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Introduction: 

With increasing concern over rapid depletion of fossil fuels and negative impact 

on the environment due to excessive use of fossil fuels, there is urgent need of 

renewable energy resource and storage techniques alternative to the fossil fuels1. The 

regenerative fuel cell (RFCs) is a potential device for electrochemical energy storage 

and conversion system2. The RFCs built up with two stacks3: (i) Electrolyser stack 

where fuel is produced from a renewable resource and stores the electrical energy in 

the form of chemical energy and (ii) Fuel cell stack where electricity is produced from 

chemical energy. Among various processes, the electrochemical energy/environmental 

H2-O2-H2O cycle is one of the leading building blocks for viable energy and fuel 

production in aqueous electrolyte system. The electrochemical energy/environmental 

H2-O2-H2O cycle mainly consists of four half-cell reactions; namely hydrogen 

oxidation reaction (HOR), oxygen reduction reaction (ORR) in fuel cell stack and 

hydrogen evolution reaction (HER), oxygen evolution reaction (OER) in water 

electrolyzer stack. All these processes have a sluggish kinetics without suitable catalyst. 

The best choices of the electrocatalyst for fuel cells and electrolyser applications are 

the supported NPs having very high surface areas. The main advantages of these 
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supported NPs catalyst are its larger electrochemically active surface area (ECSA) of 

the NPs with the minimal use of metal, greater efficiency and lower cost. But one of 

the major limitations for carbon supported catalyst is its lower electrocatalytic stability 

arises due to the rapid degradation of carbon. In this regard it should be mentioned that 

the graphitic carbon nitride4, a two dimension (2D) graphene like carbon materials has 

gained impetus attentions as supported materials for NPs because of its higher thermal 

and chemical stability. Moreover, the carbon nitride supported different 

nanocomposite5 has potential applications towards electrochemical fuel cell reactions, 

sensing, heterogeneous organic transformation, and photocatalysis applications. 

Scope and Organization of the Present Thesis  

In this thesis, attempts have been made to introduce facile synthesis of graphitic 

carbon nitride supported various nano composites to evaluate their various catalytic 

activities for both organic reactions and electrochemical reactions occurred in fuel cells. 

Additionally, our efforts were extended to understand the mechanistic aspects and 

reaction kinetics of various catalytic reactions. The present thesis contains nine chapters 

and the contents of the chapter have been summarized as follows: 

Chapter 1: Nanocomposite for Electrochemical Energy Conversion and Organic 

Reaction. 

 

In chapter 1, we have reviewed the current and future energy demands and 

explored the importance of renewable energy conversions and storage techniques. The 

history and development of fuel cell as well as water electrolyser are highlighted.  The 

main concern of this chapter was on the general description of different fuel cell 

reactions such as hydrogen oxidation reaction (HOR), oxygen reduction reaction (ORR) 

and water electrolyser reaction namely hydrogen evolution reaction (HER), oxygen 

evolution reaction (OER). The reaction steps, mechanisms and kinetics of these 

processes are discussed. A brief description of theoretical backgrounds to develop the 

efficient electro catalysts for different renewable process has been demonstrated. This 

chapter also records an account of current literatures pertaining to different nanocarbon 
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materials graphene,6 carbon nanotube (CNTs),7 carbon nitride based5 precious and non-

precious metal nanostructure materials, used for various fuel cell reactions. The layered 

double hydroxides (LDHs) are considered as promising materials due its layered open 

structure and densely distributed active sites. LDH is an anionic clay consisted of mixed 

metal cations hydroxide layers; separated by hydrated charge balancing anions8 and 

their general formula is [M2+
1-x M3+

x (OH)2]
x+[An-

(x/n). mH2O]x. Different synthesis 

methods, properties and electrochemical applications of transition metals LDH based 

composite materials were disscused. Moreover, NPs based heterogeneous9 catalyst for 

various organic conversions has been briefly discussed in the last section of this chapter.         

Chapter 2: General Experimental Methods and Techniques 

This chapter describes a brief description of various instrumental techniques, 

exclusively used for this present thesis work. The working principle of powder X-ray 

diffraction (p-XRD), UV-Visible spectroscopy, Fourier transform infra-red 

spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS) and other microscopic 

techniques such as TEM SEM have been discussed. Basic principle of different 

voltammetry such as linear sweep voltammetry (LSV), cyclic voltammetry (CV), and 

potential step voltammetry (Chronometric) has been discussed. The detailed description 

of experimental electrochemical setup and electrode preparation procedure is included. 

The materials details and synthetic procedure of graphitic carbon nitride is also 

demonstrated.     

Chapter 3 Palladium Nanoparticle-Graphitic Carbon Nitride Porous Composite: 

Synthesis and Its Application in HER/HOR at all pH Values 

 
(Ref: T. Bhowmik, M. K. Kundu, S. Barman; ACS Catal. 2016, 6, 1929–1941) 

 

The hydrogen reduction reaction (HER/HRR) and hydrogen oxidation reaction 

(HOR) in aqueous medium are the two fundamental reactions for the development of a 

non-fossil fuel based energy storage and conversion devices. HOR is anodic process in 

fuel cells where chemical energy in hydrogen is converted to the electrical energy 

whereas HER, a cathodic process stores the energy in chemical form by liberating the 
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hydrogen.  Commercial carbon supported platinum (comm. Pt/C) catalyst has been 

universally considered as the best catalyst for both cathode and anode. This chapter 

deals with the synthesis of porous palladium nanoparticles-carbon nitride composite 

(Pd-CNx) for its superior activity and high durability towards HER in both acidic and 

alkaline media. 

 

 
 

 

 

 

 

 

Figure 1. (a) HER LSV curve in 0.5 M H2SO4 electrolyte. (b) Morphology of Pd-CNx. (c) CVs curve of 

Pd-CNx in different pH electrolyte.  

 

The Pd-CNx composites exhibited excellent catalytic activity for hydrogen evolution in 

acidic media with small onset potential of -12 mV and a Tafel slope of 35 mV dec-1. At 

a small Pd loading of 0.043 mg cm-2, this catalyst exhibits a current density of 10 mA 

cm-2 at a low overpotential of -55 mV with an excellent stability. The HER activity on 

Pd-CNx composite is slightly better or comparable with comm. Pt/C in acid media. 

Furthermore, this catalyst has displayed superior HOR activity, measured by rotating 

disk experiment with a broad range of pH (0-14) in different buffer solution. The HER 

/HOR activity of porous Pd-CNx composite in different buffer solution were correlated 

by hydrogen binding energy (HBE) of catalyst surface. HER/HOR activity gradually 

decreases with increasing the HBE as solution pH increases. The superior HER/HOR 

activities and very high durability at porous Pd-CNx composite are due to strong 

bonding between Pd and carbon (Pd-C bond), porous morphology, the synergistic 

interactions between Pd-NPs and CNx support. 

Chapter 4. Electrocatalytic Oxygen Reduction Reaction on Pd Nanoparticles-

Porous Graphitic Carbon Nitride Composite 

 
(Ref: T. Bhowmik, M. K. Kundu, S. Barman; Int. J Hydrogen Energy, 2016, 41, 14768-14777) 

 

The electrochemical oxygen reduction reaction (ORR) is one of the most 

important cathodic redox reactions for the development of proton or /and anion 
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exchange membrane fuel cells (PEMFCs and AEMFCs) as well as direct liquid fuel 

cells (DLFCs). The commercial carbon supported platinum (Pt/C) catalyst is generally 

used as potential catalyst for ORR. However, the insufficient electrocatalytic stability, 

low abundance and low energy efficiency of precise Pt metal are the main technical 

drawbacks associated with ORR.   

 

Figure 2. (a) ORR LSV curves of different catalyst. (b) FE-SEM image of Pd-CNx. (c) Comparison of 

MA and SA.  

 

Chapter 4 describes the superior electrocatalytic ORR activity of palladium 

nanoparticles-carbon nitride (Pd-CNx) composite in both alkaline and acidic medium. 

The ORR activity on Pd-CNx catalyst is better (half wave potential E1/2 of 60mV more 

positive) than that of Pt/C in 0.5 M KOH solution and is almost comparable in acid 

media. Moreover, this porous composite displays excellent methanol tolerance and has 

better long term durability than that of commercial Pt/C in both acidic and alkaline 

media. Only 4 and 6 mV positive shift of E1/2 after 1,500 potential cycles in basic 

medium and acid medium respectively, further proves the excellent durability of this 

catalyst. The superior electrocatalytic activity and excellent stability of porous Pd-CNx 

composite can be attributed to the unique synergistic interaction between CNx support 

and Pd nanoparticles (Pd-NPs), lower the d-band centre of Pd, easy mass transport, and 

surface structure of Pd-NPs. 

Chapter 5. One Dimensional RuO2 Nanowires on g-Carbon Nitride for Hydrogen 

and Oxygen Evolution Reactions at All pH Values  

 
 (Ref: T. Bhowmik, M. K. Kundu, S. Barman; ACS Appl. Mater. Interfaces, 2016, 8, 28678-28688) 

 

Development of highly efficient and durable bifunctional electrocatalyst for 

hydrogen and oxygen evolution reactions (HER and OER) is essential for the efficient 
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overall water splitting reaction in electrolyzer devices. The commercial Pt/C and RuO2 

are highly active towards HER and OER respectively; but their poor stability under 

different operating conditions is the main obstacle for their commercialization. This 

chapter demonstrates the growth of one dimensional highly crystalline RuO2 nanowires 

on carbon nitride (1D-RuO2-CNx) for their applications in HER and OER over all pH 

values. The 1D-RuO2-CNx, as an OER catalyst, exhibits low onset overpotential of ~ 

200 mV in both acidic and basic media whereas Tafel slopes are 52 and 56 mV/dec 

respectively.  This catalyst requires low overpotential of 250 mV and 260 mV to drive 

the current density of 10 mAcm-2 in acidic and basic media respectively.   

 

Figure 3. (a) FE-SEM, (b) HRTEM image and (c) LSV polarization curve for HER as well as OER. 

 

The mass activity of 1D-RuO2-CNx catalyst is 352 mA mg-1 which is ~14 time higher 

than that of comm. RuO2. Most importantly, the 1D-RuO2-CNx catalyst has remarkably 

higher stability in compare to comm. RuO2 and IrO2. This catalyst also exhibits superior 

HER activity with current density of 10 mAcm-2 at ~93 and 95 mV in acidic and basic 

media. The HER Tafel slopes of this catalyst are 40 mV/dec in acidic condition and 70 

mV/dec in basic condition. The HER activity of this catalyst is slightly lower than Pt/C 

in acid media whereas in basic media the activity is comparable or even better than that 

of Pt/C at higher over-potentials. The catalysis is also important in neutral medium due 

to its low cost and better safety as compared to the others. 1D-RuO2-CNx composite 

showed improved HER and OER activity as compared to the state-of-the-art catalyst in 

0.1 M PBS buffer electrolyte. 
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Chapter 6 Formic Acid oxidation on Palladium Nanoparticles- Graphitic Carbon 

Nitride  

 
(Ref: T. Bhowmik, M. K. Kundu, S. Barman; Int. J Hydrogen Energy, 2017, 42, 212-217) 

 

The difficulties in hydrogen storage and transportation are the main limitations 

associated with the practical applications of hydrogen fuel cells whereas methanol cross 

over, toxicity of methanol are the main obstacles for direct methanol fuel cells 

(DMFCs) as compare to the Direct Formic Acid Fuel Cells (DFAFCs). The electro-

oxidation of formic acid on solid surfaces is known to occur via two different paths – 

(1) dehydrogenation process, the direct-path involves oxidation of formic acid to carbon 

dioxide (HCOOH = CO2 + 2H+ + 2e-) and (2) the indirect-path (dehydration path) 

occurs via intermediate formation, oxidation of adsorbed CO species (HCOOH = COads 

+ H2O = CO2 + 2H+ + 2e-).  The main challenge of DFAFCs catalyst is to reduce the 

possibility of dehydration path over direct-path way as CO poisoning of the catalyst 

which further reduces its activity. The comm. Pt/C catalyst follows the indirect-path for 

FAO reaction. Therefore, it is not suitable catalyst for DFAFCs.  This chapter reports 

the electrocatalytic activity of palladium nanoparticles-carbon nitride composite 

(PdNPs/CNx) towards the formic acid oxidation (FAO) with high mass activity (1640 

mAmgPd
-1) in acid electrolyte. The PdNPs/CNx catalyst has 70 mV more negative peak 

potential and 7.2 times higher mass activity than commercial Pd/C catalyst for FAO 

reaction in 0.5 M H2SO4 electrolyte.  In addition, at 0.4 V (RHE) (the typical working 

voltage in DFAFC) the current density of PdNPs/CNx catalyst for FAO is ~7.6 times 

and ~36 times higher than that of the commercial Pd/C and Pt/C catalyst respectively. 

The mass activity of this catalyst is 23 times higher than commercial Pd/C even after 

1000 CV cycles demonstrating the outstanding stability of PdNPs/CNx catalyst.  

Chapter 7. CoFe Layered Double Hydroxide Supported on Graphitic Carbon 

Nitrides as a Bi-functional Electrocatalyst  

 
(Ref: T. Bhowmik, M. K. Kundu, S. Barman; ACS Appl. Energy Mater. 2018, 1, 1200-1209) 

Finding non-precious metal based highly active and durable bi-functional 

electrocatalysts for overall water-splitting is essential for the development of various 
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renewable energy storage and conversion technologies. Generally, most of the HER 

catalysts are active in acidic environment whereas most of the nonprecious OER 

catalysts are active under alkaline environment. Therefore, there is always a pH 

mismatch associated with the development of non-precious metal based highly active 

and durable bi-functional electrocatalyst.  This present chapter reports the synthesis of 

cobalt iron layered double hydroxide (Co1-Fe LDH) and g-carbon nitride composite 

(Co1-Fe LDH/g-CNx) for overall water electrolysis in alkaline electrolyte.  

 

Figure 4. (a) HER and OER LSV curve different catalyst. (b) Schematic representation of Co1-Fe LDH 

supported on g-CNx and HER, OER. (c) Comparison of TOF values of different catalyst.  
 

The thin Co1-Fe LDH nano-sheets are successfully impregnated on graphitic carbon 

nitride surface by one pot co-precipitation method at ambient temperature. The optimal 

composite, Co0.4Fe0.6 LDH/g-CNx exhibited superior OER activity in 1 M KOH 

electrolyte with a small overpotential of 0.28 V for 10 mAcm-2, low Tafel slope of 29 

mV/dec, 100% faradic efficiency and high TOF of 0.25 s-1 which is superior than the 

comm. IrO2. Furthermore, the Co0.4Fe0.6 LDH/g-CNx composite exhibited remarkable 

HER activity in alkaline media and its HER activity is slightly lower than that of comm. 

Pt/C at low overpotential but it out-performs Pt/C at high overpotential. This catalyst 

requires a potential of 1.61 V to obtain current density of 10 mA cm-2 for overall water 

splitting in the alkaline electrolyte. Furthermore, the catalyst demonstrated its long term 

durability and higher stability for HER and OER under alkaline environment.  

Chapter 8. Co1Al2(OH)m LDH and g-Carbon Nitride Composite Nanostructure for 

Water Oxidation Reaction 

 
(Ref: T. Bhowmik, M. K. Kundu, S. Barman; manuscript under preparation) 
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Water oxidation is the fundamental process for the development of promising 

energy conversion technologies including integrated solar water-splitting devices, 

water electrolyzers, and rechargeable Li-air batteries. Electrocatalytic water oxidation 

is the evaluation of molecular O2 via multi proton/electron-coupled steps from 

intermittent sources such as water (H2O). The oxygen evolution reaction (OER) is the 

bottleneck process in overall water splitting reaction. Therefore, the development of a 

superior electrocatalyst for OER is a daunting task. 

 
Figure 5. (a) Comparison of overpotential of different catalyst. (b) Schematic representation of 

Co1Al(OH)m supported on CNx and OER. (c) Comparison of TOF values for different catalyst. 

 

Chapter 8 demonstrates the synthesis of composite of cobalt aluminium layered double 

hydroxide-carbon nitride (Co1Al(OH)m-CNx) by simple microwave heating method 

and their applications towards water oxidation reaction in alkaline electrolyte. A series 

of Co1Al(OH)m-CNx composite materials was synthesised by varying the amount of 

Co and Al precursors. Among those different compositions, highest catalytic activity 

was observed for Co1Al2(OH)x-CNx composite materials with a small overpotentials of 

0.31 V to achieve 10 mA cm-2 current density, low Tafel slope of 36 mV/dec and ~99% 

Faradic efficiency. The Co1Al2(OH)x-CNx composite showed the very high intrinsic 

activity with  TOF value of 0.34 s-1at 0.35 V which is 17 times higher as compared to 

comm. IrO2 (0.021s-1). The catalyst displayed very high stability and long term 

durability under OER conditions in alkaline environment. The supperior OER activty 

as well as higher stability may be attributed due to the strong synergestic effect betwwen 

support and Co1Al(OH)m LDH or improved ECSA of the composite materials.  
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Chapter 9. Selective Hydrogenation of Nitro Compounds and Ullmann Coupling 

Reaction by Palladium Nanoparticles Supported on Graphitic Carbon Nitride. 

 
(Ref: T. Bhowmik, M. Sadhukhan, S. Barman; manuscript under preparation) 

 

Improved catalytic activity with enhanced stability, size-shape dependent 

selectivity and reactivity makes the heterogenious nanocatalyst as a versatile tool for 

organic transformation. Chapter 9 deals with a facile synthesis of highly dispersed 

palladium nanoparticles embedded on graphitic carbon nitride (Pd@CNx) by ultrasound 

assisted method without aid of any external reducing agent and its effective catalytic 

activity towards easy dehydrogenation of sodium borohydride (NaBH4) and ammonia 

borane (AB) in aqueous medium.  

 

Figure 6. Schematic representation of synthesis and application of Pd@CNx composite towards nitro 
reduction and ullmann coupling reaction.  

 

This mentioned catalyst displayed highly selective reduction towards nitro groups in 

presence of other reducible groups with good stability. Furthermore, the catalyst 

exhibits superior catalytic activity towards ullmann coupling reaction of different aryl 

halides with broad range of substrates scope. 
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Chapter 1 

Nanocomposite for Electrochemical Energy Conversions and Organic Reactions 

1.1 Abstract  

In this present thesis, we have reviewed the current and future energy demands and 

explored the importance of renewable energy conversions and storage techniques. The 

history and development of fuel cells as well as water electrolysers are being highlighted.  

The main concern of this chapter was the general descriptions, reaction steps, 

mechanisms and kinetics of different fuel cell reactions such as hydrogen oxidation 

reaction (HOR), oxygen reduction reaction (ORR) and water electrolyser reaction 

namely hydrogen evolution reaction (HER), oxygen evolution reaction (OER). Brief 

descriptions of theoretical backgrounds for the development of various efficient electro 

catalysts for different renewable processes have been exploited. This chapter also records 

an account of current literatures pertaining to different nanocarbon materials graphene, 

carbon nanotube (CNTs), carbon nitride based precious and non-precious metal 

nanostructure materials used for various fuel cell reactions. Moreover, NPs based 

heterogeneous catalyst for various organic conversions has been briefly discussed in the 

last section of this chapter.         

1.2 Introduction 

In 20th century, transportation has been developed mainly by the combustion of engine 

because of its high energy and power density. During the early of 21st century, 

combustion of hydrocarbons behaves as  a popular energy source for transportation.1 

However, research on developing renewable energy resources and storage techniques has 
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gained an impetus attention due to the continuous increasing concerns over the rapid 

depletion of fossil fuels and its negative impacts on environment.2 According to the 

United States Energy Information Administration (US-EIA), average global energy 

consumption is yearly 14 Terawatt hour (TWh) and the predicted amount will be more 

than double by the year of 2050 and triple by 2100.3 Furthermore, fossil fuels such as 

crude oil, coal and natural gas have been accounted for ~ 80% of primary energy sources 

(Figure 1.1.a). About 10,000 million tons of petroleum has been consumed by the year 

of 2000 which is presumably to be doubled by the year of 2030 (Figure 1.1.b). 

Renewable technologies4 have been developed rapidly due to the upsurge of global 

warming and the limited resources of fossil fuels. The renewable energy storage and 

conversion devices are broadly classified into three categories5 such as  

1) Thermal storage: ice storage and molten salt. 

2) Mechanical storage: hydraulic power, compressed-air energy storage etc. 

3) Electrochemical storage: rechargeable batteries, super-capacitors, and regenerative 

fuel cells. 

 
Figure 1.1. (a) Energy consumption from different energy sources. (b) Year wise projected 

energy consumption.   

 

 

Among those different kinds of energy storages, thermal and mechanical storage are not 

used practically due to their potential hazardous behaviour. For example, the geothermal 

energy sources appear from the heat of the earth which is a green source but the potential 
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dangers further prevent the use of geothermal power station anywhere. Wind and 

hydraulic power are also important renewable energy sources, but building of dam and 

wind farm is extremely expensive as well as it demands to have some special location 

and geological conditions. Biomasses and biofuels are potential renewable sources in 

developing high-quality energies (i.e. alcohol, biodiesel). However, it requires a large 

land and lots of labours to grow and burn the biomass. Moreover, the energy conversion 

efficiency of bio-fuels is low enough and in order to further use they have to mix with 

other gasoline to generate the machines properly. Electrochemical energy is one of the 

best ways to bridge between the fossil fuel and hydrogen fuel based devices.6  The 

electrochemical energy conversion devices such fuel cells (FCs) and energy storage 

devices such as water splitting electrolyzer (WSE) have been demonstrated as the 

alternatives to the combustion engines. Regenerative fuel cells (RFCs) is an important 

electrochemical energy storage and conversion device where energy mainly carried by 

H2-H2O.7  RFCs constitute of two compartments one is fuel cell stack and another is 

electrolyser stack. Figure 1.2. represents the utilization of RFCs in different potential 

applications. Generally, H2 behaves as the energy carrier which reserves renewable 

electricity by splitting water into the corresponding H2 and O2 in a ‘electrolysis mode’. 

This H2 is further stored on-site and for the time being it is consumed; providing 

electricity whenever it is needed.8 Furthermore, RFCs are exclusively used in different 

vehicles, aircrafts and supply power for residential as well as commercial purposes. 

Being economically inexpensive, RFCs constitutes are used for centralized grid energy 

storages. However, RFCs based on H2-O2-H2O cycle9 have been attracted impetus 

attentions because of the eco-friendly and economically advantageous  nature of all these 

three species. Thus for large-scale energy storage, RFCs are the most important and 

promising constituents. 
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Figure 1.2. Utilization of RFCs for different potential applications. 

 

Among the different fuel cells, H2-O2 fuel cell is a fascinating candidate for future 

renewable energy conversion technology; where electricity is generated from the 

chemical energy of H2, used as flexible energy carrier. The electrolyser can generate fuels 

from renewable resources and store the electrical energy as   of chemical bond. 

Depending upon the nature of the electrolytes, RFCs are generally classified into two 

types; (1) proton exchange membrane (PEM) and (2) anion exchange membrane (AEM).  

The PEM system is generally worked under acidic electrolytic (i.e. lower pH) 

environment wherein the protons (H) are generated from electrolytes or products of 

anodic reactions, exchanged between anodic and cathodic compartments.10 Anion 

exchange membrane (AEM) system is mainly worked under alkaline electrolyte 

environments (i.e. higher pH) and exchanges hydroxyl anion between anodic and 

cathodic compartment.11  

1.3 Various Reactions Involved in RFCs 

The RFCs mainly consist of four different reactions namely hydrogen oxidation reaction 

(HOR), oxygen reduction reaction (ORR) in fuel cell stack and hydrogen evolution 

reaction (HER), oxygen evolution reaction (OER) in water electrolyzer stack. All the 
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electrochemical processes occurred in the RFCs and corresponding over potentials are 

shown in Figure 1.3.  

 

Figure 1.3. Different electrochemical processes and their corresponding polarization curves.  

 

1.3.1 Fuel Cell Stack:  

Fuel cell stack is an electrochemical device that converts chemical energy from fuels 

(such as hydrogen and formic acid) directly into electricity through a continuous 

chemical reaction. In 1839, the first fuel cell was developed as gas battery by renowned 

physicist Sir William Robert Grove. He mixed hydrogen and oxygen in the presence of 

an electrolyte and produced electricity and water. After that, in 1889, Ludwig Mond and 

Charles Langer first time introduced the term ‘Fuel Cell’. After 50 years, in 1939, Francis 

Thomas Bacon successfully developed a 5 kW stationary alkaline fuel cell. In 1955, 

chemist W. Thomas Grubb modified and improved the efficiency of original fuel cell by 

using a sulphonated polystyrene ion-exchange membrane as the electrolyte. After several 

modifications, in 1991, Roger Billings first time developed a H2 fuel cell for automobile. 

But the main problem arises due to its very large size and non-portability. In 2009, FCs 

are first time sold commercially and used for electric vehicles. PMEFC is the most 

efficient types of FCs as it has high power density as compared to the other types FCs. 
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The reaction sequences occurred in the PMEFCs are schematically represented in 

Figure1.4.

 

Figure 1.4. Schematic representation of working principle of PEMFCs.  

 

The sequential steps are demonstrated as follows:  

Step I: Hydrogen fuel and oxygen is channelled to anode and cathode compartment 

respectively. 

Step II: In anode compartment, hydrogen is oxidised into hydronium ion which is further 

demonstrated as hydrogen oxidation reaction (HOR). 

Step III: At the same time, in the cathode compartment oxygen is reduced into hydroxide 

ion represented as oxygen reduction reaction (ORR). 

Step IV:  The positive hydronium ions from anodic compartment cross the PEM 

membrane and combined with hydroxide ion (anodic compartment) to generate water. 

Step V: The negatively charged electron is travelled through external circuit from anode 

to cathode and generated electricity. 

The half- cell reactions have been discussed as follows: 
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Hydrogen Oxidation Reaction:  

Hydrogen Oxidation reaction (HOR) is the most important anodic half-cell process of H2 

fuel cell technology. The systematic literature study reveals that Pt and Ir metal catalysts 

have highest electrocatalytic HOR activity in acidic electrolyte. Gasteiger and co-

workers reported12 a systematic analysis of HOR kinetics of carbon supported different 

Pt-group metals such as Pt, Ir, Rh, Pd electrocatalysts in acidic medium. The trend of 

activity is followed the order Pt>Ir>>Rh>Pd. Durst et al.13 and Zheng et al.14 have 

demonstrated the similar kind of activity trends for Pt-group metals in acidic electrolyte 

and ~10 folds lower HOR activity in alkaline medium. Several literature reports14-16 

further suggested that pH dependent hydrogen binding energy (HBE) plays crucial role 

for HOR activity in both higher and lower pH values. A. Satsuma and his co-workers 

reported17 alloyed nanoparticles of Ru and Ir (Ru-Ir/C-20) has four times higher HOR 

activity than Pt/C catalyst in alkaline medium. They suggested that the lower HBE of 

Ru-Ir/C-20 is the main factor for higher HOR activity of the catalyst. Soon after that, 

Markovic and his co-workers reported18 that Ir(111) catalyst has 25-flod higher HOR 

activity than Pt(111) in alkaline medium. The same groups synthesized18 Pt0.1Ru0.9 

electrocatalyst, showing 25-flod higher HOR activity than Pt/C catalyst in alkaline 

medium and the HOR activity of Pt0.1Ru0.9 in alkaline medium is equal with HOR activity 

of Pt/C in acidic medium. Based on those observations, Markovic et al. further proposed 

that besides the substrate-H2 and substrate-H* binding energy, substrate-OHad
* 

interactions plays important role for overall HOR kinetics. Wang et al. reported19 that 

PtRu/C catalyst has more than two times faster rate of HOR than that of Pt/C catalyst in 

alkaline medium and it is mainly generated due to the lower oxophilicity of PtRu/c 

catalyst.  However it is not very clear about the main descriptor for HOR activity of a 

catalyst in alkaline medium. 
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Figure 1.5. (a) HOR reaction mechanism in alkaline medium. (b) HOR mechanism with 

involvement of adsorbed hydroxyl ion. Partly reproduced from ref. 20 with permission. 

Copyright 2018, with permission from Elsevier. 

 

HOR Reaction Mechanism:  

The HOR reaction consists of three elementary steps i)Tafel, ii) Heyrovsky, and iii) 

Volmer. The reaction steps are shown in Table 1.1. and Table 1.2. HOR reaction consists 

with dissociative adsorption, formation of H* followed by a fast charge transfer and 

desorption of proton in acidic electrolyte or water in basic electrolyte. The HOR 

mechanism can follow either Tafel-Volmer or Heyrovsky-Volmer pathway in both the 

acidic and basic electrolyte solutions.20 The reaction mechanism in basic medium is 

shown in Figure 1.5.a. In this mechanism, the involved hydroxyl (-OH) ion comes from 

electrolyte solution. In addition of this mechanism, several groups reported another 

possibility where hydroxyl (-OH) ion is also adsorbed on the catalyst’s surface and 

involved in the reaction mechanism (Figure 1.5.b).  

Table 1.1. HOR reaction steps in acidic electrolyte. 

 

(a

Tafel-Volmer
mechanism

Heyvorsky-Volmer
mechanism

Oxophilicity effect(a) (b)
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The reaction mechanism describes in Figure 1.5.b, clearly indicates that HOR reaction 

kinetics in both acidic and alkaline medium is mainly controlled by hydrogen binding 

energy (HBE). But in second mechanism, both HBE and oxophilicity of the catalyst are 

responsible for HOR kinetics.        

Table 1.2. HOR reaction steps in alkaline electrolyte. 

 

Oxygen Reduction Reaction:  

Electrochemical oxygen reduction reaction (ORR) is an important cathodic half cell 

reaction in fuel cells. ORR is the main reaction for PMEFCs including direct methanol 

or formic acid fuel cell (DMFCs/DFFCs), Zn-Air batteries and Li-Air batteries. Last few 

decays, carbon supported polyhedral Pt NPs (3–5 nm of Pt/C) is considered as the state-

of-the-art electrocatalyst for ORR in PMEFCs. Despite of their better activities, Pt/C 

catalyst has some major drawbacks caused by mainly its stability issues such as Pt 

dissolution, migration, Ostwald ripening and anion adsorption during the time of 

electrocatalytic reactions. However, several strategies have been employed to overcome 

all these problems for further utilization of the Pt catalyst for ORR. Size and shape 

controlled Pt nanostructures is one of the important developments.21-22 Recently, Dauan 

and his co-workers reported23 a very high mass activity of 13.6 A mgPt−1 for ultrafine 

jagged platinum nanowires, which is 52 times better than that of the comm. Pt/C 

electrocatalyst. Furthermore, several studies revealed the relatively strong adsorption of 

oxygen species (e.g. O and OH) onto the Pt surface. In order to reduce the O and OH 

adsorption strength, Pt metal is being alloyed with other metals.24-25 Chen et al. have 
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reported25 Pt3Ni nano-frame catalysts which can achieve 36 factors and 22 factors 

enhancement in mass activity and specific activity respectively, relative to the state-of- -

art comm. Pt/C catalyst. Adzic and his co-workers reported26 a systematic studies of ORR 

activity of Pd-supported Pt-M mixed monolayers (where M is the strong OH absorbing 

substrate). OH coverage on Pt surface reduces by the lateral repulsion of adsorbed OH 

on a neighbouring surface metal (M) and adsorbed Pt. This study further suggested 21 

times higher ORR activity of (Pt80Ir20)ML/Pd/C catalyst as compared to the comm. Pt/C. 

In addition, the ligand and strain effects are the main two factors for determining the 

catalytic activity. The ligand effect is mainly caused by the different electronegative 

atoms adjacent to Pt metal which further reinforce the electronic charge transfer process 

between the atoms and affecting their electronic d-band structures. In order to maintain 

the d-band structures, an expansion of surface occurs; consequently the energy also 

increases, which will generate stronger interaction with the adsorbate as well as stronger 

bonding with the surface. On the other hand, compression of the surface reduces the 

energy, thus reduces the interaction between the surface and the adsorbate, and weakens 

the bonding.  Toyoda et al. showed 27 the variation of ORR activities with the changing 

of the d-band centre of Pt catalyst. On the other hand, the strain effects are generally 

originated from different atomic arrangements on the surface/interface atoms and the 

defects in crystals. Recently, AEMFCs have gained attentions as a promising alternative 

technology due to easy designing and synthesis of non-platinum based electrocatalysts 

such as Pd28, Ru29, Ag30  and Co31. In recent years, one of the most important 

achievements of AEMFCs is the development of metal free electrocatalyst for ORR.32-33 

Superior ORR activity of one dimensional graphitic carbon nitrides in alkaline medium 

was reported by Tahir and his co-workers. This result suggested 1D graphitic carbon 

nitride nanofiber (GCNNF) and tubular 1D graphitic carbon nitride (TGCN) has onset 
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potential of − 0.15 and − 0.14 V in Ag/AgCl respectively, in comparison to comm. Pt/C 

catalyst (− 0.02 V).  

 

Figure 1.6.  Possible different ORR reaction pathway. 

 

ORR Reaction Mechanism:  

In FCs, oxygen reduction at cathode can happen either by a direct four-electron pathway 

where an oxygen molecule adsorbs onto the catalyst surface and reduces to water, or two-

electron transfer pathway with the formation of hydrogen peroxide. The reaction steps 

for ORR reaction are describes in Table 1.3. There are another possibility where ORR is 

occurred through indirect 4e- transfer pathway, involving the formation of hydrogen 

peroxide intermediate which can further reduce to water or chemically decomposes to 

water.  

Table 1.3. Possible ORR reaction pathway. 
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Depending upon the reaction conditions and behaviour of the electrocatalyst, ORR on 

the different electrode may follow direct four-electron pathway or two-electron pathway 

or indirect four-electron transfer process. Nobel metal catalyst generally follows direct 

4e- transfer process whereas the metal free electrocatalyst follows 2e pathway and 

generates peroxide which is somehow unwanted for FCs. Yang et al.34 introduced boron‐

doped carbon nanotubes as electrocatalyst for superior ORR activity but the catalyst 

follows 2e- process over all the potential ranges. Therefore, in order to design FCs 

catalyst, the process should follow 4e pathway to avoid the technical hazards of FCs. 

Moreover, it is very daunting task to develop the efficient electrocatalyst for ORR 

process. 

Formic Acid Oxidation (FAO): 

H2-PEMFCs are considered as important candidates as a substitute of batteries.35 But low 

gas phase energy density and potential danger of H2 in the transport restrict its wide 

spread applications. Recently, direct methanol fuel cells (DMFCs) and direct formic acid 

fuel cells (DFAFCs) are gaining attentions due to their moderate energy density, easy 

handling etc.36 However,  DFAFCs technology generates more attentions over DMFCs 

because of the smaller crossover flux through Nafion membrane and higher oxidation 

rate of HCOOH.36 Formic acid oxidation reaction (FAO) is the anodic process of 

DFAFCs. Pt-based catalysts are generally exclusively employed in the anodic layer for 

DFAFCs. Weber et al.37 first reported that the formic acid was electrochemically more 

active fuel than that of methanol on both Pt-black and Pt/Ru catalysts. After that, Pt-

based catalysts especially bimetallic systems have been exclusively studied for FAO 

reactions. In 1923, Müller et al.38 first time reported that FAO on Pt proceeds through 

two different mechanisms.One is dehydrogenation process wherein the direct path 

involves oxidation of formic acid to carbon dioxide (HCOOH = CO2 + 2H+ + 2e-) and 
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second one follows indirect pathway (dehydration path) via intermediate formation that 

is the oxidation of adsorbed CO species (HCOOH = COads + H2O = CO2 + 2H+ + 2e-).39 

The main problem regarding FAO reaction is adsorption of CO on Pt surfaces. The 

intermetallic phase of Pt40-41 with Bi, As, Pb, In, Sn, improves the activities of catalyst 

and reduces the number of adsorption sites for CO. This type of effect is called “third 

body” effect. CO molecule are not desired for FCs as it adsorbs on the catalytic surface 

and reduces the number of active site available for HCOOH. Recently, Pd metal based 

catalysts40, 42 are being widely used as catalyst for FAO reaction. But the catalytic activity 

of Pd based catalyst decreases with the cell operation time; consequently the efficiency 

of DFAFCs decreases. Therefore, till now the development of robust and highly active 

catalyst for DFAFCs is a challenging task. 

1.3.2. Electrolyser Stack: 

 Electrolyser is a device where electrolysis of water into molecular H2 and O2 is occurred. 

Water splitting reaction is an endothermic, nonspontaneous process. Therefore, energy 

is required to precede the reaction in forward direction. However, in electrolyser device 

this amount of energy is provided as the electrical current through an electrochemical 

cell. Among all the different processes, the electrochemical water splitting is the best 

way to bridge between the global energy supply and future era of hydrogen economy. A 

simple schematic representation of an electrolyzer cell has been shown in Figure 1.7. 

Based on the electrolytes used in electrolyser, the electrolyser technology can be 

classified into two categories: 1) Proton electrolyte membrane water electrolyser 

(PEMWEs) and 2) Alkaline electrolyte membrane water electrolyser (AEMWEs). 

Traditionally, large scale H2 is produced from chloro-alkali industry during the 

electrocatalytic formation of chlorine and caustic soda in AEMWEs. The first 

commercially available AEMWEs has 40-80% efficiency of current density in-between 
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250-500 mA cm-2 whereas PEMWEs has the same efficiency with the current density 

ranges from 1500 to 2000 mA cm-2. Although both the processes have same efficiency, 

PEMWEs has several advantages over AEMWEs because of its higher current density, 

low operational temperature and it has produced high purity of H2. In addition, cheap 

material is being used in AEMWEs unlike the case of PEMWEs. Therefore, both the 

processes are equally important for the development of WEs technology. In WEs, water 

is oxidised into oxygen and solvated protons at the anode which is further called as 

oxygen evolution reaction (OER).  

 

Figure 1.7. Schematic presentation of water electrolyser system. 

 

 

The protons are then conducted through the electrolyte and reduced to generate hydrogen 

gas at cathode, known as hydrogen evolution reaction (HER). The cathodic and anodic 

processes in WEs are describes as follows:  

Hydrogen Evolution Reaction: 

Platinum group metals (PGMs) including Pt, Pd, Rh, Ru and Ir have been proven as 

excellent cathode materials for EWEs. Among all these materials, Pt is still considered 

as one of the best electrocatalysts for HER in both acidic and alkaline medium.43 



       
  Nanocomposite for Electrochemical Energy Conversions and Organic Reactions 
                                                                                                                                                             Chapter 1                                                                                                                                                                                                                                                                                                                                                                                                        

15 
 

Although several non-noble metal based electro catalysts have been showed promising 

HER activities, still Pt catalyst are considered as a state-of-art catalyst under acidic 

environment due to its extreme chemical inertness under working conditions and near-

zero overpotential. However, high scarcity and low abundance are the main obstacles for 

its commercialization. To overcome such problems, several strategies have been adopted 

such as (i) increasing the active site by modifying the surface structures with different 

nanostructures, (ii) lowering Pt by depositing it on the low-cost materials, (iii) devolving 

other PGMs nanostructures with superior catalytic activities and (iv) developing non-

noble metal catalysts  which are effective under acidic environment. Y. Chen and his co-

workers reported44 polyethyleneimine functionalized Pt superstructure which has an 

onset reduction potential of +64.6 mV as compared to comm. Pt/C catalyst. Xioang et al. 

45 have synthesised PtFeCo TriStar nanostructure, achieving a current density of 1325 

mAcm−2  at 0.4 V in RHE potentials. In addition, loading of Pt decreases by depositing 

it on low cost materials such as graphene,46 WC,47 singled walled carbon nanotubes48 

and nitrogen-doped graphene nanosheets.49 Furthermore, other PGMs nanocatalysts have 

been developed to reduce the excessive uses of expensive Pt metal. Pd–Cu–S material50 

has a superior HER activity in 0.5 M H2SO4 with overpotentials of 58 mV at 10 mA cm-

2 and a Tafel slope of only 35 mV dec-1. Shao and his co-workers51 developed a 

rhodium/silicon HER electrocatalyst which supresses the comm. Pt/C catalyst. 

NiRu@N–C nanohybrid catalyst52 displayed HER active in both acidic and alkaline 

medium. It showed overpotentials of 50 and 32 mV in 0.5M H2SO4 and 1.0 M KOH 

respectively, corresponding to Tafel slopes values of 36 (in 0.5 M H2SO4) and 64mV 

dec-1 (in 1.0M KOH).52 Various  cost effective strategies have been explored in order to 

develop non-noble metal based catalysts such as amorphous tungsten phosphide,53 

nanostructured nickel phosphide.54 Furthermore, MoS2 supported on nanosized tungsten 
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monocarbide (WC) decorated RGO (MoS2/WC/RGO) composite and metallic Ni3N 

nanosheets were synthesized.55 

In alkaline environment Pt metal catalyst has 10 fold lower HER activity as 

compared to acidic environment and it requires very large amount of Pt loading (~0.5mg 

cm-2). Therefore, effective HER catalyst is highly desirable for the development of 

alkaline electrolyzers. In this aspect, it is worth mentioned that, non-noble metal based 

catalyst are attracted more attentions as a cathode materials due to their cost effectiveness 

as well as enhanced HER activities under alkaline environment. First row transition 

metals, dichalcogenides as well as chalcogenides have been well demonstrated as 

cathode materials for AEWEs.56-57 First row transition metal oxide or double hydroxide 

materials are also active for HER activity in AEWEs.58-59 On the other hand, Markovic 

and his co-workers recently revealed a bi-function HER mechanism in alkaline medium 

and an improved HER kinetics on Pt metal catalyst by depositing Pt on OH- ion promoter 

such as Ni(OH)2 layer. After proposing the bi-functional mechanism, several reports of 

HER activity in alkaline electrolyte have been introduced. Ru–MoO2 nanocomposites 

showed effective HER activity in 1 M KOH electrolyte.60 Qiao and his co-workers 

introduced NiO as a promoter for bi-functional HER activity of RuO2 in alkaline 

electrolyte.61  

Table 1.4. HER reaction steps and their theoretical Tafel slopes in acidic electrolyte.

 

The same groups further reported Ru-graphitic carbon nitride complex, supported on 

carbon (Ru/C3N4/C) as HER catalyst in 0.1 M KOH electrolyte and revealed the 
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effectiveness of the catalyst which was higher than the comm. Pt/C catalyst.62 Therefore, 

till now designing of a HER catalyst with excellent activity as well as long term 

durability, is a very challenging task. 

Table 1.5. HER reaction steps and their theoretical Tafel slope in alkaline electrolyte. 

 

HER Reaction Mechanism:  

HER reaction mainly consists of three elementary steps.63 The reaction steps in acidic 

and alkaline medium are describes in Table 1.4 and 1.5 respectively. The first step is the 

Volmer steps where H+ electronically discharges and adsorbs on the catalyst surface as 

Had*. After that, the absorbed Had* can desorb as H2 either by chemical desorption 

process or by electrochemical desorption process.  

 
Figure 1.8. Possible HER reaction mechanism in acidic electrolyte. Partly reproduced 

from ref. 63 with permission. Copyright 2014, with permission from American Chemical 

Society. 
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In chemical desorption process another proton was adsorbed on the catalyst surface and 

both Had* are combined which is called Tafel step. On the other hand, in electrochemical 

desorption process, adsorbed Had* combines with electron and another H+ from solution 

which is called Heyrovsky step. The possible HER reaction mechanism in acidic 

electrolyte is presented in Figure 1.8. In alkaline medium, first step is the dissociation of 

water and adsorpion on the catalyst surface as Had* and after that it follows the similar 

steps as describes above. 

Oxygen Evolution Reaction:  

Since 1960s, Ruthenium oxides (RuO2) and iridium oxides (IrO2), have been used widely 

in industrial electrolyzers as an anodes materials due to their unmatched OER activit ies 

in acidic environment. The IrO2 anodes are known to be much more stable for O2 

evolution in acidic environment than RuO2, showing only a slightly lower 

electrocatalytic activity. However, RuO2 is known as the most active oxide for anodic 

oxygen evolution, but it suffers from lack of stability under strong acidic environment. 

Therefore, in acidic environment, the anodic OER suffers from several challenges such 

as high loading of precious metals and insufficient durability. In order to increase the 

efficiency of OER in acidic environment, Walton and his co-workers64 synthesized a 

mixed ruthenium–iridium pyrochlore for OER under acidic condition. Although the 

mixing of Ru and Ir pyrochlore improves the overall OER stability of the materials but 

high loading of the precious metals are the main drawbacks incorporated with this 

process. In this aspects, a new strategy was involved by alloying the RuO2 and IrO2 with 

cheap transition metals such as SnO2 
65-66, Ta2O5,

67-68. But in all the cases, the alloyed 

materials show lower activity as compared to pure IrO2 or RuO2.  Strasser and his co-

workers69 reduced the amount of precious metal loading towards OER activity in acidic 

environments by synthesizing oxide-supported IrNiOx core–shell particles which showed 

2.5 times higher Ir-mass-based activity as compared to comm. IrOx/C with a superior 
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stability for a period of 20 h at constant current density. Krtil et al. recently reported70 a 

cost effective stable electrocatalyst for OER activity by introducing Zn into RuO2 moiety. 

In acidic environment, the usage of non-noble metal based catalyst is mainly restricted 

because of their increasing complex oxide phases at pH>7. Recently, very few reports 

put forward the usage of the cost effective non-noble metal based catalysts under strong 

acidic conditions.71-72 In compare with the acidic electrolyser, alkaline electrolyser is 

much more cost effective due to the use of cheap earth abundant materials. Recently, 

many catalysts for OER based on abundant 3d metals, such as iron (Fe), cobalt (Co), 

nickel (Ni), and manganese (Mn), have been introduced. Among all these catalysts, Ni 

based catalyst are known to be the best one towards alkaline electrolysis. Different first 

row transition metal chalcogenide, nitride, carbide are reported for the OER in alkaline 

medium. But according to the solid state chemistry, the metal sulfide, phosphide, nitrides, 

as well as selenide show lower thermodynamical stability under oxidising condition 

(OER process) as compared to corresponding hydroxide or oxide.73 During OER reaction 

conditions, the metal chalcogenides either form metal hydroxide or it form oxide layer 

around the metal chalcogenides. However, during this process sometimes it can also 

completely transform into amorphous metal oxide/hydroxide.74,73 Recently, several 

groups reported74-75 in-situ surface oxidation of metal phosphide into metal hydroxide or 

oxide after OER activity. In this context, it should be mentioned that, various perovskite 

materials are cheap as well as abundant. They also exhibit moderate OER overpotentials 

under alkaline conditions. Schmidt et al. reported76 La1-xSrxCoO3 perovskites for OER in 

alkaline condition. First row transition metal based layered double hydroxides (LDH) 

materials also display superior OER activity. Huang and his co-workers reported77 3D 

hierarchical LDH structure of Ni5Fe LDH@NF, exhibiting low overpotential of 210 mV 

at 10 mA cm−2 current density and showed an appealing  potential of 1.59 V at 10 mA 
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cm−2 for overall water splitting. Hu and his groups reported 3D-transition metal based 

different LDH materials and demonstrated that NiFe NS has the best catalytic activity, 

having Tafel slope of 39 mV/dec as well as the TOF value of 0.05 s-1. However, most of 

the cases, the hydroxide, double hydroxide materials are being suffered with lack of 

conductivity and stability. The electronic conductivity of the oxide, LDH materials can 

be improved through decorating on conducting materials (NF, graphene). Sasaki et al. 

reported78 superlattice stacking between Ni-Fe Hydroxide and graphene nanosheets that 

provided an improved OER activity with over potential of 0.21 V and Tafel plot of 40 

mV/decade as compared to free Ni-Fe Hydroxide (Over potential of 0.23 V and Tafel 

slope of 42 mV/dec). 

OER Reaction Mechanism: 

Compared to HER the oxygen evolution reaction, OER, is more complex one and it 

involves several intermediates. Due to the complexity of the oxygen evolution reaction, 

many mechanisms have been proposed by several groups. Sato and his co-workers79 first 

time summarised the different reaction mechanisms for the OER in both acidic and 

alkaline medium. In alkaline electrolyte, all of the proposed reaction mechanisms have a 

common initial step - the adsorption of the hydroxide ions on the catalytically active site 

followed by different intermediate M-O, M-OH, M-OOH formation. The reaction steps 

and theoretical Tafel slope values are described in Table 1.6. The first step is the 

dissociation of water and adsorption of hydroxyl ion on the catalyst surface. After that 

the reaction proceeds with the formation of intermediate S-O- and S-OOH.  

 

1.3.3. Theoretical Aspect of Electrochemical Reactions:  

 

Over the past few years, considerable amount of research efforts have been employed to 

know the kinetics and mechanistic pathways for different electrochemical reactions. 
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Table 1.6. OER reaction steps in both acidic and alkaline electrolyte. 

 

 
 

 

In this regards, theoretical studies have put forward a significant understanding of these 

processes. The crucial factor of all these studies is the rationalization of the relative 

electrocatalytic activities of different electrode materials in terms of a descriptor. The 

descriptor may be defined as a single microscopic parameter which controls the catalytic 

process. In generally, a descriptor can be represented as the interaction between a key 

reaction intermediate and the catalytic surface. The plot of catalytic activity vs descriptor 

follows the Sabatier principle which mainly describes that the heterogeneous reaction 

shows a maximum rate at a particular reactivity of catalytic surface. This type of plot, 

known as a volcano plot is shown in Figure 1.9.a.  The plot describes that the optimal 

interaction (neither too weak nor too strong between the key intermediate and catalyst 

surface) shows maximum activity. If the catalysts fail into the right side of the plot that 

means the interaction is too weak; the catalyst is not too much activate. On the other 
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hand, the catalyst which is placed at the left side of the plot, have too strong interaction. 

Thus it is blocked by the intermediates or products. 

 
Figure 1.9. Volcano plot for (a) general all electrochemical processes, (b) HER, Reprinted 

with permission from ref. 63. Copyright 2014 American Chemical Society. (c) ORR Reprinted 

with permission from ref. 81. Copyright 2004 American Chemical Society and (d) OER, 
reproduced from ref. 83 with permission. Copyright 2012, Royal Society of Chemistry.  

 

 

For HER, the chemical adsorption and desorption of H* atoms on an electrode surface 

are two competitive processes and control the rates of H2 production. Therefore, GH* 

value is considered as the main descriptor for HER. Parsons and his co-workers proposed 

a volcano‐type plot associated of J0 for HER with the thermodynamically derived ΔGH*. 

This volcano plot shows a maximum peak at ΔGH*=0 with two symmetrical linear 

branches towards ΔGH*>0 and ΔGH*<0. However, obtaining the exact thermodynamic 

value of ΔGH* is the main challenge regarding the construction of volcano plot. Nørskov 

et al.80 first time demonstrated DFT study for the calculation of exact ΔGH* for different 

systems for an constructed volcano plot for different metal catalysts as shown in Figure 

(a) (b)

(c)

(d)

HER

ORR

OER
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1.9.b which clearly shows that the metals (Ag, Zn, Al), positioned at right side of the 

volcano plot, adsorb hydrogen weakly and those which positioned at left side (Mo, Ta, 

W) adsorb H strongly although both the cases exhibit low J0 value. However, the 

elements, much closed to maximum peak point show moderate hydrogen adsorption (Pt, 

Pd, and Rh, have very high values of J0). Moreover, the activity trends of different 

systems for different electrochemical processes such as OER and ORR81 can be described 

by volcano plot (Figure 1.9.c and 1.9.d). In volcano plot, the free energy for OH* 

oxidation on catalyst site (ΔGO*−ΔGHO*) is used as descriptor for the OER82-83 whereas 

for ORR81, 84 the free energy changes for intermediate (O*) binding (ΔGO*) is used as 

descriptor.   

 

1.4. Kinetics of Electrochemical Reaction  

The electrochemical process is defined as the chemical reaction occurred via the transfer 

of the charge across the interface between electrode and electrolyte solution. The 

electrochemical process at solid electrocatalyst and liquid electrolyte interfaces occur via 

two processes: 

(a) Faradic process where electron transfer involves at electrode/electrolyte interfaces.  

(b) Non-faradic process where only adsorption/desorption process occurs at 

electrode/electrolyte interfaces.  

Both the faradic and non-faradic process involves at electrode/electrolyte interfaces 

during any electrochemical process. But for most of the electrochemical reactions, 

faradic process is the primary interest of study.  
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An electrocatalyst can drive a reaction out of equilibrium by means of addition or 

subtraction of charges from or on the surface of the electrode. Faradic process on the 

electrode surface can be represents as:  

Ox (aq) + ne- (electrode) = Red (aq) 

The basic electrochemical reaction follows a sequence of basic steps as follows:85 

(a) Reactant transfer occurs from bulk of electrolyte to the electrode surface via a mass 

transfer process and vice versa. 

(b) Surface phenomenon such as adsorption, crystallisation occur. 

(c) Electron transfers to or from the electrode surface. 

(d) Heterogeneous chemical reactions. 

The simple electrochemical reaction can follow first three steps where no chemical 

reaction is occurred. The kinetics of a system is strongly influenced by the applied 

potential. In addition, the kinetics is furthermore influenced by the nature and structures 

of the reacting species, the solvent, the electrode materials and adsorbed layers on the 

electrode.  

The current flow from the electrode for a simple faradic process can be represented as:  

𝑖𝑎 = 𝐴𝐹𝑟𝑜𝑐𝑂𝑥  

Where 𝑖 is current flow from electrode, A is the electrode surface area, F is the 

Faraday’s constant (84548), 𝑟𝑜 is the electron transfer rate and 𝑐𝑂𝑥 is the concentration 

of the reactant.  

Herein all terms are constant for a particular catalyst except the rate of the electron 

transfer from the electrode. In addition, the rate of the electron transfer is controlled by 
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the potentials applied on the electrode. Furthermore, the electrochemical reactions are in 

equilibrium and provide an activation barrier. So the potential applied on electrode can 

be given by  

𝛥𝐸 = − 
∆𝐺

𝑛𝐹
 

Where 𝛥E is the electrode potential, n is the number of electrons transferred and ∆G is 

the free energy of the activation barrier. In electrochemistry two terms is very important 

(a) Overpotential (): It is defined as the difference in electrode potential at equilibrium 

(Ee) and the potential at a given current density (Ei). 

 = Ee-Ei 

(b) Charge Transfer Coefficient (): It is defined as the amount of charge transfer at a 

particular overpotential. 

In electrocatalysis it is possible to drive a reaction out of equilibrium and it is possible 

by applying some overpotentials to the electrode. So the free energy of activation barrier 

will be defined as: 

∆𝐺𝑐 =  ∆𝐺𝑐,𝑒𝑞 + 𝛼𝑐𝑛𝑒𝐹𝜂 

∆𝐺𝑎 =  ∆𝐺𝑎,𝑒𝑞 − 𝛼𝑎𝑛𝑒𝐹𝜂 

Where ∆𝐺𝑐,𝑒𝑞  and ∆𝐺𝑎,𝑒𝑞 are the potentials independent activation energy, 𝛼𝑎and 𝛼𝑐 are 

the anodic and cathodic charge transfer coefficient, F is the faraday’s constant, 𝜂 is the 

overpotential applied on electrode. The rate of a reversible electrochemical reaction can 

be presented as:  

𝑟 = 𝑘𝑎𝑐𝑜𝑥 − 𝑘𝑐𝑐𝑟𝑒𝑑  

Where 𝑘𝑎 and 𝑘𝑐 are the rate constant of anodic and cathodic process. 

According to Arrhenius equation, the rate constant of a reaction is given by  
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𝑘 = 𝑘0𝑒
−𝐸𝑎

𝑘𝑇⁄
 

𝑘𝑎 = 𝑘0𝑒
−∆𝐺𝑎

𝑅𝑇⁄
 

For cathode  

𝑘𝑐 = 𝑘0𝑒
−∆𝐺𝑐

𝑅𝑇⁄
 

Where 𝑘0 defined as potentials independent rate constant and other terms are defined 

their usual meaning. 

Now putting the value of ∆𝐺𝑐 and ∆𝐺𝑎, we get 

𝑘𝑎 = 𝑘0𝑒
(−∆𝐺𝑎,𝑒𝑞+𝛼𝑎𝑛𝑒𝐹𝜂)

𝑅𝑇
⁄

 

𝑘𝑐 = 𝑘0𝑒
(−∆𝐺𝑐,𝑒𝑞−𝛼𝑐𝑛𝑒𝐹𝜂)

𝑅𝑇
⁄

 

As the equilibrium activation free energy term is also an potential term, therefore the rate 

constant value generates as  

𝑘𝑎 = 𝑘0
𝑎𝑒

𝛼𝑎𝑛𝑒𝐹𝜂
𝑅𝑇⁄

 

𝑘𝑐 = 𝑘0
𝑐𝑒

−𝛼𝑐𝑛𝑒𝐹𝜂
𝑅𝑇⁄

 

So now if we put the equation in  

𝑟 = 𝑘0
𝑎𝑐𝑜𝑥 𝑒

𝛼𝑎𝑛𝑒𝐹𝜂
𝑅𝑇⁄ − 𝑘0

𝑐𝑐𝑟𝑒𝑑 𝑒
−𝛼𝑐𝑛𝑒𝐹𝜂

𝑅𝑇⁄
 

If we convert the rate of the reaction in terms of the current, we get 

Or 𝑟 =  
𝑖

𝑛𝐹
= 𝑘0

𝑎𝑐𝑜𝑥 𝑒
𝛼𝑎𝑛𝑒𝐹𝜂

𝑅𝑇⁄ −  𝑘0
𝑐𝑐𝑟𝑒𝑑 𝑒

−𝛼𝑐𝑛𝑒𝐹𝜂
𝑅𝑇⁄

 

Or   𝑖 = 𝑛𝐹𝑘0(𝑐𝑜𝑥 𝑒
𝛼𝑎𝑛𝑒𝐹𝜂

𝑅𝑇⁄ −  𝑐𝑟𝑒𝑑 𝑒
−𝛼𝑐𝑛𝑒𝐹𝜂

𝑅𝑇⁄
 ) as 𝑘0

𝑐 = 𝑘0
𝑎

= 𝑘0 

Or    𝑖 = 𝑖0(𝑐𝑜𝑥 𝑒
𝛼𝑎𝑛𝑒𝐹𝜂

𝑅𝑇⁄ −  𝑐𝑟𝑒𝑑 𝑒
−𝛼𝑐𝑛𝑒𝐹𝜂

𝑅𝑇⁄
 ) where 𝑛𝐹𝑘0 = 𝑖0 

Here 𝑖0 represented the exchange current density. 

So finally we get the classical Butler-Volmer equation: 

𝑖 = 𝑖0(𝑐𝑜𝑥 𝑒
𝛼𝑎𝑛𝑒𝐹𝜂

𝑅𝑇⁄ −  𝑐𝑟𝑒𝑑 𝑒
−𝛼𝑐𝑛𝑒𝐹𝜂

𝑅𝑇⁄ ) 

This classical Butler-Volmer equation is the fundamental equation for electrode kinetics 

and it represents the relationship between the total current density with exchange current 

density, overpotential and transfer coefficient (Figure 1.10.a). At higher overpotentials 

the reaction is out of equilibrium. Either the anodic or the cathodic current is dominating 

in the total current density measurement. 
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Figure 1.10. (a) Butler-Volmer plot, (b) Tafel plot for electrochemical reaction. 

 

The Butler-Volmer equation becomes 

log(𝑖) = log(𝑖0) +
𝛼𝑐𝜂𝐹

2.303𝑅𝑇
              at higher cathodic potentials 

log(𝑖) = log(𝑖0) −
𝛼𝑎𝜂𝐹

2.303𝑅𝑇 
           at higher anodic potential 

This two equations are called as Tafel Equations. The logarithm of the current density 

log|i| can be plotted as a function of the overpotential and the slope of linear region of 

the plot is called Tafel slope (Figure 1.10.b). From the Tafel analysis we get two 

parameter (a) exchange current density (𝑖0) and (b) Tafel slope 
2.303 𝑅𝑇

𝛼𝑎/𝑐𝑛𝑒𝐹
 .  

The slope is expressed in units of mV decade−1. The equation may be written in different 

way as:  

η = a + b log(i) 

where a and b are the constant. 

The Tafel slope determines the changes of electrocatalytic performance of the catalyst 

over a potential ranges. By determining the Tafel slopes, we can easily compare the 

catalytic performances of different catalysts. Smaller the Tafel slope, better will be the 

catalytic activity that is the catalyst requires smaller increment of overpotential for a 

Tafel slope

Anodic current

Cathodic current
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given increase of current density. The theoretical Tafel slope value for a multistep 

reaction, comprising a series of elementary steps can be represented by: 

𝑏 =
2.303 × 𝑅𝑇

 × 𝐹
 

Where Temperature (T), charge transfer coefficient (a) and R is gas constant, F is the 

Faraday. The charge transfer coefficient () can be calculated by: 

𝛼 =  
𝑛𝑓

𝑣
+ 𝑛𝑟𝛽 

𝑛𝑓= Number of electron transfer before the rate determining step. 

𝑣= Number of times rate determining step occurred. 

𝑛𝑟= Number of electron involved in the rate determine step. 

𝛽 = The symmetrical factor generally considered as 0.5. 

The rationalization of HER mechanism is quite easy to interpret by Tafel slope because 

there are only two possible pathways. But for OER it is difficult to rationalize as it, 

involves via transfer of 4 electrons and 4 protons thus provides many possible pathways. 

However, the OER reaction mechanism is confirmed by comparing the experimental data 

with theoretical complementary data (e.g. DFT calculations). 

The exchange current density is equivalent to the rate constant of a heterogeneous 

catalyst. It provides both the thermodynamics as well as the kinetic informations. Higher 

i0 value defines no activation barrier in electrolysis reaction whereas; low i0 reflects the 

high activation barrier. That is why the rate of the reduction and oxidation process 

become sluggish.    

1.5. Heterogeneous Catalysis 

On growing demands of portable power systems for automobiles and different electronic 

equipments, PEM fuel cell creates attentions.86 But the storage of large amount of 

hydrogen and its reliable supply restricts the widespread use of PEM fuel cell. There are 
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several classes of solid hydrogen storage materials i.e. activated carbon, metal amide, 

nano carbon such as graphene, carbon nanotube (CNT) etc.87 But low gravimetric 

efficiency prevents their practical applications. However, in recent times, scientific 

communities have been focused on the pyrolysis or hydrolysis of the metal hydrides 

(NaBH4, H3N-BH3) because of their high theoretical hydrogen content, releasing 

capacity of pure hydrogen.88-90 At the same time, using the in-situ released hydrogen in 

heterogeneous organic transformation specially any environmental remediation process 

is very challenging task.91-92 Water pollution is considered as an acute problem of global 

environment. The maximum no of death and diseases causes mainly due to the water 

pollutants. Among different anthropogenic contaminants, 4-nitrophenol is one of the 

toxic pollutant and hazardous materials, declared by U.S. Environmental Protection 

Agency. Therefore, remediation of aromatic nitro compounds is an important task.93 

Several conventional technologies93-94 are being widely used for waste water treatment 

such as biological, chemical reduction/oxidation, adsorption, degradation etc. The 

available conventional treatment technologies have inherent challenges and short 

comings with respect to applications, designing, effectiveness, and economics.95 In this 

point it should be mentioned that the chemical oxidation/reduction process with 

heterogeneous catalyst is most advantageous.96 Sun and his co-workers reported92 

graphene supported NiPd alloy nanoparticle for the dehydrogenation of ammonia borane 

and in-situ hydrogenation of nitro/nitrile compounds. Kim et al. reported97 Pd−Pt−Fe3O4 

nanoflake behaving as a robust heterogeneous catalyst for the chemoselective reduction 

of nitroarene. Heterogeneous catalyst are those where the catalyst is work in a separate phase 

than the reactants. Generally, heterogeneous catalysts are solid materials and reactions 

occurred on the catalyst surface. Recently, along with homogeneous and enzyme catalysis, 

heterogeneous catalysis create more attentions in field of organic catalysis. 
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Heterogeneous catalyst has several advantages over homogeneous catalyst such as i) their 

stability to severe reaction condition, ii)  easily separated from reaction mixture and recycled 

for several times. Carbon-carbon bond formation reaction is one of the central interest for 

the construction of symmetrical and unsymmetrical biaryl moiety in complex molecule 

such as pharmaceutical reagent and alkaloid.98 In 1901, F. Ullmann first reported99 

copper catalysed ullmann reaction for the formation of symmetrical biaryl components. 

Generally, ullmann reaction is homogeneously catalysed by copper (Cu) at 200 oC. But 

there are some problems associated with homogeneous catalyst such as it is very difficult 

to separate the product from the metal catalyst. Recently, different groups reported the 

synthesis of symmetrical and unsymmetrical biaryl moiety by heterogeneous catalysis. 

Y. Sasson and his co-workers reported100 heterogeneous Pd catalyst Heak reaction in 

aqueous solution. Calo et al. reported101 Pd nanoparticles catalysed ullmann coupling 

reaction in ionic liquid solvent. The Size and shape controlled activity is one of the important 

properties of heterogeneous catalysis. Recently, Kiwi-Minsker and his group reported102 a 

shape and size controlled alkynol hydrogenation on Pd nanocrystal. Therefore, development 

of nano materials based heterogeneous catalyst is very advantageous.     

1.6. Development of Electrocatalysts 

Kinetics of all these electrochemical processes is very sluggish without any 

suitable catalyst. Therefore, it is a daunting task to design a superior electro-catalyst for 

ensuring high efficiency by minimizing overpotential losses for electrocatalytic energy 

conversions and storage reactions. In last few years, the interest on nanoscience and 

nanotechnology is growing worldwide due to their potential applications in different 

fields such as optoelectronics,103 photocatalytic104 and electrocatalytic renewable energy 

conversion devices.105 Nanomaterials are foundation stone of nanoscience and 
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nanotechnology.106 Nanomaterials can be defined as a structural mater with an external 

dimension in nanoscale region (size range from approximately 1 – 100 nm) or having 

internal structure or surface structure in the nanoscale region (Figure 1.11.a).  

 

Figure 1.11. (a) Different materials and their respective size. (b) Change of band gap with 

particle size. Reprinted from ref. 107, an open access journal. 

 

Nanomaterials have several advantages over the bulk materials such as it comprises of 

relatively high chemical activity, specificity of interaction and large surface-to-volume 

ratio.106 Furtheremore, nanoparticles, providing highly active centres, has different 

physicochemical properties as compare to the bulk materials.107 However, the 

insufficient thermodynamically stability of the nanomaterial’s is the main drawback. 

Structure of very small size as well as high surface energy makes the NPs 

thermodynamically very unstable. In order to develop stable NPs, it is necessary to 

control the reactions and terminate the growth of the NPs. In this regard several strategies 

have been exploited (Figure 1.12) such as 

(a) Addition of organic ligands or inorganic capping materials. 

(b) Addition of other metal salts for making core-shell type particles.. 

(c) Utilization of colloids and soluble polymers.  

(d) Dispersion of the nanoparticles on the solid support or composite formation.  
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Figure 1.12. Different solid supported materials used for stabilization of NPs. Partly reproduced 

from ref. 109 with permission. Copyright 2016, Elsevier. 

 

Among those process, in this thesis we have dealt with composite materials or dispersed 

nanoparticles on the solid supported due to its several advantages as a catalyst such as it 

maximizes the electrochemically active surface area (ECSA) of the NPs with the minimal 

use of the metal thus providing greater efficiency as well as lower cost of the catalyst.108 

In literature several solid materials109 including metal organic framework (MOF),110 

metal oxide111 and nanocarbon materials112 are creating lots of attentions in last few 

years. In this thesis we mainly describe nanocarbon based composite materials because 

of its easy availability and low cost. Commercially available catalysts are generally 

dispersed on carbon balk (surface area-200–1000 m2 g-1).113 For example, a spherical 

morphology of Pt nanoparticles, supported on conducting carbon materials (Pt/C) is 

considered as reference ECs for HER and ORR. All the electrocatalytic processes are 

occurred at interface of the catalyst. But one of the major limitations for carbon supported 

catalyst is its low electrocatalytic stability, arises due to the rapid depletion of carbon. 

Graphene
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The carbon supported catalyst is easily oxidized under cathodic potentials in strong acidic 

condition. Recently, Finsterwalder and co-worker have reported114 that comm. carbon 

support, Vulcan X-72 could easily oxidized under cathodic environment in polymer 

electrolyte fuel cell (PEFC). For the development of the ECs, the interaction between the 

NPs and supported materials plays crucial role because it controls the porosity and 

wettability of the electrode. An ideal supported115 materials should have some 

characteristics such as (i) higher number of active site for NPs allowing uniform 

dispersions of NPs on surface for maximum ECSA, (ii) higher electrical conductivity 

which reduces the interfacial resistance, (iii) higher porosity that enhances reactant or 

products access (iv) it should be compatible for different fabrications processes (v) higher 

stability under both transient and operational conditions  and (vi) it should be 

manufactured from low cost environmentally process. The catalytic activity of a carbon 

supported ECs not only losses by carbon corrosion but it can take place through several 

mechanisms, including particles aggregations (Ostwald ripening), crystal migrations, and 

dissolutions/precipitations. The support is also responsible for determining the 

agglomerate structures and microstructures of the catalyst layer. An effective supported 

nanostructure provides well-connection, high ECSA and efficient mass transport of 

reactants to the triple phase boundary (TPB) where the electrolyte, catalyst and fuel meets 

at a reactive site.  

Layered double hydroxides (LDHs)116 are a particular class of two dimensional (2D) 

anionic clay materials. LDHs materials mainly possess brucite-like host layers made up 

with uniform distribution of positively charge particles (cation) and exchangeable charge 

compensating inter layer anions or solvent molecules. The general formula of a LDH 

material can be represented as [M2+
1-x M3+

x (OH)2]
+

x [(An-)(x/n). mH2O]. In LDH 

materials, divalent cation (M2+) and trivalent cation (M3+) are coordinated octahedrally 
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with hydroxyl group in a brucite-like host layer. The value of x represents the fraction of 

M3+ which uniformly replaces the M2+ ion in a brucite-like host layer and it is varied 

from 0.2 to 0.4. An− are mainly inorganic anions such as CO3-, X- (X=F, Cl, Br, I), SO4 

2−, NO3
- etc. or organic anion (acetate, lactate, dodecyl sulfate etc.). A Schematic 

representation of classical LDHs structure is shown in Figure 1.13.  

 

Figure 1.13. Structure of classical LDH. Adapted from open access journal, ref. 120. 

 

LDH based materials are very attractive in the field of catalysis because of its robust 

structure, feasibility towards the incorporation of mixed metal ion in different 

composition, relative weak interlayer bonding allowing the easy exchangeable inter layer 

anion. In addition, the physical and chemical properties of the LDH materials can be 

easily tailored by changing the nature of metal cations, molar ratio M3+/ M2+ and 

interlayer anion. Among different LDH materials, transition metal based LDHs (TM-

LDHs) are gaining more attentions due to their intrinsic activity towards electrocatalysis, 

pharmaceuticals materials and various catalysis.117 Furthermore, LDH materials can be 

converted into the corresponding mixed metal oxides (MMOs) with a uniform 

distribution of M2+ and M3+ with a high surface area after calcination treatment. Recently, 

F. Li and his co-workers reported118 nickel-based mixed-metal oxides from LDH 
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materials by calcination. LDH materials possess relatively weak interlayer interactions. 

Tatsumi et al. reported119 intercalation of polyoxalate of tungsten (W) and molybodenam 

(Mo) into Mg-Al LDH with out compromising their structural features and employed it 

for epoxidation of cyclohexene. The main drawback of the TM-LDH based materials is 

their lower electrical conductivity. Several groups demonstrated117, 120-121 the co-

assembly of LHD materials with other functional semiconductor materials which further 

improves the conductivity as well catalytic activity of the composite materials. F.Li and 

his co-workers reported121 the multiwall-CNT as functional support materials for NiAl–

LDH to improve the electrocatalytic activity of the LDH materials. Moreover, the 

hybridization with semiconducting materials improves significantly visible light 

absorption power. Recently, M.Wi and co-workers reported122 NiTi–LDH/reduced 

graphene oxide (RGO) nanosheets, showing excellent photocatalytic activity for water 

oxidation under visible light irradiation with high quantum efficiency of 61.2%. 

Carbon is a tetravalent  nonmetallic element which exists in different allotropes 

from zero-dimensional (0D) to three-dimensional (3D) such as diamond, graphite, 

fullerenes, carbon nanofibers (CNFs) carbon nanotubes (CNTs) and graphene (G).123 

Among different nanocarbon materials, graphene,124 carbon nanotube (CNTs)125 are 

extremely used as support materials for nanomaterial’s. Graphene126 is single two-

dimensional (2D) layer of sp2 hybridized carbon. Herein, the monolayer of sp2 carbon 

atoms are packed by covalent bonded to form honeycomb network crystal which is the 

basic building block for the other allotropes such as 3D graphite, 1D carbon nanotube 

and 0D fullerene. High electrical and thermal conductivity, mechanical elasticity and 

theoretical high surface area make the graphene highly desirable for its use as a two 

dimension (2D) catalyst support.127 However, two major hurdles remain in developing 

large-scale graphene-supported catalyst systems. Firstly low wettability of grapheme in 
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solution and the second one is the low attachment between nanoparticles and graphene 

sheet. These result increases the dissolutions of metal NPs and lowers the stability under 

different electrochemical or heterogeneous catalytic applications. Several literature 

reports128-130 suggested that heteroatoms (N, S) doped on the graphene improves the 

metal NPs anchoring ability as well as the catalytic activity of the graphene. On the other 

hand, graphitic carbon nitride131 (g-C3N4) is a 2D materials, having graphene like 

structure. It has a layered structure with C-N covalent bonding in-plane layer structures 

and it experiences a week Van der Waal force between the layer structures. The g-C3N4 

has two structural models132 (a) condensed s-triazine units with a periodic array of single-

carbon vacancies and (b) another one is constructed by the condensation of tri-s-triazine 

subunits, connected through the tertiary amine groups (Figure 1.13.(a,b)).  

 

Figure 1.14. Proposed structures of g-C3N4 with (a) heptazine building block, (b) s-triazine 

building block. 

 

The theoretical calculation predicts that the g- C3N4 can exist in seven different 

allotropes133 such as -C3N4 (band gap of 5.5 eV), - C3N4 (band gap of 4.85 eV), cubic 

C3N4 (band gap of 4.3 eV), pseudo cubic C3N4 (band gap of 4.13 eV), g-h-triazine (band 

gap of 2.97 eV), g-o-triazine (band gap of 0.93 eV), and g-h-heptazine (band gap of 2.88 

eV). Although the first principle calculation suggests - C3N4 (band gap of 5.5 eV), -

C3N4 (band gap of 4.85 eV) and g-C3N4 are the stable allotropes of the carbon nitride. 

But experimentally it has been observed that g-C3N4 is the energetically stable phase at 

(a) (b)
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ambient conditions. Comparing with the other different types of interfaces, composite 

materials with 0D-2D, 1D-2D and unique 2D-2D layered structures possess much larger 

surface contact as well as interfacial charge separations. Nanoparticles doped in g-C3N4 

composites are considered as 0D-2D structures. The nanoparticles are doped into g-C3N4 

moiety by two ways134 (a) cave doping wherein the NPs are incorporated through the 

coordination interaction and (b) interlayer doping wherein the NPs are doped through the 

interlayer bridging. Antonietti and his co-workers135 reported PdNPs@mpg-C3N4 

nanocomposite  exhibited efficient and selective catalytic activities towards the 

hydrogenation of phenol to cyclohexanol. Vinu and his groups136 fabricated AuNPs on 

the mesoporous C3N4 for the efficient three component reactions.  

1.7. Aims of the Present Thesis 

 (i) Design and synthesis of different composite’s nanostructures by mechanical and/or 

chemical processes. 

 (ii) Graphitic carbon nitride has been developed as a supported material for different 

metal, metal oxide and layered double hydroxide nanostructure. 

(iii) The g-carbon nitride based composite materials have been characterised by p-XRD, 

FT-IR, XPS and UV-vis spectroscopy. 

(iv) Morphological studies of the composite nano-materials were performed by using FE-

SEM and TEM instrument. 

(v)  After successfully synthesis of the composite nanostructures, the materials was 

explored as a heterogeneous catalyst for 4-nitrophenol reduction and ullmann coupling 

reaction in aqueous medium. 
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(iv) Different electrocatalytic applications for energy storage and conversion such as 

HOR, HER, OER, ORR and FAO were exploited with different g-CNx based composite 

materials. 

(v) Mechanistic study of electrocatalytic activity of the different catalysts were also 

studied. 

(vi) Electrochemical impedance spectroscopy (EIS), double layer capacitance, and 

electrochemical surface area (ECSA) were calculated to understand the factors 

responsible for superior activity. 

1.8. Scopes and Challenges of the Present Thesis 

The forgoing discussions clearly demonstrate that there is an upsurge in the research 

activities of nanocomposite owing to their potential applications such as electrochemical 

energy conversion as well as Organic Reactions. The present thesis is mainly concerned 

with the rational design, syntheses and characterizations of various graphitic 

nanocomposites and their various potential applications as electrocatalysts for energy 

conversions as well as organic catalyst. The main benefit of the present thesis is the easy 

synthetic procedure for the development of nanocomposites showing efficient catalytic 

behaviour for both organic reactions and electrochemical reactions occurred in fuel cells. 

Additionally, our efforts were extended to understand the mechanistic aspects and 

reaction kinetics of various catalytic reactions. 

1.9. Outline of the Present Thesis 

The present thesis contains nine chapters. Chapter 1 records an account of current 

literature pertaining to current and future energy demands and explored the importance 

of renewable energy sources and storage techniques. Different fuel cells reactions i.e.  
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hydrogen oxidation reaction (HOR), oxygen reduction reaction (ORR), hydrogen 

evolution reaction (HER), oxygen evolution reaction (OER) has been briefly discussed. 

Chapter 2 describes various instrumental methods and techniques. Chapter 3 describes 

synthesis of porous palladium nanoparticles-carbon nitride composite (Pd-CNx) for 

superior HER activity in both acidic and alkaline media. Furthermore, this catalyst 

displays superior HOR activity with a broad range of pH (0-14) in different buffer 

solution. Chapter 4 deals with the superior electrocatalytic ORR activity of porous 

palladium nanoparticles-carbon nitride (Pd-CNx) composite in both alkaline and acidic 

medium. Additionally, this nanocomposite shows excellent methanol tolerance and long 

term durability better than that of commercial Pt/C in both acidic and alkaline media.  

Chapter 5 reports the growth of one dimensional crystalline RuO2 nanowires for 

efficient hydrogen and oxygen evolution reactions over all pH values. Moreover, the 1D-

RuO2-CNx catalyst displays superior stability in compare to comm. RuO2 and IrO2. 

Chapter 6 reports describes the efficient electrocatalytic activity of palladium 

nanoparticles-carbon nitride composite (PdNPs/CNx) towards the formic acid oxidation 

(FAO) with high mass activity (1640 mAmgPd
-1) in acid electrolyte. Chapter 7 

demonstrates the synthesis of highly active and durable bi-functional electrocatalyst i.e. 

cobalt iron layered double hydroxide (Co1-Fe LDH) and g-carbon nitride composite 

(Co1-Fe LDH/g-CNx) for efficient OER and HER in alkaline electrolyte. Chapter 8 

describes the synthesis of composite cobalt aluminium layered double hydroxide-carbon 

nitride (Co1Al(OH)m-CNx) by simple microwave heating method and their potential 

applications towards water oxidation reaction in alkaline medium. Moreover, the catalyst 

displays high stability and long term durability under OER conditions. Chapter 9 

describes a facile synthesis of highly dispersed palladium nanoparticles embedded on 

graphitic carbon nitride (Pd@CNx) by ultrasound assisted method without aid of any 
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external reducing agent. This nano composite further displays highly selective nitro 

groups reduction in presence of other reducible groups with good stability. Furthermore, 

the catalyst shows superior catalytic activity towards ullmann coupling reaction of 

different aryl halides with broad range of substrates scope.  
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Chapter 2 

General Experimental Methods and Techniques 

2.1. Introduction 

This chapter mainly deals with the basic principle of various instruments which have 

been used in this present thesis. The experimental details, involved in this thesis work 

for various experiments have been briefly discussed.  

2.2. Materials  

The materials and chemicals involved in this thesis are directly taken from commercially 

available samples without further purification. A list of the names of materials and 

chemicals involved in the thesis, along with their formulas, and supplier name is shown 

below in Table 2.1. 

Table 2.1.  List of the chemicals along with their formulas and company names.  

Name of Chemicals Chemical formula Company name 

Formamide HCONH2 Sigma Aldrich 

Palladium (II) chloride PdCl2 Sigma Aldrich 

Ruthenium(III)chloride hydrate RuCl3. xH2O Sigma Aldrich 

Cobalt(II) nitrate hexahydrate Co(NO3)2 . 6H2O Merck 

Iron(III)nitrate, nonahydrate Fe(NO3)3 . 9H2O Merck 

Aluminium (III) nitrate, nonahydrate Al(NO3)3 . 9H2O Merck 

Ammonium fluoride  NH4F Merck 

Hexamethylene tetra amine (CH2)6N4 Merck 

Sodium borohydride NaBH4 Merck 

Potassium hydroxide  KOH Merck 

Sulphuric acid H2SO4 Merck 

Perchloric acid HClO4 Alfa Asear 
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Acetic acid CH3COOH Sigma Aldrich 

Boric acid H3BO4 Sigma Aldrich 

Sodium bicarbonate NaHCO3 Merck 

Phosphatebuffer solution  PBS Merck 

Platinum on graphitic carbon Pt/C (40 wt.%) Sigma Aldrich 

Palladium carbon Pd/C (40 wt.%) Sigma Aldrich 

Ruthenium oxide RuO2 Sigma Aldrich 

Iridium oxide  IrO2 Sigma Aldrich 

Ethanol CH3CH2OH Merck 

Water H2O  

 

2.3. Different Methods for Synthesis:  

Ion-Exchange Reduction Method:  

The Ion-Exchange reduction methods are extremely used for NPs synthesis. This 

method requires the precipitation of the metals from aqueous or non-aqueous solutions 

by chemical reduction of a metal cation. For green synthesis procedure, aqueous solvent 

is preferable used.  The most commonly used reducing agents are gaseous H2, solvated 

alkali metal borohydride (NaBH4, LiAlBH4, H3N-BH3), polyol process (ethyleneglycol), 

hydrazine hydrate (N2H4‚H2O) and hydrazine dihydrochloride (N2H4‚ HCl). Sometimes 

during the reduction of metal, some precursors need some energy sources such as 

ultrasound, heat. 

Sonochemical Methods:  

Sonochemistry mainly deals with the effect of sonic waves and wave properties 

on chemical systems. Most of the ultrasonic instruments operate at 20 or 40 kHz 

frequency (Figure 2.1.). Ultrasound energy enhances the mass transportation, reduces 

the layer thickness as well as deposits metal salts. In ultrasound methods both reduction 

of metal salts and deposition of the NPs occur almost consecutively which make the 

process of supported metal NPs more efficient and environmental friendly. Generally, 
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sonochemical mediated metal nanoparticles are formed by acoustic cavitation process. 

The proposed mechanistic pathway1 for sonochemical formation of metal nanoparticles 

is described below: 

First sonolysis of water into .H and .OH 

 

This .H actually acts as a reductant of metal salts. 

Second step is the generation of an secondary radical which promotes the reduction rate  

 

 Third step is the reduction of metal salt by .H formed form sonolysis of H2O  

 

The .H radical, formed during ultrasounds may reduce Pd(II) ions into Pd(0)NPs.  

 

Figure 2.1. Photograph of ultrasonicator. 

In this thesis, ultrasound was performed in SINEO UWave-1000 (Shanghai, China) 

instrument. 

Microwave Irradiation: 

  Microwave irradiation methods are very commonly used for synthesizing 

supported NPs (Figure 2.2.). It is occurred through an interaction between light waves 

and polar solvents. Several groups have reported the synthesis of supported metal NPs 

from the solution of the metal salts by irradiating microwave light. The microwave 

irradiation on a high dielectric solvent generates very fast and uniform heating which 
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further allows a quick reduction of the metal precursor and deposits on the support 

materials. Advantages of microwave irradiation methods over the conventional heating’s 

are (a) very fast heating during microwave irradiation decreases the reaction time. (b) 

Formation of very small as well as very narrow size distribution. 

 

Figure 2.2. Photograph of microwave synthesizer. 

In this thesis synthesis was performed using MAS-II microwave synthesizer from Sineo 

Microwave Chemistry Technology Company (Shanghai, China) and from NTech 

(India) private limited company. 

Co-Precipitation and Deposition:  

In precipitation-deposition method, dissolved metal precursors have been 

precipitated by adjusting the pH of the solution or by hydrolysing the metal with weak 

hydrolysing agents. The precipitate metal precursor may be deposited on the surface of 

any supported materials that is already present in the solution or it can be impregnated 

separately on the support surface by any mechanical process. Although this method is 

most frequently applied for transition metal hydroxide or oxide nanostructures but 

sometimes it is further extended to synthesize noble metal nanoparticles. Haruta et al. 

reported2 complete precipitation of the Au(OH)3 by adjusting pH ~ 8 from the aqueous 
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solution of HAuCl4 and its deposition on the support surface. Among different metal 

oxides or hydroxides, layered doubled hydroxide based materials are open layered 

structure of mono or bi metal. LDH based composite materials are prepared by slow 

hydrolysis of metal salts following the same precipitation-deposition principle.  

2.4. Instruments and Instrumental Techniques 

X-ray diffraction (XRD):3,4 

It is a widely used to measure the phase and bulk crystallinity i.e. inter planar spacing of 

the examined materials. In this method, a monochromatic electromagnetic radiation with 

a fixed wavelength (a few angstroms) passes through the sample. The X-ray is mainly 

generated from X-ray tube which is comprised of a heated tungsten filament enclosed in 

an evacuated ceramic vessel as cathod and water cooled Cu foil as anode. The electrons, 

emitted from tungsten are accelerated towards a water cooled metal and can knock out 

the electrons in the inner shells of Cu atoms – resulting in a relaxation of valence electron 

to inner position followed by the generation of X-ray. Cu-source, used as an X-ray source 

can generate X-ray of two characteristic wave lengths such as Cu Kα (λ = 0.154 nm) and 

Cu Kβ (λ = 0.139 nm). As the X-ray source should be monochromatic, therefore the Kβ 

line in the X-ray spectrum is removed by using Nickel filter. When X-ray is irradiated 

on the sample, it penetrates into the samples followed by the interaction with the solid’s 

internal structure. The incident X-ray beam interacts with different crystalline planes of 

the solids at angle 𝜃 and reflected towards the detector- a positive interference is occurred 

which can be correlated by Bragg’s diffraction equation: 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃                                                      
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Where d is the spacing between the layers of the atom, λ is the wavelength of the incident 

beam, θ is the angle between incident rays and lattice plane, n is the order of interference 

(Figure 2.3.(a,b)).  

 

Figure 2.3. Schematic illustration of (a) X-ray scattering. (b) Alignment of X-ray source and 

detector.   

  

In this thesis, X-ray spectra were collected on Bruker DAVINCI D8 ADVANCE 

diffractometer equipped with Cu K radiation (λ 0.15406 nm). 

Transmission Electron Microscope (TEM):5  

Transmission Electron Microscope (TEM) provides the morphological features 

of sample in atomic scale region. In this technique, the images are recorded by collecting 

electrons that are transmitted through the examined sample. Herein, the sample should 

be thick (few nm) as the fact that the images have been captured from transmission 

electron beams from sample. The transmitted electrons are focused by an objective lens 

followed by the projective lens. This projective lens then magnifies the ‘image’ which 

can be finally detected by a fluorescent screen. There are two types of imaging in the 

TEM instrument i.e. bright field (BF) mode or dark field mode. Transmitted beam is used 

for bright field imaging mode whereas diffracted beam is generally used for dark field 

imaging mode. High Resolution TEM (HRTEM) is another mode of this technique that 

is mainly used for high resolution imaging of crystalline materials. HRTEM can provide 

sample
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images up to 0.8 A°.  Herein, several diffracted beams are being used to generate the 

images. For a crystalline sample, the electron can diffract through the crystal planes and 

thus generates interfere followed by diffraction patterns. Dark selected area electron 

diffraction (SAED) pattern provides the information about the crystallinity pattern of the 

sample as well as the basic information about the phase of the sample.The crystal planes 

of the sample, parallel to the direction of propagation of the electron beam will be 

diffracted according to the Bragg’s law. This diffraction pattern is a Fourier 

transformation of the periodic potential of the electron. These diffracted electrons along 

with the electrons in the primary interfere causing a back transformation (or inverse 

Fourier transform) resulting in an image. 

In this thesis work, the morphology and chemical composition of the prepared 

samples were captured by transmission electron microscopy in JEM –2100, JEOL and 

JEM –2100F, JEOL operated at 200 kV. 

Field Emission Scanning Electron Microscope (FESEM):6 

 

Field Emission Scanning Electron Microscope (FESEM) is generally used to know the 

morphological details of small objects (few micrometres to nanometres). In this method, 

a negatively particle (electron) plays crucial roles. FESEM instrument generally consists 

of two parts (a) electron column and (b) Electronic console. In electron column, electrons 

are emitted from a field emission source under a high vacuum and then accelerated in a 

high electrical field gradient. The generated electrons, namely primary electrons are then 

deflected by electronic lenses producing a narrow scan beam which further bombarding 

the object. Thereafter, the secondary electrons are ejected from each spot of the object. 

In this context, it should be mentioned that the velocity as well as angle of the secondary 

beam is directly related to the surface structures of the object.  
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Figure 2.4. Schematic diagram of FESEM. 

A detector located above the sample holder collects the secondary electron followed by 

the production of an electronic signal which is further amplified and transformed as a 

scanned image. On the other hand, the electronic console is mainly consisted of control 

knobs and switches. Electronic console further allows the adjustment of filament current, 

accelerates voltage. Thus increases magnification, brightness and contrast of the 

instrument. Along with the production of secondary electrons, several processes such as 

generation of back scattered, electrons and X-ray also occurs. FESEM measurement 

mainly provides the surface morphology of the sample. The schematic presentation of 

FE-SEM was show in Figure 2.4. 

In this thesis, Field-emission scanning electron microscope (FESEM) datas were 

collected on Carl Zeiss, Germany (Model: ∑igma). 

Energy-Dispersive X-ray spectroscopy (EDX):  

FE-SEM and TEM is often complemented with energy-dispersive X-ray spectroscopy 

(EDX), enabling the user to determine the composition of the features from FE-SEM or 

TEM figure. As describes earlier that the supra X-ray is emitted from the FE-SEM and 
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TEM sample. The composition of the materials can be achieved by positioning the X-ray 

detector which interrupts the X-ray and generates a small current which is then converted 

to a voltage pulse. This voltage plus is proportional to the frequency detected in X-ray.  

Energy dispersive spectroscopy was obtained from a spectrometer attached to Carl 

Zeiss (Germany made, Model: ∑igma) 

X-ray photoelectron spectroscopy (XPS):7 

X-ray photoelectron spectroscopy (XPS) is a surface characterization technique that can 

measure the surface composition of various materials and the oxidation state of the 

corresponding element. It is a quantitative spectroscopic technique where the chemical 

as well as electronic state of the elements, elemental compositions, and empirical 

formulas of the examined materials can be measured. Herein, the sample is irradiated 

with X-rays. The electron will escape from the surface of the atom if the incident X-ray 

contains sufficiently higher energy to overcome the binding energy of electron. In this 

process, the irradiated X-ray is first absorbed by the core shell electrons followed by the 

escape of core shell electrons (Figure 2.5) by a kinetics energy given by:  

h = binding energy (BE) + kinetic energy (KE) 

The XPS measurement is performed under ultra-high vacuum condition that provides the 

shorter mean free path of the electrons. The X-ray source for XPS is obtained either from 

monochromatic Aluminum K with the main radiation peak centred at hν = 1486.6 eV or 

non-monochromatic Magnesium K with main radiation peak centred at hν = 1253.6 eV. 

As each element has specific major and minor peaks in the XPS spectra, XPS can be used 

to identify the elements by the comparison with a reference database. In addition, the 

intensity of the XPS peak can also be used to measure the concentration of each elements 

composed by the sample.  When U.V photon is used instead of X-ray photon it is called 

UV-ray photoelectron spectroscopy (UPS). 
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Figure 2.5. Schematic representation of working principle of XPS and UPS.5  

XPS measurements were performed using Kratos Axis Ultra and VG Microtech 

under ultra-high vacuum condition, using a monochromatic Al Kα X-ray was used as the 

source. 

Thermo-gravimetric analysis (TGA): 

 

Thermo-gravimetric analysis (TGA) is widely used to examine the chemical composition 

and thermal stability of the sample. In TGA technique, the change of weight percentage 

of materials during the heating process in a N2 atmosphere is being monitored.  

Thermo gravimetric analysis (TGA) of the synthesized sample was carried out 

by TA Instrument (Model: Discovery TGA). 

Fourier Transform Infra-red Spectroscopy (FTIR):8  

 
Fourier Transform Infra-red Spectroscopy (FTIR) is a sensitive technique mainly used 

for the identification the functional groups present in the molecule.  FT-IR spectra are 

recorded by using infrared region electromagnetic radiation. The absorption mainly 

relates with the vibrations of the bonds present in the molecule.  First the background 

emission spectrum of the IR source should be measured then one can record the emission 
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spectrum of the IR source with the sample. The ratio of the sample spectrum to the 

background spectrum is directly related to the sample's absorption spectrum.  

All FT-IR spectra in this thesis were collected from Perkin Elmer RXI FT-IR 

spectrophotometer. 

UV-Vis Spectroscopy:9 

 

UV-visible spectroscopy is an absorption spectroscopy in which visible (400-1200 nm) 

and Ultra-Violet (200-400 nm) light is absorbed by the examined molecule when the 

electron excites from ground state to higher energy state.     

It follows Lambert Beer’s law which is 

A= log (
𝐼0

𝐼
) = ε c l 

Where A is the optical density or absorbance, I0 is the incident light intensity and I is the 

transmitted light, ε is the molar absorption coefficient, c is the concentration of the 

solution of the sample and l is the path length of light beam passing through the solution. 

The optical absorbance of the synthesized compounds was performed using 

Varian Cary 100 Bio UV-visible Spectrophotometer. 

 

Inductive Coupled Plasma-Optical Emission Spectroscopy (ICP-OES):10  

 

The ICP-OES instrument combines with inductive couple plasma as atomizer and optical 

emission spectroscopy as an analyser. In Inductive couple plasma chamber, the sample 

is first nebulized and then atomized with the energy of plasma. Then the carrier gas (Ar), 

pushes this plasma through a differential vacuum interphase, where it cools down and 

thus emission rays releases. The released emission rays are being focused into the optical 

emission chamber, corresponding to the photon wavelength followed by the 

measurement. The element type is determined based on the position of the photon rays, 
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whereas, the content of each element is determined based on the intensity of the photon. 

ICP-OES measurements have several advantages over other experiments such as:  

(a) It simultaneously measures multiple elements. 

(b) It has very low chemical and ionization interference. 

(c) It provides very high sensibility; lower limit of 10 ppb. 

In this thesis, ICP-OES was performed on iCAP 7000 Series (Thermo Scientific). 

Elemental Analysis:10 

Elemental analysis is an experiment that can determine the amount (typically a 

weight percent) of elements present in a compound. The CHNS analysis mainly measures 

the amount of carbon, hydrogen, nitrogen and sulphur in any sample materials. It is 

generally followed the combustion process at high temperature in presence of ultra-high 

pure oxygen followed by a GC separation and quantification using a thermal conductivity 

detector (TCD). In combustion process, (at 1000° C), carbon is converted to carbon 

dioxide; hydrogen to water; nitrogen to nitrogen gas/ oxides of nitrogen and sulphur to 

sulphur dioxide. These gases are then isolated and equilibrated in ballast known as ballast 

collation. Then sampling of the combustion gas is performed and the measurement of 

carbon and hydrogen was done by infrared spectroscopy. After that, the gases enter into 

a mixing volume chamber to make a homogeneous mixture at constant temperature and 

pressure. The homogeneous mixture then passes through a series of thermal conductivity 

detectors and provides the N amounts. 

In this thesis, EuroEA Elemental Analyser was used for CHN measurement of as 

synthesized sample.  

Nuclear Magnetic Resonance (NMR) Spectroscopy:10 

NMR is a property of a nucleus in an atom. Nucleus in an atom behaves as a tiny 

bar magnet having nuclear spin (I). When this nucleus is placed in an external magnetic 
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field generates a torque which further generates the different alignments of the nucleus 

followed by the energy transition.   Some atoms i.e. for 12C nuclear spins are paired 

against each other, having no overall spin i.e. I = 0.  So, 12C is not NMR active whereas, 

for both 13C and 1H nuclear spin I = 1/2. In presence of external magnetic field two spin 

states generate i.e. I = +1/2 and I = -1/2. These two spin states contain two different 

energy levels; one spin is aligning with the external magnetic field and another is 

opposite to the external magnetic field. Transition of nucleus occurs either by the 

absorption of energy or by the release of energy. 

Electrochemical Measurement:11  

All electrochemical performances in this thesis work were carried out in a conventionally 

three electrode glass cell as shown in Figure 2.6 and the data were recorded from an 

electrochemical workstation (Autolab, Metrohm, PGSTAT 320N). Glassy carbon 

electrode (GC, diameter 3 mm and 5 mm) was used as a working electrode whereas 

platinum wire and Ag/AgCl in 3 M KCl was used as counter and reference electrode. 

Before performing any electrochemical study, GC was polished with alpha alumina 

powder (0.3 micron), suspended in deionized water on a Nylon polishing pad (Metrohm). 

After each polishing, the GC electrode was rinsed with deionized water and sonicated in 

ethanol for 2 minutes. The current density reported herein was normalized by the 

geometrical area of the working electrode and all potentials were reported in reversible 

hydrogen electrode (RHE) scale. The potential measured in Ag/AgCl was converted into 

RHE by Nernst equation, ERHE = E Ag/AgCl+ E0 
Ag/AgCl+ 0.059 pH where E Ag/AgCl is the 

working potential, E
0

Ag/AgCl = 0.1976 at 250C.  

Voltammetry:  

Voltammetry is a technique where potential is ramped with certain rate and the 

corresponding current is recorded. It is surface sensitive technique. It provides the 

measurement of the current (charge) transfer between electrode-electrolyte interfaces.  
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Figure 2.6. Photograph of conventional three electrode set up of Autolab instrument.13 

 

Two types of Voltammetry are exclusively used to examine the surface process- (a) 

cyclic voltammetry (CV) wherein the changes of potential occur linearly from one 

potential (V1) to another potential (V2) and thereafter it is changed from V2 to V1. 

(Figure 2.7.a) (b) linear sweep voltammetry (LSV) where the potential linearly changes 

from one potential (V1) to another potential (V2) (Figure 2.7.b). Voltammetry process 

can provide the current vs potential plot of different interface process but the 

identification of process is very difficult task. CV current depends on four factors (a) 

current two different reactions and (b) corrosion of the electrode and charges of the 

electrode. Therefore, the steady state current at the interfaces consist of four components: 

i = ireaction1 + icorrosion + ireaction 2 + icharge. LSV is a voltammetric method to measure the 

current density at a working electrode based on the overpotential. Both CV and LSV 

process are mainly used to study HOR, HER, OER and ORR. CV technique can be used 

for the electro deposition of metal oxides/oxo hydroxides onto the conductive substrates 

from metal-salt solutions. The amount of the metal deposited depends on the cycle 

number and the potential region between which the CV run.  

Working electrode

Reference electrodeCounter electrode
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Figure 2.7. Voltage vs time profile of (a) cyclic voltammetry and (b) linear sweep voltammetry.11  

 

 

Chronoamperometry (CA):  

Chronoamperometry technique is mainly used to measure the current of a system at a 

particular potential with time. Chronoamperometry technique provides information 

about the durability of an electrocatalyst. Occasionally this technique used to determine 

the Tafel slope accurately. Quantitative information can also be obtained from CA 

measurements. The amount of charged passed through the electrode is obtained by the 

integrating the current over a certain time. It is used to know the stability of the catalyst.  

Chronopotentiometry: 

 Chronopotentiometry is a galvanostatic technique where it is preferably used to fix a 

current and measure requirement of the potential over time. Stability of the 

electrocatalyst can be measured by this technique.  

Impedance Spectroscopy:14 

An electrical circuit has an ability to resist the current pass through the circuit and the 

resistant can be defined by the ohm’s law 

𝑅 =
𝐸

𝐼
  

(a) (b)
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Where E is the potential (V) and I is the current (A). This can be employed only for the 

ideal circuit but for real circuit the alternative current (AC) responses and applied voltage 

signal are not in same phase. So for real circuit, impedance can be defined by the 

frequency dependent resistance. 

𝑍𝜔 =
𝐸𝜔

𝐼𝜔
 

Where 𝑍𝜔 is the impedance, 𝐸𝜔 is the frequency dependent potential and 𝐼𝜔 is frequency 

dependent AC current. 

The potentials response signal is  

E(t) = E0 sin (ωt)  

Where the radial frequency ω = 2πf. 

The corresponding AC current signal follows as: 

I(t) = I0sin(ωt+ 𝜑) 

 Where 𝜑 is phase difference and I0 is the response signal amplitude. Now in according 

to the impedance (𝑍𝜔)- 

𝑍𝜔 =
𝐸0  𝑠𝑖𝑛 (𝜔𝑡) 

𝐼0𝑠𝑖𝑛(𝜔𝑡+𝜑)
 = 𝑍0

 𝑠𝑖𝑛 (𝜔𝑡) 

𝑠𝑖𝑛(𝜔𝑡+𝜑)
 = 𝑍0{cos(𝜑) + 𝑖 sin(𝜑)}= 𝑍𝑟𝑒𝑎𝑙 + 𝑍𝑖𝑚𝑎𝑔 

 

Table 2.2. The detailed descriptions of Bode and Nyquist plot. 

 

So total impedance is a complex quantity and has two counterparts one is real part another 

is imaginary part. The EIS of a compound can be represented by two ways (a) by plotting 

Parameter Bode plot Nyquist plot 

Process The individual electron transfer process was 

describes 

The individual electron transfer 

process was describes 

Frequency Frequency was well defined. Frequency was not well defined. 

Nature Both small and large impedance was defined 

simultaneously. 

In presence of large impedance, 

small impedance was not well 

defind.  
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the real part on x-axis and the negative of the imaginary part on the y-axis, producing a 

Nyquist plot and (b) Logarithm of both x-axis and y-axis produced Bode Plot.  

 Table 2.3. The components and their indications for equivalent circuit. 

 

A details description of the Bode and Nyquist plot is described in Table 2.2. For a 

particular circuit if capacitive and resistance elements are parallel to each other, then the 

Nyquist plot would look like the one where low frequency is plotted on the right side and 

high frequency data is placed on the left side. The electrochemical cell can be represented 

by a network frame of passive electrical elements and it is termed as equivalent circuit. 

The elements of equivalent circuit are presented in Table 2.3. 

Gas Chromatography:  

 

Gas chromatography is a quantification and separation technique for the mixture of 

components. In GC the components are separated as a function of their retention 

coefficients in liquid or solid stationary phase in a column. The column, connected 

between injector and detector, is placed in an oven which is heated at different 

temperature depending upon the types of gasses. A carrier gas (inert in nature) i.e. argon 

is flowed continuously through the column. A calibrated gas tight syringe is used to take 

Equivalent Impedance Indication 

Resistance   R 
 

Capacitance C 

 

Inductance L 

 

Constant phase element Q 

 

Warburg Impedence W 
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sample from the headspace of the electrochemical cell and it injects in the injection port. 

Thereafter, the analyte gas is being flowed through the column with carrier inert gas and 

thus different analytes arrive to the detector separately at different time intervals 

depending upon their retention coefficients. Thermal conductivity detector (TCD) with 

argon (Ar) as a carrier is used for the gas phase analysis. After getting the signal, detector 

sends it to computer and then it is plotted as a function of the retention time. For each 

analyte, a peak is appeared in the chromatogram at a specific time. The area of the peaks 

is correlated with the % of that gas present in the headspace of the electrochemical cell. 

It has several advantages as follows: 

(a) High thermal stability, fast response as well as exceptional sensitivity over a wide 

range of applications. 

(b) Dedicated filaments are available for corrosive samples. 

Faradaic Efficiency:  

The amount of the evolved gas from cathode and anode is quantified by gas 

chromatography. A 250 ml five neck sealed glass cell is used for the measurement of of 

O2 and H2. Before starting the experiment, the glass cell has to be purged with Ar (99.9%) 

for 45 min. The electrolysis is performed with Glassy carbon electrode (GC, diameter 5 

mm), used a working electrode whereas platinum wire and Ag/AgCl in 3 M KCl is used 

as counter and reference electrode. The working electrode has modified by drop casting 

the catalyst suspension on GC electrode of diameter 5 mm with constant catalyst loading 

of 0.14 mg cm-2. The chronoamperometry experiment was performed with modified 

working electrode at a particular current density and at different time interval gas was 

analyzed with GC instrument (Thermo scientific, Model: Trace 1110) with thermal 

conductive detector (TCD) and argon as carrier gas. The theoretical amount of gas (O2 
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and H2) was calculated from accumulated charge during galvanostatic electrolysis by 

assuming 100% faradic efficiency. 

Theoretical amount (n in mole) of gas (H2, O2) = 
𝑄

𝑒×𝐹
 = 

𝐼×𝑡

 𝑒×𝐹
 

Where I is the current in Amp, t is time in sec, e is the number of electrons which is 2 for 

HER and 4 for OER and F is the Faraday constant (96485.3 C mol-1).   

Exchange Current:  

The exchange current represents the amount of current passes through the electrode at 

thermodynamic equilibrium potential. It reflects the intrinsic rate of electron that 

transfers at electrode-electrolyte interface between reactant and catalyst. Generally, 

exchange current density is measured from the intercept of the extrapolated to the linear 

region of Tafel plot. The value should measure the effectiveness of the catalyst. Greater 

the magnitude of the exchange current, greater will be the activity of the catalyst.  

Turn Over Frequency (TOF) Calculation: 

 Here are some assumptions as follows:  

(a) Every metal atom present on the glassy carbon electrode should be involved in 

OER/HER reaction.   

(b) It is the lower limit of the TOF value. 

The TOF per active site for OER/HER reaction can be calculated by following equation: 

      TOF(𝐻2/O2/s) =
Total oxygen/Hydrogen turnover per geometrical area of working electrode

Total no active site per geometrical area of working electrode
 

TOF(s-1) = 
𝐽×𝐴

4×𝐹×𝑛
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Where J is the current density (mA cm-2) at particular overpotential (= 0.35 V), A is the 

geometrical area (cm-2) F is the Faraday constant (96485.3 C mol-1) and n is the mole of 

the active site on the electrode. 

Double Layer Capacitance: 

The double layer capacitance (Cdl) of the catalyst can be measured form the CV 

plot of the catalyst taken in a non-faradic region with small potential windows. Before 

taken the charging-discharging CV plots in different scan rate, working electrode has to 

be scanned 20 CV cycling in a particular potentials region to stabilize the electrode. The 

slop of the linear pot of current density (mA cm-2) at a particular potential (RHE) vs scan 

rate, gives the Cdl (mF cm-2). In addition we have calculated the roughness factor (Rf) of 

the materials was calculated from Cdl by  

Rf = Cdl/Cs 

Where Cs is the double layer capacitance of an atomically smooth planar surface of per 

unit area under identical conditions. Herein, we have considered bear GC electrodes as 

the planer surface. For bear GC electrode Cs is considered as 0.082 mF cm-2. 
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Chapter 3 

Palladium Nanoparticle-Graphitic Carbon Nitride Porous Composite: Synthesis 

and Its Application in HER/HOR at all pH Values 

3.1 Abstract  

The hydrogen evolution reaction (HER) and hydrogen oxidation reaction (HOR) are 

two fundamental reactions for the development of non-fossil energy storage and 

conversion devices. The carbon supported platinum (Pt/C) based catalysts are 

universally used in cathodes and anodes for fuel cell; however, the poor durability of 

Pt/C due to degradation of the catalyst in the strongly oxidizing environment prevents 

its widespread applications. Here, we report the synthesis of a porous palladium 

nanoparticle-carbon nitride composite (Pd-CNx) for its superior activity and high 

durability toward the HER/HOR in acidic and alkaline media. The Pd-CNx composites 

exhibited superior HER activity in acidic media with a small overpotential of −55 mV 

for 10 mA cm−2 current, low Tafel slope of 35 mV dec−1. Furthermore, this catalyst has 

also displayed superior HOR activity, measured by a rotating-disk experiment (RDE) 

with a broad range of pH (0−14) in different buffer solutions. The HOR activity of Pd-

CNx gradually decreases with an increasing solution pH. The pH dependency HOR 

activities of porous Pd-CNx composite were correlated with the hydrogen binding 

energy (HBE) of the catalyst surface.  

3.2 Introduction  

Hydrogen evolution (HER) and hydrogen oxidation reaction (HOR) are two important 

catodic and anodic process in FCs and electrolyzer respectively. In the polymer 

electrolyte membrane fuel cell (PEMFC) carbon supported platinum (Pt/C) based 

catalysts are universally used in cathode and anode. In practice, large-scale 
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electrochemical hydrogen production is generally restricted by two main problems: (1) 

the precious metal platinum dependency and (2) lack of stability of the electrode 

materials under strong acidic condition of PEM cells. One of the most effective and  

cheaper catalyst for anode materials of PEMFC is  Pd based catalysts, since Pd based 

materials is about five times cheaper than Pt based materials13 and also has stronger 

CO tolerance14. Different groups develops noble metal Ir,1 Ru,2 Pd3 nanoparticles 

dispersing on highly conducting with high surface area commercial activated carbon 

(XC-72R) as a HER/HOR catalyst. But the major drawback of carbon supported 

catalyst was low durability. The carbon supported catalyst is easily oxidized under 

cathodic potentials in strong acidic condition. Most of HOR studies on the Pd based 

catalysts were on bimetallic systems, for example Pd deposited on other foreign metal 

such as Ru,4 Pt,4 Au,5 Ir,4 Re,4 Ag.6 Furthermore, there were some report of HOR 

studies on monometallic Pd supported on carbon,3 WC,7 WC-CNT8 etc.  

In order to understand apparent reaction mechanism of HOR/HER, kinetic 

parameters of electrochemistry such as Tafel slope with anodic and cathodic transfer 

coefficient (, exchange current density (J0) at particular temperature and pressure are 

very important. The rate of reaction on the electrode surfaces is generally governed by 

the different consequent steps9 such as water dissociation step, interaction between 

metal surfaces and dissociated products, recombination of Habs and H2 production, and 

lastly OHabs desorption. The kinetic parameters mainly transfer coefficient (and tafel 

slope are allowed to determine which combination of steps occurred and which one is 

the rate determine step. Conventionally and most frequently the RDE method is used 

for measuring the electrochemical kinetic parameters of different single-crystalline and 

polycrystalline electrode. In the RDE method, a Pt metal10-11 shows highest HER/HOR 

activity among different monometallic system in acidic medium. Several groups 
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reported10, 12 the HER exchange current density in acidic medium of Pt metal in RDE 

method is the order of 1 mAcm-2 which are two fold lower than the value obtained in 

H2 pump methods.  Palladium or palladium based13-14 catalysts is reported to have 

much poorer HER/HOR performances in comparisons to pt-based catalysts. N. M. 

Markovic and his coworkers reported15 220 mV/dec anodic tafel slope of PdML/Au 

catalyst. S. N. Pronkin and his co-workers reported3 the HOR exchange current density 

of Pd/C with particle size 2.6 nm in 0.1 M HClO4 medium was found to be 0.22 mAcm-

2 which was two order magnitude lower than the measured exchange current of Pt/C by 

gas diffusion method. Furthermore, HOR properties of Pt metals gradually decrease 

with increasing the pH values. The reason behind of decreased activity and also rate 

controlled process for HOR in alkaline medium is not very clear.  Recently, Durst et  al. 

suggested10 that noble metals form a stronger M-H bond in basic medium compare to 

acidic medium and HOR activity decreases  in basic media  is due to formation of 

strong M-H bond. Meanwhile, Markovic et al.16 and Kopper et al.17 separately reported 

a bi-functional mechanism for HOR in acidic and basic medium. The M-H bond 

strength in acid and M-OH bond strength (oxophilic effect) determine the HOR 

activity.  

The size, structure, morphology, and nature of support materials of supported 

metal nanostructures generally determine the performances of these catalysts. The 

supported palladium nanoparticles exhibit superior catalytic activity for various 

reactions such as alcohol fuel cells18 and organic reactions.19 Zhang and co-workers20 

demonstrated the presence of Ptδ+ charged particles in Pt/FeOx and the superior 

catalytic behavior of Pt/FeOx toward CO oxidation. In the recent years, carbon 

materials, especially two dimensional graphene and commercial volcano carbon, have 

been used as support materials due to their high surface area and conductivity. 
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However, one of the major limitations of carbon-supported catalysts has been that low 

electrocatalytic stability arises due to the rapid depletion of carbon. Recently, 

Kangasniemi et al.21 reported that the common carbon catalyst for electrocatalysis 

Vulcan X-72 was easily oxidized in a cathodic environment in a polymer electrolyte 

fuel cell (PEFC). Several sustainable attempts were devoted to improving tolerance and 

preventing oxidation of the supported materials under cathodic potentials. One of the 

constructive strategies was incorporation of a heteroatom, for example nitrogen, that 

coordinates different NPs easily and overcomes the durability problem. Various groups 

reported22-23 that heteroatoms such as nitrogen-based ligands can easily coordinate 

metal nanoparticles and the metal−support interaction improves the tolerance as well as 

activity of the electrocatalysts under oxidation conditions. Graphitic carbon nitride, g-

C3N4 (graphene-like structure), consisting of repetitive s-triazine units, has become a 

versatile support material of metal NPs due to the presence of a large number of active 

binding sites for their dispersion. g-C3N4 and its composite have attracted attention due 

to their intriguing potential applications for various fields such as photocatalysis,24-25 

energy conversion,26-28 sensing,29-30 organic transformations,31 etc. Recently, Di Noto 

and co-workers reported23, 32 a relationship among nitrogen concentration, structure, 

and electrochemical ORR performance of PdCoNi “core-shell” g-C3N4 electrocatalysts. 

When the concentration of N in the carbon nitride shell was low and the cell constant 

ofthe PdCoNi alloy NPs was the shortest, the best ORR activities were observed. Even 

today, finding a good support material and then developing a good electrocatalyst with 

superior catalytic activities and high durability remains a great challenge.  

Herein we report a facile synthesis of porous Pd-CNx composites and their 

applications in hydrogen evolution and hydrogen oxidation reactions (HER/HOR). The 

porous network structure of Pd-CNx composite is formed due to reduction of PdCl2 in 
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the presence of CNx nanosheets with NaBH4 and ultrasound treatment. The porous Pd-

CNx composite shows superior catalytic activity toward the hydrogen evolution 

reaction in acidic media. It exhibited an onset overpotential at -12 mV and a current 

density of 10 mA cm-2 at a small HER overpotential of -55 mV and a Tafel slope of 35 

mV dec-1 with excellent durability. The HER activity of porous Pd-CNx composite in 

acid medium is comparable with that of commercial Pt/C; however, in basic media the 

HER activity of this catalyst is lower than that of Pt/C and is much better than that of 

commercial Pd/C. Most importantly, this Pd-CNx composite displayed very high 

durability in strongly acidic media, much higher than that of commercial Pt/C. In 

addition, this catalyst also exhibits good HOR activity over a wide pH range, 0−14. The 

catalytic activity of the HOR in different buffer solutions is also discussed, and a 

correlation of the catalytic HER/HOR behavior of Pd-CNx catalyst in solutions of 

different pH with the hydrogen binding energy (HBE) was done. Our results support 

the hypothesis that HBE is the sole reaction descriptor for HER/HOR activity on 

monometallic palladium. The superior HER/HOR activities and high durability of 

porous Pd-CNx catalyst was explained on the basis of the porous structure of the 

catalysts, strong metal carbon (Pd−C) bonds, improved charge transport, and synergetic 

effects between CNx support and Pd-NPs. 

3.3 Experimental Section 

Preparation of g-C3N4:  

The synthesis of carbon nitride quantum dots (g-CNQDs) from formamide was done by 

a microwave-mediated method51,52  reported by our group previously. In brief, 30 mL of 

formamide was heated using a microwave synthesizer for 2 h at 180 °C. The resulting 

brown solution was evaporated at 180 °C in a rotary evaporator to obtain a bulk amount 
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of black product. This product was washed with water, filtered and vacuum-dried to 

give a dry solid of g-CNQDs. 

Preparation of Porous Pd-CNx Composite:  
 

Initially, 5 mg of g-CNQDs was dispersed in 2 mL of deionized water with sonication 

using a bath sonicator for 10 min, forming a black solution. In another beaker 0.14 mol 

of PdCl2 was dissolved in 6 mL of deionized water by adding 50 μL of 10% HCl 

solution to form a brownish PdCl4
2− solution. Then, the PdCl4

2− solution was poured 

into the g-CNQDs dispersion and sonicated for 10 min. A 700 μL portion of 0.1 M 

NaBH4 solution was directly added to the mixed solution with constant sonication. 

Finally, the resultant black reaction mixture was sonicated with a probe sonicator 

operating at 28 kHz frequency (power 420 W) for 180 min. The formation of a black 

solution indicated the formation of metallic Pd-NPs. After ultrasound treatment a black 

mass precipitated out from the solution. The black precipitate was separated by 

centrifugation at 10000 rpm for 30 min and washed with deionized water twice. 

Finally, this solid black product was kept under vacuum overnight for drying. 

Preparation of Working Electrode: 

  

A glassy-carbon (GC) electrode was polished with 1.0, 0.1, and 0.05 mm alumina 

slurry on a Buehler micro polishing cloth. An aqueous solution of the Pd-CNx 

composite was prepared by dispersing 0.5 mg of Pd-CNx in 1 mL of deionized 

Millipure water by sonication in a bath sonicator for 30 min. Pd-CNx modified GC was 

prepared by drop-casting 10 μL of the solution on a GC electrode of diameter 3 mm 

and drying at ambient temperature in air. No polymer binder was used for the 

preparation of the Pd-CNx electrode. However, Pt/C and Pd/C electrodes were prepared 

by immobilizing the catalyst on a GC electrode surface using Nafion as polymer 

binder. Details of Pt/C and Pd/C modified GC electrode preparations are given. 
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3.4 Results and Discussion 

 
Characterization of Porous Pd-CNx Composite:  

 

The Pd-CNx composite was synthesized by ultrasound-mediated reduction of PdCl4
2− 

with sodium borohydride (NaBH4) in the presence of graphitic carbon nitride 

nanosheets. Figure 3.1 shows the powder X-ray diffraction patterns (p-XRD) of porous 

Pd- CNx composite and g-C3N4. The p-XRD pattern of g-C3N4 and Pd-CNx composite 

has a diffraction peak at a 2θ value of 27.2° with interlayer spacing of 3.3 Å, 

corresponding to the graphitic reflection plane (002) of carbon nitride.33 In addition, 

five well resolved, highly intense diffraction peaks positioned at 40.10, 46.70, 68.70, 

80.90, and 86.70° in Pd-CNx composite correspond to the (111), (200), (220), (311), 

and (222) reflection planes of face-centered cubic palladium (JCPDS No 89-4897).  

 

 
Figure 3.1. p-XRD pattern of Pd-CNx composite and g-C3N4. 

 

This suggests the formation of Pd-NPs on CNx sheets by ultrasound-mediated 

borohydride reduction methods. In addition, the Bragg diffraction peak positioned at 2θ 

= 40.1° for the Pd (111) plane was used to calculate the particle size of Pd-NPs using 

the Debye−Scherer equation: 
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Figure 3.2. (a) TEM image of two dimensional g-C3N4 sheets. (b,c) TEM images and (d,e) 

HR-TEM images of Pd-CNx composite. (f) EDS spectra, (g) particle size distribution plot and 

(h) FESEM image of porous Pd-CNx composite. 

 

B(2θ) = 
𝑲𝝀

𝑳𝒄𝒐𝒔𝜽
                              

Where L is the mean size of the ordered (crystalline) domains, K is a dimensionless 

shape factor, with a value close to unity. The shape factor has a typical value of about 

0.9, but varies with the actual shape of the crystallite, λ is the X-ray wavelength (0.154 

nm), B is the line broadening at half the maximum intensity (FWHM) in radians. So by 

determining the width of the (111) Bragg reflection of PdNPs at half maxima. 

From the Debye−Scherer analysis, the average size of Pd-NPs on the porous Pd-CNx 

composite was found to be ∼14 nm. TEM and FESEM measurements were done to 

investigate the morphology of Pd-CNx catalyst and size distribution of Pd-NPs on 

carbon nitride. TEM and FESEM samples were prepared by evaporation of an aqueous 

solution of Pd-CNx composite on a TEM grid and a Si wafer, respectively. It was 

reported51 by our group recently that the two-dimensional thin sheets (Figure 3.2.a) of 

the g-CNx are formed on evaporation-induced self-assembly and condensation of g-

CNQDs. Figure 3.2.(b,c) gives representative TEM images of Pd-CNx composite, 

showing the porous morphology of the composite. It clearly shows that the porous 
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structure is formed through interconnection of small CNx sheets containing Pd-NPs. 

The HR-TEM images of Pd-CNx composite are shown in Figure 3.2.(d,e). The lattice 

fringes with d spacing of 2.24 Å corresponding to the (111) lattice plane of Pd-NPs are 

clearly seen. The EDX spectrum of porous Pd-CNx composite (Figure 3.2.f), taken 

from Figure 3.2.b, shows the presence of carbon (C), nitrogen (N), and Pd, confirming 

the deposition of Pd-NPs on carbon nitride sheets. The particle size of the Pd-CNx 

catalyst was determined from Figure 3.2.c and Pd-NP size distribution in Pd-CNx is 

shown in Figure 3.2.g. The particle size of Pd-NPs in porous Pd-CNx composite are 

between 10 and 14 nm with an average size of 12 nm, which is good agreement with 

the particle size measured using the Debye−Scherer equation. The FE-SEM images of 

Pd-CNx composite are shown in Figure 3.2.h. In the FESEM images of Pd-CNx 

composite, the porous structures of the composite are also clearly visible. It also shows 

that nanoparticles are self-assembled on CNx matrix and interconnected to form a 

porous morphology of this composite. The electronic state of the Pd-NPs and nature of 

interaction between CNx support and Pd-NPs were investigated by using X-ray 

photoelectron spectroscopy (XPS) and Fourier transform infrared (FT-IR) 

spectroscopy. The XPS survey scan of porous Pd-CNx composite, as shown in Figure 

3.3.a, clearly indicates the presence of carbon (C), nitrogen (N), palladium (Pd), and 

oxygen (O) atoms. The 3d XPS of metallic palladium (Pd) always appeared as a 

doublet (3d5/2 and 3d3/2) due to spin−orbital coupling that was separated by 5.26 eV. 

The 3d3/2 peaks for metallic palladium are known to appear at 335.6 eV56, and electron-

withdrawing groups are known to increase the binding energy of Pd-NPs. The 3d XPS 

of porous PdNPs supported on carbon nitride is shown in Figure 3.3.b. It shows that 

the Pd 3d5/2 and 3d3/2 peaks of Pd-CNx composite appear at 338.92 and 344.3 eV, 

respectively, which can be attributed to metallic palladium with higher binding energy. 
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Figure 3.3. (a) XPS survey scan and (b) high resolution Pd 3d XPS spectra of porous Pd-CNx 

composite. (c, d) Comparison of high resolution spectra of C 1s and N 1s XPS spectra of g-
C3N4 and porous Pd-CNx.  

 

A comparison of the C1s XPS of the CNx support and of Pd-CNx composite is shown in 

Figure 3.3.c, whereas a comparison of their N 1s XPS is given in Figure 3.3.d. It 

shows that the C 1s peak of Pd-CNx composite becomes broad and is shifted towards 

2.9 eV higher binding energy in comparison to that of free CNx; however, the position 

of the N 1s peak remains unaltered. This binding energy shift suggests a strong 

interaction between Pd-NPs and the CNx support. As shown in Figure 3.4.(a,b), the 

carbon (C 1s) and nitrogen (N 1s) XPS spectra of g-CNx were deconvoluted to three 

and two main Gaussian peaks, respectively. The binding energies of 285.3 and 286.45 

eV are due to the presence of N(sp2)−C=N(sp2) (carbon bonded to two nitrogen atoms) 

and C(−N)3 (planartrigonal carbon geometry), respectively,34 whereas the peak at 288.8 

eV is attributed to COx.
35 The peak at 400.1 eV refers to the presence of C(sp2)−

N1=C(sp2) nitrogen bonds to two carbon atoms, whereas the second peak in this region 
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at 401.6eV corresponds to graphitic nitrogen.36  In addition, large shifts of binding 

energy of carbon and no change in binding energy of nitrogen are also observed  when 

Pd-NPs are supported on a CNx framework.  

 

Figure 3.4. Deconvulated (a) C1s and (b) N1s XPS spectra of g-C3N4. 

It has also been reported37-38 that the binding energy of palladium is shifted to higher 

values on formation of a Pd−C bond. Thus, this higher binding energy of Pd in porous 

Pd-CNx can be attributed to the formation of a Pd−Cx bond. The large binding energy 

changes of carbon and palladium confirm that there is a very strong interaction between 

carbon and Pd in the porous Pd-CNx composite. The Fourier transform infrared (FT-IR) 

spectra of carbon nitride and Pd-CNx composite are given in Figure 3.5.  

 

 

 

 

 

Figure 3.5. FT-IR spectra of porous Pd-CNx composite and g-C3N4. 

N1s
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In the IR spectrum of CNx, three bands appeared at 1213, 1317, and 1408 cm−1 that can 

be assigned to aromatic C=N stretches and a peak at 1600 cm−1 that corresponds to a C-

N stretch. The intensity of these peaks decreases and two new intense peaks appear at 

1128 and 1025 cm−1 when Pd-NPs are dispersed on a CNx matrix. These two new 

peaks are assigned to C−N single-bond stretching. This appearance of a new C−N 

single-bond IR band and decrease in intensity of the C=N double-bond peak also 

suggests a strong interaction between the CNx framework and Pd-NPs. The 

metal−carbon stretching bands for the complexes of Rh, Ir, Ga, and In are reported39 to 

be appear between 500 and 580 cm−1. The peak at 590 cm−1 can be assigned as a Pd−C 

stretch. It is known40-41 that Pd has a strong affinity toward C atoms and Pd-NPs are 

generally attached to a graphene support due to their donation−back-donation 

interaction. The small electron donation from the 4d orbital of Pd to the 2s orbital of 

carbon occurs, and then back-donation from the 2p (C) orbital to the 5s (Pd) orbital 

takes place. In this work, nucleation/ growth of Pd occurs at carbon atoms due to the 

strong affinity of Pd-NPs for carbon. We recently reported42 the bottom-up synthesis of 

g-carbon nitride sheets from g-carbon nitride quantum dots (g-CQDs) due to 

condensation of the g-CQDs and uniform growths in two dimensions. However, 

reduction of PdCl2 in the aqueous g-CQD solution leads to the nucleation of Pd-NPs on 

carbon due to the strong chemical affinity of Pd toward carbon atoms. 

Table 3.1. Different microanalyses for measured Pd metal loading in porous Pd-CNx 

composite. 

catalysed Experiment Pd loading on CNx sheet of Pd-CNx 

(wt.%) 

Porous Pd-CNx 

composite 

EDX in FE-SEM 62.4 

TGA 60.0 

ICP-OES 59.8 
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The presence of Pd-NPs on CNx prevents the uniform growth of carbon nitride 

nanosheets. Self-assembly and nonuniform growth of carbon nitride nanosheets 

containing Pd-NPs lead to formation of this porous structure of the Pd-CNx composite. 

From p-XRD, TEM, FESEM, EDX, XPS, and FT-IR spectral studies it can be 

concluded that the porous morphology of the Pd-CNx composite formed due to 

ultrasonication and NaBH4 reduction of PdCl2 in the presence of CNx. The amount of 

loading of Pd-NPs was measured with the help of ICP-OES and thermogravimetric 

analysis (TGA). The ICP-OES analysis of Pd-CNx determined a 59.4 wt % Pd loading 

in Pd-CNx composite (Table 3.1.). The TGA plot of CNx and Pd-CNx composite is 

shown in Figure 3.6. The TGA curve of Pd-CNx composite showed that the catalyst 

contained ∼60 wt % of Pd, which is in good agreement with ICP-OES results. The Pd 

wt.% values in the Pd-CNx catalyst calculated from different microanalyses are 

summarized in Table 3.1.  

 
Figure 3.6. Comparative TGA curve of g-C3N4 and porous Pd-CNx composite. 

Thus, different microanalyses confirm the ∼60 wt % Pd loading in porous Pd-CNx 

composite. In addition, also CHN analysis and EDX was performed to determine the 

composition of supported g-CNx. According to the CHN analysis the N/C ratio in free 

g-C3N4 was ∼1.1,42 whereas after Pd loading it decreased slightly to ∼0.87 (Table 

3.2.). 
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Table 3.2. Details of CHN analysis of g-C3N4 and porous Pd-CNx composite. 

 

Proton Adsorption−Desorption Behavior of Pd-CNx Composite:  
 

Palladium metal is highly active for various electrochemical reactions occurring in 

galvanic cells, such as cathodic hydrogen evolution reactions, small organic molecule 

oxidation reactions, anodic hydrogen oxidation reactions, etc. The electrochemical 

process involving hydrogen has aroused interest among the scientific community, since 

the chemisorbed atomic H species acts as an intermediate for several HOR/HER 

reactions occurring at electrode surfaces. Unlike platinum, palladium metal has 

attracted much more interest toward adsorption of H under the same electrochemical 

conditions. The noble metal is reported to have two types of electrodeposited H 

intermediates during electrochemical reactions: (i) under potential deposition of 

hydrogen (UPD-H), which commenced at positive to reversible H+/H2 potentials, and 

(ii) overpotential deposition of hydrogen (OPD-H) which commences at potentials very 

close to reversible H+/H2 potentials or negative potentials to reversible H+/H2 potentials. 

Chemically there is no distinct difference between OPD-H and UPD-H, but in surface 

science UPD-H has received major attention due to its surface structure dependent 

properties. The UPD-H process can be represented as 

 M(hkl)+ H3O
+ e− ↔ M(hkl)/H +H2O  

To understand the electrochemical behavior of the prepared porous Pd-CNx composite, 

the CV studies were performed in both acidic and alkaline medium as shown in Figure 

3.7.  The CVs of porous Pd-CNx, g-CNx modified GC electrode and GC electrode in 

Catalyst Carbon(C) 

(wt.%) 

Nitrogen 

(N) (wt.%) 

Oxygen (O) 

(wt.%) 

Hydrogen(H) 

(wt.%) 

N/C ratio 

 

g-C3N4 43.13 47.3 5.78 3.79 ~1.09 

Porous Pd-

CNx 

9.75 8.69 - 3.18 ~0.87 
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0.5 M H2SO4 solution are shown in Figure 3.7.a. Pd-CNx shows strong proton 

adsorption−desorption peaks, whereas GC and CNx/GC do not have any proton 

adsorption−desorption peaks. A broad anodic peak at E ≈1.0 V corresponds to the 

formation of Pd−O and its corresponding cathodic peak at 0.68 V for the reduction of 

Pd−O. The symmetrical anodic and cathodic peaks at 0.16 and 0.23 V are assigned to 

UPD hydrogen adsorption (UPD-Hads) and desorption (UPD-Hdes) from Pd-CNx 

surfaces, respectively. The calculated ΔEp value for UPD-H of Pd-CNx composite was 

∼70 mV, which is close to the reversible value of 60 mV. Recently, Gasteiger and co-

workers reported13 that the ΔEp value for reversible UPD-H on Pd/C surfaces was ∼100 

mV, whereas that of Pt/C was 50 mV. Thus, porous Pd-CNx composite was more 

reversible and the rate of H-UPD was much higher than those of Pd/C surfaces. The 

anodic peak at 0.09 V was assigned to oxidation of the Hads on the surface of Pd-CNx 

composite. Figure 3.7.b shows a cathodic peak at ∼0.012 V assigned to the OPD-H 

absorption peak and its corresponding asymmetric desorption peak at ∼0.2 V. From 

Figure 3.7.b, it is evident that, when potentials reach a potential negative to reversible 

H+/H2 potentials, the anodic desorption peak appears as a broad and large peak 

overlaying other desorption properties such as UPD-H or anion desorption. The major 

issue is to separate UPD-H from the desorption peak of Hads. The palladium bulk metal 

or polycrystalline Pd(poly)43 are unable to separate UPD-H from other electrochemical 

behaviors. In the literature, very few reports44 are available for Pd-based catalysts 

where UPD-H peaks are well separated from other behaviors. For example, for 

ultrafine NPs45 or Pd layers on an Au surface46 UPD-H can be separated from other 

behavior. The Pd-CNx composite can also easily separate the UPD-H from other 

behavior that makes it a potential electrocatalyst. In addition, CV of Pd-CNx in 0.5 M 

KOH was also performed and is shown in Figure 3.7.c. In alkaline medium also the 
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catalyst can easily have a UPD-H peak separated from other processes. In the case of 

Pd-CNx during the HER, it can form an equilibrium between adsorbed and dissolved H 

with the Pd lattice which leads to the formation of Pd-Hx. 

 

 
Figure 3.7. Cyclic Voltagrams of porous Pd-CNx in comparison with GC and g-CNx in (a) 0.5 
M H2SO4, (c) 0.5 M KOH electrolyte. (b) CV of porous Pd-CNx composite in 0.5 M H2SO4 

electrolyte run from -0.08 V to +0.6 V. All the CV experiment was performed with 30 mV/sce 

scan rate with constant Pd loading 0.043 mg/cm2. 

 

Electrochemical behavior has been used to investigate the relation between the phase 

structure and applied potentials. Russell and co-workers47 distinguished the potential 

regions for different Pd−H phase formations, where potentials at E ⩾ 0.05 V were due 

to β-hydride formation and potentials more negative than E = 0.028 V were identified 

as a hyperstoichiometric phase. The H absorption on Pd-CNx composite commenced at 

the potential E = 0.015 V, which corresponds to formation of the hyperstoichiometric 

phase. The H/Pd ratio increases with increasingly negative potentials, indicating that 

the PdHx stoichiometry was very high and may greater than 1. The Habs absorption peak 

of Pd-CNx, close to reversible potentials and lower than 0.028 V, can be considered as 

a hyperstoichiometric phase. Several groups reported48 a hyper stoichiometric phase of 

PdHx for Pd nanoparticles supported on zeolite or Na Y zeolite due to spillover of 

hydrogen on supported materials. The high stoichiometry of hydrogen for Pd-CNx 

composite may be attributed to spillover of H on supported materials and also to the 
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porous nature of the electrode easily trapping the H2 molecule in its pores and re-

oxidizing it repetitively.  

HER Study on Porous Pd-CNx Composite:  

The electrocatalytic activities of Pd-CNx/GC toward the HER were investigated in N2-

saturated 0.5 M H2SO4 by the linear sweep voltammetry (LSV) method, performed in a 

standard three electrode electrochemical cell with a scan rate of 10 mV/s. 

Representative LSV curves of geometric current density (mA cm-2) vs applied potential 

for Pd-CNx catalyst are shown in Figure 3.8.a. For comparison the catalytic activities 

of Pt/C, Pd/C, and g-CNx modified GC electrode toward the HER were also 

investigated, as shown in Figure 3.8.a. The g-CNx electrode was found to be very 

inactive toward HER, as it shows a very high onset potential (−170 mV) with a very 

low cathodic current density. The Pt/C catalyst exhibits a very good HER performance 

with an onset potential near 0 V. The porous Pd-CNx modified GC electrode also 

exhibits excellent HER activity with a small onset potential of −12 mV, which is much 

smaller than that for Pd/C (−41 mV) and close to that of the commercial Pt/C. For 

practical purposes, it is more appropriate to compare the overpotentials (η) required to 

achieve a current density of 10 mA cm-2, which is an important parameter for 

construction of a fuel cell. To acquire a current density of 10 mA cm-2, commercial 

Pt/C and Pd/C take over potentials need −58 and−170 mV, respectively. The porous Pd-

CNx needs only −55 mV, which is much lower than that for Pd/C and comparable with 

that of Pt/C. In order to reach a current density of 50 mA cm-2 the porous Pd-CNx 

needed only −77 mV, which is lower than those of both Pd/C (−315 mV) and Pt/C (−

112 mV). This clearly demonstrates that the HER kinetics on Pt-CNx is very fast, like 

that of Pt/C. The onset potential of Pd-CNx was much lower than that of Pd/C and was 

close to that of Pt/C in acidic medium. The Tafel slope is an inherent property of the 
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catalysts, and it is used as a significant standard for the HER to determine the exact 

mechanism as well as the rate-determining step.  

The Tafel slope can be calculated from the Tafel equation 

η = a + b log J 

where η = overpotential, b = Tafel slope, and J = current density. 

 
Figure 3.8. (a) HER LSV  curves of Pd-CNx, Pt/C, Pd/C, and g-CNx in 0.5 M H2SO4 with scan 

rate 10 mV/sec. (b) The corresponding HER Tafel plot of porous Pd-CNx, Pt/C and Pd/C. (c) 

LSV curves of Pd-CNx, Pt/C and Pd/C in 0.5 M KOH solution. (d) Tafel plot of porous Pd-
CNx, Pt/C and Pd/C in 0.5 M KOH. All the experiment was performed with constant metal 

loading of 0.043 mg/cm2. All the LSV curves are iR corrected.    

 

Tafel plots of Pd-CNx, Pt/C, and Pd/C are represented in Figure 3.8.b. Commercial 

Pt/C catalyst shows high HER catalytic activity near 0 mV overpotential with a Tafel 

slope of 33 mV/dec, which is consistent with the previous literature value. In addition, 

the Pd-CNx catalyst also exhibits Tafel slope of 35mV/dec, which is lower than that of 
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commercial Pd/C (121 mV/dec) and close to that of Pt/C. It is well-known that due to 

very high Hads coverage on Pt surfaces, HER activity proceeds through the Volmer−

Tafel mechanism. The low Tafel slope indicated that porous Pd-CNx composite also 

follows the Volmer-Tafel mechanism. Another important kinetics parameter for 

electrocatalytic HER measurement is exchange current density (J0), which correlates 

the rate of electron transfer under reversible conditions. Conventional ideal catalysts 

have low Tafel slopes and higher exchange current densities (J0). The Pd-CNx catalyst 

has an exchange current density of 0.4 mA cm-2, which is better than that of the 

commercial Pd/C (0.12 mA cm-2). The specific exchange currents of Pd-CNx and Pd/C 

were 138 and 35 mA cm-2 mg-1, respectively. The comparison of HER performances of 

Pd-CNx with those of Pd/C are summarized in Table 3.3. From Table 3.3, it is obvious 

that Pd-CNx exhibits catalytic activity higher than that of Pd/C and activity comparable 

with that of Pt/C toward the HER. A good HER catalyst should be capable of operating 

efficiently over a broad range of pH. To evaluate the versatility of Pd-CNx catalyst, we 

also studied the HER activity of porous Pd-CNx in basic 0.5 M KOH medium. Figure 

3.8.c shows the LSV curve of porous Pd-CNx and commercial Pt/C and Pd/C in N2-

saturated 0.5 M KOH with a scan rate of 10 mV/s. The Pt/C catalyst, as usual, exhibits 

the best catalytic activity with a very small onset potential, ∼0 V (RHE). Porous Pd-

CNx catalyst exhibits an onset potentials (η) of −75 mV (RHE), which is smaller than 

that of commercial Pd/C catalyst (−170 mV). To find the exact kinetics on the electrode 

surfaces, we also carried out a Tafel analysis of Pt/C, Pd/C, and porous Pd-CNx 

composite, as shown in Figure 3.8.d. The Tafel slope values of commercial Pd/C and 

Pt/C are found to be 201 and 120 mV/dec, respectively, in KOH solution. In 

comparison, porous Pd-CNx composite has a Tafel slope value of 154 mV/dec.  
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Table 3.3. Different HER parameters of porous Pd-CNx composite, Pt/C and Pd/C  

catalyst in 0.5 M H2SO4. 

 

 

  The exchange current density is calculated in a way similar to that described in the 

case of acidic medium. The exchange current densities of Pd/C and porous Pd-CNx 

composite are found to be 0.190 and 0.245 mA cm−2, respectively. Thus, porous Pd-

CNx electrocatalyst easily outperforms the Pd/C catalyst in basic medium on the basis 

of onset potentials, Tafel slope, and exchange current density. The degradation of the 

carbon support for commercial Pt/C catalyst occurs due to oxidation under strongly 

oxidizing acidic conditions, which has prevented the successful commercialization of 

PEM fuel cells. The durability of the catalyst is thus one of the most serious issues for a 

HER catalyst. The durability of porous Pd-CNx catalyst was investigated by using 

continuous LSV scans in N2 (Figure 3.9.a) saturated 0.5 M H2SO4 solutions with a 

potential window of 0.5 to −0.1 V at a scan speed of 10 mVs-1. The HER performance 

such as onset potential and current density at any overpotential was improved after 

10,000 cycles of LSV scans, suggesting the superior long-term stability of Pd-CNx 

catalyst. A comparison of time-dependent current density curves under a static 

overpotential at −60 mV of Pd/CNx with commercial Pt/C and Pd/C was also made, as 

shown in Figure 3.9.b. The commercial Pt/C and Pd/C show a significant loss of 

current density within 10 h of chronoamperometric measurements. In contrast, the 

Catalyst Onset 
potential 

(mV) 

Overpotential 

at 10 mAcm-2 

 

Overpotential 

at50mA/cm

 

Tafel slope 
(mV/dec) 

(b) 

Exchange 

current  

mAcm-2 
(io) 

Specific 

exchange 

current 

(mAcm-2mg-1) 

Porous Pd-
CNx 

-12  - 55 -87 35 0.40 138 

 

Pt/C - 0  -57 -112 33 0.41 NA 

 

Pd/C -40  -170 -315 60 0.12 35 
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current density of Pd-CNx catalyst shows a dramatic increase from 14 mA cm-2 (at 0 h) 

to 28 mA cm-2 (at 24 h), and it remains almost constant for at least 100 h (Figure 3.9.c). 

The enhanced electrocatalytic performance of Pd-CNx in chronoamperometric scans is 

probably due to cleaning of the pores of porous Pd-CNx composite, facilitating mass 

transport, and thus the current density of Pd-CNx composite is increased. It is important 

to mention that no polymer binder was used for the preparation of a Pd-CNx electrode. 

For the durability test, the Pt/C and Pd/C-modified GC electrodes were prepared by 

immobilization of these catalysts on electrode surfaces using a polymer binder, Nafion. 

Similar behavior was also observed when all three electrodes (Pd/C, Pt/C, Pd-CNx) 

were prepared without any external polymer binder.  

 
Figure 3.9. (a) First and 10,000th LSV curve of Pd-CNx at 50 mV/sec scan rate. (b) 

Chronoamperometry responses of Pd-CNx, Pd/C and Pt/C at = -60 mV in RHE for 48hrs. (c) 

Chronoampermetric response of Pd-CNx at at = -60 mV in RHE for 100 hrs. 

 

The superior HER activity and excellent durability of Pd-CNx composite in acidic 

medium suggest the promise of replacement of Pt/C catalyst with new polymer binder 

free Pd-CNx electrocatalyst in PME fuel cells. A comparison of catalyst mass loading, 

onset potential, exchange current density, and Tafel slope of Pd-CNx with those of other 

catalysts is given in Table 3.4. The mass loading of porous Pd-CNx catalyst is much 

lower than that of other previously reported catalysts.  
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Table 3.4. Comparisons of HER activities of different Pt and non Pt group metal 

catalysts in acidic medium. 

 

 

 

The onset potential of Pd-CNx catalyst is −12 mV, which is much lower than that for 

catalysts based on other non-Pt-group metals such as Mo, Ni, W, and Co and is 

comparable with that of other Pt-based catalysts. In addition, in terms of exchange 

current density and Tafel slope the Pd-CNx catalyst is better than any other non-noble-

metal catalyst and is also comparable with other noble-metal catalyst systems. From 

Table 3.4, it is obvious that Pd-CNx catalyst has better electrochemical hydrogen 

evolution activity (onset potential, durability, exchange current, catalyst loading) in 

comparison to that of Pt- and non-Pt-based catalysts in acid media. 

Catalyst Catalyst 

loading 

Onset 

potential 

(mV vs RHE) 

Over potential (mV 

vs RHE)(current 

density (mA cm-2)) 

Tafel 

slope 

(mV/dec) 

Exchange 

current 

(mAcm-2) 

Ref 

 

Ni-Mo-N  

nanosheet 

0.25 -78 -200 (3.5 mA cm-2) 35.9 0.24 49 

CoSe2 0.37 -30 -90  (4.0 mA cm-2) 40 0.037 50 

MoP 1.0 -50 -180  (10 mA cm-2) 54 0.034 51 

MoCx 0.8 -25 -142 (10 mA cm-2) 53 0.023 52 

Pt-SiO2 0.168 -0.225(SHE) -500 (200 mA cm-2) 32 - 53 

Pt-TiO2 0.04 - -300 (97 mA cm-2) 32 0.19 54 

Ni2P - -25 -130 (20 mA cm-2) 46 0.033 55 

Pt-W2C 2 - -10 (16 mA cm-2) 103 2.08 56 

Pt-SnO2 0.13  -300 (40 mA cm-2) 111 0.46 57 

Pt-TiO2-

N-rGO 

0.04 - -300 (126 mA cm-2) 32 0.22 54 

Pt/C 0.042 -0 -112(50 mA cm-2) 33 0.41 This 

work 

Pd/C 0.043 -45 -315 (50 mAcm-2) 60 0.12 This 

work 

Porous  

Pd-CNx 

0.043 -12 -87 (50 mA cm-2) 35 0.4 This 

work 
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 HOR Study on Pd-CNx Surfaces over a Broad pH Range. In PME fuel cells, the 

HOR is the one of the important reactions in the cathode compartment. In a completely 

reversible PME fuel cell, the HOR and HER occur simultaneously. The Pd-CNx 

catalyst showed very good proton adsorption and superior HER activity in both acidic 

and basic medium; we also examined the HOR activity of this Pd-CNx catalyst in 

solutions of different pH. Figure 3.10.a shows HOR polarization (positive direction) 

curves of Pd-CNx catalyst in H2-saturated 0.1 M H2SO4 solution at different rotation 

speeds.  

 
Figure 3.10. (a) HER/HOR polarization curve (positive going) on porous Pd-CNx in 0.1 M 
H2SO4 solution saturated with H2 (~1 atm) with different rotation speed ranging from 300 to 

2250 rpm. (b) Koutech-levich plot at 0.4V in RHE. 

 

All polarization curves represented here are iR corrected. The limiting current density 

(JL) gradually increases with an increase in the rotation speed from 300 to 2250 rpm. 

The limiting current density (JL) obtained in RDE measurements included two factors: 

(a) the kinetic current density (Jk) and (b) the diffusion current density (Jd). The 

diffusion limiting current was calculated using the equation 

1

JL
=

1

Jk
+

1

Jd
=

1

Jk
+

1

BC0  ꙍ1/2
 

 

Where diffusion controlled current follow the Levich equation: 

                              Jd = 0.62nFD2/3-1/6C0 
1/2 =  BC0  ꙍ

1/2 
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Where n is the number of electrons involved in the oxidation reaction, F is 

Faraday constant (96,498 C mol−1), D is the diffusion coefficient of the reactant (cm2 

s−1), ν is the viscosity of the electrolyte (cm2 s−1), C0 is the H2 concentration in the 

solution and ω is the rotation speed (rpm). BC0 is a constant related to the concentration 

and diffusivity of the gas, number of the electron transfer in the reaction, kinetic 

velocity of the electrolyte.  

The kinetics parameter of the HOR reaction was obtained by plotting JL
-1 vs -1/2 at 

particular potentials (Koutecky-Levich plot). The K-L plot of Pd-CNx constructed at 0.4 

V gives a straight line passing through the origin as shown in Figure 3.10.b.  This 

result confirms that the limiting current at 0.4 V potentials was fully controlled by 

diffusion of H2 mass. The BC0 value of Pd-CNx catalyst in 0.1 M H2SO4 was 0.066 mA/ 

(cm2 (disk rpm)0.5) which good agreement with the calculated value 0.0678 mA/ (cm2 

(disk rpm)0.5).  

 
Figure 3.11. (a,b) HER/HOR polarization curve (positive going) on Pd-CNx composite in H2 

saturated (1 atm) different selected pH electrolyte at scan rate 20 mV/sec with rotating speed 

1600 rpm.(c) Comparison of current density at 0.05 V in RHE. 

 

Therefore, the diffusion limiting current at 1600 rpm in 0.1 M H2SO4 was 2.54 

mA/cm2, which matches the experimentally measured limiting current density. Figure 

3.11.(a,b) represents the polarization curve of HOR in H2 saturated different selected 

pH medium with rotation speed 1600 rpm. The polarization curves in different pH 
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solution have anodic peaks in the potential range 0.09V to 0.3V due to H desorption. 

The HOR/HER potentials were corrected by diffusion potentials limitation as describes 

by                             

                                           
𝑑𝑖𝑓𝑓

= −
𝑅𝑇

2𝐹
 ln(1 −

𝐽

𝐽𝐿
) 

where J and JL are measured and diffusion limited current densities respectively.  

The diffusion-corrected and iR-corrected polarization curves are shown in Figure 3.12. 

(a,b).  

 

 

 

 

Figure 3.12. (a) Diffusion corrected potentials plot and (b) iR corrected potentials plots of Pd-

CNx composite in 0.5 M H2SO4 solution. 

 

In 0.1 M H2SO4 solution the polarization curve of porous Pd-CNx composite has a 

plateau region with limiting current density of 2.54 mA cm−2, which was due to 

limiting H2 mass transportation. The limiting plateau current density decreases 

gradually with increasing pH of the solution, and the limiting current density in 

strongly basic medium, 0.5 M KOH (pH 13.7), reaches 1.52 mA cm−2, as shown in 

Figure 3.13.(a,b). The H2 mass transport gradually decreases with an increase in the 

pH of the solutions. Recently,Yan and co-workers demonstrated70 the decrease of 

limiting current with the increase in pH of the solution for polycrystalline Pt metal. 

 

(b)(a)
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Figure 3.13. (a,b) HOR/HER polarization curve normalized to the corresponding maximum 

limiting current (ilim) in different selected pH electrolyte. (c) Variation of half wave potentials 

in whole range of pH. Pd loading: 0.043 mg/cm2. 

 

Furthermore, we have measured the current density at 0.05 V in different pH solution 

and it is shown in Figure 3.13.c. The current density at 0.05 V gradually decreases with 

increasing the pH of the electrolyte. This results reveals that HOR activity decreases 

with increasing pH of the electrolyte. The polarization curves normalized by their 

corresponding maximum limiting current (JL) in solutions at different pHs are shown in 

Figure 3.13.(a,b). The overpotential where the current density is half of the normalized 

limiting current density (ηi = 0.5ilim) is described as the half-wave potential. With 

increasing pH, the half-wave potentials gradually shifted toward positive potentials, 

from 0.02 V at pH 0.8 to 0.19 V at 13.7 pH. The half-wave potentials of the HOR were 

shifted by 0.18 V toward the positive side as the solution pH was changed from 0.8 (0.1 

M H2SO4) to 13.7 (0.1 M KOH). A plot of the half-wave potential vs the pH of the 

solution is shown in Figure 3.13.c. It is observed that the half-wave potential increases 

slowly when the pH <6. This suggests the fast HOR kinetics on Pd-CNx composite is 

controlled by H2 mass transport. When pH >6, half-wave potentials increase more 

rapidly, suggesting a continuous decrease of the HOR activity. The kinetic parameters 

such as transfer coefficient (α), Tafel slope and exchange current density of the 

HOR/HER was obtained from a plot of kinetic current vs overpotential by fitting the 

Butler−Volmer equation. 
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𝐽𝑘 =  𝑖0 [ 𝑒[
𝐹

𝑅𝑇
]  − 𝑒−[

(𝛼−1)𝐹

𝑅𝑇
]]               

where Jk is the kinetics current density (mA cm−2), i0 is the exchange current density 

(mA cm−2), α represents the transfer coefficient, F is the Faraday constant (96,485 

C/mol), R is the universal gas constant (8.314 J/(mol K)), and T is the temperature in 

Kelvin. 

The kinetics current density was extracted from the positive direction 

polarization curve by using the first-order Koutecky−Levich correction 

𝑗𝑘 = 𝑗(𝑗𝑙𝑖𝑚/(𝑗𝑙𝑖𝑚 − 𝑗)) 

where jk is the kinetics current density (mA cm−2), j is the measured current density 

(mA cm−2) at 1600 rpm, and jlim is the diffusion limiting current. Figure 3.14(a,b) 

show the kinetic current vs potential plots of porous Pd-CNx (square symbols) and 

corresponding Butler−Volmer fits (dotted line) in 0.1 M H2SO4 solution and 0.1 M 

KOH medium, respectively.  

The HER/HOR kinetic current data were fitted by considering first αa, αc, and i0 as 

variable parameters. In acidic medium the fitting was performed over a short-range 

(−40 to +40 mV region) by considering the sum of the transfer coefficients equals 1. 

The fitted (red dashed line) curve matched the experimental curve well with 

asymmetric values of αc = 0.62 and αa = 0.38. The exchange current density calculated 

from the Butler−Volmer equation in acid medium is 0.84 mV. The reported exchange 

currents of Pd-based catalyst measured in acidic medium by RDE methods ranged from 

0.2 mA to 0.8 mA. 
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Figure 3.14. Kinetics current vs potential plots of Porous Pd-CNx (square symbol) and 

corresponding Butler-Volmer fitting (dotted line) in (a) 0.1 M H2SO4 solution and (b) 0.1M 

KOH medium. 

 

Recently, Pronkin et al. recently reported20 the exchange current of Pd/C in acidic 

medium with RDE method was 0.22 mA/cm2, which was 4 times less than our 

result.Thus, the HOR activity of Pd-CNx composite in acidic medium was better than 

that of the reported Pd-based catalyst. In addition, a Butler−Volmer fit of the kinetic 

current vs potential plot in basic medium (0.5 M KOH) is shown in Figure 3.14.b. The 

best fit was obtained with the transfer coefficients αa = 0.50 and αc = 0.53. The 

exchange current density (i0) in basic medium was 0.037 mA cm−2. The kinetic 

parameter Tafel slope value was calculated by 

2.303RT/αF 

The specific exchange current density of Pd-CNx was 280 and 14 mA cm−2 mg−1 in 

acidic and basic medium, respectively. The Tafel slope values of the cathodic and 

anodic branches of the HOR/HER are summarized in Table 3.5. Norskov and 

coworkers reported,71 on the basis of their DFT calculations, α values for Tafel and 

Heyrovsky steps should be 0.64 and 0.45, respectively. 
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Table 3.5. Butler-Volmer fitting parameters of Pd-CNx both acidic and basic medium. 

 

Pd-CNx catalyst in acidic medium shows the best fit of the cathodic branch with α = 

0.61, which is close to the calculated α value for the Tafel step.71 This confirms that the 

HER on Pd-CNx catalyst in acidic medium follows the Volmer−Tafel mechanism which 

is good agreement with the proposed mechanism based on Tafel slope described in the 

previous section.  

Correlating HBE of Pd-CNx Composite with UPD-Hdes Peak in Different Buffer 

Solutions:  

Recently Auinger and co-workers suggested58 that the HOR/HER response in 

unbuffered solution remains unchanged on changing the pH of the solution due to the 

local pH gradient. On the other hand, T.M. Koper and co-workers reported59 a change 

in the HOR/HER on polycrystalline Pt surfaces in phosphate buffer solutions over wide 

range of pH. Unlike unbuffered solutions, where the kinetics are not affected by pH, the 

HER/HOR kinetics in buffer solution is fully controlled by the pH gradient of the 

solution. To understand the reason behind the pH-dependent HER/HOR properties of 

porous Pd-CNx composite, we have examined the surface properties of Pd-CNx 

composite, especially the hydrogen binding energy (HBE) value. Several groups 

suggested1 that the UPD-H desorption peak is not influenced by the pre adsorbed 

species and its position in CV is easily correlated with the HBE of the corresponding 

active site. 

Catalyst Electrolyte 

solution 

Exchange 

current 

density (i0) 

(mAcm-2) 

Specific 

exchange 

current 

(mAcm-2mg-1) 

Anodic 

transfer 

coefficient 

() 

Anodic 

Tafel 

slope(ba) 

(mV/dec) 

Cathodic 

transfer 

coefficient 

() 

Porous 

Pd-CNx 

0.1M 
H2SO4 

0.84 280 0.62 96 0.38 

 

0.1M KOH 

 

0.037 

 

14 

 

0.53 

 

112 

 

0.5 
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Figure 3.15. CVs of Pd-CNx composite in N2 saturated different electrolyte solution at 30 
mV/sec scan rate. 
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By considering the Langmuir adsorption assumption, one can easily derive the 

relation between the peak potential of UPDHdes in CV with the HBE of the 

corresponding active site from the equation 

ΔG(M−H) = −FEpeak 

 

where ΔG = hydrogen binding energy, F = Faraday constant (96,485 C/mol), and Epeak 

is directly taken from the CVs. 

In order to calculate the HBE of Pd-CNx composite, we have examined the CV profile 

on Pd-CNx composite in different buffer media under the same electrochemical 

conditions as shown in Figure 3.15. The CV profiles of Pd-CNx composite in selected 

buffer solutions are shown in Figure 3.16.a. In the CV profile a cathodic peak below 

the potential 0.6 V in RHE is considered the UPD-H region of the Pd-CNx composite. 

 

Figure 3.16. (a) CVs of Pd-CNx composite in N2 saturated selected pH solution with scan rate 

30mV/sec. (b) Proton desorption and UPD-Hdes region in cathodic portion of CVs which 
indicating shifting of desorption peak potential towards higher value with pH of electrolyte. (c) 

Plot of HBE vs pH of the electrolyte.  All the experiment was performed with constant Pd 

loading on electrode surface of 0.043 mg/cm2. 

 

The UPD region of Pd-CNx composite has two desorption peaks. The desorption peak 

at lower potential (weakly bonded H) corresponds to H desorption and the desorption 

peak at relatively higher potentials (strongly bonded H) corresponds to the UPD-Hdes. 

Both the UPD-H and H desorption peaks shift on changing the pH of the buffer 
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solution. Figure 3.16.b represents the anodic plot of CV in the UPD-H region. From 

Figure 3.16.b it is clear that the peak position gradually shifts to positive potentials 

with an increase in the pH of the electrolyte. Figure 3.16.c shows the HBE calculated 

from the UPD-H peak potential vs pH. It clearly shows that gradually HBE increases 

with an increase in the solution pH. The binding energy linearly changes with the pH 

with a slope of −16 meV. In addition, we also studied the anion effect on the HBE in 

0.1 M KOH solution. Figure 3.17.(a,b) shows that there is no significant change in 

position of the UPD-H peak on addition of 0.1 M KClO4 and 0.1 M Na2SO4 separately 

in 0.1 M KOH solution. This behavior suggests that the HBE of Pd-CNx surface was 

not affected by anion adsorption. Recently, Markovic and co-workers suggested16 that 

the HER/HOR kinetics changes on replacing an acidic electrolyte with a basic 

electrolyte and also OHads acts as an intermediate in the HOR reaction. The M−OHads 

bond energy is responsible for the change in HOR activity. 

 
Figure 3.17. Anion effect of HOR on Pd-CNx surface in 0.1 M KOH solution. (a) CVs of Pd-
CNx composite in 0.1 M KOH solution and with 0.1 M KClO4 or 0.1 M Na2SO4 at sweep rate 

30 mV/sec. (b) UPD-H region of CVs. 

 

In contrast, Stimming and co-workers reported60 that the intermediate, Hads, and metal 

(M−H) bond length controlled the reaction kinetics for the Pt electrode. Durst et al.10 

and Yan et al.61 hypothesized that the HOR/HER properties on noble metals (Pt, Ir) in 

solutions of different pHs were controlled by the HBE of the surface. On the basis of 

the steady-state CV profile of Pd-CNx catalyst and recent literature reports, it can be 
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concluded that the HER/HOR kinetics in different electrolyte solutions is totally 

controlled by the pH of the electrolyte and that the HBE is sole descriptor for the 

HOR/HER on monometallic palladium metal.  

Effect of Support and Morphology of Pd-CNx in HER/ HOR:  

The electrochemical performance of porous Pd-CNx composite toward the HOR/HER 

in acidic media is better than that of commercial Pt/C catalysts; in basic media its 

HOR/HER activity is slightly poorer than that of Pt/C but better than that of 

commercial Pd/C. These superior activities of porous Pd-CNx are probably due to the 

combined effects of several factors. 

(i) The strong chemical interaction between Pd-NPs and g-CNx may lead to selective 

growth of Pd-NPs and CNx sheets. The large exposed accessible edges of the composite 

may act as active sites for HER/HOR. The intimate contact between Pd-NPs and g-CNx 

support provides good mechanical adhesion and electrical connections that may 

facilitate a good electron transport between CNx and Pd-NPs during cathodic 

polarization. The strong support−catalyst interactions in Pd-CNx composite were 

confirmed by XPS and FT-IR studies. In the XPS measurements, a very large carbon 1s 

binding energy shift of ∼2.9 eV and a large BE shift of ∼3.3 eV for Pd metal were 

observed. These large BE shifts for C and Pd confirm that there is strong interaction 

between Pd-NPs and CNx leading to formation of strong organometallic 

(metal−carbon) bond formation. The presence of a Pd−C bond was also confirmed by 

FT-IR studies. Thus, good electron transfers between Pd-NPs and CNx sheets occur 

during the HER/HOR process due to the strong organometallic Pd−Cx bonds in Pd-CNx 

composite. In a PEM fuel cell, Pt/C catalysts are normally used in both the anode and 

cathode compartments. The main drawback for the Pt/C catalyst is the degradation of 

the catalysts due to oxidation of the support in the strongly oxidizing environment of 
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the cathode. However, this Pd-CNx composite displayed superior durability in strong 

acidic media. This is probably due to strong metal−carbon bonds, which may prevent 

oxidation of the support and force NPs to remain bonded with the CNx support. Thus, 

g-CNx can be an alternative support for metal nanoparticles for electrochemical 

applications. 

(ii) The porous structure of Pd-CNx composite allows efficient mass transport through 

the catalyst. The reactant can easily reach active sites such as defects, edges, etc. and 

the product can easily come out from the active sites through the pores. This may also 

be helpful in enhancing HER/HOR catalytic activities. Recently morphology-dependent 

electrocatalytic activities toward hydrogen evolution were reported by several 

groups.62-63 The adhesion of evolved gas on a flat electrode surface is a great problem 

because adhesion of gas bubbles blocks electrolyte diffusion, leading to ohmic drop and 

a decrease in performance of the catalyst. A nanostructured MoS2 film was reported to 

have much higher HER activities (overpotential, stability) in comparison to those of flat 

MoS2 film due to the low gas adhesion force of the nanostructured MoS2 electrode.62 

The superior hydrogen evolution at microand nanostructured CoS2 in comparison to 

that of flat CoS2 film was also reported63 due to enhanced release of evolved gas from 

the electrode surface. On the basis of previous results and this work we may conclude 

that the highly porous morphology of Pd-CNx catalyst may enhance mass transport to 

catalytic sites and could significantly contribute to HER activity. 

(iii) The change in Fermi energy level of palladium nanoparticles may take place due to 

electron transfer between the support and NPs resulting from the difference in chemical 

potential of the support and metal nanoparticles. It is reported64 that the enhanced 

activity of gold nanoparticles on metal oxide surfaces is due to the extra negative 

charge on the periphery of gold due to strong interaction between gold and the support. 
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The extra positive charge in Pt-FeOx, resulting from electron transfer, and strong 

metal−support interactions are responsible for superior catalytic activity toward CO 

reduction.20 

(iv) The presence of pyridinic and graphitic N atom concentrations in Pd-CNx 

composite improves the charge transfer kinetics due to the interaction of protons with N 

atoms. Kim and co-workers suggested65 that presence of the N species improved the 

electrocatalytic activity of cobalt-doped g-C3N4 and also showed that among the 

different types of N functional groups graphitic and pyridinic N is known to play a 

more significant role in the improvement of electrocatalytic affects due to superior 

charge transfer. Juan and co-workers reported40 that Pd atoms have strong affinity 

toward C−C bonds and prefer to absorb C−C bond sites in comparison to any other 

sites of graphene. Their DFT studies showed that the C−C bonds near Pd absorption 

sites became weak due to the formation of Pd−C bonds. When hydrogen adsorption 

occurred, new Pd−H bonds were formed at the expense of weakening of Pd−C and 

C−C bonds. It was also shown that the Pd−C bonds remain intact even after hydrogen 

adsorption and Pd-NPs act as a bypass for hydrogen transfer to carbon supports. This 

spillover effect could be one of the reasons for the superior HER performance on Pd-

CNx composite. The spillover effect of hydrogen is the chemisorption and dissociation 

of hydrogen molecules into atomic hydrogen and their subsequent migration onto the 

support through surface diffusion. The hydrogen molecules or adsorbed H atoms during 

cathodic polarization spill over from the Pd particles and diffuse into the CNx surface. 

The spillover effect is increased due to the presence of large of pyrrolic/pyridinic N 

atoms in these composites owing to the formation of N−H bonds. Thereby, large 

amounts of hydrogen can be stored on the CNx surface, from which it is subsequently 

released. 
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 (v) For electrochemical measurements, in general polymer binders such as Nafion and 

PTFE are used to immobilize the catalysts on electrode surfaces. The effective activity 

of the catalysts is reduced due to use of polymer binder, since this polymer binder may 

block active sites of the catalysts as well as reduce diffusion66-67 and also increase the 

series resistance.67 For the electrochemical performance of the Pd-CNx catalyst, no 

external binder is used for immobilization of the catalyst on electrode surfaces. Thus, 

better catalytic activities and durability of this catalyst in comparison to commercial 

Pt/C or Pd/C is expected. Thus, on the basis of various reports and our results it may be 

concluded that the superior and stable electrocatalytic activity of Pd-CNx composite 

toward the HER/HOR can be explained on the basis of synergistic effects between Pd-

NPs and g-CNx support resulting from the strong organometallic metal−carbon bond. 

Electrochemical Impedance Spectroscopic (EIS) Study:  

Electrochemical impedance spectroscopy (EIS) is a widely used technique to 

characterize the HER kinetics and to find the actual interfacial process occurring at 

solid−solution interfaces in the HER/HOR process.  

 
Figure 3.18. (a) EIS spectra of Pd-CNx composite at different overpotential (from +6 mV to -

12 mV). (b) Tafel plot from EIS spectra of Pd-CNx composite in 0.5 M H2SO4. All the 

experiments were performed in 0.5 M H2SO4 solution with constant Pd loading to 0.043 
mg/cm2. 
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Figure 3.18.a shows the Nyquist plot of the EIS response of porous Pd-CNx composite 

at different overpotentials in 0.5 M H2SO4 solution. However, the Nyquist plot of Pd-

CNx consists of two quasi-semicircles, indicating the porous nature of the electrode.80 

This confirms that, when Pd-NPs are incorporated on CNx
 sheets, a porous network 

structure of the Pd-CNx composite is formed. The FE-SEM and TEM images also 

suggested the porous morphology of this composite. The experimental data of 

impedance spectra have been fitted with an electrical equivalent circuit as shown in the 

insets of Figure 3.18.a. In the equivalent circuit diagram, Rs is the series resistance, Rp 

is the polarization resistance related to the porosity of the surface, CPE1 and CPE2 are 

the two constant phase element (CPEs), and Rct denotes the overpotential dependence 

charge transfer coefficient. The fitting parameters of Pd-CNx at different overpotentials 

are summarized in Table 3.6.  

Table 3.6.  Fitting parameters of impedance spectra of Pd-CNx composite at different 

over potential. 

             Potential()                               

 

Parameters 

mV  mV  mV 8 mV mV 

Rs (Ω) 11.4 15.34 13.7 15.4 11.4 

 

Rct (Ω) 40.1 41.9 44.0 41.3 43.1 

 

CPE1(mho) 47.2 52.3 60.3 69.0 90.6 

 

Rp (Ω) 175.0 116.0 66.1 51.0 34.1 

 

CPE2 (mmho) 12.3 10.0 13.12 16.30 20.5 
 

N 0.83857 0.8229 0.84104 0.83024 0.86576 

 

 

Table 3.7 Shows that Rct of Pd-CNx composite gradually decreases from 175 Ω at +6 

mV to 34.4 Ω at −12 mV with increasing overpotential. Figure 3.19 shows the EIS of 

g-CNx and inset shows the circuit for fitting. 

 



Palladium Nanoparticle-Graphitic Carbon Nitride Porous composite: Synthesis and Its Application in HER/HOR at 
All pH Values 
                                                                                                                                                                                                      Chapter 3 

104 
 

 

 

 

 

 

 

 

 

 

Figure 3.19. EIS spectra of g-CNx at -12 mV overpotential. 

 

Table 3.7 further gives a comparison of impedance parameters of Pd-CNx and g-CNx at 

−12 mV overpotentials. The Rct value of g-CNx at −12 mV was found to be 34400 Ω, 

and it significantly decreases to 34.1 Ω got Pd-NPs dispersed in a CNx matrix. 

 

Table 3.7.  Fitting parameters of EIS for g-C3N4 and Pd-CNx at over potential (= -

0.12V. 

 

This implies that the HER kinetics at the Pd-CNx composite increases due to superior 

electron conduction through a porous network resulting from strong chemical 

                Catalyst 

 

Parameter 

Pd-CNx g-C3N4 

Rs (Ω) 11.4 10.07 

 

Rct (Ω) 43.1 34400 

 

CPE1(mho) 90.6 10.4 

 

Rp (Ω) 34.1 - 

 

CPE2 (mmho) 20.5 - 

 

N 0.86576 0.73863 

 

(a) (b)
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interaction between Pd-NPs and CNx matrix in Pd-CNx composite. In addition, the plot 

of log Rct−1 vs the overpotential of Pd-CNx composite (Figure 3.18.b) gives rise to a 

Tafel slope of 34 mV/dec, confirming the Tafel−Volmer mechanism of the HER. Thus, 

the reaction mechanism of the HER was further verified by EIS spectroscopy. 

3.5 Conclusions 

In summary, we have demonstrated an ultrasound-mediated facile method for the 

synthesis of porous Pd-CNx composite. The superior HER catalytic behavior of Pd-CNx 

in both acid and alkaline medium was demonstrated. The HER activity of porous Pd-

CNx catalyst is superior to that of commercial Pt/C catalyst in acid media, whereas its 

activity is lower than that of Pt/C in basic media but better than that of reported Pd 

metal based electrocatalysts. Most importantly, the durability of the Pd-CNx catalyst is 

much higher than that of commercial Pt/C or Pd/C in acid media and the current density 

at any overpotential remains unchanged for at least 100 h. In addition, hydrogen 

oxidation reactions at different pHs (0−14) were studied using rotating disk electrode 

(RDE) methods. The HER/HOR activity for solutions at different pHs was also 

successfully correlated with the hydrogen binding energy (HBE) of Pd-CNx composite, 

and HBE was found to be the sole descriptor for the HER/HOR. The porous 

morphology of the catalyst, strong chemical bonding between palladium and CNx 

(Pd−C bond), improved charge transfer, and synergetic effects between the CNx 

support and Pd-NPs are responsible for the outstanding HER/HOR catalytic activities 

and excellent durability at the porous Pd-CNx composite. The excellent HER/HOR 

activity of porous Pd-CNx catalyst with excellent durability and low catalyst loading 

makes them promising polymer binder free electrocatalysts for fuel cell (PEMFC) and 

water splitting or other electrochemical devices. 
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Chapter 4 

Electrocatalytic Oxygen Reduction Reaction on Pd Nanoparticles-Porous Graphitic 

Carbon Nitride Composite 

4.1 Abstract 

The electrochemical oxygen reduction reaction (ORR) is a cathodic process of fuel cells. 

The carbon supported Platinum, Pt/C catalyst is universally used as cathode materials; 

but poor durability of Pt/C due to degradation of catalyst prevent its wide spread 

applications. It is thus important to develop new cathode material(s) with high activity 

and stability. We report here, superior electrocatalytic activity of palladium 

nanoparticles-carbon nitride (Pd-CNx) composite towards ORR in both alkaline and 

acidic media. The ORR activity on Pd-CNx catalyst is better (half wave potential E1/2 of 

60mV more positive) than that of Pt/C in 0.5 M KOH solution and is almost comparable 

in acid media. Moreover, this porous composite display excellent methanol tolerance and 

has much better long term durability than that of commercial Pt/C in both acidic and 

alkaline media. Only 4 and 6 mV positive shift of E1/2 after 1,500 potential cycles in basic 

medium and acid media respectively prove the excellent durability of this catalyst. The 

superior electrocatalytic activity and excellent stability of porous Pd-CNx composite can 

be attributed to unique synergistic interaction between CNx support and Pd nanoparticles 

(Pd-NPs), lower the d-band center of Pd, easy mass transport, and surface structure of 

Pd-NPs.   

4.2 Introduction 

The oxygen reduction reaction (ORR) is one of the important redox reaction1 for 

development of proton exchange membrane fuel cell (PEMFCs), direct liquid fuel cells 

(DLFCs) and alkaline fuel cells (AFCs). Without any assistance of suitable catalyst, ORR 
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kinetics becomes very sluggish.  Platinum is known to be the universal catalyst for the 

ORR process. In practice, commercialization is restricted mainly by two major problems: 

(1) the precious platinum metal dependency and (2) lack of stability of the electrode 

materials under strong acidic condition of PEM cells. It is thus important to develop non 

platinum based highly active and durable ORR catalyst for commercialization of fuel 

cell. The palladium, another noble metal which has similar crystal structure, surface 

structure, has  created enormous attention as fuel cell catalyst because Pd  is more 

abundance than Pt and  has  similar activity with Pt.2 The ORR reaction is highly 

depended on the size, shape and crystallinity of the electrode materials and also the 

electrolyte solution.3-5 Generally, ORR proceeds on the noble metal through two steps 

process - (a) adsorption or electron transfer to O-O molecule and breaking the O-O bond 

(b) electro-reduction or hydrogenation of adsorbed oxygenated intermediated. The Pt and 

Pd metal has higher d band center as results O2 molecule adsorbed on the surface site 

very strongly and dissociate the O-O bond quickly but electroreduction of oxygenated 

intermediated was very slow leading to sluggish the ORR kinetics.6 In addition, Pd/C has 

generally 5 times lower ORR activity than Pt/C due to the stronger bonding of Pd metal 

surface with oxygenated species6. Several strategies were adopted to improve the ORR 

catalytic activity of Pd catalysts such as size, shape and facet controlled7-12 synthesis of 

Pd nanoparticle, making bimetallic composite by alloying with other metals,13-19 and Pd-

NPs supported on different support materials1, 20-23 for catalysis. Recently, J-J. Feng and 

his co-workers reported synthesis of PdPt@Pt nanocatalyst for enhanced ORR reaction.24 

X. Cui and his co-workers reported the synthesis of controlled surface structure of Pd@Pt 

core shell nanocatalyst for enhanced ORR reaction.25 The electrocatalytic ORR reaction 

on metal nanoparticle is highly sensitive to the surface structure of the metal NPs. 
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 N.Hoshi and his co-worker studied5 the structure sensitivity ORR in HClO4 solution on 

Pd-NPs and concluded that the reactivity order of Pd-NPs as Pd(100)> 

Pd(111)>>Pd(110). Shape dependency ORR activity Pd also studied by the several 

groups. Recently, M.Shao and his co-worker reported10 cubic Pd nanoparticle has one 

magnitude higher ORR activity than octahedral Pd.  Last few years, several factors such 

as down shift of d-centered band, reduced OH absorption, increased Pd d-band vacancy 

etc. have given importance to enhance the catalytic activity of the Pd catalyst while 

developing a new Pd catalyst.In addition, carbon supported Pd–NPs catalyst are gaining 

attentions as an anode and cathode electrode in fuel cell applications. Among various 

carbon supported materials Vulcan XC-72, carbon black, and ketjen black are used 

widely as supporting materials. The normally used carbon support can easily 

electrochemically oxidized to carbon dioxide under fuel cell operating condition and 

leads to structural degradation of support as well as electrically detachment of NPs from 

the support.  The long term durability of a catalyst in fuel cell is reduced drastically due 

to migration, aggregation, Oswald ripening26 of NPs. Recently, systematic attentions 

have been paid in order to develop new support materials for the dispersion of metal 

nanoparticles, since they play an  intriguing role for the improvement of the catalytic 

activity and its durability. The support material can modify the electronic property as 

well as structure of metal nanoparticles dispersed on the surface of support. Good support 

materials can prevent metal leaching, agglomeration and dissolution of the nanoparticles 

during fuel cell operation. Good support materials provide “coordination nests”27 for 

various metal nano-particles and can prevent metal leaching, agglomeration and 

dissolution of the nanoparticles during fuel cell operation due to the strong catalyst-

support interactions. Recently K.Tammeveski and his co-worker reported28 an enhanced 

ORR activity by fabricate Pd-NPs with multi walled carbon nanotube. Several groups 
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reported 29-30 different supported materials for metal NPs with improved electrocatalytic 

activity. Graphene, a two dimensional support, has demonstrated as a very good 

supporting material31 for dispersion of nanoparticles for their high electro-catalytic 

activity due to its unique physical and chemical properties.32 Another two dimensional 

material, g-C3N4 which has similar graphene like structure, is also a promising support 

material33 due to the presence of abundant Lewis acid/ base sites for anchoring 

nanoparticles. The g-C3N4 supported metal/semiconductor nanoparticles composite have 

gaining attentions as an effective composites for their versatile  applications in photo-

catalysis,34 biosensors,35 electrochemical applications33, 36-37 etc. The conductivity of the 

carbon nitride support increases with decreasing concentration of nitrogen in support, 

and hence enhanced electrochemical ORR performances were reported by several 

groups.36, 38-40  

Herein, we have reported a superior catalytic activity of porous Pd-CNx composite, 

synthesized by ultrasound borohydride reduction method, towards electrochemical 

oxygen reduction (ORR). The Pd-CNx composite shows ORR activity better than Pt/C 

catalyst in basic medium and comparable in acid medium. Tafel slope and K-L plot 

confirm that the oxygen reduction in acidic and basic media occurs via 4 electron 

pathways on Pd-CNx catalysts.  Most importantly, this catalyst shows a remarkable 

durability and long-term cyclic stability towards ORR as compare to Pd/C and Pt/C. The 

superior catalytic activity of Pd-CNx can be mainly attributed to down shifting of d-

centered band of Pd resulting from strong synergetic interaction between Pd 

nanoparticles and CNx support. The superior catalytic activity of Pd-CNx demonstrates 

that CNx is a promising catalyst support for electrochemical applications. 
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4.3 Experimental Section 

Preparation of g-C3N4: 

The synthesis of graphitic carbon nitride  form formamide (HCOOH) was done using by 

microwave mediate heating method 41.  In brief, 30 ml formamide was heated at 1800 C 

for 2 hrs by irradiating microwave in a microwave synthesizer. The solution becomes 

brownish colour on microwave heating and then evaporating this solution in rotary 

evaporator at 1800 C forms black product. The black products were washed with water 

and dry in vacuum to get g-CNx.   

Preparation of Pd-CNx Composite: 

The Pd-CNx composite was prepared by using ultrasound mediated reduction method,  

reported recently by our group.37 In brief, 5 mg of g-CNx was dispersed in 2 ml water 

and then 8 ml aqueous solution of 0.14 mole PdCl4
-2 was poured into the 2 ml g-CNx 

water dispersion. Then, L of 0.1 M NaBH4 solution was directly added into this 

mixed solution and finally the solution was sonicated by a probe sonicator operating at 

28 kHz frequency (power 420 watt) for 180 minutes. A black product was separated by 

centrifugation at 10,000 rpm for 30 minutes and washed twice with de-ionised water.  

Preparation of Working Electrode: 

The stock suspension of the Pd-CNx composite was prepared by dispersing 0.5 mg Pd-

CNx composite in 1 ml of de-ionized millipore water by a bath sonication.  The 3 days 

aged stock suspension was used for electrode and microscopic sample preparation since 

slightly better ORR activity was observed when electrode was prepared from old stock 

suspension. The Pd-CNx modified electrode was prepared by drop casting 10 L of the 

suspension on GC of diameter 3 mm and drying in the ambient temperature on air. All 

the electrochemical performance of Pd-CNx catalyst was carried out with a constant Pd 

loading of 0.043 mg cm-2 on GC electrode.  No polymer binder was used for the 
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preparation of Pd-CNx electrode. The glassy carbon (GC) electrode was polished with 

1.0, 0.1, and 0.05 mm alumina slurry on Buehler micro polishing cloth. 

4.4 Results and Discussion 

Characterization of Porous Pd-CNx Composite: 

As shown in Figure 4.1, p-XRD diffraction pattern of Pd-CNx composite demonstrate the 

diffraction peak at 39.200, 46.700, 68.700, 80.900, 86.700 corresponding to the (111), 

(200), (220), (311), and (222) reflection planes of face centered cubic palladium (JCPDS 

No 89-4897) and reveals the formation of Pd-NPs. The size of porous Pd-NPs in the 

composite could be determined from the following Debye–Scherer Equation describe 

bellow 

B(2θ) =
𝑲𝝀

𝑳𝒄𝒐𝒔𝜽
 

Where L is the mean size of the ordered (crystalline) domains, K is a dimensionless shape 

factor, with a value close to unity. The shape factor has a typical value of about 0.9, but 

varies with the actual shape of the crystallite, λ is the X-ray wavelength (0.154 nm), B is 

the line broadening at half the maximum intensity (FWHM) in radians.  

 

Figure 4.2. p-XRD pattern of Pd-CNx composite. 
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Table 4.1. Different parameter and average particle size of Pd-NPs in Pd-CNx composite 

by Scherrer Equation.37 

 

By using Debye-Scherrer equation on Pd(111) reflection plane and calculate the avg. size 

of Pd-NPs found to be 10.6 nm (Table 4.1). In order to observe morphology of Pd-CNx 

composite TEM and FE-SEM measurements were further carried out. For microscopic 

experiments, the samples were prepared by evaporation of 10 l stock suspension of Pd-

CNx composite on TEM grid and Si-wafer respectively. Figure 4.2.(a,b) and Figure 

4.3.(a,b) displayed the TEM images of the Pd-CNx composite.  

  

Figure 4.2. (a,b) TEM images of Pd-CNx composite. (c) SEAD image of Pd-CNx composite 

taken from Figure 4.2.b. (d) EDX spectra of Pd-CNx composite. 

Catalyst Parameter Parameter Value Average Particle 

Size (nm) 

 

Pd-CNx composite 

K 0.9  

          10.6   0.154 

cos(θ) 0.9423 

B 0.01301 
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From these images, it has been revealed that small CNx sheets comprising of small Pd-

NPs were interconnected together in order to form porous architecture of the composite. 

The particle size measurement of Pd-NPs on g-CNx was carried out from Figure 4.3.a 

and found to be broad size distribution from 5 nm to 12 nm (Figure 4.3.c). The SAED 

image of Pd-CNx composite is shown in Figure 4.2.c. 

 

Figure 4.3. (a,b) TEM images of Pd-CNx composite. (c) Size distribution profile taken from 
Figure 4.3.a. 

 

 The interlayer spacing calculated from SAED image are 2.24, 1.95, 1.37, 1.17 Å 

corresponding to (111), (200), (220), and (311) planes of face centered cubic lattice of 

Pd. The EDS profile shows the presence of carbon (C) nitrogen (N), oxygen (O) and Pd 

metal (Figure 4.2.d). The FE-SEM image of PD-CNx composite was shown in Figure 

4.4.a. It shows the porous morphology of the composite.  

 

Figure 4.4. (a) FESEM image and (b) corresponding EDS profile of Pd-CNx composite. 

C

Pd

N

KeV

(a) (b)

(d) (e)

(c)
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In addition, we have performed the FE-SEM EDS measurement and shown in Figure 

4.4.b. In-set of Figure 4.4.b shows the atomic weight percentage of different elements 

presence in the composite materials.  The Fourier transform infrared (FT-IR) spectra of 

g-CNx and Pd-CNx composite are shown in Figure 4.5. The IR spectra of free g-CNx  

showed three peaks at 1213, 1317, 1408 cm-1 for aromatic C=N stretching  and a peak at 

1630 cm-1  can be assigned to C=N stretch37. In comparison, IR spectra of Pd-CNx 

composite shows an appearance of two new intense peaks at 1130 cm-1 and 1086 cm-1 

which can be attributed to the C-N single bond stretching.In addition another new peak 

at 590 cm-1 is due to Pd-C stretching.  

 

 

 

 

 

                               

                                   Figure 4.5. FT-IR spectra of Pd-CNx composite and g-C3N4. 

 

The appearance of new C-N stretching, Pd-C stretching IR peaks and decrease of 

intensity of C=N stretching peaks suggests a strong interaction between Pd-NPs and CNx 

support.37 The strong interaction between Pd and C was further confirmed by X-ray 

photoelectron spectroscopy (XPS). As shown in Figure 4.6.(a-c) (Appendix), the 

positive binding energy shift 37 of carbon and palladium proved that there is  an strong 

interaction between Pd and carbon in the Pd-CNx composite. 
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Figure 4.6. XPS spectra of (a) Pd 3d, (b) Carbon 1s, (c) Nitrogen 1s in Pd-CNx composite. 

 

The metal loading in Pd-CNx composite was measured by ICP-OES (Inductive couple 

plasma emission spectroscopy). The exact loading of Pd in this composite was found to 

be 59.4 wt.%. The CHN analysis was further carried out to know the composition of CNx 

support. The wt.% of carbon, nitrogen in Pd-CNx composite was 9.75 and 8.69 wt.% 

whereas in free CNx moiety it was 43.13 and 47.3 wt.% respectively. The results of CHN 

analysis is given in Table 4.1 and N/C ratio in free g-CNx and Pd-CNx were found to be 

~1.1 and 0.89  respectively.  

Table 4.2.  Details of CHN analysis of g-C3N4 and porous Pd-CNx composite. 

 
Catalyst  Carbon(C) 

(wt.%) 

Nitrogen(N) 

(wt.%) 

Oxygen (O) 

(wt.%) 

Hydrogen (H) 

(wt.%) 

N/C ratio 

 

Porous Pd-

CNx 

9.75 8.69 - 3.18 ~ 0.89 

 

g-C3N4 43.13 47.3 5.78 3.79 1.01 

 

Electrochemical Behaviour of Pd-CNx Electrode: 

The electrochemical behavior of Pd-CNx composite was first examined in both acidic 

and basic medium by using cyclic voltammetry (CV) method. The CV curve of porous 

Pd-CNx, comm. Pt/C, comm. Pd/C electrode in 0.5 M HClO4 solution are shown in 

Figure 4.7.(a-c). The Pd-CNx shows two strong anodic peak between potential ranges 

(a)
(b) (c)
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from 0 V to 0.3 V. The peak at 0.105 V assigned for H-desorption from Pd (111) plane 

whereas peak at 0.22 V assigned for H-desorption from Pd (100) plane. A broad anodic 

peak at E⩾1.0 V corresponds to the formation of Pd-O and its corresponding cathodic 

peak at 0.67 V for the reduction of the Pd-O. An anodic peaks at 0.22 is assigned to UPD 

hydrogen adsorption (UPD-Hads) from Pd (100) and a cathodic peak at 0.18 V are 

assigned to UPDH-desorption (UPD-Hdes) from Pd (100) plane of Pd-CNx surfaces 

respectively. This suggests the presence of electrochemically active Pd (100) plane along 

with Pd (111) plane. The electro chemical active surface area (ECSA) is one of the 

important parameter behind its catalytic activity.37 The ECSA of the Pd-CNx composite 

and commercial Pd/C and Pt/C catalyst was calculated from the reduction peak of PdO 

~0.67 V (RHE).  

 Figure 4.7. CV of (a) Pd-CNx composite, (b) commercial Pt/C (10 wt%), (c) Pd/C (30 wt%) in 
0.5 M HClO4 solution with scan speed 100 mV/sec and ECSA calculate after 30 times CV run. 

  

 

The detailed calculation procedure and value in both acidic and basic medium were 

describes as 

                           ECSA(from Pd-O peak) = 
𝑄𝑠

0.41∗𝑀𝑃𝑑
 

where Qs is the average charge calculated from area under the voltragram of the H- 

desorption CV curve in mC /cm2 unit  

𝑄𝑠 = ∫
𝐼 ∗ 𝑑𝐸

𝑣
 

(a) (c)(b)
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Where 𝑣 is the scan rate. The constant 0.410 mC/cm-2 was calculated charge value for 

reduction of Pd-O peak, MPd loading of the Pd on the electrode. The ECSA of porous Pd-

CNx composite in basic medium was 63.34 m2 g-1 whereas for Pt/C and Pd/C was 59.15 

and 61.3 m2 g-1 respectively. The Pd-CNx composite has higher active surface area than 

Pd/C and Pt/C which could be originated from the high dispersion of small Pd 

nanoparticles and porous structure of the Pd-CNx composite. 

ORR Activity on Porous Pd-CNx Composite in Basic Medium: 

The electrochemical activity of porous Pd-CNx sample towards oxygen reduction 

reaction (ORR) was measured in basic medium. The electrochemical reduction of oxygen 

on electrode surface generally takes place in two different ways - either via directly water 

formation (4e reduction) or via the intermediate H2O2 formation (2e reduction) followed 

by the reduction to water (another 2e pathway) or simply by chemically decomposing on 

electrode. The H2O2 produced in fuel cell can corrode the membrane electrode assembly. 

Therefore, Pt, Pd, Au based catalysts are gaining an attentions in order to reduce the 

overpotential and the H2O2 production. Figure 4.8.a shows the typical CV curves for 

ORR on porous Pd-CNx modified rotating GC electrodes in O2 and N2 saturated 0.5 M 

KOH medium with each catalyst loading of 0.043 mg cm-2. In comparison with the N2 

saturated solution, in O2 saturated alkaline medium a distinct O2 reduction peak was 

observed at ~ 0.83 V which reveals that Pd-CNx catalyst was active towards ORR in 

basic medium. In addition, in presence of oxygen, a very large increase in the capacitive 

currents at the Pd-CNx electrode was observed (Figure 4.8.a). It is reported42 that the 

good capacitance behavior of  mesoporous sulfur doped carbon monoliths in alkaline 

medium was due to the presence of sulphoxide and sulfones groups which significantly 

contribute to pseudocapacitance. T. J. Bandosz and coworker reported42 that 

enhancement in capacitance of sulfer-doped carbon in presence of oxygen was linked to 

changes in the carbon texture and chemistry of sulfur. The nitrogen atom in pyrrolic and 
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pyridinic groups is also known for the enhancement of capacitance of carbon electrodes 

due to the Faradic reactions.43-44 In alkaline medium and in presence of oxygen molecule, 

N atoms of CNx support of Pd-CNx catalyst under potential are oxidized to form 

positively charged nitrogen (quaternary  and pyridinic –N-oxide) and the faradic reaction 

on this charged nitrogen is probably the reason for large increase in the capacitance 

current in Pd-CNx. The LSV comparison curves of Pt/C, Pd/C and Pd-CNx composite in 

O2 saturated 0.5 M KOH medium with 1600 rpm rotation was presented in Figure 4.8.b.  

 

Figure 4.8. (a) Cyclic voltammograms of Pd-CNx composite in O2 and N2 saturated 0.5 M KOH 
solution with scan rate 100 mV/sec. (b) Comparison of LSV curves of porous Pd-CNx, Pt/C and 

Pd/C modified GC electrode in O2 saturated 0.5 M KOH with 1600 rpm rotation at 100 mV/sec 

scan rate. (c) LSV curves of Pd-CNx modified electrode in O2 saturated 0.5 M KOH solution with 
rotating speed varying from 600 rpm to 2700 rpm. (d) The corresponding K-L plots at different 

potentials. (e) Mass transfer corrected Tafel slope of Pd-CNx composite in comparison with Pt/C 

and Pd/C catalyst in basic medium. (f) The mass activity and specific activity of Pd-CNx, Pt/C 

and Pd/C modified electrode at different potentials.  
 

 

The ORR onset potentials of Pt/C and Pd/C was at   ~0.91 V and ~ 0.87 V and half wave 

potentials was ~ 0.81 and ~0.75 V respectively. But after the modification of GC 

electrode with porous Pd-CNx composite, a stronger cathodic peak and more positive 
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onset potential at   ~ 0.96 V was observed. The  E1/2 of Porous Pd-CNx composite at  ~ 

0.87 V which is  ~ 60 mV more positive than start-of- art Pt/C catalyst and  ~ 120 mV 

better than Pd/C catalyst. The rotating disk electrode (RDE) method was carried out in 

order to measure the kinetics of ORR at the modified porous Pd-CNx electrode in oxygen 

saturated 0.5 M KOH solution. Figure 4.8.c presents the linear sweep voltammetry 

(LSV) polarization curves for ORR on porous Pd-CNx modified GC electrode at variable 

rotation speed from 600 rpm to 2700 rpm. The polarization current density gradually 

increases with increasing the rotation speeds. However, the current density at positive 

potential of 0.96 V is independent on the rotation speed because the current density was 

fully kinetic controlled.  Whereas the current density at potentials negative to 0.85 V, 

remains unaltered  with changing the potential, but this current (limiting current)  

increases with rotation rate i.e. electron transfer  in this region are fully controlled by the 

diffusion process28, 45. The current density in the potential region from 0.85 to 0.96 V 

was controlled by the mixed kinetics.28, 45 However in ORR, number of involved electron 

per O2 can be obtained by Koutecky-Levich (K-L) equation: 

1/j = 1/jk + 1/jd = -1/nFkCo2 – 1/B

where j is the measured current density, jk, jd is the kinetic and diffusion limited current 

density, ω is the electrode rotating rate. B can be determined from the slope of K-L plot 

and theoretically can be obtained from the following equation:           

B = 0.62 nF(Do2)
2/3ν-1/6Co2                        

where Faraday constant (F= 96485 C mol-1), diffusion coefficient (Do2) of O2 in 0.5 M 

KOH (1.8 x 10-5 cm2 s-1), kinetic viscosity (ν = 0.01 cm2 s-1) and Co2 is the bulk 

concentration of O2 (1.13 x 10-6 mol cm-3). Figure 4.8.d shows that K-L plot of ORR on 

porous Pd-CNx composite electrode at different voltage, ranging from 0.67 to 0.82 V 
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constructed from Figure 4.8.c. For all the potentials, inverse of the total current density 

linearly was varied with inverse of square root of angular rotation rate. Near parallelism 

of the K-L plots reveals that the reaction kinetics was first order with respect to dissolved 

oxygen concentration.  The average value of n at different potentials obtained from the 

K-L plot was 4. According to K-L plot, Pd-CNx composite can be able to reduce the O2 

molecule directly to H2O by transferring 4e. In order to obtain Tafel plots, diffusion 

correction of measured current was done to get true kinetic currents in the mixed 

activation-diffusion region. The kinetic current was measured from the equation: 

jk = j jd/( jd − j )                               

Where j /( jd – j ) is the mass correction term. 

The limiting diffusion current was calculated from the equation:                

jd = Bω1/2                           

Where ω is the rotation rate (rpm) of the electrode.  

Figure 4.8.e shows the mass corrected Tafel plot of Pd-CNx composite, commercial Pt/C 

and Pd/C catalyst. Generally, Pt/C catalyst exhibits two step Tafel slope i.e. 60 mV/dec 

(lower current density region) to sifted 120 mV/dec (higher current density region). 

Similar behavior for Pd-based electrocatalysts was also reported 46-48 by various groups. 

K. Tammeveski and his co-workers reported28 that at low over potentials region Pd-O 

formation was predominant and ORR kinetics was influenced by the surface oxide of Pd-

NPs and given Tafel slope 60 mV/dec whereas at higher onset potentials only metallic 

Pd was exists and given the Tafel slope 120 mV/dec. But in both the case the mechanism 

of the ORR reduction reaction was same. From the Figure 4.8.e, it is clear that Pd-CNx 

and Pd/C has a two-step Tafel slope, one is for low over potentials region and another 

for high over potentials region. The tafel slope for Pd-CNx sample is ~62 mV dec-1 in 
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low current density region whereas for Pt/C and Pd/C is 64 mV/dec and 69 mV/dec 

respectively.This suggests that Pd-CNx also follows the similar mechanism as Pt/C, and 

Pd/C catalyst and electron transfer to O2 molecule is the rate determining step for O2 

reduction on Pd surface in alkaline medium. The specific activity (JSA) and mass activity 

(JMA) of Pt/C, Pd/C and Pd-CNx composite were evaluated by normalized Jk with 

corresponding active area and metal loading on GC electrode respectively by using these 

equations  

JSA = Jk / Ar                                                    

Here Jk is the kinetic current and Ar is the electrochemical active area of Pd-CNx on 

the electrode.  

 Mass activity of the electrode were evaluated from equation below  

JMA = Jk / mPd                                 

Here mPd is the mass of Pd on the electrode. 

The mass activity (JMA) and specific activity (JSA) of Pd-CNx, Pt/C and Pd/C catalysts 

were determined at different potentials as shown in Figure 4.8.f. At an applied potential 

of 0.90 V the JMA values of Pd-CNx composite (86.68 mAmg-1) were at least 3.45 and 

5.29  times higher than that of Pt/C  and  Pd/C catalysts respectively whereas, at 0.85 V, 

JMA of Pd-CNx was ~4.5  times higher than Pt/C or Pd/C. The JMA and JSA of Pd-CNx 

composite were not only higher than commercial Pt/C or Pd/C catalyst but also 

comparable or sometimes slight lower than the different reported catalysts49-50. Although 

Pd-CNx catalyst has slightly higher ECSA, the specific activity of Pd-CNx composite at 

all potentials is also much higher than that of Pd/C or Pt/C catalyst. For example, JSA of 

Pd-CNx at 0.9 V was 3.5 and 4.9 times higher than that of commercial Pt/C and Pd/C 

respectively. 
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Figure 4.9. (a,c,e) CVs of Pd-CNx, Pt/C and Pd/C in N2 saturated 0.5 M KOH after and before 
1500 CV cycles respectively. (b,d,f) LSV curves of Pd-CNx, Pt/C, Pd/C in O2 saturated 0.5 M 

KOH solution after and before 1500 LSV cycles with rotating speed 1600 rpm respectively. (g) 

Changes of ECSA values with CV cycle number of Pd-CNx, Pt/C and Pd/C catalysts. (h) Steady 

state chronoamperometric response of Pd-CNx composite, Pt/C and Pd/C at a constant potential 

of 0.7 V.         
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  The much higher JSA and JMA values of Pd-CNx catalyst demonstrate the superior 

catalytic (ORR) performance of Pd-CNx compared to commercial Pt/C or Pd/C in 

alkaline medium. Besides its high catalytic activity towards ORR, Pd-CNx also exhibits 

exceptional stability in basic medium. Figure 4.9.(a,c,e) show the CVs (1st and 1500th 

cycle) of Pd-CNx, Pt/C and Pd/C in N2 saturated 0.5 M KOH solution respectively. The 

CV profile of Pd-CNx composite remained almost unchanged after 1500 cycles while 

large changes were observed for the commercial Pt/C and Pd/C catalysts. In addition, 

LSV cycling stability of Pd-CNx, Pt/C and Pd/C catalysts in ORR condition was also 

examined. The comparison of 1st cycle and 1500th cycle LSV polarization curves for Pd-

CNx, Pt/C and Pd/C in O2 saturated 0.5 M KOH solution was shown in Figure 4.9.(b,d,f) 

respectively. After 1500 continuous LSV cycles, the half wave potential, E1/2 of Pd-CNx 

composite showed a small negative shift of only 4 mV. This is much lower than that of 

commercial Pt/C (negative shift of 36 mV; Figure 4.9.d) and Pd/C (55 mV negative 

shift, Figure 4.9.f). Figure 4.9.g shows the bar plot of change in ECSA of Pd-CNx 

composite in comparison with Pd/C catalyst with cycle number. After 1500 cycle, ECSA 

of Pd-CNx composite decreases only 4% whereas the decrease for Pt/C and Pd/C 

catalysts was 70% and 80% respectively. These stability tests undoubtedly prove the 

stability of porous Pd-CNx catalyst is much higher than commercial Pd/C or Pt/C catalyst. 

The durability of Pd-CNx catalyst was evaluated by chronoamperometric study in O2 

saturated 0.5 M KOH solution. In practical fuel cell application it is important to develop 

the polymer binder free highly stable catalyst. No polymer binder was used for the 

preparation of Pd-CNx electrode whereas the Pt/C and Pd/C modified GC electrodes were 

prepared by immobilizing of these catalysts on electrode surfaces using a polymer nafion 

binder. Figure 4.9.h shows the comparison of chronoamperometric response in O2 

saturated 0.5 M KOH electrolyte at 0.7 V potential. After 10 hours, Pd-CNx catalyst 
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retained 70% of initial current whereas Pd/C and Pt/C catalyst retained only 54% and 

32% respectively. This chronoamperometric study suggests binder free Pd-CNx catalyst 

has much better stability than that of commercial Pd/C or Pt/C catalyst.  The superior 

durability of Pd-CNx catalyst is probably due to the strong catalyst-support interactions 

which prevents agglomeration and detachment of Pd nano-particles from CNx support.  

ORR Activity on Porous Pd-CNx Electrode in Acidic Medium: 

The electrocatalytic ORR activity of Pd-CNx was further evaluated in acidic medium by 

using CV and LSV techniques. The CVs of Pd-CNx, modified electrode in N2 and O2 

saturated 0.5 M HClO4 medium are shown in Figure 4.10.a. There was no significant 

peak in N2 medium in between 0.6 to 1.0 V potentials region but in O2 saturated solution 

catalyst contained a distinct reduction peak at 0.75 V (RHE) suggesting the high O2 

reduction catalytic activity of Pd-CNx composite in acid media. Figure 4.10.b show the 

LSV curves of Pd-CNx, Pt/C and Pd/C modified GC electrode in O2 saturated 0.5 M 

HClO4 with each catalyst loading of 0.043 mg cm-2.This shows Pt/C and Pd-CNx 

catalysts has almost similar activity. The Pt/C catalyst has a half wave potential of 0.83 

V (RHE) in 0.5 M HClO4 medium. The half wave potential (E1/2) of Pd-CNx is only ~3 

mV negatively shifted compared to Pt/C, but it was 80 mV better than that of Pd/C. To 

understand insight in the catalytic activity of Pd-CNx catalyst towards ORR, rotating disk 

experiment in different rotation was performed in O2 saturated HClO4 solution. The LSV 

curves at different rotating speeds ranging from 350 rpm to 2500 rpm were shown in 

Figure 4.10.c. The current density gradually increase with the increasing the rotation. 

The number of electron transfer in the ORR process was calculated by similar way as 

discussed in equation. The K-L plot at 0.54, 0.59, 0.70 and 0.76 V potential in 0.5 M 

HClO4 medium was shown in Figure 4.10.d. At all potentials K-L plot maintained good 

linearity and all plots are parallel with n value of ~ 4.0.  
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Figure 4.10. ORR of Pd-CNx composite in 0.5 M HClO4 medium: (a) CV of Pd-CNx composite 

in O2 saturated 0.5 M HClO4 scan speed 100 mV/sec (b) LSV curves of porous Pd-CNx, Pt/C, 

and Pd/C modified GC electrode in O2 saturated 0.5 M HClO4 at scan rate of 100 mV/sec. (c) 

LSV curves of Pd-CNx modified GC electrode in O2 saturated 0.5 M HClO4 solution with rotating 
speed varying from 350 rpm to 2500 rpm. (d) The corresponding K-L plot of Pd-CNx composite 

at different potentials. (e) Mass transfer corrected Tafel slope of Pd-CNx composite in 

comparison with Pt/C and Pd/C in acidic medium. (f) The mass activity and specific activity on 

Pd-CNx composite, Pt/C, and Pd/C at different potentials. 

 

Thus, ORR on Pd-CNx catalyst in acidic medium at all potentials mainly abides by first 

order 4e transfer process. Mass transfer corrected Tafel slopes of Pd-CNx, Pt/C and Pd/C 

composite was shown in Figure 4.10.e. It is known that the tafel slope value of Pt based 

catalyst was ~60 mV/dec in lower current density region and increase up to 120 mV/dec 

in higher current density region.51 The Tafel slope of Pd-CNx was found to be 64 mV/dec 

whereas for Pt/C and Pd/C these values were 63 mV/dec and 69 mV/dec respectively. In 

addition, chronoamperometric measurements and long term cycling stability were 

performed to examine the stability of this composite in acid media. The comparison of 

JMA and JSA of Pd-CNx with Pd/C and Pt/C catalyst in 0.5 M HClO4 electrolyte at 0.9V 

and 0.85 V was shown in Figure 4.10.f.  It shows that the JMA of Pd-CNx at 0.9 V is 1.5 
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and 3.1 times higher than Pt/C and Pd/C respectively whereas Pd-CNx and Pt/C has  

comparable JMA value  at 0.85 V (RHE). The JSA of Pd-CNx composite at 0.9 V was 1.4 

times and 2.3 times higher as compared to the commercial Pt/C and Pd/C catalyst. This 

suggests the comparable catalytic activity of Pd-CNx and Pt/C towards ORR in acid 

medium. The JSA and JMA of Pd-CNx composite was also higher or comparable as 

compared to reported different Pd based catalyst10, 36, 40 such as Pd/C octahedral,10 Pd/C-

HT.10 The chronoamperometric measurement of different catalysts Pd-CNx, Pt/C and 

Pd/C in 0.5 M HClO4 was carried out at a constant potential of 0.68 V (RHE) as shown 

in Figure 4.11.a which shows that Pd-CNx composite loses only 32% of its initial current 

after 10h whereas Pt/C and Pd/C has lost 65% and 75% respectively of its initial current.  

 

Figure 4.11. (a) Steady state chronoamperometric response of Pd-CNx composite in 0.5 

M HClO4. (b) LSV curve of Pd-CNx composite in O2 saturated 0.5 M HClO4 solution 

after and before 1500 LSV cycles with rotating speed 1600 rpm. 

 

The LSV comparison of Pd-CNx catalyst before and after 1,500 cycles was shown in 

Figure 4.11.b which show only 6 mV negative shift of E1/2 after 1,500 continuous cycles 

suggesting excellent long term stability of the Pd-CNx composite in acid media. The ORR 

activity of Pd-CNx composite was slight higher as compared to the activity in alkaline 

medium. Pan et al. reported52 that the two different catalytic centers of Fe–N-doped 

graphene electrocatalysts are responsible for the ORR activities in acid and basic 
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medium. The enhanced ORR activity in basic media was mainly because of presence 

quaternary N and Fe/Fe3C sites, whereas Fe–Nx complexes were responsible for the ORR 

performance in acidic media. FT-IR (Figure 4.5) and XPS (Figure 4.6) studies 

confirmed that there is a strong interaction between Pd and C in Pd-CNx composite.  The 

CNx support contains large number quandary nitrogen and PdCx type complex are present 

in Pd-CNx composite. Therefore, ORR activity of Pd-CNx catalyst in alkaline media is 

thus higher than that of acid media. In addition, methanol crossover effect is one of the 

major drawbacks associated with methanol fuel cell for Pt/C catalyst. In an alcohol fuel 

cell the cathodic Pt/C catalyst is involved in the methanol oxidation reaction due to the 

presence of the methanol molecules. As a result of methanol oxidation reaction, the 

catalytic activity of the Pt/C catalyst decreases significantly and gradually obtained a 

mixed kinetics15. One of the important parameter of a superior electrocatalyst for ORR 

is methanol tolerance. Figure 4.12.a shows the CVs of Pt/C electrode in O2 saturated 0.5 

M KOH in presence and absence of methanol. The Pt/C catalyst shows a strong ORR 

peak at 0.81 V (when no methanol is present), whereas very strong methanol oxidation 

peak (0.83V) and very weak oxygen reduction peak (0.81 V) were observed in solution 

containing methanol molecules.  But, the CVs of Pd-CNx electrode in O2 saturated 0.5 

M KOH are almost identical in presence and absence of methanol (Figure 4.12.b). This 

result clearly proves that the porous Pd-CNx catalyst exhibits superior ORR activity with 

a very good tolerance of cross-over effect of methanol. It is well known that Pt metals 

have higher dissociative adsorption power of methanol and different intermediate as 

compared to Pd metal.2, 53 The methanol and its different dissociated intermediate 

generally block the active catalytic site of Pt surface. Therefore, the ORR activity in 

presence of methanol on Pt–surface is reduced drastically. 
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Figure 4.12. CVs of (a) Pt/C and (b) Pd-CNx in O2 saturated 0.5 M KOH with and 

without methanol. 

 

V.D.Noto and co-workers recently demonstrated40 that the N-based ligand in CNx matrix 

easily prevent the adsorption of the poising molecules such as methanol during the ORR 

performance. The Pd-CNx composite exhibited very good tolerance towards methanol 

oxidation is probably due to presence of large number of nitrogen in CNx support. Thus 

Pd-CNx catalyst is better than the commercial available Pt/C catalyst in terms of ORR 

half wave potential, stability and methanol tolerances. 

Factors Responsible for Superior ORR Activity of Pd-CNx Composite: 

The electrochemical performances of porous Pd-CNx composite towards ORR are better 

than that of commercial Pt/C and Pd/C catalysts. The superior catalytic activity and long 

term durability of Pd-CNx towards ORR in both acidic as well as basic medium can be 

attributed to the several factors: 

The superior catalytic activity of Pd-CNx composite towards ORR reaction can mainly 

be attributed to the shifting of d-band center of Pd. Generally, ORR occurred on metal 

by adsorption/desorption mechanism. First step is the formation of adsorbed oxygenated 

species (Oads) on metal surface through the activation of O2 by transferring both electron 

and proton, followed by breaking of O-O bond. Second step is desorption of oxygenated 
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intermediated Products. Good ORR catalytic active catalyst should have high adsorption 

properties of the intermediate Oads species and then easy desorption of the Oads species. 

According to the d-band theory,54 high energy laying d-band center has strong binding 

affinity with oxygen generated high surface coverage of oxygenated species On the other 

hand low laying d-band center has ability to easy desorption of the surface adsorbed 

oxygenated products. So catalyst should have optimum d-band center for efficient 

electrocatalytic activity. Several groups reported that  Pd metal makes stronger bond with 

O2 molecule due to higher laying d-band center and it formed 10 times stronger bond 

with Oads intermediate than Pt metal.  Thus high coverage of Oads and slow the ORR 

kinetics as well as high overpotentials was observed. Valence d band center can be 

influenced by the two factors - (a) geometrical effect of structure and (b) ligand effect. 

Recently, R.R.Adzic and his co-worker reported55 up-shifting of Pt d-band by making 

monolayer on Au(111)  due to  tensile strain,  whereas down shifting of d-center  was 

done by alloying with Ir(111). Several groups also reported52-54 that the shifting of d-band 

center of Pd metal occurred by making bimetallic alloy with different foreign metals. The 

strong synergistic interactions between Pd and carbon in Pd-CNx composite was reported 

recently by our group37. FT-IR and XPS studies of Pd-CNx confirmed that there is strong 

interaction between carbon and Pd in Pd-CNx composite. The BE of carbon and Pd was 

shifted in Pd-CNx composite due to the synergistic interaction between Pd and CNx 

support. The positive BE shifts of Pd suggests broadening of Pd d-band and down 

shifting of d-band center. Due to this down shifting of the d-band center, the Pd-Oads 

bond strength was decreased and superior ORR activity was observed. In addition, Noto 

et al. demonstrated27, 40, 51, 56 that the presence of nitrogen atoms in CN-based 

electrocatalyst  helped  to enhance the ORR activity  due to  bi-functional mechanism. 

The presence of nitrogen atoms in Pd-CNx composite is also helped to enhance ORR 
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performances. Several group reported16-17, 45 the structure depend ORR reactions under 

acidic and basic condition. It was generally accepted that the activity of Pd decreases as 

Pd(100)> Pd(111)> Pd(110). The CV curve of Pd-CNx composite has two strong anodic 

peak in H-desorption region where peak at lower potential assigned for Pd (111) facet 

and peak at higher potentials for Pd (100) facet as discussed earlier. So Pd-CNx 

composite has electrochemically active Pd (100) facets along with Pd (111) facets.  

 

Figure 4.13. Cu stripping UPD spectra of Pd-CNx composite and Pd/C in 0.05 M HClO4 + 0.05 

M CuSO4 with scan speed 50 mV/sec: (a) full CV,(b) Cathodic part of CV. 

 

The Cu stripping experiment was also performed to confirm the predominant active 

facets of Pd-NPs under electrochemical condition. The full CV comparison curve of Pd/C 

and Pd-CNx composite for Cu stripping experiment was shown in Figure 4.13.a, which 

showed an anodic peak at 0.3 V, assigned for dissolution of under deposited Cu from Pd 

(111) or Pd (100) facet57. In addition, different groups reported to distinguish the Pd 

(111) and Pd (100) facets from cathodic peak position in Cu stripping experiment. It was 

stated that cathodic peak ~ 0.5 V (RHE) assigned for Pd (111) facet whereas peak 

position ~ 0.56 V (RHE) corresponding for Pd (100) facet. The cathodic CV portion of 

Cu stripping experiment was shown in Figure 4.13.b. Commercials Pd/C catalyst 

contained two cathodic peak due to polycrystalline nature of the catalyst whereas Pd-
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CNx composite has a single peak at ~ 0.59 V suggesting the presence of active Pd (100) 

facets. The active Pd (100) facets of Pd-CNx catalyst under electrochemical condition 

enhance the catalytic activity towards ORR.   In addition, low nitrogen content in the 

catalyst support g-CNx and the porous morphology of this composite which helps easy 

mass transport of reactants and products are also helped to enhance the catalytic activity 

of Pd-CNx.  

4.5 Conclusions 

In summary, we have demonstrated that the porous Pd-CNx composite is a superior 

electrocatalysts than commercial Pt/C or Pd/C for electrocatalytic oxygen reduction in 

both basic and acid media. The ORR half wave potentials of Pd-CNx is 60 mV more 

positive than that of Pt/C in basic medium. Although ORR activity of Pd-CNx in acid 

media is comparable to Pt/C, but, its stability in both acid and basic media is much higher 

than Pt/C or Pd/C. The stability test showed a negligible decay of its catalytic activity on 

continuous cycling. The excellent catalytic activity and durability of Pd-CNx composite 

is mainly due to the change of electronic structure of Pd metal (down shifting of d-

centered band) resulting from synergistic interaction between Pd and C of CNx support. 

The excellent ORR activity of Pd-CNx composite with good durability and methanol 

tolerance are making them a promising electrocatalyst for fuel cells or other 

electrochemical devices. 
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Chapter 5 

One Dimensional RuO2 Nanowires on g-Carbon Nitride for Hydrogen and 

Oxygen Evolution Reactions at All pH Values  

5.1 Abstract 

Development of highly efficient and durable bifunctional electrocatalyst for hydrogen 

and oxygen evolution reactions (HER and OER) is essential for the efficient solar fuel 

generation. The commercial RuO2 or IrO2 based catalysts are highly active towards 

OER; but their poor stability under different operating conditions is the main obstacle 

for their commercialization. Herein, we report growth of one dimensional highly 

crystalline RuO2 nanowires on carbon nitride (1D-RuO2-CNx) for their applications in 

HER and OER at all pH values. The 1D-RuO2-CNx, as an OER catalyst, exhibits low 

onset overpotential of ~ 200 mV in both acidic and basic media whereas Tafel slopes 

are 52 mV/dec and 56 mV/dec in acidic and basic media respectively.  This catalyst 

requires low overpotential of 250 mV and 260 mV to drive the current density of 10 

mA/cm-2 in acidic and basic media respectively.  The mass activity of 1D-RuO2-CNx 

catalyst is 352 mA mg-1 which is ~14 time higher than that of commercial RuO2. Most 

importantly, the 1D-RuO2-CNx catalyst has remarkably higher stability in compare to 

commercial RuO2. This catalyst also exhibits superior HER activity with current 

density of 10 mA cm-2 at ~93 and 95 mV in acidic and basic media. The HER Tafel 

slopes of this catalyst are 40 mV/dec in acidic condition and 70 mV/dec in basic 

condition. The HER activity of this catalyst is slightly lower than Pt/C in acid media 

whereas in basic media is comparable or even well than that of Pt/C at higher over-

potentials. This superior catalytic activity of 1D-RuO2-CNx composite can be attributed 
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to catalyst-support interaction, enhanced mass and electron transport, one dimensional 

morphology and highly crystalline rutile RuO2 structure.  

5.2 Introduction 

To solve energy crisis and environmental problem, world-wide efforts are going on 

to find renewable energy sources alternative to fossil fuels.1-2 Hydrogen is considered 

as one of most clean renewable energy source, alternative to fossil fuel.3-4 Overall water 

splitting to produce molecular hydrogen is a promising method to store solar/ electric 

energy into chemical fuels5 as H2.  The water splitting consists of two half cell reac-

tions6 such as hydrogen evolution reaction (HER) and oxygen evolution reaction 

(OER).  Without any suitable catalyst both the processes are very slow. Apart from H2 

storage application, HER/OER catalysts are also directly coupled with various 

renewable energy conversion and storage systems7-8 such as metal-air batteries, fuel 

cells, solar cells etc. OER is a bottleneck process for water splitting because of its 

sluggish kinetics due to multi step proton couple electron transfer process.9 Although 

RuO2 and IrO2 are highly active electro-catalysts for OER reaction, IrO2 is preferred as 

state of art catalyst for OER.10 The both the state-of-art catalysts11 show quite larger 

OER over-potentials as compared to the theoretical value of 1.23 V. The reduction of 

large overpotential to reach appreciable current density for OER is the major challenge 

of electrochemical water splitting which is obstacle for development of renewable 

energy conversion devices. The carbon supported platinum (Pt/C) is a state art catalyst 

for HER.  Although Pt/C is highly active acid media, but, its activity in basic media is 

two order less as compared to acid media.12 The slow kinetics of Pt/C towards HER in 

basic media restricted fuel efficiency and large amount Pt-catalyst is needed in basic 

media.13-14 In addition, long term durability of Pt/C catalyst in strong oxidizing 

condition is another obstacle for its commercialization. The catalysis of HER as well as 
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OER processes in the same medium is attractive, since only one catalyst can be used 

for their integration. It is known that almost all good OER15-19 catalysts are active 

mainly in basic media whereas good HER catalysts20-24 perform well in acid media. 

Some HER catalysts25-28 are active in acid, basic and neutral medium; but OER 

catalysts29 which are active in all pH, are relatively very rare. It is thus highly desirable 

to find superior bi-functional catalysts for OER and HER to make an efficient overall 

water splitting, which can work effectively at all pH values. In addition, synthesis of 

highly crystalline one dimensional RuO2 is important since ruthenium oxide is an 

attractive electrode material for various applications30-33 due to its high conductivity, 

high catalytic activity, chemical stability etc. Although several methods are known for 

synthesis of RuO2 nanowires are such as using template,34 CVD,35 reactive sputtering;30 

it is still remains a challenge to synthesize highly crystalline 1D RuO2 nanowires, 

specially 1D-RuO2 on carbon support. The metal oxide based HER catalyst is always 

advantageous over metallic HER catalyst such as Pt since metal oxides are less 

sensitive towards poisoning by under potential deposition (UPD) phenomena which 

affects stability of a electrocatalyst.36 The RuO2 or its composites are moderately active 

towards HER reported by several groups.36-39 For example, Trasatti and co-workers 

first time investigated40 the HER properties of RuO2. Mayrhofer and co-workers 

reported41 a comparative HER and OER study between Ru, RuO2, Ir and IrO2 

nanoparticle.   Although OER activity of RuO2 is better than the IrO2 but much higher 

stability of IrO2 is making it a preferred state-of-art catalyst. The Poor stability of RuO2 

is due to the formation less stable RuO4. In addition the cost of RuO2 is also another 

problem of their commercialization.42 To reduce the cost, nanostructures of RuO2 for 

OER have been widely studied in recent years.43-46 It is thus essential to enhance long 

term stability of the RuO2 based catalyst without affecting its catalytic activity. 
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Herein, we report a facile thermal method for the growth of single crystalline 

one dimensional RuO2 nanowire on carbon nitride support (1D-RuO2-CNx). This 1D-

RuO2-CNx compo-site is also highly active towards both HER and OER in all pH 

range. The HER activity of 1D-RuO2-CNx slightly lower than Pt/C in acid and is 

comparable to commercial Pt/C in basic media. This catalyst needs low overpotential of 

~ 93 mV and 95 mV to achieve current density of 10 mA cm-2 for HER in both acid 

and base media. The OER activity of 1D-RuO2-CNx composite in both acid and basic 

media is better than that of state of art catalyst RuO2 or IrO2. This catalyst show low 

OER overpotential of 250 mV at 10 mA cm-2 and small Tafel slopes (52 mV/dec in 

acid and 56 mV/dec in base), which are better than the state of art catalysts. The mass 

activity of this catalyst (352 mA mgox
-1) is ~14 times higher than commercial RuO2. 

This catalyst also exhibited excellent stability for both HER and OER in all pH 

solutions. The superior OER and HER performances of this catalyst make CNx 

supported 1D-RuO2 catalyst one of the best catalysts for water splitting. 

5.3 Experimental Section 

Synthesis of Graphitic Carbon Nitride (g-C3N4):  

Formamide was used as precursor for synthesis of graphitic carbon nitride (g-C3N4) as 

previously reported by our group.47-48 In a typical procedure, 30 ml formamide was 

taken in 100 ml three-neck round bottom flask (RB) fitted with temperature controlled 

probe and heated at 180 °C for 180 min by constant irradiation of microwave (300 

watt). A brown color solution was obtained from colorless formamide and the resulting 

brownish solution, thus obtained was evaporated at 180 °C in a rotary evaporator to get 

bulk amount black solid product. Then this black solid product was washed 3 to 4 times 

with de-ionised (DI) water to remove un-reacted formamide and dried in a vacuum to 

obtain desired solid g-C3N4. 
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Synthesis of RuNPs-CNx Composite:  

RuNPs-CNx composite was synthesized by sodium borohydride mediated hydrothermal 

reduction of ruthenium chloride (RuCl3, xH2O) in presence of g-C3N4. In briefly, 5 mg 

solid g-C3N4 was dispersed in 2 ml of DI water in a 30 ml sample glass vial and then 4 

ml of 0.12 mmol aqueous solution of RuCl3, xH2O was poured into aqueous suspension 

of the g-CNx. The mixed suspension was sonicated in a bath sonicator operating at 60 

Hz for proper mixing. After that the suspension was transferred into a 100 ml seal tube 

and heated in an oil bath. When the temperature of the oil bath was reached at 65 °C, 2 

ml of 1.58 mmol NaBH4 was added to this suspension and kept for heating at 120 °C for 

8 hrs with continuous stirring. After the completion of the reaction, the sealed tube was 

cooled down to room temperature. The suspension was then centrifuged at 16000 rpm 

for 20 min and dried in a vacuum. A solid black product was obtained after drying and 

named as RuNPs-CNx composite. 

Synthesis of 1D-RuO2-CNx Composite:  

1D-RuO2-CNx was synthesized from prepared RuNPs-CNx composite by thermal 

heating treatment. In details, the prepared RuNPs-CNx composite was taken in an 

alumina crucible and subjected to heat at 350 °C in hot air oven with temperature 

accuracy ± 10 °C for 12 hrs. After 12 hours, it was cooled down to room temperature 

normally and resulting a black solid product. This product was washed with DI water 

twice and dried in vacuum and finally obtained the 1D-RuO2-CNx composite. 

Electrode Preparation: 

In details to prepare the catalyst modified GC electrode, 1.5 mg of 1D-RuO2-CNx (81 

wt% RuO2)was dispersed in 1 ml water by ultrasonication for 30 min and  then 10 µl of 

the catalyst suspension was drop casted onto the GC electrode and drying at 600C. So 

loading on the electrode surface was obtained as 0.012 mg RuO2 in 1D-RuO2-CNx. 
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Commercial RuO2 modified GC electrode was prepared by directly making an aqueous 

suspension of RuO2 and drop casting on GC electrode. In a typical procedure 1.2 mg 

commercial RuO2 directly dispersed in 1 ml aqueous suspension and drop casting 10 µl 

aqueous suspension on GC electrode in ambient temperature. The comm. RuO2-CNx 

was prepared by homogeneously mixing 1.6 mg commercial RuO2 and 0.4 mg g-C3N4 

in solid state at room temperature. Comm. RuO2-CNx modified GC electrode was 

prepared by drop casting 10 µl aqueous suspension from a 1ml of 1.5 mg/ml aqueous 

suspension of comm.RuO2-CNx. In all the electrochemical experiment was performed 

with 0.012 mg RuO2 loading on the GC electrode. 

5.4 Results and Discussion 

 
Characterization of 1D-RuO2-CNx Composite: 

The one dimensional ruthenium oxide nanowires supported on carbon nitride (1D-

RuO2-CNx) was prepared by a facile two steps method. In the 1st step, highly dispersed 

RuNPs on g-CNx sheets was formed by hydrothermal sodium borohydride reduction of 

RuCl3 in aqueous suspension of g-CNx on a sealed tube at 120 °C. Then, thermal 

oxidation of this RuNPs-CNx composite at 350 °C in air for 12 hrs leads to the growth 

highly crystalline RuO2 nanowires on CNx sheets. The p-XRD patterns of RuNPs-CNx 

and 1D-RuO2-CNx composite were shown in Figure 5.1. The calculated diffraction 

pattern of RuO2 (PDF #00-043-1027) and Ru (PDF #00-006-0663) were also given in 

for comparison. The diffraction peaks at 44.000, 58.320, 69.400, 78.390 and 84.700 

corresponding to (101), (102), (110),(200) and (112) plane of metallic ruthenium(PDF 

#00-006-0663).  
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Figure 5.1. p-XRD patterns of RuNPs-CNx and 1D-RuO2-CNx composite. 

 

In addition, a diffraction peak at 27.30 of graphitic (002) plane of g-C3N4 was also 

present.47, 49 The XRD pattern of 1D-RuO2-CNx nanowire showed diffraction peaks at 

2values of 28.02, 35.060, 40.0320, 40.540, 45.090, 54.240, 58.100, 59.380, 65.550, 

66.980, 69.640, 72.240, 74.100, 76.140, 77.920, 83.520, 85.540 and 87.830 corresponding 

to (110), (101), (200), (111), (210), (211), (220), (002),(310), (112), (301), (311), (202), 

(320), (212), (321), (400) and (222) lattice plane respectively of RuO2 (PDF #00-043-

1027). The XRD pattern of 1D-RuO2-CNx confirmed the formation of crystalline 

tetragonal rutile ruthenium oxide (r-RuO2) (space group P42/mnm) after annealing at 

350 °C. This confirmed that growth of crystalline RuO2 occurs due to the calcinations 

of RuNPs-CNx at 350 °C in air. We have also prepared 1D-RuO2-CNx slightly lower 
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temperature at 330 °C. The morphology of these two composites was studied using 

electron microscopic techniques.  

 

Figure 5.2. (a-b) TEM images, (c) Size distribution plot of RuNPs and (d) TEM EDS plot of 
RuNPs-CNx composite. 

 

The transmission electron microscopy (TEM) images of RuNPs-CNx have shown in 

Figure 5.2.a and Figure 5.2.b. These TEM images show that ultra-small Ru 

nanoparticles are uniformly dispersed on the g-CNx sheets. The size of these RuNPs 

varies from 0.5 nm to 2.5 nm with the average diameter of 1.5 nm (Figure 5.2.c). The 

Electron Dispersive Spectroscopy (EDS) profiles which were taken on TEM grid and Si 

wafer (Figure 5.2.d) showing the presence of carbon (C), nitrogen (N), ruthenium (Ru) 

and small amount of oxygen (O) confirming presence of RuNPs on CNx sheets.  
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Figure 5.3. (a-b) FESEM images of 1D-RuO2-CNx. (c-e) HRTEM images of a single RuO2 
nanowire. (f) SEAD profile of the corresponding RuO2 nanowire. 

 

Figure 5.3.(a,b) represents the FESEM images of the 1D-RuO2-CNx composite. The 

1D nanowire of RuO2 are clearly seen and these RuO2 nanowire are randomly grown 

with high density on the CNx surface. The RuO2 nanowire is straight and arranged 

randomly due to high density; one end of nanowire is facing outside as shown in 

Figure 5.3.b. The lateral diameters of the nanowire are found to be between 10 to 40 

nm and their length varies ranging from 100 nm to 200 nm. The high resolution TEM 

images of two different RuO2 nanowire were shown in Figure 5.3.d and 5.3.e. These 

HRTEM images show highly order lattice fringes with the interlayer distance 0.32 nm 

corresponding to (110) plane of RuO2. The SEAD profile RuO2 is also shown in Figure 

5.3.f. The HRTEM image and SAED image confirmed that RuO2 nanowire have single 

crystalline structure. When RuNPs-CNx composite was heated at 330 °C, thin 

nanowires were formed; the diameter and length of the nanowires decreased as shown 

in Figure 5.4.(a-d). The diameter of the thin wires from 5 to 15 nm and their length 

were in between 60 to 150 nm. 
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Figure 5.4. (a-d): FESEM images of 1D-RuO2-CNx composite synthesised at 330 °C. 

 

This suggests that length and diameter of RuO2 nanowire depends on calcination 

temperature. The EDS mapping of 1D-RuO2-CNx was shown in Figure 5.5.(a-e). It is 

clearly shows Ru,C,N and O are uniformly distributed in the composite materials. 

Figure 5.5. (a) FESEM image and corresponding mapping for element (b) Ruthenium, (c) 
Oxygen, (d) Carbon, (e) Nitrogen. 

 

The elemental atomic percentage of 1D-RuO2-CNx was displayed in Table 5.1 showing 

Ru:O atomic ratio was 1: 2.4.  

(a) (b)

(c) (d)

(a) (c)(b)

(e)(d)
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Table 5.1. Summary of EDS results of 1D-RuO2-CNx in terms of atomic weight 

percentage.  

 

The 1D-RuO2-CNx nanowire was further characterized by using X-ray photo electron 

spectroscopy (XPS) and Raman spectroscopy. The XPS survey scan spectrum of 1D-

RuO2-CNx composite was shown in Figure 5.6.a.   

 

Figure 5.6. (a) Survey scan XPS spectra of 1D-RuO2-CNx composite. (b) Comparison of high 
resolution 3d XPS spectra of Ru for RuNPs-CNx composite and 1D-RuO2-CNx composite. 

 

It is known that 3d5/2 and 3d3/2 peaks of metallic ruthenium generally appeared50 at 

280.0 and 284.7 eV respectively and for pure ruthenium oxide 3d5/2 and 3d3/2 peaks 

generally appeared31, 51 at 280.8 and 285.2 eV respectively. The 3d Ru XPS spectrum of 

RuNPs-CNx and 1D-RuO2-CNx composites are presented in Figure 5.6.b. For RuNPs-

CNx the two peaks at 279.9 and 284.4 eV can be attributed to metallic ruthenium 

whereas two peaks at 280.7 eV and 284.9 eV for 1D-RuO2-CNx composites can 

attributed to 3d5/2 and 3d3/2 peaks of rutile RuO2. 

Catalyst Carbon (%) Nitrogen (%) Ruthenium (%) Oxygen (%) 

 

1D-RuO2-CNx 

 

10.12 

 

5.67 

 

24.41 

 

59.81 
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                               Figure 5.7. Raman spectrum of 1D-RuO2-CNx composite. 

As shown in  Figure 5.7, Raman spectrum of composite exhibited three characteristic 

peaks at 507, 627 and 701 cm-1,which can be attributed to Eg, A1g and B2g phonon 

bands of rutile RuO2.
30 Above measurements (XRD, TEM, SEM, XPS, Raman 

spectroscopy) confirmed the growth of single crystalline rutile RuO2 nanowire on CNx 

support. 

 

 

 

 

 

 

Figure 5.8. TGA plot of 1D-RuO2-CNx and g-CNx in 20 ml/min Ar atmosphere with 
temperature ramping 10 °C/min.  
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Table 5.2. Details and summarized CHN results. 

Catalyst Carbon (C) wt.% Nitrogen (N) wt.% Hydrogen (H) wt.% N:C ratio 

Free g-CNx 43.13 47.3 3.79 1.09 
 

1D-RuO2-CNx 10.17 5.51 2.32 0.49 

 

 

 Here, g-CNx layers are use as template for growth one directional RuO2 

nanostructures.  At 350 °C, small Ru-NPs are oxidized in air to form RuO2 and then 

preferential unidirectional growth of RuO2 leads to formation of one dimensional 

tetragonal RuO2 nanostructures. The amount of RuO2 loading in the composite was 

measured by TGA measurement (Figure 5.8) and found that it was 81%. The CHN 

analysis suggest the N:C ratio in 1D-RuO2-CNx was found to be 0.49 whereas in the 

free g-CNx  ratio was 1.09 (Table 5.2). 

OER Activity on 1D-RuO2-CNx Electrode: 

 

OER activity of 1D-RuO2-CNx composite was performed in acidic, basic and neutral 

medium. Frist we examined OER activity in acidic medium, since polymer electrolyte 

membrane (PEM) water splitting which works under strong acidic condition, has some 

advantages over alkaline electrolyte membrane water splitting such as easy operation, 

high power density and high energy efficiency.52-53  In addition, poor stability of most 

of the noble metal catalyst under PEM environment is another problem in PEM cell. 

The catalytic activity of 1D-RuO2-CNx composite towards oxygen evolution reaction 

(OER) was carried out in oxygen saturated 0.5 M H2SO4 electrolyte solution. As shown 

in Figure 5.9.a, the OER LSV polarization curves of 1D-RuO2-CNx, RuNPs-CNx were 

performed at scan speed of 10 mv/sec with 1600 rpm rotation speed in O2 saturated 0.5 

M H2SO4 solution.  
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Figure 5.9. (a) LSV curves of 1D-RuO2-CNx comm. RuO2, RuNPs-CNx, Pt/C, g-CNx and bare 

GC electrode in O2 saturated 0.5 M H2SO4 electrolyte (Scan rate: 10 mV/sec). (b) LSV curve of 

1D-RuO2-CNx showing onset potentials. Comparision of (c)10 mAcm
-2 (d) mass activity at 

0.35 overpotentials for comm. RuO2 and 1D-RuO2-CNx in 0.5 M H2SO4 medium.(e) Tafel 
plot of different catalysts in 0.5 M H2SO4. 

 

The OER activities of commercial RuO2, Pt/C, CNx, and bare GC were also measured 

for comparison under similar condition. Figure 5.9.a shows poor OER activates of GC 

and CNx electrode. The Pt/C and RuNPs-CNx catalysts showed moderate OER activity, 

but commercial RuO2 and 1D-RuO2-CNx exhibited much higher OER activity. The 1D-

RuO2-CNx catalyst exhibits low onset potentials of 200 mV which is 60 mV lower than 

that of commercial RuO2 (Figure 5.9.b). The OER activity of these catalysts was 

further evaluated by comparing the overpotential required to obtain the current density 

of 10 mA cm-2 and shown in Figure 5.9.c. To reach the current density 10 mA cm-2 
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overpotential required for 1D-RuO2-CNx and comm. RuO2 are 250 mV and 344 mV 

respectively. The 1D-RuO2-CNx catalyst requires 94 mV lower overpotential than 

commercial RuO2 to achieve 10 mA cm-2 current density. The comparison of mass 

activity of this catalyst with comm. RuO2 is shown in Figure 5.9.d.  The mass activity 

of this RuO2-CNx catalyst is 352 mA mgox
-2 which is ~14 times higher than that of 

commercial RuO2 (25.4 mA mgox
-2) at 0.35 V overpotential. The Tafel slope (log (J) vs 

V plot), an intrinsic property of electro-catalyst is important to get an insight of OER 

mechanism on the catalyst. Several groups reported54-55 reported that the Tafel slope of 

polycrystalline RuO2 nanoparticle should be 30 - 60 mV/dec at lower potential region 

of ˂1.52 V. Recently Lui et al.56 theoretically calculated value of the Tafel slope for 

single crystalline RuO2 (110) was 55 mV/dec in lower over potentials region. The 

experimentally found value55 of Tafel slope for single crystalline RuO2 (110) face was 

59 mV/dec . The Tafel plot of different catalysts was shown in Figure 5.9.e.  Tafel 

slope of this 1D-RuO2-CNx catalyst was 52 mV/dec (linear fitting between 

overpotentials between 0.18 V to 0.23 V) which is lower than that of commercial RuO2 

(65 mV/dec). The Tafel slope value of 1D-RuO2-CNx composite is close to theoretically 

calculated of Tafel slope of RuO2(110) facet. J.Rossmeisl and his co-worker proposed57 

a four step reaction mechanism for OER in transition metal oxide. Very recently Z.P.Lui 

and his co-workers studied56 the OER mechanism on RuO2 (110) above and below 1.58 

V by using DFT studies. 

Table 5.3. Comparison of OER activity of different catalyst in 0.5 M H2SO4 solution. 

Catalyst Onset 

potential (V 

in RHE) 

10 mAcm
-2 

(mV) 
J0.35V 

(mAcm-2) 

Tafel slope 

(mV/dec) 
TOF at 

V  (s-1) 

1D-RuO2-CNx 1.43 1.48 47.82 52 0.0961 

 

Comm. RuO2 1.48 1.66 3.16 65 0.0063 

 

Pt/C 1.75 2.21 0.32 180 0.00064 
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According to Lui et al.56, OER on RuO2 (110) at overpotential below 1.58 V takes place 

on mixed OH/O terminal phase. The oxygen evolution reaction on ruthenium oxide 

electrode occurs in acid media via several steps. The OER reaction occurs below 1.58 

V on a mixed OH/O phase. Frist the OH/O mixed phase converts to O-terminated phase 

locally. Second step which is rate determining step, is the water dissociation on 

two   surfaces  Os , Obr and Ot ( Eley-Riedeal like mechanism) where Obr and Ot are the 

bridging and terminate oxygen atom on RuO2 structure respectively. Water provides its 

H to Obr and OH of water bonds with Ot-Ru5c to form H-Obr and HOOt-Ru5c where Ru5c 

is co-ordinately unsaturated penta-coordinated Ru atom in RuO2 structure. The 

third step is the release of H as a proton in to solution from HOOt-Ru5c to form 

adsorbed OOt-Ru5c species.  

Table 5.4. Comparison of OER activity of different catalysts with 1D-RuO2-CNx on 

GC electrode in acidic and PBS medium. 

 

 

Catalyst Electrolyte Current 

density 

(mAcm-2) 

Over 

potentials 

(mV) 

Reference 

IrO2 (350oC) 0.1M HClO4 0.5  260 J. Phys. Chem. Lett. 2012, 3, 

399-40444. 

IrO2-mesopours 

templet 

0.5 M H2SO4 0.5  228 ChemSusChem 2015, 8, 

1908-191558. 

RuO2 0.1 M HClO4 13 470 J. Phys. Chem. Lett. 2012, 3, 

399-40444 

Ru0.2Ir0.8O2 0.5 M H2SO4 10 1.62 Appl. Catal. B: Environ. 

2012, 111–112, 376-38033. 

IrO2@RuO2 0.5 M H2SO4 11 270 J. Phys. Chem. C 2016, 120, 

2562-257310. 

Ru0.7Ir0.3O2 0.5 M H2SO4 9 270 Int. J. Hydrogen Energy. 

2014, 39, 16785-1679643. 

1D-RuO2-CNx 0.5 M H2SO4 10 250 This work 

1D-RuO2-CNx 0.1 M PBS 10 356 This work 
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The final step is the release of O2 molecule to form free vacant Ru5c site where a water 

molecule can again adsorb and continued the reaction. Turnover frequency (TOF) of a 

catalyst is the catalytic activity per active site basis, an intrinsic property of a catalyst.59 

The TOF value of 1D-RuO2-CNx composite, comm. RuO2 and Pt/C was calculated at  

= 0.35 V in acid medium and shown in Table 5.3. In 0.5 M H2SO4 electrolyte solution 

TOF value of 1D-RuO2-CNx catalyst (0.0961 O2 s-1) is 15 times higher that of 

commercial RuO2. The OER activity of the catalyst was compared with the different 

reported catalyst in acidic medium as shown in Table 5.4. These results suggest an 

outstanding OER activity of this 1D-RuO2-CNx catalyst in acidic medium. Figure 

5.10.a shows the iR-corrected OER LSV curves of different catalysts in 0.5 M KOH 

electrolyte. The onset potential of 1D-RuO2-CNx composite was 190 mV which is 40 

mV lower (more negative potential) than that of commercial RuO2 (250 mV) (Figure 

5.10.b). This catalyst exhibits current density of 10 mA cm-2 at 260 mV which is 70 mV 

lower than that of commercial RuO2 (330 mV).  The corresponding Tafel slope is 

shown in Figure 5.10.c. The Tafel slope value of 1D-RuO2-CNx composite in basic 

media was 56 mV/dec which was lower than the value for commercial RuO2, RuNPs-

CNx and Pt/C. 

Figure 5.10. (a) LSV curves of 1D-RuO2-CNx comm. RuO2, RuNPs-CNx, Pt/C, g-CNx and bare 

GC electrode in O2 saturated 0.5 M KOH electrolyte (Scan rate: 10 mV/sec). (b) LSV curve of 

1D-RuO2-CNx showing onset potentials and overpotential for 10 mAcm-2 current 
density.(c)Tafel plot of different catalyst in 0.5 M KOH electrolyte.   
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In addition the Tafel slope value of 1D-RuO2-CNx composite was good agreement with 

the theoretical calculated56 Tafel value of RuO2(110). Recently Doyle et al. proposed60 

a reaction mechanism for OER reaction on RuO2 in alkaline medium.61  The reaction 

steps are discussed details in Electrochemical Characterizations. The low Tafel slope 

value of 56 mV/dec for 1D-RuO2-CNx composite suggested that 3rd setp is the rate 

determine step for OER of 1D-RuO2-CNx catalyst in alkaline medium. We have 

calculated the TOF of different catalyst at = 0.35 V and tabulated in Table 5.5. 

Table 5.5. Comparison of OER activity of different catalyst in 0.5 M KOH solution. 

 

At = 0.35 V the TOF value of 1D-RuO2-CNx composite in basic media was 0.0995 O2 

s-1 which is ~5 times higher than comm. RuO2 (0.0205 O2 s
-1). The TOF value of this is 

also much higher than other reported16, 62 catalysts. The OER catalytic activity of 1D-

RuO2-CNx is not only better than commercial RuO2 but also it has better or comparable  

than any other highly active OER catalyst such as IrO2/C,63 Ba0.5Sr0.5Co0.8Fe0Z.2O3-δ,
64 

NiFe-LDH/CNT,18 CoSe2/NrGO,62 Ni-Co3O4-C3N4
65 as shown in Table 5.6.  

The catalysis in neutral medium is also important since microbial electrolysis26. 

Thus, we have also checked OER activity of 1D-RuO2-ctrolysis cell (MEC) which 

works under neutral condition, has low cost and better safety of the catalyst CNx in 0.1 

M PBS buffer (pH=7.4) solution. 

 

Catalyst Onset 

potential V 

(RHE) 

10 mAcm-2 

(mV) 

J0.35V 

(mAcm-2) 

Tafel slope 

(mV/dec) 

TOF at 

V 

(s-1) 

 

1D-RuO2-CNx 1.42 1.49 49.47  56 0.0995 

 

Comm. RuO2 1.46 1.56 10.24  80 0.0205 

 

Pt/C 1.60 1.91 0.81  115 0.0016 
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Table 5.6. Comparison of OER activity of different catalysts with 1D-RuO2-CNx on 

GC electrode in basic medium. 

 

Catalyst Electrolyte Current 

(mAcm-2) 

Potential 

(mV) 

Reference 

N-doped graphene-

CoO 

1 M KOH 10 340 Energy Environ. Sci. 

2014, 7, 609-616.66   

Mn3O4/CoSe2 0.1 M KOH 10 450 J. Am. Chem. Soc. 2012, 

134, 2930-293367 . 

C-

(Co0.54Fe0.46)2Fe 

0.1 M KOH 10 370   Nanoscale 2016, 8, 

3244-324768.    

CuCo2O4/NrGO 0.1 M KOH 10 410 J. Power Sources 2015, 

281, 243-25169.   

CoSe2/NrGO 0.1 M KOH 10 370  ACS Nano 2014, 8, 

3970-397862 . 

CoC2O4, 2H2O MRs 0.1 M KOH 10 436 J. Mater. Chem. A 2015, 

3, 9707-971370.   

Co-Bi NS/G 1 M KOH 10 290 Angew. Chem. Int. Ed. 

2016, 55, 2488-249271.   

3D-OMNiSA 0.1 M  KOH 10 250 ACS Catal. 2016, 6, 
1446-145016.   

NiFe-LDH/CNT 1 M KOH 10 420 J. Am. Chem. Soc. 2013, 

135, 8452-845518.   

NiOOH 0.1 M KOH 10 590 J. Am. Chem. Soc. 2014, 

136, 7077-708415. 

Ba0.5Sr0.5Co.8Fe.2O3-δ 0.1 M KOH 10 350 Science 2011, 334, 1383-
138564.   

Ni-Co3O4-C3N4 0.1 M KOH 10 750 (SCS) Chem. Commun. 2013, 

49, 7522-752465.   

Rutile RuO2 0.1 M KOH 10 >470 J. Phys. Chem. Lett. 

2012, 3, 399-40444  

IrO2/C 0.1 M KOH 10 370 Nat. Commun. 2013, 4.63   

1D-RuO2-CNx 0.5 M KOH 10 260  This work 
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 The LSV polarization curves of different catalyst in 0.1 M PBS buffer solution was 

shown in Figure 5.11.a. Tafel plot of LSV curves of 1D-RuO2-CNx commercial RuO2 

and RuNPs-CNx composite was constructed in Figure 5.11.b. Thus OER activity in 

neutral media is also better than commercial RuO2 and comparable or better than other 

OER neutral medium catalysts.  

 
Figure 5.11. (a) LSV curves and (b) Tafel plot of 1D-RuO2-CNx comm. RuO2, RuNPs-CNx, 
Pt/C, g-CNx and bare GC electrode in O2 saturated 1 M PBS electrolyte. 

 

The long term stability is one of the most important criteria for a good electrocatalyst. 

To test long term stability of 1D-RuO2-CNx catalyst we have performed continuous 

LSV cycling and chronoamperometry studies in both acidic and basic medium. The 

repeated LSV cycling of 1D-RuO2-CNx, commercial RuO2 and IrO2 catalysts between 

the potential ranges of 1.0 V to 2.0 V with an accelerating scan speed of 100 mV/sec at 

1600 rpm rotation were first performed in acidic condition. In case of 1D-RuO2-CNx, 

the LSV polarization curves of 1st and 2000th cycles were very closely placed (Figure 

5.12.a), suggesting very small degradation of the catalyst under acidic condition. In 

contrast, large shift of the LSV curve after 2000 cycles for state-of -art catalyst 

commercial RuO2 and IrO2 were observed (Figure 5.12.b and 5.12.c). After 2000 

continuous LSV cycle, the required overpotentials (10mA cm-2) to obtain current density,  
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Figure 5.12. 1st and 2000th cycling LSV curves of (a) 1D-RuO2-CNx composite. (b) comm. 

RuO2. (c) Comm. IrO2 in 0.5 M H2SO4. (d) Comparison of steady state chronoamperometry of 
1D-RuO2-CNx, comm. RuO2 and IrO2 in 0.5 M H2SO4 at constant potential of 1.57 V. 

 

10 mA cm-2 increased by only 3 mV for 1D-RuO2-CNx whereas for state of art catalyst 

comm. IrO2 and RuO2  10 mA cm-2 increased by 230 mV and > 340 mV respectively. 

This suggests superior cycling stability of this 1D-RuO2-CNx catalyst as compare to 

state-of-art catalysts. As shown in Figure 5.12.d (chronoamperometry study), 1D-

RuO2-CNx catalyst lost only ~32% of its initial current after 55 hrs of scan whereas 

comm.IrO2 and RuO2 losses its ~58% and 76% of its initial current within 1hr of scan 

under acidic condition. The LSV cycling test and chronometric study clearly 

demonstrated the superior catalytic activity and long term stability of 1D-RuO2-CNx in 

acidic medium which is much better than that of comm. IrO2 and RuO2.  
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Figure 5.13. 1st and 2000th cycling LSV curves of (a) 1D-RuO2-CNx composite, (b) comm. 

RuO2, (c) Comm. IrO2 in 0.5 M KOH.(d) Comparison of steady state chronoamperometry of 
1D-RuO2-CNx, comm. RuO2 and IrO2 in 0.5 M KOH at constant potential of 1.6 V. The RuO2 
oxide loading was 0.012 mg. 

 

This catalyst also displayed excellent durability in basic medium as well. The 

continuous LSV cycling test and comparative chronoamperometry study (Figure 

5.13.(a-d)) confirmed that long term stability of this catalyst is much higher than that of 

comm. IrO2 and RuO2 in basic medium. In addition the superior OER stability of 1D-

RuO2-CNx in neutral media (Figure 5.14.(a-c)) suggests that outstanding OER activity 

and  excellent stability of 1D-RuO2-CNx catalyst in all  pH  solution. 
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Figure 5.14. 1st and 2000th cycle LSV polarization curves of (a) 1D-RuO2-CNx (b) Commercial 

RuO2 in 0.1 M PBS. (c) Chronoamperometry studies of 1D-RuO2-CNx composite and Pt/C 
catalyst in 0.1M PBS electrolyte at a constant potentials of 1.6 V. 

 

Electrocatalytic HER on 1D-RuO2-CNx Composite: 

 

The catalytic activity of 1D-RuO2-CNx composite towards HER was performed in 

different pH solutions. The electrochemical HER were studied using a three electrodes 

setup with a scan speed of 10 mV/Sec at rotation of 1600 rpm. Figure 5.15.a show the 

representative hydrogen evolution linear sweep voltammetry (LSV) polarization 

(current vs. voltage) curves of 1D-RuO2-CNx and RuNPs-CNx catalysts in 0.5 M 

H2SO4. The HER activity of commercial Pt/C, g-CNx and bare GC electrode were also 

shown for comparison. The bare GC and g-CNx modified GC electrodes are inactive 

towards HER in both acid and basic media with high onset potentials (> 0.3 V). In acid 

media, Pt/C showed excellent HER activity with onset potential of zero volt (0 V). The 

onset potential of 1D-RuO2-CNx in acidic media were 14 mV which is close to Pt/C, 

but smaller than that of and RuNPs-CNx (40 mV). The small onset potential of 1D-

RuO2-CNx and steady rise of cathodic current beyond onset potential suggested a 

superior hydrogen evolution activity of 1D-RuO2-CNx catalyst. To achieve the current 

density of 10 mA/cm2, the 1D-RuO2-CNx required only 93 mV whereas Pt/C and 

RuNPs-CNx composite needed 43 mV and 156 mV respectively.  
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Figure 5.15. (a-c) Linear sweep voltammetry comparison curves of Pt/C, RuNPs-CNx, 1D-
RUO2-CNx at 10 mV scan rate, (d-f) Corresponding Tafel plot in N2 saturated 0.5 M H2SO4, 0.5 
M KOH and 0.1 PBS electrolyte.   

 

Tafel slope value of Pt/C, 1D-RuO2-CNx and RuNPs-CNx composite in 0.5 M H2SO4 

medium was 30, 40 and 70 mV/dec respectively as shown in Figure 5.15.d. The Tafel 

slope value of Pt/C catalyst is consistent with reported values and it follows Tafel-

Volmer pathway for HER in 0.5 M H2SO4 electrolyte. But the Tafel slope value of 1D-

RuO2-CNx and RuNPs-CNx suggests that both the catalyst follow Volmer–Heyrovsky 

mechanism with Heyrovsky is the rate limiting step in 0.5 M H2SO4 medium. The HER 

polarization curves and Tafel slopes of the different catalysts in basic media were 

shown in Figure 5.15.b and Figure 5.15.e respectively. The onset potentials of Pt/C 

and 1D-RuO2-CNx were ~0 V and 16 mV respectively. Although 1D-RuO2-CNx 

catalyst showed slightly higher onset potential of 16 mV in compare to value of ~0 V 

for Pt/C, the cathodic current density for 1D-RuO2-CNx catalyst was increased more 

steeply and outperformed the Pt/C when potential is greater than 95 mV.  
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 Table 5.7. Summarized HER activity of 1D-RuO2-CNx and Pt/C in 0.5 M H2SO4 and 

KOH 

 

The 1D-RuO2-CNx and Pt/C catalysts required almost same overpotential of ~95 mV to 

reach the current density of 10 mA/cm-2; but to reach current density of 40 mA/cm-2 , 

1D-RuO2-CNx needed lower overpotential (149 mv) in compare to that of Pt/C (205 

mV). In addition, the Tafel slope of 1D-RuO2-CNx was 70 mV/dec which is also lower 

than Pt/C (105 mV/dec). Exchange current density (J0) is considered as one of the 

activity descriptor for HER. The exchange current density of 1D-RuO2-CNx composite 

in acidic and basic medium were found to be 0.22 mA cm-2 and 0.28 mA cm-2 

respectively (Table 5.7). The exchange current of 1D-RuO2-CNx was very close to 

Pt/C. The Jo of this catalyst is ~2 times lower than that of Pt/C and is comparable/ better 

than other recently reported catalysts such as NiP2/CC,25 defect rich MoS2,
72 Co-

NRCNT,28 MoB,73 Ni2P hollow nanoparticle,74 MoCx nano-octahedrons.13 The 

comparison HER performance of this catalyst with other different reported catalyst in 

0.5 M H2SO4 and 0.5 M KOH electrolyte is given in Table 5.8 and 5.9 respectively. 

This suggests that 1D-RuO2-CNx composite is one of the best HER catalyst in both acid  

and basic media. In order to prove the versatility of the catalyst we have also performed 

HER activity in neutral medium (Figure 5.15. c and f). 

Electrolyte Catalyst J=10 mA/cm
2 

(mV) 

Tafel slope (b 

mV/dec) 

Exchange 

current(Jo) mA/cm2 

 

0.5M H2SO4 1D-RuO2-CNx  93 40 0.22 

 

Pt/C 43 30 0.54 
 

0.5 M KOH 1D-RuO2-CNx  95 70 0.28 

 

Pt/C 94 105 0.42 
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Table 5.8. Comparison of HER activity of different catalysts with 1D-RuO2-CNx on  

GC electrode in acidic medium. 

 

The comparison of HER catalytic activity of 1D-RuO2-CNx composite with other 

catalysts under 0.1 M PBS buffer condition (pH=7.4) has shown in Figure 5.15.c. 

Although the catalytic activity of 1D-RuO2-CNx composite was relatively lower in 

Catalyst Electrolyte Current 

(mAcm-2) 

Potential 

(mV) 

Reference 

MoS2/RGO 0.5 M H2SO4 10 150  J. Am. Chem. Soc. 2011, 133, 

7296-729924. 

Co-NRCNTs 0.5 M  H2SO4 10 260  Angew. Chem. Int. Ed. 2014, 53, 

4372-437628. 

Ni5P4-Ni2P/NF 0.5 M  H2SO4 10 120  Angew. Chem. Int. Ed. 2015, 54, 
8188-819275. 

Cu3P NW/CF 0.5 M  H2SO4 10 143  Angew. Chem. Int. Ed. 2014, 53, 

9577-958176. 

Au–aerogel–CNx 0.5 M  H2SO4 10 185  J. Mater. Chem. A 2015, 3, 23120-

2313577. 

Pt13Cu73Ni14/CN

F@CF 

1 M  H2SO4 5 70 ACS Appl. Mater. Interfaces 2016, 

8, 3464-347278. 

Mo2C/CNT 0.1 M HClO4 10 152 Energy Environ. Sci. 2013, 6, 943-

95179. 

Porous Pd-CNx 0.5 M  H2SO4 10 55 ACS Catal. 2016, 6, 1929-194180 

Co0.6 Mo1.4 N2 0.1 M HClO4 10 200 J. Am. Chem. Soc. 2013, 135, 
19186-1919281. 

Ru/SiNWs 0.5 M H2SO4 10 200 Electrochem. Commun. 2015, 52, 

29-3337. 

Nanoporous 

MoS2 

0.5 M H2SO4 10 270 Nat Mater 2012, 11, 963-96950 

1D-RuO2-CNx  0.5 M H2SO4 10 93 This work 
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neutral medium in comparison the ones at pH=0 and pH=14, its activity in neutral 

medium is close to Pt/C in Table 5.10. The HER catalytic activity of 1D-RuO2-CNx 

composite was also comparable with the different reported catalyst as shown in Table 

5.11.  The Tafel plot of different catalyst in 0.1 M PBS buffer was shown in Figure 

5.15.f. 

Table 5.9. Comparison of HER activity of different catalysts with 1D-RuO2-CNx in 

basic medium. 

 

 

Catalyst Electrolyte Current 

(mA cm-2) 

Potential 

(mV) 

Reference 

CoP/CC 1 M KOH 10 209 J. Am. Chem. Soc. 2014, 136, 

7587-759026. 

MoB 1 M KOH 10 225 Angew. Chem. Int. Ed. 2012, 51, 

12703-12706.73 

Ni-Ag alloy 0.1 M KOH 4 260 Phys. Chem. Chem. Phys. 2014, 

16, 19250-1925782. 

Pt NWs/SL-

Ni(OH)2 

1 M KOH 4 85.5 Nat. Commun. 2015, 6, 643083. 

NiONi-CNT 1 M KOH 10 ~ 100 Nat. Commun. 2014, 5, 469584. 

CoOx@CN 1 M KOH 10 232 J. Am. Chem. Soc. 2015, 137, 

2688-269485. 

Amorphous 

MoSx 

1 M KOH 10 540 Chem. Sci. 2011, 2, 1262-126786 

Porous Pd-CNx 0.5 M KOH 5 180 ACS Catal. 2016, 6, 1929-

194180. 

Ni/MWCNT 1 M KOH 10 ~ 350 Journal of Power Sources 2014, 

266, 365-37387. 

MnNi 0.1 M KOH 10 360 Adv. Funct. Mater. 2015, 25, 

393-39988 

Co-NRCNTs 1 M KOH 10 370 Angew. Chem. Int. Ed. 2014, 53, 

4372-437628. 

1D-RuO2-CNx  0.5 M KOH 10 95 This work 
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Table 5.10. Summarization of HER activity of 1D-RuO2-CNx in PBS medium. 

Electrolyte Catalyst =J10 mAcm-2 

(mV) 

Tafel slope (b 

mV/dec) 

Exchange 

current(Jo) A/cm2 

0.1 M PBS buffer 

electrolyte 

1D-RuO2-CNx 356 135 1.8 x 10-4 

Pt/C 323 198 2.3 x 10-4 

 

 

Table 5.11. Comparison of HER activity of 1D-RuO2-CNx with different catalysts in 

0.1 M PBS buffer solution. 

 

The long term stability is an important characteristic of a good electro-catalyst. 

We have performed continuous LSV cycling test and chronoamperometry studies in 

order to access the durability of the catalysts. Figure 5.16.a show the 1st cycle and 

5000th LSV curves of this catalyst with accelerated scan rate of 100 mV/sec in the 

potentials range of 0.2 to -0.3 V (RHE) whereas a comparative chronoamperometry 

Catalyst electrolyte Current 

(mA/cm2) 

Potential 

(mV) 

Reference 

Metallic 

Co@cobalt-

oxo/hydroxoph

osphate 

0.1 M PBS 2 385   Nat. Mater. 2012, 11, 802-

80789. 

MoB 0.1 M PBS 1  250 Angew. Chem. Int. Ed. 2012, 

51, 12703-1270673.  

Co-NRCNTs 0.1 M PBS 2  380   Angew. Chem. Int. Ed. 2014, 

53, 4372-437628.   

Amorphous 

MoS2 

0.1 M PBS 2  280 Chem. Sci. 2011, 2, 1262-

126786.   

CuMoS4 

crystals 

0.1 M PBS 2  210   Energy Environ. Sci. 2012, 5, 

8912-891690.    

1D-RuO2-CNx 0.1 M PBS 2  250 This work 
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study at constant potential of -0.15 V of 1D-RuO2-CNx and Pt/C catalysts in 0.5 M 

H2SO4 electrolyte was shown in Figure 5.16.b. After 5000 continuous LSV cycles, a 

very small shift of LSV curve suggests the superior durability of this catalyst in acid 

media. 

 
Figure 5.16. Initial and 5000th cycle LSV curve of 1D-Ru02-CNx (at 10mV/sec) in (a) 0.5 M 
H2SO4 and (c) 0.5 M KOH medium. Steady state chronoamperometry study of 1D-RuO2-CNx 

and comm. Pt/C in (b) 0.5 M H2SO4 , (d) 0.5 M KOH at constant potentials of -0.15 V. 

 

The chronoamperometry study shows that the initial current density  of this 1D-RuO2-

CNx catalyst remain unchanged after 12 hrs of scan time and lost only 20% of its initial 

current even after 70 hrs scan time, whereas Pt/C has lost 40% of its initial current  

within 12 hrs scan at same potential (-0.15 V). Several group reported electrochemical 

formation of the hydrous RuO2 under strong reducing condition and this phase 

provided enhanced HER activity and durability.54, 91 The excellent catalytic activity and 

higher durability of the 1D-RuO2-CNx composite towards HER under acidic condition 
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indicate that hydrous RuO2 phase covering 1D-RuO2 may be the active phase under 

electrochemical reduction condition. These stability tests proved that 1D-RuO2-CNx 

catalyst is more stable than Pt/C in acid media. Moreover, stability of this 1D-RuO2-

CNx composite in basic medium is also excellent as suggested by stability tests (Figure 

5.16.(c,d)).  

 

 

 

 

 

Figure 5.17. (a) 1st and 5000th cycle LSV polarization curves of 1D-RuO2-CNxin 0.1 M PBS. 
(b) Comparison of chronoamperometry studied of 1D-RuO2-CNx and Pt/C catalyst in 0.1PBS 
electrolyte at a constant potentials of -0.4 V. 

 

In PBS buffer solution of 1D-RuO2-CNx composite also shows a better stability and 

long term durability as compared to Pt/C catalyst as shown in Figure 5.17.(a,b). Like 

acidic and basic medium this catalyst (1D-RuO2-CNx composite) is also highly active 

in neutral medium. 

 

 

 

 

 

 

Figure 5.18.  Both HER and OER LSV curves of 1D-RuO2-CNx at different pH values. 
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Based on the above experimental observations, we may conclude that 1D-RuO2-

CNx composite is highly active and durable bi-functional electrocatalyst for HER and 

OER in wide range of pH solutions (Figure 5.18). We have also prepared an 

electrolyzer in basic media (1 M KOH solution) by applying 1D-RuO2-CNx as both 

cathode and anode for HER and OER as shown in Figure 5.19.a. To reach the current 

density of 20 mA cm-2, 1D-RuO2-CNx required only 1.59 V which is comparable to 

other reported catalysts.85, 92 Inset Figure 5.19.a shows the optical photograph of O2 

and H2 bubbles formation on the electrodes during water splitting. The durability test of 

this cell was also performed and it shows a considerable stability at least for 3h (Figure 

5.19.b).  

 
Figure 5.19. (a) LSV polarization curve of overall water splitting in 1M KOH electrolysed 
using 1D-RuO2-CNx as cathode as well anode. In-set: Optical photograph showing the H2 and 

O2 bubbling on cathode and anode respectively during overall water splitting. (b) 

Chronoamperometry response of 1D-RuO2-CNx at 1.53 V in RHE. 

 

 

Factors Responsible for Superior Electrocatalytic HER and OER Activity:  

 

The remarkably high electro catalytic activity and long term durability of 1D-RuO2-

CNx towards overall water splitting can be attributed by several factors, such as 

(i) The strong interaction between CNx and RuO2 could be one of reason for its 

enhanced activity and enhanced long term durability. The direct growth of RuO2 on 

CNx surface leads to formation of composite with strongly interacting 1D-RuO2 and 
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support (CNx). This improves electron transfer through 1D-RuO2-CNx composite and 

interaction between RuO2 to CNx sheets provide structural stability for long term 

electrochemical measurements. The electrochemical impedance spectroscopy (EIS) was 

done for this purpose. The electrochemical impedance spectroscopy (EIS) was done for 

this purpose. The EIS spectra of 1D-RuO2-CNx at 1.45 V was shown in Figure 5.20.a. 

In-set of Figure 5.20.a shows the electrical circuit for Nyquist curve fitting. Figure 

5.20.b shows the Nyquist plot of commercial RuO2, 1D-RuO2-CNx and comm.RuO2-

CNx (physical mixture) in 0.5 M KOH at a potentials of 1.45 V (RHE).  EIS spectra of 

g-CNx in alkaline medium at potential 1.45 V is also shown in Figure 5.20.c.  

 
Figure 5.20. (a) Nyquist plot of 1D-RuO2-CNx composite in 0.5 M KOH medium at 
overpotentials of 0.22 V (RHE). Inset: Electronic circuit for fitting the Nyquist plot. (b) 

Comparison of Nyquist plot of comm. RuO2, comm. RuO2-CNx and 1D-RuO2-CNx composite 

in 0.5 M KOH medium at overpotentials of 0.22 V (RHE) (c) Nyquist plot of free g-C3N4 under 
similar condition.(d) Comparison of OER LSV curve of 1D-RuO2-CNx, and comm. RuO2-CNx. 

 

All the EIS spectra of different catalysts are semicircle and the diameter gradually 

decreased from g-CNx, comm.RuO2-CNx, comm. RuO2 to 1D-RuO2-CNx, suggesting 

decrease of charge transfer resistance in 1D-RuO2-CNx. The calculated charge transfer 
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resistance value for g-CNx, comm.RuO2, comm. RuO2-CNx and 1D-RuO2-CNx was 435 

Ω, 87 Ω, 147 Ω and 40 KΩ respectively. This low Rct value of 1D-RuO2-CNx proves 

the easy electron transfer through this 1D-RuO2-CNx catalyst. The catalytic activity of 

comm.RuO2-CNx is inferior as compared to 1D-RuO2-CNx (Figure 5.20.d). The 

interaction between 1D-RuO2 and g-CNx, facial electron transfer enhances the activity 

and durability of this catalyst. 

 (ii) The high electrochemical surface area of 1D-RuO2-CNx composite resulting from 

large number catalytic sites is another reason for its high catalytic activity. The ECSA 

of the catalyst was calculated from the double layer capacitance. The specific capacity 

of RuO2 was varied from 0.013 mF cm-2 to 0.019 mF cm-2.93 Here we are considered 

0.013 mF cm-2 to calculate the ECSA value. The CV curves of 1D-RuO2-CNx at 

different scan speeds in 0.5 M KOH solution and corresponding liner plot of current vs 

scan rate at potential of 0 V (in Ag/AgCl) were shown in Figure 5.21.a and b 

respectively. The CV curves of comm. RuO2 at different scan speeds in 0.5 M KOH 

solution and corresponding liner plot of current vs scan rate at potential of 0 V (in 

Ag/AgCl) were shown in Figure 5.21.c and d respectively. The calculated active 

surface area of 1D-RuO2-CNx was 76.3 cm2 whereas for comm. RuO2 it was 9.06 cm-2. 

The large surface area suggests that the catalyst has large number catalytic sites due to 

its one dimensional morphology of the catalyst, which is significantly contributing to 

its high HER and OER activity. 

(iii)  Thermal method produces tilted RuO2 nanowires on CNx support (as confirmed by 

FE-SEM). The tilted nanowire assembly allows easy pathways for reactant and 

products19. The reactant molecule can thus easily reach to active sites and products can 

easily come out from its surface. It is known that HER and OER activity strongly 

depend on the morphology of the catalyst- porous electrode showed better performance 
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than flat electrode.19, 94-95 The HER and OER activity is thus enhanced due to tilted 

assembly of RuO2 nanowires on CNx surface.  

 

Figure 5.21. CVs curve of (a) 1D-RuO2-CNx composite and (b) linear plot between double 

layer current and scan rate at potential of 0 V in (Ag/AgCl). CVs curve of  (c) Comm. RuO2 in 
potential range from 0.3 V to -0.3 V (Ag/AgCl) with different scan rate 0f 20, 50, 100, 150, 

200, 300 mV/sec. and (d) linear plot between double layer current and scan rate at potential of 

0 V in (Ag/AgCl).   

 

 (iv)The presence of nitrogen in CNx support is also helped to improve the activity 

durability of this catalyst. It is reported77, 80, 96 by several groups that the presence of 

nitrogen in carbon matrix of electro-catalyst enhances electrochemical activity and 

durability.  The nitrogen atoms generally interact more easily with reactants and also its 

presence creates positive charge density on nearest carbon atoms which may then 

become catalytic active.28   

(v) The remarkable long term stability of this catalyst is probably due to highly 

crystalline RuO2 nanowire with few or no defects. The XRD, HR-TEM, SAED studies 
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confirmed that thermally grown RuO2 on CNX are single crystalline. It is reported42, 45 

that thermally prepared rutile RuO2 with fewer defects has much higher durability than 

that of electrochemically prepared amorphous RuO2. The quite large size of RuO2 

nanowire is also another reason for its stability.  

5.5 Conclusions 

In conclusion, we demonstrated a facile thermal method for direct growth of one 

dimensional, highly crystalline rutile RuO2 nanowire on g-carbon nitride (1D-RuO2-

CNx). This 1D-RuO2-CNx catalyst showed excellent catalytic activity for HER and 

OER at wide pH range. We have shown that HER activity of this catalyst is comparable 

to Pt/C in acid and is better than Pt/C in base at high overpotential. We have also 

demonstrated that  OER activity of this 1D-RuO2-CNx catalyst is better than state of art 

catalysts (RuO2 or IrO2) in terms of onset potential, over-potential for appreciable 

current density (10 mAcm-2), Tafel slope.  Most importantly, stability (continuous 

cycling and chronoamperometry)  tests proved OER stability of 1D-RuO2-CNx catalyst 

is much higher that of commercial RuO2. Although it is general believe that OER 

activity and its stability are inversely related (e.g. rutile RuO2 is more stable, but less 

active whereas amorphous RuO2 is less stable, but more active), this 1D-RuO2-CNx 

catalyst interestingly showed very high OER active as well as remarkable stability. The 

outstanding HER and OER activity with excellent long term durability of this catalyst 

is making them a promising electro-catalyst for various renewable energy storage and 

conversion devices such as water-splitting devices, metal-air batteries, fuel cells etc. 
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Chapter 6 

Formic Acid oxidation on Palladium Nanoparticles- Graphitic Carbon Nitride  

6.1 Abstract  

The electrochemical formic acid oxidation reaction (FAO) is an anodic process of 

direct formic acid fuel cells (DFAFCs). Carbon supported platinum (Pt/C) and 

Palladium (Pd/C) catalysts are widely used as anode materials for FAO. The CO 

poisoning of Pt/C and poor stability of Pd/C are main obstacles for its 

commercialization. We report here superior electrocatalytic activity of Palladium 

nanoparticles-carbon nitride composite (PdNPs/CNx) towards formic acid oxidation 

(FAO) with high mass activity (1640 mAmgPd-1) in acid media which is 7.2 times 

higher than that of commercial Pd/C catalyst in 0.5 M H2SO4 medium. It also exhibited 

an outstanding stability for FAO (mass activity of this catalyst was 23 times higher than 

commercial Pd/C after 1000 cycles).      

6.2 Introduction 

Development of sustainable and renewable energy sources1 are gaining enormous 

attentions due to the limited access of natural fossil fuel  and the rapid rise of energy 

demand. The fuel cells are the green energy resources, alternative to fossil fuel.2 In 

recent years, Direct Formic Acid Fuel Cells (DFAFCs) have attracted attentions to 

scientific community due to its unique advantages over hydrogen fuel cell and direct 

methanol fuel cells (DMFCs).3 For hydrogen fuel cell, hydrogen storage and 

transportation are the main limitations for its applications, whereas methanol cross 

over, toxicity of methanol are the disadvantages of DMFCs. The DFAFCs has been 

created great attention as a promising alternate to DMFCs due to its higher power 
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density, low fuel crossover, higher energy efficiency and higher electromotive force. 

The theoretical open circuit potential of DFAFCs is 1.48 V (vs. saturated hydrogen 

electrode) which is higher than hydrogen and methanol fuel cells.4 The low fuel 

crossover in DFAFC is due to dissociation of formic acid to format ions (HCOO-) and 

their repulsive interaction.5 The electro-oxidation of formic acid on solid surfaces is 

known to occur via two different paths – (1) dehydrogenation process, the direct-path 

involves oxidation of formic acid to carbon dioxide (HCOOH = CO2 + 2H+ + 2e-) and 

(2) the indirect-path (dehydration path) occurs via intermediate  formation, oxidation of 

adsorbed CO species (HCOOH = COads + H2O = CO2 + 2H+ + 2e-).6 The formic acid 

oxidation through indirect path is easier one since the energy barrier of C-H bond 

activation is more than that of C-O bond activation. The Pt and Pd based catalysts 7-10 

are considered as the most effective electrocatalysts for the oxidation of formic acid.  

However, Pd catalysts are more suitable than Pt.11-13 The main disadvantage of Pt 

catalysts is the CO poisoning since FAO proceeds through indirect-pathway. In 

contrast, Pd catalysts14-15 are considered as better electrocatalysts than Pt  because of 

the reaction  on Pd surface follows direct-pathway. However, stability of Pd catalysts is 

main issue since they are less stable for electro-oxidation of formic acid in acid 

electrolyte than Pt. The formic acid oxidation reaction over Pd surface highly depends 

on the electronic effect16, shape17 and crystal pattern of the surface18. Several strategies 

were adopted by different groups to enhance catalytic activity at low over potentials 

and increase durability of Pd based catalyst such as by making bimetallic compound19-

20 of Pd, alloying with early transition metal, 21-27 addition of adatoms28-32 such as Pb, 

Bi, Sb on the Pd surface. 

In recent years, carbon based materials are gaining attentions due to their versatile 

physical and chemical properties as well as the superior applications towards electro-
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catalysis. The g-C3N4 is one of the promising materials among different carbon based 

materials due to its unique structure, comprising of large number of carbon-nitrogen 

coordination nest to stabilize nanoparticle. The g-C3N4 supported stabilized metals 

nanoparticles have different potential applications towards electrochemical sensing,33 

photo catalysis,34 electro catalysis35 etc.  But low conductivity of g-C3N4 moiety 

obstacles their intrigue application. However, several groups have reported 36-37 that the 

decrease of nitrogen concentration in carbon nitride support increases conductivity of 

support and thereby enhances the electrochemical performances. It is still challenging 

to synthesize electrocatalysts with high conductivity for improved the catalytic activity 

and high stability under operating condition.  

Herein, we report the superior catalytic activity of PdNPs/CNx catalyst towards 

electrochemical FAO. The oxidation of formic acid on PdNPs/CNx occurs via direct 

pathway and its mass activity is 7.2 time higher than that of commercial Pd/C. Most 

importantly, this catalyst shows a remarkable durability and long-term stability towards 

FAO as compare to commercial Pd/C and Pt/C catalyst. The superior catalytic activity 

of PdNPs/CNx can be mainly attributed by the lower charge transfer resistance (Rct) due 

to strong interaction between Pd nanoparticles and CNx support.  

6.3 Experimental Section 

Preparation of g-C3N4:  

The g-CNx was synthesized38 by microwave heating of fomamide (HCONH2). In a 

microwave oven 30 ml HCONH2 was heated at 180°C for 3 hrs. The brownish solution, 

thus obtained was further evaporated at 180°C to produce a black product. Then the 

black product was washed with distilled water and dried in vacuum in order to obtain 

desired g-CNx.  
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PdNPs/CNx Catalyst Synthesis: 

The PdNPs/CNx catalyst was synthesized by ultrasound mediated brohydride reduction 

method, reported recently by our group.35 First, aqueous PdCl4
-2 solution was prepared 

by dissolving 0.14 mmol PdCl2 into 8 ml aqueous 0.1% HCl solution. Next g-CNx (5 

mg) was dispersed in de-ionized water (2 ml) and then added 8ml aqueous PdCl4
-2 

solution into dispersed g-CNx suspension. After that 0.1 M aqueous solution of NaBH4 

(0.7 ml) was added gradually to the previous mixture. The whole solution was 

sonicated at a constant frequency (28 kHz) using a probe sonicator for 3 hours. Finally 

the black product was separated by centrifugation and then dried under vacuum. 

Preparations of Working Electrode: 

First, PdNPs/CNx catalyst (0.5 mg) was dispersed in Millipure water (1ml) by half an 

hour sonication at a constant frequency (60 Hz). Then  this solution was kept for few 

days (3 days) before being used for electrode preparation. 10 L of this aged solution 

was evaported on polished glassy carbon working electrode of 3 mm diameter at 

~500C.   In this procedure, no polymer binder (nafion) was required for the preparation 

of PdNPs/CNx, modified GC electrode for FAO activity and stability studies. Although 

in FAO activity experiment,  In order to observe long term stability of Pt/C or Pd/C 

electrode, polymer binder was required for the immobilization of catalyst on GC 

electrode. In a typical experiment, 1.5 mg Pt/C or 1 mg of Pd/C catalyst were added to 

1ml of water followed by vigorous solication for  half an hour. Then  the aliquot ( 20 μl 

for Pt/C and 10 μl  for Pd/C)  was drop casted onto the electrode and kept for drying. 

For  Pd/C ,Next,  the electrode was charged with 10 μl nafion solution  (0.25 wt% ) and 

kept for drying. 
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6.4 Results and Discussion 

In an ultrasound-mediated process, aqueous PdCl4
-2 solution containing g-CNx was 

reduced by NaBH4 in order to obtain the PdNPs/CNx catalyst (details in experimental 

section). Surface structure of PdNPs/CNx catalyst was investigated by TEM image as 

shown in Figure 6.1.a From TEM image it was clearly observed that the Pd-NPs were 

decorated on the g-CNx with particle size distribution in between 5-14 nm (Figure 

6.1.b).  

 

Figure 6.1. (a) TEM image and (b) corresponding particle size distribution plot of PdNPs/CNx. 

 

For comparisons, we have performed the TEM measurement of comm. Pd/C and Pt/C 

catalyst (Figure 6.2.). The TEM image of comm. Pd/C catalyst and corresponding 

particle size distribution was shown in Figure 6.2.(a,b). The particle size of Pd 

nanoparticles in comm. Pd/C was found to be within 6-10 nm. The TEM image of 

comm. Pt/C catalyst was shown in Figure 6.2.c. TEM image of Pt/C catalyst clearly 

shows very small particles are well distributed on the carbon sheets. The sizes of Pt 

particles in commercial Pt/C were in between 2-5 nm (Figure 6.2.d). The morphology 

of PdNPs/CNx catalyst was further investigated by FE-SEM measurement as shown in 

Figure 6.3.a. In addition also distribution of the palladium NPs was investigated by 
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EDX mapping as shown in Figure 6.3.(b-e). The FE-SEM mapping clearly shows that 

Pd, C, N elements are uniformly distributed in the composite materials. The amount of 

Pd loading in PdNPs/CNx composite calculated from FE-SEM EDX experiment and it 

is ~ 61.1 wt. %.   

 

Figure 6.2. TEM image and corresponding particle size distribution plot of (a,b) comm. Pd/C 
and (c,d) comm. Pt/C.   

 

From these measurements clearly confirmed the formation of Pd-NPs on the g-CNx 

moiety by ultrasound assisted NaBH4 reduction methods. Inductively coupled plasma 

optical emission spectrometry (ICP-OES) was used to measure the amount of Pd 

loading on PdNPs/CNx catalyst. The ICP-OES analysis confirmed 59.4 wt.% PdNPs 

was present in PdNPs/CNx catalyst. CHN elemental analysis indicated that the N:C 

ratio in PdNPs/CNx catalyst was 0.89 where as in free g-C3N4 moiety it was 1.1.  
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The CV curves of PdNPs/CNx catalyst, comm. Pd/C and Pt/C catalyst collected from 

N2 saturated 0.5 M H2SO4 medium were shown in Figure 6.4.(a-c). 

 

Figure 6.3. (a,b) FESEM images of PdNPs/CNx composite. EDX elemental mapping of 

(c) Pd, (d) Carbon and (e) Nitrogen. 

 

The electrochemical active surface area was calculate from the H-desorption peak by 

the formula  

                    ECSA (from H-desorption peak) = 
𝑄𝑠

0.21∗𝑀𝑃𝑑
 

where Qs is the average charge calculated from area under the voltragram of the H- 

desorption CV curve in mC /cm2 unit shown in Figure 6.4. (a-c),by  

𝑄𝑠 = ∫
𝐼 ∗ 𝑑𝐸

𝑣
 

Where 𝑣 is the scan rate.  

The electrochemical surface area (ECSA) of PdNPs/CNx and comm. Pd/C and Pt/C 

catalyst was extracted from H-adsorption/desorption region of CV curves (Figure 
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6.4.(a-c).The calculated ECSA values of PdNPs/CNx, comm. Pd/C and Pt/C in 0.5 M 

H2SO4 electrolyte were 63 m2g-1, 57.4 m2g-1 and 59.2 m2g-1 respectively.  

 

Figure 6.4. CV curves of different catalyst in N2 saturated 0.5 M H2SO4 with 100 mV/sec scan 
rate (a) PdNPs/CNx , (b) Comm. Pd/C, (c) Comm. Pt/c respectively. 

 

The very good ORR activity39 of PdNPs/CNx composite was reported by our group 

recently. Figure 6.5.(a-c) demonstrated the typical CV curves of PdNPs/CNx , comm. 

Pd/C and Pt/C modified GC electrodes in 0.5 M H2SO4 electrolyte with and without 0.3 

M HCOOH solution at a scan rate of 50 mV/sec. Figure 6.5.a shows both forward and 

backward scan of PdNPs/CNx catalyst for FAO. In addition also Figure 6.5.(a,b) 

shows both forward and backward scan of comm. Pd/C and comm. Pt/C catalyst for 

FAO in 0.5 M H2SO4 solution. The forward scan of CV curve of Pt/C catalyst is consist 

of two separate peaks – peak at 0.52 V can be assigned for FAO through direct-path 

and peak at 0.94 V can be attributed to FAO through indirect-pathway(Figure 6.5.c). 

But, in case of Pd/C and PdNPs/CNx catalysts, the forward scan has only single peak at 

0.44V and 0.37 V respectively (Figure 6.5.(a,b)). This suggested that formic acid 

oxidation on these Pd catalysts occurred through 2e- electron transfer direct pathway.14, 

40 The comparisons of CV forward scan for different catalyst in presence of formic acid 

have also shown in Figure 6.6.a.  



Formic Acid oxidation on Palladium Nanoparticles- Graphitic Carbon Nitride Composite 
                                                                                                                                                                                                                       Chapter 6 

186 
 

Figure 6.5. Comparison of full CVs of (a) PdNPs/CNx, (b) comm. Pd/C, (c) comm. Pt/C 

presence and absence of formic acid.   

  

The maximum peak current of forward scan for PdNPs/CNx, comm. Pd/C and Pt/C 

were appeared at 0.37 V, 0.44 V, and 0.44 V (RHE) respectively. We have calculated 

the mass and specific activity of different catalyst to measure the efficiency towards 

FAO. The mass activity (mAmg-1
Pd) was calculated from the measured current J 

(mA) at particular overpotential and Pd metal loading m (mg) on the electrode 

surface using following equation: 

Mass activity (MA) = 
J (mA)

m(mg)
 

The specific activity of the catalyst were measured from mass activity (MA), 

geometrical area of the electrode S (cm2) and metal loading m (mg) on the 

electrode: 

Specific activity (SA) = 
MA × m 

S
 

The measured MA of PdNPs/CNx, comm. Pd/C and Pt/C catalyst at peak potential were  

1640 mA/mgPd 227.7 mA/mgpd and 192 mA/mgPt respectively. In addition, the catalytic 

activities for different catalysts for FAO was summarized in Table 6.1. The 

PdNPs/CNx catalyst has 70 mV more negative peak potential and 7.2 times higher mass 

activity than comm. Pd/C catalyst for FAO reaction. 
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Table 6.1.  Different parameters of different catalysts for FAO reaction in 0.5 M H2SO4. 

 

At 0.4 V (RHE) (the typical working voltage in DFAFC) the current density of 

PdNPs/CNx catalyst for formic acid oxidation is ~7.6 times and ~36 times higher than 

that of comm. Pd/C and Pt/C catalyst respectively. The comparison of the mass activity 

of PdNPs/CNx, comm. Pd/C and Pt/C catalysts at different potentials is shown in 

Figure 6.6.b. The porous PdNPs/CNx catalyst has higher mass activity at any potential, 

lower to 0.8 V; but at the potential of 0.9 V, the Pt/C has higher mass activity than 

PdNPs/CNx catalyst since Pt/C follows dual pathway mechanism. 

 

Figure 6.6. (a) Forward scan of CV curves of PdNPs/CNx, comm. Pd/C, comm. Pt/C. 

(b) Comparison of M.A. for PdNPs/CNx,comm. Pd/C, comm. Pt/C catalyst at different 
potentials.    

 

The long term cycling stability of these catalysts was carried out as shown in Figure 

6.7.a and Figure 6.7.b. The CV cycling stability of PdNPs/CNx and Pd/C catalyst was 

performed in the potentials range of 0.14 to 1.24 V (RHE) at scan rate of 50 mV in 

steady state. Although the mass activity of PdNPs/CNx decreases to 1100 mA mgpd
-1 

catalyst ECSA 

(m2g-1) 

Peak potential (V 

vs RHE) 

Mass activity 

(mAmgM
-2) 

Specific activity 

(mAcmgeo
-2) 

 

PdNPs/CNx 42.0 0.37 1640 70.18 

Commercial Pd/C 39.4 0.44 227.7 9.76 

Commercial Pt/C 36.4 0.94 192 8.23 
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after 1000 cycles, but it was still much higher than that of Pd/C (48 mA mgPd
-1) and 

Pt/C catalyst. The long term cycling stability of this PdNPs/CNx catalyst is excellent 

since it retains ~ 70% of its initial current density whereas Pd/C and Pt/C retains only 

17% and 2.4% of its initial mass activity after 1000 repeated cycles (Figure 6.7.b). In 

addition the catalytic activity and long term stability of PdNPs/CNx composite was 

further studied by measuring change of ECSA with cycle number. Figure 6.7.c shows 

the change in ECSA of PdNPs/CNx in comparison with comm. Pd/C and Pt/C catalyst 

with CV cycle number. After 1000 cycle, ECSA of Pd-CNx composite decreases only 

15% whereas it decreases 74 and 71% for comm. Pd/C, Pt/C respectively.  

 

Figure 6.7. Comparative study of (a) absolute M.A. values (b) Normalised M.A. values, 
(c) ECSA, and (d) Chronoampermetric response of  different catalysts with cycle 

number  in 0.5 M H2SO4. 
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Table 6.2. Comparison of mass activity and peak potential of PdNPs/CNx with reported 

Pd based catalyst for FAO in 0.5 M H2SO4 electrolyte. 

 

The comparison of chronoamperometry study of PdNPs/CNx, Pd/C and Pt/C catalyst at 

an operating potential of 0.33 V (RHE) in 0.5 M H2SO4 + 0.5 M HCOOH solution was 

shown in Figure 6.7.d. This revealed that the current densities of these three electrodes 

decreases with time and the current density of PdNPs/CNx catalyst was much higher 

than that of Pd/C and Pt/C over the entire scan time range. After 3200 sec scan the 

current density on PdNPs/CNx electrode was 6.2 and 27 times higher than that of Pd/C 

 

Catalyst 

 

Peak potential 

(V) (RHE) 

 

Mass activity 

(mA mgPd
-1

) 

 

Ref. 

 

Pd-graphene 

 

0.45  

 

500 

  

27 

Pd-DNA@CNTs 0.44 181.23 28 

 

Pd sheet 0.42  1380  29 

 

Pd cube 0.48  ~140 30 

Pd57Ni43 0.36 ~850  12 

 

C-PdCu 0.48 1192.9 32 

 

Pd6Co 0.43  430.8 16 
 

Pd1Ni1-NNs/ RGO 0.58 604.3 33 

Pd -tripod 0.48 401.0 31 

 

PdNPs/CNx 0.37  1640 This 

work 
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and Pt/C respectively. This proves that this PdNPs/CNx catalyst has much higher 

durability than that of commercial Pd/C and Pt/C.  The comparison of the mass activity 

as well as the peak potentials of PdNPs/CNx for FAO with reported Pd and Pt based 

catalyst was shown in Table 6.2. The PdNPs/CNx catalyst has higher mass activity 

(1640 mA mgPd
-1) than the different monometallic Pd based electrocatalysts such as Pd-

graphene (500 mA mgPd
-1),41 Pd-DNA@CNT (181.23 mA mgPd

-1),42 Pd-sheet (1380 

mAmgPd
-1),43 Pd cube (140 mAmgPd

-1)44 Pd-tripod (401.0 mAmgPd
-1)45 and also higher 

or comparable mass activity with respect to different bi- metallic systems such as 

Pd57Ni43 (850 mA mgPd
-1),19 C-PdCu (1192.8 mA mgPd

-1),46 Pd6Co(430.8 mA mgPd
-1)23 

and Pd1Ni1-NNs/RGO (604.3 mA mgPd
-1).47 The higher mass activity, more negative 

peak potentials and long term durability of PdNPs/CNx as compared to the commercial 

Pt/C and Pd/C catalyst suggest the intrinsic and excellent catalytic activity towards 

electrochemical FAO reaction.  

 

Figure 6.8. (a) EIS spectra of PdNPs/CNx. (b) Comparison of EIS spectra of PdNPs/CNx, 

comm. Pd/C, comm. Pt/C in 0.5 M H2SO4. 

 

The strong metal-support interaction also enhances electron transport thorough the 

catalyst support. In order to find charge transfer resistance of the composite, impedance 

spectroscopic studies were performed shown in Figure 6.8.(a,b). The charge transfer 

resistance (Rct) of PdNPs/CNx, Pd/C and Pt/C are 39.7, 90 and 870 ohm respectively. 
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The considerably low Rct value in PdNPs/CNx suggests that the strong synergistic 

interaction between Pd-NPs and CNx facilitates electron transfer through the composite  

 thus enhances the electrocatalytic activities of the PdNPs/CNx catalyst. In addition, 

presence of N atom in support (CNx) is also helped to enhance catalytic activity of this 

PdNPs/CNx composite. 

6.5 Conclusions 

Thus, we have demonstrated the superior behavior of PdNPs/CNx electro-catalyst as 

compare to the commercial Pt/C or Pd/C for formic acid oxidation in acidic media. The 

mass activity of PdNPs/CNx composite for FAO is 7.2 times higher than that of 

commercial Pd/C and its peak potential is 70 mV more negative as compare to 

commercial Pd/C. In addition, mass activity of PdNPs/CNx catalyst became 23 times 

higher than Pd/C after 1000 continuous LSV cycles confirming an outstanding stability 

of this catalyst. The excellent catalytic activity and durability of PdNPs/CNx catalyst is 

well supported by the decreasing charge transfer resistance of PdNPs/CNx catalyst. The 

outstanding performance of PdNPs/CNx towards formic acid oxidation making them a 

superior catalyst for FAFCs. 
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Chapter 7 

CoFe Layered Double Hydroxide Supported on Graphitic Carbon Nitrides as a 

Bi-functional Electrocatalyst  

7.1 Abstract 

Herein, we report the synthesis of cobalt iron layered double hydroxide (Co1-Fe LDH) 

and g-carbon nitride composite (Co1FeLDH/g-CNx) for alkaline water electrolysis. 

The thin Co1-Fe LDH nano-sheets are successfully impregnated on graphitic carbon 

nitride surface by one pot co-precipitation method at ambient temperature. The optimal 

composite, Co0.4Fe0.6 LDH/g-CNx exhibited superior OER activity in 1 M KOH 

electrolyte with a small overpotential of 0.28 V for 10 mA cm-2, low Tafel slope of 29 

mV/dec, 100% faradic efficiency and high TOF of 0.25 s-1 which is superior to 

commercial (comm) IrO2. Furthermore, the Co0.4Fe0.6 LDH/g-CNx composite also 

exhibited remarkable HER activity in alkaline media and its HER activity is slightly 

lower than that of comm. Pt/C at low overpotential but it out-performs Pt/C at high 

overpotential. The catalyst demonstrated its long term durability and higher stability for 

HER and OER under alkaline environment. This Co0.4Fe0.6 LDH/g-CNx catalyst can 

serve as both cathode and anode for overall water-splitting and required the small 

potential of 1.61 V to achieve a current density of 10 mA cm-2. The superior 

electrocatalytic activities of the Co0.4Fe0.6 LDH/g-CNx composite are due to the high 

electrochemical surface area (ECSA), easy access of abundant active sites and easy 

mass transport owing to 2D sheet morphology of the composite. 
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7.2 Introduction 

It is very important to develop non-precious metal based highly active and durable 

electro-catalyst for water splitting reactions1-3. In recent years, tremendous efforts have 

been devoted for development of low cost electro catalyst for HER 4-7 and OER 8-12. 

Several studies confirmed that first row transition metal dichalogenide13-14, phosphide6, 

15, nitride16 and carbide17 catalysts exhibited superior HER activity whereas transition 

metal oxide18-19, hydroxides12, 20-21 and oxy(hydroxide)11 based catalysts are active for 

OER. Generally, most of the good HER catalysts are active in acidic environment22-23 

whereas most of the nonprecious OER catalysts are active under alkaline 

environment24-25. The designing of a bi-functional catalyst 26-30 where the single 

catalyst is used as a cathode (HER) and anode (OER) under similar electrolyte, is 

highly desirable because this simple system reduces the cost of the water electrolyser. 

The transition metal based layered double hydroxides31-32 (LDHs) with the general 

formula of [M2+
1-x M

3+
x (OH)2]

x+[An-
(x/n). mH2O]x is considered as promising materials 

for alkaline water splitting reaction33-37 because of its layered, open structure and 

densely distributed active sites. However, the poor electrical conductivity, low specific 

surface area and inherent corrosion susceptibility of transition metals LDH in the 

alkaline environment are the main obstacles for their electrochemical applications. For 

an electrochemical application, the LDH powder catalysts are generally immobilized 

directly on flat electrode (glassy carbon electrode) by using a polymer binder (e.g., poly 

tetra fluoro ethylene and Nafion) or conductive agent. But during immobilization of 

LDH with polymers, a large number of active sites are buried inside polymer and 

develop a contact resistance (Rct) between the catalyst and current collector to inhibit 

the electron transfer between catalysts and current collector. In order to resolve these 

problems, most commonly used strategies are the combination of LDH and conducting 
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supports such as nickel foam,38 different conducting carbon matrix39 with their 

improved charge transfer mobility and high surface area for electrochemical 

applications. Among different nano carbons grapheme,40 carbon nanotube,41 carbon 

quantum dots42 etc. have been applied as catalyst supports. In recent years, two 

dimensional (2D) hetero assymble structure38 of graphene have great interest of study 

because of its unique properties such as high electron mobility, large surface area and 

high mechanical strength. Recently, Yao and his co-workers20 reported an improved 

water splitting activity of Ni-Fe hydroxide by making a heterostructure assembly with 

defective graphene. Furthermore, Ma et al. reported43 hetero-assembled Ni–Fe 

hydroxide nano-sheets and graphene for efficient oxygen evolution. Han et al. 

reported40 integration of CoFe-LDH with rGO  to form sheet-on-sheet CoFe-LDH/r-

GO composite with enhanced mass and charge transport behaviors for OER in alkaline 

media. Graphitic carbon nitride; another 2D material having similar structure like 

graphene, has been attracted attention as a support materials for various metal 

nanoparticles and transition metal oxide due to its potential applications in energy 

conversion,44-45 organic transformation,46 and photo-catalysis.47 Although graphene-

LDH based heteroassymble catalyst are known for superior OER activity, but, there are 

very few reports on LDH based heteroassymble catalyst 48-49 for overall water splitting 

reaction. Developing a non-precious metal LDH based composite material with 

improved conductivity and superior catalytic activities with high durability still is a 

daunting task. 

Herein, we report one pot co-precipitation synthesis of cobalt iron layered double 

hydroxide (Co1-Fe LDH) supported on g-carbon nitride at room temperature. The in 

situ nucleation and growth on carbon nitride surface leads to the formation of two 

dimensional composite of Co1-Fe LDH and g-CNx (Co1-Fe LDH/g-CNx), where thin 
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Co1-Fe LDH sheets are dispersed on g-CNx sheets without aggregation. This 

composite showed superior activity towards HER and OER in alkaline media. The 

Co0.4Fe0.6 LDH/g-CNx has superior OER activity and stability in alkaline media with 

over-potential () of 0.28 V at 10 mAcm-2 and high TOF value of 0.25 s-1 at = 0.35 V. 

The OER activity of Co0.4Fe0.6 LDH/g-CNx electrocatalyst is much higher than that of 

comm. IrO2 whereas its HER activity is close to that of Pt/C in alkaline media. The 

amount of gas evolved from HER and OER processes was quantified and gases were 

produced with 100% faradic efficiency for both HER and OER.  

7.3 Experimental Section 

Synthesis of Graphitic Carbon Nitride (g-CNx): 

Graphitic carbon nitride (g-CNx) was synthesised from formamide by microwave 

heated method recently report by our groups.50 In a typical a procedure, formamide (30 

ml) as precursor, was placed in 100 ml three-neck round bottom flask (RB) fitted with 

temperature controlled probe and heated at 180 °C by irradiation of 300 watt 

microwave for 180 min. After the reaction completion, a brown color solution was 

obtained from colorless formamide and the resulting brownish solution was evaporated 

at 180 °C in a rotary evaporator to get a solid product. The black solid product was 

washed 3 to 4 times with de-ionised (DI) water to remove un-reacted formamide and 

dried in a vacuum to obtain desired solid g-CNx.  

Synthesis of Co1-Fe LDH/g-CNx Composite:  

Co1-Fe LDH/g-CNx composites (= 0.1, 0.17, 0.28, 0.40, 0.50, 0.6, 0.72, 0.83, 0.9) 

were synthesized by one-pot co-precipitation methods. In a typical synthesis of 

Co0.4Fe0.6 LDH/g-CNx composite, 15 mg g-carbon nitride was dispersed in 50 ml 

deionised water by bath sonication in a 250 ml three neck round bottom flask (RB). 100 

ml an aqueous solution containing 0.14 mmol of Co(NO3)2.6H2O, 0.22 mmol of 
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Fe(NO3)3.9H2O (total metal ion concentration 0.36 mmol) and 0.125 gm of NH4F was 

slowly poured into aqueous dispersion of g-CNx with continuous magnetic stirring for 1 

hr at room temperature. After this, 30 ml of 0.015(M) ammonia solution (25%) was 

added drop wise into that 250 ml RB at a rate of 5 drops/sec and the reaction was 

continued for 48 hrs at room temperature. After completion of the reaction, the whole 

suspension was centrifuged at 1,000 rpm for 4 min and the centrifuged mass were 

washed with de-ionized water as well ethanol separately for five times and finally, solid 

products was dried over vacuum. The obtained solid product was named as Co0.4Fe0.6 

LDH/g-CNx.   

Synthesis of Co Hydroxide or Fe hydroxide g-Carbon Nitride Composite:  

Co(OH)2/g-CNx and FeO(OH)/g-CNx composite was synthesized by similar procedure 

as mention above. 0.36 mmol of Co(NO3)2.6H2O and 0.36 mmol of Fe(NO3)3. 9H2O 

were used for the synthesis of Co(OH)2/g-CNx and FeO(OH)/g-CNx respectively. 

Synthesis of Pure Co0.4Fe0.6 LDH:  

Pure Co0.4Fe0.6 LDH was synthesized without g-CNx by the similar procedure as 

mentioned above.  

Electrode Preparation: 

Co0.4Fe0.6 LDH/g-CNx Coated on Glassy Carbon Electrodes:  

As synthesized 2 mg Co0.4Fe0.6 LDH/g-CNx was dispersed into 1ml of mixed solvent of 

DI-Ionized water/Isopropanol (4:1 V/V) by sonication for 20 min to form a 

homogeneous suspension. 5 l of homogeneous suspension of catalyst (metal contained 

4.5 g) was drop casting onto the 0.07 cm-2 of glassy electrode surface and dried at 40 

0C. The catalyst loading on GC electrode was 0.14 mg cm-2.  

Co(OH)2/g-CNx and FeO(OH)/g-CNx Coated on Glassy Carbon Electrodes:  

2 mg of synthesized Co(OH)2/g-CNx or FeO(OH)/g-CNx was dispersed into 1 ml mixed 

solvent of DI-Ionized water/Isopropanol (4:1 v/v). After that 5 l of the homogeneous 
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suspension was drop casting onto GC surface as similar to above method. Maintain the 

catalyst loading was 0.14 mg cm-2. 

Physical Mixture of Co0.4Fe0.6 LDH and g-CNx Coated on Glassy Carbon 

Electrodes:  

6 mg Co0.4Fe0.6 LDH was homogeneously mixed with 4 mg g-C3N4 in solid state in a 

porcelain pot by hand grinding. After that 2 mg of this homogeneous mixture was 

dispersed and drop caste onto GC electrode as similar methods describes above. The 

catalyst loading on the GC electrode surface was 0.14 mg cm-2. 

7.4 Results and Discussion 

The Co1-Fe LDH/g-CNx composite with different compositions (= 0.1, 0.17, 0.28, 

0.40, 0.50, 0.6, 0.72, 0.83, 0.9) were synthesised by one pot co-precipitation method at 

room temperature from Co(NO3)2 .6H2O; Fe(NO3)3 .9H2O and g-CNx (details in 

Experimental section). Figure 7.1.a shows the powered X-ray diffraction (p-XRD) 

pattern of Co0.4Fe0.6 LDH/g-CNx and g-CNx. The p-XRD pattern of g-CNx shows a 

peak at 2value 27.3° corresponding to the (002) plane of g-carbon nitride.50 The p-

XRD patterns of Co0.4Fe0.6 LDH/g-CNx has diffraction peaks at values of 11.05o, 

22.66°, 33.43°, 38.25°, 45.55°, 58.82° and 59° are assigned to (003), (006), (012), (015), 

(018), (110) and (113) planes of pure Co0.4Fe0.6 LDH respectively and peak at 27.3° due 

to graphitic (002) diffraction plane of g-CNx. 

 

Figure 7.1. p-XRD pattern of (a) g-C3N4 and Co0.4Fe0.6 LDH/g-CNx hybrids composite, (b) 
Pure Co0.4Fe0.6 LDH. 
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 The similarity in diffraction pattern of Co0.4Fe0.6 LDH/g-CNx composite and pure 

Co0.4Fe0.6 LDH (Figure 7.1.b) clearly demonstrated the consistency of LDH structure 

in the composite materials. The p-XRD pattern of Co(OH)2/g-CNx and FeO(OH)/g-CNx 

composite was also shown for comparison in Figure 7.2.(a,b). 

Figure 7.2. p-XRD pattern of (a) Co(OH)2/g-CNx and (b) FeO(OH)/g-CNx. 

 

 

 Fourier transform infrared (FT-IR) spectra of pure Co0.4Fe0.6 LDH and Co0.4Fe0.6 

LDH/g-CNx composite (Figure 7.3) has two sharp peaks at 1632 and 1352 cm-1 

indicating the presence of water and CO3
2- ion at interlayer position. The similar FT-IR 

spectra of pure LDH and composite materials reveals the intactness of LDH structure 

over g-CNx moiety.  

 

Figure 7.3. FT-IR spectra of g-CNx, pure Co0.4Fe0.6 LDH and Co0.4Fe0.6 LDH/g-CNx composite.   
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The morphology of the Co0.4Fe0.6 LDH/g-CNx composite was carried out by 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM). 

TEM images of the Co0.4Fe0.6 LDH/g-CNx composite was shown in Figure 7.4.(a-c) 

and Figure 7.5.(a-c) 

 

Figure 7.4. (a-c) TEM images of Co0.4Fe0.6 LDH/g-CNx hybrids composite. (d) HRTEM image 

of Co0.4Fe0.6 LDH/g-CNx. (e) STEM bright field image of Co0.4Fe0.6 LDH/g-CNx hybrids 
composite and (f-j) corresponding EDX elemental mapping of Co, Fe, N, O, C respectively. 

 

These TEM images clearly showed that thin two dimensional sheets of Co0.4Fe0.6 LDH 

are supported on g-CNx sheets. As shown in Figure 7.4.d, the HRTEM image of the 

composite showed lattice fringes with the lattice distances of 0.27 and 0.23 nm 

corresponding to (012) and (015) plane of Co0.4Fe0.6 LDH respectively. The HRTEM 

image confirmed the formation of hetero assembled composite between graphitic 

carbon nitride and Co0.4Fe0.6 LDH. Furthermore, the STEM image and their 

corresponding EDS mapping of Co0.4Fe0.6 LDH/g-CNx composite confirmed the 

uniform distribution of Co, Fe, N, O and C in the composite as shown in Figure 7.4.(e-

j). 



CoFe Layered Double Hydroxide Supported on Graphitic Carbon Nitrides as a Bi-functional 
Electrocatalyst.                                                                                                                                                                  
                                                                                                                                                                         Chapter 7                                                                                                                                                                                                    

202 
 

 The STEM mapping of Co and Fe with their overlay was shown in Figure 7.6.(a-d) 

which further confirmed that Co and Fe elements are uniformly distributed over the 2D 

sheets of graphitic carbon nitride. 

 

Figure 7.5. (a-b) TEM images and (c) EDX profile taken on Figure S7.3b, of Co0.4Fe0.6 LDH/g-

CNx. 

 

 

Figure 7.6. STEM mapping of (a) Co, (b) Fe, (c) Co+Fe and (d) Co+Fe+N+O of Co0.4Fe0.6 

LDH/g-CNx. 
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The FESEM sample was prepared by evaporation of the aqueous solution of the 

composite on silicon substrate. The FESEM images and corresponding EDS of 

Co0.4Fe0.6 LDH/g-CNx composite were shown in Figure 7.7.(a-c) where folded sheets 

of composite are present with Fe:Co atomic ratio of 1.5. 

 

Figure 7.7. (a,b) FESEM images of Co0.4Fe0.6 LDH/g-CNx composite. (c) EDX profile and its 
corresponding atomic as well as weight percentage of Co0.4Fe0.6 LDH/g-CNx. 

 

The surface oxidation state of Co and Fe in the Co0.4Fe0.6 LDH/g-CNx composite were 

studied by using X-ray photo electron spectroscopy (XPS). The wide range XPS 

spectra of Co0.4Fe0.6 LDH/g-CNx composite (Figure 7.8.a) confirmed the presence of 

carbon (C), nitrogen (N), cobalt (Co), iron (Fe) and oxygen (O). The high resolution 

XPS spectra of Co and Fe appeared as doublet (2p1/2 and 2p3/2) due to spin orbital 

coupling as shown in Figure 7.8.b and 7.8.c. The 2p3/2 spectra of Co was deconvulated 

into four peaks – peaks at 779.6 and 781.9 eV are assigned for Co+3 and Co+2 species, 
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remaining two peaks at ~785 and 788 eV are assigned to two shake-up satellite peak 

correspond to Co(II) and Co(III) species.24, 37  

 

Figure 7.8. XPS spectra of Co0.4Fe0.6 LDH/g-CNx composite (a) wide range XPS spectra and 
core level XPS spectra of (b) Co 2p, (c) Fe 2p, (d) O 1s. 

 

The atomic ratio of Co+2/Co+3 in the the Co0.4Fe0.6 LDH/g-CNx for hybrid composite 

was found to be 1:2. Similar curve fitting of the high resolution XPS spectra of Fe 2p3/2 

showed two distinct species,51 peak at 711.1 eV identified as Fe(II) whereas peak at 

714.6 eV corresponds to Fe(III). As shown in Figure 7.8.d, the O 1s XPS spectrum of 

Co0.4Fe0.6 LDH/g-CNx also was deconvulated into three peaks. The peaks at 529.6, 

530.9 and 533.6 eV are assigned to oxygen atom bound with metal atom, hydroxyl 

oxygen and oxygen of carbon-oxygen species respectively.  The deconvulated C 1s and 

N 1s spectra were shown in Figure 7.9 which are similar to the free g-CNx reported in 

the literature.61 The Nitrogen 1s spectra showed the presence of pyridinic and 

quaternary nitrogen atoms in the g-CNx moiety which act as coordination sites for 
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metal ions from their salts. As the co-precipitation reaction progress, nucleation 

followed by growth of Co0.4Fe0.6 LDH on the surface of CNx sheets lead to formation of 

Co0.4Fe0.6 LDH decorated g-CNx composite. 

 

Figure 7.9. (a) C 1s and (b) N 1s XPS spectra of Co0.4Fe0.6 LDH/g-CNx. 

 

 

The atomic composition of Co and Fe in the various hybrid composite was 

confirmed through ICP-OES measurements. It is found that Co0.4Fe0.6 LDH/g-CNx 

composite contained 27.1 wt% of Fe and 18.5 wt% of Co with Fe:Co was 1.46.  In 

addition, amount of carbon and nitrogen present in the Co0.4Fe0.6 LDH/g-CNx 

composite was measured by using CHN analysis as given in Table 7.1.  The CHN 

analysis suggests the N:C in Co0.4Feo.6 LDH/g-CNx composite was found to be 0.86 

whereas in the free g-CNx N:C ratio is 1.09. The catalytic activity of Co1-Fe LDH/g-

CNx composites with varying ratio of Co and Fe, were evaluated by performing electro-

catalytic oxygen evolution reaction (OER) in alkaline electrolyte using a conventional 

three-electrode setup.  

Table 7.1. CHN analysis of free g-C3N4 and Co0.4Fe0.6 LDH/g-CNx composite. 

 
Catalyst Carbon 

(wt.%) 

Nitrogen (wt.%) Oxygen 

(wt.%) 

N:C 

 

 

g-C3N4 43.13 47.3 3.79 1.09 

 

Co0.4Fe0.6LDH/g-CNx 13.66 11.72 3.12 0.86 
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Figure 7.10. (a) OER LSV curves, (b) Overpotentials need for 10 mA cm-2, (c) Tafel plots of 

Co1-Fe LDH/g-CNx composite with different composition. 

 

The glassy carbon electrode (GC) was coated with Co1-Fe LDH/g-CNx catalyst at a 

constant catalyst loading of 0.14 mg cm-2 and was applied as working electrode. The 

linear sweep voltammetry (LSV) curves for OER were collected between 1.0 to 1.9 V 

(RHE) potential windows at 5 mV/s scan speed with 1600 rpm rotation in O2 saturated 

1 M KOH electrolyte. The LSV comparisons curves and over-potential, need to reach 

the current density of 10 mAcm-2 of different Co1-Fe LDH/g-CNx composites in 1 M 

KOH electrolyte was shown in Figure 7.10.a and 7.10.b respectively. Tafel plots of 

Co1-Fe LDH/g-CNx composite with different composition are shown in Figure 7.10.c. 

The optimal catalytic activity was observed with Co0.4Fe0.6 LDH/g-CNx composition. 

The OER LSV curves of Co0.4Fe0.6 LDH/g-CNx composite, comm. IrO2 and Pt/C are 

presented in Figure 7.11.a. The OER on-set potential of Co0.4Fe0.6 LDH/g-CNx 

composite (Figure 7.11.b) is 1.46 V (RHE) which is lower than Co(OH)2/g-CNx (1.56 

V) and FeO(OH)/g-CNx (1.58 V). The Co0.4Fe0.6 LDH/g-CNx catalyst has lower onset 

potential in comparison with state of art IrO2 (1.49 V) suggesting very high OER 

activity.  



CoFe Layered Double Hydroxide Supported on Graphitic Carbon Nitrides as a Bi-functional 
Electrocatalyst.                                                                                                                                                                  
                                                                                                                                                                         Chapter 7                                                                                                                                                                                                    

207 
 

 

Figure 7.11. (a) LSV curves of Co0.4Fe0.6 LDH/g-CNx, Comm. IrO2, Comm. Pt/C, Co(OH2/g-

CNx, FeO(OH) /g-CNx and bear GC electrode in O2 saturated 1 M KOH electrolyte (Scan rate: 
5 mV/s, 1600 rpm). (b) LSV curve of Co0.4Fe0.6 LDH/g-CNx indicating onset potential and 

potential required for 10 mAcm-2. (c) Comparison of overpotentials required for 10 mAcm-2 

jmAc
 (d)Tafel plot of different catalysts in 1 M KOH electrolyte. (e) Comparison of 

TOF value at 0.35 V overpotentials. (f) The theoretical and measured amount of evolved O2 
gas on Co0.4Fe0.6 LDH/g-CNx electrode at current density of ~7mAcm-2 in 1 M KOH. 

 

The superior OER catalytic activity of Co0.4Fe0.6 LDH/g-CNx composite was further 

evaluated by comparing three parameters: (i) the overpotential required to reach current 

density of 10 mA cm-2mA cm
, (ii) Tafel slope and (iii) turnover frequency (TOF) 

values at 0.35 V overpotential. This Co0.4Fe0.6 LDH/g-CNx catalyst needs 

overpotential of 0.28 V to achieve 10 mA cm-2 a current density whereas comm. IrO2 

and Comm. Pt/C catalyst needed 0.37 and 0.45 V respectively (Figure 7.11.c). Tafel 

slope (log J vs V plot) is an intrinsic property of the catalyst that governs the rate 

limiting step among four step proton/electron couple OER reaction. The Tafel slope 

value (b) for a chemically reversible multistep proton/electron couple reaction with a 

single rate determining step was theoretically calculated by 
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𝑏 =
RT ln10 

(𝑛 − ) 𝐹
 

Where R, T and F define their usual meaning, n is the number of electron transfers of 

the corresponding step and  is the electron transfer coefficient (generally 0.5).  

Table 7.2. OER activity parameters of different catalysts in 1 M KOH electrolyte. 

 

Several reaction mechanisms for multistep OER reaction are available in literatures51-52. 

Recently, J.Rossmeisl and his co-worker51 found an analogous OER behavior of 

different oxide based electrocatalyst and proposed general four step reaction 

mechanism for OER on transition metal oxide electrocatalyst based on DFT 

calculation. Four steps for OER are described as follows: 

The first step is the water adsorption as hydroxyl group on the surface active site (S)- 

S + -OH = S-OHads + e-             b = 118 mV/dec            (1) 

The second step is deprotonation of adsorbed hydroxyl group via charge transfer   

S-OHads +
 -OH = S-Oads + H2O + e-    b = 39 mV/dec     (2) 

The third step is the formation of intermediated Oxy-hydroxide species  

S-Oads + -OH = S-OOH + e-         b = 24 mV/dec              (3) 

Final step is the oxygen evolution from intermediated oxy-hydroxide species  

Catalyst Onset 

potential  (V) 

in RHE 

Overpotential 

(V) at 

j = 10 mAcm-2 

jmAcm
. 

Tafel 

slope 

(mV/dec) 

M.A. at 

=0.35 V 

(mAmg-1) 

TOF (s-1) 

 

 

Co0.4Fe0.6  

LDH/g-CNx 
1.45±0.03 0.28±0.009 29±3 1353±4 0.25±0.01 

 

Comm. IrO2 1.49±0.02 0.37±0.004 74±4 45±2 0.013±0.05 

      

Co(OH)2/g-CNx 1.56±0.06 0.42±0.007 98±4 21±4 0.0035±0.0009 

      

FeO(OH)/g-CNx 1.58±0.08 0.46±0.005 103±8 15±6 0.0022±0.001 

 

Comm. Pt/C 1.53±0.05 0.45±0.003 113±2 11±2 0.0056±0.0009 
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S-OOH + -OH = S + O2 + H2O + e-   b = 17 mV/dec     (4) 

The Co0.4Fe0.6 LDH/g-CNx composite has a lower Tafel slope value of 29 mV/dec as 

compared to comm IrO2 (74 mV/dec) and comm. Pt/C (113 mV/dec) catalyst (Figure 

7.11.d). The low Tafel value of Co0.4Fe0.6 LDH/g-CNx catalyst suggests that the third 

step is the rate determine step for OER.  

Table 7.3. Comparison of OER activity of Co0.4Fe0.6 LDH/g-CNx composite with 

recently reported different OER catalyst in alkaline medium. 
Catalyst Electrolyte Overpotenti

al at 10 mA 

cm-2 (V) 

Tafel 

slope(mV

/dec) 

Current 

collector 

Reference 

CoMn LDH 1 M KOH 0.324 43 Glassy 

carabon 

J. Am. Chem. Soc. 

2014, 13, 1648153. 

 

NiCo LDH 1 M KOH 0.334 41 Glassy 

carbon 

Nat. Commun. 2014, 

5, 447735 

Ni0.9Fe0.1/NC 1 M KOH 0.330 45 Glassy 

carabon 

ACS Catal. 2016, 6, 

58048 

Ultrathin 

NiCo2O4 

nanosheets 

1 M KOH 0.320 30 Glassy 

carbon 

Angew. Chem. Int. 

Ed. 2015, 54, 739954 

rGO@CoNiOx 0.1 M KOH 0.320 45 Glassy 

carbon 

Adv.Funct.Mater. 

2017, 27, 160632555. 

CoFe-

LDH/rGO 

0.1 M KOH 0.325 N.A Glassy 

carbon 

Adv.Mater.Interfaces 

2016, 3,  150078240. 

 

NiCo-LDH-NS 1M KOH 0.334 45 Ni foam J. Power Sources  

2015, 278,  44556 

 

NiFe 

LDH/oGSH    

0.1M KOH 0.350 54 Glassy 

carbon 

J. Mater. Chem. A 

2015, 3, 2454057 

 

Ni-Fe 

LDH/CNT 

1 M KOH 0.250 31 Glassy 

carbon 

J. Am. Chem. Soc. 

2013, 135, 845234 

 

CoFe LDH-C 1 M KOH 0.415 47 Glassy 

carbon 

ACS Appl. Mater. 

Interfaces 2016, 8, 

3447437 

NiCo2.7(OH)x 

amorp.nanocag

e 

1 M KOH 0.350 65 Glassy 

carbon 

Adv. Energy Mater. 

2015, 5, 140188058 

Co5Mn-

LDH/MWCNT 

1 M KOH 0.300 73.6 Glassy 

carbon 

ACS Appl. Mater. 

Interfaces 2016, 8, 

1452741 

LiCo0.8Fe0.2O2 

(LCF0.2) 

0.1 M KOH 0.340 50 Glassy 

carbon 

Adv. Mater. 2015, 27, 

715059 

NiCo LDH 1 M KOH 0.367 N.A Carbon 

paper 

Nano Lett. 2015, 15, 

142160 

Co2.25 Cr0.75 O4 1 M NaOH 0.350 52 Glassy 

carbon 

ACS Catal. 2017, 7, 

443−45161 

Co0.4Fe0.6 

LDH/g-CNx 

1 M KOH 0.280 29 Glassy 

carbon 
This work 
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Furthermore, the catalyst has higher mass activity at 0.35 V than state of art IrO2 

catalyst as shown in Table 7.2. The catalyst has mass activity of 1353 mAmg-1 at 

=0.35 V, which was ~ 30 times higher than the comm. IrO2 catalyst (45 mA mg-1). 

The fundamental origin and trends in the activity of the catalysts were quantified by 

assessing the intrinsic activity, turnover frequency (TOF). The TOFTotal, OER value of 

different catalyst is shown in Figure 7.11.e. The TOFTotal, OER value of Co0.4Fe0.6 

LDH/g-CNx catalyst was 0.25 s-1 which is found to be 18 times of the comm IrO2 

catalyst. Furthermore, TOF value of Co0.4Fe0.6 LDH/g-CNx composite was much higher 

than that of only Co and Fe hydroxide/g-CNx composite, implies the enhanced OER 

catalytic activity of the Co0.4Fe0.6 LDH/g-CNx composite due to a synergistic interaction 

between Fe and Co atoms. The comparison of different parameters for electrocatalytic 

OER activity of Co0.4Fe0.6 LDH/g-CNx catalyst with other catalyst comm. IrO2, comm. 

Pt/C, Co(OH)2/g-CNx and FeO(OH)/g-CNx are provided in Table 7.2. 

 

Figure 7.12. (a) Chronopotentiometry study of Comm. IrO2 and Co0.4Fe0.6 LDH/g-CNx 

composite at 10 mAcm-2 current density (b) LSV cycling stability of Co0.4Fe0.6 LDH/g-CNx 

composite. 

 

The electrocatalytic OER activity of Co0.4Fe0.6LDH/g-CNx composite is compared with 

different benchmark transition metal based catalysts (Table 7.3.). The Co0.4Fe0.6 



CoFe Layered Double Hydroxide Supported on Graphitic Carbon Nitrides as a Bi-functional 
Electrocatalyst.                                                                                                                                                                  
                                                                                                                                                                         Chapter 7                                                                                                                                                                                                    

211 
 

LDH/g-CNx composite has high or comparable OER activity as compared to other 

transition metal based catalysts such as, CoFe-LDH/rGO,52 NiCo LDH,47 Fe1Co1-

ONS.30 Based on Table 7.2 and Table 7.3, it may be concluded that the Co0.4Fe0.6 

LDH/g-CNx is one of the best Co based electrocatalysts for oxygen evolution in 

alkaline media. Furthermore, the amount of O2 gas evolved during OER was quantified 

and compared with the amount expected during 100% faradic efficiency as shown in 

Figure 7.11.f. The theoretical amount of O2 was calculated from accumulated charge 

during galvanostatic electroly-sis by assuming 100% faradic efficiency. Figure 7.11.f 

shows that the experimentally evolved O2 amount was very close to 100% faradic 

efficiency during 150 min. The accelerated degradation study (ADS) of the composite 

was measured by performing LSV study before and after repeated accelerated CV 

cycling test of Co0.4Fe0.6 LDH/g-CNx catalyst as shown in Figure 7.12.a. The 

composite showed very high cycling stability after 1500 cycles. In addition long term 

durability and higher stability are essential parameters for a superior electro-catalyst. 

The long term durability of the Co0.4Fe0.6 LDH/g-CNx composite was investigated by 

chronopotentiometric response at a constant current density of 10 mA cm-2 (Figure 

7.12.b). This shows that Co0.4Fe0.6 LDH/g-CNx composite needs almost unchanged 

overpotential (~0.28 V) for oxygen evolution at 10 mA cm-2 for 24 hrs. The 

chronopotentiometry response for commercial IrO2 at 10 mA cm-2 was performed under 

similar condition and compared in Figure 7.12.b. The over-potentials for commercial 

IrO2 catalyst increases drastically from 0.35 V to 0.80 V within 4 hrs, suggesting the 

easy degradation of the comm. IrO2 catalyst. Thus, the chronopotentiometric study 

confirmed the superior stability of the Co0.4Fe0.6 LDH /g-CNx catalyst during the OER 

performance. 
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Figure 7.13. High resolution XPS spectra of (a) Co 2p and (b) O 1s of Co0.4Fe0.6 LDH/g-CNx 

composite after OER stability. 

 

We have performed XPS measurement of the catalyst after OER stability measurement 

to know the physical structure of the catalyst after long term durability study. After 20 

hrs, chronopotentiometry measurement at a constant current of 10 mA cm-2, the catalyst 

sample was collected from GC electrode surface for XPS measurements. The high 

resolution XPS spectrum of Co 2p and O 1s of the catalyst after OER stability was 

provided in Figure 7.13.(a,b). No significant change is observed in XPS spectra and 

Co+2/Co+3 ratio remains same as fresh catalyst, further confirming the higher stability 

and unaltered physical state of the catalyst under OER experimental condition.  

To evaluate the HER activity of these catalysts, we have recorded LSV curves 

of Co1-FeLDH/g-CNx modified GC electrode in H2 saturated 1 M KOH solution at 5 

mV/s scan rate with 1600 rpm rotation. Like OER performance, Co0.4Fe0.6 LDH/g-CNx 

composite has higher HER activity among different Co1-Fe LDH/g-CNx composite 

materials as shown in Figure 7.14.(a-c). The comparison of LSV curves of Co1-Fe 

LDH/g-CNx composites with different composition and comparison of overpotential to 

reach 10 mA cm-2 current density are shown in Figure 7.14.(a,b). 
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Figure 7.14. (a) HER LSV curves, (b) Overpotentials need for 10 mA cm-2, (c) Tafel plots of 

Co1-Fe LDH/g-CNx composite with different composition.  
 

 

Figure 7.15.a represents the HER LSV curves of Co0.4Fe0.6 LDH/g-CNx, commercial 

Pt/C, and other catalysts in 1 M KOH electrolyte. The Co0.4Fe0.6 LDH/g-CNx composite 

has much lower onset-potential than that of Co(OH)2/g-CNx and FeO(OH)/g-CNx 

catalysts. The state of the art Pt/C catalyst exhibited small onset potential of 0 V in 

RHE whereas Co0.4Fe0.6 LDH/g-CNx composite showed slightly higher onset potentials 

of ~0.12 V but Co0.4Fe0.6 LDH/g-CNx catalyst outperforms the HER activity of Pt/C 

catalyst at an overpotential above 0.32 V. 

 
Figure 7.15. (a) LSV curves of Co0.4Fe0.6 LDH/g-CNx, Comm. Pt/C, Co(OH2/g-CNx, FeO(OH) 

/g-CNx and bear GC electrode in H2 saturated 1 M KOH electrolyte (Scan rate: 5 mV/s, 1600 
rpm). In-set: LSV curve Co0.4Fe0.6 LDH/g-CNx indicating onset-potentials. (b) Tafel plot of 

different catalyst. (c) The theoretical and measured amount of evolved H2 gas on Co0.4Fe0.6 

LDH/g-CNx electrode at current density of ~7mAcm-2 in 1 M KOH. 

 

The rapid increase in cathodic current of Co0.4Fe0.6 LDH/g-CNx composite indicates the 

fast HER reaction kinetics in alkaline medium. Figure 7.15.b exhibited the Tafel plot 
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of Co0.4Fe0.6 LDH/g-CNx, comm. Pt/C, Co(OH)2/g-CNx and Fe(OH)2/g-CNx catalysts.  

The Co(OH)2/g-CNx and  Fe(OH)2/g-CNx has Tafel value of 165 and 136 mV/dec 

respectively whereas Co0.4Fe0.6LDH/g-CNx  catalyst  exhibits low Tafel value of 79 

mV/dec. It was reported in literature17 that in alkaline medium comm. Pt/C catalyst has 

a Tafel slope value of 120 mV/dec, following Volmer-Tafel mechanism with Volmer is 

the rate determine step. Here comm. Pt/C catalyst exhibited a Tafel value of 118 

mV/dec which is close to reported the value.  

 

Table 7.4. Comparison of HER activity parameter of different catalysts in 1 M KOH 

solution. 

 

Catalyst Overpotential (V) Tafel slope 

(mV/dec) 

Exchange current 

(mAcm-2) 
10 mAcm-2 60 mAcm-2 

Co0.4Fe0.6 LDH/g-

CNx 

0.270±0.008 0.342±0.008 79 ± 3 0.157±0.003 

Comm.Pt/C 0.135±0.004 0.40±0.004 118±2 N.A. 

 
Co(OH)2/g-CNx 0.586±0.01 0.661±0.01 165±6 0.015±0.008 

 
Fe(OH)2/g-CNx 0.489±0.005 0.609±0.005 136±8 0.051±0.005 

 

 

 

The low HER Tafel slope (79 mV/dec) of Co0.4Fe0.6 LDH/g-CNx catalyst suggests that 

it follows the Volmer- Heyrovsky mechanism in alkaline medium where Heyrovsky is 

the rate determine step. Furthermore, Co0.4Fe0.6 LDH/g-CNx composite has the 

exchange current density of 0.157 mAcm-2 which was much higher as compared to 

0.015 mA cm-2 for pure Co(OH)2/g-CNx and 0.05 mA cm-2 for FeO(OH)/g-CNx (Table 

7.4). The HER activity of this catalyst is better or comparable with that of the other 

reported transition metal based catalyst as given in Table 7.5. The amount of evolved 

H2 during galvanostatic electrolysis at 7 mA cm-2 current was quantified and compared 

with theoretical amount with 100% faradic efficiency. 
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Table 7.5. Comparison of HER activity of Co0.4Fe0.6 LDH/g-CNx composite with 

recently reported different HER catalyst in alkaline medium. 

 
Catalyst Electrolyte Overpotential 

at 10 mA cm-2 

Tafel slope References 

 

 

Ni1Mn1 0.1 M KOH 0.360 N.A Adv. Funct. Mater. 2015, 25, 

39330 

Ni wire 1.0 M NaOH 0.350 N.A ACS Catal. 2013, 3,16662 

     

FeP NAs/CC 1.0 M KOH 0.218 146 ACS Catal. 2014, 4, 40656. 

 

Ni/C NFs 2.0 M KOH 0.170 105 Electrochim. Acta, 2015, 159, 

163. 

Co-NRCNTs 1.0M KOH 0.375 NA Angew. Chem. Int. Ed. 2014, 

53, 43727. 

MoB 1 M KOH 0.225 59 Angew. Chem. Int. Ed. 2012, 

51, 1270364. 

CoOx@CN 1 M KOH 0.232 115 J. Am. Chem. Soc. 2015, 137, 

268865. 

Amorp. MoSx 1 M KOH 0.540 NA Chem. Sci. 2011, 2, 126266 

 

cobalt-sulfide 1 M KOH 0.480 NA J.Am.Chem.Soc. 2013,135, 

1769967. 

Ni/MWCNT 1 M KOH ~ 350 102 Journal of Power Sources 

2014, 266, 36568 

 

Co0.4Fe0.6 

LDH/g-CNx 

1 M KOH 0.270 79 This work 

 

The Co0.4Fe0.6 LDH/g-CNx catalyst has ~100% faradic efficiency during 150 min of 

electrolysis as shown in Figure 7.15.c. The long term durability and stability of 

Co0.4Fe0.6 LDH/g-CNx composite was evaluated by Chronopotentiometry and repeated 

LSV cycling measurement.  

 
 

Figure 7.16. (a) Chronopotentiometry comparison of comm. Pt/C catalyst and Co0.4Fe0.6 

LDH/g-CNx composite at 10 mAcm-2.(b) LSV cycling stability of Co1-Fe LDH/g-CNx 

composite for HER. 
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Figure 7.16.a shows outstanding HER stability of Co0.4Fe0.6 LDH/g-CNx catalyst at 

constant current of 10 mA cm-2.The Co0.4Fe0.6 LDH/g-CNx catalyst need an 

overpotential of ~0.30 V for 10 mA cm-2 and remains almost unchanged for 24 hrs 

whereas for comm. Pt/C catalyst overpotential increases from 0.1 V to 0.3 V. In 

addition, the HER LSV curves of 1st and after 1500 CV cycles are shown in Figure 

7.16.b which reveals almost identical LSV curves suggesting excellent cycling stability 

of this Co0.4Fe0.6 LDH/g-CNx catalyst.  

Based on above superior HER and OER activities of this Co0.4Fe0.6 LDH/g-

CNx catalyst, we expected that this supported catalyst should act as a suitable 

bifunctionalised catalyst for over all water splitting in basic media. In order to show bi-

functionality of this catalyst, we have applied a two electrode configuration where 

Co0.4Fe0.6 LDH/g-CNx catalyst are used as both cathode and anode catalysts. The LSV 

curve of Co0.4Fe0.6 LDH/g-CNx composite for overall water splitting clearly shows that 

this catalyst requires a potential of 1.61 V to drive current density of 10 mA cm-2 

(Figure 7.17.a).  

 

Figure 7.17. (a) LSV polarization curve of overall water splitting in 1M KOH electrolyte at 5 
mV/s scan rate using Co0.4Fe0.6 LDH/g-CNx as cathode as well anode. Inset: Indicating potential 

required for 10 mAcm-2. (b) Chronopotentiometry response of Co0.4Fe0.6 LDH/g-CNx at 10 
mAcm-2. Inset: Photography of cathode and anode electrode. 
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Furthermore, Co0.4Fe0.6 LDH/g-CNx composite showed long term stability with only 

slight change of overpotential at 10 mAcm-2 over 9 hrs time periods as shown in Figure 

7.17.b. Thus, these results clearly suggest that Co0.4Fe0.6 LDH/g-CNx catalyst could be 

a promising bi-functional electro-catalyst for alkaline water electrolysis. The superior 

electro-catalytic activity and excellent stability of the Co0.4Fe0.6 LDH/g-CNx catalyst 

towards OER, and HER in alkaline electrolyte may be elucidated by several factors 

such as: 

a) The in situ growth of LDH on a solid conducting support improves the 

electrochemical performances of LDH based electrode31 because of enhanced 

conductivity and efficient exposure of active sites. The superior electrochemical 

activities of Co0.4Fe0.6 LDH supported on g-CNx could be attributed due to the 

enhanced conductivity and decrease in the charge transfer resistance (Rct) of this 

catalyst resulting from the synergistic coupling between Co0.4Fe0.6 LDH and g-CNx 

support. To measure the Rct value, we have studied the electrochemical impedance 

spectroscopy (EIS) of different catalysts as shown in Figure 7.18.(a,b). Figure 7.18.a 

shows the EIS of Co0.4Fe0.6 LDH/g-CNx composite with different potentials varying 

from 1.37 to 1.50 V.  The radii of the semicircle gradually decreases as moving towards 

the onset potentials of OER and it has charge transfer resistance of 14.8 ohm at 1.50 V 

(detailed in Table 7.6). We have compared the EIS of Co0.4Fe0.6 LDH/g-CNx composite 

with pure Co0.4Fe0.6 LDH and physical mixture (Co0.4Fe0.6 LDH + g-CNx) at 0.27 V as 

shown in Figure 7.18.b. The smaller semicircle as well as lower charge transfer 

resistance of this Co0.4Fe0.6 LDH/g-CNx composite as compared to Co0.4Fe0.6 LDH and 

physical mixture in Table 7.7) may be due to the larger contact, strong synergistic 

interaction between Co0.4Fe0.6 LDH and g-CNx support.  
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Figure 7.18. (a) Nyquist plot of Co0.4Fe0.6 LDH/g-CNx composite in 1 M KOH at different 

overpotentials. (b) Comparison of Nyquist plot of Co0.4Fe0.6 LDH/g-CNx, Co0.4Fe0.6 LDH and 

physical mixture of Co0.4Fe0.6 LDH and g-CNx at 0.55 V in RHE under similar condition. Inset: 
Electronic circuit for fitting the Nyquist plot. (c) OER and (d) HER activity comparison of 

Co0.4Fe0.6 LDH/g-CNx composite, pure Co0.4Fe0.6 LDH, physical mixture (Co0.4Fe0.6 

LDH+g-CNx) and g-CNx. 

 

All EIS consist of one semicircle and fitted with simplified randles cell equivalent 

circuit as given in in-set of Figure 7.18.b. Furthermore, the higher electrochemical 

OER and HER activities of Co0.4Fe0.6 LDH/g-CNx catalyst as compare to pure 

Co0.4Fe0.6 LDH, physical mixture of Co0.4Fe0.6 LDH+g-CNx and g-CNx (Figure 7.18.c 

and 7.18.d respectively) suggests a strong synergistic interaction between g-CNx 

moiety and Co0.4Fe0.6 LDH. The in-situ growth of Co0.4Fe0.6  LDH on a two dimensional 

g-CNx makes the rigid two dimensional sheets morphology of the composite which 

further allows the easy access of reactant to highly abundant active sites in entire 

composite and allows the products to come out easily from the active sites. 
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Table 7.6. EIS fitting parameter of Co0.4Fe0.6 LDH/g-CNx composite at different over 

potentials. 

 
       Potentials 

Parameter 

=270 mV =250 mV =230 mV =200 

mV 

170 mV =140 

mV 

Rs (ohm) 14.8 14.6 14.0 14.8 14.4 14.0 

Rp (ohm) 16.1 25.5 42.1 65.9 91.4 118 

CPE (Mho) 316 345 297 306 309 328 

 

Table 7.7. EIS fitting parameter of different potential catalyst at =270 mV potentials. 

 
                            Parameter 

Catalyst 

Rs (ohm) Rp (ohm) CPE (Mho) 

Co0.4Fe0.6 LDH/g-CNx 14.8 16.1 316 

Co0.4Fe0.6 LDH + g-CNx  mixture 18.1 47.2 657 

Co0.4Fe0.6 LDH 18.4 55.5 702 

 

b) The structure of Co0.4Fe0.6 LDH sheets on thin carbon nitrides could play a crucial 

role for the excellent electrochemical activities of Co0.4Fe0.6 LDH/g-CNx catalyst. The 

XPS studies (Figure 3) revealed the presence of large amount of high oxidation state of 

cobalt (Co+3) in Co0.4Fe0.6 LDH/g-CNx composite.  It is known69 that highly oxidized 

transition metal redox couple such as Ni+3/+4 and Co+3/+4 are the active centres for OER. 

In addition, electronic configuration of Co2+ is t2g
6eg

1 and electronic configuration of 

Co3+ most likely is t2g
5eg

1. These electronic configurations are in good agreement with 

the intrinsic activity of transition metals showing maximum activity when an eg orbital 

occupancy is close to unity.70 The high oxidation state of these transition metals may 

enhance to form adsorbed -O- atom because of their high electrophilicity and it 

accelerates the reaction between -OH and –O- in Co and Fe atoms to form -OOH 

species and there by enhanced OER activity was observed. Since the oxidation state 

and chemical composition of Co0.4Fe0.6 LDH/g-CNx composite remain unaltered on 
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long term OER stability measurements, the outstanding stability of this composite is 

expected due to stable structure/oxidation state of the transition metals. 

c) The large active surface area is one of the important parameter required for a good 

electrocatalyst. The electrocatalytic activity of an electro-catalyst enhances with 

increasing number of the active site. The active surface area of Co0.4Fe0.6 LDH/g-CNx 

and Co0.4Fe0.6 LDH catalyst was evaluated by measuring the double layer capacitance 

(Cdl) and roughness factor (Rf) as these are directly proportional to active surface area 

(Figure 7.19). Figure 7.19.(a-e) shows the CV curves of the Co0.4Fe0.6 LDH/g-CNx 

composite, pure Co0.4Fe0.6 LDH, Co(OH)2/g-CNx, FeO(OH)/g-CNx and bare GC in 

non-Faradic regions respectively. The linear plot of current vs scan rate of 

corresponding CV curves was given in Figure 7.19.f. The Cdl and Rf values of 

Co0.4Fe0.6 LDH/g-CNx were 7.3 mF cm-2 and 84 respectively which are much higher 

than 1.5 mFcm-2 and 20.73 for pure Co0.4Fe0.6 LDH (details in Table 7.8). 

 

Figure 7.19. CV curves of (a) Co0.4Fe0.6 LDH/g-CNx composite, (b) pure Co0.4Fe0.6 LDH, (c) 
Co(OH)2/g-CNx, (d) FeO(OH)/g-CNx, and (e) Bare GC electrode in potential range from 1.20 V 

to 1.35 V in RHE with different scan rate of 10, 30, 50, 70, 90 mV/s. (f) Linear plot of double 

layer current vs scan rate in 1 M KOH electrolyte at potential of 1.28 V in RHE. 
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Table 7.8. Value of double layer capacitance and roughness factors of different 

catalyst. 

  
Catalyst Double layered 

capacitance (Cdl) (mFcm-2) 

at 1.28 V in RHE 

Electrochemical 

surface area 

(ECSA) in cm2 

Roughness factor(Rf) 

(a.u.) 

Co0.4Fe0.6 LDH/g-CNx 7.3 6.2 89 

 

Co0.4Fe0.6 LDH 1.7 1.4 

 

20 

Co(OH)2/g-CNx 1.2 1.02 

 

14 

FeO(OH)/g-CNx 0.65 0.55 

 

0.79 

 

These results demonstrated that catalytically active surface area increased due to high 

dispersion of Co0.4Fe0.6 LDH nano-sheets on g-CNx surface. 

d) The presence of nitrogen in carbon support enhances the activity of the composite. 

The hetero atoms such as N, P, S etc generally modify the electronic properties. The 

tertiary and pyridinic N species in g-CNx generates an asymmetric charge separation 

with highly positive charge density on the nearby sp2-hybridized carbon atoms due to 

their electronegativity difference. The positively polarized carbon atom favor the 

adsorption of reactant (-OH- for OER and H* for HER) that facilitates the charge 

transportation between reactant and catalysts surface.45 Thus, the presence of N in the 

composite is contributing to enhancing its catalytic activity towards various 

electrochemical reactions. In addition, less amount of nitrogen in the support of 

composite in compared to free g-CNx advantageous for electrochemical activity due to 

the improved conductivity of the catalyst.71  

7.5 Conclusions 

In summary, a method for preparation of thin Co1Fe LDH nano-sheets decorated g-

carbon nitride composite was demonstrated. The superior electrocatalytic activity and 

stability of Co1-Fe LDH/g-CNx towards OER and HER under alkaline electrolyte has 

been demonstrated. The Co0.4Fe0.6 LDH/g-CNx composite has 100% faradic efficiency 
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for both OER and HER. The bi-functional catalytic activity of Co0.4Fe0.6 LDH/g-CNx 

composite was demonstrated – it can serve as both cathode and anode; required 1.61 V 

to reach 10 mA cm-2 current density. The Co0.4Fe0.6 LDH/g-CNx composite can be used 

as promising electro-catalyst for various renewable energy storage and conversion 

devices such as water-splitting devices, fuel cells, metal-air batteries, etc. 
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Chapter 8 

Co1Al2(OH)m LDH and g-Carbon Nitride Composite Nanostructure for Water 

Oxidation Reactions 

8.1 Abstract 

Designing of an inexpensive efficient electrocatalyst for oxygen evolution reaction 

(OER) is very much important for the development of various renewable energy 

storage and conversion technologies. The commercial RuO2 and IrO2 based catalysts 

are highly active towards OER; but their high price and poor stability under different 

operating conditions are the main obstacles for their commercialization. Herein, we 

report the cobalt aluminium hydroxide (Co1Al(OH)m) supported on graphitic carbon 

nitride (g-CNx) composite materials for superior OER activity in alkaline condition. 

One pot microwave heating of aqueous solution of Co(NO3)2.6H2O and  

Al(NO3)3.9H2O in presence of g-CNx successfully produced Co1Al(OH)m nanosheet 

impregnated on the g-CNx. The composite catalyst required small overpotential of 0.31 

V to reach the current density 10 mA cm-2 with low Tafel slope of 34 mV/dec. The 

catalyst has very high mass activity and TOF value of 1211 mA mg-1 and 0.61 s-1 at 

0.35 V which are ~ 10 higher as compared to comm. IrO2 (Comm. IrO2) respectively. 

Most importantly catalyst shows remarkable high stability as compare to comm. IrO2 in 

alkaline medium. Synergistic effect between binary metal (Co and Al), two 

dimensional sheet morphology, high electrochemical surface area (ECSA) and strong 

interaction between support and CoAl(OH)m nanosheet may attributed the superior 

activity of the composite materials.       
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8.2 Introduction  

Due to the ever increasing energy demand and environmental concern causes 

importance towards renewable intermittent energy resources.1 Electrocatalytic water 

splitting into molecular H2 and O2 is one of best suitable technologies to generate and 

store the electricity from intermittent sources.2 Water electrolysis consists of two half-

cell reactions such as cathodic hydrogen evolution reaction (HER) to produce 

molecular hydrogen and anodic oxygen evolution reaction (OER) to form molecular 

oxygen.3 But the lower efficiency of the water oxidation has restricted their world wide 

applications.4 The cathodic HER process is a two electron transfer process whereas 

anodic OER is the multistep four electron-proton couple process. Due to the multistep 

processes, OER has a very sluggish kinetics and is the bottleneck process of the water 

electrolysis.5 To improve the overall rate and efficiency of water electrolysis, 

developing of an efficient electrocatalyst for OER is a challenging task. Till to date, Ir-

based6-8 and Ru-based6, 8-9 materials have been considered as excellent OER catalysts 

for both acidic and alkaline solutions. However, scarcity and very expensive nature of 

these materials, reduces their practical applications on a large scale. Now a day, several 

efforts have been exploited to design a non-precious metal based electrocatalyst for 

OER application.10-13 Recently, X. Sun and his co-workers reported14 nickel-substituted 

cobalt-borate nanowire as an earth abundant electrocatalyst for oxygen evolution 

reaction. C. L. McCrory and his co-worker reported15 cobalt-chromium spinel for 

efficient water oxidation reaction. Several literature reports16-21 suggest the improved 

electrocatalytic activity of Co or Ni hydroxide by incorporation of Fe+3 ion. Burke et al. 

reported22 Cobalt−Iron (Oxy) hydroxide and Nickel−Iron Oxyhydroxide23 

electrocatalyst with improved OER activity as compare Cobalt or nickel (Oxy) 

hydroxide in alkaline medium. The OER activity of Cobalt or nickel (Oxy)hydroxide 
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with iron incorporation increases up to a certain limit and has a maximum activity with 

a certain composition  i.e. Co0.54Fe0.46(OOH) composite shows highest activity among 

all other composite of Co1−xFex(OOH). But till now the actual origin of improved 

activity as well as the active site for OER is not clear. Literature reports21, 24-25 

suggested that both Co and Fe hydroxide are moderately active for OER in alkaline 

medium. Recently, several efforts have been given to improve the OER activity of a 

moderately active electrocatalyst by incorporation of a material of feebly active. X.Hu 

and his co-worker reported26 an improved OER activity of CoOx by incorporation of 

VOx. Recently, Qiao et al. also reported27 Zn-Cobalt layered double hydroxide for OER 

activity. Most of the literature reports deal with Co(OH)x materials with the 

incorporation of transition metals for improvement of OER activity. But there is highly 

urge to know the OER activity of Co(OH)x materials by incorporation of any low cost 

main group materials.28   

Herein, we report a one pot microwave heating method for the growth of Co1Al(OH)m 

nanosheets on carbon nitride support (Co1Al(OH)m/g-CNx). The in situ nucleation and 

growth of Co1Al(OH)m on carbon nitride surface that leads to the formation of two 

dimensional composite nanostructures. The composite materials showed improved 

OER activity as compared to only Co(OH)m/g-CNx and/or Al(OH)m/g-CNx composite 

in alkaline medium. It has an overpotentials of 0.31 V for 10 mAcm-2 current density 

and much higher TOF value of 0.61 s-1 at 0.35 V. More importantly, evolved gas from 

OER was quantified and measured the faradic efficiency (FE). The composite catalyst 

showed ~ 99% faradic efficiency for OER over 20 min of reaction time.    
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8.3 Experimental Section 

 Synthesis of Co1Al(OH)m/g-CNx Composites: 

 
One pot microwave heating methods were used for synthesis of 

Co1Al(OH)m/g-CNx composites (= 0.2, 0.6, 0.8, 1, 2, 3, 4). In a typical synthesis of 

Co1Al2(OH)m/g-CNx composite, 35 mg g-carbon nitride was taken in a 100 ml three 

neck round bottom (RB) and dispersed in 20 ml deionised water by bath sonication for 

15 min. An 30 ml aqueous solution contains 0.28 mmol of Co(NO3)2 . 6H2O, 0.52 

mmol of Al(NO3)3 . 9H2O (total metal ion concentration 0.80 mmol), 0.600 gm of 

hexamethylenetetramine (HMT) and 0.100 gm of NH4F was added into the aqueous g-

C3N4 dispersion with continuous starring for 30 min at room temperature. After this, 

whole mixture solution was microwave heated at 85o C with continuous stirring for 5 

hrs.  After the reaction was completed, whole suspension was centrifuge at 1,000 rpm 

for 4 min and the centrifuged product was washed with deionised water as well ethanol 

separately for five times and finally solid products was dried over vacuumed.  As 

obtained solid product was termed as Co1Al2(OH)m /g-CNx.   

Synthesis of Co(OH)m or Al(OH)m- g-carbon nitride Composite:  

 

The monometallic hydroxide composite, Co(OH)m/g-CNx and Al(OH)m/g-CNx was 

synthesised by similar procedure as mention above where 0.8 mmol of Co(NO3)2 . 

6H2O was used for Co(OH)m/g-CNx and 0.8 mmol of Al(NO3)3 . 9H2O for Al(OH)m/g-

CNx. 

Pure Co1Al(OH)m Synthesis:  

Pure Co1Al(OH)m was synthesised by Similar procedure as mentioned above 

without the addition of g-CNx.  
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8.4 Results and Discussion 

The nanocomposite of g-CNx and binary metal hydroxide made of Co, Al was 

synthesised by one pot microwave heating method (details in experimental section). 

The control samples were synthesised by similar method with individual metal salt of 

Co and Al to obtained the nanocomposite, Co(OH)m/g-CNx and Al(OH)m/g-CNx. The 

crystallinity pattern of selected nanocomposite and controlled sample were analysed by 

p-XRD pattern as shown in Figure 8.1.(a-e). The p-XRD pattern of controlled 

composite materials, Al(OH)m/g-CNx and Co(OH)x/g-CNx (Figure 8.1.a and 8.1.e) has 

crystalline diffraction pattern for cubic Al(OH)3 and -Co(OH)2 with an addition peak 

at 2 value at 27.3° corresponding to the (002) plane of g-carbon nitride.29 The sharp 

XRD peaks of Al(OH)m/g-CNx and Co(OH)m/g-CNx suggested high crystallinity and 

large grain size of the composite materials. But the p-XRD pattern of Co1Al2(OH)m/g-

CNx has identical crystalline pattern with Al(OH)m/g-CNx with broadening crystalline 

pattern (Figure 8.1.b).  

 

Figure 8.1. p-XRD pattern of (a) Al(OH)m/g-CNx, (b) Co1Al2(OH)m/g-CNx, (c)Co1Al1(OH)m/g-

CNx, (d) Co1Al0.6(OH)m/g-CNx and (e) Co(OH)m/g-CNx. 

10 20 30 40 50 60 70

Al(OH)
m
-CN

x 

2/degree

In
te

n
s
it

y
 (

a
.u

.)

Co
1
Al

2
(OH)

m
-CN

x

Co
1
Al

1
(OH)

m
-CN

x

 

 

 

 

Co
1
Al

0.65
(OH)

m
-CN

x

 

 

Co(OH)
m
/g-CN

x

 

 (a)

(b)

(c)

(d)

(e)



Co1Al2(OH)m LDH and g-Carbon Nitride Composite Nanostructure for Water Oxidation Reactions   

                                                                                                                                                                                                                       Chapter 8                                                                                                                                                                                                       

231 
 

With increasing amount of Co, the diffraction pattern getting broaden and intensity 

decreases gradually. At Co1Al1(OH)m/CNx composition, composite materials loss it’s 

crystallinity and  has an amorphous nature as shown in Figure 8.1.c. This behaviour 

suggested Co incorporation decreases the grain size of the composite materials. 

Moreover, after a certain ratio of Co/Al, the structure of the composite materials 

changes and Co1Al0.5(OH)m/g-CNx composite materials has a layered double hydroxide 

(LDH) structure (Figure 8.1.d). The p-XRD pattern of LDH composition has 

diffraction peaks at  values of 11.05°, 22.66°, 33.43°, 38.25°, 45.55°, 58.82° and 59° 

are assigned to (003), (006), (012), (015), (018), (110) and (113) planes of CoAl LDH. 

For comparisons, we have prepared the pure CoAl LDH materials by microwave 

mediated heating methods without addition of CNx materials and its p-XRD pattern 

was shown in Figure 8.2.  

 

Figure 8.2. p-XRD pattern of CoAl LDH only. 

 

The similar p-XRD pattern of composite materials and blank sample confirmed the 

intactness of the binary hydroxide structure after composition. Fourier transform 
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infrared (FT-IR) spectra of pure Co1Al2(OH)m and Co1Al2(OH)m/g-CNx composite has 

two sharp peak at 1632 and 1352 cm-1 indicating presence of interlayered water and 

CO3
2- ion as shown in Figure 8.3. The similar FT-IR spectra of pure hydroxide and 

composite materials reveals the intactness of structure over g-CNx moiety. 

 

Figure 8.3. Comparison of FT-IR for Co1Al2(OH)m and Co1Al2(OH)m/g-CNx composite. 

           The surface structure of the synthesized Co1Al2(OH)m/g-CNx composite was 

carried out by scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). The TEM sample was prepared by evaporation of the aqueous 

solution of the composite on copper grid substrate. TEM images of the Co1Al2(OH)m/g-

CNx composite was shown in Figure 8.4.(a-c). These TEM images clearly showed that 

very thin flooded two dimensional Co1Al2(OH)m nanosheets are impregnated on g-CNx. 

The homogeneity of Co and Al in the composite materials was studied through STEM 

mapping as shown in Figure 8.4.(d-i). The STEM bright field image and their 

corresponding mapping for different component elements of Co1Al2(OH)m/g-CNx 

composite confirmed the uniformly distribution of Co, Al, N, O and C in the 

composite.  
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Figure 8.4. (a-c) TEM images, (d) STEM and corresponding mapping of element (e) Al, (f) 

Co, (g) O, (h) N, (i) C of Co1Al2(OH)m/g-CNx composite.  

The HR-TEM image of the composite was shown in Figure 8.5.(a-c). It showed lattice 

fringes with the lattice distances of 0.24 nm corresponding to (015) plane of CoAl 

hydroxide.  

 

Figure 8.5. (a-c) HRTEM images of Co1Al2(OH)m/g-CNx composite. 

 

We also performed the Fe-SEM measurement of the composite materials as shown in 

Figure 8.6.(a-b). It is also clearly shown the two dimensional sheet morphology. In 

addition, Figure 8.6.c represents FE-SEM EDS spectra of the Co1Al2(OH)m/g-CNx 

composite showing the presence of Al to Co with an atomic ratio 1.68 along with 

carbon, nitrogen and oxygen. The atomic composition of Co and Al in the various 

hybride composite was confirmed through ICP-OES measurements. The 
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Co1Al2(OH)m/g-CNx composite contained 15.1 wt.% of Al and 9.2 wt% of Co  with  

their atomic ratio 1.64:1. In addition, amount of carbon and nitrogen, presented in the 

Co1Al2(OH)m/g-CNx composite was measured by using CHN analysis. The CHN 

analysis suggests that the N:C ratio in CoAl(OH)m/g-CNx is 0.77 whereas in the free g-

CNx N:C ratio is 1.1. 

 

Figure 8.6. (a-b) FESEM images of Co1Al2(OH)m/g-CNx composite. (c) FE-SEM EDS profile 

and atomic percentage of different elements.  

 

The x-ray photoelectron spectroscopy (XPS) was carried out to know the chemical 

oxidation state of the element present in the Co1Al2(OH)m/g-CNx composite materials. 

The XPS survey scan spectrum is shown in Figure 8.7.a. which clearly shows the 

presence of cobalt (Co), aluminium (Al), oxygen (O), carbon (C) and nitrogen (N) in 

the composite materials. The high resolution XPS spectra of cobalt 2p orbital was 

shown in Figure 8.7.b. The high resolution Co 2p spectra was appeared as doublet 

(2p1/2, 2p3/2) with spin orbital coupling value of 4.5 eV. The 2p1/2 2p3/2 spectra of Co 

was deconvulated into three peaks – peaks at 779.8 and 782 eV correspond to Co3+ and 

Co2+ whereas the additional peak at 783.6 eV was assigned for shake-up satellite 
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peak.30 The Co2+ to Co3+ atomic ratio in the composite materials was 1:3. The high 

resolution 2p spectra of Al was appeared as singlet with peak centred at 74.3 eV 

assigned to Al oxide (Figure 8.7.c). The high resolution 1s XPS spectrum of oxygen 

was deconvulated into three peaks and it was shown in Figure 8.7.d. The peaks at 

532.7, 531.4 and 528.6 eV were assigned for C-O, adsorbed H2O and metal-hydroxyl 

bond respectively. 

 
Figure. 8.7. (a) XPS survey scan spectra, high resolution (b) Co 2p, (c) Al 2p and (d) O 1s 

spectra of Co1Al2(OH)m/g-CNx 

 

The high resolution 1s XPS spectra of carbon and nitrogen were shown in Figure 8.8.a 

and b. The 1s high resolution spectra of C and N were deconvulated into three and two 

peaks as similar to free g-CNx reported in the literature.31-32 This results further 
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revealed that carbon nitride moiety was remained intact even after composite the 

formation. In addition that, we have calculated the atomic ratio of Co and Al into the 

composite materials and it is found to be 0.59. 

 

Figure 8.8. High resolution XPS spectra of (a) C 1s and (b) N 1s of Co1Al2(OH)m/g-CNx 

composite  
 

The catalytic activity of composites with varying ratio of Co and Al, were 

evaluated by performing electro-catalytic oxygen evolution reaction (OER) on a glassy 

carbon as working electrode in 1 M KOH using a conventional three-electrode setup. 

Varying the amount of Co, Al ratio, a series of composite materials was prepared and 

optimized the catalytic activity. The OER LSV curve of different composition was 

shown in Figure 8.9.a. The overpotential () to reach 10 mA cm-2 current density for 

different composite materials was shown in Figure 8.9.b.  Tafel slope value of 

different composite materials was observed in Figure 8.9.c. The highest catalytic 

activity was observed for the composite of Co:Al ratio to be 1:2. The LSV comparison 

curves of composite, controlled sample Co(OH)m/g-CNx, Al(OH)m/g-CNx and stat-of 

art catalyst comm. IrO2 in 1 M KOH with 5 mV/s scan rate was shown in Figure 

8.10.a. The superiority of OER catalytic activity on different composite materials was 

evaluated by comparing three parameters: (i) the overpotentials required to reach 
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current density of 10 mAcm-2(j= mAcm
−), (ii) Tafel slope and (iii) turnover frequency 

(TOF) values at =0.35 V overpotentials. The OER LSV curve of optimized 

Co1Al2(OH)m/g-CNx composite, control samples Co(OH)m/g-CNx, Al(OH)x/g-CNx and 

state-of-art IrO2 catalyst in Fe free 1 M KOH at 5 mV/s scan rate with 1600 rpm was 

shown in Figure 8.10.a. Figure 8.10.a shows poor OER activities of bare GC, and 

Al(OH)m/g-CNx electrodes. The Co(OH)m/g-CNx and comm. IrO2 catalyst showed 

moderate OER activity, but Co1Al2(OH)m/g-CNx composite catalyst exhibited much 

improved OER activity. The Co1Al2(OH)m/g-CNx composite exhibited a low onset 

potential of 1.48 V which was 60 mV lower than that of comm. IrO2. The OER activity 

of these catalysts were further evaluated by comparing the overpotential required to 

obtain a current density of 10 mA cm−2(10 mAcm-2) as shown in Figure 8.10.b. The 

Tafel plots of different catalyst in 1 M KOH was shown in Figure 8.10.c. 

 
Figure 8.9. (a) OER LSV curve, (b) overpotentials required to reach 10 mAcm-2 current density 

and (c) Tafel slope value of different composite materials.  

 

 The Tafel slope value of Co1Al2(OH)m/g-CNx composite was 36 mV/dec whereas 

Tafel slope value for Comm. IrO2, Co(OH)m/g-CNx and Al(OH)x/g-CNx were 64, 56, 

and 67 mV/dec respectively. Several reaction mechanisms for multistep OER reaction 

are available in the literature. Recently, J.Rossmeisl and his co-worker33 found an 

analogous OER behaviour of different oxide based electrocatalyst and proposed general 

four step reaction mechanism for OER on transition metal oxide electrocatalyst based 

on DFT calculation. Four steps for OER are describes as 
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The first step is the water adsorption as hydroxyl group on the surface active site (S)- 

S + -OH = S-OHads+ e-                                      (1) 

S-OHads + -OH = S-Oads + H2O + e-                     (2) 

S-Oads + OH = S-OOH + e-                                (3) 

S-OOH + -OH = S + O2 + H2O + e-                    (4) 

The Tafel slope value (b) for a chemically reversible multistep proton/electron couple 

reaction with a single rate determine step was theoretically calculated by 

𝑏 =
RT ln10 

(𝑛 − ) 𝐹
 

Where R, T and F is defined as their usual meaning, n is the number of electron 

transfers of the corresponding step and  is the electron transfer coefficient (0.5).  

 
Figure 8.10. (a) LSV comparison curve of Co1Al2(OH)m/g-CNx, comm. IrO2, Co(OH)m/g-CNx 

and Al(OH)m/g-CNx. (b) j=10 mAcm-2 values of different composite materials. (c) Tafel plot of 

Co1Al2(OH)m/g-CNx, comm. IrO2, Co(OH)m/g-CNx and Al(OH)m/g-CNx. Comparison of (d) 

TOF and (e) MA values of different catalyst at 0.35 V overpotential. (f) The theoretical and 

measured amount of evolved O2 gas on Co1Fe2 (OH)m/g-CNx electrode in 1 M KOH. 
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The low Tafel value of Co1Al2(OH)m/g-CNx catalyst suggests the second step i.e. 

hydroxide to oxide formation is the  rate determine step for OER. In general mass 

activity (MA) and turn over frequency (TOF) are considered as the parameter for the 

intrinsic activity of the catalyst. For these purpose we have calculated the TOF and MA 

values for different catalyst at 0.35 V overpotentials and they are shown in Figure 

8.10.d and 8.10.e respectively. Co1Al2(OH)m/g-CNx composite catalyst has very high 

TOF value of 0.61 s-1 which is 27 times higher than comm. IrO2 (0.021 s-1) catalyst. 

Furthermore, the composite catalyst has much improved MA activity of 1211 mA mg-1 

which is ~ 25 times higher than that of comm. IrO2 catalyst. We have compare the OER 

activity of Co1Al2(OH)m/g-CNx with other reported OER catalyst and shown in Table 

8.1. This result displays that Co1Al2(OH)m/g-CNx has higher or comparable OER 

activity with different reported catalyst.  

The long term stability of OER performance is an important parameter for its 

practical application. We have determined the operational durability of samples by 

comparing the LSV cycling curve before and after 2000 continuous repeated 

accelerated CV cycling test at a 10 mV s−1 scan rate. The LSV cycling stability of 

Co1Al2(OH)m/g-CNx composite was shown in Figure 8.11.a. Although IrO2 is 

considered as the state-of-art catalyst for OER but their low thermodynamical stability 

under alkaline medium obstacle its practical utilization. For comparison, we have also 

performed the OER LSV cycling stability of comm. IrO2 under similar condition as 

mentioned for Co1Al2(OH)m/g-CNx catalyst.  The LSV cycling stability curve of comm. 

IrO2 was shown in Figure 8.11.b. The Co1Al2(OH)m/g-CNx catalyst shows only 20% 

decrease of current density at 0.35 V after 2000 continuous cycling whereas comm. 

IrO2 losses 82% of its initial current density even after only 1500 cycles.  
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Table 8.1. Comparison of OER activity of Co1Al2(OH)m/g-CNx composite with recently 

reported different OER catalyst in alkaline medium on glassy carbon electrode 

 

Catalyst Electrolyte Overpotential 

at 10 mAcm-2 

(V) 

Tafel 

slope(mV/

dec) 

Reference 

CoMn LDH 1 M KOH 0.324 43 J. Am. Chem. Soc. 2014, 13, 

164811. 

 

ZnxCo3−x O4 1 M KOH 0.32 51 Chem. Mater. 2014, 26, 

1889−1895.2 

 

NiCo LDH 1 M KOH 0.334 41 Nat. Commun. 2014, 5, 44773 

 

Ni0.9Fe0.1/NC 1 M KOH 0.330 45 ACS Catal. 2016, 6, 5804 

 

Ultrathin NiCo2O4 

nanosheets 

1 M KOH 0.320 30 Angew. Chem. Int. Ed. 2015, 

54, 73995 

 

rGO@CoNiOx 0.1 M KOH 0.320 45 Adv.Funct.Mater. 2017, 27, 

16063256. 

 

ZnCo2O4 1 M KOH 0.40 V 46  J. Phys. Chem. Lett. 2014, 

5, 2370−2374.7 

 

NiFe LDH/oGSH 0.1M KOH 0.350 54 J. Mater. Chem. A 2015, 3, 

245408 

 

Mn3O4/CoSe2 0.1 M KOH 0.45  J.Am.Chem.Soc. 2012, 134, 

2930−2933.9 

 

CoFe LDH-C 1 M KOH 0.415 47 ACS Appl. Mater. Interfaces 

2016, 8, 3447410 

 

NiCo2.7(OH)x 

amorp.nanocage 

1 M KOH 0.350 65 Adv. Energy Mater. 2015, 5, 

140188011 

 

Co5Mn-

LDH/MWCNT 

1 M KOH 0.300 73.6 ACS Appl. Mater. Interfaces 

2016, 8, 1452712 

 

Co2.25 Cr0.75 O4 1 M NaOH 0.350 52 ACS Catal. 2017, 7, 

443−45113 

 

CoVOx 1 M KOH 0.366 49 ACS Catal. 2018, 8, 

644−650.14 

 

Co1Al2(OH)m/g-

CNx 

1 M KOH 0.32 36 This work 
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Figure 8.11. LSV cycling stability study of (a) Co1Al2(OH)m/g-CNx composite, (b) comm. 

IrO2. (c) Chronopotentiometry study of Comm. IrO2 and Co1Al2 (OH)m/g-CNx composite at 10 

mAcm-2 current density. 
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particular current density.A comparative chronoamperometry study at 10 mA cm-2 

current density for Co1Al2(OH)m/g-CNx composite and comm. IrO2 was performed 

under similar condition and shown in Figure 8.11.c. The over-potentials for comm. 

IrO2 catalyst increases drastically from 0.35 to 0.8 V within 4 hrs time periods whereas 

for Co1Al2(OH)m/g-CNx composite, there was almost no change of overpotential after 

10 hrs time periods. This result further demonstrated the easy degradation, desolation 

and surface oxidation of the IrO2 catalyst, whereas, Co1Al2(OH)m/g-CNx catalyst 
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showed strong durability under alkaline working condition. It is important task for a 

superior electrocatalyst to intact its chemical composition, structure and morphology 

even after long term durability. For these purposes, we have performed post 

characterisations of the composite catalyst through XPS, FE-SEM and EDS 

measurements. The high resolution XPS spectra of Co 2p, Al 2p and O 1s of composite 

catalyst after chronoamperometry stability was shown in Figure 8.12.a-c.  No 

significant change was observed in XPS pattern. This result suggested that the catalyst 

was very stable under operational condition.  

Figure 8.12. High resolution XPS spectra of (a) Co 2p, (b) Al 2p and (c) O 1s of  of 

Co1Al2(OH)m/g-CNx catalyst after stability study.  

               Furthermore, we have also studied the morphology of the catalyst after 

stability test and shown in Figure 8.13.a. The EDS spectra of FE-SEM image was 

shown in Figure 8.13.b. It has clearly showed the presence of Co, Al, O, C and N. This 

result further confirmed the higher stability and unaltered structure as well as chemical 

composition of the catalyst under OER experimental condition. 

The superior electro-catalytic activity and excellent stability of the Co1Al2 (OH)m/g-

CNx catalyst towards OER in alkaline electrolyte may be elucidated by several factors 

such as: 
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Figure 8.13. (a) FESEM image and (b) corresponding EDS spectra of Co1Al2(OH)m/g-

CNx catalyst after stability study. 

 

        (a) It is well kown34-35 that highly oxidized transition metal redox couple such as 

Ni+3/+4 and Co+3/+4 are the active centres for OER.  In literature, Co based materials36-37 

have two type redox natures : (i) 1.2 and 1.3 V corresponds to Co2+/Co3+ and (ii) in the 

range of 1.3 to 1.6 V which corresponds to Co3+/Co4+. The cyclic voltammetry (CV) 

patterns of Co(OH)m/g-CNx, Al(OH)m/g-CNx and  different Co1Al(OH)m/g-CNx 

composite in 1 M KOH (Fe free) at 10 mV/s scan rate was shown in Figure 8.14.  

 

Figure 8.14. CV comparison curves of different composite materials. 
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Al(OH)m/g-CNx composite does not have any redox peaks in 1 to 1.6 V region where as 

Co(OH)m/g-CNx composite have a anodic peak at 1.2 V assigned for Co2+/Co3+ redox 

transition. But when incorporation of Al3+ occoured into Co(OH)m moiety, the anodic 

peak shows an anodic shifting of Co2+/Co3+ redox wave, indicating strong electronic 

interactions between Co, Al and substitution of Co by Al. Smith et al. reported22 the 

anodic peak shifting of Co2+/Co3+ redox wave for incorporation of Fe and Ni into 

Co(OH)2 moiety.  Figure 8.14 shows that the Co1Alq(OH)m-CNx with Al wt.% of 30 to 

60, has a anodic CV peak at 1.5 V corresponding to Co+3/Co+4 redox wave. The 

previous literature reports suggested35 that Oh Co3+ sites are indeed the real active sites 

of cobalt based materials for the OER. Moreover, several groups suggested35, 38 that Oh 

Co3+ forms Co4+ species during OER and enhances the electrophilicity of the adsorbed 

O which further assists the formation of O–OH facilitating the deprotonation of –OOH. 

The CV curve of Co1Al(OH)m/g-CNx composite has peak at 1.45 V that confirms the 

predominate surface active Co3+ sites. Therefore, superior OER activity of 

Co1Al2(OH)m-CNx composite  may be attributed due to the presence of greater number 

of electrochemically accessible active Oh Co3+ site which  enhances –OH adsorption 

onto the Co3+. 

b) The strong interaction between Co1Al2(OH)m  and supported materials g-CNx could 

be one of reason for its enhanced activity and enhanced long term durability. The direct 

growth of Co1Al2(OH)m  on g-CNx surface leads to the formation of composite with 

strong interaction between Co1Al2(OH)m  and support (CNx). This increases the 

conductivity by improving electron transfer through CoAl composite. The 

electrochemical impedance spectroscopy (EIS) study was performed for this purpose. 

Figure 8.15.a shows the Nyquist plot of Co1Al2 (OH)m/g-CNx composite at different 

potential. At all the potentials Nyquist plot of Co1Al2 (OH)m/g-CNx composite consist 
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with a semicircle and radii of the semicircle gradually decreases as one approaches 

towards onset potentials. The charge transfer resistance (Rct) of the catalyst was 

calculated by fitting the experimental curve with an electrical circuit as shown in in-set 

of Figure 8.15.a. 

 
Figure 8.15. (a) Nyquist plot of Co1Al2 (OH)m/g-CNx composite in 1 M KOH at different 

overpotentials. Inset: Electronic circuit for fitting the Nyquist plot. (b) Comparison of Nyquist 

plot of Co1Al2(OH)m/g-CNx, only Co1Al2(OH)m and physical mixture of Co1Al2 (OH)m and g-

CNx at 1.54 V in RHE under similar condition. (c) Comparison of OER LSV curve of Co1Al2 

(OH)m/g-CNx, g-CNx and physical mixture of Co1Al2 (OH)m and g-CNx. (d) 1st and 1500th LSV 

curve of physical mixture of Co1Al2 (OH)m and g-CNx.. 
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only Co1Al2 (OH)m are 8 ohm-1, 18 ohm-1 and 26.7 ohm-1 respectively. This results 

reveals that the composition improve the interfacial charge transfer and enhanced the 

electrocatalytic OER activity. Moreover, we have compared the OER activity of free g-

CNx, physical mixture (Co1Al2 (OH)m + g-CNx) and Co1Al2 (OH)m/g-CNx as shown in 

Figure 8.15.c. These results showed that the free g-CNx has very low OER activity 

whereas the physical mixture has a moderate activity but on composition results an 

improved OER activity.  

 

Figure 8.16. CV curves of (a) Co1Al2 (OH)m/g-CNx, (b) only Co1Al2 (OH)m and (c) 

Co(OH)m/g-CNx composite in the potential range of 0.1 to 0.35 V in Ag/AgCl under variable 

scan rate. (d) Linear plot of dJ vs scan rate at particular potentials of 0.3 V in Ag/AgCl of 

different catalyst.  
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This confirmed the strong interaction between Co1Al2 (OH)m and g-CNx in composite 

materials helps to improve the catalytic activity. In addition, an interaction between 

Co1Al2(OH)m  to CNx sheets provide structural stability for long term electrochemical 

measurements of the catalyst. The OER LSV cycling stability of physical mixture 

(Co1Al2 (OH)m + g-CNx) shows that it have poor stability as compare the composite 

materials(Figure 8.15.d). 

c) The high electrochemical surface area of Co1Al2 (OH)m/g-CNx composite resulting 

from large number catalytic sites is another reason for its high catalytic activity. The 

active surface area of Co1Al2(OH)m/g-CNx, Co1Al2(OH)m and Co(OH)m/g-CNx catalyst 

was evaluated by measuring the double layer capacitance (Cdl) of the catalyst.  The CV 

curves of Co1Al2(OH)m/g-CNx, Co1Al2(OH)m and Co(OH)m/g-CNx catalyst at different 

scan speeds in 1 M KOH solution in 0.1 to 0.35 V potential window was shown in 

Figure 8.16.a, b and c respectively. The corresponding liner plot of current vs scan rate 

at potential of 0.25 V (in Ag/AgCl) were shown in Figure 8.16.d. The Cdl value of a 

catalyst was directly proportional to ECSA value. The higher Cdl value of Co1Al2 

(OH)m/g-CNx of 2.9 mF cm-2 which is higher as compared to Co1Al2 (OH)m (1.9 mF 

cm-2) and Co(OH)m/g-CNx (1.6 mF cm-2). The large surface area suggests that the 

catalyst has large number catalytic sites due to its two dimensional morphology of the 

catalyst, which is significantly contributing to its high OER activity. 

8.5 Conclusions: 

In conclusion, we have demonstrated a facile microwave heating method for the 

development of thin Co1Al(OH)m nano-sheets and composite formation with g-carbon 

nitride. A highly folded Co1Al(OH)m two dimensional naosheets was synthesized 

which is highly dispersed on the g-CNx sheet. The Co1Al2(OH)m/g-CNx composite 
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showed a superior electrocatalytic water oxidation activity in alkaline medium. The 

Co1Al2(OH)m/g-CNx composite exhibited a small overpotential of 0.31 V for 10 mA 

cm-2, low Tafel slope of 34 mV/dec and very high TOF value of 0.61 s-1 at 0.35 V. The 

catalyst has enhanced cycling stability as well as long term durability with constant 

current density of 10 mAcm-2 for 10 hrs. The enhanced electrocatalytic OER activity 

and long term stability of the composite materials may be due to the synergistic 

interaction between Co and Al, high surface area, easy mass and electron transportation 

from two dimensional morphology, strong interaction between support materials and 

catalytic active Co1Al2(OH)m sites. The superior OER activity with long term durability 

of Co1Al2(OH)m/g-CNx composite makes it as a promising catalyst for water-splitting 

devices.     
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Chapter 9 

Selective Hydrogenation of Nitro Compounds and Ullmann Coupling Reaction by 

Palladium Nanoparticles Supported on Graphitic Carbon Nitride. 

9.1 ABSTRACT  

Improved catalytic activity with enhanced stability is an important criterion for the 

utilization of a noble metal based nano-composite catalyst.  Herein we report a facile 

synthesis of highly dispersed palladium nanoparticles embedded on graphitic carbon 

nitride (Pd@CNx) by ultrasound assisted method without aid of any external reducing 

agent. The Pd@CNx composite was well characterized by different techniques. This 

Pd@CNx shows effective catalytic activity towards easy dehydrogenation of sodium 

borohydride (NaBH4) and ammonia borane (AB) in aqueous medium and also can 

easily hydrogenate 4-Nitrophenol to 4-aminophenlo with fast kinetics. The catalyst is 

highly selective towards nitro groups in presence of other reducible groups with good 

stability. Furthermore, the catalyst exhibits superior catalytic activity towards ullmann 

coupling reaction of different aryl halides with broad range of substrates scope with 

easy recovery of the catalyst and high recycling property. 

9.2 Introduction  

In recent years, noble metal nanoparticles (MNPs) have attracted a lot of attention due 

to their intriguing  potential applications in verious fields such as in catalysis,1-

3photoreaction,4 fuel cell,5-6 energy conversion.7 Size and shape dependent selectivity 

and reactivity 8-9 makes the nanocatalyst versatile, but the easy aggregation of NPs in 

solution, reduces surface tension, reactivity, selectivity and recycling property of the 

catalyst.10 To prevent aggregation of nanoparticles  several methods are generally used, 

such as capping the NPs with different capping agents11 or  immobilizing the NPs on  
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solid supports.12 Metal oxide,13 porous compound,14 carbon black,15 polymer,16 metal 

organic framework (MOF)17 and 2D graphene18 are extremely  used as a support for 

metal nanoparticles. The presence of  heteroatoms in grapheme, such as nitrogen as 

electron donor19 or boron as electron acceptor,20 can further modify catalytic property 

of the 2D grapheme.21-22 Another 2D material graphitic carbon nitride, create attention 

due to its higher  thermal and chemical stability,23 and their potential applications in 

sensing,24 photocatalytic reaction25 and different organic transformation.26 Graphitic 

carbon nitride,19 consists of repetitive s-triazine units20 and consider as a good support 

material for metal NPs due to presence of large number active binding sites. 

 The remediation of aromatic nitro compounds is highly important as the 

aromatic nitro moiety is one the most characteristic of anthropogenic contaminants.27 

Conventional water purification treatment is not effective for the removal of 4-NP due 

to its high stability and solubility in water. The reduction of 4-NP to 4-AP is one of the 

the best idea for remediation of nitro compounds, since 4-AP is also a starting material 

in various industrial synthesis. Recently scientific communities have given lot of 

attentions to develop catalyst for the reduction of 4-NP to 4-AP.28-30 There are various 

synthetic methods for nitro to amine transformation such as molecular hydrogen as 

hydrogenating agent,31 and using  stoichiometric reducing agent.32-33 NaBH4 and 

ammonia borane are the two promising hydrogen storage materials.34-35 In aqueous 

medium, hydrolysis of NaBH4 can easily release hydrogen at room temperature 

whereas ammonia borane releases hydrogen by thermal decomposition (generally at 85° 

C).36Among different hydride materials ammonia borane (AB) is one of the best 

promising hydrogen storage materials due higher gravimatric hydrogen storage 

capacity (19.5 wt.%).37 In aqueous medium, ammonia borane releases hydrogen at 85° 
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C.36 So, there is a requirement of catalyst(s) which can liberate the hydrogen from AB 

in aqueous medium at room temperature.38-42  

Metal catalyzed carbon–carbon bond formation43 reaction is one of the most 

important reaction for the construction of symmetrical and unsymmetrical  biaryl  

moiety in complex molecule such as pharmaceutical reagent and alkaloid.44 In 1901, F. 

Ullmann first reported copper catalyzed ullmann reaction for the  formation of 

symmetrical biaryl.45 High reaction temperature (200 °C) makes this process ineffective 

for the synthesis of biaryl compound containing thermo sensitive groups.46 Different 

metals 47-49 i.e. palladium50-54 (Pd), Nickel (Ni) and gold (Au) etc. have been introduced 

as homogeneous or heterogeneous catalysts. Recently PdNPs have been used 

enormously for different types of cross coupling reactions,55 but there is very few 

reports on Pd catalysed ullmann reaction.56 Although there are several reports for 

palladium catalysed ullmann reaction under heterogeneous condition57-59 but  most of 

the cases requires some reductive conditions; presence of formate ion (HCO2
-)57 or 

electoreductive conditions60 or supercritical carbon dioxide (CO2).
61

 This may limited 

the practical utility of the reaction due to contamination with products. 

In this study, we describe a facile preparation of PdNPs embedded on carbon nitride by 

ultrasonic method without using any external reducing agent. The carbon nitride 

provides a solid support for stabilizing (1-4 nm size) PdNPs. The Pd@CNx composite 

has shown excellent catalytic activity towards the reduction of 4-NP in presence of 

aqueous NaBH4 solution with fast kinetic as well as good reusability. It reduces 4-NP 

within 18 sec. The selective reduction of nitro groups in presence of other reducible 

groups has been performed in aqueous medium using ammonium borane as 

hydrogenating agent at room temperature. In addition, this catalyst is also equally 
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effective towards ullmann C-C coupling reaction in ethanol medium at 80 oC with high 

reusability. 

9.3. Experimental Section 

Preparation of Pd@CNx Composite: 

First, 5 ml of 1 mg/ml aqueous suspension of g-CNx was prepared by dispersing 

required amount of g-CNx in water by sonication for 10 min. Then 5 ml of 0.028 M 

aqueous PdCl2 solution was injected in one spell. The resultant suspension was further 

sonicated by probe sonicator operating at 28 kHz frequency (power 420 watt) for 180 

minutes. The initial black suspension gradually turned orange to dark brown, indicating 

formation of metallic PdNPs. Finally Pd@CNx composite was separated by 

centrifugation at 10,000 rpm for 30 minutes followed by washing with de-ionised water 

and dried in vacuum.      

 Reduction of 4-nitrophenol by NaBH4 in Water Medium: 

In a typical procedure, 4 ml of 0.1 mM aqueous freshly prepared 4-nitrophenol (4-NP) 

was taken in a glass vial and then 1 ml of 0.3 M freshly prepared aqueous NaBH4 

solution was injected into 4-NP solution. After that 3 mg of Pd@CNx was immediately 

added to 4-NP solution and progress of the reaction was monitor by measuring the 

absorbance spectra of the solution with time using the UV-vis spectrophotometer. The 

reaction kinetics of 4-NP reduction was monitored by observing the decrease of 

absorbance at 400 nm.  

Selective Nitro Group Reduction by AB in Water at Room Temperature: 

 Nitro compounds 1a-l (1mmol, 1 equiv.), ammonium borane (3 mmol, 3 equiv.), were 

taken in a 10 ml reaction vial, 3 ml water was added and stirred for 10 minutes at room 
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temperature. Then Pd@CNx (4mg) catalyst was injected into solution mixture and 

closed the vial. The reaction was continued with vigorous stirring up to complication 

time (9-30 min). The reaction was monitored by thin layered chromatography (TLC) 

using hexane/ethyl acetated as eluting. After completion of the reaction, catalyst was 

directly removed by centrifugation with 16,000 rpm for 10 min. After that NH4Cl was 

added to supernatant to neutralise the solution. The organic phase was extracted by 

using 3x10 ml ethyl acetated. The combined organic phase was dried over anhydrous 

Na2SO4. After that reaction mixture was evaporated under reduced pressure and residue 

was purified by column chromatography technique using hexane/ethyl acetated as 

eluting. The products was characterized by 1H-NMR and 13C-NMR. 

Ullmann Coupling Reaction by Pd@CNx in Ethanol Solution: 

In typical procedure, an oven dried two neck round bottom (rb) flask fitted with 

condenser was charged with aryl halide, 3a-n (1 mmol,1 equiv.), potassium carbonate 

(1.5 mmol, 1.5 equiv., 207 mg) in ethanol and Pd@CNx catalyst (5 mg) was added to 

solution mixture. The resultant reaction mixture was allowed to stire at 80 oC. The 

reaction was monitored by thin layered chromatography (TLC) using hexane/ethyl 

acetated as eluting. After the completion of the reaction, mixture was cooled to room 

temperature and catalyst was separated by centrifugation at 16,000 rpm for 10 min. The 

organic phase was extracted by using 3x10 ml dichloromethane. The combined organic 

phase was dried over anhydrous Na2SO4. The combined organic phase was evaporated 

under reduced pressure and residue was purified by Silica gel column chromatography 

using hexane and ethyl acetate as eluting to get pure homocoupling products. The 

products were characterised by 1H-NMR, 13C-NMR . 

 



Selective Hydrogenation of Nitro Compounds and Ullmann Coupling Reaction by Palladium 
Nanoparticles Supported on Graphitic Carbon Nitride                                                         

                                                                                                                                                                                                                Chapter 9                                                                                                                                                                                      

256 
 

9.4. Results and Discussion 

The carbon nitride supported PdNPs were prepared by two steps: First, graphitic carbon 

nitride was obtained by microwave heating62 of formamide (HCONH2) at 180 oC 

(details in experimental section); second, PdNPs were synthesized on the surface of 

carbon nitride by ultrasonication of aqueous solution containing g-carbon nitride and 

Pd2+ ions. The UV-Vis absorption spectra of aqueous palladium chloride (PdCl2) 

solution showed peaks at 305 nm and 420 nm (Figure 9.1.a) due to metal to ligand 

charge transfer.  

 

Figure 9.1. (a) UV-vis absorbance spectra of PdCl2 and Pd@CNx water. (b) Comparison of 

fluorescence spectra of g-CNx and Pd@CNx composite. Excitation wavelength is 340 nm. 

 

But the peaks were disappeared after ultasonication of PdCl2 in presence of aqueous 

dispersion of carbon nitride indicating the strong interaction between g-C3N4 moieties 

and Pd (Figure 9.1.a).63 In addition,  the strong fluorescence emission of aqueous 

dispersion of carbon nitride was quenched gradually upon the addition of aqueous Pd+2 

solution and completely disappeared after ultrasonication indicating strong interaction 

between g-C3N4, Pd+2 ions and after ultrasonication Pd was loaded on g-C3N4 moiety 

(Figure 9.1.b). Formation of PdNPs was further confirmed by powder x-ray diffraction 

pattern (pXRD) and XPS analysis. Figure 9.2.a shows the powder x-ray diffraction 
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pattern of g-C3N4 and Pd@CNx composite. Both the curve has a common diffraction 

peak at 2θ value of 27.20 with interlayer spacing of 3.3 Å corresponds to (002) 

reflection plane of carbon nitride.62 In addition, Pd@CNx composite has extra 

diffraction peaks at 40.10, 46.70, 68.70, 80.90, 86.70 correspond to the (111), (200), 

(220), (311), (222) planes respectively of face centred cubic palladium (PDF No #00-

046-1043). 

 

Figure 9.2. (a) XRD pattern of Pd@CNx. composite. (b) XPS spectra of palladium 3d orbitals. 

These clearly suggest the formation of PdNPs on carbon nitride after ultrasound 

treatment. The Fourier transform infrared (FT-IR) spectra of carbon nitride and 

Pd@CNx composite have shown in Figure 9.3.  

 

Figure. 9.3. Comparison of FT-IR spectra of g-CNx and Pd@CNx. 
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Both the spectra showed four strong bands between 1213 to 1408 cm-1 assigned to 

secondary (2C-N) and tertiary (3C-N) amine fragment. In addition to peak at 1600 cm-1 

correspond to C=N stretch frequency associated s-triazine unit. The FT-IR spectra of 

carbon nitride and Pd@CNx composite suggest that carbon nitride framework remains 

unaltered after loading of PdNPs. The X-ray Photo Electron Spectroscopy (XPS) was 

performed to characterize the Pd@CNx composite. The 3d XPS spectra of palladium 

always appeared as doublet (3d5/2 and 3d3/2) due to spin-orbital coupling.64-65 It is 

reported in literature57, 66-67 by several groups that 3d5/2 and 3d3/2 peaks of Pd(0) 

generally appeared at ~335.3 eV and 340.7 eV respectively. The Pd 3d XPS spectra of 

Pd@CNx composite was consisted of two asymmetric, assigned as 3d5/2 (lower eV) and 

3d3/2 (higher eV) as shown in Figure 9.2.b. The 3d core spectra were deconvoluted into 

two doublets for two species. The peaks at 335.5 eV and 340.7 eV corresponds to the 

metallic Pd(0) state which is good agreement with the literature. Another pair of peak 

located at 336.6 and 341.8 eV corresponds to the Pd(II) species. In addition also 

calculated contribution for Pd(0) is 62% which is the major phase in Pd@CNx 

composite. The de-convoluted carbon, nitrogen 1s XPS spectra of graphitic carbon 

nitride was shown in Figure 9.4.(a,b) for comparison. 

 

Figure. 9.4. Deconvulated XPS spectra of (a) C 1s and (b) N 1s of carbon nitride 



Selective Hydrogenation of Nitro Compounds and Ullmann Coupling Reaction by Palladium 
Nanoparticles Supported on Graphitic Carbon Nitride                                                         

                                                                                                                                                                                                                Chapter 9                                                                                                                                                                                      

259 
 

 
Figure 9.5. (a,b) TEM images of Pd@CNx catalyst are showing the formation of PdNPs on 

carbon nitride. (c) Particle size distribution of Pd@CNx catalyst calculated from Figure (b). (d) 

FESEM image of Pd@CNx composite. (e) EDX spectra of highly dispersed PdNPs on carbon 
nitride taken from Figure (a). 

 

The morphology of the g-C3N4 and Pd@CNx composite was established by TEM 

analysis. The TEM images of PdNPs on carbon nitride surface are shown in Figure 

9.5.(a,b). It shows that PdNPs are uniformly distributed on carbon nitride sheet. The 

size distribution of PdNPs is given in Figure 9.3 c showing that that their size varies 

from 1 nm to 4 nm and their average size is ~2 nm with standard deviation of 0.03 nm 

from the Gaussian fitting. Figure 9.5.d displays the FESEM image of Pd@CNx 

composite which further reveals the formation of 2-5 nm spherical PdNPs on carbon 

nitride sheets. The EDS spectrum of Pd@CNx composite (Figure 9.5.e), taken from the 

image of Figure 9.5.a, shows the presence of carbon, nitrogen and Pd confirming the 

deposition of PdNPs on carbon nitride sheets. In addition; EDX spectra were used to 

measure the total loading of Pd in Pd@CNx composite. The result shows that Pd@CNx 

composite contains ~ 31 wt% Pd. The TEM image of g-C3N4 was shown in Figure 9.6. 

which clearly displayed 2D sheet like morphology. 
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                             Figure 9.6. TEM image of graphitic carbon nitride. 

 

The TGA comparison curve of g-C3N4 and Pd@CNx composite was shown in Figure 

9.7 and the Pd loading calculated from TGA was 31.2 wt%. The exact loading of 

PdNPs in Pd@CNx composite was measured by inductively coupled plasma optical 

emission spectrometry (ICP-OES) and calculated Pd loading is found to be 30.7 wt% in 

the composite. The EDS and TGA results were in good agreement with ICP-OES data. 

 

Figure 9.7. TGA curve of g-CNx and Pd@CNx composite. 

 

The catalytic activity of freshly prepared Pd@CNx composite was evaluated by 4-NP 

reduction with an aqueous solution of NaBH4. The reduction of 4-NP to 4-AP was 

monitored by observing the change of  UV-Vis absorption spectra as well as the colour 
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change of the reaction mixture in the presence of Pd@CNx. Freshly prepared 4-NP 

solution has absorption peak centred at 316 nm (Figure 9.8.a) whereas upon addition 

of aqueous NaBH4 solution the peak immediately red-shifted to 400 nm (Figure 9.8.a) 

due to the formation of 4-nitrophenolate ions in basic condition.28, 68  

 
Figure. 9.8 (a) UV-vis spectra of aqueous solution of 4-NP (blue) where brown curve is UV-

vis spectrum of NaBH4 containing 4-NP in absence of Pd@CNx composite and red curve 

represents 4-AP. (b) The colour changes due to transformation of 4-NP to 4-AP. 

When Pd@CNx composite was added to the reaction mixture, the yellow colour 

immediately faded and ultimately bleached within 18 sec and a new absorption peak 

centered at 298 nm was appeared which indicates the formation of 4-AP. The colour of 

the initial and final solution was shown in Figure 9.8.b.  

 
Figure. 9.9. (a) Change of absorbance at 400 nm of (4NP +NaBH4) solution with time in 

presence and absence of Pd@CNx catalyst. (b) Linear plots of –ln(Ct/C0) vs time of Pd@CNx 
catalyst. 
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Although recently Xu and his co-workers reported bimetallic Au-Pt and Au-Pd system, 

which took 12 sec for 100% reduction of 4-NP but in case of monometallic AuNPs 

time increases to 80 sec.69 The Pd@CNx composite has displayed better catalytic 

activity than other monometallic NPs systems. Due to the presence of excess NaBH4, it 

has been assumed that the 4-NP reduction reaction kinetic is independent of NaBH4 and 

follows the pseudo first order kinetics. The pseudo first order kinetics was applied to 

determine the 4-NP reduction kinetics on Pd@CNx composite. Figure 9.9.a shows the 

change of absorption at 400 nm in presence of Pd@CNx catalyst. ln(Ct/Co) versus 

reaction time (sec) plot for 4-NP reduction on Pd@CNx composite also shown in 

Figure 9.9.b, where C0 and Ct is initial and different time interval concentration of 4-

NP. The rate constant (K) value of 4-NP reduction was 0.38 s-1 which calculated from 

the slope of ln(Ct/Co)  vs  time plot (Figure 9.9.b). Furthermore the intrinsic activity 

parameters () of the catalyst, defined as K/m where m is either total mass of catalyst 

or total mass of PdNPs was calculated. The intrinsic activity parameter () of Pd@CNx 

composite were 12.7 s-1 gcat
-1 and 31.6 s-1 gPd

-1.In addition we have calculated the turn 

over frequency (TOF) of Pd@CNx catalyst (Details calculation in ESI).  

Table 9.1. Comparison studies of 4-NP reduction with NaBH4 in presence of different 

palladium nanoparticle based catalytic systems. 

Catalyst Amount 

of catal. 

(mg) 

Amount of 

4-NP 

(mmol) 

Amount of NaBH4 

(mmol) 

Conv. 

time 

(s) 

Ref. 

Pd@CNx 3 4x10-4 3x10-2 18 This work 

Porous Au-Pd - 5x10-4 2x10-2 12 69 

Pd/CNTs - 1x10-4 5x10-2 420 70 

RGO@Pd@C 5 3x10-4 3x10-2 30 71 

Pd-mpg  C3N4  5 3x10-4 3x10-1 300 28 

Pd–rGO-CNT 5 3x10-4 3x10-2 20 72 
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The calculated TOF value of Pd-CNx catalyst for reduction of 4-NP with NaBH4 is 9.8 

h-1 .Table 9.1 describes a compression of different condition for 4-NP reduction with 

existing literature. The reduction rate with Pd@CNx composite was comparable and 

also for some cases it is even better than other reported PdNPs based catalytic systems 

such as porous Au-Pd,69 Pd/CNTs,70 RGO@Pd@C,71 Pd-mpg C3N4,
28 Pd-rGO-CNT.73 

The better catalytic activity of Pd@CNx catalyst for 4-NP reduction is probably due to 

the facile adsorption of acceptor molecule (4-NP) on the carbon nitride surface as well 

as fast electron transfer from donor molecule BH4
- to 4-NP. The catalytic stability and 

durability was one of the important properties of the catalyst for the liquid phase 

reaction. The catalyst was recovered from solution for next cycle by direct 

centrifugation of the solution and wash with water. Herein we have evaluated the 

stability and durability of the catalyst under same reaction conditions. Figure 9.10.a 

reveals the conversion time of 4-NP to 4-AP vs. cycle numbers. The catalyst has been 

reused up to six cycles with slight increment of the reaction time. The characterization 

of the six times reused Pd@CNx catalyst was performed by investigating of TEM 

analysis as shown in Figure 9.10.b.  

 

Figure 9.10. (a) Recycling profile of Pd@CNx catalyst for 4-NP reduction reaction in water 
medium with AB which shows catalyst was highly active upto six cycles.(b) TEM images of 

six times reused Pd@CNx catalyst. 
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The TEM image clearly shows that small PdNPs (1-4 nm) are decorated on g-carbon 

nitride sheet with presence of few slight larger PdNPs (3-6 nm). The ICP-OES analysis 

of reaction solution further confirmed that only 2.4 % Pd was leached after six cycle. 

The TEM and ICP-OES analysis thus demonstrated the superior catalytic with high 

stability of the Pd@CNx catalyst.    

Selective reduction of nitro group in presence of other reducible groups in aqueous 

medium was important pathway in synthetic chemistry for producing functional amino 

groups74-78. We have explored the catalyst for selective nitro reduction with different 

hydride donor. The details study of 4-nitroobenzonitrile reduction with different 

hydride donor is summarized in Table 9.2. In typical reaction, 4-Nitrobenzonitrile (1l) 

was reduced by NaBH4 in aqueous medium with 91% yields (Table. 9.2). Whereas in 

water-methanol and water-ethanol yields was slightly decreased due to fast hydrolysis 

of NaBH4 in aqueous medium in presence of PdNPs. 

 

Table 9.2. Comparison of 4-Nitrobenzonitrile reduction with different hydride sources. 

 
 

Entry Hydride source Solvent Time(min) Yields(%)a 

1 NaBH4 H2O 7 91 

 

2 NaBH4 H2O:EtOH 9 84 

 

3 NaBH4 H2O:MeOH 10 87 

 

4 H3B-NH3 H2O 10 99 

 

5 H3B-NH3 H2O:EtOH 15 83 
 

6 H3B-NH3 H2O:MeOH 10 88 

 

Reaction condition: 4-Nitrobenzonitrile (1 mmol), hydride (3 equiv.), solvents (3 ml),Catalyst (4 

mg), a isolated yields. 
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The Pd@CNx catalyst was equally effective for selective reduction of nitro groups 

using both NaBH4 and AB as the reducing agent but we have reported the selective 

reduction of nitro groups in aqueous medium using AB as hydride donor79 due to its 

less toxicity and high volume/mass hydrogen density than NaBH4. In Table 9.2 

represent the optimization for selective reduction of nitro group. Nitro compound (1 

mmol), H3B-NH3 (3 equiv.), Pd@CNx (4 mg), H2O (3 ml) at room temperature give the 

best result. The selective nitro group reduction with Pd@CNx catalyst was summarized 

in Table 9.3. Nitrobenzene (1a) was easily reduced to aniline (2a) with 88% yield. 

Amino benzene with electron donating group at para position (2b, 2c, 2e), ortho 

position (2d) as well as meat position (2f) was obtained with good yield. The 

nitrobenzene containing halogen group also easily and selectively reduced to halo 

amine (2g, 2h) with moderate TOF values.  

Table 9.3.  Selective nitro groups reduction of different nitro arenes with Pd@CNx 

catalyst 
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Furthermore amino benzene containing electron withdrawing group (2i, 2j, 2k) also 

obtained efficiently with excellent yields. The reaction was also extended to 1-

Nitronapthalene in order to obtained desired product (2l) with TOF value 2.1 min-1.  

The moderate yields for few amine compounds might be justified by the possibility of 

formation of trace amount of azoxy compounds or dehaloganated amine (halogen 

containing reactant).So, Table 9.3 demonstrates that  Pd@CNx catalyst can reduce nitro 

group selectively in presence of other reducible functional groups like –OH, -OMe, 

halogens, -COOH, -CONH2, -CN with good TOF values (2.1 to 9.4 min-1) in aqueous 

medium. There are few reports for selective reduction of nitro groups with hydride 

donor but in all cases long time and higher equivalent hydride donor is required in 

order to obtained good yields80. Recently, S. Sun and his co-workers reported reduction 

of nitro group with using AB.81 So our catalyst is highly effective for nitro group 

reduction in aqueous medium at room temperature. The catalytic stability and 

durability was one of the important properties of the catalyst for the liquid phase 

reaction. Catalyst was recovered from solution for next cycle by direct centrifugation of 

solution and wash with water. Herein we examined the stability and durability of the 

catalyst under same reaction conditions with 4-NP.  

 

Figure 9.11. Recycling profile of Pd@CNx catalyst for (a) Nitro reduction with AB and (b) 

ullmann coupling reaction in ethanol. 
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Figure 9.11.a shows the recycling profile of 4-NP reduction with AB in aqueous 

medium. The catalyst has high stability with good yields after six cycles (Figure 

9.11.b).  

We have also investigated the catalytic property of prepared Pd@CNx by 

monitoring the ullmann homocoupling reaction of 4-methoxybromobenzene (1 mmol) 

(3i) in ethanol medium using Na2CO3 (1.5 equiv) as base at 80 0C under air, we got 

moderate yield of the desired coupling product 4,4-dimethoxybyphenyl (4i) with high 

selectivity. This result encouraged us to validate the efficiency of the catalyst. For 

optimized the reaction condition we have screened several conditions which are 

summarized in Table 9.4. As the support material has no catalytic activity towards the 

ullmann coupling reaction under the same reaction conditions (Table 9.4, entry 1), so 

the well dispersed PdNPs actually provided the active site for ullmann reaction. In the 

absence of base no desired products were obtained (Table 9.4, entry 2); concluded the 

crucial role of base in coupling reaction. After that, we monitored the reaction with 

different bases (Table 9.4). Reaction was smoothly occurred under inorganic carbonate 

bases (Table.9.4, entries 3 to 6). At the same time organic bases such as NaOEt, NEt3 

also gave moderate yield of the corresponding products (Table 9.4, entries 8 and 9). 

But in case of K3PO4 yield of the product was drastically reduced to 35% (Table 9.4, 

entry 7). From the several screening, best result was obtained by using K2CO3 (1.5 

equiv) as base (Table 9.4, entry 5). There was no distinguishable change of yields 

under nitrogen atmosphere which clearly indicated the feasible nature of the reaction 

under aerobic condition. Halo-benzene (1 mmol), K2CO3 (1.5 mmol), EtOH (5 ml), 

Pd@CNx (5 mg) at 80 oC reaction condition give the best yield of biphenyl product. 

Having optimized reaction condition, the broad applicability of Pd@CNx was 
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illustrated by extending the protocol for different substituted haloarenes which were 

summarized in Table 9.5. 

Table 9.4. Optimization of ullmann coupling reaction of 4-bromoanisole. 

 

 

 

 

 

 

 

 

 

 

 

 

 

            

This catalytic system was broadly applicable for iodo, bromo and chlorobenzene 

systems to obtain desired biphenyl products (4a, 4b, 4c). The Haloarens with electron 

donating group (4d, 4e) at para and also meta position (4f, 4g) were coupled easily to 

give desired biaryl products with excellent yields. In the case of different flouro and 

chloro substituted iodoaren, selectively coupled occurred from more reactive iodo sides 

to form corresponding products (4h, 4i, 4j). The electron withdrawing groups (-CN, -

CHO) at para position were also equally activated towards the coupling reaction to give 

desired biaryl products (4k, 4l). The catalytic system was not only effective for benzene 

Entry Catalyst Base Time(h) Yielda(%) 

1 CNx K2CO3 24 0 

2 Pd@CNx - 24 0 

3 Pd@CNx Na2CO3 8 70 

4 Pd@CNx Cs2CO3 8 64 

5 Pd@CNx K2CO3 8 93 

6 Pd@CNx NaHCO3 8 67 

7 Pd@CNx K3PO4 8 35 

8 Pd@CNx NaOEt 8 52 

9 Pd@CNx NEt3 8 24 

10b Pd@CNx K2CO3 8 91 

 

Reaction condition: 4-methoxybromobenzene (1 mmol), base (1.5 mmol), ethanol 

(5 ml), catalyst (5 mg). aIsolated yield . bN2 atmosphere . 
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moiety but also extended for napthyl and heterocylic moiety effectively. The 2-

bromonapthalene gave corresponding coupled product (4m) with good yield in 24 

hours. There were very few studies on the homo coupling of heterohaloarene due to its 

inertness.58 In addition, 2-bromopyridin formed 2,2’-bipyridine (4n) with 54% yield in 

24 hours. So this catalytic system was equally applicable for a broad range of substrates 

with high yield and selectivity. The most important properties of the heterogeneous 

catalysts in liquid phase reaction were its stability and reusability. Here in we recycled 

the catalyst for the reaction of 4-iodotoluene in ethanol solution (Figure 9.11.b). The 

catalysed was reused up to five cycles with slight decrease of yields of desired product. 

Catalyst was separated from the reaction mixture by direct centrifugation of the 

solution followed by washed with ethanol and dried at 80 0C for overnight. 

Table 9.5. Ullmann coupling reaction of different aryl halides with Pd@CNx. 
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9.5. Conclusions 

In conclusion, we have successfully demonstrated a green facile approach to synthesize 

1-4 nm sized PdNPs immobilized in carbon nitride by ultrasonic methods without using 

any reducing agents. Due to small particle size, catalyst is highly active towards the 

dehydrogenation of NaBH4 and AB in aqueous medium. It also hydrogenated the 

different nitro groups with high good TOF values (9.4 to 2.1 min-1). In addition the 

Pd@CNx catalyst is highly active towards ethanol mediated ullmann coupling reaction 

to synthesize the biaryl compound at 800C with a broad range of substrate scope. This 

catalyst shows satisfactory yield of biaryl product up to five cycles with less leaching 

of PdNPs.   
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NMR data of different amine compounds: 

 

 
Aniline (2a): 1H NMR (400 MHz, DMSO) δ 7.02 (t, J = 7.8 Hz, 2H), 6.58 (d, J = 7.8 Hz, 2H), 6.51 (t, J 

= 7.2 Hz, 1H), 4.98 (s, 2H). 13C NMR (100 MHz, DMSO) δ 148.61, 128.88, 115.80, 113.99.  

 
 

4-aminophenol (2b): 1H NMR (400 MHz, DMSO) δ 8.38 (s, 1H), 6.49 (d, J = 8.8 Hz, 2H), 6.43 (d, 

J = 8.8 Hz, 2H), 4.41 (s, 2H). 13C NMR (100 MHz, DMSO) δ 148.28, 140.71, 115.60, 115.33. 

 

 

4-methoxyaniline (2c): 1H NMR (400 MHz, DMSO) δ 6.65 (d, J = 8.8 Hz, 2H), 6.54 (d, J = 8.8 Hz, 

2H), 4.56 (s, 2H), 3.62 (s, 3H).  13C NMR (100 MHz, DMSO) δ 150.54, 142.62, 115.07, 114.55, 55.32. 

 
 

2-ethylaniline (2d): 1H NMR (400 MHz, DMSO) δ 6.88 (dd, J = 16.6, 7.6 Hz, 2H), 6.59 (d, J = 7.3 

Hz, 1H), 6.49 (t, J = 7.3 Hz, 1H), 4.75 (s, 2H), 2.42 (q, J = 7.5 Hz, 2H), 1.11 (t, J = 7.5 Hz, 3H). 13C 

NMR (100 MHz, DMSO) δ 145.89, 127.96, 126.81, 126.36, 116.37, 114.47, 23.48, 13.28. 
 

 
Benzene-1,4-diamine (2e): 1H NMR (400 MHz, DMSO) δ 6.37 (s, 4H). 13C NMR (100 MHz, 

DMSO) δ 138.99, 115.93. 
 

 
 

Benzene-1,3-diamine (2f): 1H NMR (400 MHz, D2O) δ 7.04 (t, J = 7.9 Hz, 1H), 6.31 (dd, J = 7.9, 

2.1 Hz, 2H), 6.28 (s, 1H). 13C NMR (100 MHz, D2O) δ 147.29, 130.35, 107.72, 104.15. 
 

 

4-iodoaniline (2g): 1H NMR (400 MHz, DMSO) δ 7.26 (d, J = 8.6 Hz, 2H), 6.41 (d, J = 8.6 Hz, 2H), 

5.25 (s, 2H). 13C NMR (100 MHz, DMSO) δ 148.95, 137.55, 116.99, 76.20. 
 

 
 

4-bromoaniline (2h): 1H NMR (400 MHz, DMSO) δ 7.11 (d, J = 8.7 Hz, 2H), 6.51 (d, J = 8.7 Hz, 

2H), 5.21 (s, 1H). 13C NMR (100 MHz, DMSO) δ 148.16, 131.51, 116.03, 106.33. 

 
 

3-aminobenzoic acid (2i): 1H NMR (400 MHz, DMSO) δ 7.20 – 7.09 (m, 3H), 6.77 (d, J = 7.1 Hz, 

1H). 13C NMR (100 MHz, DMSO) δ 168.04, 148.89, 131.41, 129.03, 118.18, 116.84, 114.56. 
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4-aminobenzamide (2j): 1H NMR (400 MHz, DMSO) δ 7.57 (d, J = 8.6 Hz, 2H), 6.81 (s, 1H), 6.58 

(s, 1H), 6.52 (d, J = 8.6 Hz, 2H), 5.58 (s, 2H). 13C NMR (100 MHz, DMSO) δ 168.63, 151.96, 129.41, 
120.98, 112.81. 

 
 

4-aminobenzonitrile (2k): 1H NMR (400 MHz, DMSO) δ 7.37 (d, J = 13.4 Hz, 2H), 6.61 (d, J = 

11.1 Hz, 2H), 6.11 (s, 2H). 13C NMR (100 MHz, DMSO) δ 153.47, 133.72, 121.07, 113.42, 95.97. 

 

 

Naphthalen-1-amine (2l): 1H NMR (400 MHz, CDCl3) δ 7.87 - 7.83 (m,  2H), 7.54 – 7.44 (m, 2H), 

7.34 (dt, J = 15.1, 7.7 Hz, 2H), 6.80 (m, 1H), 3.40-3.97(2H). 13C NMR (100 MHz, CDCl3) δ 142.20, 

134.54, 128.65, 126.44, 125.92, 124.93, 123.81, 120.91, 119.07, 109.80. 

 

 

 
NMR data of different biaryl compounds: 

 

1,1'-biphenyl (4a, 4b, 4c): 1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 7.7 Hz, 4H), 7.45 (t, J = 7.6 

Hz, 2H), 7.36 (d, J = 7.5 Hz, 4H). 13C NMR (100 MHz, CDCl3) δ 141.39, 128.90, 127.39, 127.32. 

 

 

 
4,4'-dimethyl-1,1'-biphenyl (4d): 1H NMR (400 MHz, CDCl3) δ 7.47 (d, 4H), 7.23 (d, 4H).), 

2.38 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 138.43, 136.83, 129.57, 126.95, 21.22. 

 

 
 

4,4'-dimethoxy-1,1'-biphenyl (4e): 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.5 Hz, 4H), 6.96 

(d, J = 8.5 Hz, 4H), 3.85 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 158.84, 133.64, 127.88, 114.31, 55.49. 

 
 

3,3'-dimethoxy-1,1'-biphenyl (4f) : 1H NMR (400 MHz, CDCl3) δ 7.36 (t, J = 7.9 Hz, 2H), 7.19 

(d, J = 7.6 Hz, 2H), 7.14 (s, 2H), 6.91 (d, J = 8.2 Hz, 2H), 3.87 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 

160.03, 142.77, 129.86, 119.84, 113.09, 112.95, 55.44. 
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3,3'-dimethyl-1,1'-biphenyl (4g): 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.8 Hz, 4H), 7.32 (t, 

J = 7.5 Hz, 2H), 7.16 (d, J = 7.4 Hz, 2H), 2.42 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 141.49, 138.39, 

128.74, 128.12, 128.05, 124.42, 21.69. 

 
4,4'-difluoro-1,1'-biphenyl (4h): 1H NMR (400 MHz, CDCl3) δ 7.49 (dd, J = 8.8, 5.3 Hz, 4H), 

7.12 (t, J = 8.7 Hz, 4H). 13C NMR (100 MHz, CDCl3) δ 163.66 (s), 161.21 (s), 136.41 (d, J = 3.3 Hz), 

128.58 (d, J = 8.1 Hz), 115.69 (d, J = 21.5 Hz). 

 
 

3,3',4,4'-tetrafluoro-1,1'-biphenyl (4i): 1H NMR (400 MHz, CDCl3) δ 7.31 (t, J = 7.7 Hz,  2H), 

7.21-7.24 (m, 4H). 13C NMR (100 MHz, CDCl3) δ 151.65 (dd, J = 29.7, 15.5 Hz), 149.16 (dd, J = 34.9, 

14.3 Hz), 136.24 (s), 122.97 (s), 117.80 (d, J = 17.8 Hz), 116.01 (d, J = 18.1 Hz). 

 

 
 

4,4'-dichloro-1,1'-biphenyl (4j): 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.5 Hz, 4H), 7.41 (d, 

J = 8.5 Hz, 4H). 13C NMR (100 MHz, CDCl3) δ 138.45, 133.76, 129.05, 128.23. 

 

 
 

[1,1'-biphenyl]-4,4'-dicarbaldehyde (4k):1H NMR (400 MHz, CDCl3) δ 9.71 (s, 2H), 7.57 (d, 

J = 8.2 Hz, 4H), 7.43 (d, J = 7.9 Hz, 4H). 13C NMR (100 MHz, CDCl3) δ 193.51, 151.24, 132.56, 

129.93, 125.85. 

 

 
 

[1,1'-biphenyl]-4,4'-dicarbonitrile (4l): 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 8.5 Hz, 4H), 

7.69 (d, J = 8.5 Hz, 4H). 13C NMR (100 MHz, CDCl3) δ 143.68, 133.04, 128.09, 118.54, 112.62. 

 

 
 

2,2'-binaphthalene (4m): 1H NMR (400 MHz, CDCl3) δ 8.18 (s, 2H), 7.96 (t, J = 9.2 Hz, 4H), 7.90 

(d, J = 8.5 Hz, 4H), 7.56 – 7.48 (m, 4H). 13C NMR (100 MHz, CDCl3) δ 138.58, 133.90, 132.82, 128.67, 

128.39, 127.83, 126.51, 126.27, 126.16, 125.89. 

 
 

2,2'-bipyridine (4n): 1H NMR (400 MHz, CDCl3) δ 8.68 (d, J = 4.8 Hz, 2H), 8.39 (d, J = 8.0 Hz, 

2H), 7.81 (t, J = 7.7 Hz, 2H), 7.30 (dd, J = 7.5, 4.8 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 156.27, 

149.31, 137.07, 123.85, 121.23. 
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Summary and Future Prospect 

Summary 

This dissertation discussed the synthesis of graphitic carbon nitride supported 

various nanocomposite to utilize their catalytic activities in organic reaction and 

electrochemical reaction related with fuel cell.    

The first chapter describes a brief overview of the current and future energy 

demands and explored the importance of renewable energy conversions and storage 

techniques. The history and development of fuel cell as well as water electrolyser are 

highlighted. The general description of different fuel cell reactions such as hydrogen 

oxidation reaction (HOR), oxygen reduction reaction (ORR) and water electrolyser 

reaction namely hydrogen evolution reaction (HER), oxygen evolution reaction (OER) 

has been discussed in this chapter. A brief description of theoretical backgrounds to 

develop the efficient electro catalysts for different renewable process also has been 

demonstrated. This chapter also records an account of current literatures pertaining to 

different nanocarbon materials graphene, carbon nanotube (CNTs), carbon nitride based 

precious and non-precious metal nanostructure materials, used for various fuel cell 

reactions. The different synthesis methods, properties and electrochemical applications 

of transition metals layered double hydroxides (LDHs) structure also discussed in this 

chapter. Moreover, NPs based heterogeneous catalyst for various organic conversions 

has been briefly discussed in the last section of this chapter. Finally, at the end of this 

chapter presented the objective of this dissertation work.       

Chapter 2 demonstrated the various experimental procedures and suitable 

characterization techniques adopted for this whole dissertation work briefly.  
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In chapter 3 and 4 represented the synthesis, characterization of porous palladium 

nanoparticles-carbon nitride composite (Pd-CNx) for superior electrochemical HER, 

HOR and ORR activity in both acidic and alkaline media. The porous structure of the 

nanocomposite from an optimized precursor composition and reaction time. This chapter 

demonstrated that Pd-CNx nanocomposite showed relatively high electrocatalytic 

activity compare to commercially available Pt/C and Pd/C catalyst. The long term 

stability of the nanocomposite was explained by the carbon nitride hybridization which 

could improve the stability by intimate contact with Pd NPs. 

Chapter 5 described synthesis, characterization and efficient hydrogen and oxygen 

evolution reactions over all pH values of one dimensional highly crystalline RuO2 

nanowires on carbon nitride (1D-RuO2-CNx). Moreover the growth mechanism of the 

nanowire on g-CNx also demonstrated here. The  1D-RuO2-CNx, as an OER catalyst, 

exhibits low onset overpotential of ~ 200 mV in both acidic and basic media whereas 

Tafel slopes are 52 and 56 mV/dec respectively. This catalyst requires low overpotential 

of 250 mV and 260 mV to drive the current density of 10 mAcm-2 in acidic and basic 

media respectively. In addition the mass activity of 1D-RuO2-CNx is ~14 time higher 

than that of comm. RuO2. Most importantly, the 1D-RuO2-CNx catalyst has remarkably 

higher stability in compare to comm. RuO2 and IrO2. The superior HER activity of 1D-

RuO2-CNx with current density of 10 mAcm-2 at ~93 and 95 mV in acidic and basic 

media. The 1D-RuO2-CNx composite showed improved HER and OER activity as 

compared to the state-of-the-art catalyst in 0.1 M PBS buffer electrolyte. 

Chapter 6, demonstrated the electrocatalytic activity of palladium nanoparticles-carbon 

nitride composite (PdNPs/CNx) towards the formic acid oxidation (FAO) with high mass 

activity (1640 mAmgPd
-1) in acid electrolyte. This chapter also demonstrated that the 
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current density of PdNPs/CNx catalyst for FAO is ~7.6 times and ~36 times higher than 

that of the commercial Pd/C and Pt/C catalyst respectively. 

Chapter 7, concentrated on finding of non-precious metal based highly active and 

durable bi-functional electrocatalysts for overall water-splitting. This chapter describes 

the synthesis, characterization of cobalt iron layered double hydroxide (Co1-Fe LDH) 

and g-carbon nitride composite (Co1-Fe LDH/g-CNx). He optimized the LDH structure 

of the nanocomposite from various precursor composition and reaction time. He showed 

that thin Co1-Fe LDH nano-sheets are successfully impregnated on graphitic carbon 

nitride surface by one pot co-precipitation method at ambient temperature. The optimal 

composite, Co0.4Fe0.6 LDH/g-CNx exhibited superior OER activity in 1 M KOH 

electrolyte with a small overpotential of 0.28 V for 10 mAcm-2, low Tafel slope of 29 

mV/dec, 100% faradic efficiency and high TOF of 0.25 s-1 which is superior to comm. 

IrO2. Furthermore, the catalyst demonstrated its long term durability and higher stability 

for HER and OER under alkaline environment. 
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Chapter 8, describes the synthesis of composite cobalt aluminium layered double 

hydroxide-carbon nitride (Co1Al(OH)m-CNx) by simple microwave heating method and 

their potential applications towards water oxidation reaction in alkaline medium. He 

synthesized a series of Co1Al(OH)m-CNx composite materials by varying the amount of 

Co and Al precursors. It demonstrated that among those different compositions, highest 

catalytic activity was observed for Co1Al2(OH)x-CNx composite materials with a small 

overpotentials of 0.31 V to achieve 10 mA cm-2 current density, low Tafel slope of 36 

mV/dec and ~99% Faradic efficiency. The superior activity of Co1Al2(OH)x-CNx 

composite was explained with the help of the strong synergestic effect betwwen support 

and Co1Al (OH)m LDH or improved ECSA of the composite materials.  

Chapter 9, described the synthesis of highly dispersed ultra-small palladium 

nanoparticles embedded on graphitic carbon nitride (Pd@CNx) by ultrasound assisted 

method without aid of any external reducing agent. The chapter showed the efficient 

catalytic activity towards easy dehydrogenation of sodium borohydride (NaBH4) and 

ammonia borane (AB) in aqueous medium and also easy hydrogenation of  4-Nitrophenol 

to 4-aminophenlo with fast kinetics. This chapter exhibited the superior catalytic activity 

of this catalyst towards ullmann coupling reaction of different aryl halides with broad 

range of substrates scope with easy recovery of the catalyst and high recycling property. 

Future prospect:  

The ultra sound mediated sodium borohydride reduction methods synthesised a 

porous Pd nanoparticle graphitic carbon nitride composite having electrocatalytic 

activity towards hydrogen oxidation reaction, oxygen reduction reaction and formic acid 

oxidation reaction. This simple process could create an avenue for the synthesis of porous 
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nanocomposite for catalysis of different Fuel cell reactions. This concept could have an 

enormous impact in field of energy conversion devices.    

Demonstration of bifunctional activity of one dimensional RuO2 nanorod and g-

carbon nitride nanocomposite for HER and OER at all pH values makes them interesting 

catalytic systems. Further investigation of reaction mechanism on RuO2 will deepen the 

understanding of the particular structural properties that are involved in oxygen and 

hydrogen evolution reaction contribute to the eventual development of catalysts which 

approach the behaviour of an ideal water electrolyser. 

One pot simple co-precipitation methods were used to imprecate the transition 

metal based LDH material on the g-carbon nitride. This facile process could create an 

avenue for the synthesis of different LDH and 2D support materials for low price alkaline 

water electrolyser. Those composite can be used as promising electro-catalyst for various 

renewable energy storage and conversion devices such as water-splitting devices, fuel 

cells, metal-air batteries, etc. 

Another extension of the work in thesis could be Ultrasound mediated synthesis 

of small aggregation free metal nanoparticle on the g-carbon nitride sheet. Highly 

dispersed Pd NPs on g-carbon nitride has very high surface area and shows excellent 

catalytic activity towards nitro phenol reduction and ullmann coupling reaction. This 

novel concept could have a great impact for heterogeneous catalysis applications.  
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Palladium Nanoparticle−Graphitic Carbon Nitride Porous Synergistic
Catalyst for Hydrogen Evolution/Oxidation Reactions over a Broad
Range of pH and Correlation of Its Catalytic Activity with Measured
Hydrogen Binding Energy
Tanmay Bhowmik, Manas Kumar Kundu, and Sudip Barman*
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ABSTRACT: The hydrogen evolution reaction (HER) and
hydrogen oxidation reaction (HOR) in aqueous medium are
two fundamental reactions for the development of non-fossil
energy storage and conversion devices. In the polymer
electrolyte membrane fuel cell (PEMFC) carbon supported
platinum (Pt/C) based catalysts are universally used in
cathodes and anodes; however, the poor durability of Pt/C
due to degradation of the catalyst in the strongly oxidizing
environment prevents its widespread applications. It remains a
great challenge to develop new electrocatalysts with superior
activity and very high durability for the HER/HOR. Here, we
report the synthesis of a porous palladium nanoparticle−
carbon nitride composite (Pd-CNx) for its superior activity
and high durability toward the HER/HOR in acidic and alkaline media. The Pd-CNx composites exhibited high catalytic activity
for hydrogen evolution in acidic media with a small onset potential of −12 mV and a Tafel slope of 35 mV dec−1. At a small Pd
loading of 0.043 mg cm−2, this catalyst also exhibits a current density of 10 mA cm−2 at a low overpotential of −55 mV with an
excellent stability. The HER activity on Pd-CNx composite is comparable to that of commercial Pt/C in acid media. The stability
tests of this catalyst were done through a large number of repeated potential cycles and long-term electrolysis. These confirm the
exceptional durability of this catalyst, which is much better than that of Pt/C catalysts. Furthermore, this catalyst has also
displayed superior HOR activity, measured by a rotating-disk experiment with a broad range of pH (0−14) in different buffer
solutions. The HER/HOR activities of porous Pd-CNx composite in different buffer solutions were correlated with the hydrogen
binding energy (HBE) of the catalyst surface. The HER/HOR activity gradually decreases with an increase in the HBE as the
solution pH increases. The superior HER/HOR activities and very high durability at porous Pd-CNx composite are due to strong
bonding between Pd and carbon (Pd−C bond), the porous morphology, and synergistic interactions between Pd-NPs and the
carbon nitride (CNx) support.

KEYWORDS: palladium nanoparticle, graphitic carbon nitride, hydrogen evolution and oxidation reaction, underpotential deposition,
hydrogen binding energy

■ INTRODUCTION

The rapid depletion of fossil fuels and also various environ-
mental problems arising from the use of fossil fuels are the
driving force for developing technologies for energy conversion
and storage.1 Fuel cells and electrolyzers are the most
significant renewable energy conversion and storage techniques,
respectively. Among the different type of fuel cells, proton
exchange membrane fuel cells/polymer electrolyte fuel cells
(PEMFCs) are known to be a clean and renewable energy
resource due to their high energy conversion efficiency, high
energy and power density, and better environmental compat-
ibility.2,3 The hydrogen evolution reaction (HER) and
hydrogen oxidation reaction (HOR) in aqueous medium are
two fundamental reactions for the development of non-fossil
energy storage and conversion devices.4 The main applicability

of the HOR is predominantly in fuel cells, where chemical
energy in hydrogen is converted into electrical energy. The
HER is used in electrolyzers, which store the energy in
chemical form by liberating the hydrogen. In fuel cells, the
anodic hydrogen oxidation reaction (HOR) and cathodic
hydrogen evolution reaction (HER) have been catalyzed by the
noble metal Pt.5,6 In practice, large-scale electrochemical
hydrogen production is generally restricted by two main
problems: (1) dependence on the precious metal platinum and
(2) lack of stability of the electrode materials under the strongly
acidic conditions of PEM cells. Research efforts are ongoing to
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School of Chemical Science, National Institute of Science Education and Research, HBNI, Bhubaneswar 751005, India
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ABSTRACT: Development of highly efficient and durable bifunctional electro-
catalyst for hydrogen and oxygen evolution reactions (HER and OER) is essential for
efficient solar fuel generation. The commercial RuO2 or RuO2-based catalysts are
highly active toward OER, but their poor stability under different operating
conditions is the main obstacle for their commercialization. Herein, we report growth
of one-dimensional highly crystalline RuO2 nanowires on carbon nitride (1D-RuO2-
CNx) for their applications in HER and OER at all pH values. The 1D-RuO2-CNx, as
an OER catalyst, exhibits a low onset overpotential of ∼200 mV in both acidic and
basic media, whereas Tafel slopes are 52 and 56 mV/dec in acidic and basic media,
respectively. This catalyst requires a low overpotential of 250 and 260 mV to drive the
current density of 10 mA cm−2 in acidic and basic media, respectively. The mass
activity of 1D-RuO2-CNx catalyst is 352 mA mg−1, which is ∼14 times higher than
that of commercial RuO2. Most importantly, the 1D-RuO2-CNx catalyst has
remarkably higher stability compared to commercial RuO2. This catalyst also exhibits
superior HER activity with a current density of 10 mAcm−2 at ∼93 and 95 mV in acidic and basic media. The HER Tafel slopes
of this catalyst are 40 mV/dec in acidic condition and 70 mV/dec in basic condition. The HER activity of this catalyst is slightly
lower than Pt/C in acidic media, whereas in basic media it is comparable or even better than that of Pt/C at higher
overpotentials. The HER stability of this catalyst is also better than that of Pt/C in all pH solutions. This superior catalytic
activity of 1D-RuO2-CNx composite can be attributed to catalyst−support interaction, enhanced mass and electron transport,
one-dimensional morphology, and highly crystalline rutile RuO2 structure.

KEYWORDS: graphitic carbon nitride, one-dimensional RuO2 nanowire, hydrogen evolution, oxygen evolution, bifunctional

■ INTRODUCTION

To solve the energy crisis and environmental problems,
worldwide efforts are going on to find renewable energy
sources as alternatives to fossil fuels.1,2 Hydrogen is considered
as one of cleanest renewable energy sources as an alternative to
fossil fuel.3,4 Overall, water splitting to produce molecular
hydrogen is a promising method to store solar/electric energy
into chemical fuels5 as H2. The water splitting consists of two
half-cell reactions6 such as hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER). Without any suitable
catalyst both processes are very slow. Apart from H2 storage
application, HER/OER catalysts are also directly coupled with
various renewable energy conversion and storage systems7,8

such as metal−air batteries, fuel cells, solar cells, etc. OER is a
bottleneck process for water splitting because of its sluggish
kinetics due to a multistep proton couple electron transfer
process.9 Although RuO2 and IrO2 are highly active electro-
catalysts for the OER reaction, IrO2 is preferred as a state-of-
the-art catalyst for OER.10 The both state-of-the-art catalysts11

still show quite large OER overpotentials as compared to the
theoretical value of 1.23 V. The reduction of a large
overpotential to reach an appreciable current density for OER

is the major challenge of electrochemical water splitting, which
is an obstacle for development of renewable energy conversion
devices. Carbon-supported platinum (Pt/C) is a state-of-the-art
catalyst for HER. Although Pt/C is highly active in acidic
media, its activity in basic media is two orders less as compared
to acidic media.12 The slow kinetics of Pt/C toward HER in
basic media restricted fuel efficiency, and a large amount of Pt
catalyst is needed in basic media.13,14 In addition, the long-term
durability of Pt/C catalyst in strong oxidizing condition is
another obstacle for its commercialization. The catalysis of
HER as well as OER processes in the same medium is
attractive, since only one catalyst can be used for their
integration. It is known that almost all good OER15−19 catalysts
are active mainly in basic media, whereas good HER
catalysts20−24 work well in acidic media. Some HER
catalysts25−28 are active in acidic, basic, and neutral medium,
but OER catalysts,29 which are active in all pH, are relatively
very rare. It is thus highly desirable to find superior bifunctional
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a b s t r a c t

The electrochemical oxygen reduction reaction (ORR) is a cathodic process of fuel cells. The

carbon supported Platinum, Pt/C catalyst is universally used as cathode materials; but poor

durability of Pt/C due to degradation of catalyst prevent its wide spread applications. It is

thus important to develop new cathode material(s) with high activity and stability. We

report here, superior electrocatalytic activity of palladium nanoparticles-carbon nitride

(Pd-CNx) composite towards ORR in both alkaline and acidic media. The ORR activity on Pd-

CNx catalyst is better (half wave potential E1/2 of 60 mV more positive) than that of Pt/C in

0.5 M KOH solution and is almost comparable in acid media. Moreover, this porous com-

posite display excellent methanol tolerance and has much better long term durability than

that of commercial Pt/C in both acidic and alkaline media. Only 4 and 6 mV positive shift of

E1/2 after 1500 potential cycles in basic medium and acid media respectively prove the

excellent durability of this catalyst. The superior electrocatalytic activity and excellent

stability of porous Pd-CNx composite can be attributed to unique synergistic interaction

between CNx support and Pd nanoparticles (Pd-NPs), lower the d-band center of Pd, easy

mass transport, and surface structure of Pd-NPs.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The oxygen reduction reaction (ORR) is one of the important

redox reaction [1] for development of proton exchange

membrane fuel cell (PEMFCs), direct liquid fuel cells (DLFCs)

and alkaline fuel cells (AFCs). Without any assistance of

suitable catalyst, ORR kinetics becomes very sluggish. Plat-

inum is known to be the universal catalyst for the ORR pro-

cess. In practice, commercialization is restricted mainly by

two major problems: (1) the precious platinum metal de-

pendency and (2) lack of stability of the electrode materials

under strong acidic condition of PEM cells. It is thus important

to develop non platinum based highly active and durable ORR

catalyst for commercialization of fuel cell. The palladium,

another noble metal which has similar crystal structure, sur-

face structure, has created enormous attention as fuel cell

catalyst because Pd ismore abundance than Pt and has similar

activity with Pt [2]. The ORR reaction is highly depended on the

size, shape and crystallinity of the electrode materials and

also the electrolyte solution [3e5]. Generally, ORR proceeds on

the noble metal through two steps process e (a) adsorption or

electron transfer to OeOmolecule and breaking the OeO bond

* Corresponding author. Tel: þ91 (674) 2304061; fax: þ91 (674) 2304070.
E-mail address: sbarman@niser.ac.in (S. Barman).
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ABSTRACT: Finding nonprecious metal based highly active and durable
bifunctional electrocatalysts for overall water-splitting is essential for the
development of various renewable energy storage and conversion
technologies. Herein, we report the synthesis of cobalt iron layered double
hydroxide (Co1−δFeδ LDH) and g-carbon nitride composite
(Co1−δFeδ LDH/g-CNx) for alkaline water electrolysis. The thin
Co1−δFeδ LDH nanosheets are successfully impregnated on graphitic
carbon nitride surface by one pot co-precipitation method at ambient
temperature. The optimal composite, Co0.4Fe0.6 LDH/g-CNx exhibited
superior OER activity in 1 M KOH electrolyte with a small overpotential of
0.28 V for 10 mA cm−2, low Tafel slope of 29 mV/dec, 100% faradic efficiency, and high TOF of 0.25 s−1 which is superior to
commercial (comm) IrO2. Furthermore, the Co0.4Fe0.6 LDH/g-CNx composite also exhibited remarkable HER activity in alkaline
media and its HER activity is slightly lower than that of comm Pt/C at low overpotential but it outperforms Pt/C at high
overpotential. The catalyst demonstrated its long-term durability and higher stability for HER and OER under alkaline
environment. This Co0.4Fe0.6 LDH/g-CNx catalyst can serve as both cathode and anode for overall water-splitting and required
the small potential of 1.61 V to achieve a current density of 10 mA cm−2. The superior electrocatalytic activities of the
Co0.4Fe0.6 LDH/g-CNx composite are due to the high electrochemical surface area (ECSA), easy access of abundant active sites,
and easy mass transport owing to 2D sheet morphology of the composite.

KEYWORDS: Co0.4Fe0.6 LDH, g-carbon nitride, oxygen evolution reaction (OER), hydrogen evolution reaction (HER),
overall water splitting.

■ INTRODUCTION

With increasing concern over rapid depletion of fossil fuels and
negative impact on the environment due to excessive use of
fossil fuels, there is urgent need of renewable energy resource
and storage techniques alternative to the fossil fuels.1,2

Hydrogen is considered as a green fuel3 (energy carrier)
alternative to fossil fuel due to its high storage density and
environment friendliness. The high purity hydrogen (99.6%
purity) is mainly produced from chloroalkali industry during
the electrocatalytic formation of chlorine and caustic soda.4 In
recent years, electrolysis of water4,5 into molecular hydrogen
(H2) and oxygen (O2) offers one of most viable alternative
approaches for the replacement of fossil fuels. Water
electrolysis consists of two half-cell6 reactions such as cathodic
hydrogen evolution reaction (HER) to produce molecular
hydrogen and anodic oxygen evolution reaction (OER) to form
molecular oxygen. Both HER and OER kinetics are sluggish
without any suitable catalysts. HER is a simple two-step process
occurring at low overpotential on noble metal surfaces,7

whereas OER is a more complex multielectron process leading
to sluggish kinetics of oxygen evolution from water and thus
requires large overpotential.8 The Pt/C is considered as highly

active, best electrocatalyst9,10 for HER, whereas noble metal
oxide IrO2 and RuO2 are considered as state-of-art electro-
catalyst11,12 for OER. But the widespread applications of these
noble metal based electrocatalysts are limited because of their
scarcity and high cost. Thus, it is very important to develop
nonprecious metal based highly active and durable electro-
catalyst for water-splitting reactions.13−15 In recent years,
tremendous efforts have been devoted for development of
low cost electrocatalyst for HER16−19 and OER.20−24 Several
studies confirmed that first row transition metal dichaloge-
nide,25,26 phosphide,18,27 nitride,28 and carbide29 catalysts
exhibited superior HER activity whereas transition metal
oxide,30,31 hydroxides,24,32,33 and oxy(hydroxide)23 based
catalysts are active for OER. Generally, most of the good
HER catalysts are active in acidic environment34,35 whereas
most of the nonprecious OER catalysts are active under alkaline
environment.36,37 The designing of a bifunctional catalyst,38−42

where the single catalyst is used as a cathode (HER) and anode
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a b s t r a c t

The electrochemical formic acid oxidation reaction (FAO) is an anodic process of direct

formic acid fuel cells. Carbon supported platinum (Pt/C) and Palladium (Pd/C) catalysts are

widely used as anode materials for FAO. The CO poisoning of Pt/C and poor stability of Pd/C

are main obstacles for its commercialization. We report here superior electrocatalytic

activity of Palladium nanoparticles-carbon nitride composite (PdNPs/CNx) towards formic

acid oxidation (FAO) with high mass activity (1640 mAmgPd
�1) in acid media (0.5 M H2SO4)

which is 7.2 times higher than that of commercial Pd/C catalyst. It also exhibited an

outstanding stability for FAO (mass activity of this catalyst was 23 times higher than

commercial Pd/C after 1000 cycles).

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Development of sustainable and renewable energy sources [1]

are gaining enormous attentions due to the limited access of

natural fossil fuel and the rapid rise of energy demand. The

fuel cells are the green energy resources, alternative to fossil

fuel [2]. In recent years, Direct Formic Acid Fuel Cells (DFAFCs)

have attracted attentions to scientific community due to its

unique advantages over hydrogen fuel cell and Direct Meth-

anol Fuel Cells (DMFCs) [3]. For hydrogen fuel cell, hydrogen

storage and transportation are the main limitations for its

applications, whereas methanol cross over, toxicity of meth-

anol are the disadvantages of DMFCs. The DFAFCs has been

created great attention as a promising alternate to DMFCs due

to its higher power density, low fuel crossover, higher energy

efficiency and higher electromotive force. The theoretical

open circuit potential of DFAFCs is 1.48 V (vs. saturated

hydrogen electrode) which is higher than hydrogen and

methanol fuel cells [4]. The low fuel crossover in DFAFC is due

to dissociation of formic acid to format ions (HCOO�) and their

repulsive interaction [5]. The electro-oxidation of formic acid

on solid surfaces is known to occur via twodifferent pathse (1)

dehydrogenation process, the direct-path involves oxidation

of formic acid to carbon dioxide (HCOOH ¼ CO2 þ 2Hþ þ 2e�)
and (2) the indirect-path (dehydration path) occurs via inter-

mediate formation, oxidation of adsorbed CO species

(HCOOH¼ COads þH2O¼ CO2 þ 2Hþ þ 2e�) [6]. The formic acid

* Corresponding author. Fax: þ91 674 2304070.
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Gold aerogel supported on graphitic carbon nitride:
an efficient electrocatalyst for oxygen reduction
reaction and hydrogen evolution reaction†

Manas Kumar Kundu, Tanmay Bhowmik and Sudip Barman*

Fabrication of a high surface area interconnected porous network of metallic nanomaterials is important for

their applications in various fields such as catalysis, sensors, and electrochemistry. Here we report a facile

bottom up synthesis of high surface area and porous gold aerogel supported on carbon nitride sheets (CNx).

The reduction of HAuCl4 in the presence of carbon nitride nanosheets using sodium borohydride and

ultrasonic treatment produces gold aerogel supported on carbon nitride (Au–aerogel–CNx). When the

reduction of HAuCl4 in the presence of CNx nanosheets was performed using only ultrasonication, highly

dispersed ultrasmall (�2 nm) gold nanoparticles on CNx sheets (AuNPs–CNx) were formed. The Au

aerogel supported on CNx sheets was well characterized by powder X-ray diffraction, tunneling electron

microscopy, selected area electron diffraction, energy dispersive X-ray spectroscopy, scanning electron

microscopy, UV-visible and X-rayphotoelectron spectroscopic methods. The Au–aerogel–CNx and

AuNPs–CNx composites exhibited superior electrocatalytic activity towards oxygen reduction reaction

(ORR) in alkaline and acidic media. The Au–aerogel–CNx composite showed ORR onset potentials at

0.92 V and 0.43 V (vs. RHE) in 0.5 M KOH and H2SO4 solution. The four electron oxygen reduction

process occurred at these supported catalysts in both alkaline and acidic media. In alkaline (KOH)

medium the onset potential at Au–aerogel–CNx was more positive (�30 mV) than that of commercial

Pt/C catalyst. The composites displayed excellent methanol tolerance and comparable durability with

commercial Pt/C. Furthermore, the Au–aerogel–CNx composites exhibited high catalytic activity for the

hydrogen reduction reaction (HER) with a small onset potential of �30 mV and a Tafel slope of 53 mV

dec�1 in acidic medium. At a small Au loading of 0.130 mg cm�2, this catalyst also exhibits a current

density of 10 mA cm�2 at a low overpotential of �185 mV with excellent stability. The ORR and HER

performances on porous Au–aerogel–CNx composites were better than those of the AuNPs–CNx

catalyst and commercial flat gold electrode. The superior ORR and HER activities at the Au–aerogel–CNx

composite originated from the unique synergistic effects between the porous Au network and carbon

nitride (CNx) support.

Introduction

Porous materials have attracted tremendous attention in the
last few years due to their exceptionally high catalytic activity,1–3

electrical conductivity4 and mechanical properties.5 These
properties arise due to their ability to interact with the atoms or
ions or molecules throughout the bulk of the material, and not
only on their surfaces. In the last decade porous metallic
network structures have gained tremendous attention for their
various kinds of biological sensing applications6,7 and catalytic3

and electrocatalytic applications.8 Metal aerogels are a new type
of porous solid materials that have extremely low density, high
porosity, high surface area, high electrical conductivity and
catalytic properties. The properties of nanoparticles such as
catalytic activities are retained in the metal aerogel and it may
thus bridge the gap between nanomaterials and macro-
materials. It was reported that the properties of some of the
metal aerogels are superior to those of metal nanoparticles
because of the combined effects of nanoparticles in the aero-
gel.9 Since the discovery of aerogels in 1963 by Kistler,10 enor-
mous efforts have been taken to synthesise various aerogels.
Several approaches are available in the literature for the
synthesis of different non-metal aerogels such as carbon aero-
gels11 and silica aerogels,12 organic–inorganic hybrid aerogels,13

metal oxide aerogels,14 and metal chalcogenide aerogels.15 But
only few methods are available for the production of metal
aerogels.8,16–18 For example, Eychmüller and coworkers8,16 have
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Platinum Nanostructure/Nitrogen-Doped Carbon Hybrid:
Enhancing its Base Media HER/HOR Activity through Bi-
functionality of the Catalyst
Manas Kumar Kundu, Tanmay Bhowmik, Ranjit Mishra, and Sudip Barman*[a]

Introduction

The rapid rise of global energy demand and environmental

problems associated with the use of fossil fuels are the driving
force for exploring renewable energy sources and energy stor-

age.[1, 2] Water electrolyzers and fuel cells are two important re-
newable techniques for energy storage and conversion.[2, 3] Hy-

drogen is considered to be one of the best clean energy carri-
ers, with high mass density, and the hydrogen evolution reac-
tion (HER) is featured in water electrolyzers that store energy

in chemical form by generating molecular hydrogen.[4] The hy-
drogen oxidation reaction (HOR) is mainly used in fuel cells, in
which chemical energy from hydrogen is converted into elec-
trical energy.[5] The hydrogen fuel cell consists of two half-cell

reactions, such as the HOR at the anode and the oxygen re-
duction reaction (ORR) at the cathode. Water electrolyzers are

based on two reactions: HER at the cathode and the oxygen
evolution reaction (OER) at the anode.[6] Among the various
fuel cells, proton exchange membrane fuel cells (PEMFCs) are

one of the best renewable energy sources due to better envi-
ronmental friendliness, high energy conversion efficiency, and

high energy and power density.[2] Platinum is the most active

catalyst for both HER/HOR processes in acid media,[7] but poor

stability of commercial Pt/C under strongly acidic conditions is
one of the main obstacles for the commercialization of

PEMFCs.[8] Thus, it is highly desirable to find new highly active
and highly durable HER/HOR catalysts. In recent years, alkali

membrane fuel cells (AMFCs) and alkaline electrolyzers have
been considered as suitable alternatives to PEMFCs and water
electrolyzers, respectively, because earth-abundant, transition-

metal-based nonprecious-metal catalysts are available for the
ORR and OER in alkaline media.[9] Another advantage of AMFCs
over PEMFCs is the high stability of the electrocatalyst in alka-
line medium. Although Pt is also the best catalyst for the HER

and the HOR in alkaline medium, the HER/HOR activity of com-
mercial Pt/C in basic media is two orders of magnitude lower

than that in an acid.[10] Because of sluggish HER/HOR kinetics

at commercial Pt/C catalysts in alkaline media, a very high Pt
loading (&0.5 mg cm@2) is required at the anode of AMFCs, in

comparison to the low Pt loading (&0.05 mg cm@2) for
PEMFCs.[11] Therefore, an effective HOR/HER catalyst is highly

desirable for the development of AMFCs or alkaline electrolyz-
ers.

Understanding the mechanism of the HOR/HER in alkaline

media is important for designing efficient alkaline HOR/HER
electrocatalysts. In acidic media, the HOR/HER occurs through

either Tafel–Volmer or Heyrovsky–Volmer mechanisms
[Eqs. (1)–(3)]:[10a, 11, 12]

The design and synthesis of an active catalyst for the hydrogen

evolution reaction/hydrogen oxidation reaction (HER/HOR) are

important for the development of hydrogen-based renewable
technologies. The synthesis of a hybrid of platinum nanostruc-

tures and nitrogen-doped carbon [Pt-(PtOx)-NSs/C] for HER/
HOR applications is reported herein. The HER activity of this

Pt-(PtOx)-NSs/C catalyst is 4 and 6.5 times better than that of
commercial Pt/C in acids and bases, respectively. The catalyst
exhibits a current density of 10 mA cm@2 at overpotentials of 5
and 51 mV, with Tafel slopes of 29 and 64 mV dec@1 in 0.5 m
H2SO4 and 0.5 m KOH. This catalyst also showed superior HOR

activity at all pH values. The HER/HOR activity of Pt-(PtOx)-NSs/
C and PtOx-free Pt-nanostructures on carbon (PtNSs/C) cata-

lysts are comparable in acid. The presence of PtOx in Pt-(PtOx)-

NSs/C makes this Pt catalyst more HER/HOR-active in basic
media. The activity of the Pt-(PtOx)-NSs/C catalyst is fivefold

higher than that of the PtNSs/C catalyst in basic medium, al-
though their activity is comparable in acid. The hydrogen-bind-

ing energy and oxophilicity are two equivalent descriptors for
HER/HOR in basic media. A bifunctional mechanism for the en-

hanced alkaline HER/HOR activity of the Pt-(PtOx)-NSs/C cata-
lyst is proposed. In the bifunctional Pt-(PtOx)-NSs/C catalyst,

PtOx provides an active site for OH@ adsorption to form OHads,
which reacts with hydrogen intermediate (Hads), present at
neighbouring Pt sites to form H2O; this leads to enhancement

of the HOR activity in basic medium. This work may provide an
opportunity to develop catalysts for various renewable-energy

technologies.
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Ultra small gold nanoparticles–graphitic carbon
nitride composite: an efficient catalyst for ultrafast
reduction of 4-nitrophenol and removal of organic
dyes from water†

Tanmay Bhowmik,‡ Manas Kumar Kundu‡ and Sudip Barman*

Synthesis of supported ultra small gold particles is important for their unusual properties and catalytic

applications. We report a facile method for synthesis of ultra small gold nanoparticles supported on

carbon nitride sheets (Au–CNx). The ultrasonication was used to form Au–CNx composite from carbon

nitride quantum dots and HAuCl4 without any aid of external reducing agent. The Au–CNx composite

was well characterized by tunneling electron microscopy, selected area electron diffraction, energy

dispersive X-ray spectroscopy, powder X-ray diffraction, X-ray photo electron spectroscopy methods.

Electron microscopic measurements confirm that thin graphitic carbon nitride sheets provided two

dimensional supports to stabilize ultra small, 1–3 nm sized gold nanoparticles (AuNPs). The Au–CNx

composite showed excellent catalytic activity towards the reduction of 4-nitrophenol in aqueous

medium in presence of sodium borohydride (NaBH4) with very fast kinetics and good stability. The

Au–CNx catalyst can be used as an absorbent for the removal of organic dye [Rhodamine B (RhB),

methylene blue (MB), and methyl red (MR)] from water. It showed excellent adsorption capacity for RhB

and MB due to electrostatic interaction between anionic catalyst and cationic organic dye molecules.

The catalyst can easily be reused after removing adsorbed dye from the catalyst simply by changing pH

of the solution. In addition, Au–CNx composite exhibited superior photo catalytic degradation of various

dyes (RhB, MB and MR) on irradiation of UV, visible light and natural sunlight. Excellent photodegradation

rate constants for RhB (0.024 min�1), MB (0.024 min�1) and MR (0.02 min�1) were observed although

high concentration of dyes were used for degradation. Au–CNx is one of the best adsorbent for RhB

adsorption with maximum adsorption capacity of 400 mg g�1 and catalyst for nitrophenol reduction. We

hope that this Au–CNx composite will find its application as an effective catalyst for water purification.

Introduction

In recent years, noble metal nanoparticles have attracted
tremendous attention due to their potential applications in
various elds such as catalysis,1 sensors,2–6 optics,6 fuel cell.7 For
example, gold nanoparticles8 are being used for a long time in
drug delivery, different biological application and catalysis.
Silver and platinum nanoparticles show promising capabilities
in biosensors9 and in fuel cell.10 Very small metal NPs has an
interesting size and shape dependent reactivity11 due to the
increase of volume to surface ratio. The reduction in size of
metal nanoparticles causes a signicant change in reduction

potential of metal nanoparticles as compared to bulk materials
because their Fermi potential becomes more negative. This
typical important property helps them in electron transfer in
various catalysis reactions. But synthesis of ultra small metal
nanoparticle is a very challenging task due its high agglomer-
ation property, arises from its high surface energy. In order to
avoid aggregation, nanoparticles should be stabilized by using
organic molecules or polymer as a capping agent. But their
catalytic activity greatly reduced due to the presence of organic
or polymer molecules around nanoparticles. Another alterna-
tive available method is to stabilize them on the surface of a
solid support.12 Two dimensional (2D) graphene, due to its
unique properties13 such as high specic surface area, excellent
electrical conductivity, high charge carrier mobility, high
mechanical strength, became a promising candidate as a
support for different nanoparticles. The graphene containing
metal or semiconductor nanoparticles have conrmed to be
effective nano-composite materials for photovoltaic,14,15 catal-
ysis and biosensor applications.16 In recent year another two
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Facile synthesis of carbon quantum dots and thin
graphene sheets for non-enzymatic sensing of
hydrogen peroxide†

Mriganka Sadhukhan, Tanmay Bhowmik, Manas Kumar Kundu and Sudip Barman*

Carbon quantum dots (CQDs) and two dimensional (2D) graphene sheets were prepared from formic acid

by microwave mediated thermal method. Microwave irradiation followed by thermal evaporation of formic

acid produces fluorescent CQDs. The fluorescence emission of CQDs in water can be tuned between 310

and 820 nm by changing the excitation wavelengths. These quantum dots are found to be sensitive towards

hydrogen peroxide in aqueous medium due to quenching of fluorescence. The large area graphene sheets

are formed on a solid substrate due to self assembly and 2D growth of CQDs. Graphene sheets modified

glassy carbon electrode showed fast electron transfer kinetics for Fe(CN)6
3�/4� couple. Moreover, these

modified electrodes can be used as a highly sensitive and selective metal free, non-enzymatic

electrochemical sensor for hydrogen peroxide. The low detection limit was found to be 300 nM.

Introduction

Since the discovery of the single plane layer of honeycomb
network of sp2 hybridized carbon atoms, graphene by Andrew
Geim et al.1 it has attracted enormous amount of interest from
the scientic community due to its unique properties.1,2 The
interesting properties of graphene reported in the literature
include ballistic electron transport, integer and fractional
quantum hall effect, extremely high carrier mobility and ability
to sustain very high current densities. Thus, it is considered as a
next-generation material for nano-electronics, spintronics,
sensors, energy storage. However, the synthesis of large-area
graphene on different substrate is hindering its applications.
Several methods1–5 such as mechanical exfoliation of graphite,
chemical exfoliation, synthesis from solid carbon sources,
chemical vapor deposition (CVD) of hydrocarbons on metal
substrates, sublimation of silicon from silicon carbide (SiC)
wafers etc. are available to synthesize a single or few layers of
graphene. Althoughmechanical exfoliation of graphite provides
excellent quality graphene, it is not suitable for large scale
production of graphene. The main difficulty in producing high
quality of graphene from graphite is especially due to the high
van der Waals energy adhering graphene layers to one another.
The most popular solution based approach is the chemical

exfoliation from graphite which involves chemical oxidation of
graphite into graphite oxide, followed by exfoliation of graphite
oxide in water to form graphene oxide by ultrasonication.3

Chemical oxidation induces defects3,6 into the sheets due to
presence of oxygenated functional groups such as carboxyl,
hydroxyl, epoxy etc. Although reduction of graphene oxide by
different reducing agent leads to increasing the p-conjugation
of graphene,6 the restoration of complete p-conjugation is not
possible to achieve and hence it has low conductivity. Although
chemical vapor deposition (CVD) produces high quality gra-
phene on metal surfaces, there is a need for reliable method(s)
for the production of high yield, high quality and large surface
area graphene on silicon (Si) substrate. Moreover, compared to
2D graphene less attention has been paid to carbon quantum
dots. They are more suitable for various applications as
compared to small organic uorescent molecules and inorganic
semiconductor quantum dots, because of their high resistance
to photo bleaching, low cytotoxicity and superior biocompati-
bility. Common methods7 for the production of carbon
quantum dots include pyrolysis of citric acid, ethylene diamine
tetraacetic acid salts, the hydrothermal synthesis from grass
and graphene sheets. Highly sensitive and selective determi-
nation of hydrogen peroxide is important8 since it is the product
of several biological enzyme-catalyzed reactions and also plays
an active role in food, pharmaceutical, clinical, industrial, and
environmental analyses. Several analytical methods9 such as
titration, chromatographic, uorometric, colorimetric, chemi-
luminescent, electrochemical methods are available for deter-
mination of H2O2. Among these methods, uorescence and
electrochemical methods for determination of H2O2 are the best
methods because of their low costs, high sensitivity and
portability.
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Highly dispersed platinum nanoparticles on
graphitic carbon nitride: A highly active and
durable electrocatalyst for oxidation of methanol,
formic acid and formaldehyde
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a b s t r a c t

Finding efficient electrocatalyst for oxidation of small organic molecules such as methanol

(CH3OH), formic acid (HCOOH), formaldehyde (HCHO) etc. is essential for the development

of their respective direct fuel cells. We report here highly dispersed platinum nanoparticles

(PtNPs) on carbon nitride (CNx) were successfully synthesized by the ultrasound mediated

sodium borohydride reduction of H2PtCl6 in presence of CNx nanosheets. This platinum

ecarbon nitride (Pt/CNx) composite exhibited superior electrocatalytic activity towards

oxidation of CH3OH, HCOOH and HCHO in acid media. The mass activity, onset potential,

tolerance to carbon monoxide (CO) poisoning and long term durability for the catalytic

oxidation of CH3OH, HCOOH, HCHO on Pt/CNx catalyst in acid media is much higher than

that of commercial Pt/C catalyst. The mass activity of Pt/CNx catalyst at ~0.64 V (forward

scan) is 310 mA/mgPt which is 2.7 time higher than that of commercial Pt/C for methanol

oxidation. The electrooxidation of HCOOH on Pt/CNx occurs via dual mechanism with

greatly enhanced oxidation through dehydrogenation pathway in comparison with com-

mercial Pt/C. The mass activity on Pt/CNx at 0.3 V (vs. NHE) is 25 times higher than that of

Pt/C for oxidation of HCOOH. The superior catalytic activity and durability of this Pt/CNx

catalyst can be attributed to high dispersion of PtNPs and strong catalyst support

interaction.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The use of fossil fuel as well as environmental pollution is

rising. Therefore, there is a need of green alternate and sus-

tainable energy source. The fuel cells are considered as

alternative green energy sources, transforms the chemical

energy of fuel to electrical energy due to electrochemical ox-

idations of fuel molecule. High efficiency, low cost and low

pollutant emission are the main advantages of fuel cells [1].

The electrochemical oxidation of small organic molecules

such as methanol (CH3OH), formic acid (HCOOH) and
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Rhodium metal–rhodium oxide (Rh–Rh2O3)
nanostructures with Pt-like or better activity
towards hydrogen evolution and oxidation
reactions (HER, HOR) in acid and base: correlating
its HOR/HER activity with hydrogen binding energy
and oxophilicity of the catalyst†

Manas Kumar Kundu,‡ Ranjit Mishra,‡ Tanmay Bhowmik and Sudip Barman *

Design and synthesis of HER/HOR catalysts are of crucial importance for the development of polymer fuel

cells and water electrolyzers. We report the synthesis of Rh–Rh2O3 nanoparticles/nitrogen-doped carbon

composite (Rh–Rh2O3-NPs/C) for HER/HOR applications. The HER activity of this catalyst is�2.2 times and

1.43 times better than that of commercial Pt/C in base and acid, respectively. Rh–Rh2O3-NPs/C exhibited 10

mA cm�2 current density at an overpotential of 63 mV and 13 mV with Tafel slopes of 70 mV dec�1 and

32 mV dec�1 in base and acid, respectively. The catalyst showed superior HOR activity at all pH values.

The exchange current densities were �0.425 mA cmRh
�2 and �0.43 mA cmRh

�2 in base and acid,

respectively. In base, the HOR and HER activities of Rh–Rh2O3-NPs/C are 50-fold and 10-fold higher,

respectively, in comparison with those of the Rh2O3-free RhNPs/C catalyst, although the HER/HOR

activity of both the catalysts is comparable in acid. In base, the adsorption of OH� species (OHads) on

Rh2O3 sites increases the reactivity of hydrogen intermediate (Habs), which leads to the enhancement of

HOR activity of Rh–Rh2O3-NPs/C. For HER in base, the adsorptive dissociation of water occurs on the

Rh2O3 sites to form Hads on the neighboring Rh sites and then, the recombination of Hads results in the

formation of hydrogen molecules. This study may provide an opportunity to develop an efficient catalyst

for hydrogen-based renewable energy technologies.

1. Introduction

With the increase in energy demand and environmental prob-
lems due to the use of fossil fuels, there is an urgent need for
alternative energy conversion and storage devices.1,2 Electrolysis
of water and fuel cells are the two important renewable tech-
nologies for energy conversion and energy storage.3,4 Hydrogen
is considered as one of the greenest fuels and energy carriers,4

but production of pure hydrogen is a challenging task. Elec-
trocatalytic water splitting is one of the renewable ways to
produce pure H2.5 Hydrogen evolution reaction (HER) is
a cathodic process of electrolysis and hydrogen oxidation
reaction (HOR) is generally applied at the anode of fuel cells.6,7

Pt is the most active catalyst for both processes in acidic
media.8,9 The high price, scarcity and poor stability of Pt-based
catalysts in acidic media are the main drawbacks for its
commercialization.10 In proton exchange membrane fuel cells
(PEMFCs), hydrogen and oxygen are used as reactants for HOR
at the anode and oxygen reduction reaction (ORR) at the
cathode, respectively, in strong acidic conditions. PEMFCs have
high power efficiency and are environment-friendly due to their
ability to convert hydrogen into water.5,11 Pt is also used as ORR
catalyst. However, its commercialization is limited because of
the very slow kinetics of ORR at the cathode and to overcome
this, large amount of Pt is required.12 Compared with acidic
PEMFC-based technologies, alkali membrane fuel cells (AMFCs)
or alkaline electrolyzers, which operate in alkaline media, are
highly attractive since highly active earth abundant cheap
transition metal-based catalysts are available for ORR and OER
in alkaline media.13–16 However, the main obstacle of AMFCs is
that the HER and HOR activity of Pt in basic media is 2–3 orders
of magnitude lower than the activity in acidic media.9,17,18 Thus,
highly efficient HER and HOR catalysts are desirable for the
development of AFCs and alkali electrolyzers. The
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