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PREFACE 

 

This thesis is divided into two parts. Part 1 deals with the development of a catalyst for 

CO2 conversion to formic acid by thermocatalytic and electrocatalytic methods. Part 2 

deals with the development of an electrocatalyst for urea electrooxidation by modifying 

nickel hydroxide catalysts. 

 

PART 1 

Chapter 1.1. discusses the significance of developing Carbon Capture and Utilization 

technology as a strategy to mitigate anthropogenic CO2. The primary challenge in CO2 

conversion lies in activating the molecule due to its inherent chemical stability. This 

chapter emphasizes the crucial role of catalytic methods in overcoming this stability and 

facilitating the activation of CO2. The chapter is further divided into two parts. The first 

part focuses on the thermocatalytic conversion of CO2 to methanol and formic acid, 

providing an overview of various catalysts and discussing strategies for their 

modification to enhance efficiency. The second part addresses the electrocatalytic 

conversion of CO2, elaborating on the reaction mechanisms and the spectrum of products 

generated. It categorizes metal catalysts based on their product selectivity and examines 

key factors influencing catalytic performance, such as the role of electrolytes and 

electrolyzers. 

 

Chapter 1.2. deals with the development of NiPd/C3N4 as an efficient catalyst for the 

thermocatalytic conversion of CO2 to formic acid under high pressure and temperature 

conditions. The catalyst was synthesized at room temperature by NaBH4 assisted 

reduction. It was evaluated using various characterization techniques such as PXRD, 

FESEM, TEM, and XPS to identify the nature of the active site. The role of the different 

components of the catalyst was established. It was identified that Ni exists as Ni(OH)2  

and aids in the activation of CO2, Pd aids in the activation of H2, while C3N4 aids in the 

adsorption of the CO2 closer to the metal active site. These components work in tandem, 

resulting in high catalytic activity. With this catalyst, a maximum TON of 2432 was 
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obtained for a reaction duration of 24 h. CO2 TPD and operando DRIFTS were used to 

gain mechanistic insights into the catalytic process. Further, the post reaction 

characterization of the catalyst has been used to identify the reason behind the loss in 

activity in subsequent cycles. 

 

Chapter 1.3. deals with the development of a trimetallic CuSnBi nanostructured 

catalyst for the electrochemical reduction of CO2. Herein, the synergistic interaction 

between the three metal species results in improved catalytic activity. The introduction 

of Bi results in an increase in the formation of the catalytically active CuOx-SnOx 

interface. The formation of this interface has led to low overpotentials and a high formate 

faradaic efficiency of 80% at 1.45 V (vs. RHE) in comparison to CuSn nanostructures 

and SnO2. The catalyst also exhibits stability of upto 6 h at 1.05V (vs RHE). Post reaction 

characterization shows that the reduction of the oxides to the metallic state is minimized, 

resulting in the retention of the active interface. Furthermore, operando ATR-FTIR 

spectroscopy has been used to determine the intermediates formed during the reaction. 

 

PART 2 

Chapter 2.1.  discusses the importance of using H2 as a fuel and thereby a shift to 

hydrogen economy as an alternative to the conventional way of producing energy. The 

chapter discusses the significance of electrochemical water splitting as an energy 

efficient method to produce hydrogen in comparison to steam reforming. It identifies 

oxygen evolution reaction (OER) as a significant bottleneck of water electrolysis. The 

chapter highlights the importance of hybrid water electrolysis, mainly focusing on urea 

assisted water electrolysis (UOR), as an effective strategy to reduce the overall potential 

for H2 production. It discusses the challenges associated with UOR, followed by a 

detailed discussion of the analytical tools used to identify the mechanistic pathway. 

Finally, the different electrocatalysts explored and the strategies utilized to develop them 

have also been reviewed. 
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Chapter 2.2. deals with the Pd/Ni(OH)2 as an efficient catalyst for urea 

electrooxidation. The introduction of Pd led to enhanced kinetics, resulting in a higher 

current density and a decrease in the overpotential in comparison to Ni(OH)2. The 

catalyst also exhibits a stability of upto 300 h. Additionally, a significant improvement 

in intrinsic activity was observed in comparison to Ni(OH)2. TPD studies with CO2 show 

that the presence of Pd helps weaken the CO2 binding with Ni(OH)2, thereby preventing 

active site poisoning. Mechanistic pathway for urea electrooxidation was investigated 

using potentiostatic impedance spectroscopy, operando ATR-FTIR, and Raman 

spectroscopy. 

 

Chapter 2.3 deals with elucidating the mechanistic pathway for urea electrooxidation on 

Ni3N. In this work, A-Ni3N was synthesized by nitridation of electrodeposited Ni(OH)2 

on Ni foam, followed by activation using chronopotentiometry. A-Ni3N demonstrated 

remarkable stability for up to 300 hours at 100 mA cm⁻² and a maximum current density 

of 800 mA cm-2 at 1.5 VRHE.  Operando Raman spectroscopy and PEIS studies were 

conducted to understand the electrooxidation pathway, showing that urea 

electrooxidation follows a direct pathway on A-Ni3N. 
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Chapter- 1.1 

An introduction to carbon dioxide conversion 

 

 

Summary:  

The conversion of CO2 into value-added chemicals offers a sustainable approach to 

tackling the challenges of global warming, making the development of these carbon 

dioxide removal technologies crucial. Thermocatalytic and electrocatalytic methods are 

key techniques for studying this conversion process. A comprehensive understanding of 

the fundamentals of these catalytic processes is essential to design an efficient catalyst. 

This chapter provides a detailed discussion of these two approaches, reviewing catalytic 

pathways and various catalysts explored in the field.                    
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1.1.1. Carbon Capture Utilization and Storage (CCUS) 

The onset of the industrial revolution sparked a notable surge in the utilization of fossil 

fuels to produce energy, consequently amplifying CO2 emissions, as shown in Figure 

1.1.11. The 2023 IPCC report highlights this trend, emphasizing a consistent increase in 

greenhouse gas emissions2.  In line with the 2015 Paris Agreement, there is a strong 

global commitment to limiting the increase in global surface temperatures to well below 

2 C above pre-industrial levels, with a preferred target of 1.5 C. Adhering to this 

threshold is necessary to address the adverse impacts of climate change.  

 

Figure 1.1.1: Total Net anthropogenic GHG emissions (adapted from Emissions Gap 

Report 2023: Broken Record – Temperatures hit new highs, yet world fails to cut 

emissions (again). United Nations Environment Programme (2023)) 

Achieving the ambitious target of net-zero emissions by 2030 requires decisive and 

immediate action. As a result, there has been a significant increase in attention toward 

carbon dioxide removal technologies in recent years. Progress in this direction has seen 

exploration into two primary forms of Carbon Dioxide Removal (CDR) technologies: 

Carbon Capture and Storage (CCS) and Carbon Capture and Utilization (CCU)3,4. 

Among these, CCU has emerged as a focal point, garnering heightened interest due to its 

potential to facilitate a circular economy, as shown in Figure 1.1.2. This approach 

focuses on utilizing emitted CO2 as a feedstock for producing essential chemicals. 
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Figure 1.1.2: Carbon Capture and Utilization technology facilitates the circular 

economy, leading to net zero GHG emissions. Reproduced with permission from 

reference (4) 

Carbon Capture and Utilization (CCU) becomes even more compelling when paired with 

renewable energy sources like solar and wind. This integration not only reduces CO2 

emissions but also promotes the efficient use of sustainable resources, contributing to 

broader environmental and innovation goals. 

1.1.2. Stability of CO2 molecule 

Although CO2 can be used as an essential feedstock, its usage is limited owing to its high 

thermodynamic stability. CO2 is a linear molecule with strong C=O bonds of length 1.16 

Å 5,6.  The reduction of CO2 takes place by the formation of the C-C and C-H bonds by 

the cleavage of the C-O bonds.  



An introduction to CO2 conversion 

7 | P a g e  
 

 

 

Figure 1.1.3: Molecular Orbital diagram of CO2. Reproduced with permission from 

reference (6) 

The molecular orbitals of CO2 are formed by the interaction of the 2s and 2p atomic 

orbitals of carbon and oxygen, as shown in Figure 1.1.3. The doubly occupied non-

bonding 1πg orbital forms the highest occupied molecular orbital (HOMO), with its 

electrons primarily contributed by the oxygen atoms. The lowest unoccupied molecular 

orbital (LUMO) is the antibonding 2πu orbital, predominantly contributed by the carbon 

atom. The oxygen atoms act as Lewis bases, while the carbon atom behaves as a Lewis 

acid. The stability of the CO2 molecule is attributed to its large HOMO-LUMO gap, 

which results in a high Gibbs free energy barrier for activation and conversion. 

Consequently, the activation of CO2 is the rate-determining step in its reduction, making 

the process endergonic. However, the electronegativity difference between carbon and 

oxygen imparts polarity to the C–O bonds. This polarity makes the carbon atom 

susceptible to nucleophilic attack, critical for the activation and subsequent reduction of 

CO2.  
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1.1.3. Thermocatalytic conversion of CO2 

Thermocatalytic conversion of CO2  is performed under high pressure and temperature 

conditions. It is predominantly converted to methanol and formic acid. These two 

products find application in various industrial sectors and are essential precursors for  

synthesizing other value-added chemicals. 

1.1.3.1.CO2 hydrogenation to Methanol 

The conversion of CO2 to methanol has garnered significant attention for two primary 

reasons: firstly, methanol serves as an efficient fuel, and secondly, it can be used as an 

important platform chemical for synthesizing value-added products such as 

hydrocarbons, olefins, etc. Industrially, methanol is predominantly produced from 

syngas. This process has been commercialized since 1966 and uses Cu/ZnO/Al2O3 

catalyst, operating at temperatures of 200-300 C and pressures between 50 and 100 bar7. 

A major discovery by Joo et al. revealed that blending CO2 with syngas enhances the 

methanol yield8. Consequently, CO2 blended syngas has been widely adopted for the 

synthesis of methanol. However, direct conversion of CO2 to methanol will prove to be 

less energy intensive and thus is an attractive alternative. The reactions involved in the 

conversion of CO2 to methanol are as follows:  

CO2 hydrogenation: CO2 + H2 → CH3OH + H2O               ΔH 298K = -49.5 kJ mol-1 

Reverse water-gas shift: CO2 +H2 → CO + H2 O                ΔH 298K = 41.0 kJ mol-1 

CO hydrogenation: CO + 2H2 → CH3OH                            ΔH 298K = -90.5 kJ mol-1 

The hydrogenation of CO2 and CO is an exothermic process, while the reverse water-gas 

shift reaction (RWGS) is endothermic. Thermodynamically, the hydrogenation of CO2 

to methanol is favorable under low reaction temperatures and high pressure conditions. 

At higher temperatures, the reverse water gas shift dominates and, along with methanol, 

CO, hydrocarbons, and other oxygenates, are also obtained9–12.  

There are two possible pathways for this hydrogenation reaction: the formate and 

carboxyl pathways. HCOO* is the major intermediate in the formate pathway, which gets 

hydrogenated to form methanol. In the carboxyl pathway, COOH* becomes the dominant 
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intermediate, which is hydrogenated to methanol. The preferred pathway depends on the 

chosen catalyst and reaction conditions. 

 

Figure1.1.4: (a) Plot of methanol formation rate vs time for a syngas mixture and CO2 

hydrogenation, (b) and (c) HAADF STEM image of Cu/ZnO/Al2O3 and (d) HRTEM 

image of Cu/ZnO/Al2O3. Reproduced with permission from reference (15) 

Copper based catalysts have been extensively studied for this reaction. Herein, the Cu-

ZnO interface (Figure 1.1.4) has been identified as crucial for methanol synthesis13–15. 

The primary role of ZnO is to stabilize Cu+ species and the key intermediates during 

methanol synthesis. For instance, in Cu/ZnO/Al2O3 catalyst, it is observed that due to the 

dynamic, strong metal support interaction (SMSI), ZnOx is present at the defect rich Cu 

edge sites. The presence of Zn strengthens the binding of the oxygen bound 

intermediates, resulting in enhanced catalytic activity16.  

The introduction of promoters can further enhance the catalytic activity. Alkali and 

alkaline earth metals, such as Ba and K, have been utilized as promoters for Cu/Al2O3 

catalysts. Their addition influences the catalytic pathway, guiding it toward either 

methanol synthesis or the reverse water-gas shift (RWGS) reaction17. Metal oxides such 

as Al2O3, CeO2, ZrO2, and TiO2 can be used both as promoters and as supports. For 

Cu 

ZnO 
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instance, the introduction of bimetallic oxides such as Ti-Zr, Ce-Zr, and Ce-Ti improves 

the Cu surface area and the surface basicity, which helps to improve the adsorption 

capacity of CO2 and H2.
18–20 

In addition to Cu-based catalysts, In2O3-based catalysts are also employed. These 

catalysts have garnered attention due to their superior water tolerance and high methanol 

selectivity. In2O3 supported on ZrO2 has proven to be an effective catalyst with stability 

upto 1000 h in comparison to the commercial Cu-based system, which deactivates in 100 

h. The major role of ZrO2 in this catalyst is to maintain the oxygen vacancies and prevent 

the sintering of the In2O3 particles21. The introduction of promoters such as Cu, Pt, Ga, 

and Pd can further improve the activity of In2O3 based catalysts. The primary role of 

these metals is to aid in the dissociative adsorption of H2. 
22–26 

Gallium based catalysts such as Ni-Ga alloy27,28 and Pd-Ga alloy29 have also been studied 

for this reaction. For instance, Ni75Ga25 alloy nanoparticles supported on SiO2 have 

shown a methanol selectivity of 54%  compared to the alloys with lower GaOx content. 

This enhancement in the activity was attributed to the Ga induced isolation of the Ni 

sites. This modifies the electronic structure such that Ni has a partial positive charge 

while Ga has a partial negative charge. Moreover, the isolation of the Ni sites prevents 

the methanation, while the Ga/GaOx aids in the selective formation of methanol27.  

1.1.3.2.CO2 hydrogenation to formic acid 

Owing to the high hydrogen volumetric capacity of 53 g /L, formic acid is a potential 

liquid hydrogen storage material. It is highly stable, non-toxic, and portable unlike 

gaseous hydrogen30. Apart from this, formic acid finds its application in various sectors 

such as pharmaceuticals, leather, rubber,etc31 (Figure1.1.5). 
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Figure 1.1.5: (a) Plot of volumetric capacity vs. gravimetric capacity for H2 comparing 

formic acid with other H2 storage options (reproduced with permission from reference 

30) and (b) Uses of formic acid in different sectors (reproduced with permission from 

reference 31) 

Conversion of CO2 to formic acid is thermodynamically unfavorable in the gaseous phase 

primarily due to the positive Gibbs free energy. 

CO2 (g) + H2 (g) ↔ HCOOH (l))                  32.9 kJ mol-1 

However, the dissolution of CO2 in the aqueous medium results in a decrease in entropy, 

thereby lowering the Gibbs free energy to -4 kJ mol-1, making the process 

spontaneous.32,33  

CO2 (aq) + H2 (g) ↔ HCOOH (l))                 -4 kJ mol-1 

The equilibrium can be further shifted in the forward direction through esterification by 

reacting formic acid with methanol34 or by its reaction with amines35 or inorganic bases, 

such as bicarbonates or carbonates36.  

The use of a heterogeneous catalyst for formate synthesis was first reported in 1914, with 

Pd black serving as the catalyst where KHCO3 was used as the carbon source.33 This was 

followed by the report by Farlow et al., where the hydrogenation was performed using 

Raney Nickel as the catalyst in the presence of amine as the base in ethanol37. The 

primary challenge with these bulk catalysts was their low activity and rapid deactivation. 

Nanostructuring these metal catalysts addresses this issue by modifying their electronic 
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structure and increasing the exposure of active sites, thereby enhancing their catalytic 

activity. 

Pd based catalysts 

Palladium based catalysts are extensively studied for this reaction. The ability of Pd to 

adsorb and dissociate H2, forming reactive surface hydrides, makes it an excellent choice 

for this reaction38–40.  Several monometallic Pd based catalysts have been explored. In 

these catalysts, the size of the Pd nanoparticles and the choice of the support played a 

crucial role in directing the catalytic activity. Supports containing nitrogen functional 

groups are of enormous interest owing to their abundant basic functional groups, such as 

amines, Schiff base, pyridinic-N, pyrrolic-N, and graphitic-N etc. These functional 

groups govern the catalytic performance of these metal nanoparticles by facilitating CO2 

adsorption and activation. They also act as anchoring sites for Pd nanoparticles, ensuring 

their uniform dispersion and modulating their electronic properties41,42. Likewise, the 

size of the metal nanoparticles controls the formation of the catalytically active 

interfaces. For instance, in Pd/C3N4, the decrease in particle size from 7.2 to 3.4 nm 

showed an enhancement in the TOF. This is attributed to the increased interaction of the 

Pd nanoparticles with the nitrogen functional groups of C3N4, thereby increasing the 

number of interfacial sites. At these active sites, the hydrides formed on the Pd surface 

interacted with the CO2 bound to the basic sites of the support to yield formic acid43. 

Metal oxides such as CeO2, ZrO2, ZnO, and TiO2 have also been employed as supports44–

46. The basicity of these supports facilitates the activation of CO2 and H2. For instance, 

in Pd/CeO2, the high basicity of CeO2 facilitates the activation of CO2 on its surface, 

making the activation of H2 the rate-determining step. Conversely, in the Pd/ZnO 

catalyst, the low basicity of ZnO shifts the rate-determining step to the activation of 

CO2
47. Similarly, the moderate basicity of TiO2 offers optimal adsorption strength for 

CO₂, thereby promoting its activation and subsequent reaction with hydrides on the Pd 

surface, exhibiting a TOF of 1369 for formate45. Likewise, Pd supported on tetragonal 

ZrO2 showed a high production rate of 2817 in comparison to the monoclinic phase 

primarily due to the higher concentration of the basic sites on the tetragonal phase that 

are responsible for CO2 activation48. 

Palladium based bimetallic catalysts have been widely investigated for CO2 conversion 

to formic acid. Compared to monometallic catalysts, incorporating a second metal alters 
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the electronic properties, thereby influencing the adsorption behaviour of reactive 

intermediates. Yamashita and co-workers have reported several PdAg based catalysts, 

which have been found to show exceptional activity toward this reaction 36,49–52. For 

instance, in Pd@Ag/TiO2, most of the Pd formed the core of the nanoparticle, with very 

few Pd sites exposed on the surface surrounded by Ag atoms. The addition of Ag to Pd 

enhanced the intrinsic activity of the catalyst by enabling electron transfer from Ag to 

Pd. This increased the electronegativity of the Pd atoms, thereby improving the 

adsorption of reaction intermediates. The catalyst showed a high TON of 14839, which 

was calculated with respect to the surface exposed Pd sites52. In another report,  PdAg 

encapsulated in polyethyleneimine(PEI)-functionalized hollow mesoporous organosilica 

spheres (HMOS) exhibited a TON of 2754 (Figure 1.1.6). Herein, PEI was found to play 

a key role in the adsorption and activation of CO₂ through the formation of a carbamate 

intermediate, which concentrates activated CO₂ near the metal active sites where it reacts 

with the surface hydrides to form formate49. 

 

Figure 1.1.6: Mechanism of CO2 hydrogenation on PdAg+PEI@HMOS. Reproduced 

with permission from reference (49) 

Non-noble metals such as Co, Mn, Cu, V, and Ni have been used to replace Ag for 

preparing cost-effective catalyst35,53–56. Sun et al. reported PdCo confined within 

mesoporous silica nanospheres as an effective catalyst for the hydrogenation reaction53. 

In this catalyst, the electron transfer from CoO to Pd enhances the hydrogenation of 

bicarbonate, achieving a high turnover frequency (TOF) of 1824 h-1. Likewise, in the 
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case of PdMn alloy encapsulated in silicalite, it was observed that Mn species play two 

major role. First it facilitates the formation of the bicarbonates which is the key 

intermediate, and secondly, it induces the charge transfer from Mn to Pd, forming an 

electron enriched Pd surface, which promotes the hydrogenation to formate35.  

Ru based Catalysts 

Like Pd, the H2 dissociation ability of Ru has attracted significant attention for 

hydrogenation reactions.  It has been observed that Ru in the form of Ru hydroxide or as 

single atoms exhibits higher activity compared to RuO2
57–59. The choice of the catalyst 

support plays a crucial role in generating the active sites. For instance, the hydroxyl group 

content on γ-Al2O3 is higher than that on MgO. Hydroxyl groups on metal oxides serve 

two key functions: (i) they promote the formation of highly dispersed amorphous Ru 

species and Ru single atoms, and (ii) they increase the electron density of Ru through 

hydroxyl ligands. The pH of the catalyst preparation solution influences active site 

formation on these supports. At low pH, the interaction between Ru and hydroxyl groups 

on γ-Al₂O₃ is not favored. The resultant catalyst shows decreased CO2 hydrogenation 

activity. Similarly, at pH>13, Ru hydroxides convert to RuO₂, leading to reduced activity. 

However, at an optimal pH of 12.8, the catalyst achieves a maximum TON of 139, 

attributed to the formation of active sites. Additionally, the Ru loading also impacted the 

catalytic activity. The Ru/γ-Al2O3 exhibited excellent performance at a loading of ~2 

wt%. However, increasing the metal loading to 6 wt% causes the amorphous Ru 

hydroxide to aggregate into RuO2 crystallites, thereby reducing the activity57. 
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Figure 1.1.7: (a) Ru single atom supported on LDH and (b) Reaction mechanism for 

CO2 hydrogenation to formate on Ru/Mg-Al LDH. Reproduced with permission from 

reference (59) 

Layered double hydroxides are a class of layered material with a general formula 

[M1−x
2+Mx

3+(OH)2]
x+(An−)x/n·yH2O. Here, M2+ and M3+ stand for divalent and trivalent 

cations, respectively; An- represents the anion. They are made up of positively charged 

brucite like layers wherein the metal cations are octahedrally coordinated with hydroxide 

ions. Some of the M2+ is substituted with M3+, creating positively charged layers, which 

are balanced by the intercalated anions and water molecules present in the interlayer 

region60,61. The presence of the hydroxyl ion makes it a suitable support for anchoring 

Ru. For instance, in the case of Ru supported on Mg-Al LDH (Figure 1.1.7), it is observed 

that the isolated single atomic Ru species were formed by coordination with the hydroxyl 

group on the LDH surface. The hydroxyl ions make the Ru site electron rich, thereby 

enhancing its catalytic activity. Additionally, the hydroxyl sites show high CO2 

adsorption, thereby concentrating the CO2 near the active site59.  

Au based Catalysts 

The first report on the use of Au in hydrogenation reactions was published by Bond et al. 

in 1973, wherein the small sized Au nanoparticles were found to be catalytically active 

for olefin hydrogenation62. Since then, Au based catalysts have been extensively explored 

for the hydrogenation reactions. These reactions are structure sensitive, with the highly 
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dispersed Au species serving as the real active site. However, the stabilization of ultra 

small Au nanoparticles remains a significant challenge. Au/TiO2 catalyst (AUROlite) 

was the first Au based catalyst used for the continuous hydrogenation of CO2 to formate 

in the presence of NEt3. The catalyst showed exceptional activity upto 37 days and a total 

TON of 1804063.  

To understand the role of the support, Filonenko et al. screened a wide variety of 

supports, such as Al2O3, TiO2, ZnO, CeO2, MgAl-HT, MgCr-HT, and CuCr2O4. Among 

these supports, Au supported on Al2O3 displayed exceptional activity wherein Al2O3 

assisted in the heterolytic dissociation of H2 on the metallic Au site as well as in adsorbing 

CO2 in the form of bicarbonates64.  

 

Figure 1.1.8: CO2 hydrogenation at Au-Schiff base interface. Reproduced with 

permission from reference (34) 

Functionalizing supports with N-containing moieties appears to be an effective approach 

to improving the catalytic performance of Au catalysts. Liu et al. demonstrated that the 

Schiff base modified SiO2 serves as an excellent support for dispersing ultra small Au 

nanoparticles, which were highly active for the direct reduction of CO2 to formate34. The 

Schiff base moiety has a dual function. First, the Schiff base acts as a Lewis base and 

adsorbs CO2 on the surface in the form of a zwitter-ion adduct (Figure 1.1.8). Second, 

the electron donation from the nitrogen groups renders Au negatively charged, favoring 

the formation of reactive hydride species. Moreover, the activity of the Au nanoparticles 

was found to be size dependent, wherein the increasing size of the Au nanoparticle lowers 

the catalytic activity while a decrease in the particle size results in electron rich Au 

species, making it a highly reactive site. 
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Noble metal free catalyst 

The high cost and the low abundance of noble metals limited their use for large scale 

applications of CO2 hydrogenation to formate. Hence, there is a need to develop noble 

metal free catalysts65–67. Recently, Z. Wang et al. reported edge rich MoS2 (ER-MoS2) as 

a potential catalyst for this reaction66. The activity was compared with bulk MoS2, 

nanoporous MoS2 (NP-MoS2) and large sheet MoS2  ((LS-MoS2). The catalysts showed 

the following activity trend: (ER-MoS2) >(NP-MoS2)> (LS-MoS2)> (bulk-MoS2). The 

sulfur vacancies in edge rich MoS2 act as the active site. Water dissociatively adsorbs as 

OH* and H* on these sulfur vacancies and serves as the hydrogenating agents, resulting 

in a TOF of 780.7 h-1.  

1.1.4. Electrocatalytic CO2 reduction 

An energy efficient alternative to the thermocatalytic conversion of CO2 is the 

electrochemical conversion of CO2. Herein, electric potential is applied to convert CO2 

into value added products. The falling cost of renewable energy has further drawn 

attention to this process as the electric energy required can be drawn from these sources. 

The major advantage of this process is that these can be carried out under ambient 

conditions and in aqueous medium. Furthermore, CO2 can be converted into a plethora 

of products such as CO, HCOOH, CH3OH, C2H4, CH4, etc. The selectivity for a particular 

product can be tuned by choosing the appropriate catalyst and by varying the applied 

potential. 

1.1.4.1.Mechanistic Pathway 

Electrochemical conversion of CO2 is a multistep proton-electron transfer process. The 

first step in this conversion is the activation of the CO2 molecule. Herein, CO2 is bound 

to the catalytically active site either through C or O linkage. In the CO2 molecule, C is in 

its highest oxidation state, i.e. +4. Thus, an electron transfer takes place to the CO2 

molecule, making it into CO2
.-

 anion radical. The thermodynamic potential required for 

this process is -1.9 VSHE. The competing reaction to CO2 electroreduction is the 

electrochemical water splitting to produce H2, which has the thermodynamic potential of 

0 VSHE. Hence, the choice of the catalyst and the applied potential plays a crucial role in 

driving the CO2 conversion. The formation of the CO2
.- is followed by protonation, 
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resulting in the formation of intermediates such as *COOH, *OCHO, and *CO. The 

formation of the *OCHO intermediate results in formate as the final product, while the 

formation of *COOH results in CO as the major product. During the reaction, the *CO 

formed can also undergo dimerization or protonation. The direct protonation of *CO can 

result in CH3OH, CH4, and HCHO, while the dimerization of the *CO results in the 

formation of C2+ products such as ethanol, propanol, C2H4, C2H6 etc. The thermodynamic 

potential required for each product is provided in Table 1.1.1, and the reaction 

mechanism is shown in Figure 1.1.968–70. 

 

 

Figure 1.1.9: Mechanistic pathway for the electroreduction of CO2 to different products 

in aqueous solution. Reproduced with permission from reference (68) 
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Table 1.1.1: Electrochemical potential of possible CO2 reduction reactions in aqueous 

solutions. Rreproduced with permission from reference (68) 

 

 

1.1.4.2.Classification of electrocatalyst 

One of the pioneering studies on CO2 electroreduction was conducted by Hori et al., 

where CO2 electrolysis was carried out at a constant current density of 5 mA cm⁻2 on 

various metal electrodes, and both gaseous and liquid products were quantified. This 

work classified the metal electrode into CO selective (Ag, Au, Zn, Pd), formate selective 

(Pb, Hg, In, Sn, Cd, Tl), and C2+ products selective (Cu) metals71. This categorization 

was further supported by theoretical investigations conducted by Bagger et al. (Figure 

1.1.10), where the selectivity of the products was based on the optimal binding energies 

of the *H, *COOH, *OCHO, and *CO intermediates72. 
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Figure 1.1.10: Categorization of metals into CO selective, formate selective, and C2+ 

product selective groups. Reproduced with permission from reference (72) 

Metals selective for CO 

Electrochemical reduction of CO2 to CO is a 2 e-
 transfer process. Metals such as Au, Ag, 

Pd, and Zn have been popularly studied for this conversion73,74. Recently, Fe, Co, and Ni 

single atom catalysts supported on nitrogen-doped carbon are also being explored75. 

CO2 + 2H+ + 2e- → CO+ H2O    E = -0.52 V 

Theoretical studies have been used to determine the volcano plot for CO formation using 

the binding energy of *COOH as the descriptor (Figure 1.1.11). It has been observed that 

Au lies at the top of the volcano plot, providing optimum binding of *COOH 

intermediate76.  
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Figure 1.1.11: Volcano plot for CO using *COOH binding energy as a descriptor. 

Reproduced with permission from reference (76) 

Several nanostructured Au based catalysts have been explored, such as Au 

nanoparticles77–79, nanowires80–82, nanoclusters, nanofilms83–85 and nanoporous 

structures86,87. For Au nanoparticles, the size significantly influenced the faradaic 

efficiency for CO production. W. Zhu et al. investigated the CO2 electroreduction activity 

on monodisperse Au nanoparticles of varying sizes and found that nanoparticles of size 

8 nm exhibited high faradaic efficiency for CO. This enhanced selectivity was attributed 

to the optimal number of exposed edge sites, which effectively stabilized the *COOH 

intermediate, in contrast to corner sites that favored the hydrogen evolution reaction 79. 

Likewise, Ag based catalyst88,89 such as Ag nanoparticles90,91, Ag nanowires92,93, silver 

sulfide94,95, oxide derived Ag96,97, etc., have also been extensively studied. For instance, 

K. Ye et al. reported the transformation of the Ag2S hollow cube into a coral like 

structure, which resulted in the formation of the active heterogeneous Ag2S/Ag interface. 

This reconstructed interface demonstrated remarkable performance, achieving 99% 

faradaic efficiency for CO in a flow cell across a broad potential range from -0.34 V to -

0.7 VRHE.94 Furthermore, combining Au and Ag with other elements, such as Cu, Zn, Pd, 

etc., has helped in tuning the d-band center, which has led to an improvement in catalytic 

activity98–102. 

Recently, single atom catalysts based on Pd, Ni, Fe, and Co have been studied103–109. In 

these systems, generally, the metal atoms are supported on N containing supports to form 

M-N bonds, which are responsible for the enhanced catalytic activity. For instance, Pd 

supported on N doped carbon results in the formation of the active site consisting of  Pd-
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N4. It provides optimum adsorption to the *HOCO intermediate compared to *H, 

favoring the formation of CO and suppressing the HER. Additionally, the desorption of 

*CO is facilitated on PdN4 in comparison to the Pd site, thereby improving the Faradaic 

efficiency110. Likewise, in the case of  Ni single atom anchored on microporous hollow 

carbon nanospheres (Ni-N-HCN), the hydrophobic nature of the carbon prevents the 

competing hydrogen evolution side reaction. The microporous structure, however, 

increases the CO2 adsorption capacity of the catalyst, and the Ni-N sites provide optimum 

adsorption for the *COOH intermediate. This, in turn, results in 95% Faradaic efficiency 

for CO at a wide potential range111. Non- noble metal Zn based catalysts are also 

extensively studied112. For instance, in a recent report, Q.W. Liu et al. investigated Zn 

cyanamide catalyst for CO2 reduction to CO. Herein, the delocalized Zn d- electrons and 

the resonant structure of the cyanamide ligand prevent Zn from getting reduced under the 

cathodic condition, i.e., the Zn is retained as Znδ+ sites. These sites are responsible for 

stabilizing the *COOH intermediate and thereby result in a 93.9 % Faradaic efficiency 

for CO at -1.28VRHE
113.  

Metals selective for HCOOH 

Technoeconomic analysis of various products obtained by CO2 electroreduction shows 

that formate is the most economically feasible product. This is attributed to the fact that 

the production of formate has the highest value per kWh of electrical energy input, i.e., 

0.43 $/kWh, as shown in Figure 1.1.12.114 
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Figure 1.1.12: Comparison of various CO2ER products in terms of their market price 

and the normalized price with respect to the input electrical energy. Reproduced with 

permission from reference (114) 

CO2 electroreduction to formate is a 2 e- transfer process. The selectivity towards the 

formate depends on the optimum binding energy of the *OCHO intermediate. Elements 

such as In, Bi, and Sn are extensively studied for this conversion reaction.  

CO2 + 2H+ + 2e- → HCOOH     E = -0.61 V 

 

Figure 1.1.13: Volcano plot for formic acid using *OCHO binding energy as the 

descriptor. Reproduced with permission from reference (76) 

Out of these, Sn based catalysts have received significant attention due to its position at 

the top of the volcano plot (Figure 1.1.13). Comparison of CO2 electroreduction to 
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formate on metallic Sn and SnOx has shown that the SnOx where the Sn exists in the 

+2/+4 oxidation states are the active sites to achieve higher Faradaic efficiencies115. 

Introduction of halogens such as Cl, F, Br, and I prevent the reduction of SnOx by 

inducing electron transfer from Sn to the more electronegative halogen atoms, which 

promotes the CO2ER to formate and suppresses the competing CO formation and 

HER116. Likewise, the incorporation of Cu117,118, Pd119, CeO2
120, etc., has also helped in 

improving the Faradaic efficiency of formate. For instance, the formation of the active 

site consisting of PdSnO2 in PdSn alloy catalyst provided optimum binding energy to the 

*OCHO intermediate, resulting in a 100% Faradaic efficiency for formate at very low 

potentials119. 

Owing to their low toxicity, low cost, and high selectivity for formate, Bi based catalysts 

have gained increased attention121,122. However, the major challenge with this system is 

the low conductivity of metallic Bi which is responsible for the high overpotentials and 

low current densities to achieve higher Faradaic efficiencies. Compared to metallic Bi, 

Bi2O3 is the effective electrocatalyst for CO2ER123. Nanostructures of Bi have been 

developed to achieve high Faradaic efficiency for formate. For instance, the porous 

nanosheets of Bi, with a stronger Bi-O bond and a vacancy rich surface, provide optimum 

adsorption for the *OCHO intermediate, resulting in ~95% Faradaic efficiency for 

formate. Bi can be alloyed with other elements such as Cu124,125, In, and Sn126,127 to attain 

enhanced electrochemical activity. For instance, the Sn-Bi/SnO2 catalyst showed highly 

stable CO2ER for 2400 h (100 days), maintaining a Faradaic efficiency of 95% at 100 

mA cm-2. DFT calculation was used to build a volcano relationship highlighting the Bi 

to Sn ratio, identifying Bi4Sn64 as the most active combination, leading to the optimum 

binding energy of the *OCHO intermediate127. In the case of lattice Cu foam @Bi 

nanowires electrode, the Bi2O3 layer on the catalyst undergoes reduction to form twisted 

Bi nanowires with lattice dislocations, which are responsible for the optimum binding of 

the *OCHO intermediate. The as formed catalyst showed 95 % Faradaic efficiency for 

formate at -0.69 V at a formate partial current density of -15 mA cm-2124.  

Indium based catalysts are another group of compounds that show enhanced activity 

towards formate123. Operando FTIR studies have shown that In2O3 is the main active 

component in these catalysts. In2O3 reacts to form In(OH)3. It reacts with the dissolved 

CO2 to form In-CO3 on the surface, which is reduced to formate128. The addition of sulfur 

to the Indium surface has proven to boost the CO2ER activity. The adsorbed S2- species 
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interact with the hydrated metal cations, contributing to the dissociation of H2O to form 

H*. This interacts with the CO2 molecule and forms the *HCOO- intermediate, thereby 

improving the Faradaic efficiency of formate129.  

Metal Selective for hydrocarbon and alcohols 

The electrochemical conversion of CO2 to hydrocarbons and alcohols is performed using 

Cu based catalyst (Figure 1.1.14). Electroreduction to these products involves multi 

electron-proton coupled transfer steps via multiple pathways, which makes the process 

non-selective130–133. However, the ability of Cu-based catalysts to optimally bind the  CO 

intermediate makes them a key focus for these products134. 

 

Figure 1.1.14: Proposed reaction pathways for producing CH4, CH3OH, and C2H4 on 

Cu(111). Reproduced with permission from reference (134) 

The formation of CH4 takes place by the hydrogenation of the *CO intermediate. In a 

recent work, J. Cai et al. investigated Cu (111) foil electrocatalyst with dense twin 

boundaries for CH4 production. A Faradaic efficiency of 86 % for methane was obtained 

at a potential of -1.2 VRHE. DFT calculations showed that the presence of twin boundaries 

lowers the energy barrier for the C1 product while increasing the barrier for C-C 

coupling, resulting in a high selectivity for CH4
135.  The C2+ hydrocarbons are formed by 

C-C coupling followed by electron- proton transfer. Copper oxides136,137 and oxide 

derived Cu138–140 have been studied for their ability to produce C2+
 products. For example, 
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oxygen rich ultrathin CuO nanoplate arrays form a stable Cu/Cu2O interface during the 

reaction. This helped in achieving 84.5% Faradaic efficiency for ethylene in the flow cell 

at a current density of 200 mA cm-2. The formation of the Cu/Cu2O interface lowers the 

energy barrier for C-C coupling and accelerates the desorption of C2H4, resulting in its 

high selectivity137.  In a recent work by C. Long et al., oxide derived Cu was investigated 

for the electroreduction of CO2 to n-propanol. In this work, it was observed that the oxide 

derived Cu formed from CuO had a higher density of Cu sites on the surface. Operando 

Raman spectroscopy showed that these sites are responsible for the generation of *CO 

and *(H)OCCOH species, resulting in a Faradaic efficiency of 17.9 % for n-propanol. 

The catalyst also exhibited a stable performance for 150 h141.  

The electrochemical activity can be enhanced further by alloying Cu with other elements 

such as Ag, Zn, Pd etc142–146. For instance, in the case of Cu-Ag tandem catalyst, CO 

produced on the surface of Ag undergoes C-C bonding with the CO produced on Cu to 

generate the C2+
 product ethylene, acetate, and ethanol146. Likewise, CuPd bimetallic 

catalyst with the composition Cu98Pd2 exhibited exceptional activity towards C2+ product 

formation. Herein, the synergistic effect of Cu and Pd promotes the charge transfer 

kinetics and increases the local CO concentration, thereby favoring C-C coupling to form 

ethanol, propanol, acetate, and ethylene145. 

1.1.4.3.Electrolyte 

Effect of pH 

CO2 electroreduction is generally carried out in the aqueous electrolyte.  The dissolution 

of CO2 in the aqueous electrolyte modifies the pH of the solution. Herein, CO2 interacts 

with water to form bicarbonates/carbonates. The CO2/bicarbonate system not only acts 

as the reactant but also as a buffer, which helps maintain the local pH. Upon 

electroreduction of CO2, the pH of the solution near the electrode becomes more alkaline 

in comparison to the bulk, creating a pH gradient. To compensate for the change in the 

local pH, the dissolution of CO2 into the aqueous medium decreases, thereby acting as a 

buffer. In an alkaline medium, the OH- attacks the CO2 and forms the bicarbonate, which 

is always in equilibrium with the carbonate130.  
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In the aqueous medium: 

CO2 (g) ↔ CO2 (aq)               Ks = 30 mM/bar 

CO2 (aq) + H2O ↔ HCO3
- + H+    pKa = 6.4 

HCO3
-  ↔ CO3

2- + H+      pKa = 10.3 

In the alkaline medium, i.e., pH> 7:  

CO2 (aq) + OH- ↔ HCO3
- 

HCO3
- + OH- ↔ CO3

2- 

During the electroreduction, the local pH at the electrode interface changes due to the 

formation of OH-  by both CO2 reduction and the competing hydrogen evolution reaction 

(HER). The change in the local pH affects the product distribution and the kinetics of the 

hydrogen evolution reaction147–149. The effect of pH on product distribution was first 

reported by Hori et al., where the electroreduction of CO was investigated on the Cu 

surface. It was observed that the formation of CH4 was pH dependent while the formation 

of ethylene was pH independent150. Similar observations were made by Varela et al. 151. 

Herein, the CO2 electroreduction was studied on a smooth Cu surface. For this study, the 

concentration of the KHCO3 electrolyte was varied, i.e., 0.05 M, 0.1 M, and 0.2 M. It 

was observed that bicarbonate solution of 0.2 M concentration with a higher buffering 

capacity in comparison to 0.05 M and does not cause much change to the local pH. The 

local pH was found to vary as follows: 0.2 M < 0.1 M< 0.05 M. This results in an increase 

in the Faradaic efficiency of CH4 in 0.2 M electrolyte attributed to the higher proton 

concentration near the interface. However, the concentration of ethylene was unaffected 

by the pH of the solution. These observations were in line with the theoretical studies on 

Cu surface reported by F.C Vallejo et al., which showed that the reaction proceeds by 

two different pathways: The CO dimerization mechanism is pH independent and results 

in ethylene as the final product while the CO protonation mechanism is pH dependent 

and results in CH4 as the product152. 

Effect of cation and anion 

The type of cation and anion present in the electrolyte alters the local pH and affects the 

product selectivity and kinetics of both HER and CO2ER148,153. One of the early reports 
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on the effect of alkali metal cations was reported by Murata and Hori. In this work, CO2 

and CO electroreduction were studied on the Cu electrode in the bicarbonate solution. It 

was observed that in Li+ electrolyte, H2 evolution was the predominant reaction. 

However, in Na+, K+, and Cs+ solution, CO2 reduction prevails. This was attributed to the 

specific adsorption of the cation on the electrode, which is dependent on its hydration. 

Li+, being strongly hydrated, is not adsorbed, while Cs+ is the least hydrated and is 

therefore adsorbed. This alters the local pH at the electrode surface in the order Cs+ > 

K+> Na+ < Li+ and favors the H2 evolution reaction in Li+ solution154.  

In another report by M.R. Singh et al., the effect of the cation was studied during CO2ER 

on Ag and Cu electrodes. It was observed that the hydrated metal cations in the bulk of 

the electrolyte are stable to hydrolysis. However, near the electrode surface, it undergoes 

hydrolysis due to the coulombic interaction with the increasing negative charge on the 

electrode surface. The hydrated cations act as pH buffers. The buffering capacity of the 

cation is found to decrease with the increase in its size: Cs+> Rb+ > K+ > Na+> Li+. This 

affects the CO2 concentration near the electrode (Figure 1.1.15). In the presence of Cs+ 

cations, the concentration of CO2 is comparatively higher. In the case of the Cu electrode, 

a decrease in the polarization losses with an increase in the cation size results in an 

increase in the total current density. Furthermore, a decrease in the Faradaic efficiencies 

for H2 and CH4 and an increase in the Faradaic efficiencies of CO, C2H4, and EtOH were 

observed155. 
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Figure 1.1.15: Effect of electrolyte cation on the (a) local pH, (b) CO2 concentration at 

the cathode, (c) total current density, and (d) Faradaic efficiency of CO and H2 for Cu 

electrode. Reproduced with permission from reference (155) 

Hori et al. also studied the effect of anion on the CO2 electroreduction activity on the Cu 

electrode.  It was observed that the formation of C2H4 and alcohols is favored on KCl, 

K2SO4, KClO4, and in dilute HCO3
- solution, while methane is produced in phosphate 

and concentrated HCO3
- solution156. In the case of buffering electrolytes like concentrated 

bicarbonate and phosphate, sufficient HCO3
- 

 and H2PO4
- are available to neutralize the 

OH- generated during the electrolysis, thereby maintaining the near neutral pH. This 

favors HER over CO2ER, resulting in lower Faradaic yields of the CO2ER products. 

However, in the case of the non-buffering electrolytes like KCl, K2SO4, KClO4, and in 

dilute HCO3
-, there is an increase in the local pH, which favors the CO2ER over HER, 

leading to C2+
 products over C1 products157.  

In a recent report,  Lukatsakaya et al. investigated the effect of anions on the CO2ER 

activity on Au catalysts.  It was observed that compared to bicarbonate, inorganic anions 

such as perchlorate, sulfate, and chloride suppress HER and increases the CO2ER 

overpotentials resulting in low CO Faradaic efficiencies. However, the carboxylate anion 

with propionate molecular structure suppresses HER and promotes CO2 reduction 

kinetics resulting in 99% Faradaic efficiency for CO158.  
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1.1.4.4. Electrolyser 

There are three types of electrolyzers that are extensively used for studying CO2 

electroreduction, namely: H-cell, flow cell, and Membrane electrode assembly 

(MEA)70,159. The H-cell electrolyzer is used to study the electrochemical reduction of 

CO2 at the lab scale (Figure 1.1.16). It consists of a cathodic and an anodic chamber. The 

two chambers are separated by an ion-exchange membrane. The electroreduction of CO2 

takes place in the cathodic chamber, while OER takes place at the anode in the anodic 

chamber. The separation of the two chambers minimizes the mixing of the reaction 

products. The major limitation of this electrolyzer is the polarisation losses attributed to 

the limited solubility of CO2 in the electrolyte and the distance between the working and 

the counter electrode. This results in mass transport limitation, leading to low Faradaic 

efficiencies, low current densities, and high overpotentials.  

 

Figure 1.1.16: Schematic of CO2 electrolysers: H-cell. Reproduced with permission 

from reference (70) 

The limitations of an H-Cell can be overcome by using a flow cell or an MEA. In a flow 

cell, a gas diffusion electrode coated with the catalyst is used as the working electrode 

(Figure 1.1.17 a). Ni foam, Pt foil, or IrO2/ RuO2 coated titania are generally used as the 

anode. Like the H-cell, the anode and the cathode are separated using an ion exchange 

membrane. In these cells, the distance between the membrane and the electrodes are 

reduced by varying the thickness of the chambers. This brings the anode and the cathode 

closer, which helps overcome the ohmic losses. The electrolyte is continuously circulated 

in both chambers, and an additional gas chamber is used to regulate CO2 flow.  
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Figure 1.1.17: Schematic of CO2 electrolyzers (a) Flow Cell and (b) MEA cell. 

Reproduced with permission from reference (70) 

The gas diffusion electrode consists of two layers (Figure 1.1.18). A macroporous gas 

diffusion layer (GDL) in contact with the gas chamber, and a hydrophobic microporous 

layer in contact with the circulating electrolyte in the cathodic chamber. The catalyst is 

generally coated on the surface of the microporous layer. The macroporous layer ensures 

the diffusion of CO2 to the catalyst surface as well as the diffusion of the gaseous product 

away from the catalyst surface. This direct contact of the CO2 with the catalyst helps in 

overcoming the mass transfer limitation, thereby enhancing the Faradaic efficiency160–

162. In this configuration, the catalyst can also achieve higher current densities (≥

𝟏𝟎𝟎 𝐦𝐀 cm-2) and long term stability (≥ 𝟐𝟒 h). 

 

Figure 1.1.18: Schematic of gas diffusion electrode. Reproduced with permission from 

reference (162) 

Ohmic losses can be further minimized by employing a membrane electrode assembly 

(MEA) electrolyzer, where the cathode, membrane, and anode are tightly sandwiched 

(a) (b) 
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together (Figure 1.1.17 b). This configuration significantly reduces ohmic resistance, 

enabling the achievement of higher current densities. The major limitation in the flow 

cell and MEA is the flooding of the GDE, wherein the catholyte penetrates the 

microporous layer. Consequently, the CO2ER decreases, and the competing HER takes 

over. The flooding gets accelerated when the electrode is operated at higher current 

densities. Another challenge faced is the carbonate precipitation. Under continuous 

operation, it is observed that the increase in the local pH causes the carbonates to 

precipitate and block the microporous layer, resulting in the degradation of the catalytic 

activity. 

1.1.5. Conclusion 

In this chapter, the advancements in both thermocatalytic and electrocatalytic conversion 

of CO2 are explored, highlighting their potential for sustainable chemical production. The 

significance of CO2 conversion and the inherent stability of the CO2 molecule, which 

poses a challenge for its activation, has been discussed. The first part of this chapter is 

focused on the thermocatalytic conversion of CO2 into methanol and formic acid. A 

detailed overview of the catalysts developed for these processes has been provided. The 

second part delved into the electrochemical conversion of CO2. Herein, various 

electrochemical pathways leading to different products have been highlighted. This is 

followed by a discussion on the various catalysts employed for tuning the selectivity. 

Additionally, the influence of electrolytes and reactor configurations on electrocatalytic 

activity was discussed, emphasizing their critical roles in optimizing performance. 
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Chapter- 1.2 

Investigation of CO2 hydrogenation over NiPd/C3N4 catalyst 

 

                    

 

Summary:  

Palladium-based catalysts have been widely investigated for the hydrogenation of CO2 

to formate. However, monometallic Pd catalysts typically require high metal loadings to 

achieve significant turnover numbers. To address this limitation, bimetallic catalysts 

have been developed to enhance catalytic performance while reducing Pd content. 

Herein, NiPd/C3N4 have been developed as an efficient catalyst for this reaction. In this 

catalyst, the synergistic interaction between the metal species and the support helps in 

achieving enhanced catalytic activity. 
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1.2.1. Introduction 

The hydrogenation of CO2 to formic acid is typically conducted in an aqueous medium 

under high pressure and temperature, with a base additive such as bicarbonate or 

carbonate. The use of an aqueous medium plays a pivotal role in lowering the Gibbs free 

energy to -4 kJ mol⁻¹, rendering the reaction thermodynamically spontaneous. In this 

medium, CO2 exists in equilibrium with bicarbonate, which is a crucial intermediate for 

the conversion1,2. 

Monometallic palladium based catalyst has been extensively studied for the conversion 

of CO2/bicarbonate to formate. In these catalysts, Pd functions as an active site for H2 

activation, leading to the formation of surface hydrides3,4. However, in these systems, 

higher Pd loading is required to achieve higher turnover numbers for formate formation5–

7. As a noble metal, Pd is expensive, making these systems less cost-effective. Therefore, 

advancing catalyst design to reduce Pd loading while enhancing catalytic activity is 

essential for the broader application and economic feasibility of this process. 

To overcome this limitation, bimetallic catalysts have been developed.8–11 Among them, 

the PdAg system has emerged as a state-of-the-art catalyst exhibiting high turnover 

numbers (TON). However, Ag, being a noble metal, adds to the cost of the catalyst, 

necessitating its replacement with more affordable transition metals to improve economic 

feasibility. 

Nickel-based catalysts have garnered attention for their ability to hydrogenate CO2 into 

methane and other hydrocarbons12,13. The application of Ni for the direct conversion of 

CO2 to formic acid was first reported by Farlow et al.14, wherein Raney Ni was used as 

the catalyst. Density functional theory (DFT) calculations by Peng et al. further support 

the efficiency of Ni-based systems. Their findings indicate that the energy barrier for 

forming the formate (HCOO⁻) intermediate is lower than that for forming the carboxyl 

intermediate, favoring a low-energy pathway for formic acid production on the Ni(111) 

surface15. Recently, Fu et al. developed a Ni@Ni(OH)2 core-shell catalyst, where 

metallic Ni serves as the core and Ni(OH)2 forms the shell. In this system, CO2 or 

bicarbonate species adsorb onto the Ni(OH)2 shell, while molecular hydrogen 

dissociatively adsorbs onto the metallic Ni core. The hydrogen atoms then spill over to 

the Ni(OH)2 shell, reacting with the adsorbed CO2 species to form formate. This catalyst 
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shows that Ni is the active site for the activation of H2 while Ni(OH)2 is a potential 

catalytic site for the adsorption and activation of CO2
16. However, the low activity 

compared to Pd based systems could be attributed to the limited activation of H2 on 

metallic Ni.  

Bimetallic PdNi alloy supported on a carbon nanotube (CNT)-graphene composite has 

been studied for CO2 hydrogenation to formate under base-free conditions. Herein, Ni 

acts as the active site for CO2 activation, while Pd dissociatively adsorbs H2 to form 

surface hydrides, facilitating formate formation. However, the observed TON for formate 

remained low17. This could be attributed to two factors: (1) the absence of a base additive, 

which limits CO2 solubility in the reaction medium, and (2) the lack of a support material 

with basic functional groups to bring more CO2 molecules closer to the active sites. 

Recent studies have explored various N-functionalized supports, such as amine-

functionalized silica, aminopolymers encapsulated in hollow mesoporous silica, as 

efficient catalytic supports18,19. In these reports, it was observed that the nitrogen 

functional groups help to capture and activate CO2, ensuring its steady supply to the metal 

active sites. However, silica-based supports face a critical limitation due to their 

instability in basic media, which leads to their gradual dissolution over time20–22. To 

address this, alternative supports such as amine-functionalized mesoporous carbon and 

C3N4 have been developed23–27. These materials are stable under basic conditions and 

lead to superior performance. Integrating such supports into NiPd systems can address 

the challenges of CO2 solubility and its proximity to active sites, thereby enhancing 

catalytic performance and developing cost-effective catalysts. 

1.2.2. Scope of the Investigation 

In this study, we present NiPd supported on g-C3N4 as an efficient catalyst for the 

hydrogenation of CO2 to formic acid in the presence of a carbonate base. Our findings 

reveal that C3N4 plays a critical role in facilitating the adsorption of CO2 molecules closer 

to the active site. At these sites, Ni(OH)2 aids in CO2 activation, which then reacts with 

hydrides present on the Pd surface to form formic acid. The catalyst demonstrates 

exceptional performance, achieving a high turnover number of 2432 over a reaction 

duration of 24 hours. Additionally,  operando DRIFT spectroscopy has been employed 

to elucidate the reaction mechanism on the metal active site, providing insights into the 

catalytic process. 
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1.2.3. Experimental Section 

1.2.3.1. Materials 

Melamine, palladium chloride (PdCl2), sodium borohydride (NaBH4), silver nitrate 

(AgNO3), dicyandiamide, and D2O were purchased from Sigma Aldrich. Nickel chloride 

hexahydrate (NiCl2.6H2O), sodium carbonate (Na2CO3) were procured from Loba 

Chemie Pvt. Ltd. Copper chloride dihydrate (CuCl2. 2H2O), sodium hydroxide (NaOH) 

and boric Acid (H3BO3) were purchased from Merck Life Sciences Pvt. Ltd. Cobalt 

chloride hexahydrate (CoCl2. 6H2O), manganous chloride tetrahydrate (MnCl2.4H2O), 

activated charcoal and sodium bicarbonate (NaHCO3) was purchased from SD fine Chem 

Ltd. Dimethyl sulphoxide (DMSO) was procured from Spectrochem.  All the chemicals 

were used without further purification. Deionized (Milli-Q) water was used for all the 

synthesis and catalytic studies. 

1.2.3.2. Characterization technique  

The Powder X-Ray Diffraction (PXRD) patterns of the synthesized materials were 

acquired using a Rigaku diffractometer with Cu anode generating an X-ray of wavelength 

1.54 Å. HRTEM (high resolution transmission electron microscopy) images were 

obtained using the JEOL JEM-2100 Plus electron microscope. HAADF- STEM images 

were obtained using the Thermofisher Talos F200S electron microscope. The samples 

for the TEM measurements were prepared by dropcasting the material dispersed in 

ethanol on Cu grid. X-ray Photoelectron Spectroscopy (XPS) measurements were 

performed using a Thermofisher K-Alpha spectrometer using a microfocused Al Kα 

monochromator. Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

analyses were performed on the Perkin Elmer Optima 7000DV instrument to determine 

the Ni and Pd amount loaded on the support. XAS measurements were performed at 

PETRA III, beamline P64 in DESY, Germany. Measurements of Ni K-edge and Pd K-

edges at ambient pressures were performed in both fluorescence and transmission modes 

using gas ionization chambers to monitor the incident and transmitted X-ray intensities. 

The samples for the XAS measurements were prepared by homogeneously mixing the 

material with cellulose and then pressed into a pellet. Temperature programmed 

desorption (TPD) with CO2 as the probe molecule was performed using BelCat II 

instrument. Quantification of the formate obtained was performed using a Bruker 400 

NMR spectrometer. The DRIFT measurements were carried out using Bruker Vertex 70v 
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FTIR spectrometer equipped with a Harrick DRIFTS cell. The spectra were recorded at 

a resolution of 4 cm-1, and each spectrum averaged 32 times. The samples were heated 

to 348 K and maintained at the temperature to determine the intermediates formed on the 

surface. The sample was purged with CO2-H2 (1:1) gas mixture using mass flow 

controllers from Brooks instruments. A Carbolite Muffle furnace and an Elite tubular 

furnace were used to prepare the catalyst supports.  

1.2.3.3. Synthesis of g-C3N4 

g-C3N4 was synthesized by polycondensation of melamine reported in literature28. In a 

typical synthesis, 5g of melamine was taken in an alumina crucible and was heated to 

550 C in the muffle furnace at a heating rate of 2 C/min and kept at 550 C for 5 h to 

obtain a pale-yellow colored g-C3N4 material. 

1.2.3.4. Synthesis of BCN 

To synthesize Boron carbon nitride (BCN), 1 g of activated charcoal, 0.61 g of boric acid 

and 2.5 g of dicyandiamide were dispersed in 75 mL of water in a 100 mL beaker. The 

solution was heated at 75 C until the water evaporated. The resultant black powder was 

collected, ground, and transferred into an alumina crucible. The crucible was placed in a 

tubular furnace and annealed at 900 C for 10 h in the N2 atmosphere, followed by heating 

at 930 C in the NH3 atmosphere for 3 h. The ramp rate was kept at 5 C/min ramp rate 

for the heating and cooling steps29. 

1.2.3.5. Synthesis of N-doped Carbon 

For the synthesis of N-doped carbon, 1 g of activated charcoal and 2.5 g of dicyandiamide 

were dispersed in 75 mL of water in a 100 ml beaker. The solution was heated at 75 C 

until the water evaporated. The resultant black powder was collected, ground, and 

transferred into an alumina crucible. The crucible was placed in a tubular furnace and 

annealed at 930 C in an NH3 atmosphere for 3 h. The ramp rate was kept at 5 C/min 

ramp rate for the heating and cooling steps. 

 

1.2.3.6. Synthesis of NiPd/g-C3N4 
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NiPd/C3N4 was synthesized by NaBH4 assisted reduction of metal precursors over g-

C3N4 at room temperature30. In a typical synthesis, 200mg of C3N4 was dispersed in 25 

mL water by sonication for 15 mins. To the dispersion, 0.188 mL of 0.1M H2PdCl4  

solution and 0.341 mL of 0.1 M NiCl2.6H2O solution were added. The mixture was 

stirred for 30 mins. Subsequently, 3 mL of 0.1 M NaBH4 was added dropwise to the 

mixture and stirred for 30 mins. The sample was collected by centrifugation at 12000 

rpm for 4 mins. The sample was washed twice with distilled water and once with ethanol 

to obtain the final catalyst. NiPd/C3N4 with varying Ni content was synthesized using the 

same method. Similarly, MnPd, CoPd, AgPd, CuPd, Ni, and Pd supported on C3N4  were 

prepared using MnCl2.4H2O, CoCl2.6H2O, AgNO3, and  CuCl2.2H2O as precursors for 

Mn, Co, Ag, and Cu respectively.  NiPd supported on N-doped Carbon and BCN were 

also synthesized for comparison.  

1.2.3.7. Catalytic Hydrogenation of CO2 

CO2 hydrogenation to formic acid was conducted with a batch type reactor (Figure 1.2.1). 

The CO2 hydrogenation reactions were carried out using a Parr Hastealloy 4790 pressure 

vessel of 50mL capacity. The autoclave consisted of a movable head with split ring 

closure. The head was fitted with a pressure gauge, rupture disk, J-type thermocouple, 

and gas inlet/outlet valve. For the reaction, 10 mL of 0.5 M Na2CO3 was taken in a glass 

cell. To this, 30 mg of the catalyst was added and dispersed by sonication. The glass cell 

was inserted in the autoclave. The system was then pressurized to 40 bar by adding 20 

bar CO2 and 20 bar H2. The formic acid obtained was analyzed by Nuclear Magnetic 

Resonance Spectroscopy (NMR). 
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Figure 1.2.1: Parr autoclave used to study CO2 hydrogenation (Parr Hastelloy 4790) 

1.2.3.8. Sample preparation for quantification of formate 

To prepare the solution for NMR analysis, the post reaction samples were filtered using 

0.2 micron nylon filters to remove the solid catalyst. 480 µl of the sample was mixed 

with 100 µl D2O (used as a solvent) and 20 µl DMSO (used as an internal standard). The 

resultant solution was transferred into an NMR tube. Solvent suppression was used to get 

a better resolution of the peak corresponding to the formate present in the aqueous 

medium. The catalytic activity was compared using the turnover number, which is the 

ratio of mmol of formate to mmol of Pd present in the catalyst. 

Turnover Number = 
𝒎𝒎𝒐𝒍 𝒐𝒇 𝒇𝒐𝒓𝒎𝒂𝒕𝒆

𝒎𝒎𝒐𝒍 𝒐𝒇 𝑷𝒅
 

1.2.3.9. Fitting of EXAFS data: 

The EXAFS data are processed using Athena software, which is a part of the Demeter 

0.9.26 software suite, following the standard background subtraction procedure31. The 

fitting of the EXAFS data was performed using Artemis software in the radial (R) space.  

For Feff calculations of Ni K edge and Pd K edge, the standard Ni metal (ICSD 8688), 

Ni(OH)2 (ICSD 24015), and Pd metal (PDF 9009820), Pd(acac)2 (ICSD 251339) were 

used. The quick first shell (QFS) method was used to fit the Ni-Pd path of the NiPd 

bimetallic system.  

1.2.4. Result and Discussion 

CO2 hydrogenation reaction was performed in a 50mL Parr reactor at a total pressure of 

40 bar (H2:CO2 = 1:1) at 75 C. The catalytic activity was analyzed by comparing the 

turnover number (TON) values which is a ratio of moles of formate produced per mole 

of Pd in the catalyst. 

Initially, to determine the optimal metal content, the hydrogenation reaction was 

performed with varying Ni and Pd content (Figure 1.2.2 a). It was observed that NiPd 

with 64 mol% of Ni and 36 mol% Pd on g-C3N4 ( corresponding to 0.7 wt% Ni and 0.7 

wt % Pd with respect to g-C3N4) gives the highest TON of 995 for a reaction duration of 

1h. After determining the optimal ratio of Ni with respect to Pd, Ni was replaced with 

other elements, i.e., Mn, Co, Cu, and Ag, in the same proportion (Figure 1.2.2 b). For a 
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reaction duration of 1 h, NiPd supported on C3N4 showed exceptional activity, 

outperforming other metal combinations. Interestingly, Ni/C3N4 showed negligible 

activity, while Pd/C3N4 showed a TON of 600. Hence, NiPd/C3N4 was used for all further 

studies. 

  

Figure 1.2.2 : (a) Dependence of TON on varying Ni and Pd content and (b) Catalytic 

activity with different metal combinations. The metal species were supported on C3N4. 

(Reaction conditions: 30 mg catalyst, 75 C, 0.5 M Na2CO3, 40 bar H2, 40 bar CO2, 1h) 

The choice of support plays a critical role in stabilizing nanoparticles and enhancing the 

catalytic activity. For CO2 hydrogenation, nitrogen-containing supports are particularly 

effective, as they facilitate the proximity of CO2 to the metal active sites. Additionally, 

supports with high surface areas expose more active sites to reactants, thereby improving 

catalytic performance. To explore this, the catalytic activity of NiPd (1:1) on various 

nitrogen-containing supports, including N-doped carbon and boron carbon nitride 

(BCN), was studied (Figure 1.2.3 a). Among these, C3N4, with its higher nitrogen content 

compared to BCN and N-doped carbon, proved to be the most suitable support. Catalytic 

activity tests over 24 hrs using NiPd supported on activated charcoal showed no 

significant activity. Likewise, unsupported NiPd did not show any catalytic activity. 

These findings highlight the pivotal role of the N-functional group containing C3N4 in 

enhancing catalytic activity for CO₂ hydrogenation. 
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Figure 1.2.3: (a) Catalytic activity on NiPd on varying support (Reaction conditions: 30 

mg catalyst, 75 C, 0.5 M Na2CO3, 40 bar H2, 40 bar CO2, 1h) and (b) Variation in TON 

for the catalytic activity of NiPd/C3N4 with time and the corresponding changes in the 

pH. (Reaction conditions: 30 mg catalyst, 75 C, 0.5 M Na2CO3, 40 bar H2, 40 bar CO2) 

The variation in activity with the overall duration of the reaction was estimated to 

determine the maximum TON (Figure 1.2.3 b). NiPd/C3N4 exhibited a maximum TON 

of 2432 for a reaction duration of 24 h. pH of the solution was also measured before and 

after the reaction. A decrease in pH from 11.4 to 7.7 is observed post reaction due to the 

dissolution of CO2. This decrease in the pH results in limited solubility of CO2, leading 

to a saturation in activity beyond 12 h. 

The influence of the concentration of the base additive, i.e. carbonate, on the reaction 

rate was investigated, and the order of reaction with respect to base concentration was 

determined from the double logarithmic plot. It was observed that increasing the 

carbonate concentration enhanced the reaction rate for NiPd/C3N4, exhibiting a positive 

order of reaction, i.e., 0.225. In contrast, for Pd/C3N4, the reaction rate decreased with 

higher carbonate concentrations, resulting in a negative order of reaction, i.e., -0.275 

(Figure 1.2.4 a). This indicates that elevated carbonate concentrations poison the active 

sites, reducing the rate of the reaction for Pd/C3N4. However, the incorporation of Ni 

mitigates active site poisoning, thereby promoting the catalytic activity. The activation 

energy to drive CO2 hydrogenation was determined from the Arrhenius plot. For 

Pd/C3N4, the activation energy was estimated to be 44.9 kJ mol-1. Incorporation of Ni 

lowers the activation energy to 34.92 kJ mol-1 on NiPd/C3N4, indicating a faster reaction 

kinetics (Figure 1.2.4 b). 
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Figure 1.2.4: (a) Dependence of rate of reaction on carbonate concentration and (b) 

Determination of activation energy from Arrhenius plot. (Reaction conditions: 30 mg 

catalyst, 75 C, 0.5 M Na2CO3, 40 bar H2, 40 bar CO2, 1h) 

To elucidate the factors contributing to the observed catalytic activity, NiPd/C3N4 was 

further characterized. The PXRD pattern for NiPd/C3N4 (Figure 1.2.5) showed a 

pronounced diffraction peak for the (002) plane at 27.3o corresponding to periodic 

interplanar stacking of the graphitic sheets and a broad peak at 12.8o for (100) due to the 

intraplanar structural packing of the tri-s-triazine units32. No characteristic peaks 

corresponding to the metal species were observed. This could be attributed to the low 

loading of the metal nanoparticles on the C3N4 support. From ICP-OES analysis, the 

loading of Ni and Pd was estimated to be 0.67 wt% and 0.72 wt%, respectively with 

respect to C3N4. Likewise, the PXRD pattern for Ni/C3N4 and Pd/C3N4 showed the peaks 

corresponding to g-C3N4, and no peaks corresponding to the metal entities were observed. 
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Figure 1.2.5 : Powder X-Ray Diffraction of NiPd/C3N4, Ni/C3N4, Pd/C3N4 and g-C3N4 

To further understand the chemical state of Ni and Pd atoms in the catalyst, XPS and 

XAS measurements were performed. The Ni 2p XPS spectra (Figure 1.2.6 a)  of 

NiPd/C3N4 and Ni/C3N4 show the existence of both Ni0 and Ni2+ species. NiPd/C3N4 

shows peaks corresponding to Ni0 at 853.3 eV (2p3/2) and 870.4 eV (2p1/2) and for Ni2+ 

at 855.8 eV (2p3/2) and 873.2 eV (2p1/2). The Ni 2p XPS spectra of Ni/C3N4 show peaks 

at 853.0 eV (2p3/2) and 870.2 eV (2p1/2) for Ni0, while the peaks at 855.6 eV (2p3/2) and 

873.4 eV (2p1/2) correspond to Ni2+ 33,34. Upon comparison, it can be observed that the 

2p3/2 peaks for NiPd/C3N4 show a positive shift of 0.3 eV and 0.2 eV in the binding 

energy of Ni0 and Ni2+, respectively.  
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Figure 1.2.6 : X- Ray Photoelectron Spectroscopy (a) Ni 2p high resolution spectra 

comparing NiPd/C3N4 and Ni/C3N4 , (b) Pd 3d high resolution spectra comparing 

NiPd/C3N4 and Pd/C3N4 

The Pd 3d XPS spectra of NiPd/C3N4 and Pd/C3N4 (Figure 1.2.6 b) also show the 

existence of both Pd0 and Pd2+ species. Pd/C3N4 shows peaks at 335.7 eV (3d5/2) and 

341.0 eV (3d3/2) for Pd0, while the peaks at 337.9 eV (3d5/2) and 343.2 eV (3d3/2) 

correspond to Pd2+. For NiPd/C3N4, peaks at 335.8 eV (3d5/2) and 341.1 eV (3d3/2) are 

attributed to Pd0, while the peaks corresponding to Pd2+ appear at 337.7 eV (3d5/2) and 

343.1 eV (3d3/2) 
35–37. A negative shift of 0.2 eV is observed in the binding energy for 

Pd2+ peaks in NiPd/C3N4 as compared to Pd/C3N4, while no significant shift in the 

binding energy is observed for the Pd0 peaks. This negative shift in the binding energy 

of Pd2+ peaks suggests a charge transfer from Ni to Pd. 

XAS studies were performed to further understand the oxidation states and the local 

coordination environment of Ni and Pd in the catalyst (Figure 1.2.7). The spectra 

obtained were compared with the standard Ni foil, NiO, Pd foil and Pd(acac)2. The Ni-K 

edge XANES spectra (Figure 1.2.7 a)  for NiPd/C3N4 and Ni/C3N4 overlap with NiO, 

suggesting that in the catalyst, Ni is present predominantly in the +2 oxidation state as 

Ni(OH)2. However, the Pd K edge XANES spectra (Figure 1.2.7 b)  of NiPd/C3N4 and 

Pd/C3N4 lie in between that of Pd foil and Pd(acac)2, suggesting the existence of Pd in a 

mixed oxidation state38. The Ni K edge EXAFS spectra show the presence of the Ni-O 

bond and the metallic Ni-Ni/Pd bond in NiPd/C3N4 and Ni/C3N4 (Figure 1.2.7 c). 
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Likewise, Pd K edge EXAFS spectra show the presence of Pd-O and Pd-Pd/Ni bond in 

NiPd/C3N4 and Pd/C3N4 (Figure 1.2.7 d). 

 

Figure 1.2.7: X-ray Absorption Spectroscopy (a) Ni K edge XANES spectra, (b) Pd K 

edge XANES spectra, (c) Ni K edge EXAFS spectra and (d) Pd K edge EXAFS spectra 

Multishell fitting of the FT-EXAFS spectra of Ni K-edge and Pd K edge (Figure 1.2.8 to 

Figure 1.2.10) was performed to determine the bond length and the relative phases of the 

metal species in the catalyst. The estimated Ni-O, Ni-Ni, and Ni-Pd bond lengths are 2.04 

Å, 2.45 Å, and 2.62 Å, respectively, for NiPd/C3N4. These values are comparable to the 

theoretical value for Ni-O (2.05 Å ) from the Ni(OH)2 phase, Ni-Ni (2.49 Å) from the Ni 

metal phase, and Ni-Pd (2.72 Å) from NiPd bimetallic phase39–42 confirming the presence 

of both the oxide and metallic species of Ni (Figure 1.2.8). Similarly, multishell fitting 

of the Pd K edge showed that the Pd-O, Pd-Pd and Pd-Ni bond lengths were estimated to 

be 1.98 Å, 2.75 Å and 2.62 Å, respectively. These values also matched well with the 

theoretical values for the Pd-O bond (2.047 Å) from the Pd(acac)2 phase, Pd-Pd bond 

/Pd /Ni 
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(2.75 Å) from the Pd metal phase and the Pd-Ni bond (2.719 Å) from the NiPd bimetal 

phase supporting the presence of oxide and the metallic species within the catalyst 

(Figure 1.2.9)35,42,43. 

 

Figure 1.2.8: Multishell peak fitting for the Fourier transformed R-space plots of  Ni K 

edge EXAFS spectra of (a) Ni(OH)2, (b) Ni/C3N4, (c) NiPd and (d) NiPd/C3N4 
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Figure 1.2.9: Multishell peak fitting for the Fourier transformed R-space plots of  Pd K 

edge EXAFS spectra of (a) Pd, (b) NiPd, (c) Pd/C3N4 and (d) NiPd/C3N4 

The analysis of the relative phases of the metal species revealed that, in NiPd/C3N4, Ni 

is primarily present as Ni(OH)2 (97%), similar to its distribution in Ni/C3N4. In contrast, 

Pd exists in mixed oxidation states, with 53% as Pd0 and 47% as Pd2+. This differs from 

Pd/C3N4, where Pd predominantly exists as Pd2+ (70.5%). The bimetallic phases were 

relatively small compared to the Ni-Ni and Pd-Pd bonds and were, therefore, 

incorporated into the overall estimation of the metallic phase (Figure 1.2.10). The fitting 

parameters of the EXAFS spectra are shown in Table 1.2.1 and Table 1.2.2. 
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Figure 1.2.10: The relative phase fraction of Ni2+, metallic Ni, Pd2+, and metallic Pd 

determined from the multi-shell fitting of Ni K edge and Pd K edge EXAFS of catalysts 

Pd/C3N4, Ni/C3N4, and NiPd/C3N4 

Table 1.2.1: The Bond length (R) and Debye-Waller factor/Disorder (σ2) derived from 

multishell peak fitting parameters for the R-space plots of Ni K edge for the catalysts Ni, 

Ni/C3N4, NiPd, and NiPd/C3N4.  

Catalyst ΔE Ni(OH)2 Ni metal NiPd 

bimetal 

Ni-O bond Ni-Ni bond Ni-Ni1 bond Ni-Ni2 

bond 

Ni-Pd1 

bond 

R 

(Ȧ) 

σ2 R 

(Ȧ) 

σ2 R 

(Ȧ) 

σ2 R 

(Ȧ) 

σ2 R 

(Ȧ) 

σ2 

Ni -

8.9 

±  

0.9 

2.05 

±  

0.01 

0.01  

± 

0.003 

3.08 

± 

0.05 

0.02 

± 

0.001 

2.48 

±   

0.03 

0.01  

± 

0.001 

3.48  

±   

0.06 

0.02  

±  

0.01 

- - 

Ni/C3N4 -

5.7 

± 

0.3 

2.06 

± 

0.01   

0.01  

± 

0.001 

3.10 

±   

0.01 

0.01  

± 

0.002 

2.52 

±  

0.008 

0.01  

± 

0.004 

- - - - 
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NiPd -

4.2 

± 

0.6 

2.04  

±  

0.01 

0.01  

± 

0.001 

3.06  

±  

0.06 

0.02  

± 

0.004 

2.49 

 ± 

0.04 

0.02  

±  

0.01 

3.51 

 ±  

0.03 

0.01  

± 

0.008 

2.60  

±  

0.05 

0.02 

± 

0.01 

NiPd/ 

C3N4 

-

6.3 

±  

0.4 

2.04  

±  

0.01 

0.01  

± 

0.001 

3.08 

±   

0.01 

0.01  

± 

0.001 

2.45  

±  

0.02 

0.02  

±  

0.01 

3.49  

±  

0.02 

0.01  

± 

0.001 

2.64  

±  

0.03 

0.02 

± 

0.01 

 

Table 1.2.2: The Bond length (R) and Debye-Waller factor/Disorder (σ2) derived from 

multishell peak fitting parameters for the R-space plots of Pd K edge for the catalysts Pd, 

Pd/C3N4, NiPd, and NiPd/C3N4.  

 

The interaction of the metal species with the support is crucial for enhanced catalytic 

activity. Hence, to understand the metal support interaction, the XPS spectra for N1s and 

C1s were analyzed (Figure 1.2.11 to Figure 1.2.12). The N1s XPS spectrum of g-C₃N₄ 

displayed two prominent peaks corresponding to pyridinic nitrogen (C=N-C) and 

Catalyst ΔE  Pd- oxide Pd metal NiPd bimetal 

Pd-O bond Pd-Pd bond Ni-Pd1 bond 

R (Ȧ) σ2 
  R (Ȧ) σ2 

  R (Ȧ) σ2 
  

Pd 3.17 ± 

0.63 

1.96 ±  

0.01 

0.02 ± 

0.01 

2.74  ± 

0.10 

0.01 ± 

0.001 

- - 

Pd/C3N4 0.55 ± 

0.11 

1.97 ± 

0.02 

0.01 ± 

0.002 

2.77 ±  

0.02 

0.01 ± 

0.002 

- - 

NiPd 4.47 ± 

0.97 

- - 2.75  ± 

0.02 

0.01 ± 

0.001 

2.62 

± 

0.05 

0.05 

± 

0.001 

NiPd/C3N4 -5.18 ± 

0.67 

1.98 ± 

0.01 

0.01 ± 

0.003 

2.76  ± 

0.03 

0.01 ± 

0.002 

2.58 

± 

0.09 

0.04 

± 

0.001 
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pyrrolic nitrogen (C-NH-C) at 398.2 eV and 400.2 eV, respectively, along with a minor 

peak for graphitic nitrogen (N-C₃) at 403.3 eV (Figure 1.2.11a). In the case of 

NiPd/C3N4, a positive shift of 0.6 eV, 0.5 eV, and 0.5 eV was observed for the pyridinic 

nitrogen, pyrrolic nitrogen, and graphitic nitrogen, respectively33,44. This resulted in a 

binding energy value of 398.8 eV (C=N-C), 400.7 eV (C-NH-C), and 403.8 eV (N-C3) 

(Figure 1.2.11 b).  

 

Figure 1.2.11: (a) N1s high resolution XPS spectrum of C3N4 and (b) comparison of  

N1s XPS spectra of NiPd/C3N4, Ni/C3N4, Pd/C3N4 and g-C3N4 

The high-resolution C1s XPS spectra of g-C3N4 shows three prominent peaks at 284.8 

eV, 286.2 eV, and 287.8 eV corresponding to C-C (adventitious carbon), C-NH, and 

C=N-C. In NiPd/C3N4, the peak for C=N-C appears at 288.1 eV, exhibiting a positive 

shift of 0.4 eV in the binding energy (Figure 1.2.12)34,45. This positive shift in the N1s 

and the C1s XPS spectra indicates a charge transfer from the support to the metal species 

due to the strong metal support interaction. Similarly, Ni/C3N4 and Pd/C3N4 also exhibit 

a positive shift in the N1s and C1s binding energy, indicating charge transfer from the 

support to the metal. The values for the binding energy for N1s and C1s spectra are 

reported in Table 1.2.3 and Table 1.2.4. 
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Figure 1.2.12: Comparison of  C1s XPS spectra of NiPd/C3N4, Ni/C3N4, Pd/C3N4 and g-

C3N4 

Table 1.2.3: Peak positions of N obtained from the high resolution N 1s XPS spectra for  

g-C3N4, Pd/C3N4, Ni/C3N4 and NiPd/C3N4 (the peaks were obtained after carbon 

correction) 
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Table 1.2.4: Peak positions of C obtained from the high resolution C 1s XPS spectra for  

g-C3N4, Pd/C3N4, Ni/C3N4 and NiPd/C3N4 (the peaks were obtained after carbon 

correction) 

 

The TEM image of g-C3N4 reveals its characteristic 2D sheet-like morphology(Figure 

1.2.13 a). Ni/C3N4 also exhibits the sheet like morphology, and no Ni nanoparticles were 

observed (Figure 1.2.13 b). In contrast, Pd/C3N4 exhibits uniformly distributed Pd 

nanoparticles (Figure 1.2.13 c) with an average size of 5–6 nm (Figure 1.2.14 a) on the 

C3N4 sheets. For NiPd/C3N4, a significant reduction in Pd nanoparticle size is observed, 

with dimensions ranging from approximately 1.5–2.5 nm (Figure 1.2.13 d) and (Figure 

1.2.14 b). Furthermore, HAADF-STEM imaging of NiPd/C3N4 reveals bright spots 

corresponding to Pd nanoparticles, uniformly dispersed across the C3N4 support(Figure 

1.2.15 a). Elemental mapping further confirms the homogeneous distribution of Ni and 

Pd throughout the g-C3N4 matrix (Figure 1.2.15(b-f)). This reduction in nanoparticle size 

and uniform dispersion, facilitated by the incorporation of Ni, improves atom utilization 

efficiency by increasing the number of exposed catalytically active sites. 
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Figure 1.2.13: TEM image of  (a) g-C3N4, (b) Ni/C3N4, (c) Pd/C3N4 and (d) NiPd/C3N4 

Figure 1.2.14: Particle size distribution of Pd nanoparticles in (a) Pd/C3N4 and (b) 

NiPd/C3N4 
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Figure 1.2.15: HAADF-STEM elemental mapping for NiPd/C3N4 (a) HAADF-STEM 

image and (b)-(f) Elemental mapping for Ni, Pd, N, C, and O  
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To further understand the mechanism and the contribution of each of the components of 

the catalyst, temperature programmed desorption (TPD) with CO2 and Operando 

DRIFTS measurements were performed.  TPD measurement for C3N4 shows only one 

CO2 desorption peak at 140 C (Figure 1.2.16 a). This peak could be attributed to the 

CO2 adsorbed on the N functional groups of C3N4. Ni/C3N4 shows an additional 

desorption peak at 330 C along with a peak at 166 C. This indicates that a new 

adsorption site is created in the presence of Ni, where the CO2 is bound strongly (Figure 

1.2.16 b).  In the case of Pd/C3N4, an increase in the desorption temperature to 162 C 

was observed, indicating a stronger binding of the CO2 molecule and no additional peaks 

at high temperatures were obtained (Figure 1.2.16 c). This indicates that the CO2 interacts 

strongly with the N functional groups of C3N4 in the presence of Pd. However, in the 

case of NiPd/C3N4, two desorption peaks are observed at 151 C and 304 C (Figure 

1.2.16 d), indicating CO2 interaction with both C3N4 and the Ni site46,47. Compared to 

Ni/C3N4, the presence of Pd weakens the interaction of CO2, resulting in the desorption 

peak at 304 C. Thus, it can be concluded that the Ni sites are responsible predominantly 

for the activation of the CO2 molecule, while Pd sites are responsible for the adsorption 

and activation of H2. 



 CO2 conversion over NiPd/C3N4 catalyst 

75 | P a g e  
 

 

Figure 1.2.16: CO2-temperature programmed desorption (a) g-C3N4, (b) Ni/ C3N4, (c) 

Pd/ C3N4 and (d) NiPd/C3N4 

From the literature, it is established that on the surface of the metal, the CO2 

hydrogenation proceeds by the formation of bicarbonate. The bicarbonate bound to the 

metal site interacts with the surface hydride to form formate. Hence, to determine the 

intermediates formed during the reaction, the NiPd catalyst was synthesized without the 

g-C3N4 support. The operando DRIFT analysis (Figure 1.2.17) performed in the presence 

of CO2 and H2 in the gas phase shows the absorbance band for CO3
2-  at 1663 cm-1, 

formed by the bidentate interaction of CO2 with the metal species. The CO3
2- interacts 

with the hydride formed on the adjacent Pd site to form the HCO3
- intermediate, which 

shows an IR absorbance band at 1477 cm-1. This converts to the HCOO- exhibiting an IR 

band at 1583 cm-1. The continuous formation of these intermediates was observed for a 

reaction duration of 1h, as is evidenced from the IR absorbance bands48,49. 
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Figure 1.2.17: Operando DRIFT spectra of  NiPd/C3N4 

The catalyst and the solution were collected after the CO2 hydrogenation reaction and 

were analyzed by TEM. The TEM of NiPd/C3N4 post reaction shows sheet like 

morphology with uniformly dispersed Pd nanoparticles. No severe agglomeration of the 

metal nanoparticles was observed. Interestingly, the TEM of the filtrate showed thin 

sheets of C3N4 containing metal nanoparticles (Figure 1.2.18). This could be attributed 

to the exfoliation of C3N4 during the reaction. This results in the loss of the catalyst, 

which is responsible for the loss of catalytic activity in the subsequent cycles (Figure 

1.2.19). The TON decreases from 900 in the first cycle to 400 in the second cycle. 

Subsequently, the TON falls to 380 and 180 in the third and fourth cycle, respectively. 
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Figure 1.2.18: TEM image of NiPd/C3N4 post reaction (a) solid residue and (b) filtrate  

 

Figure 1.2.19: Cyclability study using NiPd/C3N4 catalyst. (Reaction conditions: 75 C, 

0.5 M Na2CO3, 40 bar H2, 40 bar CO2, 1h) 
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The XAS analysis was performed for NiPd/C3N4 post reaction (Figure 1.2.20). The 

XANES (Figure 1.2.20 a, b) and EXAFS spectra (Figure 1.2.20 c, d) of Ni K edge and 

Pd K edge overlap with the spectra obtained before the reaction, indicating no change in 

the structure of the catalyst.  

 

Figure 1.2.20: X-ray absorption spectroscopy of the catalyst post reaction (a) Ni K edge 

XANES spectra, (b) Pd K edge XANES spectra, (c) Ni K edge EXAFS spectra and (d) 

Pd K edge EXAFS spectra  
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Figure 1.2.21: Multishell peak fitting for the Fourier transformed R-space plots of (a) 

Ni K edge EXAFS and (b) Pd K edge EXAFS of NiPd/C3N4 

Figure 1.2.22: Comparison of the relative phase fraction of Ni2+, metallic Ni, Pd2+, and 

metallic Pd determined from the multi-shell fitting of Ni K edge and Pd K edge EXAFS 

of NiPd/C3N4 before and after the reaction 

However, the relative phase fractions obtained from the multishell fitting of the FT-

EXAFS spectra for the Ni K edge and the Pd K- edge (Figure 1.2.21 to Figure 1.2.22) 

shows an increase in the metallic Ni (17 %) and metallic Pd phase (60.8 %). This could 

be attributed to the reduction of the metal species under the reducing environment. The 

fitting parameters of the EXAFS spectra are shown in Table 1.2.5 and Table 1.2.6. 
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Table 1.2.5: The Bond length (R) and Debye-Waller factor/Disorder (σ2) derived from 

multishell peak fitting parameters for the R-space plots of Ni K edge for NiPd/C3N4 post 

reaction.  

Sample ΔE Ni(OH)2 Ni metal NiPd 

bimetal 

Ni-O bond Ni-Ni bond Ni-Ni1 

bond 

Ni-Ni2 

bond 

Ni-Pd1 

bond 

R 

(Ȧ) 

σ2 
  R 

(Ȧ) 

σ2 
  R 

(Ȧ) 

σ2 
  R 

(Ȧ) 

σ2 
  R 

(Ȧ) 

σ2 
  

NiPd/ 

C3N4 

post rxn 

-

3.9 

± 

0.8 

2.07  

±  

0.01 

0.003 

± 

0.001 

3.07 

±   

0.02 

0.01  

± 

0.003 

2.60 

 ±  

0.05 

0.08  

± 

0.01 

3.45 

±   

0.03 

0.08  

±  

0.01 

2.67 

±  

0.04 

0.02 

± 

0.004 

 

Table 1.2.6: The Bond length (R) and Debye-Waller factor/Disorder (σ2) derived from 

multishell peak fitting parameters for the R-space plots of Pd K edge for NiPd/C3N4 post 

reaction.  

Sample ΔE  Pd- oxide Pd metal NiPd bimetal 

Ni-O bond Ni-Ni1 bond Ni-Pd1 bond 

R (Ȧ) σ2 
  R (Ȧ) σ2 

  R (Ȧ) σ2 
  

NiPd/C3N4 

post rxn 

-3.15 ± 

0.81 

1.98 ±  

0.03 

0.01 ± 

0.007 

2.75 ± 

0.04 

0.01 ± 

0.001 

2.53 

± 

0.03 

0.06 

± 

0.002 
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1.2.5. Conclusion 

In conclusion, we have synthesized NiPd/C3N4 by the NaBH4 assisted reduction of the 

metal species over C3N4. The as synthesized catalyst shows exceptional activity with a 

high TON of 2432 towards CO2 hydrogenation. The C3N4 support stabilizes the metal 

nanoparticles and helps bring the CO2 molecules close to the metal active sites. The 

catalyst exhibits strong metal support interaction whereby the metal nanoparticles 

interact with the N functional groups in the support, as evidenced by the XPS 

measurement. Further, the kinetic analysis shows that the activation energy is 

significantly lowered for NiPd/C3N4 compared to Pd/C3N4. The in-situ DRIFT and TPD 

measurements were used to understand the mechanistic pathway, and it was observed 

that NiPd and C3N4 work in tandem to catalyze the hydrogenation of CO2 to formate. 
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Chapter- 1.3 

Synergistic Effects of Bismuth on CO2 electroreduction to 

formate in CuSn catalyst 

          

 

          

Summary:  

CuOx-SnOx interfaces have demonstrated high efficiency in CO2 conversion to formate. 

However, under reduction conditions, they tend to transform into metallic Cu and Sn, 

leading to a loss of activity. To address this, in this work, Bi2O3 has been incorporated 

into the Cu-Sn catalyst. The synergistic interaction among the three metals helps stabilize 

the active sites, maintaining high Faradaic efficiency for formate production. 
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1.3.1 Introduction 

Electroreduction of CO2 to formate offers an energy-efficient pathway for transforming 

CO2 into a valuable product. This approach is particularly advantageous as it can be 

performed under ambient conditions, making it a sustainable solution. The conversion of 

CO2 to formic acid involves a two-electron transfer process:  

CO2 + 2H+ + 2e- → HCOOH     Eo = -0.61 V 

Sn-, Bi-, and In-based catalysts have been extensively investigated for the 

electrochemical conversion of CO2 to formate1–3. In these metals, the active sites 

typically consist of MOₓ species. Theoretical predictions using volcano plots identify Sn 

as the most effective metal catalyst, offering optimal binding energy for the *OCHO 

intermediate, which is a crucial step in formate production. Consequently, Sn-based 

catalysts have garnered significant attention for this reaction4,5.  

However, two primary challenges limit the performance of Sn-based catalysts. First, Sn 

often exhibits selectivity toward CO formation, resulting in low Faradaic efficiencies for 

formate. Second, the reduction of SnOₓ active sites during the reaction leads to decreased 

electrochemical activity towards CO2 conversion. Hence, there is a need to modify Sn-

based catalysts to enhance their selectivity for formate and ensure the long-term stability 

of the active sites6,7.  Several strategies have been explored to stabilize SnOₓ sites, such 

as the formation of heterojunctions, introducing oxygen vacancies, morphology tuning, 

and incorporating elements with higher electronegativity or reduction potential than 

SnOₓ8–13. These approaches aim to maintain Sn in a higher oxidation state, thereby 

preserving its electrocatalytic activity.  

Bimetallic Cu-Sn catalysts have been extensively studied for CO2 electroreduction to 

formate12,14,15. In these systems, Cu and Sn exhibit higher oxidation states, forming  CuO-

SnO2 interfaces16. This interface has proven effective in optimizing the *OCHO binding 

energy. Additionally, it aids in retaining Sn in the higher oxidation state owing to the 

higher reduction potential of the CuO, resulting in higher Faradaic efficiencies for 

formate. The electrochemical redox potential for Cu2+/ Cu, Cu+/ Cu and SnO2/Sn are as 

follows: 
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Cu2+ + 2e- ↔ Cu                                   Eo = 0.34 V 

Cu+ + e- ↔ Cu                                      Eo = 0.520 V 

Sn4+ + 2e- ↔ Sn2+                                 Eo = 0.151 V 

Sn2+ + 2e- ↔ Sn                                    Eo = -0.13 V 

However, when the cathodic potential is applied, CuOx and SnOx undergo reduction 

forming monometallic species6,17. This leads to increased selectivity towards hydrogen 

evolution reaction, thereby reducing the efficiency of CO2 conversion. Thus, the major 

challenge faced in this bimetallic catalyst is retaining the CuOx-SnOx interfaces to ensure 

durable electrochemical activity.  

1.3.2 Scope of the investigation 

In this study, a CuSnBi trimetallic catalyst has been synthesized to enhance CO2 

electroreduction to formate. The synergistic interaction among Cu, Sn, and Bi facilitates 

the formation of an increased number of CuOx-SnOx interfaces. Additionally, 

incorporating Bi2O3 contributes to lowering the overpotential and achieving a  Faradaic 

efficiency of 80% for the formate, along with stable electrochemical performance for 

upto 6 hours. Operando ATR-FTIR spectroscopy was used to identify the formation of 

the intermediates to gain mechanistic insights into the CO2 electroreduction process.  

1.3.3 Experimental Section 

1.3.3.1  Materials 

Sodium borohydride (NaBH4), copper chloride (CuCl2.2H2O), and sodium bicarbonate 

(NaHCO3) were purchased from Sigma Aldrich. Tin chloride (SnCl2.2H2O) and bismuth 

nitrate (Bi(NO3)3.5H2O) were obtained from Loba Chemie Pvt. Ltd. Isopropyl alcohol 

(IPA) was purchased from Merck Life Sciences Pvt. Ltd. Ethanol was procured from 

Hayman. Nafion-117 membrane was procured from the Fuel Cell store. Tin oxide (SnO2) 

and Toray Carbon paper (with a thickness of ~0.4mm) were obtained from Alfa Aesar. 

Tedlar gas bags were obtained from Techinstro. HPLC vials were procured from Agilent. 

All the chemicals obtained were used without further purification. Deionized (Milli-Q) 

water was used for all the syntheses and catalytic studies. 
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1.3.3.2  Characterization technique  

The PXRD patterns of the synthesized material were acquired using a Rigaku 

diffractometer with Cu anode generating an X-ray of wavelength 1.54 Å. HRTEM 

images were obtained using the JEOL JEM-2100 Plus electron microscope. HAADF-

STEM-EDS-Elemental mapping measurement was performed using a Thermofisher 

Talos F200S electron microscope. The samples for the TEM measurements were 

prepared by dropcasting the material dispersed in ethanol on Cu grid.  XPS measurements 

were performed using a Thermofisher K-Alpha spectrometer using a microfocused Al 

Kα monochromator. The spectra was collected before and after etching with Ar 

sputtering for 2.5 mins to remove the surface oxides. ICP-OES analyses were performed 

on the Perkin Elmer Optima 7000DV instrument to determine the Sn and Bi loading. The 

in-situ IR study was carried out using a Bruker 70v vertex FTIR spectrometer equipped 

with a mid-band MCT detector. The electrochemical studies were performed using 

Biologic potentiostat. The flow of CO2/N2 was controlled using Horiba mass flow 

controller. To monitor the flow rate of the gas, Agilent ADM gas flow meter was used. 

The gaseous products were determined using Agilent 7890B gas chromatograph, and 

liquid products were determined using Agilent HPLC. 

1.3.3.3 Synthesis of CuSnBi nanostructures 

CuSnBi was synthesized using the NaBH4 assisted reduction method at room 

temperature. In a typical synthesis,  7.9 mL of 0.1 M CuCl2.2H2O solution, 2.1 mL of 0.1 

M SnCl2.2H2O solution, and 120 µL of  0.04 M Bi(NO3)3.6H2O solution were mixed and 

stirred in a beaker for 30 mins. The resultant solution was added into a 250 mL beaker 

containing 50 mL of 0.1 M NaBH4 solution under vigorous stirring. The resultant 

solution was stirred for 20 min. CuSnBi precipitates as a black colored compound. The 

black compound was collected by centrifugation and washed thrice with water and once 

with ethanol. The solution was kept for drying at 40 C overnight. CuSn and Cu 

nanostructures were also synthesized following the above procedure 

1.3.3.4 Preparation of working electrode 

To prepare the coating ink, 2 mg of the prepared catalyst was dispersed in 1 mL of 

isopropyl alcohol. The mixture was sonicated for 1 h. 40 µL of 5 wt% Nafion solution 

was added to the ink and sonicated for another hour.  200 µL of the as prepared coating 
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ink was drop casted on Toray carbon paper of area 1 cm2 to maintain a mass loading of 

0.4 mg cm-2. The electrodes were then dried overnight. 

1.3.3.5 CO2 electroreduction studies 

The electrochemical reactions were carried out in a three-electrode configuration (Figure 

1.3.1) in an H-cell. CuSnBi coated C-paper was used as the working electrode. Ag/AgCl 

and graphite rod were used as the reference and counter electrodes, respectively. The 

anodic and cathodic chamber was filled with 30 mL, 0.5 M KHCO3 electrolyte. The 

solution was purged with CO2 at a flow rate of 30 mL/min for 1 h before reaction. CO2 

was passed through a humidifier containing milliQ water before passing it into the 

electrolyte. The reference electrodes were calibrated before the experiment. The obtained 

potential (vs. Ag/AgCl) was converted into a reversible hydrogen electrode (RHE) scale 

using the Nernst equation:  

ERHE = EAg/AgCl + 0.059 pH + E
Ag/AgCl 

Here EAg/AgCl is the potential measured vs Ag/AgCl electrode in volts. The pH of the 

solution is 7.8, and E
Ag/AgCl is the standard potential for Ag/AgCl electrode in 0.5 M 

KHCO3. 

 

Figure 1.3.1: H-cell setup used to study the electrochemical reduction of CO2 

Linear sweep voltammetry (LSV) was performed in the potential range of -0.5 V (vs. 

Ag/AgCl) to  -2.2 V (vs. Ag/AgCl) with a scan rate of 10 mV s-1 with and without 85% 

iR compensation. Chronoamperometric (CA) i-t measurement was performed without iR 
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compensation at different potentials. The current density for LSV and CA was 

normalized with respect to the geometrical surface area of  1 cm2. The CO2 flow was 

maintained at 30 mL/min during the reaction.  The gaseous products were collected 

during the reaction in the Tedlar gas bag and analyzed by gas chromatography (GC). The 

liquid products were collected post chronoamperometry and analyzed by high 

performance liquid chromatography (HPLC). The Faradaic efficiency for formate was 

determined using the formula18,19: 

Faradaic efficiency = 
 𝐂 × 𝐧 ×𝐕× 𝐅 × 𝟏𝟎𝟎

𝐐
 

Here, C stands for the concentration of formate in moles, V stands for the 

volume of electrolyte, n stands for no. of electrons required per CO2 

molecule to form formate, and Q stands for the total charge calculated from 

the chronoamperometry. 

The Faradaic efficiency for CO and H2 is calculated using the formula18,19: 

Faradaic efficiency = 
 𝐂 ×𝐟𝐥𝐨𝐰 𝐫𝐚𝐭𝐞×(

𝐧 ×𝐏× 𝐅

𝐑×𝐓
) × 𝟏𝟎𝟎

𝐐
 

Here, C stands for the concentration of gas detected from GC, the flow rate 

for CO2 is 30 mL/min, P is the pressure ( 1.013 bar), F is the Faraday 

constant (96500), R is the gas constant, T is the temperature and n stands for 

no. of electrons required per CO2 molecule to form CO/ no. of electron 

required to produce H2 and Q stands for the total charge calculated from the 

chronoamperometric measurement. 

Reusability study 

The CO2 electrode was used for five consecutive cycles. The electrode was collected 

after every cycle and rinsed with Milli-Q water. The liquid product was collected and 

analyzed after each measurement. The electrolyte was refreshed for each cycle. 
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1.3.3.6 Product estimation 

Gaseous product 

Gas Chromatography was utilized to analyze the gaseous products. The gas 

chromatograph used was equipped with an HP-Plot Q capillary column, HP-Molsieve 

capillary column, Hysep Q-packed column, TCD (thermal conductivity detector), 

methanizer and FID (flame ionization detector). The TCD was connected to a methanizer. 

The outlet of the methanizer was connected to the FID. The methanizer was used to detect 

the CO in low concentrations. FID was used to detect C2H6, C2H4, CH4, and CO, while 

TCD was used to detect permanent gases such as H2. For quantifying the products, a 5-

point calibration plot was prepared using calibration gas of concentrations 20 ppm, 100 

ppm, 500 ppm, 1000 ppm, and 3000 ppm. An average peak area value for 5 injections 

was considered for the plot. For the product analysis, the gaseous products were collected 

in a Tedlar gas bag and injected manually into the GC at a constant flow rate of 5 mL/min 

(Figure 1.3.2). 

 

 

Figure 1.3.2: Gas chromatography for product estimation (a) Chromatogram obtained 

for product analyses showing signals obtained from TCD and FID, (b) Calibration plot 

for CO, and (c) Calibration plot for H2 
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Liquid product 

High performance liquid chromatography (HPLC) was used to analyse the liquid 

products. The HPLC was equipped with a Hi Plex-H column and a refractive index 

detector (RID) for the formate analysis. In an HPLC vial, 1.5 mL of the electrolyte was 

collected after the reaction and taken for the analyses. To quantify the products, a 5-point 

calibration plot was prepared with varying concentrations of sodium formate (Figure 

1.3.3). 

 

 

Figure 1.3.3: High performance liquid chromatography for product estimation (a) 

chromatogram obtained for product analysis showing signals obtained from RID and (b) 

calibration plot for formate 

1.3.3.7 Operando Infrared Spectroscopy (ATR-FTIR) 

For the in-situ IR study, the electrochemical cell was connected to a Si hemispherical 

window. Carbon paper coated with the catalyst attached to a graphite rod using silver 

paste was used as the working electrode. The Hg/HgO electrode and Pt coil were used as 

the reference and the counter electrodes, respectively. For the electrolyte, 15 mL, 0.5M  

KHCO3  solution was used. The working electrode was placed close to the Si 
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hemispherical window for the attenuated total reflection- Fourier transform infrared 

spectroscopy study (ATR-FTIR). At the beginning of the experiment, background 

spectra were collected with the electrolyte in the cell. The background spectra were 

subtracted from all the subsequent spectra to remove the contribution of the electrolyte 

towards the measurement. The scan resolution was set at 4 cm-1. For studying the time 

dependent evolution of the intermediates, chronoamperometry at different potentials was 

performed. The IR measurement was performed simultaneously. The total number of IR 

measurements at each potential was set at 50. Each measurement was an average of 128 

scans. Between each measurement, a rest time of 60 sec was given. The spectra were 

analyzed by the OPUS software and plotted directly as a function of potential and time. 

1.3.4 Result and Discussion 

CuSnBi nanostructures were prepared by the simultaneous reduction of the mixture of 

metal solutions by NaBH4. The PXRD pattern (Figure 1.3.4) of the as prepared catalyst 

showed the characteristic peak of CuO predominantly. The peaks at 2θ 32.7, 35.7, 

38.9, 48.9, 58.2, 61.7, 68, 72.3, and 75.2 correspond to CuO planes (110), (11-1), 

(200), (20-2), (202), (11-3), (310), (220), (311) and (22-2) respectively. The peaks at 2θ 

42.8, 53.7, 83.2, and 89.8 belong to metallic Cu (211), Bi2O3 (112), SnO2 (222), and 

SnO2 (411), respectively. The PXRD peaks were matched with the database PDF card 

No.: 9016326 for CuO, PDF card No.: 1534785 for SnO2 and PDF card No. 1537328 for 

Bi2O3. From ICP-OES analysis, the loading of Sn and Bi was estimated to be 30 wt% 

and 3.5 wt%, respectively. 
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Figure 1.3.4: Powder X-ray diffraction pattern for CuSnBi nanostructures 

TEM analysis showed nanostructures of CuSnBi with CuO-SnO interfaces (Figure 

1.3.5). HAADF STEM elemental mapping of CuSnBi showed a uniform distribution of 

Cu, Sn, Bi, and O (Figure 1.3.6). 

  

 

 

Figure 1.3.5 : (a) HRTEM image of CuSnBi nanostructures and (b) CuOx-SnOx interface 

 



Chapter 1.3 

100 | P a g e  
 

 

 

Figure 1.3.6: HAADF-STEM-Elemental Mapping (a) HAADF-STEM image of CuSnBi 

nanostructures, (b)-(e) Elemental mapping  for Cu, Sn, Bi, and O. 

XPS was performed to determine the valence state of the metal species in the catalyst. 

XPS of CuSnBi nanostructures were compared with CuSn nanostructures to understand 

the effect of Bi addition on the catalyst. The high resolution Sn3d XPS spectra of CuSnBi 

coated on carbon paper showed peaks at 487.5 eV (3d5/2) and 495.9 eV (3d3/2) for Sn2+ 

while the peaks at 488.7 eV (3d5/2) and 497.0 eV (3d3/2) correspond to Sn4+. The Sn 3d 

(a) 

(b) (c) 

(d) (e) 
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XPS spectra for CuSn nanostructures show peaks at 486.8 eV (3d5/2) and 495.2 eV (3d3/2) 

for Sn2+. The peaks at 485.3 eV (3d5/2) and 493.8 eV (3d3/2) correspond to Sn0, while the 

peaks for Sn4+ appears at 488.2 eV (3d5/2) and 496.5 eV (3d3/2) 
20,21. Upon comparison, it 

can be observed that in CuSnBi, Sn2+ shows a positive shift in binding energy by 0.6 eV, 

while Sn4+ shows a positive shift of 0.4 eV. This positive shift in the binding energy could 

be attributed to the charge transfer from Sn to Cu and Bi (Figure 1.3.7)22. The high 

resolution XPS spectra for Bi 4f show characteristic peaks for Bi0 at 159.3 eV (4f7/2) and 

163.3 eV (4f5/2), while the peaks at 160.4 eV (4f7/2) and 165.3 eV (4f5/2) correspond to 

Bi3+ (Figure 1.3.8)23,24. 

 

Figure 1.3.7: High resolution Sn 3d XPS spectra of CuSnBi and CuSn (spectra collected 

after Ar sputtering for 2.5 min) 
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Figure 1.3.8: High resolution Bi 4f XPS spectra of CuSnBi and CuSn (spectra collected 

after Ar sputtering) 

The Cu LMM Auger spectra of both CuSnBi and CuSn showed that Cu exists as CuO, 

Cu2O, and metallic Cu (Figure 1.3.9). CuSnBi shows peaks for kinetic energy at 916.8 

eV, 915.4 eV, and 918.5 eV, corresponding to CuO, Cu2O, and metallic Cu, respectively. 

The Cu LMM Auger spectra for CuSn show peaks at 918.1 eV, 916.5 eV, and 918.6 eV 

for CuO, Cu2O, and metallic Cu. Upon comparison, it was observed that CuSnBi showed 

a negative shift of 1.3 eV for CuO and 1.1 eV for Cu2O in kinetic energy in comparison 

to CuSn25–27. The negative shift in binding energy could be attributed to the charge 

transfer from Sn to Cu28,29. 
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Figure 1.3.9: Cu LMM Auger spectra of CuSnBi and CuSn (spectra collected after Ar 

sputtering) 

It is also observed that the intensity of the metallic Cu, Sn, and Bi is less in comparison 

to the corresponding oxides. This indicates that the metal species exist predominantly in 

the higher oxidation states in the catalyst. The different valence states of the metal species 

were quantified from the fitting of the XPS spectra, as shown in Figure 1.3.10. From the 

quantification of the Sn 3d XPS spectra, it is observed that in the case of CuSn 

nanostructures, 80 % of the Sn is present as SnOx (SnO + SnO2), while 20% is present as 

metallic Sn. Upon the addition of Bi, all the Sn in the catalyst is converted into SnOx in 

CuSnBi. The quantification of the Cu species was performed using the Cu LMM Auger 

spectra. It is observed that in CuSn nanostructures, 52% of the Cu is present as CuOx 

(CuO+Cu2O), while 48% is present as metallic Cu. The incorporation of Bi increases the 

oxide content to 80%, and the metallic content is reduced to 20%. This shows that in the 

presence of Bi2O3, a greater number of CuOx-SnOx interfaces are generated, which are 

responsible for the enhanced activity. 



Chapter 1.3 

104 | P a g e  
 

 

Figure 1.3.10: Quantification of the different valence states in CuSnBi and CuSn 

nanostructures obtained from fitting the XPS spectra (a) Cu and CuOx, (b) Sn and SnOx.  

Evaluation of CO2 electroreduction 

Linear sweep voltammograms of CuSnBi, CuSn, Cu, and SnO2 (commercial) were 

obtained in a CO2 saturated, 0.5 M KHCO3 solution. It was observed that the CuSnBi 

exhibited a maximum current density of -200 mA cm-2 at -1.5 VRHE. CuSn showed a 

maximum current density of 180 mA cm-2 at -1.5 VRHE, while the LSV for Cu 

nanostructures overlapped with that of CuSnBi (Figure 1.3.11(a)). In comparison, SnO2 

exhibits a higher overpotential for electrochemical CO2 reduction. Figure 1.3.11(b) 

compares overpotentials at -10 mA cm-2, -50 mA cm-2
 and -100 mA cm-2 for CuSnBi, 

CuSn and SnO2. It is observed that at all the current densities, the overpotential for 

electrochemical CO2 reduction on the CuSnBi catalyst is significantly reduced. LSV for 

CuSnBi was also performed in the N2 saturated electrolyte. The polarization curve 

overlapped with the curve obtained in the CO2 saturated electrolyte. The increased 

current density of the catalyst in the absence of CO2 could be attributed to the hydrogen 

evolution reaction (Figure 1.3.12 a). The linear sweep voltammograms were also 

obtained without iR compensation. In comparison to the iR compensated voltammogram, 

it showed a maximum current density of -100 mA cm-2 at -1.5 VRHE (Figure 1.3.12(b)).   
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Figure 1.3.11: (a) Linear sweep voltammogram  for CO2ER in CO2 saturated 0.5 M 

KHCO3 for CuSnBi, CuSn, SnO2, and Cu, (b) comparison of overpotential at -10 mA 

cm-2, 50 mA cm-2
 and -100 mA cm-2 for CuSnBi, CuSn and SnO2 

 

Figure 1.3.12: (a) Comparison of Linear sweep voltammogram for CuSnBi in 0.5 M 

KHCO3 saturated with CO2 and N2 and (b) Comparison of Linear sweep voltammogram 

for CO2ER in CO2 saturated 0.5 M KHCO3 for CuSnBi with and without  iR 

compensation 

Chronoamperometry was performed to determine the products formed at -1.05 VRHE, -

1.25 VRHE, and -1.45 VRHE without iR compensation (Figure 1.3.13 a). The Faradaic 

efficiency plot for the products formed is shown in Figure 1.3.13 (b). It is observed that 

the CuSnBi exhibits selectivity towards formate. Maximum Faradaic efficiency of 80 % 

for formate, 4 % for CO, and 18 % for H2 was obtained at -1.45 VRHE. The 
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chronoamperometry was also performed in a solution purged with N2. H2 was formed as 

the major product, and negligible amounts of formate were obtained.  

 

Figure 1.3.13: (a) Chronoamperometry obtained at -1.05 VRHE, -1.25 VRHE, and -1.45 

VRHE for CuSnBi in CO2 saturated 0.5 M KHCO3 and (b) Comparison of Faradaic 

efficiency of formate, CO and H2 obtained after chronoamperometry at -1.05 V, -1.25 V 

and -1.45 V 

The formate Faradaic efficiency was compared for CuSnBi, CuSn, Cu, and SnO2 at -1.25 

VRHE, as shown in Figure 1.3.14 (a). Faradaic efficiency of 10 %, 60%, 58 %, and 78% 

were obtained for Cu, SnO2, CuSn, and CuSnBi, respectively. This indicates that the 

synergistic effect between Cu, Sn, and Bi enhances the CO2ER electrochemical activity. 

Furthermore, CuSnBi shows a long-term stability of 6 h at a potential of -1.05 VRHE with 

a current density of 20 mA cm-2 (Figure 1.3.14 b). The formate Faradaic efficiency 

obtained after 6 h of continuous operation was estimated to be 35 %. 
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Figure 1.3.14: (a) Comparison of formate Faradaic efficiency of CuSnBi, CuSn, SnO2, 

and Cu after chronoamperometry for 1 h at -1.25 VRHE and (b) Chronoamperometric 

stability study of CO2 ER by CuSnBi for 6 h. 

Recyclability studies were performed for CuSnBi at -1.05 VRHE, and the Faradaic 

efficiency of formate was compared (Figure 1.3.15). It was observed that the catalyst 

shows a Faradaic efficiency of 51.4 % for formate in the first cycle. In the second cycle, 

a 10% decrease in the Faradaic efficiency is observed, resulting in 40.2 % for formate. 

In the subsequent cycles, CuSnBi shows a stable performance, exhibiting a Faradaic 

efficiency close to 40 %. 

 

Figure 1.3.15: (a) Chronoamperometric recyclability study for CO2ER by CuSnBi at -

1.05 VRHE and (b) Faradaic efficiency of formate obtained after each cycle 
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Post reaction Characterization 

Post reaction characterization was performed using XPS and FESEM after 

chronoamperometry for 1 h at -1.25 VRHE.  The XPS spectra obtained after the reaction 

were compared with the spectra obtained before the reaction. Sn 3d XPS spectra of 

CuSnBi show peaks at 487.1 eV (3d5/2) and 495.5 eV (3d3/2) for Sn2+, while the peaks at 

487.9 eV (3d5/2) and 496.5 eV (3d3/2) belong to Sn4+. Additionally, small peaks at 485.4 

eV (3d5/2) and 494.0 eV (3d3/2) were observed for Sn0. The Sn 3d XPS spectra show an 

increase in the intensity of the Sn4+ peak and a decrease in the intensity of the Sn2+ peak 

(Figure 1.3.17)30.  

 

Figure 1.3.17: Comparison of high resolution Sn 3d XPS spectra of CuSnBi before and  

after reaction. The spectra were collected after Ar sputtering for 2.5 mins. 

The Cu LMM Auger spectra for CuSnBi show peaks at kinetic energy 917.6 eV, 916.0 

eV, and 918.7 eV for CuO, Cu2O, and metallic Cu, respectively (Figure 1.3.18). An 

increase in the intensity of the metallic Cu peak was observed. The high resolution Bi 4f 

XPS spectra show peaks at 160.8 eV (4f7/2) and 165.9 eV (4f5/2) for Bi3+, while the peaks 

at 159.8 eV (4f7/2) and 165.0 eV (4f5/2) belongs to Bi0. The intensity of the peak 

corresponding to Bi0 shows an increase with a corresponding decrease in the intensity of 

Bi3+ (Figure 1.3.19). The increase in the intensity of the metallic Cu and Bi peaks 

indicates that under the reduction potential, some of the Cu and Bi oxide species have 

undergone reduction. 
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Figure 1.3.18: Comparison of high resolution Cu LMM Auger spectra of CuSnBi before 

and  after reaction. The spectra were collected after Ar sputtering for 2.5 mins. 

 

Figure 1.3.19: Comparison of high resolution Bi 4f XPS spectra of CuSnBi before and  

after reaction. The spectra were collected after Ar sputtering for 2.5 mins. 

Quantitative analysis of the fitted XPS spectra for various metallic species in CuSnBi 

reveals a notable post-reaction shift in the oxidation states (Figure 1.3.20). The total 

concentration of metallic species increases while that of MOx species decreases. For Cu, 
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64% exists as CuOx and 36% as metallic Cu. Sn exhibits a minor reduction in total oxide 

content, with 95% present as SnOx and 5% as metallic Sn. In contrast, Bi shows a 

distribution where 64% is in the metallic Bi state, and 36% is present as Bi³⁺. This 

indicates that in the presence of Bi, most of the CuOx-SnOx interfaces are retained. 

 

Figure 1.3.20: Comparison of different valence states of the metal species before and 

after reaction in CuSnBi nanostructures. 

FESEM-elemental mapping confirms the presence of all elements on the electrode, 

indicating their retention and uniform distribution across the electrode surface (Figures 

1.3.21 and 1.3.22). 

 

Figure 1.3.21: FESEM of CuSnBi coated carbon paper obtained after 

chronoamperometry at -1.25 V for 1h 
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Figure 1.3.22: FESEM-Elemental mapping of CuSnBi coated carbon paper obtained 

after chronoamperometry at -1.25 V for 1h 

Operando ATR-FTIR 

To determine the mechanism for CO2 electroreduction on CuSnBi, operando ATR-FTIR 

spectroscopy was performed. From the product analyses, it is observed that HCOO- is 

the major product obtained from  CO2 electroreduction. CO2 can bind to the catalyst 

either through C or O, resulting in *COOH or *OCHO intermediate, respectively. The 

formation of the *OCHO intermediate results in formate as the major product22. 
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Figure 1.3.23: Potential dependant  operando ATR-FTIR spectra at -1.05 V, -1.25 V, 

and -1.45 V obtained in CO2 saturated 0.5 M KHCO3 solution 

The potential dependent IR spectra  (Figure 1.3.22) show absorbance bands at 1269 cm-

1 and 1431 cm-1 for the *CO2
- and *OCHO intermediate respectively14,31. The IR bands 

at 1515 cm-1 correspond to surface bound *CO3
-, while the band at 1730 cm-1

 is due to 

the *H-O-H bending of water32–34. It is observed that with an increase in the applied 

reduction potential, the intensity of the absorbance band is found to increase. This is 

attributed to the increase in the reduction of CO2 resulting in an increase in the products 

formed. Time dependent in situ IR spectra (Figure 1.3.23) were obtained by conducting 

chronoamperometry at -1.45 V for a duration of 1 h. A gradual increase in the intensity 

of the absorbance bands was observed, indicating the continuous reduction of CO2 and 

the simultaneous formation of formate. 
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Figure 1.3.23: Time dependant operando ATR-FTIR spectra at -1.45 V obtained in CO2 

saturated 0.5 M KHCO3 solution 

 

1.3.5 Conclusion 

CuSnBi nanostructures have been synthesized by NaBH4 assisted reduction at room 

temperature. Herein, incorporating Bi2O3 in CuSn helps enhance the formation of CuOx-

SnOx interfaces, which has proven effective for CO2 electroreduction to formate. This 

could be attributed to the high electronegativity of Bi, which results in charge transfer to 

Bi. Compared to SnO2 and CuSn, CuSnBi shows a reduction in the overpotential for CO2 

reduction, and a maximum formate Faradaic efficiency of 80% was obtained at -1.45 

VRHE. Operando ATR-FTIR spectroscopy shows the formation of the key intermediate 

*OCHO  required for the formation of formate.  
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Chapter- 2.1 

Introduction to Electrochemical Urea Oxidation 

 

 

 

 

Summary:  

A transition to a hydrogen-based economy offers a sustainable approach to energy 

production. However, the primary challenge lies in hydrogen generation. 

Electrochemical water splitting is an environmentally friendly method for hydrogen 

production, but its widespread adoption is hindered by high overpotentials. Urea-assisted 

water electrolysis emerges as an energy efficient alternative. The overall potential 

required for this process is 0.37 V, which is 860 mV less than the conventional water 

splitting. This chapter provides a comprehensive overview of the urea electrooxidation 

process, discussing its challenges, advancements in catalyst development, and the 

analytical tools used to elucidate its reaction mechanism. 
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2.1.1 Hydrogen  Economy 

The rise in greenhouse gas emissions, driven by burning fossil fuels and other human 

activities, emphasizes the urgent need for alternative energy sources. These alternatives 

must be efficient and environmentally friendly, ensuring that their use does not contribute 

to further emissions. Thus, a hydrogen-based economy offers a sustainable approach to 

energy production. 

Hydrogen stands out as a clean-burning fuel, producing only water as a byproduct when 

utilized for energy generation. In addition to being lightweight, hydrogen has a 

remarkable gravimetric energy density of 142 MJ/kg, which is three times greater than 

that of gasoline1,2. Compared to other energy storage materials, hydrogen’s superior 

gravimetric energy density makes it an exceptional choice, positioning it as a vital energy 

source for a sustainable future. 

 

 

Figure 2.1.1: Assessment of Hydrogen demand by 2050 in different sectors. (This image 

is adapted from the report by The International Chamber of Shipping published in July 

2024) 
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Figure 2.1.2 : (a) Current sources of H2, (b) hydrogen demand in various industries. (This 

image is adapted from reference (3)) 

The current demand for hydrogen stands at ~ 95 Mt and is expected to increase to > 400 

Mt by 2050, as shown in Figure 2.1.11,2. Traditionally, hydrogen is produced from fossil 

fuel by steam methane reforming and coal gasification, as shown in Figure 2.1.2 (a). It 

is majorly consumed in the refining sector (~44%)  and  in ammonia production (35%), 

as shown in Figure 2.1.2 (b)3. In recent years, the drive to decarbonize the energy sector 

has brought hydrogen into the spotlight as a low-emission alternative, particularly in the 

transportation sector. This shift has been accompanied by growing interest in fuel cell-

powered vehicles. As a result, meeting the rising demand for hydrogen has become 

quintessential for enabling this transition to cleaner energy solutions. 

Hydrogen can be produced/obtained by various methods. Based on the source/technology 

and its environmental impact, it is colour coded into 8 different categories3:  

1. Black and Brown Hydrogen: This refers to the production of H2 by coal 

gasification. This is the most environmentally damaging process, wherein  huge 

amounts of greenhouse gasses are released into the atmosphere. This process 

contributes to over 30% of the hydrogen obtained worldwide. 

2. Grey Hydrogen: This is the conventional way of producing H2. This consists of 

steam methane reforming at a high temperature of 800-900 oC and 20-30 bar 

pressures. CO/CO2 is emitted as the byproduct. At present, 70% of hydrogen gas 

is obtained through this process. 
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3. Blue Hydrogen: This refers to the hydrogen obtained from the steam reforming 

of the natural gas at high temperatures. CO2 is emitted as the byproduct in the 

process. However, combining this process with carbon capture and storage 

technology helps in reducing emissions.  

4. Turquoise Hydrogen: This process of hydrogen generation involves methane 

pyrolysis. Herein, methane obtained from natural gas is split into hydrogen and 

solid carbon, making it a low emission hydrogen generation process. 

5. Green Hydrogen: It refers to the hydrogen obtained by water splitting. This 

process is driven by the electricity produced from renewable energy sources. 

6. Pink Hydrogen: This refers to the hydrogen generated by electrolysis, using the 

electricity produced by nuclear energy. 

7. Yellow Hydrogen: It is the hydrogen produced by electrolysis powered by solar 

energy 

8. White Hydrogen: This refers to the naturally occurring hydrogen found in the 

underground deposits. This hydrogen is extracted by fracking, wherein a 

pressurized liquid consisting of water, sand, and chemicals is forced into a drilled 

well to release the gas from the rocks. 

Out of the processes mentioned above, green hydrogen produced by electrolysis has 

emerged as a promising approach. This may be attributed to the following reasons: (i) 

the fall in the cost of electrolyzers and renewable power technologies1,4, (ii) negligible 

greenhouse gas emissions, (iii) production of H2 under ambient conditions, and (iv) the 

abundant supply of water as feedstock. 

2.1.2 Electrochemical water splitting 

In this process, electrical energy is applied to split water into hydrogen and oxygen5,6. 

The device used to perform the water splitting is termed an electrolyser7. The electrolyzer 

consists of three major components: cathode, anode, and membrane. At the cathode, 

water is reduced to produce H2, while at the anode, water is oxidized to produce oxygen. 

The two chambers are separated by an ion exchange membrane, which prevents the 
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mixing of the products formed during electrolysis, as shown in Figure 2.1.3. The 

thermodynamic potential required for driving this reaction is 1.23 V vs RHE.  

H2O (l) → H2 + ½ O2 (g)                                        ΔGo = 237 kJ mol-1, ΔEo = 1.23 VRHE 

 

 

Figure 2.1.3: Schematic of an electrolyzer used for water splitting. Reproduced with 

permission from reference (7) 

Due to the poor ionic conductivity of pure water, sulphuric acid, potassium hydroxide, 

or phosphate buffer is added to increase its conductivity. The addition of these substances 

alters the pH of the solution, thus making the electrolyte acidic, basic, and neutral, 

respectively. The pH dependence of water splitting can be understood by the Pourbaix 

diagram8 shown in Figure 2.1.4. The Pourbaix diagram is divided into three regions by 

lines (a) and (b). The lines have a slope of -0.0591 and represent the equilibrium 

condition. The region below line (a) represents the region where water can be reduced to 

H2, while the region above line (b) represents the region where water can be oxidized to 

O2. In the region between the two lines, water is thermodynamically stable and does not 

undergo any reaction.  
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Figure 2.1.4: Pourbaix diagram showing the pH dependence of water splitting on 

potential. Reproduced with permission from reference (8) 

Depending on the electrolyte used, water splitting can be performed in different 

mediums. The cathodic and the anodic half reactions in the three mediums can be 

represented as follows5: 

Acidic Medium: 

Anode: 2H2O → O2 + 4H+ + 4 e-                   Eo = 1.23 V 

Cathode:  4H+ + 4 e- →2H2                            E
o  = 0 V 

Alkaline Medium: 

Anode: 4OH- → O2 + 2H2O + 4 e-                  Eo = 0.401 V 

Cathode:  4H2O + 4 e- →2H2 + 4 OH-             Eo  = -0.83 V 

Neutral Medium: 

Anode: 2H2O → O2 + 4H+ + 4 e-                     Eo = 0.82 V 

Cathode:  4H2O + 4 e- →2H2 + 4 OH-             Eo  = 0.413 V 

line b 

line a 

O2 

H2 
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From the above equations, it can be observed that HER is a 2 electron process and OER 

is a 4 electron process. The sluggish kinetics associated with the 4 electron transfer 

process results in a high overpotential of ≥ 𝟐𝟎𝟎 𝐦𝐕 for OER. Therefore, a key 

determining factor for improving the energy efficiency of the water splitting process is 

improving the kinetics of the oxygen evolution reaction. Furthermore, water splitting 

cannot be performed in a single compartment setup because of the explosive nature of 

the H2/O2 gaseous mixture. Hence, the use of an appropriate membrane is essential. These 

membranes are prone to degradation with time, which results in device failure. A 

potential strategy to overcome the mentioned limitation is the substitution of OER with 

oxidation of readily oxidizable organic molecules such as glucose, formaldehyde, benzyl 

alcohol, urea, etc, resulting in hybrid water electrolysis. 

2.1.3. Hybrid water electrolysis 

The thermodynamic potential for the oxidation of these organic molecules is low in 

comparison to the oxygen evolution reaction, as shown in Figure 2.1.5. Thus, the process 

becomes more energy efficient. This kind of water electrolysis is termed hybrid water 

electrolysis.9–11  

 

Figure 2.1.5: Comparison of standard potential for the oxidation of organic molecules 

with respect to OER. (Reproduced with permission from reference (11)) 

 



Electrochemical Urea Oxidation 

129 | P a g e  
 

Oxygen Evolution: 4OH- → O2 + 2H2O + 4 e-                                          Eo = -1.23 VRHE 

Hydrazine Oxidation: N2H4 + 4OH- → N2 + 4H2O + 4 e-                            Eo = -0.33VRHE 

Sulfide Oxidation: S2- → S + 2e-                                                                 Eo =-0.48 VRHE 

Alcohol Oxidation: RCH2OH  + 2OH- → RCHO + 2H2O+ 2e-                  Eo = 0.41 VRHE 

Urea Oxidation: CO(NH2)2 + 6 OH- → N2 (g) + 5H2 (g) + CO2 + 6e-      Eo =0.37 VRHE 

Apart from being energy efficient, the oxidation of these organic molecules provides 

distinct advantages. Firstly, organic molecules such as urea, hydrazine, ammonia, etc., 

are major pollutants that get consumed. This helps in overcoming the cost incurred in the 

separation and removal of waste substances from water and makes the process 

environment friendly. Secondly, organic molecules such as glycerol, glucose, benzyl 

alcohol, etc., can be oxidized to produce value added products, which can be further used 

as industrial feedstocks for synthesizing essential chemicals.  

2.1.4. Electrochemical Urea Oxidation (UOR) 

In nature, the hydrolysis of the urea molecule is facilitated by the urease enzyme. It 

consists of two Ni (II) sites attached to water molecules and a bridging hydroxide group 

(Figure 2.1.6 a). The hydroxide and the Ni2+ sites form the active site for urea 

dissociation. During the process, one of the Ni sites gets attached to the carbonyl oxygen 

of the urea, making the carbon susceptible to nucleophilic attack. Subsequently, the 

amine group of the urea molecule binds with the second Ni site, resulting in a bidentate 

bond formation. This facilitates the nucleophilic attack by the bridging hydroxide on the 

carbonyl carbon, forming a tetrahedral intermediate that dissociates to form carbamate 

and ammonia (Figure 2.1.6 b).12–15 
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Figure 2.1.6: (a) Structure of the active site of urease enzyme, (b) Mechanism of urea 

hydrolysis on urease enzyme. Reproduced with permission from references (14,15) 

Inspired by the urease enzyme, in 2009, Botte et al. 16 reported for the first time the 

electrooxidation of urea in the alkaline medium by Ni(OH)2. The experiment was 

performed in a solution containing 1 M KOH and 0.33 M urea. The concentration of urea 

taken is equivalent to the concentration of urea in human urine. It was observed that 

(a) 

(b) 
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during the electrooxidation, Ni(OH)2 gets oxidized to Ni(OOH), which acts as the active 

site for the oxidation of urea to N2, CO2, and H2. 

At anode: 

Reaction 1: Oxidation of Ni(OH)2 

Ni(OH)2 (s) + OH- → NiOOH (s) + H2O (l) + e-                                     Eo = 0.49 VSHE 

Reaction 2: Oxidation of Urea 

CO(NH2)2 (aq) + 6OH- → N2 (g) + 5H2O (l) + CO2 (g) + 6e-                 Eo = -0.46VSHE 

At Cathode: Hydrogen Evolution Reaction 

6H2O (l) + 6e- → 3H2 (g) +6OH-                                                             Eo = -0.83 VSHE 

Overall : CO(NH2)2 + H2O(l) → N2 (g) + 3H2 (g) + CO2 (g)                 Eo = -0.37 V 

At the anode, two reactions take place. First is the generation of the active site by the 

oxidation of Ni(OH)2 to NiOOH, followed by the oxidation of urea. At the cathode, the 

reduction of water takes place. In comparison, the potential required for urea assisted 

water electrolysis is 860 mV less than that required for conventional water electrolysis. 

Thus, making the process energy efficient.  
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Botte et al. 17,18 suggested two possible pathways for urea electrooxidation on Ni(OOH), 

namely the direct and indirect urea electrooxidation.  

 

 

Figure 2.1.7: Indirect  pathway and  direct pathway for electrooxidation 

Indirect urea electrooxidation mechanism: this mechanism is also termed as 

electrochemical-chemical (E-C) oxidation mechanism (Figure 2.1.7). It consists of two 

steps. In the first step, electrochemical oxidation of  Ni(OH)2 to NiOOH occurs. This is 

followed by the OH- assisted chemical oxidation of urea to N2, CO2, and H2O on the 

NiOOH, with the simultaneous reduction of Ni(OOH) to Ni(OH)2. 

Electrochemical : Ni(OH)2 (s) + OH- ↔NiOOH (s) + H2O (l) + e-
 

Chemical : CO(NH2)2 (aq) + 6OH- → N2 (g) + 5H2O (l) + CO2 (g) + 6e- 

EC Pathway:  

CO(NH2)2 + H2O(l) + NiOOH (s) → N2 (g) + 3H2 (g) + CO2 (g)+ Ni(OH)2 (s) 

Direct Urea electrooxidation Mechanism: In this mechanism, NiOOH is formed by the 

electrochemical oxidation of Ni(OH)2. It is followed by the electrooxidation of urea to 

N2, CO2, and H2O over the formed NiOOH (Figure 2.1.7). Unlike the EC mechanism, 

NiOOH sites are retained following the urea oxidation. 

Ni(OH)2 (s) + OH- ↔NiOOH (s) + H2O (l) + e-
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CO(NH2)2 (aq) + 6OH- → N2 (g) + 5H2O (l) + CO2 (g) + 6e- 

Once the urea is adsorbed on NiOOH, its dissociation is facilitated by the hydroxide ions 

present in the medium. DFT analysis by Botte et al. revealed that the urea dissociation 

pathway on NiOOH leads to the formation of N2 and CO2, as shown in Table 2.1.1.18 The 

authors proposed that the first step involves the adsorption of urea on NiOOH. The 

hydroxide ion present in the medium then attacks the adsorbed urea molecule and extracts 

the proton from the amine groups of the urea molecule.  

 

Table 2.1.1: Sum of free energies for all intermediates on NiOOH. Reproduced with 

permission from reference (18) 

The N-moieties present on the surface then react to form N2 (N-N coupling) and *CO. 

Subsequently, the N2 formed is released, and the CO is oxidized to CO2, which is 

desorbed from the catalyst surface. The calculations show that the rate determining step 

is the desorption of CO2 from the surface attributed to the large positive Gibbs free energy 

value of 1227.7 kJ mol-1. This makes the desorption non-spontaneous.  

2.1.4.1. Formation of byproducts 

Formation of Nitrates 

As proposed by Yang’s group19 and Klinkova’s group20, there is a possibility of the 

overoxidation of the N-moieties to form NOx
- species. During the electrooxidation, if the 

C-N cleavage is simultaneously followed by N-N coupling, it results in the formation of 

N2 and CO2 as the product. 
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However, if during the C-N cleavage, OH- attacks the carbon center of the urea molecule, 

*NHCO(NH2)OH is formed. The adsorbed urea molecule is cleaved to form *NH2 and 

*COONH intermediate. The adsorbed NH2 then undergoes intermolecular N-N coupling 

by reaction with the surrounding urea molecule to form N2 and N2O. It can also react 

with the OH- in the medium to form *NO2
-  which further gets oxidized to NO3

- or gets 

reduced to N2O by selective catalytic reduction, as shown in Figure 2.1.8. The overall 

reaction is as follows: 

CO(NH2)2 (aq) + 16OH- → 2NO2
- (g) + 10H2O (l) + CO3

2- (g) + 12e- 

The nitrates thus formed are not environment friendly. Thus, a catalyst needs to be 

designed to inhibit the formation of these species. 

 

Figure 2.1.8: Pathway for overoxidation of urea to form NOx
-. Reproduced with 

permission from reference (19) 

Formation of Cyanates 

During the urea electrooxidation, cyanate species can be formed as a byproduct. There 

are two possible pathways for the formation of cyanate. The first pathway involves the 

intermolecular interaction of the urea molecule to form N2, which leads to isocyanic acid 

being the byproduct (Figure 2.1.9). This gets deprotonated to form cyanate in the alkaline 

medium. 21 
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Figure 2.1.9: Formation of cyanate by the intermolecular interaction of urea. Reproduced 

with permission from reference (21) 

In the second pathway, isocyanic acid is formed by the deprotonation of the unoxidized 

NH2 group of the urea molecule by the OH- in the medium, while the partially oxidized 

N species are left on the surface of NiOOH. The isocyanic acid undergoes deprotonation 

to form cyanate (Figure 2.1.10). The partially oxidized nitrogen can undergo further 

oxidation to form NOx
- species. However, the kinetics for this oxidation is slower in 

comparison to the oxidation to N2.
21 

 

Figure 2.1.10: Formation of cyanate by deprotonation of the unoxidized NH2 group by 

OH- . Reproduced with permission from reference (21) 

2.1.5. Operando spectroscopy for mechanistic investigation 

The dynamic nature of the electrochemical urea oxidation can be tracked by operando 

Raman spectroscopy, operando Infrared spectroscopy, and Potentiostatic electrochemical 

impedance spectroscopy.  
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2.1.5.1 Raman Spectroscopy  

In situ Raman spectroscopy can be used to identify the evolution of the active site during 

the reaction. As reported by Botte et al. 22, operando Raman spectroscopy was used to 

identify the reaction mechanism for the electrooxidation of urea in the alkaline medium 

on Ni(OH)2 catalyst. Initially, the broad hump observed between 200-600cm-1 was 

assigned to Ni(OH)2. Upon applying the oxidation potential, the Ni(OH)2 gets converted 

to NiOOH (Figure 2.1.11a). This is evident from the evolution of two strong peaks at 

479 cm-1 and 559 cm-1, corresponding to the Eg bending and A1g stretching vibrations 

of the Ni-O bond in Ni-OOH, respectively. In the absence of urea, the intensity of this 

peak remains constant from 1.2V to 1.5V vs RHE. When urea is present along with KOH, 

these peaks shift to 476 and 558 cm-1, respectively (Figure 2.1.11b). Moreover, the 

intensity of this peak diminishes and eventually disappears.  The peak corresponding to 

the C-N stretch of urea is also observed at 1003 cm-1. The intensity of this peak is also 

found to decrease as the applied potential increases. Furthermore, a peak at 1062 cm-1 

was assigned to the symmetric stretch of CO3
2- formed by the reaction of evolved CO2 

with hydroxide in the medium.  

 

Figure 2.1.11: Urea electrooxidation of Ni(OH)2 as monitored by Raman spectroscopy 

(a) in the absence of urea and (b) in the presence of urea. Reproduced with permission 

from reference (22) 

Likewise, operando Raman spectroscopy was used to study the urea electrooxidation in 

the bimetallic system, such as NiCo hydroxides 23 and Mo doped NiS.24  In case of NiCo 
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hydroxide23, it was observed that in addition to the oxidation of Ni(OH)2 to NiOOH, 

Co(OH)2 was also converted to CoOOH and CoO2. This change in the oxidation state of 

Co was identified by the appearance of the additional broad peak centered at 573 cm-1 

corresponding to CoOOH and CoO2. The as formed active site consisting of NiIII-CoIII-

CoIV has a higher electrooxidation ability to split urea. 

 

Figure 2.1.12: Urea electrooxidation on Mo doped NiS. Reproduced with permission 

from reference (24) 

In another example, Mo4+ was the active site for UOR in Mo doped NiS24
,  as shown in 

Figure 2.1.12. Herein, the interaction of urea with Mo was identified by the appearance 

of peaks at 896 cm-1 and 976 cm-1, which corresponds to Mo4+-O bond between the Mo 

site and the O atom of the adsorbed urea.  

2.1.5.2 Infrared Spectroscopy  

Operando IR spectroscopy can be used to identify the characteristic intermediates formed 

on the catalyst surface during the urea electrooxidation reaction25. Two characteristic 

peaks are generally studied to identify the reaction pathway: A peak at ~2169 cm-1 

characteristic of CNO- intermediate and a peak at ~1381 cm-1 corresponding to the 

formation of CO3
2-. The appearance of the peak corresponding to CNO- indicates the 

incomplete oxidation of the urea molecule. While the appearance of the peak 
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corresponding to CO3
2- indicates complete oxidation of the urea molecule. The intensity 

of the cyanate and the carbonate bands is used as an indicator of the oxidation of urea. 

An increase in the intensity of the cyanate IR band indicates that an incomplete oxidation 

pathway is preferred. An increase in the intensity of the carbonate band with a minimal 

change in the intensity of the cyanate band indicates that the complete oxidation of urea 

is preferred. Apart from this, IR peaks with negative absorbance are also observed at 

3300 cm-1, which is attributed to the consumption of hydroxide present in the medium. 

Similarly, the peaks at 1669 cm-1, 1610 cm-1
, and 1470 cm-1 are characteristic of the C=O, 

N-H, and C-N bonds of urea, respectively (Figure 2.1.13). The negative absorbance is 

attributed to the consumption of urea in the medium.  

 

 

Figure 2.1.13: The operando FTIR spectra  of   urea electrooxidation on (a), (b) NiWO4 

(Reproduced with permission from references (25, 26)) and  (c), (d) FeCo0.85 Se/FeCo 

LDH. Reproduced with permission from references (25, 27) 

For instance, operando studies on amorphous and crystalline NiWO4
26  predicted two 

pathways. The FTIR spectra show the presence of CNO- and CO3
2- in both amorphous 
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and crystalline NiWO4 (Figure 2.1.13 a, b). However, in amorphous NiWO4, the area of 

the peak corresponding to CO3
2- was much higher than the peak corresponding to CNO-

, implying the preference for a complete oxidation pathway. In contrast, the partial 

oxidation of urea was favored over crystalline NiWO4. Likewise, in the case of FeCo0.85 

Se/FeCo LDH27, the formation of NCO- intermediate was observed (Figure 2.1.13 c, d). 

It was observed that the intensity of the peak at 2169 cm-1 increases significantly with 

time. However, the vibrational band corresponding to the CO3
2- was weak. This implies 

that urea undergoes incomplete oxidation over the catalyst.  

2.1.5.3 Electrochemical Impedance spectroscopy  

This technique is used to determine the urea electrooxidation pathway and the charge 

transfer resistance associated with it. Two types of plots, namely the Nyquist plot and the 

Bode plot can be obtained from potentiostatic impedance spectroscopy.  

A Bode plot is a plot of log (-frequency) vs -phase angle. From the Bode plot28–30, the 

urea electrooxidation pathway followed by the catalyst can be determined. If the urea 

electrooxidation occurs by the direct pathway, only one peak in the low frequency region 

is observed. However, if the urea electrooxidation follows both the direct and indirect 

pathway, two peaks are observed. The peak in the low frequency region corresponds to 

the direct pathway, while the peak in the high frequency region corresponds to the 

indirect pathway (Figure 2.1.14 b, d). 



Chapter 2.1 

140 | P a g e  
 

 

Figure 2.1.14: (a), (c) Nyquist plot and (b), (d) corresponding Bode plot for urea 

electrooxidation on the Ni catalyst. Reproduced with permission from reference (28) 

The charge transfer resistance associated with each pathway is determined from the 

Nyquist plot. The Nyquist plot is a plot of -Im (Z) vs Re(Z). For the urea electrooxidation 

proceeding by a combination of direct and indirect pathways, two semicircles are 

observed. The first semicircle corresponds to the charge transfer resistance for the  

electrochemical oxidation of Ni(OH)2 to NiOOH in the indirect pathway, while the 

second semicircle corresponds to the charge transfer resistance for the electrooxidation 

of urea over NiOOH in the direct pathway. Nyquist plot can also be used to determine 

the rate determining step. The occurrence of the negative real impedance (Figure 2.1.14 

c)  indicates that the desorption of  COx species is the rate determining step. On the 

contrary, the occurrence of positive impedance (Figure 2.1.14 a, c)   implies that the 

formation of COx is the rate-determining step28,30. 
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2.1.6 Electrochemical parameters to evaluate the catalytic activity 

Overpotential: It is a measure of the potential required over the thermodynamic potential 

to drive the electrolytic process. The sluggish kinetics of the 6 e- transfer results in the 

requirement of higher potentials. Hence, for UOR, one of the main aims is to reduce the 

overpotential. The overpotential is determined by the following formula: 

η = ERHE -0.37V 

Current Density: It represents the rate of the reaction for any electrochemical reaction. 

A suitable catalyst should be able to achieve higher current densities at lower potentials, 

thus making the process energy efficient. 

Stability: It is measured generally by chronoamperometry or chronopotentiometry, 

where a constant potential or constant current is applied, respectively. Corresponding 

current density/potential response is recorded. A stable catalyst shows minimal change 

in the current density/potential. This parameter measures how long the catalyst can retain 

its activity without any degradation. 

Tafel slope: The Tafel equation is derived from the Butler Volmer equation, and it 

connects the rate of the reaction with the overpotential31. It measures how fast the 

overpotential changes as the current density increases by a factor of ten. The Tafel 

relation holds only in the absence of mass transfer limitations. It shows a linear behaviour 

when the electrode kinetics are sluggish resulting in significant activation polarisation. 

For a reaction, O + e-↔ R, the Tafel equation for the forward reaction (cathodic process) 

is given by  

𝜼 = −
𝟐. 𝟑𝟎𝟑𝑹𝑻

𝜶𝑭
 𝒍𝒐𝒈 𝒊 +  

𝟐. 𝟑𝟎𝟑𝑹𝑻

𝜶𝑭
 𝒍𝒐𝒈 𝒊𝒐 

While the Tafel equation for the backward reaction (anodic process) is given by  

𝜼 =
𝟐. 𝟑𝟎𝟑𝑹𝑻

(𝟏 − 𝜶)𝑭
 𝒍𝒐𝒈 𝒊 −  

𝟐. 𝟑𝟎𝟑𝑹𝑻

(𝟏 − 𝜶)𝑭
 𝒍𝒐𝒈 𝒊𝒐 

Here, η stands for overpotential, i stands for current density, io stands for exchange 

current density, α stands for transfer coefficient, F stands for Faraday constant, R stands 

for universal gas constant and T stands for temperature. The Tafel plot is a plot of log i 
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vs η as shown in Figure 2.1.15. At high overpotentials, the plot shows a linear behaviour. 

However, as the η approaches zero, the plot deviates from linearity as the backward 

reaction is no longer negligible. 

The slope of the linear region, also called the Tafel slope, can be used to determine the 

transfer coefficient (α). It is a measure of the fraction of the applied energy that is required 

to drive the redox reaction. The Tafel slope is inversely proportional to the value of the 

transfer coefficient. Hence, lower the Tafel slope value, the higher the value of the 

transfer coefficient indicating faster reaction kinetics. 

 

Figure 2.1.15: Tafel plots for anodic and cathodic reactions for the reaction O + e-↔ R 

with α = 0.5 at T = 298 K and j = − Acm2. Reproduced with permission from 

reference (31) 

From, the intercept of the Tafel plot, the value of the exchange current density (io) can be 

determined. The exchange current density indicates the current flowing in both the anodic 

and cathodic directions at equilibrium. The higher the value of io the faster is the 

exchange of the ions and charge across the electrode/electrolyte interface. 

Electrochemically active surface area (ECSA): It is a measure of the effective area of 

the electrode, which is responsible for the electrochemical reaction. The higher the 

ECSA, the higher the number of the catalytically active site. 
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2.1.7 Strategies for designing UOR electrocatalysts 

The major challenges that need to be addressed while designing a catalyst for urea 

electrooxidation are: 

1. Rapid formation of active NiOOH species, thereby improving the kinetics of the 

reaction 

2. Inhibiting the poisoning of the active site by the adsorption of COx species on the 

catalyst surface 

3. Regulating the adsorption and activation of the urea molecule to reduce the 

overpotential 

Ni in the form of oxides, hydroxides, and metallic Ni has proven to be an active catalyst 

for UOR. However, it lacks long term stability owing to the poisoning of the active site 

and high overpotential for the electrochemical oxidation of Ni(OH)2 to NiOOH.  To 

address these challenges, Ni(OH)2 is modified by introducing other transition metals or 

non-metals such as Mo32,33, Mn34, Co35, S36, B37, F38, etc. This provides an additional site 

for urea adsorption, prevents the poisoning of the active site, and enhances the urea 

electrooxidation kinetics by introducing defects or the creation of efficient 

heterojunctions.  

2.1.7.1. Creation of an additional adsorption site  

Xiao et al. synthesized MnO2/MnCo2O4/Ni heterostructures34, wherein MnCo2O4 forms 

the core, and MnO2 forms the shell. The presence of Co2+/Co3+ and Mn2+/Mn3+/Mn4+ 

provides a surface rich in electroactive species. Further, the synergistic interaction 

betweenMnCo2O4 core and MnO2 shell results in optimum adsorption of the urea 

molecule. In another report by Song et al., Mn was found to be the active site in 

NiS2@MnOx
39. It was observed that urea gets adsorbed onto the Mn4+ site, reducing it to 

Mn2+. The Ni site adjacent to the Mn site is converted to Ni3+ and promotes N-N coupling 

(Figure 2.1.16 a, b).  



Chapter 2.1 

144 | P a g e  
 

 

 

Figure 2.1.16 : (a), (b) Urea electrooxidation on NiS2@MnO2. Reproduced with 

permission from reference (39) and (c) Urea electrooxidation of N vacancy-rich Ce doped 

Ni3N. Reproduced with permission from reference (40) 

In another example, Ce doped Ni3N
40 is a potential catalyst for urea electrooxidation. 

Here, the high electronegativity of Ni pulls the electrons towards itself, resulting in a 

higher oxidation state for Ce. The electron withdrawing C=O group of the urea molecule 

is attracted to the Ni site, while the electron donating NH2 group is attracted towards the 

Ce, promoting urea oxidation. The introduction of Ce also helps in the formation of N 

vacancies which is responsible for the enhancement in the kinetics of the reaction (Figure 

2.1.16 c). Co and V co-doped NiS2
35 is a potential catalyst for UOR. The synergistic 

interaction between Ni, Co, V, and S proves to be efficient for the electrooxidation 

activity. The V element helps to improve the activity of Ni and Co elements and enhance 

the electron transfer ability between Ni and S. The Ni-Co sites synergistically catalyzed 

the urea electrooxidation. Herein, Co with high oxygen affinity stabilized the carbonyl 

group while the highly active Ni interacts with the N functional group of urea. The 



Electrochemical Urea Oxidation 

145 | P a g e  
 

introduction of V reduced the electron density of Co and Ni and thereby reduced the 

energy barriers of N-H bond breakage. 

2.1.7.2.Formation of active sites 

The higher oxidation state of Mo32,41, W33, and Ce42 also plays a critical role in enhancing 

the UOR activity.  For instance, in the case of NiMoO32, the presence of Mo as Mo6+ 

helps in oxidizing Ni2+ to Ni3+,  thereby creating more active sites. Likewise, nickel 

molybdate hydrate nanorods (NiMoO4. xH2O)41 act as a precatalyst. Herein, the nickel 

molybdate hydrate nanorods undergo exfoliation to form nanosheets of amorphous nickel 

hydroxide. This lowers the potential for the oxidation of Ni(OH)2 to NiOOH. The 

resultant catalyst also exhibits higher current density and a higher turnover frequency in 

comparison to Ni(OH)2. In the case of W doped NiS2 /MoO2
33, the electron transfer takes 

place across the heterogeneous interface from NiS2 to more electronegative MoO2. 

Doping with W helps improve the catalytic activity by tuning the d-band center, resulting 

in the enhancement of the activity by increasing the number of exposed active sites. Ce 

doped α-Ni(OH)2
42 exhibits excellent catalytic activity towards UOR. Herein, the Ce is 

present in a mixed oxidation state consisting of Ce3+ and Ce4+. The strong interaction 

between Ce and Ni results in a positive shift in the binding energy of Ni. This interaction 

helps in creating a greater number of high valence catalytically active sites responsible 

for UOR.  

Nickel borides (NiBx) is another class of compound that has proven to be efficient for 

this reaction 37. In this catalyst, metaborates, i.e., BO2
- are formed, which promotes the 

formation of NiOOH. Moreover, the presence of these borates provides an optimum 

adsorption strength for urea, thereby ensuring high electrooxidation activity. Nickel 

sulfides have been extensively studied for the electrooxidation reactions. NixSy are non-

layered sulfides43, and their conducting nature depends on their composition. For 

instance, NiS2 is insulating while Ni3S2 shows a metallic behavior. In these systems, the 

metal atoms are the actual active site, while S plays a crucial role in determining the 

catalytic activity. The delocalized electron on the S atom promotes the -OOH 

intermediate formation on the metal surface. In a recent report, X. Zhuo et al. have shown 

the activity of Ni3S2/Ni heterostructure nanobelt arrays44 as bifunctional catalysts for urea 

assisted water electrolysis. The strong interaction between Ni3S2 and Ni results in the 

formation of electron poor Ni species. This accelerates the formation of NiOOH required 
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for urea oxidation. Transition metal selenides45 are another class of compounds that have 

properties similar to sulfides. The increased metallic character of selenides is due to the 

efficient bonding of the 3d orbitals of Se with the metals 3s and 3p orbitals, which result 

in higher conductivity and lower band gaps. This is responsible for the enhanced catalytic 

activity of these compounds.  For instance, Ni3Se4
46 nanorod arrays have proven to be 

efficient for UOR, wherein the formation of the Ni-Se bond improves the intrinsic 

activity of the catalyst. 

Transition metal nitrides are interstitial alloys where the N atoms are present at the 

interstitial sites. The presence of these nitrogen atoms helps in improving the 

conductivity and chemical stability of the catalyst 47,48. Ni3N has been studied for the urea 

electrooxidation activity wherein the presence of the more electronegative N atom 

enables the formation of high valence Ni sites responsible for the catalytic activity 49.  

2.1.7.3.Creation of heterojunctions 

Fe-Co0.85Se/FeCo LDH nanosheet array has proven to be an efficient UOR catalyst. 

Herein, the electron transfer occurs from the FeCoLDH side to the Fe-Co0.85 Se region, 

resulting in strong electronic interaction between the two phases. This, in turn, provides 

optimum adsorption of the intermediates, resulting in enhanced UOR activity27. 

Likewise, in NiF3/Ni2P heterojunction, the electron flows from the electron rich NiF3 site 

to the electron deficient Ni2P site. The carbonyl group binds on the NiF3 site, while the 

amino group is bound to the Ni2P site, thereby promoting the decomposition of the urea 

molecule. 38  

Mott Schottky heterojunctions are formed when a metal comes in contact with the 

semiconductor. As a result, the semiconductor band bends to match the work function of 

the metal (i.e., the minimum energy required to extract the electron from the electronic 

ground state of the metal). This results in the flow of the electron across the 

heterointerface (Figure 2.1.17 a, b). The creation of such heterojunctions enhances the 

catalytic performance of the material by creating more active sites, efficient charge 

transfer, and optimum adsorption of the intermediates.50,51  
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Figure 2.1.17: (a), (b) Schematic of a Mott Schottky heterojunction. Reproduced with 

permission from reference (51), (c) Urea electrooxidation on Mott Schottky catalyst 

Ni/W5N4 supported on Ni foam and (d) Ni/W5N4 heterojunction. Reproduced with 

permission from reference (52). 

For instance, Ni/W5N4 supported on Ni foam52 is an efficient Mott- Schottky 

heterojunction. Herein, the electron transfer occurs from metallic Ni to the W5N4 phase 

(Figure 2.1.17 c, d). The surface of the catalyst undergoes reconstruction to form nickel 

tungsten hydroxide, which is the catalytically active phase and results in enhanced UOR 

activity.  In NiS/Ni3S2
36, the electron moves from the Ni3S2 to NiS, resulting in charge 

redistribution at the interface, creating an electric field beneficial for electron transfer. 

This favors the formation of NiOOH sites at lower potential and provides optimal 

adsorption for the urea molecule. In the case of CoS2- MoS2 Schottky catalyst53, the 

electron transfer between CoS2 and MoS2 results in the electrophilic CoS2 surface and 

nucleophilic MoS2 surface. During urea electrooxidation, the carbonyl group of the urea 

is adsorbed on the MoS2 side while the amino group is absorbed on the CoS2 site. This 

facilitates the C-N bond cleavage and promotes the decomposition of urea. 
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2.1.8 Conclusion 

This chapter explores the critical role of hydrogen in shaping a sustainable energy future, 

highlighting its sources, applications, and the growing importance of the hydrogen 

economy. A key focus is on electrochemical water splitting, a promising and energy-

efficient approach to hydrogen production. However, the main bottleneck in this process 

is the sluggish kinetics associated with the oxygen evolution reaction, which limits its 

commercial viability. Replacing OER with the electrooxidation of readily oxidizable 

molecules for hybrid water electrolysis is a promising strategy. In this context, urea 

electrooxidation emerges as a viable alternative, enabling water electrolysis at a potential 

of 0.37 V, which is much lower than the potential required for conventional water 

electrolysis. This chapter discusses the major limitations,  and the mechanistic pathways 

associated with UOR. Furthermore, the different analytical techniques used to study urea 

electrooxidation have been discussed in detail. Lastly, different strategies to modify the 

electrocatalyst to enhance the electrochemical activity have been reviewed. 
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Chapter- 2.2 

Improvement in overall performance for electrochemical 

urea oxidation by introduction of Pd in Ni(OH)2 

 

 

 

Summary:  

The modification of Ni(OH)2 by incorporating other transition metals helps enhance the 

stability and the kinetics for urea electrooxidation reaction. In this work, Pd/Ni(OH)2 was 

developed as an efficient catalyst for the process. The incorporation of Pd effectively 

mitigated rapid poisoning of the active sites, ensuring a remarkable stability of 300 hrs. 

Furthermore, a significant reduction in overpotential and charge transfer resistance was 

achieved. Operando Raman and ATR-FTIR spectroscopy was used to gain mechanistic 

insights into the reaction 
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2.2.1. Introduction 

The hydrogen production by electrochemical water splitting can be made more energy 

efficient by replacing OER with the electrochemical oxidation of urea (UOR).  Ni(OH)2 

is the primary catalyst investigated for urea electrooxidation. However, its major 

challenges include sluggish kinetics associated with the 6 electron transfer process and 

limited stability, primarily due to active site poisoning by the strong adsorption of CO2
1.  

Efforts have been made to improve the stability and overall electrooxidation performance 

by introducing heteroatoms such as Rh, Ru, Mo, Co, etc, with Ni(OH)2
2–6. Incorporation 

of the heteroatoms improves the electrocatalytic performance by providing optimal 

interaction of the urea molecule with the active site. However, further improvement in 

this direction is required for the large-scale application of this process. 

Noble metals like Au and Pd have been employed to mitigate poisoning in 

electrocatalytic reactions. Their incorporation weakens the binding strength of COx 

species to active sites, enhancing catalyst tolerance. This improved resistance is 

attributed to their weak adsorption properties, electronic modifications, and lattice effects 

that prevent strong CO attachment7,8. Hence, the use of these metals could be extended 

to address the CO2 poisoning in urea electrooxidation. 

The synergy between Ni and Pd has been shown to enhance electrochemical activity by 

facilitating the optimal adsorption and activation of organic molecules. Thus, the PdNi 

catalysts have been extensively studied for electrocatalytic reactions such as HER9–11, 

ORR12, formic acid oxidation13, hydrazine oxidation reaction14, alcohol oxidation15 

UOR16 etc.  For example, in the PdNi catalyst, galvanic replacement of electrodeposited 

Ni with Pd enhances electrochemical hydrogen evolution and formic acid oxidation. This 

was attributed to two factors: the lattice contraction due to the dissolution of Ni atoms 

and the charge transfer from Ni to Pd, leading to the downshift of the Pd d-band center. 

These effects weaken the interaction strength between adsorbates and the Pd surface, 

leading to enhanced catalytic activity 10.  In another study, G. Liu et al. reported a 

Pd/NiFeLDH catalyst for hydrazine oxidation. The incorporation of Pd onto NiFe LDH 

enhances the electron density of the surrounding environment through electron transfer 

from Pd to the support, resulting in Pd adopting a positive valence state. This strengthens 

its interaction with hydrazine molecules, facilitating their complete electrooxidation to 

nitrogen. 14.   
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Similarly, NiPd bimetallic catalysts supported on ordered mesoporous carbon have been 

explored for urea electrooxidation. Their enhanced efficiency is primarily due to the 

interaction between Ni and Pd, which optimizes urea adsorption and activation, along 

with the high surface area and conductivity of the OMC support16. However, the major 

limitations of this catalyst include its high Pd content and limited stability, highlighting 

the need for further improvements. 

2.2.2. Scope of the present investigation 

In the present work, Pd/Ni(OH)2 has been studied as an efficient catalyst for 

electrochemical urea oxidation. Herein, Pd helps improve the adsorption and activation 

of the urea molecule, resulting in enhanced reaction kinetics. This leads to a lowering of 

the overpotential and an increase in the overall current density (380 mA cm-2 at 1.5 VRHE) 

in comparison to Ni(OH)2. Additionally, the presence of Pd prevents the poisoning of the 

active site, resulting in a substantial improvement in stability of upto 300 h with 

negligible decay. Furthermore, operando spectroscopic studies were performed to 

understand the mechanism of the reaction 

2.2.3. Experimental Section 

2.2.3.1. Materials 

Palladium chloride (PdCl2), sodium borohydride (NaBH4), and 5 wt% Nafion solution 

were purchased from Sigma Aldrich. Nickel chloride hexahydrate (NiCl2.6H2O) was 

procured from Loba Chemie Pvt. Ltd. Potassium hydroxide (KOH) and isopropyl alcohol 

(IPA) were purchased from Merck Life Sciences Pvt. Ltd. Ethanol was procured from 

Hayman. Toray Carbon paper (with a thickness of ~0.4mm) was obtained from Alfa 

Aesar.  All the chemicals obtained were used without further purification. Deionized 

water with a resistivity of 18.2 MΩ cm (MilliQ water) was used for all the synthesis and 

catalytic studies. 

2.2.3.2. Characterization technique  

Powder X-ray diffraction (PXRD) patterns of the synthesized materials were acquired by 

a Rigaku diffractometer with copper anode generating X-ray of wavelength 1.54 Å. High-

resolution transmission electron microscopy (HRTEM) images of the samples were 

obtained on the JEOL JEM 2100 Plus electron microscope. The samples for the TEM 
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studies were prepared by stripping the catalyst from the carbon paper by sonication in 

ethanol. The as prepared dispersion was dropcasted on the Cu grid. Zeiss Gemini FESEM 

500 was used to acquire FESEM images. X-ray photoelectron spectroscopy (XPS) 

measurements were carried out using a Thermo K-alpha spectrometer using micro 

focused and monochromated AlKα radiation. Inductively coupled plasma optical 

emission spectroscopy (ICP-OES) analyses were performed on the Perkin Elmer Optima 

7000DV instrument to determine the Pd loading. XAS measurements were performed at 

PETRA III, beamline P64, DESY, Germany. Measurements of Ni K-edge and Pd K-

edges at ambient pressures were performed in both fluorescence and transmission modes 

using gas ionization chambers to monitor the incident and transmitted X-ray intensities. 

The in-situ IR study was carried out using a Bruker 70v vertex FTIR spectrometer 

equipped with a mid-band MCT detector. The operando Raman spectroscopy was 

performed using the Renishaw inVia Raman spectrometer. Temperature programmed 

desorption with CO2 as the probe molecule was performed using the Belcat II TPx 

instrument. The electrochemical studies were performed using Biologic potentiostat. 

2.2.3.3. Synthesis of Ni(OH)2  

Ni(OH)2 was synthesized by NaBH4 assisted reduction method at room temperature17. In 

a typical synthesis, 17 mL of 0.1 M NiCl2.6H2O solution was added into a 250 mL beaker 

containing 85 mL of 0.1 M NaBH4 solution under vigorous stirring. The resultant 

solution was stirred for 20 min. Ni(OH)2 precipitates as a black colored compound. The 

black compound was collected by centrifugation and washed thrice with water and once 

with ethanol. The black compound collected after centrifugation was kept for drying at 

40 C overnight. 

2.2.3.4. Preparation of working electrode 

To prepare the coating ink, 2 mg of as prepared Ni(OH)2 was dispersed in 1 mL of 

isopropyl alcohol. The mixture was sonicated for 1 h. 20 µL of 5 wt% Nafion solution 

was added to the ink and sonicated for another hour.  200 µL of the as prepared coating 

ink was drop casted on Toray carbon paper of area 0.25 cm2 to maintain a mass loading 

of 1.6 mg cm-2. The electrodes were then dried overnight. 
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2.2.3.5. Electrodeposition of Pd on Ni(OH)2 

Pd was electrodeposited onto the Ni(OH)2 coated C-paper by a reported method 18. For 

the electrodeposition, 250 µM H2PdCl4 in 15 mL, 1M KOH was taken as the electrolyte. 

The electrodeposition was performed in a standard three electrode system. Ni(OH)2 

coated carbon paper connected to a Pt electrode holder was used as the working electrode. 

Hg/HgO and graphite rod were used as the reference and the counter electrode, 

respectively. The electrodeposition was performed using the linear sweep voltammetry 

method. The cathodic deposition was carried out from 0.2 V vs. Hg/HgO to -0.4 V vs 

Hg/HgO with a scan rate of 5 mV s-1. The linear sweep voltammetry was repeated 50 

times. After the deposition, the electrodes were washed thoroughly with Milli-Q water 

and directly used for urea electrooxidation studies. 

2.2.3.6.Urea electrooxidation studies 

The electrochemical reactions were carried out in a three-electrode configuration in a 

single cell, as shown in Figure 2.2.1. As prepared, Pd/Ni(OH)2_C-paper was used as the 

working electrode. Hg/HgO and Pt coil were used as the reference and counter electrodes, 

respectively. 0.33M urea dissolved in 80 mL, 1M KOH was used as the electrolyte. The 

reference electrodes were calibrated before the experiment. The obtained potential (vs. 

Hg/HgO) was converted into a reversible hydrogen electrode (RHE) scale using the 

Nernst equation:  

ERHE = EHg/HgO  +  0.059 pH  +  E
Hg/HgO

 

Here, EHg/HgO is the potential measured vs Hg/HgO in volts. The pH of the solution is 

~14, and E
Hg/HgO is the standard potential for Hg/HgO electrode in 1M NaOH.  

The overpotential was calculated by the following equation: 

η = ERHE - 0.37V 

Linear sweep voltammetry (LSV), cyclic voltammetry (CV), chronoamperometry (CA), 

and potentiostatic electrochemical impedance spectroscopy (PEIS) were the 

electrochemical techniques used to study the urea electrooxidation activity. Linear sweep 

voltammetry (LSV) was performed in the potential range of 0.2 V (vs. Hg/HgO) to 0.6 

V (vs. Hg/HgO) with a scan rate of 5 mV s-1 with 85% iR compensation.  
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Figure 2.2.1: Electrochemical Cell used to study Urea Electrooxidation 

The electrochemical impedance spectroscopy was conducted potentiostatically in the 

frequency range from 106 Hz to 0.1 Hz at different potentials. Chronoamperometric (CA) 

i-t measurement was performed with  85% iR compensation. The current density for LSV 

and CA was normalized with respect to the geometrical surface area of 0.25 cm2. 

To determine the electrochemically active surface area (ECSA), CV was performed in 

the non-faradaic region at different scan rates to calculate the electrochemical double 

layer capacitance (EDLC). ECSA was calculated by the following formula: 

ECSA = 
𝑪𝒅𝒍

𝑪𝒔
 

Here, Cdl stands for double layer capacitance, and Cs stands for specific capacitance for 

a smooth surface (40 μF cm-2). To compare the intrinsic activity, ECSA normalized 

polarization curves were plotted. 

Turnover frequency values at 1.5V vs. RHE were determined to compare the intrinsic 

activity using the following formula19: 

TOF = 
𝒋×𝑨

𝒏×𝑭 × 𝝉
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Here, j stands for current density at 1.5V vs RHE, A stands for the area of the electrode, 

n stands for the number of electrons involved in the urea electrooxidation reaction, F 

stands for Faraday’s constant, and τ stands for the number of moles of Ni loaded on the 

substrate. 

2.2.3.7. Operando infrared spectroscopy (ATR-FTIR) 

For the in-situ IR study, the electrochemical cell was connected to a CaF2 hemispherical 

window. Carbon paper coated with the catalyst attached to a graphite rod was used as the 

working electrode. The Hg/HgO electrode and Pt coil were used as the reference and the 

counter electrode, respectively. 0.1M  KOH  solution containing 0.33M urea was used as 

the electrolyte. The working electrode was placed close to the CaF2 hemispherical 

window for the attenuated total reflection- Fourier transform infrared spectroscopy study 

(ATR-FTIR). At the beginning of the experiment, background spectra were collected 

with the electrolyte in the cell. The background spectra were subtracted from all the 

subsequent spectra to remove the contribution of the electrolyte towards the 

measurement. The scan resolution was set at 4 cm-1. For studying the time dependent 

evolution of the intermediates, chronoamperometry at different potentials was 

performed. The IR measurement was performed simultaneously. The total number of IR 

measurements at each potential was set at 50. Each measurement was an average of 128 

scans. Between each measurement, a rest time of 60 sec was given. The spectra were 

analyzed by the OPUS software and plotted directly as a function of potential and time.  

2.2.3.8. Operando Raman Spectroscopy  

The operando Raman spectroscopy was performed in a custom-made cell, as shown in 

Figure 2.2.2. Ni foam was used as the substrate for the measurement. Pd/Ni(OH)2 coated 

Ni foam was prepared by electrodepositing Pd onto Ni(OH)2 coated Ni foam by the 

above-mentioned procedure. The as prepared Pd/Ni(OH)2_ Ni foam was used as the 

working electrode. Pt coil and Hg/HgO electrode were used as the counter and reference 

electrode, respectively. Raman spectra were recorded in 1M KOH in the presence and 

absence of urea (0.33 M). For the potential dependent study, the Raman spectra were 

collected immediately after chronoamperometry for 1 min at different potentials. For the 

time dependent measurement, chronoamperometry was performed for 15 mins at 1.5 V 

vs RHE. The Raman spectra were recorded during chronoamperometry every 2 mins. A 

laser of wavelength 532 nm was used. The laser power was set at 50%, and exposure 
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time of the laser was set at 10 sec. The obtained spectra were processed using the WiRE 

software. 

 

Figure 2.2.2 : (a) Custom-made Raman Cell and (b) The working electrode irradiated 

with the laser during reaction 

2.2.3.9. Temperature Programmed Desorption (TPD) 

For the TPD measurement, CO2 was used as the probe molecule. Ni(OH)2, Pd, and 

Pd/Ni(OH)2 (with Pd loading = 1.57 wt%) were synthesized by NaBH4 assisted reduction 

for the measurement. Thirty-four milligrams of the as prepared catalyst were taken in the 

sample cell. The sample was pretreated in an Ar atmosphere for 1h at 50 C. This was 

followed by cooling the sample to 35 C under an Ar atmosphere. CO2 was then passed 

through the sample at 30 sccm for 1h. The excess CO2 was removed by purging the 

sample cell with Ar for 30 mins at a flow rate of 30 sccm at 35 C. The temperature was 

then raised from 35 C to 800 C at a heating rate of 10 C/min. The data was recorded 

simultaneously at different temperatures.  

2.2.3.9. Linear Sweep voltammetry with CO2 purging 

For studying the effect of CO2 on the electrocatalytic activity, the electrochemical 

reaction was carried out in a three-electrode configuration in a single cell. As prepared, 

Pd/Ni(OH)2_carbon paper or Ni(OH)2_carbon paper was used as the working electrode. 

The Hg/HgO and Pt coil were used as the reference and counter electrodes, respectively. 

A solution of 0.33M urea dissolved in 80 mL of 1M KOH was used as the electrolyte. 

The LSV was first recorded prior to CO2 purging. Subsequently, CO2 was purged through 

the electrolyte close to the working electrode for different durations. Linear sweep 

voltammetry was performed in the range  0.2 V (vs. Hg/HgO) to 0.6 V (vs. Hg/HgO) 
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with a scan rate of 5 mV s-1 with 85% iR compensation. The measurement was performed 

after every 5 mins of CO2 purging.  

2.2.3.10. EXAFS Calculation 

The EXAFS data were processed15,20,21 using the Athena software, part of the Demeter 

0.9.26 suite, following standard background subtraction procedures. The EXAFS data 

was fitted in radial (R) space using the Artemis software. For Feff calculations, standard 

references were used: Ni metal (ICSD 8688), Ni(OH)2 (ICSD 24015), Pd metal (PDF 

Card No.:9009820), and Pd(acac)2 (ICSD 251339). 

2.2.4. Result and Discussion 

Pd/Ni(OH)2 was synthesized by a two-step method wherein Pd was electrodeposited onto  

Ni(OH)2, which was prepared by NaBH4 assisted reduction. The PXRD of the 

synthesized Ni(OH)2 (Figure 2.2.3 a) showed characteristic peaks at 2θ 34 and 60.5 for 

the (100) and (003) planes, respectively. Additionally, a broad peak at 45.75 due to the 

(111) plane of metallic Ni was also observed. The broadness of this peak could be 

attributed to the small size of the Ni nanoparticles dispersed on Ni(OH)2. FESEM and 

TEM analysis of Ni(OH)2 showed a spongy morphology (Figure 2.2.4). 

 

 

Figure 2.2.3: Powder X Ray diffraction pattern of  (a) Ni(OH)2 and (b) Pd/Ni(OH)2 on 

carbon paper 
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Figure 2.2.4: (a) FESEM  and (b) TEM image of Ni(OH)2 

The as prepared Ni(OH)2 was coated onto carbon paper to maintain a mass loading of 1.6 

mg/cm2. Pd was electrodeposited onto the Ni(OH)2 coated substrate by a previously 

reported method. The PXRD pattern of Pd/Ni(OH)2 on carbon paper (Figure 2.2.1 b) 

showed characteristic peaks of Ni(OH)2 (001), PdO (100), PdO (002), Ni(OH)2 (011) and 

Pd(111) at 19.2, 29.8, 32.65, 38.93 and 40.23 respectively along with the peaks 

corresponding to the carbon substrate. The peaks were matched with the XRD database 

PDF Card No.: 1009031 (PdO), 1011104 (Pd), and 1011134 (Ni(OH)2). Low-intensity 

peaks corresponding to KOx were also observed. These peaks may be attributed to the 

oxidation of K+ ions intercalated into the carbon paper during electrodeposition. These 

peaks were matched with the XRD database: PDF Card No. 9009055 (K2O), 

1518207(KO3), 1537125 (KO2), 1536941(K2O2.5). FESEM- elemental mapping analysis 

of the Pd/Ni(OH)2_carbon paper after electrodeposition shows a uniform dispersion of 

Pd and Ni onto the substrate (Figure 2.2.5). To estimate the Pd loading, the ICP- OES 

analysis was performed. The analysis showed that the Pd loading on carbon paper coated 

with Ni(OH)2 was 1.57 wt%. From the TEM imaging (Figure 2.2.6), Pd nanoparticles of 

size 2-3 nm well dispersed on Ni(OH)2 were observed. 
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Figure 2.2.5: FESEM image and elemental mapping of Pd/ Ni(OH)2 on carbon paper 

 

Figure 2.2.6: (a) TEM image of Pd/ Ni(OH)2 (sample prepared by stripping the catalyst 

off the carbon paper by sonication) and (b) Particle size distribution for Pd nanoparticles  

XPS and XAS measurements were performed to determine the valence state of the metal 

species in the catalyst. The Ni2p XPS spectra (Figure 2.2.7 a) of Ni(OH)2 coated on 

carbon paper show peaks at 858.6 (2p3/2) and 876.6 eV (2p1/2) corresponding to Ni2+ and 

the small peaks at 854.2 eV (2p3/2) and 870.7 eV  (2p1/2) corresponding to Ni metal12,22. 

The Ni 2p XPS spectra (Figure 2.2.7 a) of Pd/Ni(OH)2 showed peaks at 853.7 eV (2p3/2) 

and 870.9 eV(2p1/2) for Ni0, while the peaks at  857.9 eV (2p3/2) and 876.0 (2p1/2) 

correspond to Ni2+. When compared with the Ni 2p XPS spectra of Ni(OH)2, the 2p3/2 
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peak shows a negative shift of 0.5 eV and 0.6 eV in the binding energy for Ni0 and Ni2+, 

respectively. The high resolution Pd 3d XPS spectra for Pd/Ni(OH)2 (Figure 2.2.7 b) 

showed peaks at 336.5 eV (3d5/2 ) and 341.6 eV (3d3/2) for Pd0, while the peaks at 338.2 

eV(3d5/2 ) and 342.4 eV (3d3/2)  correspond to the Pd2+ state23.  When compared with Pd 

3d XPS spectra of Pd electrodeposited onto blank carbon paper, a positive shift of 1.2 eV 

was observed. This positive shift in the binding energy indicates a charge transfer from 

Pd to Ni14,24. 

 

Figure 2.2.7: (a) High resolution Ni 2p XPS spectra of Ni(OH)2 and Pd/Ni(OH)2 on 

carbon paper  and (b) High resolution Pd 3d XPS spectra comparing Pd/Ni(OH)2  on 

carbon paper and Pd electrodeposited on blank  carbon paper   

X-ray absorption spectroscopy was used to determine the valency, local atomic structure, 

and the relative phase fraction of the oxides and the metallic phases in the catalyst. The 

Ni K edge XANES spectra (Figure 2.2.8 a) of Ni(OH)2 and Pd/Ni(OH)2 lie between that 

of Ni foil and NiO, suggesting the existence of a mixed oxidation state in the catalyst. 

Likewise, Pd K edge XANES spectra (Figure 2.2.8 b) show that the Pd spectra lie 

between that of metallic Pd foil and Pd(acac)2, suggesting the existence of a mixed 

oxidation state for Pd as well. The Ni K edge EXAFS spectra show the existence of Ni-

O and Ni-Ni bonds in the Ni(OH)2 and Pd/Ni(OH)2 (Figure 2.2.8 c). Likewise, the Pd K-

edge EXAFS spectra for Pd/Ni(OH)2 show the existence of Pd-O and Pd-Pd bonds 

(Figure 2.2.8 d). 
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Figure 2.2.8: X-Ray Absorption Spectroscopy (a) XANES spectra for Ni K edge, (b) 

XANES spectra for Pd K edge, (c) EXAFS spectra for Ni K edge, and (d) EXAFS spectra 

for Pd K edge 

Multi-shell fitting of the FT- EXAFS spectra of Ni K edge and Pd K edge was performed 

to determine the bond lengths and the disorder of the oxides and the metallic species, as 

shown in (Figure 2.2.9). The values for ΔE, R, and σ2 obtained after the fitting are 

tabulated in Table 2.2.1 and Table 2.2.2. The estimated Ni-O bond length is 2.05 Å, and 

the Ni-Ni bond length is 2.5 Å for Pd/Ni(OH)2. These values were found to be close to 

the theoretical values for Ni-O (2.05 Å)  from the Ni(OH)2 phase and Ni-Ni (2.49 Å) 

bond from the Ni metal phase. These results support the presence of both Ni(OH)2 and 

metallic Ni in the catalyst. Similarly, multi-shell fitting of the Pd K edge EXAFS spectra 

shows that the Pd-O bond length is 1.97 (± 0.01 Å) and the Pd-Pd bond length is 2.73 (± 

0.01 Å). These values match with the theoretical values of Pd-O (2.05 Å) and Pd-Pd (2.75 

Å) from the Pd metal phase, confirming the presence of both these phases in the catalyst. 

The relative phase fraction of the different species present in the catalyst was also 

quantified. The analysis showed that in Ni(OH)2, 78.7% of Ni is present as Ni2+ and 

21.3% is present as Ni0. Upon electrodeposition, an increase in the percentage of Ni2+ 

state of upto 84 % was observed. This could be attributed to the further conversion of Ni 
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nanoparticles present in the Ni(OH)2 to Ni(OH)2 in an alkaline medium. Likewise, the 

relative phase fractions of Pd species were also determined. The analysis showed that in 

Pd/Ni(OH)2, 68.5% of Pd is present as Pd2+ and 31.5% is present as Pd0. The XAS 

analysis does not show the formation of the Ni-Pd bond, indicating the absence of any 

alloy formation. However, the significant positive shift in the binding energy in XPS 

indicates the strong charge transfer interaction of Pd nanoparticles with Ni(OH)2. 

 

Figure 2.2.9:  Multishell fitting of FT- EXAFS spectra of (a) Ni K edge for Ni(OH)2, (b) 

Ni K edge for Pd/Ni(OH)2, (c) Pd K edge for Pd/Ni(OH)2 

Table 2.2.1. The Bond length (R) and Debye-Waller factor/Disorder (σ2) derived from 

multishell peak fitting parameters for the R-space plots of Ni K edge for the Ni(OH)2 and 

Pd-Ni(OH)2 catalysts before reaction. (Amplitude = 0.73, R factor= 0.009) 

Ni K edge 

Sample 
ΔE S0

2 

Ni(OH)2 Ni metal 

Ni-O bond  

(CN=6) 

Ni-Ni bond 

(CN=6) 

Ni-Ni bond 

(CN=12) 

R (Ȧ) σ2 R (Ȧ) σ2 R (Ȧ) σ2 

Ni(OH)2 
-8.91 

± 0.87 

0.78 
2.025 ± 

0.008 

0.013 

± 

0.002 

2.996 

± 

0.010 

0.014 

± 

0.009 

2.523 

± 

0.034 

0.018 

± 

0.010 

Pd-

Ni(OH)2 

-3.64 

±  

0.53 

0.95 
2.054 ± 

0.008 

0.003 

± 

0.001 

3.104 

± 

0.011 

0.008 

± 

0.001 

2.501 

± 

0.018 

0.009 

± 

0.003 
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Table 2.2.2. The Bond length (R) and Debye-Waller factor/Disorder (σ2) derived from 

multishell peak fitting parameters for the R-space plots of Pd K edge for the catalysts Pd-

Ni(OH)2 catalyst before reaction. (Amplitude = 0.71, R factor= 0.007) 

 

Pd K edge 

Sample 
ΔE S0

2 

Pd oxide Pd metal 

Pd-O bond (CN=4) 
Pd-Pd bond 

(CN=12)  

R (Ȧ) σ2 R (Ȧ) σ2 

Pd-Ni(OH)2 1.55 ± 0.44 
0.81 1.971 ± 

0.017 

0.002 ± 

0.001 

2.734 ± 

0.005 

0.007 ± 

0.001 

 

Evaluation of electrochemical oxidation of urea 

The as prepared Pd/Ni(OH)2 was used as the working electrode to study urea 

electrooxidation in the alkaline medium. Ni(OH)2 loading on the carbon paper was 

maintained at 1.6 mg cm-2 for all the electrochemical studies.  Performance metrics used 

to evaluate the catalyst are overpotential at 10mA cm-2 (η10) and at 100mA cm-2 (η100), 

stability, Tafel slope, and charge transfer resistance from electrochemical impedance 

spectroscopy. Urea electrooxidation was performed in the alkaline medium consisting of 

1 M KOH and 0.33 M urea. Linear sweep voltammetry was recorded for Pd/Ni(OH)2, 

Ni(OH)2, and Pd_ blank carbon paper in 1 M KOH, both in the presence and absence of 

urea, to compare the UOR and OER performance of the catalyst (Figure 2.2.10). 

In the presence of urea, Ni(OH)2 exhibited a maximum current density of 180 mA cm-2 

at 1.5 VRHE and an overpotential of 970 mV and 1040 mV for 10 mA cm-2 and 100 mA 

cm-2, respectively.  Upon incorporation of Pd, an increase in the overall current density 

was observed, resulting in a maximum current density of  380 mA cm-2 at 1.5 VRHE. The 

overpotentials at 10 mA cm-2 and 100 mA cm-2 were 930 mV and 980 mV, respectively, 

which are lower than those observed for Ni(OH)2. Interestingly, Pd electrodeposited on 

blank carbon paper did not show any urea electrooxidation activity(Figure 2.2.10 a). This 

confirms that the active site for urea oxidation is Ni(OH)2.  
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Figure 2.2.10: (a) Linear Sweep voltammetry plot for Ni(OH)2 and Pd/Ni(OH)2 in 1 M 

KOH containing 0.33 M urea, (b) Comparison of linear sweep voltammetry plots 

obtained in the presence and absence of urea 

The polarization curve recorded in 1M KOH in the absence of urea demonstrates the 

electrochemical activity of the catalysts for the oxygen evolution reaction (OER). The 

onset potentials for OER over Ni(OH)2 and Pd/Ni(OH)2 were 1.52 V and 1.48 V, 

respectively (Figure 2.2.10 b). Furthermore, peaks corresponding to the oxidation of 

Ni(OH)2 to NiOOH were observed at 1.34V and 1.33V over Ni(OH)2 and Pd/Ni(OH)2, 

respectively. A decrease in the potential of upto 10 mV (from 1.34V to 1.33V) was 

observed for this oxidation upon incorporation of Pd (Figure 2.2.11 a). Additionally, 

Pd/Ni(OH)2 exhibited a twofold increase in the area under the curve, suggesting an 

increased formation of NiOOH in the presence of Pd.  Upon comparing the OER and 

UOR polarization curves, urea assisted water electrolysis takes place at a potential which 

is 220 mV less than that for conventional water electrolysis. Moreover, the onset of urea 

electrooxidation is exactly at the position where Ni(OH)2 undergoes oxidation to 

NiOOH. This suggests that for the electrochemical oxidation of urea, the formation of 

NiOOH is essential.  
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Figure 2.2.11: (a) Linear Sweep voltammetry plot for Ni(OH)2 and Pd/Ni(OH)2 in 1 M 

KOH showing the peak corresponding to the oxidation of Ni(OH)2 to NiOOH, (b) Tafel 

plot for Ni(OH)2 and Pd/Ni(OH)2 in the electrolyte containing 1M KOH and 0.33 M urea. 

The Tafel slope is an indicator of the rate of reaction. A decrease in the Tafel slope value 

indicates a faster rate of the reaction. From the Tafel plot (Figure 2.2.11 b), it can be 

concluded that the addition of Pd to Ni(OH)2 causes a significant decrease in Tafel slope 

value from 33 mV dec-1 for Ni(OH)2 to 25.7 mV dec-1 for Pd/NiOH2. This further 

confirms that the reaction becomes more facile in the presence of Pd. 

To determine the electrochemically active surface area, electrochemical double layer 

capacitance measurement was performed (Figure 2.2.12 a, b). The electrochemical 

double layer capacitance value was estimated to be 0.44 mF cm-2 for Ni(OH)2 and 0.7 

mF cm-2 for Pd/Ni(OH)2. The corresponding ECSA values were estimated to be 11 cm2 

for Ni(OH)2 and 17.8 cm2 for Pd/Ni(OH)2. This indicates that the incorporation of Pd 

enhances the electrochemically active surface area (Figure 2.2.12 c). The increase in the 

surface area increases the current density, suggesting an enhancement in the intrinsic 

activity of the catalyst, as is evidenced by the ECSA normalized polarization 

curve(Figure 2.2.12 d). To further compare the improvement in the intrinsic activity, the 

turnover frequency (TOF) value was estimated from the number of moles of Ni loaded 

on the substrate. The TOF value for Pd/Ni(OH)2 at 1.5V vs RHE is 6.07 × 10-3 s-1, which 

is about two times higher than that for Ni(OH)2 at 1.5V (2.87 × 10-3 s-1) which implies 

that the number of urea molecules oxidized per unit time for the loaded Ni sites is 

enhanced upon incorporating Pd.  

 



Urea electrooxidation on Pd/Ni(OH)2 

173 | P a g e  
 

 

Figure 2.2.12: (a) Cyclic voltammetry plot for Ni(OH)2 in the non-faradaic region, (b) 

cyclic voltammetry plot for Pd/Ni(OH)2 in the non-faradaic region, (c) plot of scan rate 

vs current density to determine the electrochemical double layer capacitance and (d) 

ECSA normalized linear sweep voltammetry plot 

Chronoamperometry was performed to study the electrochemical stability of the catalyst. 

Pd/Ni(OH)2 showed an exceptional stability of upto 300 h at a current density of 20 mA 

cm-2 (Figure 2.2.13 a). In comparison, Ni(OH)2 shows a 20% decrease in the current 

density within 150 h. Moreover, the chronoamperometric measurement performed at 100 

mA cm-2 shows a stability of upto 40 h for Pd/Ni(OH)2 (Figure 2.2.13 b). 
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Figure 2.2.13: (a) Chronoamperometry plot for Pd/Ni(OH)2 and Ni(OH)2 at a current 

density of 20 mA cm-2, (b) Chronoamperometry plot at a current density of 100 mA cm-

2 for Pd/ Ni(OH)2. 

To determine the charge transfer resistance and the reaction pathway followed by the 

catalyst, potentiostatic electrochemical impedance spectroscopy (PEIS) measurement 

was performed at different potentials. The Nyquist plot exhibited a decrease in the charge 

transfer resistance for Pd/Ni(OH)2 in comparison to Ni(OH)2, confirming an 

enhancement in the charge transfer kinetics in the presence of Pd (Figure 2.2.14 a).  

 

Figure 2.2.14: (a) Nyquist plot comparing the impedance for Ni(OH)2 and Pd/Ni(OH)2 

and (b) Bode plot  for Ni(OH)2 and Pd/Ni(OH)2 

As discussed in Chapter 2.1, in the case of urea electrooxidation, there are two possible 

pathways, namely the indirect pathway and the direct pathway. The first step in both 

pathways is the formation of NiOOH. In the indirect pathway, the oxidation of urea 

results in a simultaneous reduction of NiOOH to Ni(OH)2, while in the direct pathway, 

the NiOOH site is retained. The two pathways can be distinguished using the Bode plot, 
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which is a plot of log (freq) vs -phase angle (Figure 2.2.14 b). The Bode plot for both 

catalysts exhibits a peak in the low frequency region followed by a broadening in the 

high frequency region. The peak in the low frequency region indicates a direct pathway, 

and the broadening in the high frequency region indicates an indirect pathway. These 

observations suggest that both Ni(OH)2 and Pd/Ni(OH)2 follow direct and indirect 

pathways. 

The charge transfer associated with each pathway is obtained by fitting the Nyquist plot 

using the equivalent circuit (Figure 2.2.15 a, b). The equivalent circuit used to fit the 

Nyquist plot is shown in Figure 2.2.15 (c). The equivalent circuit consists of solution 

resistance (Rs), which is in series with the parallel connections between charge transfer 

resistance (R1 and R2) and constant phase elements (Q1 and Q2). The constant phase 

elements represent the double layer capacitance due to the formation of the 

electrochemical double layer by the adsorption of the reaction intermediates. The parallel 

circuit R1/Q1 represents the charge transfer associated with the indirect pathway, while 

R2/Q2 respresnts the charge transfer associated with the direct pathway25–27. The charge 

transfer resistance values for each pathway are compared in (Figure 2.2.15 d). The R1 

and R2 denote the charge transfer resistance associated with the indirect pathway and the 

direct pathway, respectively. It can be observed that the incorporation of Pd results in a 

significant decrease in the charge transfer resistance for both pathways. 
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Figure 2.2.15: (a) Nyquist plot for Ni(OH)2  fitted using the equivalent circuit, (b) 

Nyquist plot for Pd/Ni(OH)2 fitted using the equivalent circuit, (c) Equivalent circuit used 

to fit the Nyquist plots and (d) Charge transfer resistance value obtained for each 

pathway. 

To understand the mechanism of reaction during urea electrooxidation,  operando Raman 

spectroscopy and ATR-FTIR spectroscopy were performed for Pd/Ni(OH)2. The 

operando Raman spectroscopy (Figure 2.2.16 a) was performed in 1 M KOH medium 

with and without urea. The working electrode was prepared by electrodepositing Pd on 

Ni(OH)2 coated Ni foam. In 1 M KOH, in the absence of urea, no prominent peaks were 

observed before the reaction. The Raman spectra were then collected after 

chronoamperometry for 2 mins under varying potentials. Upon applying potential (from 

1.2 VRHE to 1.5VRHE ), the oxidation of Ni(OH)2 to NiOOH occurs, resulting in two 

prominent peaks at 472.7 cm-1 and 555 cm-1. These peaks may be attributed to the Eg 

bending and A1g stretching modes of the Ni-O bond in  NiOOH, respectively.  An 

increase in the applied potential results in an increased intensity of the two peaks due to 

the increase in the number of NiOOH sites. Additionally, a broad hump at 802 cm-1 due 

to the O-O- species in NiOOH was also observed28–30.  
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Figure 2.2.16: Operando Raman spectra for Pd/Ni(OH)2 (a) in 1 M KOH  obtained after 

chronoamperometry at varying potential, (b) in 1 M KOH + 0.33 M urea obtained after 

chronoamperometry, and (c) in 1 M KOH + 0.33 M urea at 1.5 V at different time 

intervals. 

When 0.33M urea was added to the medium, the Raman spectra showed an additional 

peak at 1001 cm-1 corresponding to the C-N stretching of the urea molecule (Figure 

2.2.16 b). Before the reaction, no other peaks were observed. The Raman spectra were 

then collected post chronoamperometry at different potentials. It was observed that when 

the applied potential is below 1.35 V, i.e., in the non-faradaic region, the intensity of the 

peak at 1001 cm-1 was high. However, as the applied potential increased beyond 1.35 V, 

the intensity of this peak decreased. This is attributed to the consumption of urea during 

the electrooxidation process. Additionally, the intensity of the peak corresponding to 

NiOOH also decreases. This is attributed to the reduction of NiOOH to Ni(OH)2 with the 

simultaneous oxidation of urea to N2 and CO2. Time dependent Raman spectra were 

obtained at a potential of 1.5 VRHE (Figure 2.2.16 c).  The spectra were collected every 2 

mins during a chronoamperometric run of 15 mins. The peaks corresponding to Ni-O 

vibration modes (Eg and A1g) and O-O- species were distinctly visible, indicating the 

formation of the active site during the reaction. The intensity of these peaks decreased 

significantly post reaction indicating the reduction of NiOOH.   

 

 

(a) (b) (c) 
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Figure 2.2.17:  Operando ATR-FTIR spectra  for Pd/Ni(OH)2  

To gain deeper insight into the intermediates adsorbed on the Pd/Ni(OH)2 surface during 

urea electrooxidation, operando ATR-FTIR studies were conducted. Negative 

absorbance peaks were observed for the urea molecule at 1557 cm⁻¹ (C=O stretching), 

1518 cm⁻¹ and 1460 cm⁻¹ (N–H vibrational modes), and 1427 cm⁻¹ (C–N stretching) 

(Figure 2.2.17). The negative absorbance is attributed to the consumption of the urea 

molecules. (Note: The negative absorbance occurs due to the subtraction of the obtained 

spectrum from the background spectrum, which is collected before the reaction. 

Compared to the background, a decrease in the number of urea molecules leads to the 

observed negative absorbance). A peak at 2154 cm⁻¹ arises due to the formation of C–

N–O⁻ intermediate species, indicating incomplete urea oxidation. Additionally, a peak at 

1344 cm⁻¹ was observed, which corresponded to CO3
2⁻, formed by the reaction of CO2 

with OH⁻ in the electrolyte31–34. The presence of the carbonate band confirms the 

complete oxidation of urea to CO2. Notably, peaks associated with overoxidized nitrogen 

species, such as nitrates or nitrites, were absent, indicating that overoxidation products 

were not formed during the urea electrooxidation process35.  
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Figure 2.2.18: Operando ATR-FTIR spectra for Pd/Ni(OH)2 with (a) varying potential 

and (b) varying time at 1.5 VRHE. 

A potential-dependent study (Figure 2.2.18 a), carried out between 1.35 V and 1.50 V 

vs. RHE, revealed that with increasing potential, the intensity of the C–N–O⁻ 

intermediate and the CO3
2⁻ absorbance band both increased. This suggests enhanced urea 

oxidation at higher potentials. A time-dependent study (Figure 2.2.18 b) conducted at 

1.50 V vs. RHE, with spectra recorded at 2 minute intervals, demonstrated a negligible 

change in the intensity of the C–N–O⁻ absorbance band over time, accompanied by an 

increase in the CO3
2⁻ absorbance band. This observation is attributed to the progressive 

oxidation of urea to CO2 over time. 

(a) (b) 
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Figure 2.2.19: Linear sweep voltammetry plot after CO2 purge for different durations 

for (a) Pd/Ni(OH)2  and (b) Ni(OH)2 

To investigate CO2 adsorption on the catalyst, linear sweep voltammetry plots were 

recorded after varying durations of CO2 purging (Figure 2.2.19). For Pd/Ni(OH)2, the 

current density decreased noticeably after 25 minutes of CO2 purging (Figure 2.2.19 a). 

In contrast, Ni(OH)2 exhibited a significant drop in current density within just 10 minutes 

of CO2 purging, indicating faster poisoning of Ni(OH)2 in the absence of Pd (Figure 

2.2.19 b).  

 

Figure 2.2.20: CO2 Temperature programmed desorption for Ni(OH)2, Pd and 

Pd/Ni(OH)2 
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Temperature-Programmed Desorption (CO2 TPD) was conducted using CO2  as the probe 

molecule to analyze the interaction of CO2 with the catalyst (Figure 2.2.20). Ni(OH)2 

displayed two prominent desorption peaks at 182.6 C and 434.2 C, while Pd exhibited 

peaks at 125 C and 383 C. The higher-temperature desorption peak for Pd was 

approximately 50 C lower than for Ni(OH)2, suggesting differences in CO2 binding 

strength. In contrast, Pd/Ni(OH)2 synthesized via NaBH4 reduction showed no desorption 

peak at lower temperatures but exhibited a strong desorption peak at 412 C suggesting 

a strong binding affinity for CO2 binding affinity by Pd/Ni(OH)2. The comparison of the 

desorption peak at high temperatures for Pd/Ni(OH)2 and Ni(OH)2 suggest that 

incorporation of Pd weakens the interaction of CO2, thereby ensuring the stability of the 

catalyst. 

2.2.5. Conclusion 

In this study, we have demonstrated that Pd incorporated Ni(OH)2 is a highly efficient 

catalyst for urea electrooxidation, positioning it as a promising candidate for energy-

efficient hydrogen generation. Electrochemical analysis showed that incorporating Pd 

significantly enhances the catalyst's stability, maintaining performance for up to 300 hrs, 

compared to the shorter stability of Ni(OH)2 alone. The improved reaction kinetics 

enabled the catalyst to achieve a maximum current density of 380 mA cm-2 at 1.5 V. 

Additionally, our findings revealed that Pd plays a critical role in enhancing the intrinsic 

activity of the catalyst and in protecting the Ni active sites from strong CO2 adsorption. 

These results underscore the potential of Pd/Ni(OH)2 as an advanced catalyst for energy-

efficient hydrogen production. 
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Elucidating the urea electrooxidation pathway on Ni3N 

 

 

 

 

 

Summary:  

Transition metal nitrides have been widely investigated for electrochemical water 

splitting and, more recently, for urea electrooxidation. While Ni3N shows promise as a 

catalyst, its performance can still be enhanced. Additionally, the precise electrooxidation 

pathway of Ni3N remains unclear, emphasizing the need for further research to improve 

its efficiency and mechanistic understanding. 
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2.3.1. Introduction 

Transition metal nitrides are a type of interstitial alloy. Herein the metal atoms form the 

lattices of face-centred cubic (fcc), simple hexagonal, and hexagonal closed packed (hcp) 

structures. The N atoms occupy the interstitial sites between these metal atoms. In the 

case of fcc and hcp, the N atoms are present at the octahedral sites while they occupy the 

trigonal prismatic sites in the simple hexagonal structures1–3, as shown in Figure 2.3.1. 

 

Figure 2.3.1: Different structures of transition metal nitrides. Reproduced with 

permission from reference (1) 

The bonding in transition metal nitrides (TMNs) is a unique combination of metallic, 

covalent, and ionic characteristics. The metallic bonding is attributed to the metal-metal 

bonds. The covalent contribution is due to the covalent bond formation between the metal 

and the N atoms, while the ionic character arises from the charge transfer from the metal 

to the N atom. The incorporation of nitrogen atoms induces structural changes in the 

metal lattice. The formation of metal-nitrogen (M-N) bonds expands the parent metal 

lattice, increasing the metal-metal bond distance. This expansion leads to the contraction 

of the metal d-band, resulting in an increased density of states near the Fermi level 

compared to the original metal. These changes impart noble metal-like behavior to the 

TMNs, enhancing their conductivity and electrochemical stability. Additionally, the 

electronic properties of TMNs can be fine-tuned by adjusting the nitrogen-to-metal 

(N/M) ratio3,4. This versatility, combined with their exceptional properties, has made 

TMNs based on group IVB-IB metals (such as Ti, Mo, Mn, W, Co, Fe, Ni, and Cu) 

promising candidates for various electrocatalytic applications2. 

Ni3N has been extensively studied for electrochemical water splitting. It adopts a simple 

hexagonal structure. During electrooxidation, the presence of nitrogen atoms facilitates 
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charge transfer from the nickel to nitrogen. This charge redistribution enhances the 

formation of *OOH intermediates on the surface of nickel atoms. The in situ formed 

NiOOH serves as the active site for the OER. The enhanced formation of NiOOH has 

broadened the application of Ni3N to the electrooxidation of various organic molecules, 

including ethanol, methanol, glucose, hydrazine, and urea5–9.  

In the case of urea electrooxidation, Ni3N significantly improves electrochemical activity 

compared to Ni(OH)2 by lowering the overpotential and enhancing the reaction kinetics. 

Modification of Ni3N by the introduction of nitrogen vacancies and creation of 

heterojunctions have further helped in enhancing the catalytic activity10–13. However, 

despite these developments, there remains room for improvement in the electrocatalytic 

performance of Ni3N. Additionally, the precise electrooxidation pathway for Ni3N is not 

yet fully understood, underscoring the need for further investigation into this promising 

catalyst. 

2.3.2. Scope of the investigation 

This work focuses on the development of a free-standing, binder-free activated Ni3N (A-

Ni3N) electrode for urea electrooxidation. Herein, the activation performed by 

chronopotentiometry led to a transformation in morphology, resulting in dodecahedral 

structures that enhanced the catalytic performance and ensured long-term stability of upto 

300 h at a current density of 100 mA cm-2. Potentiostatic impedance spectroscopy 

revealed that A-Ni3N operates via a direct electrooxidation pathway, unlike Ni(OH)2, 

which utilizes both direct and indirect pathways. Operando Raman spectroscopy 

provided further insights into the reaction mechanism.  

2.3.3. Experimental Section 

2.3.3.1. Materials 

Sodium borohydride (NaBH4) and 5 wt% Nafion solution were purchased from Sigma 

Aldrich. Nickel nitrate hexahydrate (Ni(NO3)2.6H2O) was purchased from Thomas 

Baker. Nickel chloride hexahydrate (NiCl2.6H2O) was procured from Loba Chemie Pvt. 

Ltd. Potassium hydroxide (KOH) and isopropyl alcohol (IPA) were purchased from 

Merck Life Sciences Pvt. Ltd. Ethanol was procured from Hayman. Ni foam was 

purchased from the Electrode Store.  All the chemicals obtained used without further 
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purification. Deionized water with a resistivity of 18.2 MΩ cm (MilliQ water) was used 

for all the synthesis and catalytic studies. 

2.3.3.2.Characterization technique  

Powder X-ray diffraction (PXRD) patterns of the synthesized materials were acquired 

using a Rigaku diffractometer with copper anode generating X-ray of wavelength 1.54 

Å. Zeiss Gemini FESEM 500 was used to acquire Field emission scanning electron 

microscopy (FESEM) images. X-ray photoelectron spectroscopy (XPS) measurements 

were carried out using a Thermo K-alpha spectrometer using micro focused and 

monochromated AlKα radiation. The operando Raman spectroscopy was performed 

using the Renishaw inVia Raman spectrometer. The electrochemical studies were 

performed using Biologic potentiostat. 

2.3.3.3.Synthesis of Ni(OH)2 by NaBH4 assisted reduction  

Ni(OH)2 was synthesized by NaBH4 assisted reduction method at room temperature14. In 

a typical synthesis, 17 mL of 0.1 M NiCl2.6H2O solution was added into a 250 mL beaker 

containing 85 mL of 0.1 M NaBH4 solution under vigorous stirring. The resultant 

solution was stirred for 20 min. Ni(OH)2 precipitates as a black colored compound. The 

black compound was collected by centrifugation and washed thrice with water and once 

with ethanol. The as obtained Ni(OH)2 precipitate was kept for drying at 40 oC overnight. 

The coating ink was prepared by dispersing 2 mg of the as prepared Ni(OH)2 in 1 mL 

IPA. 800 μL of the coating ink was dropcasted on a Ni foam of 1 cm2 area to maintain a 

loading of 1.6 mg cm-2. 

2.3.3.4. Synthesis of Ni(OH)2 by solvothermal route 

The solvothermal synthesis of Ni(OH)2 was performed by a previously reported 

method13. In a 100 mL beaker, 0.931 g Ni(NO3)2. 6H2O, 0.971 g urea, 0.237 g NH4F 

were taken. These were dissolved in 80 mL H2O and stirred for 20 mins. The solution 

was then transferred into a 100 mL Teflon lined autoclave. A clean Ni foam of dimension 

1.5 cm2 was then put into it. The top 0.5 cm2 of the Ni foam was masked with Teflon, 

resulting in an effective geometric area of 1 cm2 for the working electrode. The autoclave 

was placed in a hot air oven for 2 h at 120 C. The Ni(OH)2 coated Ni foam was then 
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collected and washed thoroughly with water. The as prepared electrode was then directly 

used to study the urea electrooxidation activity. 

2.3.3.5. Synthesis of Ni(OH)2 by electrodeposition 

The electrodeposition of Ni(OH)2 was performed by a previously reported method15. 

Herein, the electrodeposition is carried out by the electrochemical reduction of aqueous 

Ni(NO3)2.6H2O solution. 50 mL of 0.1 M Ni(NO3)2.6H2O was taken in an 

electrochemical cell as the electrolyte. Ni foam of dimension 1 cm2 area was used as the 

working electrode. Graphite rod and saturated calomel electrode (SCE) were used as the 

counter and reference electrode respectively. For the electrodeposition, the working 

electrode was subjected to a chronopotentiometry at 20 mA cm-2 for 10 mins to ensure 

the wetting of the electrode with the electrolyte. This is followed by the 

chronopotentiometry at a current density of 20 mA cm-2 for 10 mins. The 

electrodeposition was performed without stirring. The as prepared Ni(OH)2 coated Ni 

foam was then thoroughly washed with water and dried. 

2.3.3.6. Synthesis of Ni3N by Nitridation 

The Ni(OH)2 coated Ni foam prepared by electrodeposition was placed in a quartz boat 

in a tube furnace13,16. The temperature was raised to 350 C from the room temperature 

at a ramp rate of 5 C/min. It was then annealed at 350 C for 2 h in an NH3 atmosphere. 

NH3 flow was maintained at 80 mL/min flow rate. Ni3N coated Ni foam was collected 

obtained and washed thoroughly with water and used for further studies. 

2.3.3.7. Activation of Ni3N-coated Ni foam 

For the activation, the as prepared Ni3N coated Ni foam was used as the working 

electrode. Pt coil and Hg/HgO were used as the counter and reference electrode, 

respectively. 1 M KOH was used as the electrolyte. The working electrode was subjected 

to a chronopotentiometry at a current density of 100 mA cm-2 for 1 h. The as prepared 

A-Ni3N was then washed with water and used for further studies. 
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2.3.3.8. Urea electrooxidation studies 

The electrochemical reactions were carried out in a three-electrode configuration in a 

single cell as shown in Figure 2.3.1. As prepared, A-Ni3N was used as the working 

electrode. Hg/HgO and Pt coil were used as the reference and counter electrodes, 

respectively. 0.33 M urea dissolved in 80 mL, 1M KOH was used as the electrolyte. The 

reference electrodes were calibrated before the experiment. The obtained potential (vs. 

Hg/HgO) was converted into a reversible hydrogen electrode (RHE) scale using the 

Nernst equation:  

ERHE = EHg/HgO + 0.059 pH + E
Hg/HgO

 

Here EHg/HgO is the potential measured vs Hg/HgO in volts. The pH of the solution is ~14, 

and Eo
Hg/HgO is the standard potential for Hg/HgO electrode in 1M NaOH.  

The overpotential was calculated by the following equation: 

η = ERHE -  0.37V 

Linear sweep voltammetry (LSV), cyclic voltammetry (CV), chronoamperometry (CA), 

and potentiostatic electrochemical impedance spectroscopy (PEIS) were the 

electrochemical techniques used to study the urea electrooxidation activity. Linear sweep 

voltammetry (LSV) was performed in the potential range of 0.2 V (vs. Hg/HgO) to 0.6 

V (vs. Hg/HgO) with a scan rate of 5 mV s-1 with 85% iR compensation. The 

electrochemical impedance spectroscopy was conducted potentiostatically in the 

frequency range from 106 Hz to 0.1 Hz at different potentials. Chronoamperometric i-t 

measurement was performed with  85% iR compensation. Chronoamperometry at 1.45 

V for a current density of 100 mA cm-2 was performed without iR compensation. The 

electrolyte used consisted of 1M KOH and 0.5 M urea. It was refreshed at different time 

intervals after a decay in the activity was observed, which was attributed to the decrease 

in the concentration of urea. The current density for LSV and CA was normalized with 

respect to the geometrical surface area of 1 cm2. 

To determine the electrochemically active surface area (ECSA), cyclic voltammetry was 

performed in the non-faradaic region at different scan rates to calculate the 

electrochemical double layer capacitance (EDLC). ECSA was calculated by the 

following formula: 
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ECSA = 
𝑪𝒅𝒍

𝑪𝒔
 

Here, Cdl stands for double layer capacitance, and Cs stands for specific capacitance for 

a smooth surface (40 μF cm-2). To compare the intrinsic activity, ECSA normalized 

polarization curves were plotted. 

2.3.3.9. Operando Raman Spectroscopy  

The operando Raman spectroscopy was performed in a custom made cell, as shown in 

Figure 2.3.2. The as prepared A-Ni3N on Ni foam was used as the working electrode. Pt 

coil and Hg/HgO electrode were used as the counter and reference electrode, 

respectively. Raman spectra were recorded in 1M KOH in the presence and absence of 

urea (0.33 M). For the time dependent measurement, chronoamperometry was performed 

for 10 mins at 1.5 V vs RHE. The Raman spectra were recorded during 

chronoamperometry every 2 mins. A laser of wavelength 532 nm was used. The laser 

power was set at 50%, and exposure time to the laser was set at 10 sec. The obtained 

spectra were processed using the WiRE software. 

 

Figure 2.3.2 : (a) Custom made Raman Cell and (b) The working electrode irradiated 

with the laser during the reaction 
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2.3.4. Result and Discussion 

A-Ni3N was synthesized by a three-step method. Herein, Ni(OH)2 was electrodeposited 

over Ni foam by the electroreduction of nickel nitrate. The as prepared Ni foam was then 

annealed in NH3 to form Ni3N. The Ni3N electrode was then subjected to 

chronopotentiometry at 100 mA cm-2 for 1h in 1M KOH to form A-Ni3N. The PXRD of 

A-Ni3N on Ni foam shows characteristic peaks of Ni3N at 2θ  39.22, 42.27, 58.80, 

70.75, 78.63, 85.74 and 87.52 corresponding to (110), (002), (112), (103), (212), 

(302), (221), (311) and (222) planes. The peaks corresponding to metallic Ni were 

observed at 44.94,  52.2, 76.8, 93.4, and 98.7 for (111), (200), (220), (311), and (222) 

planes, respectively. No characteristic peaks for NiOOH were observed. The peaks were 

matched with the PDF cards in the XRD database: PDF card- 4320485 for Ni3N, PDF 

card- 9009862 for metallic Ni and PDF card- 1011134 for Ni(OH)2. The PXRD pattern 

for Ni3N also showed peaks corresponding to Ni3N and metallic Ni (Figure 2.3.3). The 

PXRD pattern for Ni(OH)2 showed peaks corresponding to metallic Ni and a broad hump 

at 60.5o corresponding to the (003) plane of Ni(OH)2 (Figure 2.3.3 (inset)).  

 

 

Figure 2.3.3: Powder X-ray diffraction pattern of A-Ni3N, Ni3N, and Ni(OH)2 supported 

on Ni foam. (inset shows peak corresponding to Ni(OH)2) 
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To determine the valence state of Ni in the catalyst, Ni 2p XPS spectra were collected 

before and after etching with Ar sputtering. Before etching, the Ni 2p XPS spectra for A-

Ni3N show a characteristic peak at 852.7 eV (2p3/2) and at 870.8 eV (2p1/2) for Ni-N10,17–

19. The peaks at 855.5 eV (2p3/2) and 873.1 eV (2p1/2) correspond to Ni2+ (Figure 2.3.4). 

It is observed that the intensity of the peak corresponding to Ni-N is significantly low in 

comparison to Ni2+. Likewise, in Ni3N, the Ni 2p XPS spectra showed a characteristic 

peak at 853.1 eV (2p3/2) and at 870.3 eV (2p1/2) for Ni-N. The peaks at 856.1 eV (2p3/2) 

and 873.8 eV (2p1/2) correspond to Ni2+(Figure 2.3.4) arising because of the surface 

oxides. The Ni 2p XPS spectra for Ni(OH)2 electrodeposited on Ni foam show 

characteristic peaks at 855.9 eV (2p3/2) and 873.5 eV (2p1/2) corresponding to Ni2+ while 

the peaks for Ni0 appear at 852.4 eV (2p3/2) and 867.2 eV (2p1/2)
20. It is observed that the 

intensity of the metallic Ni peak is significantly low (Figure 2.3.4). 

 

Figure 2.3.4: High resolution Ni 2p XPS spectra for Ni(OH)2, Ni3N and A-Ni3N before 

etching 

However, after etching the Ni 2p XPS spectra for A-Ni3N shows an increase in the 

intensity of the peak corresponding to Ni-N at 852.3 eV (2p3/2) and at 869.5 eV (2p1/2) 

for Ni-N. The peaks at 855.0 eV (2p3/2) and 872.8 eV (2p1/2) correspond to Ni2+. This 

could be attributed to the removal of the oxides upon etching (Figure 2.3.5).   In the case 

of Ni3N, the removal of the surface oxide post-etching resulted in a significant decrease 

in the intensity of the Ni2+ peak at 854.8 eV (2p3/2) and 873.1 eV (2p1/2), while the 
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intensity of the peak corresponding to Ni-N at 852.6 eV (2p3/2)  and 869.8 eV (2p1/2) does 

not show any change in the intensity(Figure 2.3.5).  Likewise, the Ni 2p XPS spectra for 

Ni(OH)2 after etching show characteristic peaks at 855.8 eV (2p3/2) and 873.6 eV (2p1/2) 

for Ni2+, while the peaks corresponding to Ni0 appear at 852.5 eV (2p3/2) and 869.8 eV 

(2p1/2). Upon comparison of the A-Ni3N and Ni3N, it can be observed that the intensity 

of the peak corresponding to Ni2+ increases upon activation. This could be attributed to 

the increased formation of NiOOH, which is converted to Ni(OH)2 when exposed to the 

atmosphere. 

 

Figure 2.3.5: High resolution Ni 2p XPS spectra  for Ni(OH)2, Ni3N and A-Ni3N after 

etching with Ar sputtering for 30 sec 

The N1s XPS spectra for A-Ni3N and Ni3N (Figure 2.3.6) show characteristic peaks for 

Ni-N bonds at 397.7 eV and 397.8 eV, respectively. The peak at 399.5 eV (A-Ni3N) and 

399.7 eV(Ni3N) correspond to N-H moieties17–19. This further confirms that the as 

prepared electrode contains abundant Ni-N sites. 
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Figure 2.3.6: High resolution N 1s  XPS spectra for Ni(OH)2, Ni3N and A-Ni3N after 

etching with Ar sputtering for 30 sec 

FESEM analysis was conducted to examine the morphological changes in the catalyst 

(Figure 2.3.7). Electrodeposited Ni(OH)2 exhibited sheet-like structures of thickness ~ 1 

µm, with spongy structures on the surface (Figure 2.3.7 b). After nitridation, the particle 

size became smaller (Figure 2.3.7c). Subsequent activation through chronopotentiometry 

in 1M KOH results in the formation of NiOOH on the surface of Ni3N, transforming the 

morphology into well-defined dodecahedral structures (Figure 2.3.7 d). Further, the 

elemental mapping of A-Ni3N shows uniform dispersion of N and O on the Ni foam 

(Figure 2.3.8).  
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Figure 2.3.7: FESEM image of (a) Blank Ni foam, (b) Ni foam electrodeposited with 

Ni(OH)2, (c) Ni3N formed after nitridation, and (d) A-Ni3N formed after activation 
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Figure 2.3.8: FESEM-Elemental mapping of  A-Ni3N before reaction 

Evaluation of Electrochemical Urea Oxidation 

The as prepared working electrode was used to study the urea electrooxidation reaction 

in the alkaline medium. Performance metrics used to evaluate the catalytic activity are 

overpotential, stability, Tafel slope, ECSA and charge transfer resistance. First, Ni(OH)2 

synthesized by different strategies was tested using linear sweep voltammetry. Herein, 

Ni(OH)2 prepared by hydrothermal synthesis, NaBH4 assisted synthesis, and 

electrodeposition were compared. From the linear sweep voltammetry curve, it was 

observed that electrodeposited Ni(OH)2 outperformed in comparison to the Ni(OH)2 

prepared by hydrothermal and NaBH4 assisted synthesis (Figure 2.3.9). Electrodeposited 

Ni(OH)2 exhibited a maximum current density of 800 mA cm-2 at 1.5 VRHE in comparison 

to hydrothermally synthesized Ni(OH)2, which showed negligible activity, while 

Ni(OH)2 synthesized using NaBH4 showed a maximum current density of 380 mA cm-2 

at 1.5 VRHE. Hence, electrodeposited Ni(OH)2 on Ni foam was used for further studies 

and converted to Ni3N.  
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Figure 2.3.9: Linear sweep voltammetry for Ni(OH)2 synthesised by different routes  

 

Figure 2.3.10 : (a) Linear sweep voltammogram for Ni(OH)2, Ni3N, and A-Ni3N 

performed in 1 M KOH containing 0.33 M urea and (b) Comparison of current density 

obtained at different potentials for Ni3N and A-Ni3N 

The polarization curve for Ni(OH)2 exhibits a maximum current density of 780 mA cm-

2, while Ni3N demonstrates a maximum current density of 600 mA cm⁻² during urea 

electrooxidation. In comparison to Ni(OH)2, Ni3N requires a higher overpotential for the 

reaction. After activation, the overpotential significantly decreases, and the activated 

Ni3N (A-Ni3N) achieves a maximum current density of 800 mA cm⁻² at 1.5 VRHE (Figure 

2.3.10 a).  A comparative analysis of current density at different potentials highlights the 

reduction in overpotential upon activation, underscoring the improved catalytic 

efficiency of A-Ni3N (Figure 2.3.10 b).  
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Comparison of UOR  activity of A-Ni3N  with OER shows a decrease in the overpotential 

by 280 mV for urea assisted water electrolysis, making the process energy efficient 

(Figure 2.3.11a). Moreover, a broad peak is observed at 1.34 VRHE. This peak arises from 

the oxidation of Ni(OH)2 to NiOOH. However, the onset for urea electrooxidation is 

found to be at 1.29 VRHE. This is attributed to the oxidation of urea on the pre-formed 

NiOOH active site upon activation of Ni3N. 

 

Figure 2.3.11 : (a) Comparison of OER and UOR activity performed in 1 M KOH in the 

presence and absence of urea, respectively, for A-Ni3N (b) Chronoamperometry at 1.37 

V comparing Ni(OH)2, Ni3N and A-Ni3N performed in 1 M KOH containing 0.33 M urea 

The stability of the catalysts was evaluated through chronoamperometric studies at 1.37 

V (Figure 2.3.11 b). The Ni(OH)2 completely loses its performance within 15 h, while 

Ni3N retains only 56% of its initial performance after 35 h. On the other hand, the 

activated Ni3N (A-Ni3N) retains 99% of its initial performance even at 48 h. Furthermore, 

the electrochemical performance of A-Ni3N at 1.45 V could be repeated over several 

cycles (Figure 2.3.12 a).   
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Figure 2.3.12: (a) Chronoamperometry at 1.45 V at 100 mA cm-2 current density for 

A-Ni3N performed in 1 M KOH containing 0.5 M urea and (b) Tafel plots 

Tafel slope is a measure of the kinetics of the electrooxidation process (Figure 2.3.12 b). 

The faster kinetics result in a lower Tafel slope value.  Tafel plot shows that upon 

activation, the value decreases to 24 mV dec-1 for A-Ni3N in comparison to Ni3N (25 mV 

dec-1) and Ni(OH)2 ( 29 mV dec-1). This could be attributed to the faster oxidation of urea 

on the NiOOH site formed during activation. 

To determine the electrochemically active surface area, electrochemical double layer 

capacitance measurement was performed (Figure 2.3.13 a-c). The double layer 

capacitance value was determined to be 10.85 mF cm-2 for A-Ni3N, 5.98 mF cm-2 for 

Ni3N, and 1.54 mF cm-2 for Ni(OH)2 (Figure 2.3.13 d). Correspondingly, the ECSA 

determined were 271.25 cm2, 149.5 cm2 and  38.5 cm2 for A-Ni3N, Ni3N and Ni(OH)2 

respectively (Figure 2.3.14 a). This shows that nitridation followed by activation 

significantly increases the electrochemically active surface area. However, the ECSA 

normalized polarization curve shows that the overall current density decreases upon 

nitridation and activation (Figure 2.3.14 b). Thus, it can be inferred that nitridation and 

activation do not improve the intrinsic activity of the catalyst; rather, it creates a greater 

number of NiOOH sites for the electrooxidation process. 
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Figure 2.3.13: Cyclic voltammetry plot in the non-faradaic region for (a) Ni(OH)2, (b) 

Ni3N, and (c) A-Ni3N and (d) plot of scan rate vs current density to determine the 

electrochemical double layer capacitance 

 

Figure 2.3.14 : (a) Comparison of the electrochemically active surface area obtained by 

dividing the Cdl with a specific capacitance value of 40 µF cm2 and (b) Linear sweep 

voltammetry showing  ECSA normalised current density for Ni(OH)2, Ni3N and A-Ni3N. 
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As discussed in chapter 2.1, potentiostatic impedance spectroscopy can be used to 

determine the electrooxidation pathway for urea electrooxidation. For Ni(OH)2, the Bode 

plot shows one peak in the low frequency region attributed to the direct pathway and a 

broadening near the high frequency region attributed to the indirect pathway (Figure 

2.3.15 a). From this, it can be concluded that the catalyst exhibits a combination of direct 

and indirect pathways. Upon nitridation, Ni3N shows only one peak in the low frequency 

and no peak/ broadening near the high frequency region, indicating that Ni3N follows 

only a direct pathway for urea electrooxidation. Similarly, A-Ni3N follows a direct 

pathway, as is evidenced by the single peak in the low frequency region of the Bode plot 

(Figure 2.3.15 b).  

 

Figure 2.3.15: Bode plot obtained from potentiostatic impedance spectroscopy for  (a) 

Ni(OH)2 and (b) Ni3N and A-Ni3N 

The Nyquist plot was used to determine the charge transfer resistance associated with the 

electrooxidation pathway (Figure 2.3.16). It was observed that the charge transfer 

resistance associated with Ni(OH)2 was significantly lower in comparison to that of Ni3N 

and A-Ni3N. This could be attributed to the increased number of accessible active sites 

consisting of NiOOH, resulting in a faster electrooxidation process. In comparison, Ni3N 

and A-Ni3N show an increase in the charge transfer resistance, which could be attributed 

to the slower electrooxidation process. 
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Figure 2.3.16: Comparison of Nyquist plot obtained from potentiostatic impedance 

spectroscopy for Ni(OH)2, Ni3N and A-Ni3N 

To determine the charge transfer resistance value, the Nyquist plots were fitted with the 

equivalent circuit. The Nyquist plot for Ni(OH)2 was fitted with the equivalent circuit 1, 

shown in Figure 2.3.17 (a).  Here, Rs stands for the solution resistance, which is in series 

with the parallel components R1/Q1 and R2/Q2. R1 and Q1 represent the charge transfer 

resistance and constant phase element, respectively, associated with the direct pathway. 

R2 and Q2 represent the charge transfer resistance, and the double layer capacitance 

associated with the indirect pathway21,22.  From the fitting, R1 and R2 values were 

estimated to be 0.52 Ω and 0.38 Ω (Figure 2.3.17 c). The Nyquist plot for Ni3N and A-

Ni3N were fitted with the equivalent circuit 2 shown in Figure 2.3.17 b). Here, Rs stands 

for the solution resistance, which is in series with the parallel components R1/Q1. R1 and 

Q1 stand for the charge transfer resistance and double layer capacitance associated with 

the direct pathway, respectively23. The charge transfer resistance (R1) associated with 

Ni3N and A-Ni3N were estimated to be 3.6 Ω and 2.2 Ω, respectively, (Figure 2.3.17 d, 

e). From these values, it can be concluded that activation results in the formation of an 

increased number of NiOOH sites, which leads to an enhancement in the kinetics of the 

reaction. This results in a decrease in the charge transfer resistance. A plot of comparison 

for the charge transfer resistance for the three catalysts is shown in Figure 2.3.17 (f).  
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Figure 2.3.17: (a) Equivalent circuit 1 for a combination of indirect and direct pathway, 

(b) Equivalent circuit 2 for direct pathway, (c) Nyquist plot for Ni(OH)2 fitted using 

equivalent circuit 1, (d) Nyquist plot for Ni3N fitted using equivalent circuit 2, (e) 

Nyquist plot for A-Ni3N fitted using equivalent circuit 2 and (f) Comparison of charge 

transfer resistance values obtained after fitting. The green bar denotes the charge transfer 

resistance associated with the direct (R1) and indirect pathway (R2) in Ni(OH)2. The red 

and blue bars indicate the charge transfer resistance associated with the direct pathway 

(R1) for Ni3N and A-Ni3N. 

In the case of the direct pathway, the urea electrooxidation takes place on the NiOOH 

site. Following the electrooxidation, NiOOH does not undergo reduction to Ni(OH)2. The 

products formed get desorbed from the catalytic site, making it available for the oxidation 

R1 
R2 
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of other urea molecules23. This mechanism was studied using the operando Raman 

spectroscopy (Figure 2.3.18). Before the reaction, The Raman spectra did not show any 

characteristic peak for NiOOH. After activation of Ni3N in 1 M KOH (A-Ni3N), a peak 

corresponding to the Ni-O bond of  NiOOH was observed at 468 cm-1 (Eg) and 554 cm-

1 (A1g) along with a small peak at 996.6 cm-1 corresponding to C-N stretching of the urea 

molecule24,25. During the chronoamperometry at 1.5 VRHE, the urea electrooxidation takes 

place on the NiOOH site. The intensity of the peak corresponding to the Ni-O bond does 

not show any change. However, after the reaction, the intensity of the Ni-O peak 

decreases and eventually disappears. This could be attributed to the fact that post-

reaction, the indirect pathway takes over. As a result, the chemical oxidation of urea takes 

place, resulting in the simultaneous reduction of NiOOH to Ni(OH)2. 

 

Figure 2.3.18: Operando Raman spectroscopy measurement performed in 1M KOH 

containing 0.33 M urea. 

FESEM of the A-Ni3N electrode after reaction for 300 h at 100 mA cm-2 shows a change 

in morphology. The dodecahedrons formed upon activation get converted to flake like 

structures, as shown in Figure 2.3.19. However, the elemental mapping shows the 

uniform distribution of N and O on the electrode (Figure 2.3.20).   
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Figure 2.3.19: FESEM image of A-Ni3N after chronoamperometry for 300 h at a current 

density of 100 mA cm-2 

 

Figure 2.3.20: FESEM elemental mapping of A-Ni3N after chronoamperometry for 300 

h at a current density of 100 mA cm-2 

The Ni 2p XPS spectra were collected for A-Ni3N post-reaction (Figure 2.3.21). Before 

etching, the peak corresponding to Ni2+ is observed at 855.4 eV (2p3/2) and at 873.3 eV 

(2p1/2). This peak is attributed to Ni(OH)2, which is formed by the reduction of NiOOH. 

The peaks corresponding to Ni-N are not observed. However, upon removal of the 
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surface oxides by Ar sputtering, the peak for Ni-N appears at 852.6 eV (2p3/2) and 869.8 

eV (2p1/2), while the peaks for Ni(OH)2 appear at 855.0 eV (2p3/2) and at 872.9 eV (2p1/2).  

 

Figure 2.3.21: High resolution Ni 2p XPS spectra of A-Ni3N post reaction obtained  

before and after etching with Ar sputtering 

2.3.5. Conclusion 

In this work, A-Ni3N supported on Ni foam was synthesized by the chronopotentiometric 

activation of the Ni3N. A-Ni3N showed enhanced urea electrooxidation activity in 

comparison to Ni3N and Ni(OH)2. Stability in performance for UOR for  300 h at 100 

mA cm-2
 was achieved. Additionally, A-Ni3N achieved a maximum current density of 

800 mA cm-2 at 1.5 VRHE. FESEM analysis revealed significant surface morphological 

changes upon activation, with the shapeless particles transforming into dodecahedral 

structures. Furthermore, PEIS analysis showed that A-Ni3N and Ni3N followed a direct 

pathway wherein the NiOOH sites are retained post urea electrooxidation. In comparison, 

Ni(OH)2 follows a combination of direct and indirect pathways. Operando Raman 

spectroscopy was used to gain mechanistic insights. It was observed that during the 

reaction, NiOOH sites were retained. However, post-reaction, the indirect pathway takes 

over, and the NiOOH is gradually reduced to Ni(OH)2 following the chemical oxidation 

of urea. 
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Conclusions and Future Outlook 

 

The increasing demand for energy has resulted in excessive burning of fossil fuels 

leading to increased greenhouse gas emissions of which the major contributor is CO2. 

Hence there is a need to develop technologies which can help in mitigating the emitted 

CO2. To address this challenge, this work focusses on development of nanostructured 

materials for applications in CO2 utilisation and urea electrooxidation. Nanostructured 

materials have garnered significant attention in catalysis for their high surface area, 

enhanced reactivity from unique nanoscale properties, and tunable sizes, shapes, and 

compositions. In bimetallic systems, nanostructuring promotes synergistic interactions 

between elements, further boosting catalytic efficiency. 

Chapter 1.1 of this thesis emphasizes the importance of developing carbon utilisation 

technologies to mitigate the emitted CO2. It explores thermocatalytic and electrocatalytic 

methods for CO2 conversion discussing their mechanistic pathways, challenges and the 

various catalysts studied. Chapter 1.2  deals with the development of NiPd/C3N4 for the 

hydrogenation of CO2 to formic acid. Herein various characterisation techniques and 

operando studies have been used to understand the nature of the active site and gain 

insights into the mechanistic pathway. The synergistic interaction between Ni, Pd, and 

C3N4 was found to enhance catalytic activity. However, catalyst exfoliation during the 

reaction led to a loss in catalytic performance over successive cycles. Anchoring 

NiPd/C3N4 on a suitable support while preserving its activity could help in addressing 

this issue. Furthermore, the catalyst can be made cost effective by developing noble-

metal-free catalysts. Chapter 1.3. deals with investigation of trimetallic CuSnBi catalyst 

for electrochemical reduction of CO2 to formate. Herein the improvement in the activity 

of the CuSn catalyst was attributed to the increased formation of the stable CuOx-SnOx 

interface by the incorporation of Bi2O3. CuSnBi showed higher selectivity for formate in 

comparison to CuSn and SnO2 catalyst. Further studies using flow cells can be performed 

to evaluate its scalability for industrial applications. 

Chapter 2.1 highlights the importance of H2 economy as a cleaner and sustainable 

alternative to the conventional energy production. It explores electrochemical water 

splitting, highlighting its challenges followed by a discussion on urea assisted water 

electrolysis (UOR) as an energy efficient alternative. Ni(OH)2 has been identified as the 
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main catalyst for urea oxidation. However, sluggish kinetics associated with the 6 

electron transfer process and active site poisoning presents itself as a major challenge for 

this reaction. In chapter 2.2, inspired by the CO binding ability of the noble metals, 

Ni(OH)2 has been modified by the incorporation of Pd. This leads to an improvement in 

the intrinsic activity of the catalyst resulting in enhanced kinetics and stability. Chapter 

2.3 deals with modified Ni3N, as a potential catalyst for urea oxidation. The A-Ni3N 

catalyst shows a significant enhancement in the electrochemical activity achieving a high 

current density of 800 mA cm-2. Furthermore, operando Raman spectroscopy and PEIS 

were used to gain an in depth understanding of the urea electrooxidation pathway on the 

catalyst. While these catalysts exhibit exceptional activity for UOR, further development 

is needed to make them bifunctional. They can be tested  in MEA electrolysers to evaluate 

their potential for H2 production at a commercial scale. The urea electrooxidation can be 

combined with other reduction reactions such as CO2 electroreduction or nitrate 

reduction to reduce the overpotential for the overall electrolysis process. Furthermore, 

designing a catalyst that is active for both ORR and UOR can be used for developing Zn-

urea batteries.  
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Response to Comments 

 

Comment 1: In terms of turnover number, the NiPd/C3N4 catalyst had the highest of all 

tested catalysts. It was unclear how this related to overall conversion though, so there 

was some ambiguity in the meaning of this. 

Response 1: The conversion cannot be calculated from the turnover number. However, 

the % conversion  can be calculated from the solubility of CO2 under the reaction 

conditions employed as well as the product formed as quantified by NMR.  

The reaction conditions employed in this work: 30 mg catalyst, 348 K, 20 bar CO2, 20 

bar H2, 10ml solution of 0.5 M Na2CO3 

Under the above reaction conditions, the number of moles of formate formed = 0.00479 

mols 

From the literature, the molality of CO2 dissolved in a solution of 0.43 moles of K2CO3 

in 1 kg of water at 22 bar and 353 K = 0.647 mol kg-1  

(Data obtained from reference: Kamps et al, Solubility of CO2 in Aqueous Solutions of 

KCl and in Aqueous Solutions of K2CO3, J. Chem. Eng. Data, 2007, 52, 3, 817–832) 

Since the density of aqueous solution is 1 g/mL, the number of moles of dissolved CO2 

in 1000 mL of aqueous solution of K2CO3 = 0.647 mols  

Hence, number of moles of CO2 soluble in 10 mL of K2CO3 would be: 

𝑛𝐶𝑂2 =
0.647

1000
 × 10 = 0.00647 mols 

We know,                        CO2 + H2 → HCOOH 

Therefore, 1 mol of CO2 produces 1 mol of HCOOH 

Therefore,      % Conversion  =
Total moles of formate formed

Total moles of soluble CO2
 × 100 

 

Hence,                            % Conversion  =
0.00479

0.00647
 × 100 = 74.2% 
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 Comment 2: I question much of the ATR work especially how they achieved surface 

sensitivity and how they saw multiple intermediates that are beyond the rate limiting step. 

One would expect very low surface coverages of these species. The student should clarify 

the results obtained via the ATR-FTIR  

Response 2: In case of ATR-FTIR, the interaction of the incident IR beam with the ATR 

crystal results in total internal reflection. This results in generation of evanescent wave 

which interacts with the sample. To achieve high sensitivity, the interaction of the sample 

with evanescent wave is enhanced. This is achieved by multiple total internal reflection 

of the IR beam within the ATR crystal, generating more evanescent waves. This increases 

the overall path length of the IR beam through the sample, thereby enhancing the 

sensitivity. 

 

Figure R1: Reprinted with permission from reference: Valand, R., et al, Food Additives 

& Contaminants: Part A, 37(1), 19–38. 

The sensitivity also depends on the sample preparation. To achieve the significant 

intensity of the intermediates formed during the reaction, the catalyst loading on the 

carbon paper substrate was increased. The catalyst coated carbon paper was placed very 

close to the Si window which ensured interaction of the evanescent wave with the catalyst 

surface.  

A significant intensity of the peaks was observed at high potentials of -1.45 V where the 

current density was -70 mA cm-2. We believe that the surface concentration of these 

intermediates was enhanced under this applied potential. The peaks were matched with 

the reported literature to further support the analysis. 
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Comment 3: I get the impression that the candidate seems to think that changing a half 

reaction of a given electrochemical reaction changes the energy efficiency of a reaction. 

It changes the potential, but it also changes the energy needed to drive the reaction as 

these two are coupled, and thus changing the half reaction has no effect on energy 

efficiency. I think it would be beneficial if the student could make corrections in re-

analysing the energy efficiencies of the urea part of the thesis. 

Response 3: We agree with reviewer, that the energy efficiency is dependent on both the 

thermodynamic and kinetic parameters. Here, we have calculated the energy efficiency 

for hydrogen production with urea oxidation and oxygen evolution reaction using 

Pd/Ni(OH)2 catalyst as follows: 

According to Faraday’s law : Q = nF 

 

HER:       2H+ + 2 e- → H
2 
             n = 2 

 

Therefore, to produce 1 mole of H2,    Q = 2 × 96485 = 192970 C/mol 

 

We Know,                   Energy = Power × time = V × I × t = V × Q 

Hence, the energy required to achieve a current density of 100 mA cm-2 is calculated as 

follows: 

For urea assisted hydrogen evolution reaction, with UOR as the counter reaction, the 

voltage required is 1.35 V. Hence, the energy required to produce 1 mol of H2 would be: 

E = 1.35 × 192970 = 260,509.5 J/ mol 

Since 1kWh = 3600000J 

Therefore,                         E = 260509.5/3600000 = 0.072 kWh/mol 

To produce 1kg of H2,      E = (0.072 × 1000)/2 = 36 kWh/kgH2 

For the conventional hydrogen evolution reaction with OER as the counter reaction, the 

voltage required is 1.55 V. Hence, the energy required to produce 1 mol of H2 would be: 

E = 1.55 × 192970 = 299,103.5 J/ mol 
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Since 1kWh = 3600000J 

Therefore,                          E = 299103.5/3600000 = 0.083 kWh/mol 

To produce 1kg of H2,      E = (0.083 × 1000)/2 = 41.5 kWh/kgH2 

Therefore, the UOR-HER system demonstrates a reduction in energy consumption than 

a conventional water electrolyzer to produce 1 kg of hydrogen. 

Comment 4: I was not completely convinced that the candidate understood what causes 

the Tafel slope to have a given value. I think it would be beneficial if the student could 

make corrections in fundamental explanation of why Tafel slopes shift?  

Response 4: The Tafel equation is derived from the Butler Volmer equation, and it 

connects the rate of the reaction with the overpotential. 

𝜼 =
𝟐. 𝟑𝟎𝟑𝑹𝑻

𝜶𝑭
 𝒍𝒐𝒈 𝒊 −  

𝟐. 𝟑𝟎𝟑𝑹𝑻

𝜶𝑭
 𝒍𝒐𝒈 𝒊𝒐 

𝜼 = 𝜷 𝒍𝒐𝒈 𝒊 + 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕 

Here, 𝜷 =  
𝟐.𝟑𝟎𝟑𝑹𝑻

𝜶𝑭
 and is determined from the slope of the Tafel plot. η stands for 

overpotential, i stands for current density, io stands for exchange current density, α stands 

for transfer coefficient, , R stands for universal gas constant and T stands for temperature 

The Tafel slope is used to determine the transfer coefficient (α). The transfer coefficient 

is a measure of the fraction of the applied energy that is required to drive the redox 

reaction. From, the above equation, the Tafel slope is inversely proportional to the value 

of the transfer coefficient. Hence, the lower the Tafel slope value, the higher the value of 

the transfer coefficient indicating faster reaction kinetics. 

From, the intercept of the Tafel plot, the value of the exchange current density (io) can be 

determined. The exchange current density indicates the current flowing in both the anodic 

and cathodic directions at equilibrium. The higher the value of io the faster is the 

exchange of the ions and charge across the electrode/electrolyte interface. 
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Comment 5: The work on the CO2 adsorption on Pd was unclear as CO2 does not 

typically adsorb on metals. This did not influence the rest of the work, so I was just a bit 

confused of what was going on. the student should clarify the experiments done in regard 

to CO2 adsorption on Pd. 

Response 5: CO2 adsorption has been studied on Pd and has been reported in the 

literature in the following references: 

1. M.-P. Habas et al., Surface Science, 1999, 431, 208–219 

2. Jose A. Hinojosa, Jr. et al, J. Phys. Chem. C 2012, 116, 4, 3007–3016 

3. Renata Sechi et al, J. Phys. Chem. A 2023, 127, 21, 4596–4608 

4. R. Pothu et al, Mat. Sci. for Energy Tech., 2023, 6, 484–492 

During urea electrooxidation, CO2 is generated as a byproduct. According to theoretical 

studies by Daramola et al. (J Phys Chem A, 2010, 114 (43), 11513–11521), the desorption 

of CO2 from the NiOOH site is the rate-determining step, which limits the overall 

catalytic activity. 

In this study, CO₂-TPD and Linear Sweep Voltammetry (LSV) under CO₂ purging were 

employed to investigate CO2 interactions with Ni(OH)2 and Pd/Ni(OH)2. The CO₂-TPD 

results revealed two prominent desorption peaks at 182.6 oC and 434.2 oC for Ni(OH)2. 

CO2 TPD for Pd also shows two prominent peaks at 125 oC and 383 oC. The peak at 

higher temperatures is about 50 oC lower in the case of Pd as compared to Ni(OH)2. On 

the other hand, Pd/Ni(OH)2 prepared by NaBH4 reduction shows no peak at lower 

temperatures but a very strong peak at 412 oC, suggesting a strong binding affinity for 

CO2 by Pd dispersed on Ni(OH)2.  The comparison of the high temperature desorption 

peaks indicate that the incorporation of Pd weakens the interaction of CO2 to Ni(OH)2. 

LSV measurements following CO₂ purging further corroborated this. Ni(OH)2 showed 

decrease in catalytic activity within 10 minutes of CO₂ exposure, whereas Pd/Ni(OH)2 

retained activity for up to 25 minutes. These experimental findings were supported by 

theoretical calculations, which showed a reduced CO₂ desorption energy upon Pd 

incorporation, as illustrated in the figure below. The theoretical findings have been 

published in N. Mathew et al, Chem. Asian J. 2025, 20, e202401188. 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jose%20A.%20Hinojosa,%20Jr.
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Figure R2: Energy profile diagram of the urea oxidation on (a) Pd/Ni(OH)2 and (b) 

Ni(OH)2 surface 

 

 

 

(b) 


