed under acidic condiƟons, where HER is highly suppressed by the high availability of NO3
- ions 

that compete for the acƟve sites with protons, conducƟng the reacƟon towards NH3 [34]. In the case 

of the alkaline electrolyte, HER is limited by the low proton concentraƟons in the electrolyte along with 

the high concentraƟon of K+ ions in soluƟon. Monteiro et al. have observed a reducƟon in acƟvity of 

HER at a high concentraƟon of weakly hydrate ions such K+ in high alkaline soluƟons. This effect is 

mainly due to the blockage effect caused by the caƟon accumulaƟon on the interface catalyst-soluƟon 

[35], [36]. AddiƟonally, the high concentraƟon of caƟons in soluƟon can reduce the repulsive forces 

between cathode and NO3
- enhancing NO3

-RR to nitrogen-based products generaƟon. 
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Figure 3.11 LSV curves obtained with the Ti-base plate electrodes recorded at pH 14 (0.4 M KNO3 + 1M KOH) and pH 1 (0.3M 
KNO3 +0.1M HNO3) using a scan rate of 10 mV s-1 

 

The observed higher current densiƟes at alkaline condiƟons are correlated with a higher acƟvity of 

pure Ti-based electrodes in NO3
-RR, favored by the presence of OH- ions what makes the dissociaƟon 

of water more favorable, ensuring a sufficient supply of protons necessary for the hydrogenaƟon of 

NO3
- reducƟon intermediates to NH3 [37], [38]. Something later corroborated in chronoamperometry 

tests. 

LSVs revealed a higher electrochemical acƟvity at alkaline condiƟons. However, the informaƟon about 

the efficiency of NO3
-RR-to-NH3 is provided by the chronoamperometry tests. Figure 3.12 displays the 

NH3 yield and the faradaic efficiencies of NO3
-RR to NH3 aŌer 90 min. Figure 3.12 a, corresponds to a 

chronoamperometry tests carried out with 0.3 M KNO3 + 0.1M HNO3 for the Ti-based electrode. The 

results agree with those already observed by McEnaney et al. under idenƟcal condiƟons where a peak 

of more than 90% of FENH3 was observed at -0.7V vs RHE. AddiƟonally, under those condiƟons, 12% of 

NO3
- conversion and NH3 Yield of 0.096 mmol·cm-2·h-1 were reached. Figure 3.12 b corresponds to the 

chronoamperometry tests performed with 0.1M KNO3 + 1M KOH and the Ti electrode. In this case, the 

peak of FENH3 was observed at -0.4V vs RHE reaching out 86%, and the producƟvity peak was situated 

at -0.8V vs RHE (NH3 Yield 0.37 mmol·cm-2·h-1). 

On one hand, the high FENH3 observed at acidic condiƟons complements the informaƟon obtained in 

LSV curves. While the high KNO3 concentraƟon significantly suppresses the HER making possible to 
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obtain a higher FENH3 [39], [40], the low current densiƟes reflected low producƟviƟes at all compared 

working potenƟals. Chen et al. have observed a lower interacƟon between NO3
- molecules and Ti acƟve 

sites if compared with that observed for Cu acƟve sites. This low interacƟon could be reflected in low 

current densiƟes, compensated by the high concentraƟon that limits parasite reacƟons such the HER. 

On the other hand, the low concentraƟon of protons in soluƟon at alkaline condiƟons limits the 

compeƟƟon for the acƟve sites with NO3
- ions, increasing the FENH3 at lower potenƟal values, while the 

higher currents observed in both LSV and CA were reflected in higher producƟviƟes. 

 
Figure 3.12 FE and producƟviƟes to NH3 for the Ti-based electrode at different Ew a) at pH 1 b) at pH 14. 

 

3.8 BoosƟng NO3
-RR to NH3 with Cu-based catalyst. Performance of Cu2O-Cu on different 

supports: 

 

Figure 3.13 shows a LSVs applied to KNO3 0.1M + KOH 1M using the electrode Cu2O-Cu@Ti; a peak is 

observed between the potentials -0.5 to -0.4 V vs RHE. Previous studies with Cu-base electrodes 

correlated this peak with the reduction of NO2
- to NH3 [8], [27]. Meanwhile, NO3

- reduction to NO2
- is 

expected to occur at less negative potentials, which agrees with the results of chronoamperometry 

tests. 
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Figure 3.13 LSVs applied to KNO3 0.1M + KOH 1M using the electrode Cu2O-Cu@Ti with IR-correcƟons of Ew. 

 

Since the pure Ti-based electrodes have demonstrated catalytic properties for efficiently conducting 

the NO3-RR-to-NH3 process under alkaline conditions, although with limited productivity at low 

cathodic potentials, additional strategies were needed to enhance the performance. As mentioned 

previously, incorporating Cu2O-Cu nanocubes into a composite electrode, such as the synthesized 

Cu2O-Cu/Ti-based, can significantly improve the reaction. In this configuration, Cu2O-Cu can promote 

the RDS (i.e. NO3
- to NO2

-), while Ti-based material can preserve its intrinsic NH3 selectivity. 

A similar behavior has been observed by Hernandes et al., who reported a synergistic effect between 

components of a Cu-Pt bimetallic 3D-electrocatalyst, demonstrating enhanced activity and selectivity. 

This synergistic effect between Cu2O-Cu and Ti-based in the composite electrode offered improved 

catalytic performance by combining the strengths of both materials, thereby achieving higher overall 

productivity and efficiency in the NO3
-RR-to-NH3 conversion process [41]. Figure 3.14 a shows the FE 

values for the different products (in the liquid phase) for a series of chronoamperometries carried out 

at different working potentials during a reaction times of 90 min at each potential. The observed trend 

for FENH3 followed a volcano shape with a maximum value of 96% at -0.4V vs RHE, after which the FENH3 

began to descend as the potential decreased to -0.7 V vs RHE. 
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Figure 3.14 FE towards different products for CA in H-type cell using the Cu2O-Cu@Ti electrode a) NH3, NO2- and Other N-
products and b) H2. 

 

In general, the decline in FENH3 is closely associated with the increased FE towards other reaction 

products (e.g., NO2
-, H2), as observed at low and higher polarization values. The evolution of H2 was 

followed by gas chromatography and the results are illustrated in Figure 3.14 b for a 90 min 

chronoamperometry. At -0.4V vs RHE, the average FEH2 value remains relatively constant around 4% 

during the electrolysis time. These values are consistent with the measured FE for other products 

observed in the liquid phase. In the case of FENO2-, the maximum values were reached at less negative 

potentials. As mentioned previously, several authors situate the first electron transfer of the NO3
--to-

NO2
- reaction as the RDS in the overall NO3

-RR to any product, in which NO2
- is the first stable 

intermediate [42]. This implies that at low polarization values, the lower kinetics of NO3
-RR limits 

further NO2
- reductions allowing its desorption from the catalyst surface into the bulk electrolyte. The 

accumulation of NO2
- ions in the bulk continues as long as the concentration of NO3

- ions in the solution 

remains high.  

 

In the case of productivity, expressed as yield (mmolNH3·cm-2·h-1); the values were gradually increased 

at more negative potentials as shown in Figure 3.15, reaching up to 0.38 at -0.7 V vs RHE. Considering 

FE (92%), SE (80%) and yield (0.28 mmol·cm-2 h-1) to NH3, it is possible to stablish an optimum potential 

around -0.5V vs RHE, which can offer a balance between efficiency and productivity of the process, 

maximizing NH3 generation. 
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Figure 3.15 NH3 ProducƟvity at different Ew for the electrode Cu2O-Cu@Ti. 

 

Also related to the applied potential changes, as observed in Figure 3.16, the SENH3 showed a gradual 

increase with the cathodic potential. The peak value of 82% was observed at -0.4V vs RHE. However, 

a slight decline was observed at more negative potentials in the range of -0.5V to -0.7V vs RHE, 

achieving an average value of 80% in most cases. Less negative potentials (Ew= -0.2 to -0.3V vs RHE) 

have shown higher NO2
- selectivity, with a maximum value of 60% obtained at -0.2V vs RHE. The 

accumulation of nitrite ions in the bulk electrolyte at these potential values is a consequence of the 

nature of the NO3
-RR with the Cu-Cu2O/Ti-based electrode. This region presents the optimal 

electrochemical conditions for the conversion of NO3
- to NO2

-, in with the slow kinetics for the further 

reduction of NO2
- into NH3 allows its accumulation [27], [43]. 

 

 

Figure 3.16 SE towards different products for CA in H-type cell using the Cu2O-Cu@Ti electrode a) NH3, NO2- and Other N-
products. 
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NO3
- conversion and specific conversion rates are presented in Figure 3.17. The percentage of removed 

nitrate was increased at more negaƟve potenƟals up to 75% (-0.8V vs RHE) for both electrodes. 

However, the specific rate expressed in mgNO3-·C-1, which indicates the amount of nitrate removed by 

unit of charge, decreased progressively at more negaƟve potenƟals due the contribuƟon of HER. A 

value of 0.093 mgNO3-·C-1 was observed at the opƟmum potenƟal (-0.5V vs RHE) for the electrode Cu2O-

Cu/Ti-based. The specific NO3
- degradaƟon can give informaƟon regarding which type of material can 

offer beƩer properƟes for water denitrificaƟon. While Ti-based electrodes showed beƩer nitrate 

specific degradaƟon (another way of measuring its efficiency), the composite electrodes showed 

higher acƟvity in terms of absolute NO3
- degradaƟon. Cu2O-Cu nanoparƟcles showed the property of 

increasing the acƟvity of the Ti-based electrodes with a slight sacrifice of the efficiency in terms of 

specific degradaƟon and selecƟvity to NH3 at lower polarizaƟon values. 

 

Figure 3.17 NO3- absolute and specific conversion rates for the electrodes Ti-based and Cu2O-Cu@Ti. 

 

3.9 Quasi-in-situ XPS analysis of Cu2O-Cu@Ti electrode. 

The HR-XPS spectrum of the Cu2O-Cu@Ti electrode in Figure 3.10a corresponds to an ex-situ 

measurement taken aŌer PED synthesis. Satellite peaks in the 2p sub-level indicate a CuO layer on the 

Cu-based nanoparƟcles, formed due to air exposure between synthesis and the XPS measurement. 

Although CuO has limited catalyƟc acƟvity for reducing NO3
- ions to NH3, it can enhance NH3 selecƟvity 

when combined with other materials in composite electrodes. Recent studies corroborated this, 
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showing that during nitrate electroreducƟon, CuO can prevent the full reducƟon of Cu2O to metallic 

Cu, maintaining Cu2O acƟve sites and providing longer electrode stability [14]. AddiƟonally, CuO can 

generate superficial defects like oxygen vacancies that act as acƟve sites for absorbing NO3
- molecules, 

as demonstrated by Zhu H. et al. [44].

The effects of air exposure on the electrode can be minimized by performing PED in a controlled, air-

free environment. To achieve this, Cu2O-Cu@Ti electrodes were prepared inside an argon atmosphere 

glovebox (Figure 3.18) and analyzed by XPS. This quasi-in-situ XPS process involves conducƟng both 

PED synthesis and CA measurements within the glovebox to prevent oxidaƟon of Cu-based 

nanoparƟcles and to observe changes in their oxidaƟon state during nitrate electroreducƟon.

Figure 3.18 Glovebox used to perform PED synthesis and NO3-RR previous semi-in-situ XPS analysis.

The quasi-in situ XPS measurements were conducted on pre-electrolysis electrodes and aŌer 40 

minutes of electrolysis to evaluate the acƟve states of both Cu and Ti-based catalysts. Before, XRD 

analysis revealed that the preferenƟal phases of the nanoparƟcles are Cu2O (111) and Cu (111) in the 

Cu2O-Cu@Ti electrode and it was expected to see the same by XPS. Figure 3.19 shows the (a) Cu 2p 

and (b) Cu Auger spectrums before and aŌer reacƟon at applied potenƟals of -0.1, -0.5, and -1V vs 

RHE.

Before the reacƟon (blue spectrum), both the Cu 2p3/2 and Cu 2p1/2 showed contribuƟons 

corresponding to Cu0 and Cu+, similar to ex-situ measurements and also according to XRD analysis, but 
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no notable Cu2+ satellite peaks were observed. The Cu LMM Auger peak in Figure 3.19b indicates that 

the catalyst's oxidaƟon state is Cu+ and not Cu0, confirming that the iniƟal surface of the nanoparƟcles 

aŌer PED synthesis is primarily composed of Cu2O, possibly with a metallic Cu core. 

 

 
Figure 3.19  a) Cu 2p sub-level and b) Auger Cu LMM spectrums for the Cu2O-Cu@Ti electrode pre- and post-40 minutes 
NO3-RR at different applied potenƟals. 

 

The XPS spectrums recorded before and aŌer 40 minutes of NO3
-RR at applied potenƟals of -0.5 and -

1V vs RHE show a small shiŌ of the main Cu 2p3/2 feature to lower binding energies, indicaƟng Cu 

reducƟon during NO3
-RR. The Cu LMM Auger line, with its main feature at approximately 918 eV, 

confirms the formaƟon of Cu0 as NO3
-RR progresses. And notoriously the metallic Cu LMM peak is 

more intense at more cathodic potenƟals (-1.0 V vs RHE). By analyzing these changes in the oxidaƟon 

state of Cu in the nanoparƟcles, along with the FE and SE obtained during CA experiments, it is evident 

that a balanced Cu2O-Cu (predominantly Cu2O) is the efficient surface for NH3 formaƟon at -0.5V vs 

RHE, where both oxidaƟon states are necessary. AddiƟonally, the increased proporƟon of metallic Cu 

can be correlated with a decline in FE at more negaƟve potenƟals (referred to Figure 3.15). 
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For the Cu 2p sub-level XPS spectrum taken aŌer 40 minutes of NO3
- electrolysis at -0.1V vs RHE, low-

intensity 2p3/2 and 2p1/2 signals are observed. Similarly, the Auger spectrum is almost enƟrely 

composed of the reference Ti 2s signal (purple spectrum). This indicates the detachment of 

nanoparƟcles from the Ti substrate surface, leading by their oxidaƟon to Cu2+ and eventual dissoluƟon 

into the electrolyte. For instance, the volcano-shaped FE observed in Figure 3.15 can be correlated 

with the proporƟonal increase in metallic Cu at more negaƟve potenƟals from -0.2 to -0.5V vs RHE. 

Encountering the opƟmal Cu2O/Cu proporƟon between -0.4 and -0.5V vs RHE. Beyond this range, an 

increase in the proporƟon of metallic Cu, along with changes in the nanoparƟcle shape, leads to a 

reducƟon in FE. 

 
Figure 3.20 a) Ti 2p sub-level and b) Ti 1s core level spectrums for the Cu2O-Cu@Ti electrode pre- and post-40 minutes NO3-

RR at different applied potenƟals. 

 

Focusing on the Ti 2p sub-level of the Cu2O-Cu@Ti electrode (Figure 3.20a), the quasi-in-situ XPS study 

reveals peaks at 458.4 and 464.1 eV, corresponding to Ti4+ and indicaƟng a TiO2 layer on the surface, 

similar to the ex-situ analysis shown in Figure 3.6b. The third peak at 454.8 eV is associated with 

various oxidized forms of Ti (Ti2+, Ti3+), as well as metallic Ti0 [32]. 

The N 1s core-level peak (Figure 3.6b) remains complex in determining the exact chemical composiƟon 

and states. However, its semi-Gaussian shape, with the full width of about 1.6–1.9 eV, has been 
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correlated in some studies to Ɵtanium nitride (TiNx) on the surface, among other chemical states. 

Regardless of the applied potenƟal during electrochemical NO3
- reducƟon, the surface species appear 

to remain unchanged. For instance, the catalyƟc selecƟvity towards NH3 shown by Ti substrates can be 

then correlated to its various oxidaƟon states, parƟcularly TiO2 as main component of the surface. 

 

 

Figure 3.21 a) Cu 2p sub-level and b) Auger Cu LMM spectrums for the Cu2O-Cu@Ti electrode pre- and post-3hs of air 
exposiƟon. 

 

Finally, the idea that the Cu-based nanoparƟcles deposited by PED have an encapsulated metallic Cu 

structure covered by Cu2O on the Ti support is supported by both ex-situ XRD and XPS results, where 

both Cu and Cu2O are present. Further evidence comes from quasi-in-situ XPS measurements. Figure 

3.21a shows the spectrum of a reference Cu material (black signal), the Cu2O-Cu@Ti electrode aŌer 

40 minutes of NO3
-RR (blue signal), and the same electrode aŌer 3 hours of air exposure (red signal). 

The peaks aƩributed to Cu+ and Cu0 are observed in the Cu 2p region, consistent with previous 

measurements. 

In the Cu LMM Auger measurements, the peaks recorded in the black signal (aŌer NO3
-RR) confirms 

the formaƟon of metallic Cu, as observed before. AŌer a 3-hour air exposure, the electrode was 

analyzed again by XPS. The red signal indicates that only part of the metallic Cu0 re-oxidizes to Cu2O, 
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while some metallic Cu remains detectable. This suggests that part of the metallic copper is passivated 

by the Cu2O layer aŌer air exposure, a behavior also expected for freshly PED-synthesized electrodes. 

 

3.10 EvaluaƟng the effect of a different substrate: 

Figure 3.22 compares different cathode materials at −0.5 V vs RHE for NO3
-RR to NH3 with 0.1 M KNO3 

+ 1 M KOH electrolyte. Pure Cu, Ti, and composite Cu2O-Cu@Ti-based and Cu2O-Cu@Gr electrodes 

were analyzed for FENH3, SENH3, and producƟvity. Pure Ti-based high selecƟvity for reducing NO3
− to NH3 

makes it an excellent support for Cu-based NO3
-RR catalysts. FE and SE decrease in electrodes lacking 

Ti. The Cu2O-Cu@Ti electrode shows a synergisƟc effect, leveraging the intrinsic properƟes of both 

components to enhance ammonia generaƟon. 

 
Figure 3.22 FE towards NH3 for different cathode materials at −0.5 V vs RHE. 

 

3.11 Determining the electrochemical rate constant (k): Why do we have synergy between Cu and 

Ti-based materials. 

A RDE was used to determine the k for NO3
-RR using the different materials in this Chapter. Pure Ti-

based, pure Cu-based, and electrodeposited Cu2O-Cu@Ti-based disks were analyzed to explain the 

different performances. Hg/HgOKOH 1M and Pt wire were used as reference and counter electrodes, 

respecƟvely. LSVs were recorded on the disks at various rotaƟng rates ( ).  
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Figure 3.23 a) LSV under staƟc condiƟons with Cu2O-Cu/Ti disk RDE. R1 CuO to Cu2O reducƟon; R2 NO3- to NO2- reducƟon; R3 
NO3- to NH3 reducƟon;1 from R4 HER (b) LSV curves with RDE under different rotaƟon speeds. 
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Figure 3.19 shows LSVs at (a) 0 RPM and (b) rotaƟng rates of 100, 400, 600, 1000, 1500, and 2000 RPM 

for the composite electrode, starƟng from the OCP to the expected potenƟal. The recorded current 

densiƟes j exhibited a linear dependency on the ω−1/2 value. The distorƟon of the sigmoidal shape in 

the iniƟal stages of rising j (between 0.2 and -0.1 V vs RHE) indicates that NO3
-RR on the Cu2O-Cu@Ti 

electrode is limited by both the mass transport of NO3
- ions to the electrode surface and the sluggish 

kineƟcs of the first electron transfer during the RDS. LimiƟng currents ( ) were observed between -

0.5 and -0.6 V vs RHE, indicaƟng mass transport limitaƟons in that region. Therefore, the potenƟal 

range between -0.3 to -0.5 V was used to determine the , where contribuƟons from limited mass 

transport and limited first electron transfer can be separated according to the Koutecky-Levich analysis 

as described in Chapter 2. 

Also, in Figure 3.19 b the Koutecky-Levich plot obtained with currents measured is presented in the 

voltammograms at -0.45 V vs RHE. From the intercept with the y-axis, the reciprocal of the kineƟc 

current ( ) was extracted as indicated in EquaƟon 3.1. Once the ik was determined, the k, also known 

as the intrinsic charge transfer rate constant, was obtained according to EquaƟon 3.2, resulƟng in 

3.91·10-4 cm·s-1 for the Cu2O-Cu@Ti disk electrode. A previous study reported a  for NO3-RR for a Cu-

Pt electrode in 2.48·10-4 cm·s-1 under neutral pH at 0.15V vs RHE [41], a value in the same order of 

magnitude as determined four our electrode. The  for individual Cu and Ti-based disk were 

determined using the same procedure, resulƟng in values of 3.88·10-4 cm·s-1 and 3.02·10-6 cm·s-1, 

respecƟvely. The Cu2O-Cu@Ti electrode at low potenƟal values (-0.4 to -0.6 V vs RHE) maintained some 

characterisƟcs of the pure Ti electrode, such as high FE and SE to NH3, while exhibiƟng the high acƟvity 

typical of Cu-based electrodes. 

 

3.12 Double Layer capacitance determinaƟon (CDL).  

Previous studies found synergisƟc effects when Cu surfaces/parƟcles were parƟally oxidized to Cu(I), 

where metallic Cu accelerates the reacƟon rate of the RDS, and Cu(I) parƟcles conduct further 

reducƟons selecƟvely to NH3 [7], [41]. As well with the k, the double layer capacitances ( ) of Cu2O-

Cu/Ti and Ti electrodes were determined to study the influence of surface area variaƟon on  and its 

effects on efficiency parameters. 

For  measurements, CVs at different scan rates were obtained in 0.1 M Na2SO4 electrolyte in the 

non-faradaic region (-0.15 to 0.15 V vs Ag/AgCl3.5M KCl) [47]. Figure 3.20 shows the CV for Cu2O-Cu@Ti 

electrode at four different scan rates, with the average current ploƩed against scan rates. The slope of 

the current vs. scan rate gives the capacitance for the specific electrode. 
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Figure 3.24 Double layer capacitance CDL for 1 cm2 a) Ti and b) Cu2O-Cu/Ti electrodes (0.1M Na2SO4 electrolyte). 
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The  values for 1 cm2 geometric area electrodes were 120 and 150 μF for Cu2O-Cu@Ti and Ti 

electrodes, respecƟvely. An addiƟonal parameter Ψ was introduced into EquaƟon 2.13 as a correcƟon 

factor for the geometric area of the Ti disk to calculate a new ki for NO3
-RR with the Cu2O-Cu@Ti disk 

electrode [45]. This theoreƟcal calculaƟon aƩempts to determine the real  of the composite 

electrode by reducing errors caused by using a geometric flat area when the surface is fully covered 

by nanoparƟcles. The new  was calculated as follows: 

Under these condiƟons, the new  for the Cu2O-Cu/Ti disk electrode reached 4.77·10-4 cm·s-1, 

approximately 15% higher than that of the pure Cu disk. This parƟally explains the observed higher 

acƟvity and efficiency of the composite electrodes for reducing NO3
- to NH3. 

Finally, the increased  demonstrated that combining Cu2O-Cu nanoparƟcles with Ti surfaces offers 

beƩer kineƟc behavior for NO3
-RR-to-NH3 than the pure components. While the Cu2O-Cu interface 

improves the diffusion of adsorbed NO3
- ions, Cu accelerates the first electron transfer process, and Ti 

provides stability, limits HER, and efficiently conducts NO3
-RR to NH3 as the final product. 

 

 

  



Chapter 3. Cu and Ti-based materials with synergisƟc effects in NO3
-RR to NH3 

103 

3.13 Conclusions: 

Electrochemical reducƟon of nitrate toward ammonia using Ti, electrodeposited Cu2O-Cu/Ti, and 

Cu2O-Cu/Gr cathodes have been invesƟgated in an H-type divided and with rotaƟng disk electrodes in 

a series of electrolyte condiƟons. In general, prisƟne Ti electrodes showed excellent properƟes as 

supporƟng acƟve material for NO3
-RR, being highly sensiƟve to the NO3

− concentraƟon and pH of the 

electrolyte. Higher current densiƟes were obtained under alkaline condiƟons, which was translated 

into higher catalyƟc acƟvity for NO3
-RR. Acidic condiƟons showed higher FE toward NH3 (90%) than 

alkaline condiƟons (82%) at their respecƟve opƟmal working potenƟal, with lower producƟviƟes. 

Cu2O-Cu/Ti electrodes efficiently conduct the NO3
-RR-to- NH3 process allowing working at an opƟmum 

potenƟal of −0.5 V vs RHE, aƩaining  and  values of 92 and 80%, respecƟvely. The 

composite electrode showed synergisƟc properƟes with respect to individual components (high 

faradaic efficiency toward NH3 of prisƟne Ti and high NO3
-RR acƟvity of copper and copper oxide 

nanoparƟcles). The esƟmated electrochemical rate constants (k) resulted in similar values for pure Cu 

and Cu2O-Cu/Ti disk electrodes (3.88 × 10−4 and 3.91 × 10−4 cm·s−1 respecƟvely). However, the 

correcƟon of the disk geometric areas with the ψ factor increased the ki of the composite electrode 

up to 4.77 × 10−4 cm·s−1 poinƟng to an improved kineƟc performance of combined Cu2O and Ti. In this 

sense, the present work shows that combining materials with different intrinsic acƟviƟes is a good 

strategy to boost producƟvity, while preserving the efficiency toward the desired product. 
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3.14 Highlights of the chapter. 

SynergisƟc Effect of Cu and Ti-based Electrodes: 

The study demonstrates that combining Cu and Ti materials in composite electrodes enhances the 

NO3
-RR. The Cu2O-Cu@Ti showed improved acƟvity and selecƟvity due to the synergisƟc effects of 

both materials. 

High Faradaic Efficiency and ProducƟvity: 

Cu2O-Cu@Ti electrode achieved a faradaic efficiency of 92% and a NH3 producƟvity of 0.28 mmol·cm-

2·h-1 at -0.5 V vs. RHE, showcasing the potenƟal of this approach in comparison to direct N2RR methods. 

OpƟmal Electrochemical CondiƟons: 

OpƟmal condiƟons for maximizing NH3 generaƟon were defined, including the pH and applied 

potenƟal for Ti and Cu2O-Cu@Ti materials. Alkaline condiƟons (0.1M KNO3 + 1M KOH) were found to 

be favorable for achieving higher current densiƟes and producƟvity. 

Electrochemical Rate Constants: 

The electrochemical rate constants for different electrodes were determined using the RDE analysis. 

The values for Ti, Cu, and Cu2O-Cu@Ti electrodes were 3.02·10-6, 4.77·10-4, and 3.88·10-4 cm·s-1, 

respecƟvely, indicaƟng the higher kineƟc performance of the composite electrode as consequence of 

synergies in the kineƟcs. 
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CHAPTER 4 ENERGY EFFICIENCY OF FLOW-CELL PROCESS 

 

4.1 Abstract 

Reducing NO3
- to NO2

- is considered the rate-determining step of the NO3
-RR process, allowing the 

formed NO2
- intermediate to follow two possible routes.  The first route follows the direct 

electrochemical reducƟon of NO3
- to NH3. This necessitates the simultaneous acceleraƟon of NO3

-RR 

and NO2
-RR to NH3, presenƟng a challenging yet promising approach for efficient ammonia generaƟon. 

This study introduces a tandem NO3
-RR process, involving sequenƟal electrochemical processes 

converƟng NO3
- to NO2

- and then NO2
- to NH3, with a composite electrode with Cu and TiO2/Cu faces, 

in an opƟmized flow-cell configuraƟon. The results demonstrate a Faradaic Efficiency of 97%, 

selecƟvity of 80%, and a producƟvity yield of 0.45 mmol·h-1·cm-2. The cooperaƟve approach of intrinsic 

properƟes of the electrode composiƟon and cell configuraƟon enables high full-cell energy efficiencies 

of 29%. 

In summary, our tandem NO3
-RR process represents a significant advancement in addressing the 

challenges of sustainable ammonia producƟon, providing a promising approach for efficient and 

environmentally friendly energy applicaƟons. 
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4.2 IntroducƟon to Chapter 4. 

In this chapter, we extend the use of Cu-based electrocatalysts for NO3
-RR to NH3 by uƟlizing flow-cells 

aiming to enhance energy-related parameters such as energy efficiencies and consumpƟon. A novel 

cell configuraƟon is introduced, which improves energy efficiency compared to other simpler 

configuraƟons also presented here and achieves values comparable to those with high-efficiency 

studies conducted in the field. 

During NO3
-RR, the NO2

- ion appears as the most stable intermediate no-maƩer the electrocatalysts is 

in use, including Cu-based ones, which are parƟcularly selecƟve for producing NO2
- ions at less negaƟve 

applied potenƟals. This selecƟvity can be exploited by coupling Cu-based catalysts with others that 

have a beƩer affinity for converƟng NO2
- to NH3. Notably, as already observed in Chapter 3, and 

according to other studies, Ti-based materials have a high adsorpƟon capability for the *NO2
- 

intermediate [11], [12] and exhibit high selecƟvity towards NH3. Therefore, a tandem system 

combining Cu-based and Ti-based catalysts in a proper configuraƟon is predicted to synergisƟcally 

enhance NO3
-RR, maximizing NH3 generaƟon. 

To differenƟate the study in this chapter from the one conducted in Chapter 3, which focuses on similar 

materials, we introduce TiO2 nanoparƟcles as the Ti-based material while maintaining Cu-based 

catalysts as the more acƟve one for the reacƟon. Although the studies are not directly comparable, 

Chapter 4 represents an evoluƟon that builds on established opƟmal parameters for NO3
-RR to NH3 

and aims to increase ammonia producƟvity and the Energy Efficiency at global and semi-cell levels. 

In summary, Chapter 4 presents a tandem approach for the NO3
-RR-to-NH3. That involves the 

development of a cascade reducƟon system, which incorporates TiO2 nanoparƟcles as a catalyst 

deposited on a Cu-based support. Offering insights into various aspects of the electrochemical cell 

configuraƟons, including Faradaic efficiencies, selecƟvity towards different N-based products, and 

preliminary scaling-up values for NO3
-RR under alkaline condiƟons at ambient temperature. By 

integraƟng cell engineering principles, uƟlizing materials with diverse intrinsic properƟes, and 

opƟmizing operaƟng condiƟons, we have achieved notable results [20]. 
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4.3 Copper and TiO2 electrocatalysts for NO3
-RR to NH3: 

Summarizing the key points of catalyƟc acƟvity of Cu and Ti-based catalysts defined in Chapter 3. 

Copper-based Catalysts: 

AdsorpƟon: NO3
- ions adsorb onto Cu acƟve sites, parƟcularly on Cu (1 1 1) facets, in neutral and 

alkaline condiƟons. 

Energy Barriers: Low energy barriers for key steps like NO3
- to NO2

- reducƟon and subsequent 

hydrogenaƟon to NH3. 

Electronic Structure: The d-band center posiƟon opƟmizes adsorpƟon strength of intermediates, 

enhancing reacƟon kineƟcs. 

 

Titanium-based Catalysts: 

Defects: Oxygen Vacancies (OV) and Titanium Vacancies (TiV) in TiO2 enhance catalyƟc acƟvity. 

OV Benefits: By creaƟng localized states, NO3
- binding and electron transfer improves, lowering the 

acƟvaƟon energy for N-O bond breaking, and suppressing side reacƟons like HER. 

 

4.4 Methods. 

The experimental methods used were outlined in Chapter 2. Briefly, using a flow cell, electrolysis 

experiments were carried out using two electrolytes (1) 0.1M KNO3 + 1M KOH for NO3
-RR and (2) 0.1M 

KNO2 + 1M KOH for NO2
-RR. A series of different applied potenƟals and current densiƟes have been 

used for evaluaƟng the effects in different efficiency parameters. IC has been used for quanƟficaƟon 

of ions in the liquid phase ( and ) and UV-vis spectroscopy for NH3. Gas chromatography was 

used for quanƟfying H2 produced during electrolysis. From the concentraƟons, we calculate charge, 

products and reactants related parameters, ,  and Yield producƟvity. With these values and the 

electrochemical performance indicators, we calculate energy related parameters  and 

. The electrolysis processes were run at each EW (-0.4 to -0.8 V vs RHE) and j (-35, -50, -70, 

90, 110 mA·cm-2) for different cell configuraƟons and electrodes. Details of the electrode preparaƟon 

are described below. 
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Cu. Foil purchased from alfa Aesar (0.5 mm Ɵck, 99.99% metal basis) is defined here as an electrode 

and acƟve support. Before electrolysis process, the foil underwent a 

pre-treatment process aimed at eliminaƟng naƟve oxides present on 

the surface. For that, iniƟally, the Cu foil was subjected to a 15-

minute sonicaƟon process in a soluƟon comprising acetone, 

isopropyl alcohol, and ethanol in a raƟo of 1:1:1. This step effecƟvely 

removed both organic and inorganic oils from the surface. 

Subsequently, the material underwent a second treatment involving 

immersion in an acidic soluƟon (10% H2SO4 + 36 g L-1 C6H8O7) while 

being sonicated for 5 minutes. Finally, the material was thoroughly rinsed with Milli-Q water for 10 

minutes. 

TiO2 NPs. Titania nanoparƟcles (defined here as the catalyst) were fabricated through pulsed laser 

ablaƟon in liquid (PLAL method) as it offers catalyƟc enhancement due to the formaƟon of defect-rich 

NPs [6], [7]. A Ɵtanium target was ablated using a 1064 nm 

neodymium-doped yƩrium aluminum garnet (Nd:YAG) laser, with 

pulse duraƟon of 10 ps, repeƟƟon rate of 1000 kHz, and laser power 

of 43 W. The laser was coupled with a galvanometer scanner with 

(scanning speed 20 m/s) and an f-theta lens (focal length 167 mm) 

to steer and focus the laser beam into an Archimedean spiral 

paƩern. The PLAL was performed in a flow chamber[8]–[10] and 

ethanol was chosen as the liquid carrier due to capability to act as capping agent to hinder the growth 

of TiO2 NPs (size quenching)[11]. The colloidal dispersion of TiO2 NPs in ethanol was parƟally 

evaporated unƟl it reached a concentraƟon of 0.125 mg·mL-1. 

TiO2@Cu electrode. SchemaƟcally represented in Figure 4.1. To prepare this electrode, Cu Foil served 

as an acƟve support, aŌer being subjected to the same pre-treatment described above. The catalyst 

ink was formulated uƟlizing the TiO2 NPs soluƟon outlined in the previous secƟon. To achieve the 

desired concentraƟon, the soluƟon was diluted to 0.0625 mg·mL-1 using anhydrous ethanol, and a 

binder soluƟon of 2% wt. Nafion perfluorinated soluƟon was incorporated. The resulƟng ink 

composiƟon comprised 0.50 mL of 0.125 mg·mL-1 TiO2 NPs, 0.48 mL of ethanol, and 0.02 mL of the 

binder. This prepared ink was drop-casted onto the Cu support covering a surface area of 1 cm2 and 

finally dried for 3 h in a vacuum oven. The resulƟng composiƟon of the electrode was 0.0625 mg·cm-2 

TiO2. 
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Figure 4.1 TiO2@Cu electrode preparaƟon scheme. 

 

4.5 TiO2@Cu electrode CharacterizaƟon. 
 

4.5.1 TiO2 NPs HR-TEM. 

The HR-TEM images in Figure 4.2 depict the surface of the PLAL-produced TiO2 nanoparƟcles. The 

images reveal anatase tetragonal phases of TiO2, with no evidence of ruƟle or other crystalline phases. 

The TiO2 anatase crystalline phase is associated with high electrochemical efficiency for NO3
-RR-to-NH3 

when combined with Cu-based materials. According with the observaƟons of Wahyu P. et al., the 

strong interacƟon between Cu-based nanoparƟcles and TiO2, parƟcularly with the dominant (101) 

facet exposure, results in electron-deficient Cu, efficient electron transfer, and stronger binding of the 

*NO2 intermediate. This interacƟon enhances the hydrogenaƟon process in the NO3
− reducƟon 

reacƟon, facilitaƟng selecƟve NH3 synthesis. This robust interacƟon leads to electron transfer from the 

Cu nanoparƟcles to the TiO2 based material, making the Cu-based more effecƟve for NO3
- reducƟon 

[23], [24]. 
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Figure 4.2 TiO2 HR-TEM images evidencing the anatase tetragonal phases of the nanoparƟcles. 

 

4.5.2 TiO2@Cu SEM. 

The SEM images in Figure 4.3 a and b illustrate the irregular surface of the Cu substrate, featuring 

numerous defects that might contribute to the electrode acƟvity. These defects introduce mulƟ-

crystalline phases and modify the acƟve surface area (ECSA) of the catalyst, known factors affecƟng 

adsorpƟon behavior and catalyƟc acƟvity [25]. Moving on to the synthesized TiO2 nanoparƟcles (Figure 

3.10 c before and d aŌer electrolysis), they adhere to the Cu substrate forming the composite 

electrode. With the SEM, it is possible to see an aggregated porous structure that increases the acƟve 

surface area, facilitaƟng the absorpƟon of NO3
-/NO2

- ions and intermediates, as well as the subsequent 

release and diffusion of products [7], [26]. 
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Figure 4.3 SEM images of a-b) Cu acƟve support. c-d) TiO2@Cu

4.5.3 TiO2@Cu EDX analysis.

EDX analysis (Figure 4.4 a to d) provides insight into the atomic percentage of the primary Ti- and Cu-

based materials in the TiO2@Cu electrode. Despite iniƟal aggregaƟon in the ink, the nanoparƟcles 

exhibit a uniform distribuƟon. The cyan mapping represents the aggregated TiO2 parƟcles on the 

electrode surface, while the yellow distribuƟon displays the underlying Cu substrate. According to EDX 

analysis, the esƟmated atomic composiƟon is 4.5% Ti, 39% Cu, 21% O, 30% C and 6% F. The notable 

presence of C in the catalyst structure is aƩributed to the Nafion-117 binder used during ink 

preparaƟon.

a b

c d
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Figure 4.4 EDX analysis of TiO2@Cu electrode.

4.5.4 TiO2@Cu XRD analysis.

Figure 4.5 XRD paƩerns obtained from the Cu substrate, and the TiO2@Cu electrode before and aŌer chronoamperometry 
tests.

Figure 4.5 illustrates the XRD paƩerns obtained from the Cu substrate (1), and the TiO2@Cu electrode 

before (2) and aŌer (3) CA tests. In the case of the Cu substrate, the paƩerns exhibit three highly 

textured peaks located at the 2θ angles of 43.3° and 73.99°, corresponding to the (111) and (220) 

a b

c d

1

2

3
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planes of face-centered cubic Cu (JCPDS 04–0836). AddiƟonally, two less pronounced peaks are 

observed at 50.4° and 90.2°, well correlated with the (200) and (300) planes [26]. For the TiO2@Cu 

electrode, the same peaks have been observed, denoƟng minimum changes in the structure of the Cu-

base component of the electrode. As anƟcipated, the deposiƟon of nanoparƟcles did not alter the 

plane distribuƟon of the support. No peak correlated with the Ti-based materials was observed, as 

expected by the small size of the TiO2 nanoparƟcles. In the post electrolysis analysis, the TiO2@Cu 

electrode did not show signals of oxidaƟon. 

 

4.5.5 TiO2@Cu Raman spectroscopy. 

 

Figure 4.6 Raman spectroscopy analysis of the TiO2@Cu electrode before electrolysis. 

 

Figure 4.6 presents the structural insights derived from Raman spectroscopy. Specifically, five disƟnct 

Raman acƟve modes of anatase TiO2 with symmetries Eg, Eg, B1g, A1g, and Eg were idenƟfied at 

frequencies of 143, 196, 392, 510, and 639 cm-1, respecƟvely. These characterisƟc vibraƟonal 

frequencies and their corresponding raƟos are indicaƟve of the anatase phase of TiO2 [27].  
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4.5.6 TiO2@Cu HR-XPS analysis. 

Figures 4.7 a to d depict the XPS analysis of the main components of the TiO2@Cu electrodes before 

and aŌer electrolysis. In the high-resoluƟon spectrum of Cu 2p (a), peaks at 933.2 eV and 955.9 eV 

correspond to the sub-levels 2p3/2 and 2p1/2 of Cu0 / Cu+. These are further deconvoluted into their 

respecƟve consƟtuents: Cu0 at 932 eV and Cu+ at 933 and 935 eV for Cu 2p3/2, and Cu0 at 951 eV and 

Cu+ at 952 and 954 eV for Cu 2p1/2. AddiƟonal peaks at 943.2 eV and 964.2 eV, indicaƟve of satellite 

peaks typically aƩributed to the presence of Cu2+ on the surface, are also registered. The intensity of 

these satellite peaks decreased aŌer electrolysis (b), suggesƟng the electrochemical reducƟon of 

superficial Cu²⁺ [28]–[30]. In general, Cu2O and CuO have also been ascribed to have electrocatalyƟc 

properƟes for the NO3
- to NH3 reacƟon [31], [32]. 

 

 

Figure 4.7 HR-XPS analysis of the main components of the TiO2@Cu electrodes. 
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 Figures 4.7 c and f present the HR-XPS spectrum for the Ti 2p level of the electrode pre- and post-

electrolysis, featuring four discernible peaks corresponding to Ɵtanium dioxide (Ti4+) and Ɵtanium sub-

dioxide (Ti3+) in the 2p3/2 and 2p1/2 sub-levels, respecƟvely [33]. These peaks are idenƟfied as Ti4+ 2p1/2 

at 464.4 eV, Ti4+ 2p3/2 at 458 eV, Ti3+ 2p1/2 at 461.8 eV, and Ti3+ 2p3/2 at 460.2 eV. The separaƟon between 

peaks of the corresponding sub-levels 2p3/2 and 2p1/2 is 5.75 eV, consistent with the standard binding 

energy of TiO2. Notably, the presence of peaks corresponding to Ti3+ (2p1/2 and 2p3/2) might indicate 

the existence of OV in the surface layers [34]–[36], a result of the synthesis process involving laser 

ablaƟon for obtaining the TiO2 nanoparƟcles that is detailed in SecƟon 5.2. 

 

4.6 TiO2@Cu. Electrochemical CharacterizaƟon. 

An electrochemical profiling of the electrode for NO3
-RR and NO2

-RR to NH3 was conducted through 

LSV and is presented in Figure 4.8 a. Employing an electrolyte composiƟon of 0.1 M KNO3 + 1 M KOH 

for NO3
-RR and 0.1 M KNO2 + 1 M KOH for NO2

-RR, the LSVs were executed with a scan rate of 20 mV 

s-1, spanning a potenƟal window from -0.8 V to 0.15 V vs RHE. LSVs were also conducted in blank 

electrolyte (1M KOH). The electrode, comprising TiO2 nanoparƟcles deposited on a 0.2 cm2 copper disk 

with a final nanoparƟcle concentraƟon of 0.0625 mg cm-2, exhibited disƟncƟve peak paƩerns during 

NO3
-RR. Four discernible peaks (P1, P2, P3, and P4) manifested within varying potenƟal ranges: P1 

emerged between 0 to 0.1 V vs RHE, P2 between -0.2 and -0.1 V vs RHE, P3 between -0.4 and -0.35 V 

vs RHE, and P4 between -0.55 and -0.5 V vs RHE as observed in Figure 4.8a. Notably, peak P1 exclusively 

appeared during NO3
-RR, corresponding to the RDS involving a two-electron transfer reacƟon 

associated with the conversion NO3
- to NO2

- [37]. Further scruƟny revealed that peak P2, observed for 

both NO3
-RR and NO2

-RR, corresponds to a four-electron transfer reacƟon converƟng NO2
- to NH2OH 

(hydroxylamine). Subsequently, NH2OH may undergo further reducƟon to NH3, elucidaƟng the 

observed low concentraƟon of NH2OH for higher overpotenƟals. 

Intriguingly, both NO3
-RR and NO2

-RR exhibited the emergence of Peak P3 within the applied potenƟals 

of -0.4 to -0.35 V vs RHE, aligning with prior studies that aƩribute this peak to the reducƟon of NO2
- to 

NH3 involving a six-electron transfer reacƟon [38]. Remarkably, the blank electrolyte (1 M KOH) 

exhibited no discernible peaks, underscoring the specificity of the observed electrochemical responses 

to the NO3
- and NO2

- ions. Importantly, during NO3
-RR, the current densiƟes associated with Peaks P2 

and P3 resulted to be higher; this effect can be aƩributed to the predominant concentraƟon of NO2
- 

ions in the interphase between the electrolyte and electrode surface. These NO2
- ions, formed during 

the RDS, exhibited limited desorpƟon from the electrode surface in Cu-based electrodes [39], 

miƟgaƟng diffusion limitaƟons, a phenomenon contrary to the NO2
-RR where ions had to traverse from 
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the bulk to the electrode surface. Aligned with these observaƟons, the increased HER overpotenƟal 

observed for NO3
-RR can be explained by digging into the process mechanism established by several 

prior studies. These invesƟgaƟons have delineated that the subsequent deoxygenaƟon and 

hydrogenaƟon steps in NO3
-RR involve the parƟcipaƟon of adsorbed hydrogen (Hads), and its 

consumpƟon can be influenced by the concentraƟon of NO3
- in the system, given that all N-

intermediates generated from NO3
- undergo reacƟons with Hads unƟl NH3 is produced. At lower 

overpotenƟals (P1), the sluggish rate of Hads generaƟon predominately results in the producƟon of 

non-hydrogenated N-intermediates, such as NO2
-, irrespecƟve of the . However, at higher 

overpotenƟals (P3 or P4), the elevated rate of Hads generaƟon can significantly enhance the N-

intermediate further reducƟon, parƟcularly when  is high. Therefore, the dynamic equilibrium of 

Hads is maintained and the compeƟƟve HER is miƟgated [10], [40]. 

 
Figure 4.8 a) Linear swept voltammetry for different electrolytes using the TiO2@Cu electrode; b) current density as funcƟon 
of scan rate for determining the double layer capacitance. 

 

When the current density is ploƩed as a funcƟon of the scan rates for the TiO2@Cu electrode, the 

double layer capacitance (CDL) is determined by correlaƟng it with the slope of the linear region of the 

capaciƟve current in a potenƟal range where no faradaic processes take place (-0.1 to 0.1 V vs 

Ag/AgCl3.5 M KCl). This correlaƟon was determined through a series of cyclic voltammetry experiments 

at various scan rates, as depicted in Figure 4.8. Using the standard value of 40 μF/cm² for specific 

capacitance, the ECSA of the electrode was calculated to be 3.35 cm²/cm²geo. 
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4.7 NO2
-RR and NO3

-RR to NH3 in the two-channels flow cell. 

Cell configuraƟons were established in Chapter 2, however, here a brief descripƟon is presented. The 

electrochemical two channels flow cell (Figure 4.9) was assembled with a current collector that 

exposes 1 cm2 geometric area of the WE. A DSA and Ag/AgCl were the CE and RE respecƟvely. The 

anolyte was circulaƟng through channel 1 and the catholyte trough channel 2. A CEM was placed in 

the cell to separate the anolyte and catholyte, the electrolysis Ɵme was defined in 2 hours and the 

electrolyte was circulated using a peristalƟc pump sending a flow of 170 mL·min-1. 

 

 
Figure 4.9 Electrochemical two-channels flow cell adapted for a 1 cm2 working electrode (ConfiguraƟon 1). 

 

4.7.1 The NO3
- to NO2

- reacƟon. Best electrode for accumulaƟng intermediates. 

Cu-based electrodes have already shown a high acƟvity for the RDS of the reacƟon and a high 

selecƟvity for the intermediate NO2
- during NO3

-RR. For the following results, Cu electrode 

performance is compared with that observed for the TiO2@Cu electrode under the experimental 

condiƟons given in SecƟon 5.3. Figure 4.10 shows the  distribuƟon of the NO3
-RR to NO2

-. The green 

bars represent the percentage in FE of the total NO2
- produced during 2 hours of chronoamperometry 

for the Cu electrode, while the black bars represent that for the TiO2@Cu electrode. Cu electrodes 

have shown a higher FE for all applied potenƟals if compared with the TiO2@Cu, reaching a maximum 

value of 65% toward NO2
- at the higher applied potenƟal of the range (-0.4V vs RHE). For more negaƟve 

EW, FE is reduced given the higher generaƟon of N-based products or the HER, reaching values lower 

than 10%. As explored in the introducƟon of the chapter, the RDS for the NO3
-RR is the nitrate 

dissociaƟon ( ) and the mechanism presented in several studies by the following 

steps. 

(1)    Nitrate adsorpƟon on the acƟve site. 

(2)   First electron transfer to form  intermediate. 
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(3)  Water dissociaƟon and formaƟon of  intermediate. 

(4)  Second electron transfer and formaƟon of nitrite. 

The RDS of the reacƟon is primarily associated with the conversion of NO3
- to NO2

-. However, divergent 

findings exist in the literature regarding the localizaƟon of this crucial step. Some studies suggest that 

the RDS occurs during the absorpƟon of NO3
- onto the catalyst surface (1), whereas others, employing 

density funcƟonal theory (DFT) calculaƟons, propose that it takes place during the first electron 

transfer reacƟon, leading to the formaƟon of the  intermediate (2) [41]. Despite these 

discrepancies in mechanisms governing the RDS, it is noteworthy that the adsorbed NO2
- species on 

the catalyst surface, resulƟng from the iniƟal reacƟon, can follow two disƟnct pathways. It can either 

undergo further chemical and electrochemical reducƟon on the surface to yield other products, or it 

can desorb from the catalyst surface and reintegrate into the bulk electrolyte. Cu-base electrodes have 

shown a high SE and FE towards NO2
- at lower overpotenƟals, and this property can be exploited in 

the design of processes in tandem or cascade steps applying a different type of acƟve site more 

specialized in catalyzing the reacƟon NO2
- to NH3. The higher acƟvity of Cu is also observed if the 

specific NO3
- conversion by charge unit is compared. This value can give an idea of how efficiently a 

catalyst material uƟlizes the transferred charge for reducing the concentraƟon of NO3
- during 

electrolysis. For lower overpotenƟal, Cu have shown beƩer acƟvity, something not observed at more 

cathodic potenƟal. 

 

Figure 4.10 FE towards NO2- at different applied potenƟals in a 2 hours chronoamperometry test for the electrodes Cu and 
TiO2@Cu in a two-channel electrochemical flow cell. 
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The propensity of certain materials, such as copper (Cu), to predominantly liberate NO2
- as the main 

product at low overpotenƟals has been the subject of invesƟgaƟon in numerous studies. These 

invesƟgaƟons have highlighted a correlaƟon between the HER and the applied overpotenƟals, 

parƟcularly in materials exhibiƟng weak hydrogen adsorpƟon. The primary focus has been on 

miƟgaƟng the compeƟƟve reacƟon of NO3
- reducƟon by opƟmizing overpotenƟals. However, at lower 

overpotenƟals, the cleavage of N–O bonds (deoxygenaƟon) in the adsorbed NO2
- species emerges as 

a significant determinant in the overall NO3
-RR process. This is aƩributed to the insufficient 

concentraƟon of adsorbed hydrogen at these condiƟons. Consequently, NO2
- intermediates are 

liberated and accumulate in the bulk electrolyte, further influencing the reacƟon kineƟcs and product 

distribuƟon [42], [43]. In the next secƟons, this property of Cu is addressed and considered for 

opƟmizing the generaƟon of NH3. 

 

4.7.2 The NO2
- to NH3 reacƟon. Defining the order for a cascade/tandem configuraƟon. 

According to the electrochemical characterizaƟon of the TiO2@Cu electrodes in SecƟon 4.8. The 

EvaluaƟon of NO2
-RR can be conducted at the EW window ranging from -0.4 V to -0.8V vs RHE for 

potenƟostaƟc studies, similar to the previous secƟon. The results of FE and SE towards NH3 are shown 

in Figure 4.11. The electrodes evaluated here were the prisƟne Cu Foil and the TiO2@Cu, both exposing 

a 1 cm2 geometric areas, KNO2 0.1 M+KOH 1M electrolyte and duraƟon of 2hs. 

 

 
Figure 4.11 a) FE and (b) SE towards NH3 for Cu and TiO2@Cu electrodes for the NO2-RR and potenƟostaƟc 2 hours electrolysis. 
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As observed in Figure 4.11a, the TiO2@Cu FE approaches 99% at applied potenƟals of -0.4 V and -0.5 

V vs RHE. As the potenƟal becomes more cathodic, the values gradually decrease and stabilize at 

approximately 90% for the applied potenƟals of -0.7 V and -0.8 V vs RHE. Conversely, the Cu electrode 

exhibits an opposite trend, with FE increasing at more cathodic potenƟals, ranging between 80% at -

0.4 V vs RHE and 90% at -0.8 V vs RHE. Cu electrodes demonstrate lower FE at less negaƟve potenƟals 

and the explanaƟon can be found in a similar effect observed during NO3
-RR, the decrease of hydrogen 

adsorpƟon, resulƟng in low hydrogen coverage and slow *NHx hydrogenaƟon rate [44]. However, the 

incorporaƟon of TiO2 NPs on the Cu-support reduces the overpotenƟal requirements for producing 

NH3, enabling the achievement of remarkably high FE at high cathodic potenƟals. The acƟvity of TiO2 

with defects for catalyzing NO2
-RR has been invesƟgated to understand the behavior of the catalyst.  In 

SecƟon 4.7.6, XPS analysis conducted on the TiO2 NPs revealed peaks indicaƟve of oxygen vacancies 

(OVs) in the structure. For instance, as introduced in the chapter, these defects have implicaƟons in 

catalyƟc acƟvity of TiO2 promoƟng both NO2
- and NO3

- to NH3 reacƟon, especially NO2
-RR when certain 

crystalline phases are present. NO2
- ions can undergo adsorpƟon and acƟvaƟon on TiO2(1 1 1) surfaces 

containing OVs where one O atom of the NO2
- molecule occupies the vacancy site, while the other 

remains exposed to the ambient environment. The process begins with the reducƟon of the exposed 

O atom by a H+ and an 1e-, followed by the removal of the resulƟng O-species by a second proton-

electron pair aƩack. Subsequently, three proton-electron pairs couple with nitrogen to form NH3, 

leaving O bound to the vacancy site. Finally, this oxygen species is reduced by two protons to form H2O. 

The potenƟal-determining step in this process, denoted as *NO2 + H+ + 1e- + eNO2H, exhibits a posiƟve 

energy of 0.75 eV. It is worth noƟng that the HER on the TiO2(101) surface with oxygen vacancies is 

also considered due to the compeƟƟve nature of NO2
-RR and HER under reducƟon condiƟons. 

AddiƟonally, the study highlights that H atoms cannot be stably adsorbed on Ti3+ atoms, thereby 

favoring the adsorpƟon of NO2
- over H on the TiO2(1 1 1) surface with OVs [16], [45]. 

In Figure 4.11 b, the SE toward NH3 is depicted. Like the findings observed for the FE, both electrodes 

exhibit a comparable trend in SE toward NH3. However, the lower values of SE toward NH3 observed 

for Cu electrodes are aƩributed to the lower conversion of NO2
- (reflected in a lower NH3 producƟvity 

as observed in Figure 4.12) and the higher adsorpƟon of NO2
- on the electrolyte surface. This increased 

adsorpƟon can potenƟally lead to an underesƟmaƟon of the final concentraƟon of NO2
- in the 

electrolyte at the end of the electrolysis, affecƟng the calculaƟons of SE. 



Chapter 4. Increasing Energy Efficiency of NO3
-RR to NH3 

127 

 

Figure 4.12 ProducƟvity yield towards NH3 during electrolysis for the electrodes Cu and TiO2@Cu. 

 

The findings obtained from the performance assessment of individual catalysts for both NO3
- and NO2

-

RR offer insights into the potenƟal arrangement of different acƟve sites to facilitate a cascade reacƟon. 

Such a cascade reacƟon could be achieved using a tandem configuraƟon, wherein the first acƟve site 

is tailored to favor the absorpƟon and reducƟon of NO3
- to NO2

-. Subsequently, the desorpƟon of NO2
- 

to the bulk electrolyte occurs, leading to the second acƟve site, which is designed to preferenƟally 

adsorb and reduce NO2
- to the final product NH3. This sequenƟal arrangement of acƟve sites in a 

tandem configuraƟon enables efficient and selecƟve conversion of NO3
- to NH3, thereby enhancing the 

overall performance of the electrochemical system. 

 

4.8 Cascade process. The three channels electrochemical cell. 

Analyzing the performances of the Cu and TiO2@Cu electrodes in SecƟon 4.7 we propose a tandem 

electrocatalyƟc system to cascade the iniƟal accumulaƟon and final conversion of NO2
- intermediates 

to NH3 at lower overpotenƟals. For this, the electrochemical cell (Figure 4.13) was adapted to expose 

two faces: Cu (Channel 1) and TiO2@Cu (Channel 2). 

 

 
Figure 4.13 Three-channels electrochemical flow-cell adapted with a current collector that exposes a 1 cm2 geometric area 
for the WE (ConfiguraƟon 2). 
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This tandem approach capitalizes on the strengths of individual catalysts but also addresses the 

limitaƟons idenƟfied in the prior secƟons. Taking advantage of the superior performance of Cu in the 

RDS of NO3
- reducƟon [46], Surface 1 consisted of a 1 cm2 Cu electrode, pretreated as described in 

methods of the chapter, in charge of facilitaƟng the consecuƟon of the RDS and increasing the NO2
- 

concentraƟon in the electrolyte for further reducƟons [38], [47], [48]. Seƫng the stage for a 

subsequent reducƟon to NH3 in the Channel 2 of the cell. Surface 2 consisted of a 1 cm2 TiO2@Cu 

acƟve area in charge of driving both NO3
-RR and NO2

-RR towards NH3 as the final product, aiming at 

facilitaƟng NO2
-RR at lower overpotenƟals and minimizing the HER. This approach also aims to enhance 

the global energy efficiency by maximizing the NO3
- and NO2

- conversion at lower overpotenƟals on 

opƟmum surfaces. The tandem configuraƟon was studied by chronoamperometry tests conducted 

across various applied potenƟals in a common flow cell to assess NO3
-RR to NH3 performance. The 

cathode and anode were supplied with 0.1 M KNO3 + 1 M KOH aqueous soluƟons as electrolytes and 

all the rest of parameters for alkaline condiƟons already described. 

 

4.8.1 Cascade process. Increased FE and SE towards NH3 

The results for the cascade process are shown in Figure 4.14 a. The FE distribuƟon towards NH3, NO2
- 

and H2 at the applied potenƟal range of -0.4 V to -0.8 V vs RHE. In the tandem setup, NH3 emerged as 

the predominant product with an FE consistently exceeding 83% across all applied potenƟals. 

 
Figure 4.14 a) FE distribuƟon and (b) SE distribuƟon for the products NH3, NO2-, H2 and other N-based for cascade electrolysis 
processes. 
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A volcano-shaped paƩern was observed, with the peak FE occurring at -0.6 V vs RHE, registering at 

91% toward NH3. Noteworthy values were sustained above 85% at -0.4 V, -0.5 V, and -0.7 V vs RHE. 

Conversely, FE toward NO2
- experienced a gradual decline at higher overpotenƟals, ranging from 13% 

at -0.4 V to 3% at -0.8 V vs RHE. The varying FE toward other products aligns with HER trends detected 

by GC. It is essenƟal to highlight that FE toward H2 was significantly suppressed by the high bulk 

concentraƟons of NO3
- and K+ ions, as well by the content of NO2

- intermediates, which faster reducƟon 

kineƟcs can overcome the H2O reducƟon to H2 [49], [50]. Previous studies have observed more 

favorable hydrogenaƟon on oxygen for the intermediate of *NO2 in the presence of OV, which can 

efficiently inhibit the formaƟon of nitrogenated by-products [16], [51]. 

The performance of the tandem configuraƟon, as depicted in Figure 4.14 b, demonstrates the SE to N-

base products based on the applied potenƟal. The selecƟvity focuses solely on N-based products 

achievable through NO3
- reducƟon, while yield producƟvity is specific to the target NH3 product. The 

peak selecƟvity to NH3 occurred at -0.4 V vs RHE, reaching 86%. A gradual decrease was noted at more 

cathodic potenƟals, although kept at values > 80% in all the potenƟal range. Simultaneously, selecƟvity 

toward NO2
- experienced a gradual decrease, with the maximum value at -0.5 V vs RHE (14%). In the 

case of NH3 yield, Figure 4.15 exhibited a direct correlaƟon with the increase of the applied potenƟal, 

exhibiƟng a S-shape curve and almost reaching a plateau at -0.8 V vs RHE, with a 0.45 mmol h-1·cm-2 

value. While higher yield producƟvity was aƩainable at higher overpotenƟals, the volcano-shaped FE 

toward NH3 indicates a lower efficiency in transforming NO3
- to NH3 due to the growing importance of 

other side reacƟons, such as HER.  

 

Figure 4. 15 NH3 producƟvity yield or the cascade/tandem process. 

 

The FE serves as an important parameter for evaluaƟng the efficiency of the supplied charge to the 

system. Notably, values exceeding 90% at intermediate working electrode potenƟals within the range 

signify an effecƟve uƟlizaƟon of the charge to maximize the generaƟon of the target product, 

parƟcularly in the proposed cascade tandem system. 
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Energy efficiency (EE) and FE are directly correlated. However, the fact that a FE exceeding 90% does 

not equate to an equivalent value in terms of EE is given several factors such overpotenƟal losses, side 

reacƟons, and others that reduce this value. In the next secƟon, the EE of various configuraƟons of the 

cell are explored, understanding how a cascade/tandem process affects the efficiency at global and 

semi-cell levels. 

4.9 Energy efficiency calculaƟons. The effects of cascading NO3
-RR. 

From Chapter 2. 

The EECELL and  are calculated from the next equaƟons. 

 

 

 

In this secƟon, an energy analysis is presented by comparing the cascade NO3
-RR in tandem 

configuraƟon and a configuraƟon that exposes TiO2@Cu in Channels 1 and 2. In this comparison, the 

2 cm2 TiO2@Cu electrode follows the same configuraƟon than the tandem system (Figure 4.13), but 

with both surfaces 1 and 2 covered by TiO2@Cu. Figure 4.16 illustrates the EEcell distribuƟon, forming 

a disƟncƟve volcano shape. Notably, the highest values are achieved with the tandem system at -0.5 V 

and -0.6 V vs RHE, reaching high values of 28.7% and 28.5%, respecƟvely. This distribuƟon underscores 

the efficient uƟlizaƟon of supplied energy in the conversion of NO3
- to NH3. However, as we move to 

more cathodic potenƟals, the EEcell gradually diminishes, hiƫng a minimum of 23% at -0.8V vs RHE, an 

effect strongly influenced by the HER and other side reacƟons. The cathode configuraƟons of 1 and 2 

cm2 TiO2@Cu exhibit lower EEcell, also forming a volcano shape with peak values centered at -0.5V vs 

RHE. For the 1 cm2 configuraƟon, this peak corresponds to 22% EEcell, with lower values observed at 

lower cathodic potenƟals: 18% for the -0.8V vs RHE applied potenƟal. A similar distribuƟon of EEcell is 

observed for the 2 cm2 TiO2@Cu electrode, with the peak at -0.5V vs RHE reaching 20.5% of EEcell and 

lower values for all other applied potenƟals within the studied range. It is noteworthy that the higher 

values of EEcell recorded at all applied potenƟals observed for the 1 cm2 TiO2@Cu electrode, compared 

to the 2 cm2 one, can be aƩributed to the cell disposiƟon (two or three channels), with both surfaces 

polarized with respect to the reference electrode, only facing surface 2. 
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Figure 4.16 Energy Efficiency comparison for the three systems as funcƟon of the applied potenƟal. 

 

Figure 4.17 illustrates the relaƟonship between  and EEcell for the proposed systems. , 

quanƟfied in kWh·kg-1, measures the energy required to produce 1 kg of NH3 for the three specified 

cathode configuraƟons. The data points, gathered over the applied potenƟal range (-0.4 V to -0.8 V vs 

RHE), form a curved trend line shaped by all calculated values of  as a funcƟon of EEcell. As 

anƟcipated, an increase in EEcell results in a reducƟon of the total , enhancing the efficiency of 

NH3 producƟon. For the two TiO2@Cu configuraƟons with 1 and 2 cm2, the  varies between 43 

kWh·kg-1 at the lower EEcell value (16%) and 30 kWh·kg-1 at the highest (20%), with intermediate 

overlapping points. Values corresponding to the tandem configuraƟon fall within the limits of 29 

kWh·kg-1  for EEcell at 23% and 23 kWh·kg-1 for 28% EEcell. This underscores the impact of implemenƟng 

a tandem configuraƟon for NO3
-RR to NH3. Considering that the Low HeaƟng Value or minimum energy 

requirement for producing NH3 is situated in 5.92 kWh·kg-1 and the minimum required for the Haber-

Bosch process ranges between 16.7 and 8.8 kWh·kg-1 depending on the used technology [54], the 

tandem system demonstrates to be an advantageous approach for the NO3
-RR to NH3. The lower 

acƟvaƟon energy for the NO3
- to NO2

- reacƟon facilitated by the Cu surface in the tandem configuraƟon 

confers kineƟc advantages, yielding superior outcomes in the overall NO3
-RR to NH3 process. 
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Figure 4.17 Energy ConsumpƟon evoluƟon with the Energy efficiency for three different systems. 

 

The decrease in  also affects the requirements for reaching higher producƟviƟes. As depicted in 

Figure 4.18, lower  are associated to similar producƟviƟes with the tandem system in 

comparison to the 1 and 2 cm2 TiO2@Cu cathodes. For instance, to obtain producƟviƟes close to 0.1 

mmol h-1 cm-2, the tandem system only requires 22.10 kWh·kg-1, while the 1 and 2 cm2 TiO2@Cu 

configuraƟons need 30-32 kWh·kg-1. Notably, with the increase of the EW from -0.4 to -0.7 V vs RHE, 

the producƟvity observed for the tandem configuraƟon increased approximately 3.5 Ɵmes (up to 0.38 

mmol h-1 cm-2) with a minimum variaƟon of  of only 2.5 kWh·kg-1. This agrees with the behavior 

observed for EEcell as a funcƟon of EW. However, for increasing producƟvity up to 0.44 mmol h-1 cm-2 

(reached at -0.8 V vs RHE), the  increases up to 29 kWh·kg-1, a value that agrees with the energy 

efficiency decrease at high overpotenƟals, correlated with HER and other compeƟƟve reacƟons. On 

the other hand, 39 and 43 kWh·kg-1 are required to elevate the producƟvity to 0.41 mmol h-1 cm-2 for 

the configuraƟons of 1 and 2 cm2 TiO2@Cu, respecƟvely, which represents more than 40% increase in 

the energy consumpƟon with respect to the tandem system. 

The  provides an assessment of the efficiency achievable while considering losses within the cell 

for both anodic and cathodic reacƟons. However, calculaƟng the EE solely for the semi-reacƟon 

occurring at the cathode offers valuable insights as well. This calculaƟon represents the maximum 

efficiency aƩainable for an electrochemical reducƟon process, wherein any disparity with the global 

energy efficiency can indicate losses generated in the anode or other components of the cell. Thus, 
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analyzing the energy efficiency of the cathodic semi-reacƟon in isolaƟon helped pinpoinƟng specific 

areas where improvements or opƟmizaƟons may be necessary to enhance the overall efficiency of the 

electrochemical system. From Chapter 2 the definiƟons of . 

 

Figure 4.18 Effects of Global Energy Efficiency in NH3 yield producƟvity. 

 

From Chapter 2 

The  is calculated as follows: 

 

 

The  distribuƟon is presented in Figure 4.19a for NO2
-RR to NH3 in the two channels cell, 

where the Cu and TiO2@Cu electrodes are compared at different applied potenƟals. And Figure 4.19b 

for the NO3-RR to NH3 in cascade/tandem configuraƟon (three channels cell). 
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Figure 4.19 Half-Cell Energy Efficiency distribuƟon for (a) NO2-RR and two channel systems for the electrodes Cu and 
TiO2@Cu and (b) NO3-RR for the three-channels system and the tandem configuraƟon.

In Figure 4.19a, the results demonstrate that TiO2@Cu exhibits higher values across the 

enƟre range from -0.4 V to -0.8 V vs RHE in the electrolysis processes of NO2
- to NH3. Notably, it starts 

impressively at 38% at -0.4 V vs RHE and gradually decreases to 28% at -0.8 V vs RHE.

In contrast, for the NO3
-RR in cascade reacƟon, the displays the highest values at 

intermediate applied potenƟals within the range. This observaƟon directly correlates with the FE to 

NH3 calculated in the previous secƟon.

When comparing the values with the overall , an average reducƟon of 5% is 

observed for all applied potenƟals. This reducƟon indicates a low contribuƟon of energy losses in the 

anode and other components of the cell, suggesƟng that most of the energy losses occur in the 

cathodic half-cell during the electrochemical processes under invesƟgaƟon.

4.10 Energy consumpƟon calculaƟons. Scaling up NO3
- to NH3 conversion. 

In industrial processes, parƟcularly in electrochemistry, the choice between galvanostaƟc and 

potenƟostaƟc electrolysis depends on several factors, including the desired outcome, process control 

requirements, and the nature of the reacƟons involved [57]. GalvanostaƟc methods are more pracƟcal 

because they ensure that the same current is applied in the system, which helps maintain a steady rate 

of reacƟon. In the case of NO3
- treatments in wastewater treatment plants, it is expected to have large 

amounts of nitrate polluted waters, and galvanostaƟc setups can be simpler and more cost-effecƟve 

to implement compared to potenƟostaƟc setups [58].

a b
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By employing a tandem configuraƟon, we conducted experiments using a series of current densiƟes 

to idenƟfy a single parameter that could serve as a valuable starƟng point for scaling up the process 

by systemaƟcally varying the j and calculaƟng efficiency parameters (FE, EE, SE, and conversion rates). 

Figure 4.20a illustrates the FE distribuƟon as a funcƟon of the current density, forming a disƟncƟve 

volcano shape. The peak is reached at -90 mA with 97% toward NH3. Subsequently, the FE slightly 

drops to 85% at the highest applied current of -110 mA cm-2. The potenƟals corresponding to j with 

the highest FE (-70 and -90 mA cm-2) were -0.7 and -0.8 V vs RHE, differing slightly from observaƟons 

under potenƟostaƟc condiƟons, where the highest FE was reached at -0.6 V vs RHE. Like potenƟostaƟc 

condiƟons, the FE towards NO2
- is higher at less negaƟve current densiƟes, reaching a maximum of 

16.5% at -35 mA cm-2. FE toward other products remains low for all applied currents, with a significant 

value observed only at the highest current density (-110 mA cm-2) with a value of 10%.

Figure 4.20 a) FE distribuƟon and (b) SE distribuƟon of products for cascade/tandem process under galvanostaƟc condiƟons.

ProducƟvity toward NH3 gradually increases with the rise in current density, mirroring the behavior 

observed under potenƟostaƟc condiƟons. StarƟng at 0.14 mmol h-1 cm-2 at -35 mA cm-2, it peaks at 

0.43 mmol h-1 cm-2at -110 mA cm-2, represenƟng the apparent limit of producƟvity for the system 

under the evaluated condiƟons. An explanaƟon for reaching an apparent limit is the transient decrease 

a b
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on the available NO3
- species, due to the conƟnuous conversion of up to 45% of the iniƟal NO3

-. Figure 

4.20 b demonstrates the SE distribuƟon of products across the menƟoned range of applied j. The 

highest SE toward NH3 is achieved at -50 mA cm-2, reaching 90%. For other current densiƟes, the SE 

remains approximately at 80% for the enƟre studied range. The SE to NO2
- shows similar values to 

those observed under potenƟostaƟc condiƟons, with the maximum SE measured at 16% at -35 mA 

cm-2. For the rest of the applied currents, the SE toward NO2
- remains below 10% in all cases. The 

specific NO3
- conversion by charge unit decreases at higher applied current densiƟes, ranging from 

0.15 down to 0.1 mg C-1, consistent with the lower limit observed in another Cu/Ti-based NH3 

generaƟon system in Chapter 3. 

   

Figure 4.21 Energy ConsumpƟon distribuƟon at different current densiƟes for the three channels systems. The FE towards NH3 
is included for each point. 

 

For our electrolyƟc cell we wanted to define one single parameter of NO3
-RR to NH3 process that serves 

as the preliminary value for scaling up: the energy required to produce 1 kg of NH3, expressed in 

kWh·kg⁻¹, at a current density that yields at least 90% FE. Figure 4.21 illustrates the variaƟon in energy 

consumpƟon (EC) with current density for three different systems, alongside the FE at various current 

densiƟes. Remarkably, for two of the systems (Cu and TiO2@Cu electrodes), the minimum energy 

consumpƟon is recorded at a j of -50 mA·cm⁻², coinciding with their maximum FE. Similarly, in the case 

of the Cascade/Tandem system, which achieved a remarkable 97% FE, the lowest energy consumpƟon 
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among all current densiƟes and systems was observed at a higher current density. This value of 33 

kWh·kg of NH3 represents the primiƟve scale-up parameter, as it corresponds to the energy required 

to produce 1 kg of NH3 with a 97% faradaic efficiency. By fixing this parameter, we establish a 

benchmark for scaling up the electrochemical our process. 

 

4.11 Economic implicaƟons of increasing the Energy Efficiency. 

Apart of the generaƟon of NH3, NO3
-RR can be used in water treatment systems. For this reason, the 

energy requirements for converƟng a define amount of NO3
- can be used as a starƟng point for scale 

up the process, and the implicaƟons of increasing the energy efficiency. Figure 4.22 presents the NO3
- 

consumpƟon by charge unit ( ) as a funcƟon of EC for converƟng a defined mass of NO3
- ( ), 

providing insights into the energy required for the conversion of 1 kg of NO3
-. This is a useful parameter 

that helps to determine and compare the operaƟonal costs of energy-dependent water treatment 

systems [54]. In this case we use this parameter to compare between different materials used in 

denitrificaƟon processes. Among a series of catalyst materials, we determine that the Cu/TiO2@Cu in 

our tandem configuraƟon reduces the energy consumpƟon down to 2.89 kWh·kg-1 at potenƟostaƟc 

condiƟons and 4.95 kWh·kg-1 under galvanostaƟc condiƟons, represenƟng the lowest values for this 

parameter among different materials found in recent studies. ComparaƟvely, other Cu-based catalysts 

(Cu:Ni [12] or Cu:Zn) showed beƩer specific NO3
- conversion at significantly higher energy consumpƟon 

values [60]. It is important to menƟon that some of the values collected correspond to systems working 

under different condiƟons, such as lower iniƟal NO3
- concentraƟons, explaining the wide range of 

 values in the figure. However, the excellent values achieved demonstrate the potenƟal of our 

tandem configuraƟon and serve as primiƟve scaling-up parameters, offering starƟng point of the lower 

energy requirements for systems aiming at denitrificaƟon (complete eliminaƟon of NO3
- from waters) 

or the producƟon of NH3 as the primary product. 
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Figure 4.22 Specific NO3- conversion by charge unit as funcƟon of Energy ConsumpƟon for similar processes and different 
electrode materials. 

In 2023, the average price of electricity for industrial use in the Euro Zone was 0.2517 €·kWh [61]. This 

informaƟon allows us to calculate the cost of energy consumpƟon for both producing NH3 and 

degrading NO3
-. 

For producing NH3, considering the energy consumpƟon of 33 kWh·kg⁻¹ as determined from our 

electrochemical process, the cost of electricity per kilogram of NH3 produced would be: 

 

Similarly, for degrading NO3
-, using the energy consumpƟon determined for this process, the cost of 

electricity per kilogram of NO3
- degraded would be: 

 

These values provide insight into the economic implicaƟons of the electrochemical processes involved 

in NH3 producƟon and NO3
- degradaƟon, helping to assess their feasibility and cost-effecƟveness in 

industrial applicaƟons. 
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4.12 Conclusions. 

This Chapter presents a cascade electrolysis approach for nitrate conversion to ammonia using a 

tandem system comprised of two disƟnct acƟve sites, Cu and TiO2@Cu, operaƟng under alkaline 

condiƟons. Our findings reveal significantly enhanced energy efficiencies towards ammonia 

producƟon, coupled with decreased energy consumpƟon, parƟcularly notable under moderate 

applied potenƟal condiƟons even down to −0.7 V. Through individual invesƟgaƟons of Cu and TiO2@Cu 

acƟve sites, we confirm the higher acƟvity of Cu for NO3
-RR to nitrite intermediates, while TiO2@Cu 

exhibits superior performance for NO2
-RR to ammonia, providing insights into the criƟcal transiƟon for 

reducing the required overpotenƟal for global NO3
-RR to ammonia. Energy consumpƟon analysis 

further indicates that the cascade nitrate electrolysis in tandem configuraƟon offers lower energy 

requirements compared to similar studies. Our findings underscore the uƟlity of transient cell 

configuraƟons in electrochemical systems in facilitaƟng tandem catalysis of reacƟve intermediates 

within spaƟally confined different acƟve sites, thereby significantly improving the energy efficiency. 

Moreover, this study exemplifies an alternaƟve strategy enabled by innovaƟve electrochemical 

techniques and material design to overcome complex scaling relaƟons in electrocatalysis. 
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4.13 Highlights of the chapter. 

High Faradaic Efficiency and SelecƟvity: 

The tandem NO3
-RR process demonstrated a FE of 97% and a selecƟvity of 80% towards NH3, 

showcasing the effecƟveness of the composite Cu and TiO2@Cu electrodes in an opƟmized flow-cell 
configuraƟon. 

Enhanced Energy Efficiency: 

The cascade electrolysis approach resulted in high full-cell energy efficiencies of 29%, significantly 
improving the energy consumpƟon metrics for NH3 producƟon. 

EffecƟve Use of Cu and TiO2@Cu Electrodes: 

Cu electrodes exhibited superior acƟvity for the NO3
-RR to NO2

- intermediates, while TiO2@Cu 
electrodes showed higher performance for the NO2

-RR to NH3, highlighƟng the synergisƟc benefits of 
the tandem system. 

InnovaƟve Electrochemical Cell Design: 

The chapter introduced a three-channel electrochemical cell that effecƟvely facilitated the cascade 
reacƟon, opƟmizing the spaƟal arrangement of acƟve sites to enhance the overall process efficiency. 

Economic Viability and Scalability: 

The study's findings underscore the potenƟal for scaling up the tandem system for industrial 
applicaƟons, with a notable reducƟon in energy consumpƟon for nitrate conversion to ammonia, 
making it economically viable for large-scale implementaƟon. 
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CHAPTER 5 LI-RICH CATALYST EFFECTS 

 

5.1 Abstract 

Chapter 5 explores the impact of lithium (Li) enrichment on the performance of mixed nickel oxide 

(NiO) and Ɵn oxide (SnO2) catalysts for nitrate reducƟon reacƟons (NO3
-RR). The study assesses if 10% 

Li incorporaƟon can enhance selecƟvity and catalyƟc acƟvity for NO3
-RR, aiming to increase ammonia 

(NH3) producƟon while suppressing the compeƟng hydrogen evoluƟon reacƟon (HER). IniƟal findings 

indicate that lithium enrichment improves both the selecƟvity and efficiency of NO3
-RR, providing 

valuable insights for the design of more effecƟve catalysts for sustainable ammonia producƟon. 
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5.2 IntroducƟon to Chapter 5. 

In the preceding chapters, we have explored opƟmal condiƟons and strategies to enhance energy 

efficiency for NH3 electrosynthesis from NO3
-. Specifically, Chapter 3 focused on the combinaƟon of 

materials such as Cu and Ti-based, including Ɵtanium dioxide (TiO2)), to opƟmize the conversion of 

nitrate to ammonia (NH3). Chapter 4 examined the energy efficiency of various electrochemical cell 

configuraƟons using these and other materials to achieve high performance. 

Building upon these findings, Chapter 5 shiŌs focus to a novel approach in catalyst modificaƟon by 

introducing lithium (Li) enrichment into the structure of a mixed oxide catalyst composed of nickel 

oxide (NiO) and Ɵn oxide (SnO2). The objecƟve is to evaluate whether the incorporaƟon of lithium can 

influence the catalyƟc behavior, specifically in promoƟng reacƟons that compete with the hydrogen 

evoluƟon reacƟon (HER). 

The materials invesƟgated in this chapter include a baseline NiO+SnO2 catalyst and a lithium-enriched 

variant (10% Li-NiO+SnO2). To set the stage for this invesƟgaƟon, we will first provide a brief 

bibliography overview of SnO2-based and NiO-based electrocatalysts used for NO3
-RR, and the effects 

of alkali caƟons on NO3
-RR and the HER, establishing a foundaƟon for our subsequent interpretaƟons 

and analysis. 

Through systemaƟc electrochemical tesƟng and characterizaƟon, this chapter aims to provide insights 

into the role of lithium in modifying the catalyƟc properƟes of these mixed oxides. The goal is to 

determine if lithium enrichment can enhance NO3
-RR efficiency by suppressing HER and thereby 

improving the overall selecƟvity and producƟvity of NH3 under opƟmized electrochemical condiƟons. 

The findings from this chapter could offer valuable guidance for the design of more effecƟve catalysts, 

highlighƟng the potenƟal of lithium-enriched materials in achieving selecƟve and efficient nitrate 

reducƟon, thus contribuƟng to the broader objecƟve of sustainable ammonia producƟon. 
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5.3 Catalyst dopping. 

From Chapter 1, Figure 5.1 illustrates the possible reacƟon pathways of NO3
-RR under acidic and 

alkaline condiƟons.  

 

Figure 5.1 NO3-RR-to-NH3 pathways. 

 

NiO and SnO2 are not commonly known materials used as electrocatalysts for the conversion of NO3
- 

to NH3. However, their low acƟvity in this reacƟon makes them interesƟng candidates for invesƟgaƟng 

the role of material doping and its impact on compeƟƟve reacƟons. Before delving into this, a brief 

overview of the use of these materials in NO3
-RR and the impact of caƟons in the soluƟon on this 

reacƟon and the compeƟƟve HER is provided. 

 

5.3.1 NO3
-RR with NiO-based catalysts overview. 

Pure NiO-based catalysts have not been extensively explored for NO3
-RR to NH3. However, some 

studies have invesƟgated its performance, either by tesƟng different structures of NiO or by using it as 

an acƟve support for other materials:  

The study by Y. Zhang [13] highlights the role of proton-coupled electron transfer (PCET) in the catalyƟc 

funcƟon of Nb-doped-NiO for the electrochemical reducƟon of NO2
- to NH3. As shown in Figure 5.1, 

NO2
- reducƟon to NH3 follows PCET steps. NiO facilitates PCET through electronic and protonic 

conducƟvity, with Ni2+ and Ni3+ sites enabling electron transfer and surface hydroxyl groups and OVs 

aiding proton transfer. Adsorbed NO2
- interacts with Ni sites and OVs, undergoing acƟvaƟon and 

becoming recepƟve to protonaƟon and electron transfer.  

Another study conducted by Pengyu Liu et al. [14] explores the catalyƟc performance of NiO 

nanosheets on Ɵtanium mesh for NO reducƟon to NH3. Notably, in this study, the reacƟon starts from 

NO as the iniƟal state, not the NO3
- molecule. As menƟoned in previous chapters and as evident in 
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Figure 5.1, nitrous oxide is one of the semi-stable reacƟon intermediates of NO3
-RR towards any final 

product. The findings correspond to NO molecules preferenƟally adsorbed onto the (200) plane of NiO, 

with the end-on adsorpƟon (N atom binding to Ni site) showing the most negaƟve binding energy. The 

reducƟon pathway follows that for acidic condiƟons given the presence of EDTA in the electrolyte, with 

the protonaƟon of NO to HNO being the potenƟal rate determining step. It is interesƟng to menƟon 

the poor performance of NiO-based electrodes for HER in this study, which ensures high selecƟvity for 

NORR. Looking into the specific role of NiO acƟve sites, the study highlights that primarily the Ni atoms 

on the (200) plane, play a role in the adsorpƟon and acƟvaƟon of NO molecules. These sites provide 

strong binding interacƟons, facilitaƟng the iniƟal adsorpƟon step where NO binds end-on to the Ni 

site, polarizing the NO molecule and weakening the N=O bond, thus making it more suscepƟble to 

reducƟon. 

Among other studies conducted with NO3
-, Y. Wang et al. [15] invesƟgated the synthesis and 

performance of Co3O4@NiO hierarchical nanotubes with NiO porous nanosheets for NO3
- reducƟon to 

NH3. They idenƟfied nickel atoms as the primary acƟve sites, responsible for the iniƟal adsorpƟon and 

acƟvaƟon of NO3
- molecules. DFT calculaƟons showed that the hierarchical structure of NiO enhances 

the binding energy and stability of NO3
- and intermediates, lowers acƟvaƟon barriers, and improves 

charge transfer. 

 

5.3.2 NO3
-RR with SnO2-based catalysts overview. 

Similar to NiO-based electrocatalysts, few studies have been conducted with SnO2-based materials. G. 

Zhang et al. [16] invesƟgated the catalyƟc performance of Mo-doped SnO2 with enriched OVs (Mo-

SnO2-x) for NO3
- reducƟon to NH3. In this study, SnO2 serves as the primary structural framework for 

the catalyst. The introducƟon of Mo and OVs creates new acƟve sites and enhances exisƟng ones, 

boosƟng the adsorpƟon and acƟvaƟon of NO3
-. The electronic structure analysis revealed significant 

electronic coupling between Mo and Sn atoms, enhancing Mo-d and Sn-p orbital hybridizaƟon, 

which promotes NO3
- adsorpƟon and acƟvaƟon. However, SnO2 alone shows low NO3

- conversion and 

FE to NH3, making it a poor electrocatalyst for NO3
-RR. 

 

5.3.3 SupporƟng electrolyte effects in NO3
-RR 

NO3
-RR conversion to NH3 is a dissociaƟve (N–O bond breaking) and associaƟve (hydrogenaƟon) 

process. Under alkaline condiƟons, hydrogen is sourced from water dissociaƟon, forming acƟve 

hydrogen species (H* or H+) simultaneously with N–O bond breaking[17]. All NO3
-RR processes, 
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including NO3
- adsorpƟon, N–O breaking, hydrogenaƟon, and water dissociaƟon, can be influenced by 

the composiƟon and concentraƟon of the supporƟng electrolyte. This electrolyte aims to minimize 

unaccounted potenƟal drops and, in some cases, stabilize reacƟon intermediates. The following 

secƟons will explore recent studies on the effects of caƟons in the electrolyte on various steps of NO3
-

RR. 

5.3.4  CaƟon effects in NO3
-RR 

The study carried out by Y. Zhang et al. [18] invesƟgates the role of alkali caƟons K+ and Na+ in the 

photocatalyƟc reducƟon of NO3
- to NH3 using a Ni single-atom catalyst supported on TiO2. According 

with mechanisƟc studies the K+ caƟons from KNO3 bonds with two oxygen atoms around the Ni site, 

forming a K-O-Ni moiety during the reacƟon, a structure not observed with Na+ caƟons. The K-O-Ni 

moiety induced charge accumulaƟon on Ni sites by weakening the Ni-O covalency, promoƟng the 

adsorpƟon and acƟvaƟon of NO3
- and stabilizing intermediates during the hydrogenaƟon process. 

DFT calculaƟons showed that the presence of K+ caƟons reduced the protonaƟon barrier for the rate-

determining step from 0.21 eV to -0.45 eV. The K atom also bonded with the *NO intermediate, 

stabilizing it and facilitaƟng protonaƟon processes. In other experiments with LiNO3 and CsNO3 

soluƟons, there is an indicaƟon that the ionic radius of K+ is opƟmal for forming the K-O-Ni moiety. 

The incorporaƟon of K species did not significantly alter the energy band structures of the catalysts 

but significantly influenced the electronic properƟes, leading to decreased Ni-O covalency and lower 

valence states of Ni sites. 

In the recent study performed by A. Fajardo et al. [19], it was invesƟgated how different alkali caƟons 

(Li+, Na+, K+, and Cs+) in the electrolyte influence the selecƟvity and kineƟcs of NO3
-RR to NH3 on a Sn 

electrode. The Sn electrodes, known for poor NH3 selecƟvity from nitrates, showed significant 

variaƟon in performance depending on the caƟons present. According with the findings, NO3
- 

conversion rates followed the order: Li+ < Na+ ≈ K+ < Cs+, with Cs+ showing the highest NO3
- conversion 

rate and NH3 producƟon. The larger caƟons like Cs+ create a stronger local electric field at the 

electrode/electrolyte interface, enhancing the stabilizaƟon of reacƟon intermediates and promoƟng 

NH3 formaƟon. The presence of different caƟons influences the stabilizaƟon of negaƟvely charged 

intermediates (*NO2
-, *NO-), with Cs+ generaƟng a stronger local electric field. 

And one last study that can help us to understand our experimental observaƟons corresponds to a 

very recent one presented by J. Fan et al. [20]. This work examines the effects of various alkali caƟons 

(Li+, Na+, K+, Cs+) on the NO3
-RR to NH3. The findings highlight that caƟons within the electric double 

layer (EDL) affect electrostaƟc interacƟons between NO3
- and the cathode, stabilizing reacƟon 

intermediates and influencing water dissociaƟon acƟvity. According to their results, NO3
- removal 
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efficiency decreases with increasing caƟon size: Li+ < Na+ < K+ < Cs+. This is because caƟons form ion 

pairs with NO3
-, affecƟng its transport towards the cathode. However, larger caƟons form more stable 

contact ion pairs (CIPs), which also enhances the reducƟon rate. Among both effects, the formaƟon of 

CIPs seems to be stronger. 

Another observed effect is that higher concentraƟons of caƟons lead to increased shielding effects, 

diminishing ionic diffusion coefficients and constraining ion moƟon. Alkali caƟons can compeƟƟvely 

adsorb onto the catalyst surface, reducing acƟve sites for NO3
- reducƟon, and can also precipitate, 

blocking the catalyst surface and disrupƟng the EDL structure. As in the previously highlighted study, 

caƟons stabilize negaƟvely charged intermediates (NO2
-, NO-) through electrostaƟc interacƟons, with 

larger caƟons generaƟng stronger local electric fields that enhance stabilizaƟon and promote NH3 

formaƟon. 

The three studies summarized in this secƟon explore the effects of alkali caƟons Li+, Na+, K+, Cs+ in NO3
-

RR, revealing both complementary insights but also some potenƟal contradicƟons. Y. Zhang et al. finds 

Na+ less effecƟve in NO3
-RR, with no significant interacƟon with the catalyst, however, this is something 

specific of the catalyst composiƟon and not correlaƟve to the other studies. On the other hand, Fajardo 

et al. reports that Na+ moderately enhances NO3
-RR. AddiƟonally, along with Fan et al. study both 

indicate that bulky caƟons like Cs+ improve NH3 selecƟvity. Nevertheless, the three studies consistently 

highlight K caƟon as very effecƟve for enhancing NO3
-RR, something that agrees with the larger 

number of studies conducted using K+ as supporƟng caƟon. 

 

5.3.5 Effects of caƟons on HER. 

In this secƟon we will give an overview of some studies that are focused on the effects of alkali caƟons 

in HER, trying to understand the possible implicaƟon on the water dissociaƟon, as the source of 

hydrogen during NO3
-RR to NH3. 

The study presented by S. Ringe et al. [21] reviews the impact of various caƟons on the HER. According 

with the findings, the concentraƟon of hydrated caƟons at the solid-liquid interface increases at 

more negaƟve potenƟals, enhancing double-layer capacitance and surface charge density. CaƟons 

influence the structure of interfacial water by breaking hydrogen bonds and reorienƟng water 

molecules, with larger caƟons creaƟng a stronger electric field that stabilizes reacƟon intermediates. 

This stabilizaƟon is crucial for the Volmer step under alkaline condiƟons, where water acts as the 

proton donor. 

        Volmer Step 



Chapter 5. Li-rich catalyst effects

153

CaƟons affect the HER rate by polarizing water and increasing the proton transfer rate, with higher 

interfacial concentraƟons creaƟng a stronger electric field. Specific adsorpƟon of larger caƟons like 

Cs+ is enhanced at very negaƟve potenƟals, and can compeƟƟvely be adsorb onto the electrode 

surface, reducing acƟve sites for HER.

And another study in the field corresponds to J. Bender et al. [22], that invesƟgates the influence of 

alkali metal caƟons (Li+, Na+, K+, Cs+) on HER across various metal electrodes (Cu, Ag, Au, Ir, Pd, Pt) in 

acidic and alkaline media. The findings indicate no significant caƟon effects on HER in acidic media. 

However, in alkaline, the impact varies with caƟon size. For HER-acƟve metals (Ir, Pd, Pt), acƟvity 

decreases with increasing caƟon size (Li+ > Na+ > K+ > Cs+). In these cases, water dissociaƟon is not 

kineƟcally limited, but larger caƟons stabilize the transiƟon state and products (OH-) on the electrode-

electrolyte interphase, blocking acƟve sites. While for less HER-acƟve metals (Cu, Ag, Au), HER acƟvity 

increases with increasing caƟon size (Li+ < Na+ < K+ < Cs+). Here, caƟons enhance the HER rate by 

stabilizing and aiding the diffusion of water dissociaƟon products (OH-), with larger caƟons providing 

a greater enhancement.

5.4 Methods.

5.4.1 Electrode materials.

TW-DC and TW-DC-Li10% WE. To prepare the WE, the NPs were deposited on the carbon paper. The 

electrocatalyst consisted of a mixture of Vulcan carbon and the NiO-SnO2 parƟcles (DC and DC-Li10%) 

dispersed in 970 μL of anhydrous ethanol and 30 μL of a 5% Nafion soluƟon. The mixture was then 

sonicated for 1 hour, drop-casted onto the support (geometric area: 1 x 1 cm2), and finally dried in a 

vacuum oven at 60°C for 3 hours.

Figure 5. 2 Electrodes composiƟon and name designaƟon.
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5.4.2 TW-DC and TW-DC-Li10%. SEM

Figure 5.3 shows the HR-SEM images of the NiO and SnO2 nanoparƟcles where polycrystal structures 

are observed. No changes in morphology and oxidaƟon state of the components were observed 

during the Li-enrichment.

Figure 5.3 SEM images a) NiO-SnO2 oxide nanoparƟcles. b) NiO-SnO2-Li10% nanoparƟcles.

5.4.3 Electrochemical CharacterizaƟon.

CVs for CDL determinaƟon were recorded within the range with minimal faradaic currents at υ 10, 20, 

50, and 100 mV s-1 using a 1M KOH electrolyte. And CV test with 0.1M KNO3 and 1M KOH was 

conducted at υ 15 mV s-1.

The CDL values measured were 265 μF for the Carbon Paper, 273 μF for TW-DC-Li10% and 321 μF for 

TW-DC electrodes. This non-significant difference in CDL values (Figure 5.4 a-c), indicaƟng similar ECSA, 

is insufficient to explain the different behaviors of TW-DC and TW-DC-Li10% electrodes. Therefore, a 

different electrochemical response must be a result of the structural modificaƟon of the TW-DC-Li10% 

electrode with lithium species. CV curves in Figure 5.4d show that the TW-DC electrode exhibits a 

higher current density (red line) compared to the TW-DC-Li10% electrode (blue line). TW-DC produces 

more hydrogen, as confirmed by DifferenƟal Electrochemical Mass Spectroscopy (DEMS) results 

(Figure 5.4e-f), which show three Ɵmes higher HER currents for this electrode than for the TW-DC-

Li10%. In the case of having Li+ in the electrolyte instead of in the structure, DEMS results (Figure 5.4g) 

the reducƟon in the current density assigned to HER is also observed, but less effecƟve than if it is in 

the structure.

Li species added to the oxide nanoparƟcles limit HER. This effect can be understood by correlaƟng it 

with studies on Li+ in the electrolyte. According to J. Bender et al. [22], for less HER-acƟve metals (Cu, 

Ag, Au), HER acƟvity increases with caƟon size (Li+ < Na+ < K+ < Cs+). In these metals, water dissociaƟon 



Chapter 5. Li-rich catalyst effects 

155 

is the rate-limiƟng step of HER, and larger caƟons stabilize and transport OH- products away from the 

acƟve sites, increasing HER kineƟcs. One possibility is that the TW-DC electrode behaves similarly to 

these less HER-acƟve metals, where HER is favored by the high concentraƟon of K+ but slowed down 

by the Li-species in TW-DC-Li10%. However, a thorough evaluaƟon of the Li effects requires considering 

product and reactant changes of NO3
-RR, something discussed in next secƟons. 

 

 
 

Figure 5. 4 CV with KOH electrolyte at different scan rates a) for TW-DC electrode b) TW-DC-Li10% electrode. C) Current density 
in the non-faradaic region vs scan rate for Carbon Paper, TW-DC and TW-DC-Li10% electrodes for determining CDL d) CVs with 
0.1M KNO3+1M KOH electrolyte for TW-DC and TW-DC-Li10% electrodes. e-g) DEMS results of NO3-RR for H2 product. The 
DEMS studies were performed in the InsƟtuto Politecnico Internacional-Mexico. 

e f g 
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5.5 Li effects on NO3
-RR and HER using a Flow-Cell. 

The incorporaƟon of Li-species into the NiO and SnO2 structure modifies the acƟve sites in the catalyst, 

apparently to those linked to HER. This is mainly observed by the reducƟon on the current density in 

the TW-DC-Li10% electrode. To understand the full impact of Li incorporaƟon, we conducted a series 

of CA using a flow cell, focusing on NO3
- specific-conversion, FE, and nitrogen-based products Yield. 

 

5.5.1 Electrochemical Set-up: 

CA experiments were carried out using a 0.1M KNO3 + 1M KOH electrolyte. IC has been used for 

quanƟficaƟon of ions in the liquid phase ( and ), UV-vis spectroscopy for NH3, and GC 

quanƟfying H2. Evaluated EW were -0.3, -0.4, -0.5, -0.6, -0.7, and -0.8 V vs. RHE for 180 minutes. 

In the flow-cell (Figure 5.4). A CEM (Nafion 117) separated the cathode and anode compartments, 

both filled with the same electrolyte, and DSA and Ag/AgCl3M KCl were the CE and RE respecƟvely. 

 

Figure 5.5 Electrochemical flow-cell configuraƟon 3. 

 

5.5.2 NO3
- specific conversion ( ) during CA in flow cells: 

The  corresponds the specific mass (mg) of nitrate converted by charge; a parameter already 

used in previous chapters. As observed in Figure 5.6,   was evaluated for TW-DC-Li10% and TW-

DC electrodes across various EW. The TW-DC-Li10% electrode demonstrated higher NO₃⁻ conversion, 

peaking at 0.25 mg C-1 at EW = -0.4 V vs RHE among the range. The efficiency decreased when more 

negaƟve potenƟals are applied, reaching 0.14 mg C-1 at -0.7 V vs RHE, but increased again -0.8 V, 

indicaƟng non-linear behavior. Conversely, the TW-DC electrode showed lower and more stable 

efficiency, decreasing from 0.10 mg C-1 at -0.3 V to a minimum of 0.05 mg C⁻¹ at -0.5 V, with slight 

increases at more negaƟve potenƟals up to 0.11 mg C⁻¹ at -0.8 V vs RHE. The superior performance 

 of the TW-DC-Li10% electrode can be aƩributed to a synergisƟc contribuƟon of K⁺ and Li-species 
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effects. Although the oxidaƟon state of Li in the catalyst structure remains undetermined, its presence 

is evident from the electrochemical effects observed. Lithium in the structure can act similarly to 

smaller caƟons like Li⁺ in soluƟon, facilitaƟng beƩer access and interacƟon of NO₃⁻ with the cathode 

due to less steric hindrance and stronger electrostaƟc aƩracƟon. AddiƟonally, the presence of K⁺ in 

the electrolyte, forms stable contact ion pairs with NO₃⁻, which enhances the reducƟon rate by 

stabilizing intermediates and lowering acƟvaƟon barriers. These interpretaƟons are based on the 

effects of caƟons as described by J. Fan et al [20]. Nevertheless, it might seem opposite to that provided 

by A. Fajardo et al. [19], where NO3
- conversion rates followed the order: Li+ < Na+ ≈ K+ < Cs+. However, 

this study only established an increasing order of caƟon effects by size in NO3
- conversion, without 

limiƟng a possible synergisƟc effect if several caƟons are present in soluƟon. For instance, we can 

complementarily use both studies to explain our observaƟons. 

 

Figure 5. 6 Nitrate specific conversion for the electrodes TW-DC and TW-DC-Li10% 

 

5.5.3 Faradaic Efficiency, and Yield of TW-DC and TW-DC-Li10% electrodes in Flow-cells. 

From CA conducted in flow-cell FE, and quanƟfied nitrogen-products yield are represented in Figure 

5.7.  
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The analysis of the FE and product yields for the TW-DC and TW-DC-Li10% electrodes reveal disƟnct 

trends in their tendencies toward various products. For the TW-DC electrode (Figure 5.7 a), H2 

producƟon increases significantly at more negaƟve potenƟals, reaching 36 at -0.5 V vs RHE, indicaƟng 

strong compeƟƟon from the HER. NH3 producƟon shows a decreasing trend from 50% at -0.3 V to 

approximately 27% at more negaƟve potenƟals, suggesƟng reduced NO₃⁻ reducƟon efficiency as HER 

becomes more compeƟƟve. NO2
- and other products maintain relaƟvely lower and stable percentages 

across the potenƟals. Conversely, the TW-DC-Li10% electrode demonstrates a more favorable 

tendency towards NH₃ producƟon, with the highest FE of 59% at -0.4 V vs RHE, and generally lower H2 

producƟon, indicaƟng less compeƟƟon from HER. The presence of lithium appears to enhance NO₃⁻ 

reducƟon efficiency, with reduced H₂ producƟon (as low as 8% -0.5 V) and increased producƟon of NH₃ 

and other nitrogen-based products. 

 

Figure 5.7 Product distribuƟon in terms of Faradaic Efficiency and Yield to N-Products for the electrodes a) TW-DC, and b) TW-

DC-Li10% and Yield of Nitrogen-based at different applied potenƟals. 

The results also indicate that the TW-DC-Li10% electrode exhibits significantly lower HER compared to 

the TW-DC electrode, parƟcularly at −0.4 V vs RHE where the FE for N-based products reaches more 

than 90% while HER stays at 9%. This suggests that Li-species in the structure limits the evoluƟon of 

H2, likely by making water dissociaƟon of the Volmer step more favorable to NO3
-RR. This means that 

in the presence of lithium, water dissociaƟon sƟll occurs but the adsorbed hydrogen atoms are more 
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available for NO₃⁻ reducƟon rather than forming H₂ gas. This interpretaƟon aligns with the 

observaƟons of J. Bender et al. [22], which highlight that smaller caƟons like Li⁺ do not significantly 

promote HER in alkaline media for HER-acƟve metals (Ir, Pt, Pd). Instead, they stabilize intermediates 

that favor selecƟve reducƟon processes. Lithium-species might affect the interfacial water structure 

and hydrogen bonding network less disrupƟvely than larger caƟons, leading to reduced compeƟƟon 

from HER and more efficient NO₃⁻ reducƟon. Specifically, lithium alters surface properƟes by modifying 

surface energy and electronic structure, which decreases proton adsorpƟon favorability and hydrogen 

evoluƟon while stabilizing reacƟon intermediates. 
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5.6 Conclusions. 

In this chapter, we invesƟgated the impact of Li-enrichment on the catalyƟc behavior of mixed NiO and 

SnO2 catalysts for NO3
-RR. By comparing a baseline NiO+SnO2 catalyst with a lithium-enriched variant 

(10% Li-NiO+SnO2), we aimed to evaluate whether lithium incorporaƟon can enhance the selecƟvity 

and efficiency of nitrate electroreducƟon by limiƟng the compeƟng HER. 

Our study began with an overview of the effects of caƟons on NO3
-RR and HER, providing a foundaƟon 

for understanding the role of lithium in these processes. The systemaƟc electrochemical tesƟng and 

characterizaƟon revealed several key findings: 

The lithium-enriched NiO+SnO2 catalyst demonstrated improved specific conversion of NO3
- compared 

to the baseline catalyst. The presence of lithium appears to modify the electronic properƟes of the 

catalyst, making it more favorable for nitrate reducƟon over HER. 

DEMS results showed evidence of a lower current density for HER and a higher Faradaic efficiency for 

N-based products of the Li-rich catalyst, indicaƟng that lithium helps to steer the reacƟon pathway 

towards NO3
- conversion. 

These findings highlight the potenƟal of lithium-enriched catalysts for limiƟng HER. A strategy that can 

be used not only for nitrate conversion, but also for other reacƟons where HER represents a high 

contributor in reducing the overall efficiency of the process. 

The results suggest that lithium enrichment is a promising strategy for enhancing the performance of 

mixed oxide catalysts. Future research could further opƟmize the lithium content and explore other 

caƟon modificaƟons to conƟnue improving catalyst performance. 
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5.7 Highlights of chapter 5. 

Overview of Cation Effects: The chapter begins with a brief overview of the effects of cations on NO3
-

RR and HER, providing a foundation for interpreting the role of lithium in the catalyst structure. 

Material Composition: The materials studied include a baseline NiO+SnO2 catalyst and a lithium-

enriched variant (10% Li-NiO+SnO2). 

Suppression of HER: Effective suppression of HER was observed with lithium incorporation, as 

evidenced by lower current densities for hydrogen evolution, which favored nitrate conversion. 

Experimental Validation: Systematic electrochemical testing and characterization confirmed the role 

of lithium in modifying the catalytic, providing a strategy for future investigations on other type of 

reactions where HER represents an issue. 
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CONCLUSIONS 

This doctoral thesis was focused on the development of an opƟmized electrocatalyƟc system for 

generaƟon of ammonia as energy carrier. First, we focused on the integraƟon of the electrocatalyst in 

electrochemical systems and opƟmizing condiƟons for achieving high selecƟvity and efficiency in the 

generaƟon of ammonia. Second, we paid aƩenƟon towards increasing the energy efficiency and 

scalability of the process. Finally, we evaluated electrocatalyst-doping for reducing compeƟƟve 

reacƟons to nitrate-to-ammonia. 

In that way, the work covered the following specific challenges. 1) Synthesis of an efficient 

electrocatalyst that simultaneously shows a high current efficiency, selecƟvity and producƟvity 

towards ammonia. 2) Development of a reliable quanƟficaƟon method for ammonia as the primary 

reacƟon product. 3) CharacterizaƟon of oxidaƟon state of nanoparƟcles Cu-based nanoparƟcles and 

defects in TiO2. Accordingly, the next conclusions are summarized. 

Chapter 3 

 The integraƟon of Cu2O-Cu nanocubes on a Ti substrate resulted in significantly enhanced 

electrocatalyƟc performance for the NO3
-RR to NH3. This combinaƟon leveraged the high 

catalyƟc acƟvity of Cu and the excellent faradaic efficiency of Ti, leading to improved kineƟc 

behavior and stability over mulƟple cycles. The Cu2O-Cu@Ti catalysts achieved a faradaic 

efficiency of over 90%, selecƟvity to ammonia of 80%, and an ammonia producƟvity of 0.45 

mmol·h⁻¹·cm⁻². AddiƟonally, the enhanced kineƟc constant (k) was determined to be higher 

than that of individual components, indicaƟng a beƩer kineƟc property for conducƟng the 

NO3
- conversion. 

 The quasi in situ analysis underscored the significance of maintaining both Cu2O and Cu within 

the nanocube structures during the NO3
-RR process. The unique structural features 

contributed to their enhanced catalyƟc acƟvity for NO3
- conversion. 

Chapter 4 

 The introducƟon of opƟmized flow-cell configuraƟons significantly enhanced the energy 

efficiency of the NO3
-RR to NH3 process. The tandem system combining Cu-based and TiO2-

based catalysts in a cascade reducƟon system demonstrated a Faradaic Efficiency of 97%, a 

80% SelecƟvity, producƟvity of 0.45 mmol·h⁻¹·cm⁻² towards ammonia. The global energy 

efficiency and half-cell energy efficiency of the opƟmized flow-cell configuraƟon were found 

to be 29% and 58%, respecƟvely, higher than the 22% and 26% respecƟvely for non-tandem 

configuraƟons. 
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 The energy consumpƟon for ammonia generaƟon was calculated at 2.2 MJ mol⁻¹ NH3, and for 

nitrate reducƟon, it was 4.4 MJ mol⁻¹ NO3
-. These values are sƟll far from being compeƟƟve 

with tradiƟonal ammonia synthesis methods. However, they provide a starƟng point for 

opƟmizing the system, as only the cathodic reacƟon was studied. Further research and 

development are needed to enhance the overall efficiency and economic viability of the 

process. 

 

Chapter 5: Lithium Enrichment and Hydrogen EvoluƟon ReacƟons 

 The incorporaƟon of lithium into mixed nickel oxide (NiO) and Ɵn oxide (SnO2) catalysts 

effecƟvely miƟgated hydrogen evoluƟon reacƟons (HER) during the NO3
-RR process. The 

lithium-enriched catalyst demonstrated higher selecƟvity by suppressing HER, resulƟng in 

improved faradaic efficiency for nitrate conversion.  

 The results observed in the experimental study can be explained by considering the presence 

of Li-species in the electrode and Li+ caƟons in the electrolyte. This offers an approximaƟon of 

the behavior observed in the literature, where the influence of both NO3
-RR and HER is studied 

separately. The presence of lithium species in the electrode structure enhances the catalyƟc 

properƟes and stability, while the Li+ caƟons in the electrolyte help in stabilizing reacƟon 

intermediates and suppressing unwanted side reacƟons. 

 

The research presented in this thesis advances the field of electrocatalyƟc ammonia synthesis by 

demonstraƟng the benefits of synergisƟc catalyst combinaƟons, opƟmizing energy-efficient flow-cell 

processes, and leveraging lithium enrichment to improve reacƟon selecƟvity and efficiency. These 

findings offer promising soluƟons for sustainable and scalable ammonia producƟon, contribuƟng to 

global efforts in energy and environmental sustainability. 

 

OUTLOOK AND FUTURE WORK. 

ElectrogeneraƟon of nitrogen-based energy carriers from nitrates is sƟll an emerging field that 

necessitates further invesƟgaƟon into catalysts and operaƟng condiƟons to fully realize its potenƟal. 

Based on the results of this work and the corresponding state of the art, several key areas can be 

addressed in future research to advance this promising technology. 
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 Despite the high Faradaic Efficiencies achieved in recent studies, catalyst stability remains a 

significant issue. Future research should focus on enhancing the durability and long-term 

performance of electrocatalysts under harsh operaƟonal condiƟons. This includes the 

development of more robust catalyst materials, opƟmizing structure, and fine-tuning the 

operaƟng parameters that allows conducƟng efficiently the nitrate conversion under neutral 

pH, low nitrate iniƟal concentraƟon and the integraƟon of other pollutants. 

 

 The energy efficiency results in this work were primarily based on the opƟmizaƟon of the 

cathodic reacƟon. However, to achieve holisƟc system efficiency, further invesƟgaƟon is 

required to extend opƟmizaƟon efforts to the anodic reacƟon. This includes exploring 

alternaƟve oxidaƟon processes, such as the oxidaƟon of organic components, which can 

contribute to circular economy principles and Power-to-X concepts by generaƟng valuable 

byproducts and uƟlizing renewable energy sources effecƟvely. 

 
 Building on the findings from Chapter 5, there is a need for a deeper understanding of the 

mechanisms involving lithium-doping affects for both nitrate reducƟon and hydrogen 

evoluƟon reacƟons. Future work should focus on opƟmizing the lithium content and the 

structure of catalyst materials to enhance nitrate-to-ammonia conversion. The goal is to 

develop catalysts that allow for increased applied cathodic potenƟals or current densiƟes 

while minimizing the compeƟng HER, thereby improving overall process efficiency. 

 
 Finally, future research should aim at opƟmizing catalyst materials, operaƟve condiƟons, and 

process engineering: first, direct the reacƟon towards other nitrogen-based carriers such as 

hydroxylamine and hydrazine. AddiƟonally, coupling nitrate electroreducƟon with other 

cathodic reacƟons, such as CO2 reducƟon, can lead to the producƟon of other value-added 

products like urea. This dual approach can enhance the versaƟlity and economic viability of 

the technology, also following the power-to-X concept. 
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