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 Abstract 

iv 
 

Metal and metal oxide nanoparticles are known to have potential applications in multi-

disciplinary fields. This thesis deals with design and synthesis of metal nanoparticles on 

semiconducting graphitic-carbon nitride (g-C3N4) and copper sulfide supports for photocatalysis 

and hydrogen evolution reactions. This thesis also contains a comprehensive study of shape 

dependent property of metal oxides for hydrogen evolution and oxygen evolution reaction. First 

chapter of this thesis describes the introduction and importance of nanoscience in our day-to-day 

life. New innovations in the field of electrocatalysis and future scope of hydrogen and oxygen 

evolution have been well elucidated at the end of this chapter. Second chapter illustrates the 

synthesis of Pt and Pd nanoparticles on g-C3N4 surface to prepare C3N4/Pd and C3N4/Pt 

nanoparticles. Pt nanoparticle decorated on C3N4 shows higher activity in hydrogen evolution 

than C3N4/Pd, whereas, C3N4/Pd exhibits better performance in nitro compound reaction. Third 

chapter elucidates the synthesis of AgPd, AgPt, and AgAu bimetallic alloy nanoparticles on g-

C3N4 surface for hydrogen evolution. Bimetallic nanoparticles have been synthesized from 

C3N4/Ag via galvanic exchange, where Ag acted as sacrificial atom. Electrocatalytic study 

revealed that C3N4/AgPt is an efficient electrocatalyst than C3N4/AgPd and C3N4/AgAu 

nanoparticles. Fourth chapter delineates the synthesis of an efficient hydrogen evolution catalyst, 

CuS/Au heterostructure using a green synthetic approach. The as-synthesized catalyst has also 

been proved to be an active photocatalyst for methylene blue dye degradation under the 

illumination of visible light. Fifth chapter reported the synthesis of one-dimensional RuO2 

nanorod for hydrogen and oxygen evolution reaction, an efficient and stable bifunctional 

electrocatalyst. RuO2 nanorod has been synthesized via calcination at 500 
°
C and the mechanism 

of formation has also discussed in detail. Chapter sixth depicts a new and novel method for the 

synthesis of IrO2 nanosheet, which has been used for electrocatalytic oxygen evolution reaction. 

The higher activity of IrO2 nanosheet authenticates the fact that two dimension morphology has 

high surface area and more number of active sites that can make rapid electron flow during 

oxygen evolution reaction. Finally, overall conclusion and future scope of this work has been 

discussed in chapter seven. 

Key words: Nanoparticles, Galvanic exchange, Calcination, Hydrogen evolution, 

Photocatalysis, and Oxygen evolution reaction. 
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1. Introduction:                                                              

Nanoscience and nanotechnology is used directly or indirectly in every dimension of life, thus 

has been fascinating and revolutionizing the modern world. Nanotechnology is actually the 

science of manipulating the material at the nanosize regime to develop significantly interesting 

properties, which are different to that of bulk material. The nanodimension objects display 

different properties to that of bulk material. Nanoparticles have raised considerable interest as 

they display characteristic physical, chemical, biological, and optoelectronic properties. These 

attractive properties of nanoparticles have given birth to many potential applications in biology, 

chemistry, physics, material science, and various interdisciplinary fields. The interesting 

properties in nanoscale materials arise from the two important phenomenon, one is high surface-

to-volume ratio and the other is quantum size effect. Metal nanoparticles in nanosize regime 

have great tendency to unite as they posses’ high surface energies and thus aggregates readily. 

Therefore, synthesis of metal nanoparticles in nanosize regime has been a critical challenge in 

scientific community. Scientists have seen tremendous progress in design and synthesis of metal 

nanoparticles using new and innovative techniques in last couple of decades. Metal nanoparticles 

are decorated on semiconducting support like graphitic carbon nitride (g-C3N4) to form a metal-

semiconductor nanocomposition (C3N4/M). The nanocombination so formed imparts extra 

stability and efficiency in catalytic and electrocatalytic reactions. Metal and metal oxide 

nanoparticles in recent years have shown great promise in oxygen and hydrogen evolution 

reactions. The size and shape dependent catalytic property of metal oxide nanoparticles have 

been extensively studied. The influence on electrocatalytic efficiency using morphology based 

approach of metal oxide nanoparticles have shown a great success in water splitting reactions. 

Production of hydrogen gas by electrocatalytic water splitting may serve as fuel of future while 

production of oxygen gas is important in chemical energy storage. 
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1.1. Nanoscience and Nanotechnology: A Brief Overview 

Nanoscience and nanotechnology is the development of science and engineering by elucidation, 

manipulation, and application of the nanosized matter. The last decade has witnessed an 

exponential growth in this exciting field of nano. This fascinating world of nanoscience and 

technology actually emerged from a lecture of American theoretical physicist R. P. Feynman. In 

December 29, 1959, a meeting was organized by American Physical Society at California 

institute of technology where Feynman delivered a beautiful lecture entitled “there is huge space 

at the bottom”. [1, 2] The great scientist further said that, “the rules of physics are not against 

manipulation of matter atom by atom”. In this lecture he made a clear statement that the 

construction of nanosystems would be interdisciplinary and create new opportunities that could 

possibly change the future technology.  

 Nano is actually a Greek word means dwarf. Materials in nanometer length scale are not 

visible in naked eye, so to understand this unusual world it is compulsory to know the unit of 

measurement involved. The distance travelled by light in 1/2997292458 second is the basic unit 

of length called meter. Nanometer (1 nm) is equal to 1 billionth of meter. In common sense we 

can say 1 nm is equal to one millionth of a human hair or the width of three atoms. The 

nanodimension objects can be visible under powerful microscope. Nanometers are used to 

measure the things which are extremely small. The thickness of human hair is 10
6
 nm (1 mm), 

blood cells have length of 1000 nm (1μm), viruses are of 100 nm in dimension and fullerene has 

length of 1 nm. [3] Though nanoscience and nanotechnology came into existence in the latter 

half of 20
th

 century, but nature already posses signs and paradigms of nanotechnology.  

 There are many naturally available examples of nanoscience and nanotechnology. First, 

the abalone (a mollusk) develops a strong shell around his body with stiff fracture toughness. 

This stiff toughness increased the curiosity for material scientists to know the secret behind this 

toughness of shell. The shell is formed from nanostructured bricks of CaCO3 and these 

nanostructured bricks are actually responsible for stiff toughness of the shell. [4] It was further 

revealed that these bricks were connected by a glue of carbohydrate and protein mixture. Second, 

flagella (a kind of bacteria), which rotates at a rate of 10,000 rpm. Studies have proved that the 

bacteria consist of biological molecular machine whose motor is driven into function by proton 

flow caused by potential difference across the membranes. The astonishing fact is that the motor 

has a diameter of 45 nm and clearance of 1 nm. [5, 6] Third, silk is also one of the basic example 
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of naturally occurring nanotechnology. Silk is very tough because the molecules are cross linked 

together and form meshwork structure which gives outstanding mechanical properties. Various 

bio-systems like bio-membranes, ion channels, colloidal solution of body (blood) are in 

nanometer length scale. Physiologically active substances like vitamins, DNA, RNA, fructose, 

glucose, ATP, fibrinogen and others are also in nanodomain. These bio-molecules work on the 

principle of maximum efficiency with least consumption of energy. Similarly, there are plenty of 

examples around us in nanodomain where nature is the manufacturer. 

 Nanotechnology is used to create new materials and devices which have better efficiency 

than the conventional materials and devices. These materials show vast applications in 

nanomedicines, nanoelectronics, biomaterials for conservation and production of energy. New 

scientific foundation of nanotechnology has evolved in last decade particularly in the area of 

physics which includes nanomechanics, nanophotonics and nonoionics.   

 

1.2. Historical Background 

Despite the fast growth in nanotechnology, nanoscale materials have been existing around the 

globe for millions of years. Gold has been considered as revolutionary material in developing 

nanotechnology as most of the current and past research revolved 

around it. In ancient time gold has been predominantly 

investigated. It was first extracted in the 5
th

 millennium B.C. near 

Varna (Bulgaria). During the construction of famous statue of 

Touthakamon 10 tons per year of gold was supplied in Egypt 

around 1200-1300 B.C. It was presumed that “soluble” gold first 

appeared around 4
th

 or 5
th

 century B.C. in Egypt and China. [7] In 

ancient time materials were used for both ornamental and 

therapeutic purposes. Colloidal gold was considered for coloring 

the ceramics and ruby glass formation, in fact this practice is still 

common. One of the long memorable example of this is the 

Lycurgus Cup (Figure 1.1), presumably, it was the invention in 4
th

 

to 5
th

 century B.C. The beauty of this cup is that it appears red in 

transmitted light and green in reflected light. Soluble gold had 

attained considerable attraction until mid century because it was used in treatment of heart 

 

Figure 1.1: The Lycurgus 

cup made from glass 

appears red in transmitted 

light and green in reflected 

light. The glass contains 70 

nm particles as seen in the 

transmission electron 

micrograph. From the site 

http://www.thebritish 

museum.ac.uk 
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disease and diagnosis of Syphilis. It was also a potential drug for dysentery, epilepsy and tumors. 

Faraday did a comprehensive study on gold and in 1857 and synthesized deep red solution of 

colloidal gold. This fabulous discovery was based on the reduction of an aqueous solution of 

chloroaurate (AuCl4)
 -
 using red phosphorus in CS2 (a two-phase system) as a reducing agent. 

His investigation revealed that the bluish-purple color changes to green on application of 

pressure. [8] Later on the term “colloid” was coined by Graham, in 1861. [9] In 1908, G. Mie 

was the first person who tried to solve the mysterious red color of gold nanoparticles in solution. 

[10] It took 50 years to elucidate Mie’s idea about the optical properties of nanoparticles having 

sizes less than the resolution limit of light microscopes. Later on his idea became a hot topic for 

research, which proved to be a great success in developing new field of cluster science. 

1. 3. Important Aspect of Nanoparticles  

Two important aspects of nanoparticles are quantum size effect and surface plasmon resonance 

 

1. 3. 1. Quantum Size Effects and Quantum Dots 

The properties of solid can be notably varied to that of bulk by decreasing the dimensions. [11, 

12] This reduction of size has pretty much influence on the physiochemical, electrical, optical, 

and magnetic properties of solids. [13] This phenomenon of bringing drastic change in the 

properties by manifestation in the size of particles to quantum level is known as quantum 

confinement. Semiconductor quantum dots are a category of materials, where, concept of 

quantum confinement is significantly elucidated in detail. These quantum dots are sometimes 

also referred as ‘semiconductor nanocrystals’.  

 

 

 

 

 

 

 

 

 

Figure 1.2: Exciton, e
-
-h

+
 pair bounded by attractive electrostatic interaction 
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Quantum dot is in fact referring only to semiconductor while ‘nanocrystals’ can be any inorganic 

moiety having crystalline nature. In a macroscopic semiconductor crystal at absolute temperature 

(0 K) the valance band (VB) is filled and the conduction band (CB) is completely empty. These 

VB and CB are separated from each other by a specific band gap, Eg. However, with the increase 

in temperature there is a transition of electron from valence band to conduction band due to 

thermal vibrations, resulting in the formation of hole in the valence band. There is a definite 

interaction between the electron in the conduction band and the hole in the valence band when 

they approach each other at a finite distance. This bounded electron-hole pair is called an 

‘exciton’, whose delocalization is found throughout the crystal. The Bohr radius (a) of the 

exciton can be given as:  a = h
2
 ε /4π

2
 e

2 
(1/me + 1/mh), where, ε is the dielectric constant of the 

material, 'e' is the charge of the electron and me and mh are the effective masses of the electron 

and hole, respectively. When the size of the semiconductor crystal becomes comparable or 

smaller to that of Bohr radius, quantum confinement come into existence. Quantum confinement 

effects are observed when the size is sufficiently small, so that the energy level spacing of a 

nanocrystal exceeds kT (where k is Boltzmann’s constant and T is temperature). Energy 

differences > kT restrict the electron and holes mobility in the crystal. In case of CdSe it is ~56 

Å. The energy possessed by electron in the conduction band energy level is given by, Ee = 

h
2
n

2
/8meL

2
, similarly, for hole in valence band, Eh = h

2
n

2
/8mhL

2
, where, L represents size of the 

nanocrystals.
 
[14] Since the mass of electron is very much smaller than hole, the energy levels of 

electron are separated more widely than the hole levels. The energy levels have noticeable effect 

on the diameter of the semiconductor particles. [15-24] As energy is inversely dependent on the 

diameter, the energy levels of lowest conduction band level and highest valence band level 

change significantly with the diameter of particle and effective mass of electron and hole. For 

particles having small diameter, there will be change in the effective masses of the electron and 

hole resulting in separation of energy levels. This also results in quantization of the energy 

levels. Formation of exciton is shown schematically in Figure 1.2. The most important 

nanostructures required to design nanoelectronic devices are quantum wells, quantum wires and 

quantum dots, or these are the basic building blocks of nanoelctronic devices. Quantum dots 

(also known as quantum boxes) are defined by the tiny unit of matter or zero dimensional (0D) 

structures in which electrons have zero degrees of freedom. Otherwise, we can also mention that 

electrons are quantum mechanically confined to all directions. Quantum wires are one-
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dimensional (1D) structure where electrons are confined in two directions and free to move in 

only one direction. In case of quantum wire the density of states (DOS) show the Lorenzian line 

shape. Quantum wells are actually two-dimensional (2D) structures, where, the electrons are 

confined in one dimension and free to move in two dimensions, which results in creation of 

‘quantum wells’ or quantum films’ the electrons feel a potential well as they are trapped in the 

film. A step like behavior is shown by the DOS. In case of bulk material, the electronic structure 

is not restricted by the dimension of material and are free to move in any dimension. The DOS 

exhibits smooth variation in bulk. The DOS were thoroughly studied by G. E. Volovik using 

high-temperature superconductor, Bi2Sr2CaCu2O8. [25] The variation in energy levels and DOS 

as one moves from bulk to quantum dot is shown in Figure 1.3.  

    

 

Figure 1.3: Quantization of the electronic density of states as a result of variation in the dimensionality of 

materials 

 

1. 3. 2. The Surface Plasmon Resonance 

  Plasma is actually derived from Greek word “Plas” means molded or shape and mon is 

derived from Latin word “mons” means a mountain or a body. Before discussing the surface 

plasmon resonance it is important to get the elementary idea of plasmons. In introductory 

physics, metals has regular array of atoms. Each atom donates one or two electrons and these 

electrons are shared amongst all the atoms. In other words these positively charged nuclei are 
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surrounded by the sea of electrons (also known as gas of electrons). Nuclei remain stationary and 

electrons are free to move around them, that is why metals are conducting in nature. However, in 

case of bulk metal there are many electrons and the energy states are so close to each other that it 

seem to be continuous. The electrons in the highest occupied energy state at absolute zero is 

called the Fermi energy level. The Fermi level is typically a few electron volt  (Ef = 7 eV for Cu 

with density of states 1×10
28

 m
-3 

eV
-1

). At absolute zero (1/2mu
2
 = Ef ) speed of Cu will be 

1215446 m/s. [26] When electrons are displaced from their original position the remaining 

positive charge exerts an attractive force on the electrons trying to pull them back to original 

position. The net difference of charge exhibits restoring force, which result in creation of dipole 

oscillation of electrons. This type of oscillation is generated when electromagnetic light wave 

strikes the surface of metal nanoparticles whose diameter is less than the wavelength of light, the 

electric field associated with the wave interacts with conduction electrons. This electric field 

induces the polarization of the (free) conduction electrons with respect to the much heavier ionic 

core of a spherical nanoparticles. This oscillation of electron gas inside a given nanosphere is 

called plasmon. Plasmon is actually a quasi particle (explain the basic interaction of collection of 

electrons) that results in collective oscillation of free electron gas. [27, 28] Plasmons occur on 

the surface of metal and are quantized. The frequency of the surface plasmon depends upon 

dielectric constant of the material, it is also dependent on shape of the nanoparticles. This 

collective oscillation of free electron cloud is also sometimes called “dipole particle plasmon 

resonance” to avoid the term plasmon that is commonly used in bulk metal surfaces. The surface 

plasmon resonance (SPR) is the coherent excitation of all the “free” electrons within the 

conduction band, leading to an in-phase oscillation. The nature of the SPR was explained by G. 

Mie in 1908. [10] According to Mie’s theory, the SPR of noble nanoparticles is due to polarized 

oscillation of the electron cloud, induced by the electric vector of electromagnetic wave. In case 

of bulk metals, electromagnetic wave is not allowed to penetrate the metal hence no excitation of 

electrons. However, the surface electrons can be excited by the electric vectors of 

electromagnetic wave, causing the displacement of the electron gas with respect to the 

equilibrium positions around the positively charged nuclei. The light with the maximum angle of 

incidence (i.e. with the electric wave vector of electromagnetic wave almost parallel to the 

surface) couples most efficiently with the free electron gas, such as in the attenuated total 

reflection configuration. In fact these type of oscillation are called propagating plasmon 
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polaritons (PSPP). This oscillating pattern causes a rippling wave pattern in the spatial 

distribution of electrons. However, the response of the electron wave is out of phase with the 

light wave. The energy used to form this electron wave is actually the dissipation of energy from 

the light wave. The oscillating electrons in the plasmon then re-emit the energy that they 

absorbed as a reflected light. That is why metal surfaces are shinny and reflective. In case of 

metal nanoparticles, the story is somehow different. The wavelength of light that hits the 

nanoparticles is often larger than the size of the particle and when the electron cloud is excited 

by this light wave, it creates distortion in its electron cloud and results in the formation of surface 

plasmon. Now, if the frequency of light resonate with the surface plasmon it gets absorbed, 

elsewhere reflected. In contrast to PSPP, plasmons in nanoparticles with much smaller size than 

photon wavelength are non-propagating excitations called localized surface plasmons (LSP) 

[29].  

 

 

                          Figure 1.4: Graphical illustration of plasmons in (a) bulk gold and (b) gold NPs  

 

Metal nanoparticles can be of different colors depending on their size. This is because 

confinement of surface plasmon to a small surface rather than bulk material. A schematic 

presentation to create surface plasmon oscillation is show in Figure 1.4. All the wavelengths are 

not available in a small particle, as they would be in bulk. There are only few elements (Au, Ag, 

Cu, Pd, and Pt) with appreciable plasmonic [30-32] property. Nanoparticles have extremely high 

proportions of surface area than bulk material. For example, if we compare the proportion of 

surface in a nanoparticles to a bulk gold we will find that it has the two million times more in 
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Figure 1.5:  size dependent color of gold 

nanoparticle 

surface area compared to its volume than bulk. More surface area means more potential for 

surface plasmon resonance. Nanoparticles can experience surface plasmon resonance in the 

visible region of the spectrum. Therefore, a certain portion of visible wavelengths will be 

absorbed, while another portion will be reflected. It is actually the reflected light that imparts the 

material a certain color. In case of gold nanoparticles, small particles absorb light in the blue-

green region of the spectrum (~400-500 nm) while red light (~700 nm) is reflected, yielding a 

deep red color. As particle size increases, the 

wavelength of surface plasmon resonance 

related absorption shifts to longer wavelengths. 

[33] So, red light is now absorbed and blue 

light is reflected, yielding particles with a pale 

blue or purple color as shown in Figure 1.5. As 

particle size continues to increase toward the 

bulk limit, surface plasmon resonance 

wavelength move into the IR region of the 

spectrum and most visible wavelengths are 

reflected. This gives the nanoparticles clear or translucent color. These properties of metal 

nanoparticles have been used to create biosensors. Individual small gold nanoparticles appear 

red, however, when particles aggregate the plasmon resonance can shift to higher wavelength.  

 

1.4. Synthesis of Metal Nanoparticles  

Metal nanoparticles can be synthesized using physical and chemical approaches. [34] In physical 

approach, commonly known as top down, metal nanoparticles are prepared by decomposition of 

bulk matter with mechanical force, vaporization, laser abrasion etc. techniques. These techniques 

provide higher energy to bulk metal and that energy is sufficient to break the metallic bonds.  In 

chemical approach, commonly known as bottom up, metal ions are subjected to reduction to 

form metal atoms. These atoms then start aggregating to form nanocluster. Both physical and 

chemical approaches have their own advantages, but chemical approach is preferred over 

physical from the viewpoints of morphology variation, reproducibility, homogeneity, and mass 

production. Schematic representation of top down and bottom up approaches are shown in Figure 

1.6. 
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Figure 1.6: Diagrammatic representation of the (a) top-down and (b) bottom-up approach 

 

 

1. 5. Bimetallic Nanoparticles  

 Bimetallic nanoparticles consist of two kinds of metals and are of great interest as compared to 

monometallic nanoparticles. [35, 36] Bimetallic nanoparticles are important than monometallic 

both in scientific and technological point of views. The crystal structure of bimetallic alloy may 

either resemble to the bulk alloy or even differs from it. They can also posses the crystal 

structure in which distribution of each metal element is different to that of bulk, this includes 

random alloy, alloy with an intermetallic compound, cluster-in-cluster, and core-shell structure. 

Over the years of time nanoalloys have been studied with pretty much interest. This is because of 

the fact that these studies have revealed some special characteristic properties. Their size and 

compositions are magical in nature, i.e., at certain compositions the alloy nanoclusters possess a 

special stability. Their reactivity especially the catalytic property, is determined by their surface 

structures, compositions, and segregation properties. [37, 38] The most interesting phenomena 

about nanoalloys is that they display characteristic features which are totally different from their 

individual metal clusters of same size. This is called synergism and because of this synergistic 

effect these nanoalloys display interesting properties. They also exhibit distinct properties to the 

alloys of the same elements in bulk region, this is due to small size of nanoscale alloys, e.g., 

pairs of iron and silver are immiscible in the bulk but readily mix in finite clusters. [39] In fact, it 
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has been proved that while moving from pure metal clusters to those of bimetallic nanoalloys 

there is change in the crystal pattern due to mixing of two different types of atoms, this leads to 

increase in possibilities of formation of new isomers. [40] These isomers are actually generated 

due to change in regular geometry, permutation, and perturbation of atoms.  

1. 5. 1. Mixing Patterns 

Four types of mixing patterns (Figure 1.7) have been explored for nanoalloys  

 Core-shell segregated nanoalloys (Figure 1.7 a), where shell is formed from one type of 

atom (B) and core consist of another type of atom (A), there is possibility of some mixing in 

between the shells. This is one of the most common mixing patterns and exists in variety of 

systems. These clusters are denoted as Acore- Bshell.  

 Sub cluster segregated nanoalloys consist of B and A sub clusters, they may share a 

mixed interface (Figure 1.7 b, left) or may be connected with only small number of A-B bonds 

(Figure 1.7 b, right). This mixing pattern is actually possible, but there is no specified example of 

this pattern so far. 

 Mixed A-B nanoalloys (Figure 1.7 c) contains two types of metal 

 

 

 

 

 

Figure 1.7: Diagrammatic representation of some possible mixing patterns: (a) core-shell, (b) sub-cluster 

segregated, (c) mixed, and (d) layer-by-layer   
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atoms may be either ordered (Figure 1.7 c, left) or random (Figure 1.7 c, right). In literature, 

random mixed nanoalloys are commonly addressed as “alloy” nanoparticles. This type of pattern 

is very common. 

 Multi shell nanoalloys (Figure 1.7 d) consist of layered pattern or onion-like alternating 

A-B-A- shells. Some metastable structures are known in simulations of Cu-Ag, Ni-Ag and Pd-

Ag clusters [41]; there has been also evidences which favored some stable arrangements A-B-A 

type (in case of Co-Rh) and A-B-A-B type (in case of Pd-Pt). [42, 43] In the recent past, three-

shell of Pd-Au nanoparticles have been experimentally proved. [44] In these nanoparticles there 

is an intermixed core of both the metal nanoparticles, an outer shell of Pd rich atoms and in 

between core and outer shell exists a gold rich shell. 

 

1. 5. 2. Nanocomposites 

Composites are actually combinations of two materials in which one of the material is called the 

reinforcing phase, is in the form of fibers, sheets, or particles, and is embedded in the other 

material called the matrix phase (Figure 1.8). Matrix is a continuous phase and its purpose is to 

transfer stress on other phases and protect from environment. Typically, reinforcing materials are 

strong with low densities while the matrix is usually a ductile or tough material. Nanocomposite 

is actually a multiphase solid material in which the dimensions of at least one phase is within 100 

nanometers (nm) or less than 100 nm. Composites are formed by incorporating multiple phase 

components in a material in such a way that the properties of the resultant material are unique. 

The general idea behind the addition of the nanoscale second phase is to create a synergy 

between the various constituents, such that novel properties capable of meeting or exceeding 

design expectations can be achieved. The properties of nanocomposites rely on a range of 

variables, particularly the matrix material, which can exhibit nanoscale dimensions, loading, 

degree of dispersion, size, shape, and orientation of the nanoscale second phase and interactions 

between the matrix and the second phase. The most interesting for the nanocomposites is that the 

matrix are embedded with nanotubes, nanographite, nanosilica, nanoclay etc. morphologies. 

These nanodimension particles are having multifunctional capabilities. That is why 

nanocomposites have replaced traditional microcomposites. Nanoparticles can be deposited on 

the surface of solid (such as, graphitic carbon nitride, graphene or any inorganic metal oxides) 

resulting in the formation of nanocomposites. Transition metal nanoparticles can be either 
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adsorbed on inorganic support (graphitic carbon nitride, graphene, charcoal, silica, alumina or 

oxides such as TiO2 or MgO) or chemically bonded to polymeric support. Toshima and co-

workers formed Pd colloids on chelating resin by reducing PdCl2 precursor salt.[45-47] Nakao 

and co-workers also embedded Rd, Pd, Pt, Ag, and Au colloids stabilized by a wide range of 

surfactants in ion-exchange resin. [48] There are numerous literature reports of heterogeneous 

catalysts in which metal nanoparticles are synthesized on polymeric supports directly. However, 

recently Kralik and Biffis et al., reported organic functional polymer supported dispersed metal 

catalysts for hydrogenation of alkenes. [49] 

 

 

 

Figure 1.8: Nanocomposite showing the reinforcing phase and matrix phase 

 

 

1. 6. Stabilization of Nanoparticles  

The importance of colloidal particles is smaller size domain. Unfortunately, these metallic 

nanoparticles are subjected to agglomeration that leads to the formation of bulk. This aggregation 

results in loss of characteristic properties associated with the colloidal state. As it has been 

already proved that at short distances (interparticle distances) the van der Walls force come into 

existence, which varies inversely to the sixth power of distance. [50] So, it has been confirmed 

that these colloidal metal particles undergo aggregation in absence of repulsive forces. Hence, it 

becomes necessary to induce repulsive forces that can overcome attractive van der Walls forces in 

order to bring stability in the colloidal solution. Use of stabilizing agents to induce necessary 

repulsive forces becomes important to provide stable nanoparticles in solution. Derjaguin-

Landau-Verwey-Overbeek theory has described the general stabilization mechanisms. [50] 
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Nanocluster stabilization is usually discussed in terms of (i) electrostatic stabilization (ii) steric 

stabilization (iii) electrosteric stabilization, and (iv) stabilization by a ligand or solvent.  

 

1. 6. 1. Electrostatic Stabilization  

The electrostatic stabilization arises due to separation of charges. Ionic compounds such as 

halides, carboxylates, or polyoxoanions, when dissolved in (generally aqueous) solution created 

electrostatic stabilization in the system. The adsorption of these compounds on the metal surface 

and their related counter ions generates an electrical-double layer around the particles (Figure 1.9 

a). To induce the electrostatic repulsion it is obvious that the electric potential associated with the 

double layer should exceeds the attractive forces, then only electrostatic repulsion will prevent 

particle aggregation.  

 

1. 6. 2. Steric Stabilization 

Steric stabilization is a technique of using macromolecules such as polymers or oligomers to 

stablize metal colloids. [51] The adsorption of larger size molecules develop a protective layer 

around the nanoparticles. In this method, the approach of two metallic colloids is actually 

restricted. The motion of colloidal particles are ceased by these macromolecules. The restriction 

imposed to move the colloids in interparticle space results in decrease in entropy and thus 

increase in free energy (Figure 1.9 b). Steric stabilization takes place in organic or aqueous 

phase, which is different to electrostatic stabilization that occurs in aqueous media only. 

Nevertheless, the length and/or the nature of the adsorbed macromolecules influenced the 

thickness of the protective layer and thus modify the stability of the colloidal metal particles. 

 

 

Figure 1.9: Diagrammatic representation of (a) Electrostatic stabilization and (b) Steric stabilization of metal 

nanoparticles 
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1. 6. 3. Electrosteric Stabilization 

The combined effect of both steric and electrostatic stabilization provides efficient stabilization 

of nanoparticles in solution. [52, 53] Ionic surfactants are the best candidates for this type of 

stabilization. Water loving polar head group present in ionic surfactants generates an electrical 

double layer while hydrophobic tail is responsible for steric repulsion and cease the mobility of 

nanoparticles. Polyoxoanions such as (P2W15NbO62
9-

)
+ in association with tetrabutyl ammonium 

ion (Bu4N
+4

) also provide an efficient electrostatic stability.  

 

1. 6. 4. Stabilization by a Ligand or Solvent 

Ligands are also used to stabilize the metal nanoparticles. Ligands make coordination with 

transition metal surfaces and stabilize the nanoclusters. Most common ligands that have been 

used in stabilization of transition metal nanoparticles are phosphines, thiols, amines, carbon 

monoxide etc. Schmid and co-workers used phosphines as ligand to stabilize Au, Pd, Pt, and Ni 

colloids. [54-57] Ligands like octanethiol, phenanthroline and its derivates have successfully 

stabilized Pt and Pd colloids. [54] Recently literature reports have revealed that nanoparticles can 

be stabilized by solvent only. [58, 59] Nanoparticles of Ti and Ru are stabilized by 

tetrahydrofuran and thioether without addition of any steric or electrostatic stabilizers. [58, 59] 

 

 1. 7. Characterization of Nanoparticles 

In order to prove authenticity of mono-, bimetallic, and oxide nanoparticles a number of 

techniques, including electron microscope, X-ray diffraction, X-ray photoelectron spectroscopy 

and other spectroscopy are being used for the characterization of nanoparticles. Some of the 

important techniques are briefly discussed in the following section. 

 

1. 7. 1. Ultraviolet-visible Spectroscopy 

The optical properties of nanoparticles are studied by UV-vis spectroscopy. The surface of 

nanoparticles is very much sensitive to light. The absorption of light depends on the chemical 

composition, geometry or permutation of bimetallic nanoparticles, particularly that of noble 

metals. [60] Reduction of metal ions, and the formation of metal clusters can be studied by UV-

vis spectroscopy.  
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1. 7. 2. Infrared Spectroscopy 

The vibration of small molecules that are attached or absorbed on metallic nanoparticle surface is 

widely studied by IR spectroscopy. [60] IR study is also used as a probe to study the interaction 

of metal nanoparticles with the semiconducting support. For example, when AgPd, AgPt, and 

AgAu are synthesized on the semiconducting graphitic-carbon nitride surface (g-C3N4) there is a 

shift of C=N and C-N stretching vibrations.  

 

1. 7. 3. Diffraction 

X-ray and electron diffraction are one of the best technique to authenticate the synthesized 

nanoparticles. It is applicable not only on an array of nanoparticles but also on a single 

nanoparticles. Various parameters like crystallinity, lattice spacing, particle size, and qualitative 

chemical composition of nanoparticles can be determined by XRD technique. [61] XRD is also 

very helpful in determining the extent of mixing or separation (if the two metals have different 

lattice spacing) of the two metals and thus predicting the formation of alloy, core-shell or any 

other physical mixture. 

 

1. 7. 4. Electron Microscopy 

Electron microscopy is very useful to study surface, morphology, size, and shape of the 

nanoparticles. In spite of light in electron microscopy it is electron beam that is focused to very 

small dimensions. [62] In transmission electron microscopy (TEM), sample preparation is quite 

tricky and the nanoparticles have to be dispersed in the small chambers of thin carbon-coated 

copper microgrid. The importance of carbon-coated copper microgrid is that it is transparent to 

electrons. The electrons are allowed to strike the sample and the transmitted electrons are used to 

create an image. TEM is very much informative in determining the difference between the metal 

atoms (particularly of heavy atoms) and their coating of organic molecule or polymers. With 

high resolution transmission electron microscope (HRTEM) resolution in the vicinity of 1  can 

be possible there by determines the space between crystal planes.        

 Scanning transmission electron microscopy (STEM) is actually one of the mode of 

operation of TEM in which electron beam is scanned across the sample. STEM is the hybrid 

instrument which have both the features of SEM and TEM. Scanning electron microscopy 

(SEM) resembles STEM but the image is formed due to secondary electrons emitted by the 
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sample surface following the excitation of primary electron beam. Even though the SEM is 

having low resolution than TEM, SEM is more beneficial for bulk samples in determining 

morphology of the samples.   

 

1.7. 5. X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS) works on the concept of photoelectric effect, in which 

the electrons are emitted from the surface, provided the energy of striking photons (greater than 

threshold energy) that exceeds the binding energy of the electron. The photons of Mg KR 

(1253.6 eV) or Al KR (1486.6 eV) are generally used. [62] These powerful photons (X-ray 

radiation) can emit both valence and core electrons. As it is known that each element has 

different arrangement of core electrons as they are attached to nuclei with different binding 

energies, so when these powerful radiations are bombarded to emit electrons, each element 

behaves differently. For each element a different pattern of characteristic peak and peak areas are 

described. These peaks can be used for qualitative and quantitative analysis of elements present 

in a given sample. The shape of a peak and the binding energy can provide exclusive information 

about the oxidation state of metal, chemical bonding and presence of impurities. The XPS 

technique is very much sensitive and surface specific because of the short range of ejected 

electrons. 

 

1. 7. 6. Energy Disperse Spectroscopy 

Energy dispersive spectroscopy (EDS) is an analytical technique that is used to determine the 

chemical composition of individual nanoparticles. This analytical technique is often associated 

with SEM and TEM. In this technique a typical 10-20 keV electron beam is allowed to strike the 

surface of a conducting sample resulting in the emission of X-rays, the energies of X-rays so 

generated depends solely on the sample under observation. It is interesting that the X-rays are 

emitted in the region whose depth is 2.0 μM. X-rays from the specimen are generated when high 

energetic beam of charged particle electrons and protons are focused on the sample to be studied. 

At rest, an atom within the sample have unexcited ground state and electrons are residing in the 

discrete energy levels or electron shells bounded to nucleus. When electron beam emits the 

electrons in the inner shells, this ejection results in creation of electron hole. An electron from 

the higher energy shell or outer shell then fills the vacancy of the emitted electron. This transfer 
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of electron from higher energy shell to lower energy shell is released in the form of X-ray. The 

number of rays and energy possessed by these X-rays is measured by an energy-dispersive 

spectrometer. The energies of the X-rays are actually the characteristic energy difference 

between the two shells and the atomic structure of the emitting element, which makes EDS a 

very important analytical technique to determine the elemental composition of the specimen to 

be measured.  

  

1. 7. 7. Other Characterization Techniques  

Apart from the above discussed techniques there are several other techniques, such as atomic 

force microscopy, neutron diffraction, magnetochemistry, secondary ion mass spectroscopy, 

electron energy loss spectroscopy, cyclic voltammetry, scanning tunneling microscopy, 

thermogravimmetry and differential scanning calorimetric, Raman spectroscopy, scanning 

electrochemical microscopy etc. that have been applied to characterize  nanoparticles. [63-65] 

 

1. 8. Application of Nanomaterials 

Nanodimension particles have exhibit potential applications in display devices, microelectronics 

(light-emitting diodes and photovoltaic cells), nanofabrication, nanopatterning, self-assembly, 

drug delivery etc. [3, 6, 14] Other characteristic application of nanoparticles include ultra-fine 

wiring, efficient solar cell, doping for metal, ceramic, epoxy-material, fiber and coating for 

surfaces of glass, lens, film, electrode etc. Beside these wonderful applications, nanoparticles are 

also very much useful in various catalytic processes such as photocatalysis (dye degradation), 

hydrogenation of nitrocompounds and electrocatalysis (water splitting). Very recently, the 

applications of metallic nanoparticles have shown a great promise in magnetic resonance imaging 

(MRI)
 

and cancer therapy.  [66, 67] 

 

1.8.1. Electrocatalysis  

The concept of using electric current to control various chemical reactions achieved much 

attention, since the time when humankind invented first power resources. Splitting of water to 

produce hydrogen and oxygen gas started much earlier, but now it has started at large scale in 

industrial process and seems to play a crucial role in future energy crisis. In fact hydrogen gas is 

quite often called the ‘fuel of future’. 
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 Electrocatalysis is actually an attempt to elucidate and predict observable phenomena like 

overall activity of the reactions that occur on the surface of electrode by the interactions of 

electrode/electrolyte interface. Development of an efficient electrocatalyst is very important to 

minimize the energy losses during the electrocatalytic splitting of water to produce hydrogen and 

oxygen gas. Figure 1.10 shows a diagrammatic representation of evolution of hydrogen (figure a) 

and oxygen (figure b) gas on the surface of glassy carbon electrode (GCE) after deposition of 

catalyst on its surface.  

4H
+
 + 4e

-
  → 2H2  

2H2O → O2 + 4H
+
 + 4e

-
  

Net reaction: 2H2O → 2H2 +O2 

 

1.8.1.1. Hydrogen Evolution and Hydrogen Oxidation Reactions 

The reactions which are central to hydrogen energy are two types. These are hydrogen evolution 

(2H
+
 + 2e

-
 → H2) and hydrogen oxidation (H2 → 2H

+
 + 2e

-
) reactions. The research of oxidizing 

and evolving hydrogen was started in 1960 but it gained importance in 1970 and 1990 when the 

shortage of oil was realized. [68] The most success in this regard was achieved when precious 

metals like Pt were used. Metal nanoparticles on the surface of carbon also showed great success 

in hydrogen evolution reaction (HER) and hydrogen oxidation reaction (HOR). [69] Despite the 

fact that metallic nanoparticles decorated carbon enhances the electrocatalytic activity because of 

synergistic effect, but itself exhibit HER only at high overpotentials with no HOR activity. 

However, literature has revealed that single wall carbon nanotubes and few graphitic carbons 

when activated to electrochemical potentials exhibits both HER and HOR activity at zero 

overpotentials. [69] In water splitting, HER is actually a cathodic reaction, while, its converse 

HOR that occurs in fuel cell is basically anodic reaction.   

 HER kinetics has a long history and have been explained in detail. [68] In the world of  

HER electrochemistry, recent merge of computational quantum chemistry and nanotechnology 

have shown great progress in explaining fundamentals and basics of HER with much emphasize 

on its utility and storage. [70-72] Metallic Pt is considered as ‘state of the art catalyst’ and 

exhibits small Tafel slope values and extremely high exchange current density (j0). [73-77] 

However, because of high cost and less availability of Pt, a sustainable, cost effective, and stable 

catalyst needs to be developed. So, there have been efforts to synthesize the HER active catalysts 
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from the transition metals that are abundant in nature. Recently, large no of such catalysts from 

the metals (Fe, Co, Ni, Mo) and their compounds have been developed. All these catalysts have 

been proving as excellent candidates in HER electrochemistry in both acidic or alkaline 

conditions. [69] Furthermore, there are reports where carbon and its modified morphological  

 

 

 

Figure 1.10: Schematic representation for the evolution of (a) hydrogen gas and (b) oxygen gas   

                     

 

based nanostructures (with exciting electronic properties) have been successfully accepted as  

new alternatives of Pt catalyst. [73-74] 

 

1.8.1.2. Mechanism of HER 

HER (2H
+
 +2e

-
 → H2) is a process involving a series of electrochemical steps which takes place 

on the electrode surface and results in the evolution of hydrogen. There are two mechanisms in 

acidic and basic conditions accepted universally. [69] The steps are: 

  

(1) Electrochemical hydrogen adsorption (Volmer reaction) [ Eq. (a), (b)] 

 H
+
 + M + e

-
   M-H*                (acidic solution)              (a) 

 H2O + M + e
-
 ↔ M-H* + OH

-
   (alkaline solution)          (b) 

This step is followed by 

 (2) Electrochemical desorption (Heyrovsky reaction) [Eq. (c), (d)] 

a b 
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  M-H* + H
+
 ↔ H2                         (acidic solution)         (c) 

 M-H* + H2O ↔ M + OH
-
 + H2   (alkaline solution)       (d) 

Or, 

(3) Chemical desorption  or combination reaction (Tafel reaction) [Eq. (e)] 

 2 M-H* ↔ 2M + H2 (both acidic & alkaline)                (e) 

 

In the above reactions, H* indicates an adsorbed hydrogen atom that has been adsorbed 

chemically on the surface of  electrode (M) at the active site. These reaction pathways are highly 

dependent on electronic and chemical properties of the electrode surface. [78] Tilak et. al., 

explained that rate controlling steps (1, 2 and 3) is predicted by deducing Tafel slope values from 

HER polarization curves. [73] The mechanism and rate determining step is studied by the Tafel 

slope. Tafel slope is an inherent and interesting property because it gives information about the 

potential difference required to increase or decrease the current density by 10-fold. Tafel slope is 

also useful to determine the effectiveness of a catalyst. In order to calculate the Tafel slope the 

linear portion of the Tafel plots is to be fitted in the Tafel equation (η = b log (j) + a,  where η = 

overpotential, b = Tafel slope, and j = current density). [79, 80] Theoretical facts about Tafel 

slope have been derived from Butler-Volmer equation and it is proved for three limited cases. 

First, if the discharge reaction proceeds very quickly and H2 is evolved by the rate determining 

combination reaction (Tafel step). The slope value is 29 mV dec
-1

 at 25 °C (2.3RT/2F). Second, 

if the discharge reaction proceeds very quickly and H2 is evolved by the rate determining 

desorption reaction (Heyrovsky step). The slope value for this step is 40 mV dec
-1

 at 25 °C 

(4.6RT/3F). Third, if the discharge reaction proceeds very slowly and then the rate determining 

step will be Volmer step irrespective of the fact whether H2 is evolved by the combination 

reaction or the desorption reaction. The Tafel slope is 116 mV dec
-1

 at 25 °C (4.6RT/F). The 

detailed mechanism is shown in Figure 1.11. It is evident that reaction (1) represents chemical 

adsorption, whereas, reaction (2) and (3) exhibits H atoms desorption from the electrode surface, 

which are competing with each other. Sabatier and co-workers came with an idea (Sabatier 

principle) that a better catalyst should not only form a strong bond with absorbed H* and 

facilitates the proton electron transfer process, but also it should be weak enough in facial bond 

breaking to assure quick release of H2 gas. [81]  It is difficult to establish a quantitative 

relationship between energies of H* intermediate and rate of electrochemical reaction  owing to 
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absence of directly measured surface-intermediate bonding energy values. [82] However from 

the perspective of physical chemistry, both for H* adsorption and H2 evolution on the catalyst 

surface can be determined from the change in free energy of H* adsorption (∆GH* ) using HER 

free energy diagram. [83] According to Sabatier principle, under the condition ∆GH* = 0 will 

have maximum overall reaction rate (expressed in terms of HER exchange current density, j0). 

  

 

 

Figure 1.11:  Mechanism of hydrogen evolution reaction on surface of glassy carbon electrode (GCE)  

 

An important correlation between ∆GH* and j0 have been proposed in the form of “volcano 

curve” for a wide variety of electrode surfaces. [83, 84] 

 

1.8.1.3. Oxygen Evolution and Oxygen Reduction Reactions 

Oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) have been studied with 

lot of interest because of its importance in various practical technologies and industries. [85] 

water splitting via oxygen evolution is playing a vital role in chemical energy storage. [86] OER 

and ORR is a basic phenomenon for many important and convenient energy conversion and 

storage technologies like electrolysis of water and rechargeable metal-air batteries. [87, 88] The 

oxygen electrochemistry in fuel cells, metal-air batteries, industrial processes, water electrolysis, 
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alkaline batteries and other miscellaneous applications is shown in Figure 1.12. In ORR, the 

electrons are combine with the molecular oxygen to form a product, whereas, molecular oxygen 

is generated when electrons are taken from reactants in case of OER. Oxygen catalysis is a 

phenomenon through which rate of OER and ORR is promoted on the surface of electrode 

polarized by an electric potential. To understand the concept of OER and ORR it is important to 

discuss the following redox reaction: 

 

 

 

 

Figure 1.12: Representation of oxygen electrochemical technologies and processes where O2 electrochemistry 

plays a vital role 

 

 

2H
+
 + O2 + 2e

-
   2H2O, E

0
 = 1.23 V vs. SHE 

 

At a potential of 1.23 V vs. SHE, this reaction is in thermodynamic equilibrium on the electrode 

surface. Therefore, the rate of backward reaction is in equilibrium with the forward reaction. 

When there is a shift of electric potential from equilibrium in positive direction transfer of 

electrons from water molecule to the electrode surface takes place. There will be oxidation of 

water and formation of oxygen gas in this potential window. In case of ORR, the electric potential 

moves in negative direction and there is transfer of electrons from electrode to the solution and 

reduction of O2 takes place, i.e., cathodic current support oxygen reduction. The additional 
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potential that is required to drive the electric current in these electrochemical reactions is termed 

as overpotential. [89] The overpotential mainly depends on the electrode material. Platinum is a 

benchmark electrocatalyst for ORR. It has been experimentally proved that Au electrode shows 

less overpotential than Pt in ORR. [90] ORR to water and OER from water have attained plenty 

of interest in O2 electrochemistry. These reactions are actually the bottle necks that limit power 

density of hydrogen in fuel cells and efficiency of energy of water electrolysis. Therefore, to 

design a cost-effective and highly efficient electrocatalyst for energy storage applications is 

highly essential. 

 

1.8.2. Catalysis 

Metal nanoparticles (Au, Ag, Pd, and Pt) have been used significantly in the reduction of nitro 

compounds into amines. [91, 92] The reduction of nitro compounds is very important because 

nitrophenol are determined as water pollutants, a serious global concern. [91] Nitrophenol can be 

reduced into aminophenol using metal nanoparticles as a catalyst. During the synthesis of dyes 

and pigments as the main intermediates and precursors are polymers of aromatic amines that also 

correlate the importance of nitro compound reduction. Metal nanoparticles are also used in the 

reduction of C = C and C C bond formation. [93, 94] 

 

1.8.3. Photocatalysis 

 The disposals of dye waste products into streams and rivers is a big threat to human and marine 

life. For example, azodyes and textile dyes are nonbiodegradable and highly toxic, so need of 

time demands the degradation of these harmful disposals. In this regard metal and metal oxide 

nanoparticles have been pretty successful. Mostly metal oxide semiconductors like ZnO, TiO2 etc. 

have played a significant role in photo degradation of dyes. In presence of light, electrons in the 

lower energy valance band are shifted into conduction band, which results in the formation of 

electron hole pair. [95, 96] Both the electrons in the conduction band as well as holes in valance 

band are responsible in dye degradation. Recombination of electron and hole is a serious concern 

in dye degradation, but, now-a-days metal nanoparticles are decorated on the oxide surface to 

minimize the recombination. These decorated metal nanoparticles act as an electron scavenger 

and prevents electron hole recombination. [95, 96] 

 



                                                                                                                                 Chapter 1                      

 

25 
 

1.9. Aim of the Thesis 

The main aim of this thesis is to develop a new material for generation of hydrogen and oxygen 

gas via electrocatalysis. Over the years, hydrogen is a promising and efficient energy source due 

to its high energy density, efficiency, and low pollutant emission. Hydrogen have been generated 

from sources like water, coal, biomass etc., but electrochemically water splitting is widely 

investigated as a sustainable method to evolve H2 via hydrogen evolution reaction. Generation of 

hydrogen from water splitting is environmental friendly and globally accepted pathway. Water 

splitting via oxygen evolution is also playing a vital role in chemical energy storage. Oxygen 

evolution reaction is a basic phenomenon for many important and convenient energy conversion 

and storage technologies like electrolysis of water and rechargeable metal-air batteries.  

 

1.10. Conclusion 

In brief, nanotechnology has done wonders in every field of science. With the advancement in 

techniques and new innovations in electron microscopes, the characterization of nanomaterials is 

not too difficult. Methods to develop nanomaterials are highly improved and efficiently executed. 

Nanomaterials have been used in therapeutic, biological, electrical, optical etc. purposes. In the 

field of catalysis, photocatalysis, and electrocatalysis metal nanoparticles are mostly studied. 

Splitting of water, reduction of CO2, degradation of dyes, reduction of aromatic nitro compounds, 

reduction of olefins, C-C coupling reactions etc. are few important recent advances in 

nanochemistry.  
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Abstract 

This chapter discusses the synthesis of Pd and Pt monometallic nanoparticles on carbon nitride 

(C3N4) surface for the reduction of nitrocompounds as well as for electrocatalysis. For the 

synthesis of C3N4/Pd and C3N4/Pt, metal ions were initially adsorbed on C3N4 surface and then 

subsequently reduced by NaBH4. The as-synthesized heterostructures was authenticated by 

different characterization techniques, UV-vis, PXRD, XPS, TEM, FESEM, and EDS. 

Decorations of monometallic NPs on C3N4 not only improve the reduction efficiency of nitro-

compounds but also enhanced the electrocatalytic activity in hydrogen evolution reaction. 

C3N4/Pt proved efficient electrocatalyst as it requires -0.339 V potential to attain current density 

of 10 mA/cm
2
, whereas, C3N4/Pd requires -0.371 V to reach 10 mA/cm

2
 current density vs. 

Ag/AgCl. Both C3N4/Pd and Pt heterostructures are better than bare C3N4, which needs -0.596 V  

to achieve 10 mA/cm
2
 current density vs. Ag/AgCl. On the other hand, C3N4/Pd showed better 

performance in nitrocompound reduction as compared to C3N4/Pt and bare C3N4. The kinetic 

study reveals that the rate constant using C3N4/Pd catalyst is 6.7 ×10
-1

 min
-1

 for p-nitro aniline 

reduction, which is 101 times higher as compared to bare C3N4 and 4.7 times in comparison to 

C3N4/Pt. Formation of hydrogen gas and hydrogenation of p-nitro aniline is shown in scheme 

2.1. 

 

 

 
Scheme 2.1: Diagrammatic representation of nitrocompound reduction and evolution of hydrogen gas using 

C3N4/Pt, Pd as a catalyst 
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2.1. Introduction 

Now-a-days increasing global population demands for clean, affordable and reliable 

energy source.[1] Currently, fossil fuels have been dominating the global energy demands but 

increasing concerns of global warming due to production of undesirable carbon-dioxide appeals 

for low pollutant emission and high efficient energy fuels.[2, 3] Over the years, hydrogen is a 

promising and efficient energy source due to its high energy density, efficiency, and low 

pollutant emission.[4] In recent times noble metal nanoparticles (NPs) have attained a 

tremendous attention for hydrogen evolution reaction, which is due to low resistance and 

excellent catalytic activity in acidic media. Amongst all effective HER electrocatalysts, Pt based 

nanocomposites were proved as an effective and efficient catalysts due to their low reduction 

overpotentials and fast kinetics. [5-7] However, limited sources and expensive availability of Pt 

based nanocomposites shifted the research for an alternative. Recently, Pd NPs were investigated 

as an active electrocatalysts and a good alternative for Pt NPs. [8,9] Mostly monometallic Pd 

NPs have been reported on supported material (e.g., carbon powder, Tungsten carbide (WC) 

etc.) [10-12] but the durability of supported catalyst is very low. [13] Therefore, it is very 

important to produce a new support based catalyst with high durability and superior 

electrocatalytic activity. One of the constructive strategy is incorporation of a heteroatom in the 

solid support, e.g., nitrogen, which can coordinate with metal NPs and overcomes the durability. 

[14,15] 
Carbon nitride (C3N4) is a polymeric semiconductor and used as visible light 

photocatalyst. C3N4 has its unique layered structure and a characteristic electronic band structure 

consists of valence band and conduction band. [16] Porous matrix of C3N4 surface can easily 

functionalize with many organic/inorganic compounds with high reactivity. [17,18]
 
Synthesis of 

Pd NPs on g-C3N4 surface for selective hydrogenation of phenol and its derivatives has been 

reported by Antonietti and co-workers. [19] Wang and co-workers reported Pd NPs loading on a 

hybrid solid support consist of C3N4 and graphene for oxidation of formic acid and methanol 

electro-oxidation. [20] The same group also reported oxidation of glycerol using Pd NP loaded 

hybrid C3N4 and graphene system. [21] Barman and co-workers described the synthesis of 

porous Pd NPs-C3N4 composite (Pd-CNx) for hydrogen evolution and hydrogen oxidation 

reactions in acidic media. [22] Porous Pd-CNx composite shows best catalytic activity towards 

HER than commercial Pt/C and Pd/C. They also mentioned Pd-CNx composite showed high 
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durability in strongly acidic media, much higher than that of commercial Pt/C. Recently, our 

group also reported the synthesis of mono- (Au and Pd) and bimetallic NPs using C3N4 quantum 

dot under the illumination of UV light for 4-nitrophenol reduction. [23] The advantages of C3N4 

as a support for any catalytic and electrocatalytic reactions are manifold. [22,23]
 
First, strong 

interaction between metal NPs with C3N4 provides large accessible active sites. Second, porous 

structure of C3N4 allows reactant to reach active site or edge easily and quick formation of 

product on metal surface. Third, synergistic effect between metal and C3N4 facilitates the rate of 

the catalytic reaction. Therefore, based on the literature report it is quite evident that C3N4 

supported Pd NPs are durable and exhibit better electrocatalytic activity. 

 Being inspired from the above studies, we did a simple method for Pd and Pt 

monometallic NPs synthesis on C3N4 surface for hydrogen evolution and nitrocompound 

reduction. For the synthesis of C3N4/Pd and Pt NPs, precursor metal ions were initially adsorbed 

on C3N4 surface and then subsequently reduced by a reducing agent, NaBH4. All the materials 

were characterized by UV-vis, powder X-ray diffraction, scanning electron microscopy, 

transmission electron microscopy, and X-ray photoelectron spectroscopy techniques. The as-

synthesized materials were used as an electrocatalyst for HER and heterogeneous catalyst for 

reduction of nitro-compounds. For HER, best catalytic efficiency was achieved in case of 

C3N4/Pt. Pt NPs proved efficient catalyst in electrocatalysis as it requires potential of -0.339 V 

vs. Ag/AgCl. While C3N4/Pd showed best performance in nitro-compound reduction with a rate 

constant, k = 6.7 ×10
-1

 min
-1

 for 4-nitroaniline reduction, which is 101 times higher than bare 

C3N4. These results revealed that decoration of metal nanoparticles on C3N4 surface not only 

improved the reduction kinetics of nitro-compounds but also enhanced the electrocatalytic 

activity. The advantages for this work are manifold. First, syntheses of metal NPs on C3N4 

surface, a stable support with better catalytic activity and high durability. Second, to develop a 

good electrocatalyst for HER in acid medium, which is comparable with commercial Pt/C.  

 

2.2. Experimental Section 

 

2.2.1. Synthesis of C3N4 

 Bulk C3N4 was synthesized via poly-condensation reaction from urea, which is reported 

elsewhere.[18, 24] In brief, thermal treatment was given in a silica crucible using a compound, 
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which is a rich source of carbon and nitrogen (e.g., urea). Firstly, 10 g urea was dried at ~ 80-90 

°
C to remove adsorbed moisture. Secondly, dried urea was transferred in a covered silica crucible 

and placed in a muffle furnace for thermal treatment at 550 
°
C for 2.5 h with a heating rate 10 

°
C 

min
-1

. Thirdly, at room temperature condition the light yellow color product was collected and 

washed with 0.1 M HNO3 to remove extra impurities and dried at 80 
°
C. 1.0 g C3N4 was 

exfoliated in 100 mL water using a sonicator for 5 h to obtain C3N4 nanosheet at a concentration 

of 10 mg mL
-1

.  

 

2.2.2. Synthesis of C3N4/Pd and Pt NPs 

For the synthesis of C3N4/Pd, exfoliated C3N4 nanosheet (19 mL) was taken and 1 mL of 10
-2 

M 

aqueous solution of K2PdCl4 was added. Then the reaction mixture was stirred for 1 h and treated 

with NaBH4 (1 mL of 1.0 M) to reduce Pd
2+

 ions and stirring was continued for another 2 h. 

After addition of NaBH4, the brown color solution was changed into grey color due to the 

formation of palladium nanoparticles. Finally, the product was washed with distilled water and 

ethanol to remove impurities and dried in air.  

 To synthesize C3N4/Pt similar procedure for C3N4/Pd was followed except K2PtCl4 was 

used in place of K2PdCl4. 

 

2.3. Catalysis in nitro-aromatic reduction 

Nitro-aromatic reduction was carried out using NaBH4 as a hydrogen donor and water as a  

solvent. For this reduction reaction aqueous solution of p-nitroaniline (4-NA) (2.0 mL of 10
-3

 M) 

and 2.0 mL of 10
-1

 M NaBH4 was added in 16 mL water. Total volume of the solution was 20 

mL. After that, in the reaction mixture 1.0 mg of catalyst was added. To monitor the reduction 

reaction, 3.0 mL solution was taken from the reaction vessel and UV-vis spectroscopy was 

measured. After UV-vis measurement 3.0 mL solution was poured again in the reaction 

container so that the total volume remain unchanged. All the as-synthesized catalysts (bare C3N4, 

Pd, and Pt) were used for the reduction reaction. 

In case of other nitro compound reduction similar method was followed except p-

nitrophenol and o-nitrobenzoic acid were used instead of 4-NA.  

The percentage of conversion of the nitro-compound reduction can be calculated using: 

% Conversion = (A0 - At)/A0 × 100 
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where, initial absorbance = A0 and absorbance at time ‘t’ = At. 

 

2.4. Catalysis in hydrogen evolution reaction  

Preparation of ink: 4.0 mg catalyst and 20 μL of 5 wt% nafion solution was dispersed in 200 μL 

of isopropanol by bath-sonication until a homogeneous suspension was formed. Then, 5.0 μL of 

the above catalyst suspension was drop-casted onto a GCE and dried in air. Electrochemical 

impedance measurements were performed using GC as working electrode and onset potentials of 

different catalysts were chosen as performing bias for the measurement with the sweeping 

frequency from 50 KHz to 10 Hz with a 10 mV AC dither. Pt and Ag/AgCl were used as counter 

and reference electrode, respectively. 

 

2.5. Results and Discussion 

 

Synthesis of Pd and Pt monometallic NPs on C3N4 surface is mentioned in experimental section. 

In brief, first, K2PdCl4 and K2PtCl4 were dispersed on the surface of C3N4 and then reduced 

using NaBH4 as a reducing agent. All these materials were washed carefully and further used for 

characterization and application purposes. In the following sections complete characterization, 

mechanism of formation, and application will be discussed.  

 

2.5.1. UV-vis spectrum of C3N4, C3N4/Pd and C3N4/Pt 

Figure 2.1 shows UV-vis spectrum of bare C3N4 and monometallic (Pd and Pt) NPs. It can be  

 

 

Figure 2.1: UV-vis DRS for (a) C3N4, C3N4/Pd and C3N4/Pt, where, all the powder samples were mixed with 

BaSO4 as reference, (b) Band gap energy (Eg) of C3N4 
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seen from Figure 2.1a that C3N4 shows strong absorption in visible region with absorption edge 

at ~ 455 nm. Using classical Tauc approach, from the plot of (αEp)
2
 vs. photon energy (Ep) the 

band gap energy (Eg) of C3N4 can be calculated (Figure 2.1b). The calculated Eg value for C3N4 

 is ~ 2.8 eV, which is well matched with previous reports. [16,18] Both C3N4/Pd and Pt shows 

comparable absorption in visible region and weak absorption in UV region with an absorption 

edge at ~ 455 nm. 

 

2.5.2. FTIR analysis of Pd and Pt loaded C3N4 surface 

The FTIR analysis result for C3N4, C3N4/Pd and C3N4/Pt is shown in Figure 2.2. In case of C3N4, 

C=N stretching vibration is observed at 1637 and 1571 cm
−1

, while, C–N stretching vibration at 

1411, 1322, and 1240 cm
−1

 are presented. Both the stretching vibration represent aromatic modes 

 of C3N4 ring. The out-of-plane bending vibration for heptazine rings is experienced from the 

intense band at 809 cm
-1

. Pd and Pt monometallic NPs decorated on C3N4 shows similar IR 

stretching frequencies for C=N and C-N stretching vibration without any significant shift. Young 

and co-workers also reported similar IR characteristic features of Pt loaded C3N4 and in case of 

pure C3N4. [25] 

 

 

 

Figure 2.2: FTIR spectra of Pd and Pt loaded C3N4 surface 
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2.5.3. Powder X-ray diffraction patterns C3N4/Pd, C3N4/Pt and C3N4 

The structural identity and phase purity of the as-synthesized metal NPs were studied by PXRD 

analysis shown in Figure 2.3. The PXRD spectrum of C3N4/Pd NPs shows two characteristics 

peak at 2θ = 39.9° and 46.2° for (111) and (200) planes, respectively (JCPDS-46-1043). The 

presence of (111) and (200) planes represent fcc structure of Pd along with a peak at 27.5°, 

which is due to presence of (002) plane of C3N4. It can be seen from Figure 2.3a that, the 2θ  

 

 

 

Figure 2.3: Powder X-ray diffraction patterns (a) C3N4/Pd and C3N4/Pt  and (b) of C3N4 

 

 

 values are at 39.9°, 46.2°, 67.8°,and 81.8° for (111), (200), (220), and (311) planes, respectively, 

for C3N4/Pt NPs which represent fcc structure (JCPDS 04-0802) of Pt. In addition to those peaks, 

another peak at 2θ = 27.5° for (002) plane of C3N4 is also present. From Figure 2.3b that bare 

C3N4 contains a characteristic peak at 27.5
o
, which is associated with inter planar stacking of 

aromatic compounds. Absence of any extra peak in the PXRD analysis of monometallic (Pd and 

Pt) NPs confirms that the as-prepared compounds are pure and there is no remaining salt 

precursor. 

  

2.5.4. XPS analysis Pt/C3N4 and Pd/C3N4 structure 

XPS technique was employed to investigate the surface chemical properties of the metal NPs as 

well as their oxidation states. Successful formation of Pt and Pd nanoparticles has been observed 

on C3N4 surface as well as their oxidation states are also depicted in Figure 2.4. A clear existence 
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of Pt 4f (74.4 eV and 71.1 eV) and Pd 3d (340 eV and 335 eV) doublets for the Pt/C3N4 and 

Pd/C3N4 nanostructures, respectively, confirms the successful formation of metal nanoparticles   

 
 
 

Figure 2.4: High resolution XPS spectra of (a) C1s (b) N1s spectra for C3N4, (c) Pt4f (d) Pd3d for Pt/C3N4 and 

Pd/C3N4 structure, respectively 

 

on the C3N4 surface. High resolution scans of C 1s and N 1s core level spectra with their various 

deconvolution components are shown in Figure 2.4a and 2.4b, respectively, for a clean C3N4 

surface. The deconvoluted C 1s binding energy spectrum can be fitted with four peaks centered 

at around 284.6 eV, 286.4 eV, 288.1 eV and 289.8 eV, which are attributed to C-C, C-N (or C-

O), C=N and C=O, respectively (Figure 2.4a). Similarly, the N 1s BE spectrum of C3N4 is also 

deconvoluted into four peaks centering around 401 eV, 399.7 eV, 398.6 eV and 397 eV, 

representing N-O (or N-H), N-(C)3, C-N-C, and C=N-C bonding, respectively (Figure 2.4b). 
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These findings are in good agreement with earlier reported values of carbon nitrides. [23] Both 

the findings also indicate the formation of a high quality C3N4 layer which further acts as a 

substrate for the metal nanoparticles growth. Figure 2.4c shows the high resolution scans of Pt 4f 

binding energy peaks along with its deconvoluted spin orbit splitting components which is fitted 

with 4f 5/2 and 4f 7/2 doublet centered at 74.4 eV and 71 eV, respectively. The spin orbit splitting 

of 3.4 eV with an intensity ratio of about 0.76 have been observed. This finding is well matched 

with earlier reported values of Pt(0) oxidation state. [26] Similarly, the deconvolution of Pd 3d 

high-resolution spectrum is shown in Figure 2.4d. Deconvolution data mainly appears with two 

sets of Pd 3d doublets with an intensity ratio of about 2:3. One pair centered at 335.5 eV and 

340.8 eV corresponds to the metallic Pd(0) state of Pd 3d5/2 and Pd 3d3/2, respectively. A spin 

orbit splitting of about 5.3 eV with an intensity ration of 0.69 has also been noticed which 

confirms the formation of metallic nanoparticles of Pd(0) oxidation state. [23] Whereas, the other 

Pd doublet positioned at 337.2 and 342.4 eV can be attributed to the Pd(I) oxidation state where 

we observed a spin orbit splitting of about 5.2 eV and an intensity ration of 0.68, suggesting that 

the Pd surface is partially oxidized. 

 

Table 2.1: Binding energy positions and relative intensities of deconvoluted C1s and N1s spectra 

for C3N4 and Pt4f and Pd3d for Pt and Pd on C3N4, respectively 

Samples BE peaks Sub-peaks Area Position 

C3N4 

 

C 1s 

 

 

O=C-O 12279.79 289.761 

N=C-N 19435.63 288.052 

C-N or C-O 10759.05 286.352 

C-C 12880.8 284.616 

    
 

N 1s 

 

 

N-O or N-H 3989.9 401.047 

N-(C)3 10757.6 399.69 

C-N-C 20052.3 398.555 

C=N-C 3855.78 397.021 

     

Pt/C3N4 Pt 4f 
Pt 4f 5/2 42976.07 74.425 

Pt 4f 7/2 56419.52 71.072 

     

Pd/C3N4 Pd 3d 

Pd 3d3/2 5424.266 340.801 

PdO 3d3/2 4112.645 342.417 

Pd 3d5/2 7846.58 335.536 

PdO 3d5/2 6035.727 337.165 
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A very similar kind of oxidation phenomena of Pd nanoparticles has also been noticed [23] for 

Au-Pd nanoparticles on C3N4 surface. However, for a better understanding, details of all the 

deconvoluted spectra are summarized in Table 2.1. 

 

2.5.5. FESEM analysis of Pt/C3N4 and Pd/C3N4 structure 

Figure 2.5a and 2.5b exhibits FESEM images of C3N4/Pd and C3N4/Pt NPs. FESEM image of   

 

 

 

Figure 2.5: FESEM image of (a) C3N4/Pd and (b) C3N4/Pt NPs 

 

bare C3N4 is shown in Figure 2.6, which exhibits highly dense C3N4 sheet like structures. Figure 

2.5a shows FESEM image of C3N4/Pd, where, Pd NPs are very small in size and homogeneously 

 

 

 

 

 

 

 

 

 

 

Figure 2.6:  FESEM image of exfoliated C3N4 sheet after 5 h sonication 
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distributed on C3N4 surface. Figure 2.5b represents FESEM image of Pt NPs decorated on C3N4 

surface. It can be seen from Figure 2.5b that Pt NPs are perfectly spherical and particle size-

distributions are wide. Therefore, FESEM analysis confirms the distribution and spherical nature 

of Pd and Pt NPs on C3N4 surface 

 

 

Figure 2.7:  EDS analysis of C3N4 

 

Elemental mapping analysis of C3N4 (Figure 2.7), confirms the presence of carbon and nitrogen. 

Line mapping analysis (Figure 2.8) substantiates the presence of Pd and Pt NPs on C3N4 surface. 

 

 

Figure 2.8: Line mapping of (a) C3N4/Pd  (b) C3N4/Pt with FESEM image  

a b
B 
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2.5.6.  TEM analysis of Pt/C3N4 and Pd/C3N4 structure 

Figure 2.9 and Figure 2.10 represents TEM images of Pd and Pt nanoparticles on C3N4 surface. It 

can be seen from Figure 2.9a that Pd NPs are uniform and spherical in shape with an average 

particle size 8 ± 1 nm and homogeneously distributed on C3N4 surface. HRTEM image of Pd NP 

is shown in Figure 2.9b, where the interplaner spacing (d) value is 0.21 nm, which corresponds 

to (111) plane of Pd. Therefore, the growth of Pd cluster on C3N4 surface occurs through (111)  

 

 

Figure 2.9: TEM (a) and HRTEM (b) image of C3N4/Pd NPs 

 

          

 

Figure 2.10: TEM (a) and HRTEM (b) image of C3N4/Pt NPs  
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plane. Shape of Pt NPs is spherical and is well distributed on C3N4 surface, shown in Figure 

2.10a. Size of Pt NPs is 12 ± 1 nm and the interplanar spacing value is 0.23 nm (Figure 2.10b), 

which represents the growth of Pt nanocrystal through (111) plane. Therefore, TEM analysis of 

Pd and Pt NPs on C3N4 surface is well acquainted with their FESEM analysis. In this study C3N4 

was used as a substrate, where, Pd and Pt NPs were decorated. Initially, C3N4 powder was 

sonicated for ~5 hour so that bulk C3N4 dispersed properly via exfoliation. In the exfoliated 

solution of C3N4, K2PdCl4 and K2PtCl4 were added and stirred for 1 hour. Upon stirring Pd
2+

 and 

Pt
2+

 ions were adsorbed on C3N4 surface via weak van der Waals interaction. Even, pi-

conjugated electron cloud of C3N4 also helpful for the adsorption of Pd
2+

 and Pt
2+

 ions. After that 

a reduction reaction using NaBH4 as a reducing agent was followed to synthesize monometallic 

Pd and Pt nanoparticles on C3N4 surface. Both the metal NPs were decorated uniformly on C3N4 

surface, which confirm the uniform distribution of Pd
2+

 and Pt
2+

 ions on C3N4. Both Pd and Pt 

adsorb on porous C3N4 surface strongly, which is confirmed from XPS analysis. The overall 

synthesis of Pd
0
 and Pt

0
 on C3N4 surface is shown in Scheme 2.2.  

 

 

Scheme 2.2: The mechanism of decoration of Pd and Pt nanoparticles on the surface of C3N4 

 

2.6. Applications in electrocatalysis and catalysis 

 

2.6.1. Hydrogen evolution reaction using monometallic NPs:  

 

2.6.1.1. Detailed study of LSV polarization curves of C3N4, C3N4/Pd, C3N4/Pt,  and pristine 

Pt for hydrogen evolution reactions  

The preliminary catalytic activity of C3N4, C3N4/Pd, and C3N4/Pt catalysts towards hydrogen 

evolution reaction was studied using linear sweep voltamograme (LSV) technique. 0.5 M 

aqueous H2SO4 solution and 50 mV/s scan rate were used to conduct all the electrochemical 
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measurements. Throughout the electrochemical study Ag/AgCl electrode was used as reference 

electrode and the potentials are reported with respect to Ag/AgCl. Cathodic polarization curves 

in Figure 2.11a shows that after decoration of metal nanoparticle on the surface of C3N4, there is 

remarkable increase in current density with successive anodic shift in the onset potential 

compared to bare C3N4. C3N4/Pt, C3N4/Pd, and bare C3N4 requires potential of  -0.339 V, -0.371 

V, and -0.596 V, respectively, vs. Ag/AgCl to reach current density of 10 mA/cm
2
. Whereas, for 

pristine Pt (5% Pt on C) -0.307 V potential is required to reach 10 mA/cm
2
. From the observed 

result it is clear that C3N4/Pt shows better activity compared to C3N4/Pd. The stability of catalysts 

(Pd and Pt) on electrode surface was checked up to 3000 cycles and shown in Figure 2.12. It can 

 

 

Figure 2.11: LSV polarization curves of (a) C3N4, C3N4/Pd, C3N4/Pt, and pristine Pt for hydrogen evolution 

reactions, (b) Tafel plot, (c) impedance measurement with Pd, Pt, and bare C3N4 and (d) Magnified version of 

impedance measurement with C3N4/Pt NPs  
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be seen from Figure 2.12 a and b that the catalyst are stable on electrode surface and there is no 

significant change before and after 3000 scan vs. Ag/AgCl. The probable shortcomings of HER 

catalysts are low surface area, poor electron transportation, and instability under different harsh 

operating conditions. The density and reactivity of active sites also governs the performance of 

the catalyst [27-29]  Incorporation of metal nanoparticles on C3N4 overcomes these drawbacks to 

some extent. Metal NPs decorated on C3N4 surface not only increases the number of active sites 

but also improves the electron transportation through its porous surface. This superior activity of 

C3N4/Pd and C3N4/Pt as compared to bare C3N4 is attributed to the Gibbs free energy for 

hydrogen adsorption (ΔGH*). [4] To be a better descriptor of the intrinsic activity of metal 

nanoparticles for HER, Gibbs free energy is proposed. 

 

 

 Figure 2.12: Comparative polarization curve of  (a) C3N4/Pd  and (b) C3N4/Pt initial run and after 3000 cycle 

 

2.6.1.2. Mechanism of hydrogen evolution reaction: 

HER reaction follows two mechanisms.  First step is the discharge step and also called as 

Volmer step where there is the electron transfer to proton or H3O
+
 and lead to Hads. Hydronium 

cation (H3O
+
) is the proton source in acidic electrolytes. H3O

+
 + e

-
       Hads+ H2O. Two different 

reaction pathways may follow in the second step. One way is Heyrovsky process also called 

desorption reaction (Hads+ H3O
+ 

+ e
-
     H2 + H2O), i.e., transfer of second electron to the Hads 

atom with simultaneously coupling of another proton to evolve hydrogen gas. The other 

possibility is already adsorbed two hydrogen atoms combine on catalyst surface to give H2 gas. 

This third step is called as Tafel or recombination reaction (Hads + Hads      H2). The mechanism 
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and rate-determining step are studied by the Tafel slope. Tafel slope is an inherent and intrinsic 

property of material, which is useful to determine the effectiveness of a catalyst. In order to 

calculate the Tafel slope the linear portion of the Tafel plots is to be fitted in the Tafel equation 

(η = b log (j)+ a, where η = overpotential, b = Tafel slope, and J = current density. [27, 28] 
 
In 

case of bare Pt, it has very high Hads and it follows Volmer-Tafel mechanism and the Tafel step 

i.e., the recombination step is the rate-determining step. Measured Tafel slope for Pt is 30 

mV/decade. If the rate-determining step is Heyrovsky step, Tafel slope value will be 40 

mV/decade and if the Volmer step is the rate-determining step, then the Tafel slope will be 120 

mV/decade.  

 

Table 2.2: Comparative study of HER activity of reported references 

  

Material Loading 

amount 

(mg/cm
2
) 

Medium Overpotential to 

generate 10 

mA/cm
2
 current 

density 

Tafel slope 

(mV/decade) 

Reference 

Pd-C3N4 0.043 0.5 M H2SO4 -55 mV 35 22 

PdCu@Pd 

nanocube 

0.14 0.5 M H2SO4 -5 mV (onset) 35 34 

Pd on rGO - 0.5 M H2SO4 -3 mV (onset) 34 35 

Pt dendrimer 

on C 

- 0.5 M H2SO4 -16 mV (onset) 42 36 

Pt on GO - 0.5 M H2SO4 -26 mV (onset) 58 36 

N-doped 

CNTs 

supported Pd 

0.7 0.5 M H2SO4 - 300 mV (at 60 

mA/cm
2
) 

- 37 

Carbon 

supported Pt 

5 µg/cm
2
 0.1 M HClO4 50 mV (at 2.4 

mA/cm
2
 

Anodic = 260 

± 23 

Cathodic = 

133 ± 5 

38 

Carbon 

supported Pd 

10 µg/cm
2
 0.1 M HClO4 70 mV (at 2.4 

mA/cm
2
 

Anodic = 260 

± 23 

Cathodic = 

133 ± 5 

38 

Ultrafine 

Pt/Pd on 

MWCNTs 

- 0.5M H2SO4 -0.21 V (onset) 38 39 

Pd on C3N4 1.056 0.5M H2SO4 -0.339 V vs. 

Ag/AgCl 

116 This work 

Pt on C3N4 1.056 0.5M H2SO4 -0.371 V vs. 

Ag/AgCl 

71 This work 
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In our present study, Tafel slope of 5% Pt on C, C3N4, C3N4/Pd, and C3N4/Pt, are 37, 174, 116 

and 71 mV/decade, respectively (Figure 2.11b). Tafel slope values suggest that for C3N4/Pd, and 

C3N4/Pt, HER reaction follows Volmer-Heyrovsky mechanism. Heyrovsky step is the rate 

determining step for C3N4/Pt and for C3N4/Pd Volmer step is the rate determining. In case of Pt 

decorated C3N4, Tafel slope is lowest compared to others, which also indicates the superior 

activity of Pt. A comparative study of HER activity with reported references is given in Table 

2.2. It can be seen from Table 2.2 that our reported C3N4/Pd and Pt catalyst shows comparable 

activity with reported literature. 

 

 

2.6.1.3. Electrochemical impedance measurements 

To account the comparative electrocatalytic activity of C3N4, C3N4/Pt, and C3N4/Pd 

electrochemical impedance measurements were carried out. Electrochemical impedance study 

gives information about the ease of charge transportation on different electrode surfaces. 

Impedance measurements for C3N4/Pt, C3N4/Pd, and C3N4 (Figure 2.11c) were measured at their 

respective onset potentials. Impedance curve for C3N4/Pd and C3N4/Pt is fitted with the 

equivalent circuit consisting resistance (Rs), Constant phase element (CPE) and Warburg 

constant (WS) and the value of resistances are summarized in Table 2.3. Observed RCT of 

C3N4/Pt, C3N4/Pd and C3N4 are 15 Ω, 75 Ω, and 431 Ω, respectively. Lower charge transfer 

resistance of C3N4/Pt (Figure 2.11d shows magnified version of impedance measurement with 

C3N4/Pt) reveals that C3N4/Pt composite electrodes offer the least resistance to the electron 

transportation followed by C3N4/Pd and C3N4. Pt nanoparticle decoration on the surface of C3N4 

successfully enhances the electrochemical activity. 

 

 

Table 2.3: RCT values of bare C3N4, C3N4/Pd, and C3N4/Pt NPs 

 

Materials used RCT value (Ω) 

C3N4 431 

C3N4/Pd 75 

C3N4/Pt 15 
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2.7. Nitrocompound reduction using Pd and Pt NPs 

 

2.7.1. Reduction of 4-NA, 4-NP and 2-NBA in the presence of C3N4/Pd and Pt NPs 

To verify the activity of our as-synthesized catalysts (C3N4/Pd and Pt) we have chosen another 

reduction reaction. Reduction of nitrocompounds has raised considerable interest because 

nitrophenol compounds are determined water pollutants and thus a serious global concern. 

During the preparation of dyes, pigments, and polymers aromatic amines are important 

intermediates and precursors, which makes reduction of nitro-compounds equally 

significant.[30]  Therefore, we have checked the catalytic activity of our as-synthesized catalyst 

(bare C3N4, Pd, and Pt NPs) for p-nitroaniline (4-NA), p-nitrophenol (4-NP), and o-nitrobenzoic 

acid (2-NBA) reduction reaction.  

 

2.7.2. Kinetic study of 4-NA reduction 

4-NA exhibits a distinct absorption spectrum at 381 nm, which is shown in Figure 2.13 When a 

freshly prepared NaBH4 solution was added into 4-NA, there was slight decrease in the 

absorption peak. In absence of any catalyst the peak intensity of 4-NA at 381 nm remains 

unaffected with time, which verifies that the reduction reaction doesn’t occur. After addition of 

catalyst (1.0 mg), the reduction of 4-NA was initiated, which can be visualized by gradual 

decrease in absorption intensity of 4-NA at 381 nm, accompanying the appearance of new peaks 

at ~307 nm and 240 nm. C3N4/Pd was used for reduction of 4-NA, which is shown in Figure 

2.13a. The UV-visible absorption spectra showed the reactant peak at 381 nm disappeared and 

the product peak at 307 nm and 240 nm appeared with time. For C3N4/Pd catalyst the reaction is 

very fast and ~ 98% conversion of 4-NA to 4-phenelenediammine (4-PDA) occurs within 6 min. 

The conversion process is studied by UV-vis spectra at different time interval. The ratio of the 

concentrations of 4-NA and 4-PDA at different time interval gives At/A0 values. The plot of 

At/A0 vs. t (min) shows exponential decay (Figure 2.13b), which specify the pseudo first order 

kinetics. Finally, linear plot of ln(At/A0) vs. t (min) (Figure 2.13c) confirms the pseudo-first order 

kinetic reaction and the value of rate constant ‘k’ was determined from the slope using the 

following equation. The rate constant value using C3N4/Pd catalyst is 6.7×10
-1

 min
-1

. 

 

ln(A0/At )= kt 
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Similar catalytic conversion was also performed with C3N4/Pt and bare C3N4 catalyst. In both 

cases only 1.0 mg catalyst was used. C3N4/Pt catalyst needs 25 min for ~ 98% conversion of 4-

NA to 4-PDA. The plot of At/A0 vs. t (min) is exponential decay, which indicates pseudo-first 

order of the  reaction. Furthermore, plot of ln(At/A0) vs. t (min) shows linear nature and the rate  

 

 

 

Figure 2.13: UV-vis spectra of (a) reduction of 4-NA in presence of C3N4/Pd NPs (b) At/A0 vs. time (min) plot 

(c) ln (At/A0) vs. time (min) plot. Conditions: [NA] = 10
-4

 M and amount of catalyst = 1.0 mg. In all cases water 

was used as reference solution 

 

constant (k) value is 1.4×10
-1

 min
-1

 favors pseudo-first order kinetics. Using bare C3N4 the 

reduction reaction proceeds slowly and gives ~57% conversion in 90 min. The plot of ln(At/A0) 

vs. t (min) shows linear nature and the rate constant (k) value is 6.6×10
-3 

min
-1

. Therefore, the 

order of rate constant for 4-NA to 4-PDA conversion is kC3N4/Pd > kC3N4/Pt > kC3N4.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14: Comparative Study of reduction of 4-NA in presence of C3N4/Pd NPs 
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It can be seen from Figure 2.14 that the comparative study of the catalysts towards reduction of 

4-NA to 4-PDA shows C3N4/Pd is a better catalyst than C3N4/Pt and bare C3N4. Rate constant (k) 

of C3N4/Pd is 4.7 times higher as compared to C3N4/Pt and 101 times better than bare C3N4. The 

better activity for C3N4/Pd is presumably due to proper adsorption of nitrocompounds on 

C3N4/Pd surface. To overcome the kinetic barrier, C3N4/Pd and C3N4/Pt can catalyze the 

reduction of nitro-compounds by acting as an electron relay system where, electrons are initially 

received from donor (BH4
-
 group) and then passed to acceptor (nitro group). [31,32]

 
In case of 4-

NA to 4-PDA reduction, the reaction follows two steps. First, 4-NA and BH4
-
 are chemically 

adsorbed on porous catalyst surface and electrons are transferred followed by 4-PDA formation. 

Second, the desorption of 4-PDA from the catalyst surface. Esumi and co-workers also reported 

higher activity of Pd NPs towards nitro-compound reduction.[33] Recently, our group reported 

the reduction of 4-NP using Au, Pd and AuPd NPs, where Pd shows 1.5×10
-1

 min
-1

 rate constant 

value, which is comparable with this study. [23]  

As an advantage of heterogeneous catalyst, C3N4/Pd was used to check reusability for 4-

NA reduction reaction. After 1
st
 cycle of the reaction the catalyst was centrifuged and washed 

thoroughly with distilled water. The reduction of 4-NA to 4-PDA was repeated four times and 

the corresponding results shows 98%, 96%, 92%, and 88% conversion. Therefore, the catalyst is 

highly stable up to fourth cycle, which is shown in Figure 2.15.  

 

 

 

Figure 2.15: Comparative Study of reduction of 4-NA in presence of C3N4/Pd NPs 
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After fourth cycle of the catalytic reaction the morphology of C3N4/Pd NP was confirmed 

with the help of FESEM analysis (Figure 2.16), which shows similar morphology of Pd NP as 

discussed in FESEM analysis. To check the catalytic activity of the as-synthesized C3N4/Pd, 

C3N4/Pt, and bare C3N4 catalyst few other nitro-compounds (4-NP and 2-NBA) were used using 

similar experimental appeared in pure 4-NP (Figure 2.17). When a freshly prepared NaBH4 (0.1 

M) solution was added into 4-NP, the absorption peak was shifted to 400 nm, analogous to the 

 

 

               Figure 2.16: FESEM of reused C3N4/Pd after 4
th

 cycle 

4-nitrophenolate ions where, nitrophenolate ion behaves as an oxidant and BH4
-
 as a reductant. 

After addition of a catalyst, the reduction of 4-NP was initiated, which can be visualized by 

monitoring the decrease in absorption intensity of 4-nitrophenolate ions at 400 nm, 

accompanying the appearance of a new peak of 4-aminophenol (4-AP) at 300 nm. In absence of  

 

Figure 2.17: Reduction of 4-nitrophenol using (a) C3N4/Pd (b) C3N4/Pt (c) C3N4 catalyst 
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any catalyst the peak intensity of 4-nitrophenolate ion at 400 nm remains unaffected with time, 

which verifies the importance of catalyst for this reduction reaction. For C3N4/Pd catalyst, ~7 

min was required for 99% conversion, whereas, for C3N4/Pt, 99% conversion occurs at ~6 min 

(Figure 2.17 a and b,). However, for bare C3N4 the reaction proceed very slowly and after 2 h 

only 55% converted into 4-AP (Figure 2.17 c). Therefore, the rate of the reaction is lowest with 

bare C3N4 and almost similar with Pd and Pt decorated C3N4 catalyst.  It can be seen from Figure 

2.18 that 2-NBA shows a significant absorption peak at 266 nm. In absence of any catalyst the 

peak intensity of 2-NBA at 266 nm remains unaffected. Upon addition of a catalyst, the 

reduction of 2-NBA was initiated, which can be visualized by appearing a new peak of 

anthranilic acid at 300 nm. For C3N4/Pd, very less time (~5 min) is required for complete 

conversion, whereas, for C3N4/Pt conversion into anthranilic acid is possible within 10 min. 

However, for bare C3N4 the reaction is very slow. Therefore, the rate of the reaction follows 

similar trend, C3N4/Pd is a better catalyst than C3N4/Pt and C3N4 only. The conversion of 2-NBA 

to anthranilic acid using C3N4/Pd, C3N4/Pt, and bare C3N4 catalysts is shown in Figure 2.18 a, b, 

and c. 

 

 

 

Figure 2.18: Reduction of ortho-nitrobenzoic acid using (a) C3N4/Pd (b) C3N4/Pt (c) C3N4  

Conditions: [NBA] = 10
-4

 M and amount of catalyst = 1.0 mg 

 

 

2.8. Conclusion:  

Monometallic (Pd and Pt) nanoparticles can be successfully decorated on C3N4 surface using 

NaBH4 as a reducing agent. Decoration of both Pd and Pt NPs on C3N4 surface improved both 
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the catalysis and electrocatalysis in reduction of nitro-compounds and hydrogen evolution 

reaction. Pt NPs decorated on C3N4 surface proved efficient electrocatalyst as it requires -0.339 

V potential to reach current density of 10 mA/cm
2
 vs. Ag/AgCl, which is comparatively better 

than Pd NPs. Using the value of Tafel slope it is suggested that for C3N4/Pd, and C3N4/Pt, HER 

reaction follows Volmer-Heyrovsky mechanism. Heyrovsky step is the rate determining step for 

C3N4/Pt and for C3N4/Pd Volmer step is the rate determining. On the other hand, Pd NPs 

decorated on C3N4 shows excellent catalytic activity in reduction of 4-NA with higher rate 

constant, k = 6.7 ×10
-1

 min
-1

 as compared to Pt and bare C3N4 and pseudo-first order kinetics. 

Various nitro-compounds have been used to verify the catalytic efficiency and C3N4/Pd shows 

better activity as compared to others. Therefore, this study leaves an avenue for the decoration of 

various mono- and bimetallic NPs on C3N4 surface. 
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Abstract 

This chapter enlightens the synthesis of AgPt, AgPd and AgAu bimetallic nanoparticles (NPs) on 

carbon nitride (C3N4) surface via galvanic exchange technique for hydrogen evolution reaction 

(HER). Prior to the synthesis of C3N4/AgPt, AgPd, and AgAu, Ag NPs were synthesized on 

C3N4 surface. For the synthesis of Ag NPs, initially Ag
+
 ions were adsorbed and then reduced by 

NaBH4 resulting in decoration of Ag NPs. These Ag NPs were then subjected to galvanic 

exchange where sacrificial Ag was replaced by Pt
2+

, Pd
2+

, and Au
3+

 to fabricate AgPt, AgPd, and 

AgAu NPs. The galvanic exchange reaction occurs on a solid substrate, which favored slow 

exchange of Ag and resulting in the transformation of Ag into AgPt, AgPd and AgAu alloys. The 

synthesized heterostructures were characterized with the help of PXRD, XPS, TEM, FESEM, 

and EDS techniques. All the materials were applied for hydrogen evolution using 0.5 M H2SO4 

solution. C3N4/AgPt shows efficient electrocatalytic activity as it requires only -150 mV 

potential to attain current density of 10 mA/cm
2
. Bimetallic catalysts synthesized through 

galvanic exchange proved very efficient as compared to monometallic C3N4/Ag. Production of 

hydrogen using C3N4/AgPt alloy is shown in scheme 3.1. 

 

 

 
Scheme 3.1: Diagrammatic representation showing production of hydrogen gas using galvanically synthesized 

AgPt alloy on C3N4 as a catalyst 
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3.1. Introduction 
 

Limitation in natural energy sources and day-by-day increase in the daily energy 

requirement have triggered the ways for a reliable and efficient energy source. Hydrogen have 

been proving an excellent and reliable energy source because it is environmentally benign, 

generates enormous amount of energy with admirable efficiency. [1, 2]
 
Carbon dioxide, methane 

etc. greenhouse gases are produced from fossil fuels, which lead to global warming. Whereas, 

hydrogen is a clean and pollutant free green energy source often referred as “fuel of future”. [3, 

4] Generation of hydrogen from electrocatalysis of water is one of the best technique and has 

attained considerable attention in last few decades. [5-9] 

 The noble metal nanoparticles (NPs) show incredible activities in hydrogen evolution 

reactions (HER) when processed in electrocatalytic water splitting. This is because of the fact 

that their conductivity is not hampered in acidic media. Pt and Pt based compounds are the best 

candidates because they generate hydrogen with onset potential close to zero. [10, 11]
 
 As Pt is 

found very rear in earth’s crust and thus processing HER through Pt is exorbitant, so it has 

remained a critical challenge to synthesize catalyst as effective as Pt. This limitation of Pt 

initiated the ways out to find the promising substitute. Pd NPs have been studied to overcome 

this limitation and reports have revealed Pd NPs show incredible electocatalytic activities and 

thus play a key role in HER reaction. [12, 13] 

 Bimetallic NPs are one of the important class of catalysts that have come into light over 

the years. Bimetallic NPs exhibits superior catalytic efficiencies as compared to monometallic 

NP, this is credited to strong synergistic effect between the two metals. [14-16]
 
Plenty of 

research have been dedicated to synthesize bimetallic core-shell or alloy type NP. This is aimed 

to bring surface modifications and synergistic effect in bimetallic NPs for enhancing catalytic 

and electrocatalytic properties. [17] Bimetallic combination (alloy or core-shell) of Pd and other 

noble metals are very active for hydrogen evolution. [14, 18-20] Safavi and co-workers proved 

that carbon ionic liquid modified Ag/Pd alloy functionalized electrode has superior 

electrocatalytic activity towards HER than pure Pd. [21] Boukherroub and co-workers reported 

decoration of mono- (Pd, Au) and bimetallic (AuPd) NPs on reduced graphene oxide nanosheets 

for HER. They have reported better performance of Au-Pd bimetallic NPs supported on rGO as 

compared to their monometallic counterpart towards HER. [22] Synthesis and decoration of 

ultrafine (13 nm) Pt/Pd bimetallic NPs on multi-walled carbon nanotube surface for 
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electrochemically hydrogen evolution reaction has been shown by Miao and co-workers. [23] 

Lee and co-workers followed galvanic exchange method for shape-dependent (circular, 

hexagonal, and triangular) Ag-Pt nanoplate synthesis for hydrogen evolution and Ag-Pttriangular 

nanoplate showed maximum efficiency. [24] HER activity of Ag nanocubes substituted by 

various amounts of Pt via galvanic exchange and significance of bimetallic composition in the 

activity of alloy NPs have been reported by Bhargava and co-workers. [25] 

Bimetallic nanoparticles have been synthesized on semiconducting support to aggrandize 

their catalytic efficiency. Semiconducting materials like graphene and carbon nitride have been 

successfully used as a solid support to synthesize metal and metal oxide NPs for catalysis and 

electrocatalysis. [22, 26, 27] Carbon nitride (C3N4) is a visible light active photocatalyst due to 

its characteristic electronic band structure and unique layered structure. [28, 29] The advantages 

of C3N4 as a support for an electrocatalytic reactions are multifold. The presence of heteroatom 

such as N-based ligand and repetitive s-triazine unit in the structure of C3N4 can coordinate and 

stabilize with NPs easily. Strong coordination and interaction between metal NPs and substrate 

may lead to facilitate electrical connection and electron transportation. Durante and co-workers 

reported the synthesis of Pd and Pt NPs on N-doped mesoporous carbon for electrocatalysis and 

showed that the presence of nitrogen functional groups can enhance NP and substrate interaction. 

[30] Di Noto and co-workers reported Pt-Ni and Pt-Fe core-shell carbon nitride nano-

electrocatalyst and showed strong metal-ligand interaction. [31] Sun and co-workers exhibited 

the effect of nitrogen doping on carbon nanotubes (CNTs) and the improved electrocatalytic 

activity of loaded Pt/CNT catalyst. [32] The presence of N atom via C=N and C-N stretching 

vibrations and pyridinic N in C3N4 structure, which produce large no of active sites may improve 

the charge transfer during electrocatalysis. Kim and co-workers reported the synthesis of Co and 

carbon doped g-C3N4 nanosheet for enhanced electrocatalytic activity and ease of access to the N 

functionalities for better interaction between Co and C with improved charge transfer. [33]
 

Furthermore, durability of the catalyst on electrode surface is high in presence of C3N4. Barman 

and co-workers decorated Pd NPs on porous carbon nitride surface for oxidation and evolution of 

hydrogen. [27]
 
Recently, our group has also been reported synthesis mono- (Au and Pd) and 

bimetallic (AuPd) NPs using C3N4 quantum dot (QD) as a stabilizing agent for nitrophenol 

reduction. [34] Yuan and co-workers communicated the synthesis of AuPd bimetallic NPs on 
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graphitic carbon nitride surface using hydrazine as a reducing agent and exhibited higher 

electrocatalytic activity in oxygen reduction and hydrogen evolution reaction. [35]  

Being interested from the above studies, here, we have synthesized various combinations 

of bimetallic nanoparticles (AgPd, AgPt, and AgAu) on semiconducting C3N4 surface using 

C3N4/Ag as a precursor via galvanic exchange technique. Initially, silver nanoparticles were 

synthesized on C3N4 surface using a reducing agent, NaBH4. Considering the reduction potential 

of Ag
+
 ion, which is less than Au

3+
, Pd

2+
 and Pt

2+
 ions, that facilitates silver nanoparticles to 

undergo galvanic exchange with Au
3+

, Pd
2+

 and Pt
2+

 ions resulting in the formation of 

C3N4/AgPd, AgPt, and AgAu nanocomposites. All the bimetallic NPs were used as 

electrocatalyst for HER. The best electrocatalytic efficiency was achieved in case of C3N4/AgPt 

as it needs potential of 150 mV vs. RHE to generate 10 mA/cm
2
 current density. Electrochemical 

impedance analysis was also performed to study the electrode/electrolyte interface during HER. 

The significance of this work are multifold. First, synthesis of bimetallic NPs (AgPt, AgPd, and 

AgAu) via galvanic exchange on solid support, which may bring surface modifications for 

enhanced electrocatalytic activity. Second, use of conducting support to facilitate the electron 

transportation during electrocatalytic reaction. Third, comparison of different substrate for NP 

synthesis and electrocatalytic activity. Fourth, stability or durability of bimetallic NPs on C3N4 

surface during electrocatalysis. 

 

3.2. Experimental Section 

 

3.2.1. Synthesis of carbon nitride 

 Literature reported method was followed for the synthesis of C3N4. [28, 29]
 
In brief, C3N4 was 

synthesized using extra pure urea as a rich source of C and N. Initially, ~10.0 g urea was dried on 

water bath and placed inside muffle furnace in a covered crucible for thermal treatment at 550 
°
C 

for 2.5 h. Finally, yellow color product was collected and washed with 0.1 M nitric acid to 

remove the extra impurities and dried at 80 
°
C.  

 

3.2.2. Synthesis of C3N4/Ag NPs  

20.0 mg of as-synthesized C3N4 powder was taken in 19.0 ml water and sonicated for 0.5 h. After 

sonication, aqueous solution of AgNO3 (200 µL of 1.0
 
M) was added. The whole reaction 

mixture was stirred for 1.0 h. 1.0 mL of 1.0 M NaBH4 was added in the solution to reduce Ag
+
 to 
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Ag
0
 and stirring was continued for 1.0 h. Finally, brown color mixture of C3N4/Ag was washed 

with DI water followed by ethanol and dried in air. 

 

3.2.3. Synthesis of C3N4/AgPd, C3N4/AgPt, and C3N4/AgAu bimetallic NPs 

 Galvanic exchange method was followed for the synthesis of bimetallic nanoparticles from 

C3N4/Ag monometallic NPs. 5.0 mg of C3N4/Ag was measured and collected in a beaker 

followed by the addition of 2.0 mL of 10
-2

 M aqueous K2PdCl4 solution. No extra reducing or 

stabilizing agent were added in the reaction mixture. After addition of K2PdCl4, immediately, the 

color of the solution was changed from brown to grayish black. This color change reflected the 

formation of C3N4/AgPd bimetallic NP via galvanic exchange. The reaction mixture was stirred 

continuously for 1.0 h. Finally, the product was washed properly with concentrated ammonia 

solution, DI water, followed by ethanol. During the galvanic exchange process to avoid AgCl 

deposition cleaning with NH4OH was very essential. However, following this technique there 

was no AgCl precipitation on C3N4/AgPd surface. 

 For the synthesis of C3N4/AgPt and C3N4/AgAu similar methodology was followed 

except K2PtCl4 and HAuCl4.3H2O were used as precursors and same concentration instead of 

K2PdCl4. The color of C3N4/AgPt and C3N4/AgAu was grayish black and light blue, respectively. 

The overall synthetic procedure is shown in Scheme 3.2.  

 

 

 

Scheme 3.2: Formation of galvanically synthesized AgPt alloy on C3N4 surface 

 

 

3.3. Results and Discussion 

 

Synthesis of bimetallic (AgPd, AgPt, and AgAu) NPs on C3N4 surface via galvanic exchange is 

mentioned in experimental section. Initially, C3N4/Ag monometallic NP was prepared using 

simple reduction technique and then Ag NP was galvanically exchanged with Pd
2+

, Pt
2+

 and Au
3+
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ions to get AgPd, AgPt, and AgAu on C3N4 surface, respectively. Finally, all the materials were 

washed carefully with NH4OH, DI water, and ethanol to remove impurities and further used for 

characterization and application purposes. No residual AgCl is present on catalyst surface is an 

extra advantage of this work. 

 

3.3.1. Powder X-ray diffraction analysis 

The structural identity, purity and composition were studied with the help of powder X-ray 

diffraction analysis is represented in Figure 3.1. C3N4 has characteristic diffraction peak at 27.49
o
 

which is associated with (002) plane. The PXRD patterns of C3N4/Ag (Figure 3.1a) showed 2θ = 

27.49
o
, 38.10

o
, 44.17

o
, 64.40

o
, 77.41

o
, and 81.62

o
 peaks. The peak at 27.49

o
 is due to (002) plane 

of C3N4, while other peaks
 
corresponds to (111), (200), (220), (311) and (222) crystal planes of 

Ag, which corroborates with fcc lattice structure (JCPDS 04-0783). After galvanic exchange, 

AgPd, AgPt, and AgAu bimetallic NPs were produced and the PXRD pattern is shown in Figure 

3.1a For C3N4/AgPd, 2θ = 38.3
o
, 44.62

o
, 64.80

o
 and 77.94

o
 corresponds to (111), (200), (220) 

and (311) crystal planes of Ag and Pd which crystallizes in fcc structure (JCPD-65-2871). In 

case of C3N4/AgPt, four peaks at 2θ = 38.27
o
, 44.54

o
, 64.89

o 
and 77.94

o 
corresponds to (111), 

(200), (220), and (311) crystal planes of Ag and Pt indicating the formation of fcc crystal 

structure (JCPDS 04-0802). Similarly, PXRD patterns of C3N4/AgAu also exhibits four peaks at 

2θ = 37.78°, 44.52°, 64.80°, and 77.94°, which represents the presence of (111), (200), (220), 

and (311) planes of Ag and Au, respectively. It can be seen from Figure 3.1a that 2θ = 27.40° is 

present in case of C3N4/AgPd, C3N4/AgPt, and C3N4/AgAu, which represents C3N4 surface was 

covered by as-synthesized bimetallic NPs. In the PXRD pattern of AgPd, AgPt, and AgAu a 

clear shift in 2θ values is observed as compared to C3N4/Ag, which is due to the decrease in the 

lattice parameters and represents alloy formation. Absence of any impurities or unreacted species 

can be claimed from PXRD pattern. Therefore, PXRD analysis confirm that AgCl is absent in 

the as-synthesized catalyst. 

 

3.3.2.  Fourier transform infrared analysis 

The well-resolved and strong IR absorption bands for bare C3N4 and NPs decorated C3N4  is 

shown in Figure 3.2. In case of bare C3N4, the peaks at 1637, 1571 cm
−1 

is attributed to the C=N 
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Figure 3.1: Powder X-ray diffraction patterns of (a) C3N4/Ag, C3N4/AgPd, C3N4/AgPt, and 

C3N4/AgAu  and (b) C3N4 powder only  

 

stretching vibration, while the peaks at 1411, 1322, and 1245 cm
−1 

represents aromatic C=N 

stretching vibration modes. The out-of-plane bending vibration of heptazine rings represents 

intense band at 809 cm
-1

. A clear shift in the stretching frequency values are observed in the 

presence of metal NPs on C3N4 surface. C=N and C–N stretching vibration values are shifted 

 

 

 

Figure 3.2. FTIR of C3N4, C3N4/Ag, C3N4/AgPd, C3N4/AgAu and C3N4/AgPt 
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from 1637 cm
-1

 to 1617.5 cm
-1

 and 1411 cm
-1

 to 1382 cm
-1

, respectively. Shifting of stretching 

vibration values clearly indicates the presence of metals on C3N4 surface.  

 

3.3.3. X-ray photoelectron spectroscopy analysis 

 Surface chemical property and oxidation state of the as-prepared metal NPs on C3N4 surface are 

confirmed by X-ray photoelectron spectroscopy. In case of C3N4/AgPd, successful formation of 

Ag and Pd NPs are observed and their oxidation state is shown in Figure 3.3.  It can be seen from  

 

 

 

 
Figure 3.3: High-resolution deconvoluted XPS analysis of (a) Ag, (b) Pd, (c) Ag, and (d) Pt NPs on C3N4 

surface 
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Figure 3.3a that the binding energies at 368.05 and 374.11 eV for 3d5/2 and 3d3/2 of Ag(0), 

respectively. Whereas, for Pd the binding energies are 340.80 and 335.71 eV for 3d3/2 and 3d5/2, 

respectively, shown in Figure 3.3b. It can be seen from the deconvoluted Pd 3d binding energy 

spectrum that a spin orbit splitting of ~ 5.1 eV, which confirms the formation of metallic Pd NPs. 

Whereas, the other two doublets positioned at 338.02 and 342.84 eV can be ascribed for Pd(I) 

oxidation state, which represents partial oxidation of Pd surface. During the synthesis of Pd NP 

using C3N4 quantum dots, similar oxidation of Pd NP has also been observed by our group. [34] 

Both the binding energies for Ag and Pd represents the formation of Ag(0) and Pd(0) NP, which 

is well matched with literature reported value. [36] Similarly, for C3N4/AgPt, deconvoluted 

binding energies for Ag(0) is observed at 367.4 and 373.4 eV for 3d5/2 and 3d3/2 and the binding 

energies are 72.0 and 75.4 eV for 4f7/2 and 4f5/2 respectively, which indicates the formation of 

Pt(0), shown in Figure 3.3c and d. The spin orbit splitting of 3.4 eV has been observed for Pt(0) 

oxidation state. However, for C3N4/AgAu, 4f5/2 and 4f7/2 of Au(0) are seen at 88 and 84 eV, 

respectively, shown in Figure 3.4. All the binding energy values for Ag, Pt, and Au are well 

acquainted with literature reported values. [34, 36] Survey spectrum of AgPt, AgPd, and AgAu 

(Figure 3.5 a, b, and c) shows peaks at 284.5, 398.61, and 532.91 eV, which is attributed to C1s, 

N1s, and O1s, respectively. Presence of C3N4 in case of all the bimetallic NPs is also confirmed 

from C1s, N1s, and O1s peaks. 

 

 

 

Figure 3.4: XPS of (a) Ag 3d and (b) Au 4f in C3N4/AgAu NP 

a b 
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Figure 3.5: Survey spectrum of (a) C3N4/AgPt  (b) C3N4/AgPd  and (c) C3N4/AgAu  NPs 

 

3.3.4. Field emission scanning electron microscopy analysis 

To determine the surface morphology of AgPd, AgPt, and AgAu on C3N4 surface FESEM 

analysis were performed. Figure 3.6a represents FESEM image of AgPd NPs, which shows 

uniform and narrow particle distribution with spherical shape. It can be seen from Figure 3.6b 

that spherical AgPt bimetallic nanoparticle distributed homogeneously and narrow particle size. 

Whereas, AgAu also follow the same distribution, which is shown in Figure 3.6c. Therefore, 

FESEM analysis confirms the consistent distribution and spherical nature of AgPd, AgPt, and 

AgAu bimetallic NPs on C3N4 surface. 

 

 

 

Figure 3.6: FESEM images of (a) C3N4/AgPd , (b) C3N4/AgPt  and (c) C3N4/AgAu  bimetallic NPs 
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3.3.5. Transmission electron microscopy analysis 

 To have a clear idea of the morphology of as-prepared bimetallic NP via galvanic exchange, 

TEM and HRTEM analysis was performed. TEM image of C3N4/Ag exhibits spherical shape and  

 

 

Figure 3.7: TEM image of C3N4/Ag 

 

6±2 nm particle size distribution, shown in Figure 3.7. All the Ag particles are distributed 

homogeneously on C3N4 surface. Figure 3.8 shows the TEM image of hollow spherical shaped 

AgPd nanoparticles on C3N4 surface with size distribution of 18±3 nm. Inset of Figure 3.8a 

shows a high resolution TEM image, which confirms the formation of hollow structure. High 

resolution TEM image of C3N4/AgPd is shown in Figure 3.8b depicting lattice fringes of AgPd  

Figure 3.8: Representation of (a) TEM and (b) HRTEM image of C3N4/AgPd. HRTEM image shows the d-

spacing calculation for Ag and Pd NPs 
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NPs. It can be seen from Figure 3.8b that the interplaner spacing ‘d’ = 0.21 nm corresponds to 

(111) plane of Ag and ‘d’= 0.23 nm corroborates with (111) plane of Pd. Plain view TEM and 

HRTEM of C3N4/AgPt are shown in Figure 3.9a and b. AgPt particle shows hollow and spherical 

nature with size 9±4 nm. High resolution TEM image (inset of Figure 3.9a) of AgPt alloy 

 

 

 

Figure 3.9: Representation of (a) TEM and (b) HRTEM image of C3N4/AgPt. HRTEM image exhibits the d-

spacing calculation for Ag and Pt particles 

 

particle further confirms hollow structure. HRTEM image of C3N4/AgPt is also having ‘d’ = 0.23 

nm, which corresponds to (111) plane of Ag and ‘d’ = 0.22 nm for (111) plane of Pt. TEM 

images of AgPd and AgPt are well matched with FESEM analysis. In case of C3N4/AgAu, 

spherical particle is observed with 14 ± 4 nm size distribution. Hollow structure of AgAu is also 

observed in HRTEM analysis, shown in inset of Figure 3.10a. HRTEM confirms the 'd' spacing 

values for both Ag and Au, which appears at 0.23 nm and 0.22 nm for (111) plane, which is 

shown in Figure 3.10b. Similar hollow structures of mono- and bimetallic NPs have been 

reported by many scientist. [24, 25, 36-38]
 
Lee and co-workers reported the synthesis of hollow 

Ag-Pt nanoplates via galvanic displacement. [24] Synthesis of hollow Pt nanocatalyst via 

galvanic exchange has been reported by Bhargava and co-workers. [25] Xia and co-workers also 

reported hollow structure of noble metal NP (Au, Pd, and Pt) via galvanic replacement method. 

[37-39] 
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Figure 3.10: Representation of (a) TEM and (b) HRTEM image of C3N4/AgAu. HRTEM image exhibits the d-

spacing calculation for Ag and Au particles 

 

 

3.3.5.1. TEM-EDS mapping 

TEM-EDS mapping (line and point) analysis of AgPd, AgPt, and AgAu heterostructure on C3N4 

surface were performed to confirm the formation of alloy structure. Line mapping of hollow 

C3N4/AgPd NP shows the presence of both Ag and Pd line uniformly (Figure 3.11). Three points 

were chosen randomly in three different places in a hollow structure of AgPd and observed that  

 

 

 

Figure 3.11: EDS Line mapping of C3N4/AgPd  
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the presence of Ag and Pd is uniform throughout the particle. Uniform distribution of Ag and Pd 

confirms the formation of alloy structure excluding core-shell or physical mixture. All the 

marked bright field STEM images and their corresponding EDS spectrum for C3N4/AgPd is 

C3N4/AgPt also shows uniform distribution of Ag and Pt NPs, as shown in Figure 3.13 and 3.14. 

Furthermore, for C3N4/AgAu, similar phenomena was observed (Figure 3.15 and 3.16). 

Therefore, alloy structure formation of AgPd, AgPt, and AgAu on C3N4 surface was finalized 

from TEM-EDS analysis. 

 

 

                                         

 

Figure 3.12: EDS Point mapping of C3N4/AgPd 
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Figure 3.13: EDS Line mapping of C3N4/AgPt  

 

 

 

Figure 3.14: EDS point mapping of C3N4/AgPt  
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Figure 3.15: Line mapping of C3N4/AgAu  

 

 

 

 

Figure 3.16: EDS point mapping of C3N4/AgAu 
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3.4. Mechanism of formation of bimetallic NPs on C3N4 Surface 

The mechanism of formation of bimetallic NP on C3N4 surface are discussed herewith. Initially, 

Ag NP formation occurs via simple reduction technique using NaBH4 as a reducing agent. C3N4 

was sonicated for 0.5 h to get a dispersed solution and then AgNO3 was added to it and reduced 

with NaBH4. After that C3N4/Ag NP was washed thoroughly to remove impurities and dried in 

air for further use. Ag NP was distributed homogeneously throughout the C3N4 surface, which is 

confirmed from Figure 3.7. The Ag NP formation reaction using reducing agent is shown below 

(equation 1). 5.0 mg of C3N4/Ag was used for galvanic exchange reaction with K2PdCl4, 

K2PtCl4, and HAuCl4 precursors to produce AgPd, AgPt, and AgAu bimetallic combinations on 

C3N4 surface. During galvanic exchange reaction 2.0 mL of 10
-2

 M aqueous metal precursor 

solution was used directly without any further dilution. Immediately, color change was observed 

from brownish to grayish black, and light blue, which is due to the formation of Pd(0), Pt(0), and 

Au(0) on already formed Ag(0), respectively. The reduction potential values are, E
0

Ag+/Ag = 0.78 

V, E
0

Pd2+/Pd = 0.83 V, E
0

Pt2+/Pt = 1.2 V, and E
0

Au3+/Au = 1.5 V vs. NHE, which favors the formation 

of alloy particle with Ag. Galvanic exchange is simply a redox reaction, metals having low 

reduction potentials are subjected to oxidize and metals having high reduction potential 

undergoes reduction and subsequent deposition. The galvanically exchanged materials are 

interested because of change in the number of surface atoms. The change in surface atoms 

drastically change their optical, electrical, mechanical, and catalytic properties. [40-44] As the 

reduction potential value of Pd
2+

/Pd, Pt
2+

/Pt, and Au
3+

/Au systems is higher than Ag
+
/Ag system, 

therefore, Ag(0) will oxidize and metal ions (Pd
2+

, Pt
2+

, and Au
3+

) will reduce to zero oxidation 

state. For the formation of every Pd and Pt atoms two Ag
+
 ions were replaced, whereas, for every 

Au atom three Ag
+
 ions were replaced via galvanic exchange. However, due to presence of solid 

C3N4 substrate the galvanic exchange reaction is not stoichiometric and added precursor salts 

slowly reacted with prepared Ag NP, which results in the formation of bimetallic NP. The 

presence of Ag(0) confirmed from XRD, XPS, HRTEM, and EDS mapping analysis. Finally, the 

synthesized C3N4/AgPd, C3N4/AgPt, and C3N4/AgAu materials were washed thoroughly with 

NH4OH to remove AgCl. So, in this process no AgCl is present after galvanic exchange reaction 

on catalyst surface. The absence of AgCl was also confirmed from XPS analysis. Lee and co-

workers reported the synthesis of Ag-Pt nanoplates with shape-dependent Pt particle, where, Pt
2+

 

ions reacted slowly with synthesized Ag nanoplates results in the formation of Ag-Pt bimetallic 
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NP. [24] Bhargava and co-workers also mentioned complete replacement of initial material (here 

it is Ag) is generally not achieved via galvanic replacement reaction during the synthesis of 

Ag/Pt bimetallic NP. [25] The formation of AgPd, AgPt, and AgAu on C3N4 surface via galvanic 

exchange reaction is shown below.  

 

C3N4 + Ag
+
 + NaBH4                    C3N4/Ag                  (1) 

C3N4/Ag (s) + PdCl4
-
(sol)                      C3N4/AgPd(s) + Ag

+
(sol) + 4Cl

-
  (2) 

C3N4/Ag (s) + PtCl4
-
(sol)                       C3N4/AgPt(s) + Ag

+
(sol) + 4Cl

-
   (3) 

C3N4/Ag (s) + AuCl4
-
(sol)                    C3N4/AgAu(s) + Ag

+
(sol) + 4Cl

-
   (4) 

 

3.5. Application in hydrogen evolution reactions 

 

Before doing hydrogen evolution reaction the working electrode was prepared, 1.0 mg catalyst 

(C3N4/AgPd, C3N4/AgPt, and C3N4/AgAu) and 20.0 μL of 5 wt % nafion solution was dispersed 

in 100.0 μL of isopropyl alcohol via sonication for 30 min to get a homogeneous suspension. 

After that, 3.0 μL catalyst suspension was drop casted onto a glassy carbon electrode (3 mm in 

diameter) and dried in air. The amount of catalyst was loaded on GCE surface is ~0.352 mg/cm
2
. 

Pt wire and Ag/AgCl were used as counter electrode and reference electrode, respectively. Prior 

to use, 0.3 μm and 0.05 μm alumina slurry and polishing cloth were used to polish the GCE 

followed by sonication in millipore water for 10 min and dried in nitrogen gas flow. Throughout 

the electrochemical study, 0.5 M H2SO4 (pH = 0.301) was used as an electrolyte. Initially, all the 

potentials were measured against Ag/AgCl and then converted to RHE. 

 

3.5.1. Linear sweep voltammetry (LSV) study of C3N4/Ag C3N4/AgPd, C3N4/AgPt, and 5% 

Pt/C for hydrogen evolution reactions 

 The preliminary electrocatalytic activity of C3N4/AgPt, C3N4/AgPd, C3N4/AgAu, and C3N4/Ag 

catalysts was studied towards hydrogen evolution reaction by linear sweep voltamograme (LSV) 

technique. Aqueous solution of 0.5 M H2SO4 and 10 mV/s scan rate were used throughout the 

electrochemical measurements for hydrogen evolution. Initially, all the potentials are measured 

using Ag/AgCl reference electrode but finally reported with respect to RHE. Bare GCE and C3N4 

show negligible response in the observed potential window. Catalytic activity of Ag decorated on 

C3N4 was checked and C3N4/Ag exhibits very low activity towards hydrogen evolution reaction. 
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Ag nanoparticle decorated on C3N4 requires -508 mV potential to achieve current density of 10 

mA/cm
2
. Cathodic polarization curves shown in Figure 3.17a exhibits remarkable increase in 

current densities in case of C3N4/AgPt, AgPd, and AgAu with successive anodic shift in the 

onset potential. Amongst all, C3N4/AgPt shows efficient catalytic activity towards HER. It 

requires only -150 mV to generate 10 mA/cm
2 

current density whereas, C3N4/AgPd, and 

C3N4/AgAu require -308, and -424 mV potential (Figure 3.17b). To check the extent of 

efficiency of C3N4/AgPt in HER reaction, 5% Pt/C was used. Figure 3.17b shows that for 5%  

 

 

 

 

 

Figure 3.17: Linear sweep voltammogram curve of bare (a) GCE, C3N4, C3N4/Ag, C3N4/AgPd, AgPt, AgAu, 

and 5% Pt/C in high scale and (b) low-scale for hydrogen evolution reactions. (c)Tafel slope values for 

C3N4/AgPd, AgPt, AgAu, and 5% Pt/C and (d) electrochemical impedance measurement plot for AgPd, AgPt,     

AgAu catalyst on C3N4 surface 
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Pt/C only -94 mV potential is required to achieve 10 mA/cm
2
 current density. To prove the 

higher activity of all the catalyst material mass activity has also been calculated at -0.25 V. It can 

be seen from Table 3.1 that the mass activity of C3N4/AgPt shows 125.21 A/g, whereas, AgPd 

and AgAu exhibits 9.57 and 1.44 A/g, respectively. Higher mass activity favours higher catalytic 

activity of AgPt. Therefore, the following activity order is observed towards hydrogen evolution 

5% Pt/C>C3N4/AgPt>C3N4/AgPd>C3N4/AgAu. From TEM analysis it is clearly observed that 

AgPt, AgPd and AgAu have the hollow structure. In case of hollow C3N4/AgPt, the active sites 

of the catalyst are more exposed to electrolyte and enhanced the electrocatalytic activity. The 

presence of Ag in bimetallic NP was confirmed by XRD, XPS, HRTEM, and EDS mapping 

analysis. The presence of Ag in C3N4/AgPt sample was also confirmed from cyclic voltammetry 

(CV) analysis performed in 0.5 M H2SO4 (Figure 3.18) following a Ag stripping peak appeared 

at 0.5 V (vs. Ag/AgCl). 

 

Table 3.1. Loading amount, overpotential, mass activity, and Tafel slope for C3N4/AgPt, AgPd, 

and AgAu catalyst 

 

Cathode Loading amount  

(mg/cm
2)

 

Overpotential required to 

generate 10 mA/cm
2
 

Mass activity (A/g) 

at -0.25 V 

Tafel slope 

(mV/dec) 

C3N4/AgPt 0.352 - 0.1503 V 125.21 65 

C3N4/AgPd 0.352 - 0.308 V 9.57 120 

C3N4/AgAu 0.352 - 0.424 V 1.44 130 

5% Pt/C 0.352 - 0.094 V 285.08 33 

 

 

Furthermore, it can be seen from Figure 3.18 that, hydrogen adsorption/desorption region also 

prominent in AgPt sample. Bhargava and co-workers also reported similar Ag stripping peak 

using CV analysis in case of hollow Pt nanocatalyst synthesized by galvanic exchange. [25] All 

the electrochemical data, catalyst loading, overpotential at 10 mA/cm
2
, mass activity, and Tafel 

slope values for C3N4/AgPt, C3N4/AgPd, C3N4/AgAu, and 5% Pt/C are shown in Table 3.1. To 

have a clear 
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Figure 3.18:  CV of C3N4/AgPt in 0.5 M H2SO4 

 

understanding for the superior catalytic activity of C3N4/AgPt synthesized by galvanic exchange 

method, AgPt bimetallic NPs were also synthesized on C3N4 surface via co-reduction technique. 

Co-reduction technique was followed by mixing of 5.0 mg C3N4, 20.0 μL of 1 M AgNO3, and 

2.0 ml of 10
-2

 M K2PtCl4 in a reaction vessel. The concentration of Ag and Pt in C3N4/AgPt via 

co-reduction technique are exactly same as C3N4/AgPt synthesized via galvanic exchange. 

Finally, the reaction mixture was treated with 1.0 mL of 1 M NaBH4 and stirred for complete 

reduction. The product was washed with water followed by ethanol for electrocatalytic study and 

confirmed by XRD analysis, shown in Figure 3.19. To confirm the formation of AgPt nanoalloy 

via co-reduction technique on C3N4 surface TEM and EDS analysis were also performed. It can 

be seen from Figure 3.20 that the particles are spherical in shape and average particle size is 8±2 

nm. The presence of (111) plane of both Pt and Ag is confirmed from HRTEM analysis. The 

composition of Ag and Pt is confirmed from EDS analysis, which shows ~1:1 wt% ratio of Ag:Pt 

in C3N4/AgPt alloy via co-reduction method (Figure 3.21). Remarkable shift in onset potential of 

C3N4/AgPt (galvanic exchange) as compared to C3N4/AgPt (co-reduction) was observed (Figure 

3.22). C3N4/AgPt (galvanic exchange) generates 10 mA/cm
2
 current density upon -150 mV 

applied potential, while, C3N4/AgPt (co-reduction) requires -187 mV. The higher activity 
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Figure 3.19: PXRD of  C3N4/AgPt (co-red) 

 

 

 

 

Figure 3.20: Representation of (a)TEM and (b) HRTEM images of  C3N4/AgPt (co-red) 

 

of C3N4/AgPt (galvanic exchange) is presumably due to the hollow structure (Figure 3.9a), 

which is helpful to penetrate the electrolyte smoothly onto the catalyst surface. Therefore, 

C3N4/AgPt (galvanic exchange) can generate higher current density upon low applied potential. 

The role of C3N4 substrate is very important for enhanced hydrogen evolution activity. There are 
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Figure 3.21:  EDS spectrum of  C3N4/AgPt (co-red) 

 

 

 

 

Figure 3.22: LSV Comparative study of C3N4/AgPt (GE) and C3N4/AgPt (co-red) after 1000 cycles 

 

many advantages for C3N4 substrate. First, form the point of morphology, these interconnected 

sheet like structure of C3N4 are helpful for electronic transportation. Such an enhancement may  
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be due to the ready penetration of the electrolyte in the porous sheet like structure which get 

saturated with time. Second, conducting nature of C3N4 helps for faster electronic transportation 

which results in higher electrocatalytic activity of the material. Third, change in Fermi energy 

level of Pt, Pd, and Au metal NPs may occur. However, the change in energy level presumably 

due to the electronic movement between NP and support resulting from the difference in 

chemical potential. Carbon nanotube (multi walled) and carbon nanopowder were also used to 

synthesize AgPt catalyst and compare the electrocatalytic activity with C3N4 substrate. For the 

synthesis of AgPt catalyst on CNT and carbon nanopowder substrate similar galvanic exchange 

method was followed. It can be seen from Figure 3.23 that the presence of (200), (111), (220), 

and (311) planes confirms the formation of AgPt on CNT and carbon surface. 

 

 

Figure 3.23: PXRD of CNT/AgPt and C/AgPt  

 

The LSV curve for HER activity using CNT/AgPt and C/AgPt is shown in Figure 3.24. Based on 

our experimental observations the required potential for CNT/AgPt and C/AgPt are 128 mV and 

188 mV, respectively, to generate 10 mA/cm
2
 current density. However, C3N4/AgPt produce 10 

mA/cm
2
 upon application of 150 mV potential. Therefore, for hydrogen evolution, C3N4 

obviously a better substrate than carbon nanopowder but slightly less reactive as compared to 

CNT, which may be due to less electrochemical conductivity of C3N4 than multi walled CNT. To 
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check the stability of C3N4/AgPt, C3N4/AgPd, and C3N4/AgAu hydrogen evolution reaction was 

checked up to 1000 cycle in 0.5 M H2SO4 solution (Figure 3.25 a, b, and c). There is no 

significant change in current density and onset potential as well. Therefore, it can be concluded 

that C3N4/AgPt, AgPd, and AgAu samples are very stable in acid electrolyte. Morphology of 

C3N4/AgPt NPs was checked using SEM analysis after 1000 run of electrocatalysis, which is 

shown in Figure 3.26. The morphology of AgPt paprticle is same as it was before 

electrocatalysis. 

 

 

 

Figure 3.24: Comparative LSV analysis of CNT/AgPt, C/AgPt, C3N4/AgPt, and blank GCE   

 

 

 

 

    Figure 3.25: LSV of initial and after 1000 cycle of (a) C3N4/AgPt (b) C3N4/AgPd and (c) C3N4/AgAu catalyst 
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3.5.2. Mechanism of HER 

Hydrogen evolution reaction follows two step process. The first step of hydrogen evolution is the 

Volmer or discharge reaction, where, an electron is coupled to the absorb proton in a vacant site 

 

Figure 3.26: FESEM image of C3N4/AgPt after electrocatalysis 

 

of the catalyst to yield an absorbed hydrogen atom. The second step of hydrogen evolution is 

may be either Heyrovsky step (desorption reaction) or Tafel step (combination). The first 

possibility is transfer of a second electron to the already absorbed hydrogen atom with 

simultaneously coupling of another proton from the solution to evolve hydrogen gas. The second 

possibility is already absorbed two hydrogen atoms can combine on the electrode surface to 

produce hydrogen gas. In the third step of hydrogen evolution the mechanism and rate 

determining step is studied by the Tafel slope, which is known as Tafel or combination reaction. 

Tafel slope is also useful to determine the effectiveness of a catalyst. In order to calculate the 

tafel slope the linear portion of the Tafel plots is to be fitted in the Tafel equation (η = b log (j)+ 

a, where η = overpotential, b and a = Tafel slope, and j = current density). [45] In this study, 

Tafel slope value for C3N4/AgPt (galvanic exchange) is 65 mV/dec, suggesting that discharge 

reaction is fast and H2 is evolved by a rate determining Volmer-Heyrovsky reaction with 

Heyrovsky as rate determining step, shown in Figure 3.17c. Whereas, the Tafel slope value for 

C3N4/AgPt (co-red) is 112 mV/dec (Figure 3.27), which is less active than C3N4/AgPt via 

galvanic exchange. The Tafel slope value of 5% Pt/C is 33 mV/dec, which is well matched with 

literature reported value. [46,47] However, Tafel slope values for C3N4/AgPd and C3N4/AgAu 
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are 120 and 130 mV/dec (Figure 3.17c), respectively, indicating the discharge reaction is slow. 

In case of C3N4/AgPd and AgAu the reaction follows either Volmer-Tafel or Volmer-Heyrovsky 

mechanism but Volmer step is the rate determining step. All the Tafel slope values are 

summarized in table 3.1. The overall hydrogen evolution reaction using C3N4/AgPt catalyst is 

shown below. 

 

C3N4/AgPt + H3O
+
 + e

-
  =  C3N4/AgPt-Habs    (1) 

C3N4/AgPt-Habs + e
-
 + H3O

+
  =  C3N4/AgPt + H2 + H2O  (2) 

C3N4/AgPt-Habs + C3N4/AgPt-Habs  =  H2 + C3N4/AgPt             (3) 

 

 

 

Figure 3.27: Representation of (a) Tafel plot  and (b) Impedance of C3N4/AgPt (GE) and C3N4/AgPt (co-red) 

 

Table 3.2 shows detailed comparative study of potentials required for 10 mA/cm
2
 current 

density, catalyst loading, electrolyte, onset potentials, and Tafel slopes of our catalysts with other 

mono- and bi-metallic NPs. It can be seen from table 3.2 that the synthesized catalysts 

(C3N4/AgPt, C3N4/AgPd, and C3N4/AgAu) in this chapter are comparable with literature report.  

 

3.5.3. Electrochemical impedance measurements 

To study electrocatalytic activity of all the synthesized catalysts, we have carried out 

electrochemical impedance measurement. The semicircle represents resistance due to charge 
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Table 3.2: Comparative study of HER activity of reported references     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

transfer. Evaluated data can be fitted using the equivalent circuit composed of constant phase 

element (CPE), solution resistance (Rs), and charge transfer resistance (Rct). Nyquist impedance 

plots are measured for C3N4/AgPt, C3N4/AgPd and C3N4/AgAu at their respective onset 

potentials. Smaller radius of semi-circle in the Nyquist plots was observed in C3N4/AgPt 

nanomaterial functionalized electrode. Nyquist plots of C3N4/AgPt is shown in Figure 3.17d, 

which shows Rct = 45.44 Ω (Table 3.3) and indicates that there is easy electron transfer through 

C3N4/AgPt. A comparative Nyquist plot of C3N4/AgPt (galvanic exchange, Rct = 45.44 Ω) and 

C3N4/AgPt (co-red, Rct = 64.61 Ω) is shown in Figure 3.27b, which shows that the electron 

transfer is easier in AgPt alloy synthesized by galvanic exchange method. Charge transfer 

resistances of C3N4/AgPd and C3N4/AgAu are 66.27 and 77.21 Ω,
 
respectively. The information 

from electrochemical impedance spectroscopy revealed that C3N4/AgPt functionalized electrodes 

Catalyst Medium Catalyst 

loading 

(mg/cm
2
) 

Onset 

potential 

in  (mV) 

Potential  

(mV) to 

generate 10 

mAcm
-2

 

current 

density 

Tafel 

Slope 

(mV/dec) 

Reference 

AuPd NCs/g-

C3N4 

0.5 M 

H2SO4 

0.17  - 29 -83 mV at 

30 mA/cm
2
 

47 [35] 

Ag-Pd 

nanoalloy 

(Ag/Pd = 

20:80) 

0.1 M 

H2SO4 

- -270  - 156 [21] 

Ag/Pt 

nanocatalysts 

0.5 M 

H2SO4 

10 μL 

Ag/Pt NP 

solution 

-280 

(Ag/AgCl) 

- - [25] 

Ag-Pttriangular 1 M 

H2SO4 

8.33×10
-3

 

mg 

-230 - - [24] 

Ultrafine 

Pt/Pd on 

MWCNTs 

0.5 M  

H2SO4 

- -210  

 

- 38 [23] 

Ni-Mo 

nanopowder 

2 M 

KOH 

1.0 - <100 - [48] 

C3N4/AgPd,  

AgPt, and  

AgAu  

0.5 M 

H2SO4 

 

0.353 

 

-186 -308 120 This 

work 

 
-80 -150 65 

-305 -424 130 
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offers the least resistance to the electron transportation followed by C3N4/AgPd and C3N4/AgAu 

electrodes. 

 

Table 3.3. RCT values of C3N4/AgPd, AgPt, and AgAu NPs 

 

 
Materials used RCT value (Ω) 

C3N4/AgPd 66.27 

C3N4/AgPt 45.44 

C3N4/AgAu 77.81 

 

 

3.6. Conclusion 

 In conclusion, galvanic exchange synthetic strategy was followed to synthesize bimetallic 

(AgPd, AgPt, and AgAu) alloy NPs on semiconducting C3N4 surface. For galvanic exchange 

method, initially, silver nanoparticles were synthesized on C3N4 surface via chemical reduction 

and then Ag NPs were galvanically exchanged for the synthesis of alloy NPs. During the 

formation of AgPd and AgPt alloy NP, Pd and Pt atoms replaced by two Ag
+
 ions, whereas, Au 

atom replaced by three Ag
+
 ions in galvanic exchange technique. All the synthesized materials 

were characterized by using various characterization techniques. C3N4/AgPd, AgPt, and AgAu 

were used for hydrogen evolution and superior activity was observed with C3N4/AgPt. pristine Pt 

(5% Pt/C) was also used to verify the superior activity of C3N4/AgPt. Therefore, the activity 

order is 5% Pt/C>C3N4/AgPt>C3N4/AgPd>C3N4/AgAu towards hydrogen evolution. The higher 

activity of AgPt was also confirmed from Tafel slope and electrochemical impedance 

measurement. Tafel slope values for C3N4/AgPt, C3N4/AgPd, and C3N4/AgAu are 65, 120, and 

130 mV/dec, suggesting that in C3N4/AgPt discharge reaction is fast and Heyrovsky as rate 

determining step. Finally, nyquist plots of C3N4/AgPt indicates easy electron transfer on the 

catalyst surface. Therefore, this study leaves an avenue for the synthesis of bimetallic NPs on 

semiconducting surface for better efficiency in hydrogen evolution, which is demanding in 

present scenario. 
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Abstract 

An efficient hydrogen evolution catalyst has been developed by decorating Au nanoparticle on 

the surface of CuS nanostructure following a green and environmental friendly approach. CuS 

nanostructure is synthesized through a simple wet-chemical route. CuS being a visible light 

photocatalyst is introduced to function as an efficient reducing agent. Photogenerated electron is 

used to reduce Au(III) on the surface of CuS to prepare CuS/Au heterostructure. The as-obtained 

heterostructure shows excellent performance in electrochemical H2 evolution reaction with 

promising durability in acidic condition, which could work as an efficient alternative for novel 

metals. The most efficient CuS-Au heterostructure can generate 10 mA/cm
2
 current density upon 

application of 0.179 V vs. reversible hydrogen electrode. CuS-Au heterostructure can also 

perform as an efficient photocatalyst for the degradation of organic pollutant. This dual nature of 

CuS and CuS/Au both in electrocatalysis and photocatalysis has been unveiled in this study. The 

process of formation of hydrogen gas and degradation of Methylene blue (MB) dye is shown in 

scheme 4.1 

 

  

 

Scheme 4.1: Diagrammatic representation of dual functionality of CuS/Au both in photocatalysis and 

electrocatalysis 
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4.1. Introduction 

 

Hydrogen is being considered as the surrogate for the limited fossil fuels hidden in the earth crust 

to address the global energy demand. [1] Hydrogen can be generated from different sources like 

water, coal, biomass etc. Generation of hydrogen from water splitting can provide the unique 

green path way without having any environmental pollution. Plenty of research have already 

been dedicated to discover efficient catalyst, which can drive the hydrogen evolution reaction 

(HER) with application of a minimum over potential. [2-7]
 
The most effective and efficient 

catalyst for HER is Pt and Pt based compounds, which can generate hydrogen almost having 

onset potential of 0 V. [8] The main drawback is the cost and the availability of Pt, which 

restricts the industrial application. Therefore, to establish hydrogen as the competitive energy 

source, it is very important to develop low cost and efficient catalyst, which can generate large 

scale of hydrogen in very low over potential.  

To replace Pt different earth-abundant metal and their corresponding compounds are also 

studied as catalyst for HER. Transition-metal chalcogenides are possessing similar electronic 

structure like noble metals, being studied as HER catalyst from last decade and establish 

themselves as alternative to Pt. [9] Mostly used non-precious-metal as an alternative to Pt are 

MoS2, MoC2, WS2, WSe2, CoS2, CoSe2, NiS2, FeS2, Ni2P etc. [10-18] Different metal alloys like 

Ni-Mo, Ni-Fe, Ni-Mo-Zn are also successfully used as catalyst for HER reaction. [19-21] 

Recently, CuS is being studied for its electrocatalytic activity in HER reaction along with its 

photocatalytic performance. [22] It is already proved both experimentally and theoretically that 

the sulfur atoms on the exposed surface of transition metal chalcogenides increases the HER 

activity of a material. [23] At the exposed surface sulfur atoms are much more unsaturated which 

plays an important role to increase the electrocatalytic activity of MoS2. [24] CuS posses layered 

crystal structure having weak van der Waals interactions between two double layers of Cu2S2. 

[25] Sulfur present in the CuS have empty 3p orbitals which further helps to easy capture 

electrons and promotes electron transportation. Although CuS is chosen very rarely as a suitable 

electrocatalyst for HER reaction, but the prompt feasibility of electron acceptance and 

transportation by CuS can establish it as a promising HER catalyst. Recently Xi et al., reported 

electrocatalytic activity of CuS and NiCo2O4/CuS heterostructure. [26]
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Being inspired from the above studies we have synthesized CuS following a simple wet-

chemical route. CuS is a widely studied efficient visible light active photocatalyst and also very 

active under indoor light. In this study we have introduced a photochemical reduction approach 

to synthesize Au nanoparticle on the surface of CuS. Initially, CuS was excited under visible 

light to generate electrons and holes and simultaneously HAuCl4 undergoes photoreduction by 

photo-generated electrons. Following this green technique without using any reducing agent we 

have synthesized Au nanoparticle on the surface of CuS (CuS-Au-n, with varying Au loading). 

Finally, the synthesized CuS and CuS-Au-n were studied as catalyst in electrocatalytic HER 

reaction and also in photocatalysis (Figure 4.1). Best catalytic efficiency is achieved in case of 

CuS-Au-3 (weight percentage of Au = 19.98) and it can generate 10 mA/cm
2
 current density in -

0.179 V vs. RHE. CuS-Au-3 also shows the best performance in photocatalysis with rate 

constant (k) value 3.7×10
-1

 min
-1

 which is 21 times higher compared to bare CuS. Superior 

electrocatalytic and photocatalytic activity of CuS-Au-3 is explained with the help of impedance 

spectroscopy and photoluminescence study, respectively. 

 

 

 

 

Figure 4.1: Diagrammatic representation of the dual functionality of CuS/Au (photocatalysis under light 

irradiation and electrocatalytic activity under dark) 
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4.2. Experimental section 

4.2.1. Synthesis of CuS nanostructure 

Following a very simple wet-chemical route CuS was synthesized. Cu(II)-sulfate & 

thioacetamide (TAA) were used as precursor of Cu and S, respectively. 0.3 g of Cu(II)-sulfate 

was dissolved in 20 mL water and stirred for 5 min and labelled as solution A. On the other 

hand, 0.07 g of TAA was dissolved in 20 mL water and then 1mL 1 M NaOH was added and 

sonicated for 10 min and marked as solution B. After that solution A was kept on a water bath at 

temperature ~80 °C. Then solution B was added drop wise to solution A. Finally, the whole 

mixture was kept on water bath for 30 min. the bluish-green color compound was collected by 

several washing with water and followed by ethanol.  

4.2.2. Decoration of Au nanoparticles on CuS nanostructure. 

 The as-synthesized CuS nanostructure was used to synthesize Au nanoparticles where CuS 

function as reducing agent as well as support for the growth of Au nanoparticle. For this 

procedure, 30 mg of CuS nanostructure was thoroughly dispersed in 30 mL DI water via 

ultrasonication for 30 min. After that the dispersed CuS was kept under visible light irradiation in 

stirring condition. Different amounts of (1, 2, 3 and 4 mL 1.25×10
-2

 M HAuCl4) was added in the 

CuS dispersion and stirred for 1.5 h. 1.0 mL, 2.0 mL, 3.0 mL, and 4.0 mL aliquots of HAuCl4 

were added to CuS and named as CuS-Au-1 (5.92 weight % Au), CuS-Au-2 (12.85 weight % 

Au) , CuS-Au-3 (19.98 weight % Au), and CuS-Au-4. The diagrammatic representation of the 

decoration of Au nanoparticles on CuS plates is shown in scheme 4.2. 

 

 

 

Scheme 4.2: photochemical reduction of Au ions to Au nanoparticles on the surface of CuS plates 
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4.3. Results and Discussion 

 

4.3.1. X-ray diffraction analysis of CuS and CuS-Au-n (n = 1, 2, and 3) 

 With the help of powder X-ray diffraction analysis phase purity and crystallinity of the 

synthesized CuS and CuS-Au-n (n=1, 2, 3, 4) samples were determined. Figure 4.2 shows the 

PXRD pattern of bare CuS and CuS-Au-n (n=1, 2, 3) samples. XRD of CuS is well matched with 

the JCPDS no 00-006-0464. In the present system CuS crystallizes in hexagonal crystal system. 

Presence of any impurity, intermediate product, starting compound is not detected through XRD 

analysis. XRD pattern of CuS-Au-n clearly shows three diffraction of (111), (200) & (220) 

planes which are the characteristic peaks due to Au and well matched with the JCPDS no 04-

0784. XRD pattern of Au nanoparticle suggests that Au nanoparticle crystallizes in cubic system. 

With the increase in concentration of HAuCl4, it was observed that there is successive 

enhancement in the intensity of the corresponding peak of Au on CuS. Finally, in case of CuS-

Au-3 it is very clear that peaks of Au is dominating over the peaks of CuS. From the comparison 

of the highest intense peaks of CuS and Au it is clear that in case of CuS-Au-1, CuS-Au-2, CuS-

Au-3 CuS:Au peak intensity ratio is ~ 2:1, ~3:2, ~1:1, respectively. Therefore, from this 

observation it can be claimed that surface of CuS in CuS-Au-3 sample mostly covered with Au 

nanoparticle.  

 

 

 

Figure 4.2: PXRD pattern of CuS and CuS-Au-n (n= 1, 2, 3) showing the variation in the intensities of the 

highest intense peak of CuS and Au 
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4.3.2. Raman analysis of CuS 

 Crytallinity of CuS was determined with the help of Raman spectroscopy, which is shown in 

Figure 4.3a. It exhibits a very strong peak at 468 cm
-1

 which is due to the vibration mode of S-S 

covalent bonds in CuS. Peak at 468 cm
-1

 is corresponding to the well-known A1g mode of CuS. 

[27] It is worth mentioning that there is no additional impurity peaks are present for any copper 

substrate like Cu(OH)2 and also un-reacted precursor compound. 

 

4.3.3. Study of UV-vis spectroscopy of CuS and CuS/Au 

 UV-vis spectroscopy of CuS and CuS/Au heterostructure was determined by utilizing the 

ethanolic dispersion, shown in Figure 4.3b. Both the spectra show an enhanced absorption closer 

to the near IR region. Literature reports that covellite CuS shows two characteristic absorption 

peaks: one in visible region and another in near IR region. In our present case, CuS exhibits 

enhanced absorption near 400 nm having the band edge at 550 nm, which again dictates about 

the band gap about 2.2 eV. Due to having absorption both in visible and in near IR region a 

valley is visualized in between 500 to 780 nm and this phenomena is supported in literature also. 

[28] However, after deposition of Au nanoparticle on the surface of CuS, there is a certain 

increase in the absorption intensity in the visible region, which further wraps the valley of CuS. 

The absorption localized in the region 500 to 600 nm is probably due to the surface plasmon 

resonance effect of Au nanoparticles.   

 

 

 

Figure 4.3: (a) Raman spectrum of CuS only and (b) UV-vis absorption spectrum of CuS and CuS-Au-n 
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4.3.4. XPS  study of CuS and CuS/Au 

 To determine the surface electronic state and the composition of the product XPS analysis was 

carried out. Wide scan spectra of CuS sample indicates the presence of Cu and S as well as C and 

O due to the exposure in air, shown in Figure 4.4a. XPS spectrum of CuS reveals that the Cu2p3/2 

peak has binding energy at 231.8 eV which is the characteristic of CuS and this value is 0.7 eV 

lower than that of Cu2S. [29, 30] Binding energies of Cu2p1/2 and Cu2p3/2 peaks at 951.7 and 

931.8 eV are shown in Figure 4.4b. Two satellite peaks centered at 943.1 and 963.5 eV indicates 

the presence of the paramagnetic chemical state of Cu
2+

. Binding energy of Cu2p3/2 and Cu2p1/2 

are separated by 20 eV are essentially identical binding energies of Cu2p of Cu(II). [31] The 

corresponding XPS spectra of S have been shown in Figure 4.4c. The binding energy peaks 

observed in the S2p spectrum at 161.7 and 162.7 eV, which are attributed to the S2p3/2 and S2p1/2 

states respectively, also confirm the formation of CuS.  

 

 
 

Figure 4.4: XPS spectra (a) wide scan spectra of CuS, (b) binding energy of Cu (2p) and (c) 

binding energy of S (2p) region 
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A wide scan spectrum of CuS-Au-3 sample shows the presence of Au, S, Cu, O and C (Figure 

4.5a). Binding energy of Cu and S remains unchanged even after deposition of Au on the surface 

of CuS (Figure 4.5b and 4.5c).  The binding energy of Au 4f is found as Au4f7/2 and Au4f5/2 at 

83.7 and 87.4 eV respectively (Figure 4.5d). This binding energy values are consistent with the 

bulk gold and indicates the formation of Au(0) on the surface of CuS. [32-34] 

 

 

 

Figure 4.5: XPS spectra (a) wide scan spectra of CuS-Au-3, binding energy of (b) Cu (2p), (c) S(2p), 

 and (d) Au (4f) region 

 

4.3.5. Scanning electron microscope analysis of CuS and CuS/Au 

 To observe the possible growth of CuS and successive deposition of Au on the surface of CuS, 

we did field emission scanning electron microscopy (FESEM) measurement for both CuS and 

CuS-Au-n (n=3) (Figure 4.6a, b). It can be seen from Figure 4.6a that highly dense and small 

nanoplates of CuS are present. Nanoplates are having the edge length ~25 nm. After 



                                                                                                                     Chapter 4 

96 
 

photochemical deposition of Au on the surface of CuS, small particles of Au were observed 

through FESEM analysis, highlighted by encircling in Figure 4.6b. 

  

 

 

Figure 4.6: FESEM image of (a) CuS stacked plates and (b) CuS-Au-3 on CuS surface. Encircled  

area shows attachment of small particles on CuS plates 

 

4.3.6. Transmission electron microscope study of CuS and CuS/Au 

 With the help of transmission electron microscopy analysis morphology of CuS was further 

verified. Figure 4.7a shows the typical TEM images of CuS. From low magnification TEM 

image it is clear that highly dense CuS nanoplates, which are not properly aligned, are 

synthesized following our method. High magnification image shows that there are some light 

shaded small plates and also some dark strips (inset of Figure 4.7a). Dark strips are 

corresponding to the CuS plates, which are present as perpendicular to the basal plane. Both the 

alignment (perpendicular and parallel) are observed from the high magnification image. Edge 

length of the CuS plates are ~25 nm, which is in agreement with SEM images. To determine the 

crystallinity of the as-synthesized product HRTEM was carried out. HRTEM image clearly 

demonstrate the lattice spacing of the crystalline CuS is 0.308 nm, corresponding to the spacing 

between two crystal plane (102) (Figure 4.8a) which matches well with the literature. [35, 36]
  

Decoration of photochemically deposited Au nanoparticle on the plates of CuS was also verified 

with the help of TEM analysis. Figure 4.7b shows the arrangement of Au nanoparticle on the 

surface of CuS plates. High magnification image shown in the inset of Figure 4.7b confirms that 

the Au nanoparticles deposited on CuS have particle size ~5-10 nm. HRTEM image was taken 
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on the surface of Au deposited CuS plates which clearly shows the interface between Au 

nanoparticles and CuS nanoplates.  Figure 4.8b shows the ‘d’ spacing calculated from the lattice 

spacing of deposited Au nanoparticle is ~0.24 nm which is due to the spacing between two 

crystal planes (111) of Au and it is well matched with the literature. [34] 

 

 

 

Figure 4.7: Low magnification TEM image of (a) CuS and (b) CuS-Au-3. Inset shows high 

 magnification images of very small plates of CuS and very small particles of Au on CuS surface 

 

Figure 4.8: HRTEM image of (a) CuS and (b) CuS-Au-3 
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4.4. Electrocatalytic Activity 

Before checking the hydrogen evolution reaction ink was prepared. Ink of CuS and CuS-Au-n 

were prepared by dispersing 5.0 mg of the sample in 300 µL of isopropanol. Then 30 µL of 

nafion was added as binder and sonicated for 30 min for uniform dispersion. Finally, 5.0 µL 

dispersed compound was drop casted carefully on 3 mm diameter GC electrode.  

4.4.1. Detailed study of LSV polarization curves of bare GC, CuS, CuS-Au-1, CuS-Au-2 

and CuS-Au-3 

The electrocatalytic activity of CuS and CuS-Au-n was evaluated by using linear sweep 

voltammogram (LSV) technique. All the electrochemical measurements for hydrogen evolution 

were carried out in 0.5 M H2SO4 aqueous solution with scan rate of 50 mV/s.  

 

 

Figure 4.9: Polarization curves for bare GC, CuS, CuS-Au-1, CuS-Au-2 and CuS-Au-3 in 0.5 M H2SO4 (a) 

high scale and (b) low scale (c) Tafel plots of CuS, CuS-Au-1, CuS-Au-2, and CuS-Au-3, (d) Nyquist plot of 

CuS, CuS-Au-2 and CuS-Au-3 
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Potentials are recorded with reference to Ag/AgCl and reported with respect to reversible 

hydrogen electrode and the polarization curves are shown in Figure 4.9a, b. Au nanoparticle 

decorated CuS shows a remarkably enhanced current density with successive anodic shift in the 

onset potential compared to bare CuS. With successful increase in the amount of Au on the 

surface of CuS, there is successive enhancement in the current density and at the same time there 

is clear anodic shift in the onset potential. CuS nanoplates require -0.449 V potential to generate 

current density of 10 mA/cm
2
. In comparison, to achieve current density of 10 mA/cm

2
, CuS-Au-

1 needs overpotential -0.324 V. Again, in case of CuS-Au-2 and CuS-Au-3, it needs -0.226 V 

and -0.179 V, respectively to reach current density of 10 mA/cm
2
. CuS-Au-3 shows best 

catalytic activity but still it is less compared to Pt, as reported in the literature. [37] In all cases, 

Au nanoparticle modified CuS shows the enhanced catalytic activity compared to the bare CuS. 

At potential -0.475 V bare CuS can generate only 12.5 mA/cm
2
 current density whereas, in case 

of CuS-Au-1 the value increased up to 70.63 mA/cm
2
. Current density further increased for CuS-

Au-2 to 159.6 mA/cm
2
 and the highest current density was achieved in case of CuS-Au-3, which 

is 215.5 mA/cm
2
. This superior activity of CuS-Au compared to CuS may be attributed to the 

fact that Au nanoparticle on CuS surface can function as an electron sink and successfully snatch 

the carrier from the surface of CuS and transport to electrolyte where it reacts with H
+
 ion to 

generate H2. For better understanding about the contribution on Au nanoparticle on the surface of 

CuS, electrocatalytic activity of CuS-Au-4 was also checked.  

 

 

Figure 4.10: Polarization curves for bare GC, CuS, CuS-Au-n (n = 1, 2, 3, & 4) in 0.5 M H2SO4 
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With further increase in the concentration of Au certainly decrease the electrocatalytic activity of 

CuS and successive cathodic shift in the onset potential were observed (Figure 4.10). In presence 

of Au nanoparticle initially a positive shift in the onset potential was observed where Au 

nanoparticle functions as electron collectors and makes faster electron transportation. But excess 

amount of Au on CuS further decreases the electrocatalytic activity. The possible reasons for this 

decrease in the electrocatalytic activity are firstly, high amount of Au loading may cover all the 

active sites of CuS and further hindering its contact with water molecule. Secondly, more amount 

of Au may work as aggregates and further large particle size leads to disappearance of surface 

effects. Electrocataytic activity of pure Au nanoparticle was also checked and shown Figure 

4.11. Pure Au nanoparticle needs -0.531 V vs. RHE to generate 10 mA/cm
2
 current density. It 

can achieve only 16.8 mA/cm
2
 current density upon application of -0.58 V vs. RHE, which is 

poor as compared to CuS and CuS-Au-3. 

 

 

Figure 4.11: Polarization curves for bare GC, pure Au nanoparticle, CuS, and CuS-Au-3 in 0.5M H2SO4 

 

4.4.2. Mechanism of HER 

Tafel slope is the intrinsic property of a material and focus the rate determining step in HER 

reaction. Tafel slope is also useful to determine the effectiveness of a catalyst. The linear portion 

of the Tafel plots were fitted in the Tafel equation (η = b log(j) + a, where b is the Tafel slope). 

[38, 39] The values of  Tafel slope for CuS, CuS-Au-1, CuS-Au-2 and CuS-Au-3 are 171, 138, 
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133 and 75 mV/decade, respectively (Figure 4.9c). Tafel slope data indicates that with increase 

in the amount of Au nanoparticle on CuS, there is further enhancement in the electrocatalytic 

activity of CuS. Tafel slop value also confirms that among all these catalysts, CuS-Au-3 is 

electrocatalytically much more active than others. Generally HER reaction follows two possible 

mechanisms in acidic medium: It may be Volmer-tafel or it may be Volmer-Heyrovsky. The 

First step is the Volmer step also called discharge step: H3O
+
+e- → Hads+ H2O. This reaction is 

either followed by Heyrovsky process or called as desorption step: Hads+ H3O
+
+e

-
 → H2+H2O or 

Tafel step which is also called recombination step: Hads + Hads → H2. It is expected that the Tafel 

slope should be 120, 40 or 30 mV/decade if the Volmer, Heyrovsky and Tafel is the respective 

rate determining step. In case of CuS, HER reaction follows Volmer-Heyrovsky mechanism 

following Volmer as the rate determining step. In case CuS-Au-3 the HER reaction follows same 

mechanism but the rate determining step is the Heyrovsky reaction. Stability of CuS and CuS-

Au-3 were checked upon continuous scan of 1000 cycles. It is very clear from Figure 4.12, there 

is negligible change in the current density and onset potential as well, which further claims the 

stability of CuS and CuS-Au-3 in acidic medium. Digital image of H2 evolution from GC 

electrode is shown in Figure 4.13. 

 

 

 

 

Figure 4.12: Comparative polarization curve of (a) CuS and (b) CuS-Au-3, initial run and after 1000 cycle 
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4.5. Impedance measurement 

 

To have a clear understanding about the electrocatalytic activity of CuS and CuS-Au-n sample, 

we have carried out electrochemical impedance measurement. Electrochemical Impedance study 

clearly gives the idea about the ease of electron transportation on different electrode surface. 

 

 

 

 

Figure 4.13: Digital image of hydrogen evolution on electrode surface in case of CuS-Au-3 

 

Nyquist impedance plots have been measured for CuS at -0.368 V vs. RHE, which is the 

onsetpotential for CuS. On the other hand for CuS-Au-2 and CuS-Au-3, it was measured at the 

onset potentials of the respective compounds. The evaluated data can be fitted with an equivalent 

circuit composed of a constant phase element (CPE) for CuS and CuS-Au-n and the resistance 

(RS), which represent the core resistance of the material and Rct dictates about the charge transfer 

resistance from the electrode surface to electrolyte. Impedance curve has been fitted and the 

resistance values are summarized in table 4.1 (Figure 4.9d). Rs resistance of CuS and, CuS-Au-2 

and CuS-Au-3 are 10.5, 11.7 and 14.8 Ω, respectively. With the increase in the amount of Au on 

CuS surface it is very clear that Rct value decreases from CuS to CuS-Au-2 and that to CuS-Au-

3. The Rct value decreases very sharply from CuS to CuS-Au-2 to finally CuS-Au-3. All these 
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data have been noted in table 4.1. The charge transfer resistance from CuS to electrolyte is 255.4 

Ω in case of CuS. Whereas, in case of CuS-Au-2 this value decreases to 143.7 Ω and finally for 

CuS-Au-3 it further decrease to 31.1 Ω. Successive decrease in the charge transfer resistance 

from CuS surface to electrolyte with the increase in the amount of deposited Au further depicts 

that Au helps in the faster charge transfer from electrode to electrolyte. Photochemically 

deposited Au nanoparticle on CuS surface can function as an electron sink [40] or trap which 

captures the electrons from CuS upon application of external bias. The impedance results are in 

well agreement with our as-observed electrocatalysis result. Higher loading of Au nanoparticle 

on CuS surface further decreases the electrocatalytic activity. 

 

Table 4.1: Fitted Charge Transfer values of CuS, CuS-Au-2 and CuS-Au-3 on GC electrode. 

 

 

 

 

 

4.6. Photoluminescent  study 

In case of semiconductor nanostructure, PL is an efficient and suitable tool to study the electron 

transfer, migration and at the same time the fate of the photogenerated electron hole-pair. 

Mechanism of electron transfer was determined with the help of photoluminescence. PL study 

was carried out using the ethanolic dispersion of CuS at room temperature with an excitation 

wavelength of 350 nm (3.54 eV). In case of bare CuS a broad emission band in the visible region 

was observed centered at 509 nm (2.43 eV) (Figure 4.14). This observation clearly matches with 

the reported literature. [41] Furthermore to understand the charge transfer process; PL study was 

also carried out for CuS-Au-3 sample at room temperature. CuS-Au-3 sample almost shows the 

same emission band with much lower band intensity. Originally, PL emission spectra result from 

the recombination of the free electrons and holes. Successive decrease in the emission intensity 

Cathode Rs(Ω) Rct (Ω) 

CuS 10.5 255.4 

CuS-Au-2 11.7 143.7 

CuS-Au-3 14.8 31.1 
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was observed in case of CuS-Au-3 compared to CuS, which may be attributed due to the electron 

sink nature of Au attached with CuS. Au decorated on CuS snatches the photogenerated electron 

from CuS, helps in inhibiting the recombination of charge carrier in CuS, which further results in 

lowered PL intensity. 

 

Figure 4.14: Comparative PL spectra of CuS and CuS-Au-3 

 

4.7. Photocatalysis 

 

To determine the photocatalytic activity of CuS and CuS-Au-3, Methylene blue (MB) was 

applied as a model dye. MB has a sharp optical absorption at 663 nm, which was used to monitor 

the degradation process and to study the kinetics. 10 mg of the desired catalyst was first 

immobilized in 30 mL of 2×10
-5

 M aqueous MB solution. After immobilization of catalyst 

molecule in the MB solution, it was stirred in dark for 30 min to establish the adsorption- 

desorption equilibrium. A tungsten bulb (100 W), which emits a continuous spectrum of light in 

between 300-1400 nm was used as visible light source to irradiate the solution after reaching to 

equilibrium. After agitation, the reaction mixture was kept under tungsten light to initiate the 

reaction with continuous stirring and the distance between the light source and reaction mixture 

was fixed at ~20 cm. Photocatalysis was carried out in neutral pH and room temperature. To 

monitor the photocatalysis process, at a regular interval 3.0 mL of aliquots were taken out from 
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the reaction mixture and then centrifuged and used to check the optical absorbance. Remaining 

dye in the solution was quantified from the observed absorbance intensity. % Degradation was 

calculated from the given equation:    

          

X% = (A0-At)/A0×100 

 

Where, A0 = initial peak intensity and At = peak intensity at time ‘t’. A plot of ‘At/A0’ vs. ‘t’ was 

used to evaluate the order of the reaction and the corresponding ln(At/A0) vs. ‘t’ was used to find 

out the rate constant of the reaction. 

 

 

 

Figure 4.15: Photocatalytic decomposition of MB dye by using (a) CuS (b) CuS-Au-3 catalyst: absorbance vs. 

wavelength plot, (c) Plot of (At/A0) vs. time for both CuS and CuS-Au-3, and (d) Plot of ln(At/A0) vs. time for 

both CuS and CuS-Au-3. Conditions: [MB] = 2 × 10
-5

 M and catalyst = 10 mg 
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To study the photocatalytic activity of CuS and CuS-Au-3, MB was chosen as a model cationic 

dye. MB has optical absorbance maxima at 663 nm. Photocatalytic activity of CuS and CuS-Au-

3 was estimated by scrutinizing consecutive decrease in the absorption intensity of MB with time 

under irradiation of visible light (Figure 4.15a, b). Previously, we have unveiled that CuS 

hexagonal plates can function as photocatalyst under indoor light. [22] Here, CuS have the 

negative surface charge as it was synthesized in alkaline condition. So, cationic dye MB is easily 

adsorbed on the surface of CuS. MB does not degrade under visible light irradiation in absence 

of any catalyst. Under stirring in dark 41.6% MB was adsorbed on the surface of CuS whereas 

44.6% on the surface of CuS-Au-3. CuS shows only 25% dye degradation within 10 min of 

reaction. On the other hand CuS-Au-3 shows enhanced photocatalytic activity with 97% dye 

degradation within 10 min (Figure 4.15b). Comparative % dye removal efficiency of CuS and 

CuS-Au-3 is shown in Figure 4.16. Plot of At/A0 vs. t shows that the photocatalytic degradation 

follows pseudo-first order reaction in both the cases (Figure 4.15c). From the plot of  ln (At/A0) 

vs. t, rate constant ‘k’ was determined. In case of bare CuS the value of ‘k’ is 1.7×10
-2

 min
-1

, 

whereas, when CuS-Au-3 was used as photocatalyst the value of ‘k’ increased 21 times and the 

value become 3.7×10
-1

 min
-1

 (Figure 4.15d). With the increase of MB concentration, degradation 

efficiency decreases. Photocatalytic performance of CuS-Au-3 sample was checked introducing 

MB concentration as 2.5×10
-5

 M.  

 

 

Figure 4.16: Comparative photocatalytic study of CuS and CuS-Au-3 showing the bar diagram of 

% dye removal efficiency 
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Keeping all other reaction parameters unaltered when the concentration of MB is increased there 

is little decrease in the catalytic efficiency still the reaction follows pseudo-first order kinetics as 

At/A0 vs. t plot shows the exponential decay (Figure 4.17).  From the plot of ln(At/A0) vs. t, ‘k’ is 

determined and the value is 1.9×10
-1

 min
-1

 which is ~0.5 times lowered compared to the previous 

concentration. From UV-vis absorption of CuS-Au it was observed that Au nanoparticles 

enhance visible light absorbance of CuS nanoplates. PL study also clearly dictates that Au 

nanoparticle snatches the photogenerated electrons from the surface of CuS and readily transfers 

to MB which further results in high degradation efficiency with enhanced ‘k’ value. Au 

nanoparticle present on the surface of CuS nanoplates executes duel property to enhance the 

activity of CuS: It enhances the visible light absorption and at the same time it delays the 

recombination of photogenerated electron hole pair. CuS-Au-3 shows better performance in 

photocatalysis than CuS, which can be explained by the work function values.  

 

 

Figure 4.17: Photocatalytic decomposition of MB dye using CuS-Au-3 (a) absorbance vs. wavelength plot, (b) 

Plot of At/A0 vs. time shows the kinetics and (c) Plot of ln(At/A0) vs. time. Conditions, [MB] = 2.5 x 10-5 M and 

catalyst = 10 mg 
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Reported work function value for Au and CuS is 5.1 eV and 4.95 eV, respectively. [34, 42] So, 

in CuS-Au-3, a Schottky barrier will form, which helps in electron transfer between lower work 

function (CuS) material to higher (Au) work function material. [43-46] Upon irradiation with 

visible light, electrons will be excited to the conduction band leaving behind holes in valence 

band of CuS. Now, the excited electron can easily be shifted from the CB of CuS to the Au 

nanoparticle surface due to higher work function. These electrons react with dissolved oxygen 

and helps in the formation of superoxide radical anion (O2
.-
), which also react with H2O to from 

hydroxyl radicals (OH
∙
). [40] On the other hand holes present in the VB of CuS also reacts with 

H2O to generate OH
∙
. These hydroxyl radicals are main active species for MB dye degradation. 

Au metal nanoparticles on CuS surface behave as an electron sink or trap for photogenerated 

electrons and can easily adsorb electrons from the CB of CuS and prevent immediate 

recombination. [40, 42, 43] Hence, CuS-Au-3 exhibit better photocatalytic efficiency shows 

~97% dye degradation with in 10 min which is much faster compared to CuS. The overall 

photocatalysis mechanism is shown in Figure 4.18. 

  

 

 

Figure 4.18: Diagrammatic representation of MB degradation under visible light irradiation on CuS 

decorated with Au nanoparticles 
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4.8. Conclusion 

In summary, the Au nanoparticle decorated CuS nanoplates have been fabricated via 

photochemical reduction of Au(III) ions to Au nanoparticles on the surface of CuS plates. 

Significant enhancement in photocatalytic activity of CuS was observed after surface 

modification by Au nanoparticle. CuS-Au-3 shows the best performance in photocatalytic 

decomposition of MB dye under visible light. On the other hand, Au nanoparticle modified CuS 

nanostructure function as an efficient electrocatalyst in electrocatalytic Hydrogen evolution 

reaction. Au nanoparticle present on the surface of CuS functioned as electron sink, which drags 

photo generated electron from CuS under irradiation of visible light and facilitate the MB 

degradation process nearly 21 times. Whereas, upon application of external potential Au 

nanoparticles helps in rapid charge transfer from CuS to electrolyte to enhance the 

electrocatalytic performance in hydrogen evolution reaction.  
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Abstract 

RuO2 nanorod, a dual catalyst for hydrogen and oxygen evolution reaction is developed via wet-

chemical route. RuO2 NR has been synthesized using Ru
3+

 salt, urea, and glucose followed by 

calcination at 500 °C for 10 h. In this study, initially a carbon slurry has been prepared using 

glucose and urea to get homogeneously distributed Ru
3+

 ion and then via calcination RuO2 NR 

has been synthesized. The synthesized material has been well characterized using FESEM, TEM, 

PXRD, and XPS analysis. The average aspect ratio of a single RuO2 rod is ~ 4.37. The 

synthesized RuO2 NR has been used extensively for hydrogen and oxygen evolution reaction. It 

shows cathodic potential of -130 mV vs. RHE to achieve current density of 10 mA/cm
2
 during 

hydrogen evolution reaction. During oxygen evolution, 1.508 V vs. RHE is required to generate 

10 mA/cm
2
 current density. Electrochemically active surface area and Tafel slope have been 

calculated to exhibit better activity of RuO2 NR as compared to that of commercial RuO2. The 

overall electrocatalysis mechanism has also been discussed in detail. The representation of 

formation of HER and OER is shown in scheme 5.1 

 

 

 

 

 

Scheme 5.1: Diagrammatic representation showing production of oxygen and hydrogen gases using RuO2NR 

as catalyst 
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5.1. Introduction 

 

Global demands for energy are increasing day by day. To meet the global energy demands and to 

take care of the depletion of fossil fuel reserves, there is a constant search for alternate source of 

energy. [1] Hydrogen is one of the cleanest renewable energy. [2] Hydrogen has highest energy 

density per unit mass and produces only water on combustion. [3] Electrochemical splitting of 

water into hydrogen and oxygen is a method for producing and storing renewable source of 

energy [4], which is known for more than 200 years but researchers started working for the 

development of efficient electrocatalysts only a decade ago. [3] Therefore, the demand for 

electrocatalyst, which can undergo both hydrogen and oxygen evolution reaction is constantly 

increasing as few are reported. [4]  

 Effort and progress have been made for the development of efficient, stable, and durable 

bifunctional catalyst for HER and OER. An important class of bifunctional catalysts for both 

HER and OER that have come to light in last few years are perovskite nanostructure, nickel iron 

sulphides on nickel foam (NiFeS/NF), Co-Mo-B nano-composition, cobalt disulfide/graphite, 

and NiFeOx nanoparticles. [5-10] There has been consistent efforts to design electrocatalysts, 

which can improve electrode kinetics and stability in different electrolyte environments. 

Recently, Qiao and co-workers showed 2.5 times higher hydrogen generation rate of metallic Ru 

than Pt in alkaline solutions. [11] RuO2 catalysts have been pretty successful in OER using both 

acidic and alkaline electrolytes. However, the stability of RuO2 in both electrolytes under high 

anodic potential is still a challenge because during OER RuO2 gets readily oxidised to form 

soluble RuO4. [2, 12, 13] Synthesis of RuO2 and IrO2 spherical nanoparticles for OER in both 

alkaline and acidic mediums has been reported by Horn and co-workers. [14] Both the catalysts 

showed incredible activities towards OER, where RuO2 exhibits mass activity of 10 A/g at 1.48 

V vs. RHE. Kokoh and co-workers synthesized a core-shell IrO2@RuO2 electrocatalyst for 

electrochemical water splitting and showed that the intimate contact of oxides attribute high 

accessibility of active sites than individual oxides. [15] Barman and co-workers synthesised  

C3N4 supported RuO2 nanowires and applied for HER and OER at all pH values. They reported 

C3N4 supported RuO2 nanowires showed improved catalytic efficiency, which is attributed to 1D 

morphology of RuO2 and catalyst-support interactions. [2] RuO2 is already a renowned catalyst 

for OER but it has been hardly applied for HER. Performance of HER catalysts is limited by 

reactivity, poor electron transport, low surface area, and instability under operating conditions, 
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which need to be improved for an electrocatalysts. [3,16] Zhou and co-workers developed a 

simple and convenient wet-chemical route for the synthesis of metal oxide (TiO2, Fe2O3, Co3O4, 

ZnO, and WO3) nanosheet via calcination at 500 
o
C. [17] 

 Being interested from the above studies, we have demonstrated a facile wet-chemical 

route for the synthesis of highly crystalline RuO2 1D nanostructure without using any support. 

RuO2 nanostructure was synthesized using glucose, urea, and Ru
3+

 salt as a carbon source, 

hydrolyzing agent, and metal precursor salt, respectively, followed by calcinations at 500 °C. 

The as-synthesised materials were characterised using powder x-ray diffraction, scanning 

electron microscopy, x-ray photoelectron spectroscopy, and transmission electron microscopy 

etc. techniques. To probe the catalyst efficiency, both hydrogen and oxygen evolution reaction 

were carried out using 0.5 M H2SO4 and 1.0 M NaOH as an electrolyte. RuO2 catalyst needs 

cathodic potential of -130 mV to achieve current density of 10 mA/cm
2
 for hydrogen evolution. 

Whereas, for OER 88 mV overpotential is required to gain 10 mA/cm
2
 current density. The 

advantages of this work are multifold. First, a simple and facile methodology for exclusive 

formation of RuO2 nanorod without using any support or stabilizer.  Second, 1D morphology of 

RuO2 has high surface to volume ratio, which create more active sites for electrocatalysis. Third, 

dual electrocatalytic behaviour of RuO2 NR for HER and OER. 

 

 

5.2. Experimental Section 

 

5.2.1. Synthesis of RuO2 nanorod 

Synthesis of RuO2 was performed in two steps. First step was pre-calcination step, where, 1.0 g 

of urea, 5.0 g of glucose and 2.0 mL of 0.02 M RuCl3.2H2O were taken in a beaker and heated at 

150 
o
C for 6 h. Black colour carbon slurry was formed. In the second step, calcinations step, the 

as-obtained carbon slurry was crushed and transferred in a covered silica crucible for calcination 

at 550 
o
C for 10 h using a muffle furnace. Finally, black coloured RuO2 product was observed 

and used without further purification. The overall synthetic procedure of RuO2 nanomaterial is 

shown in scheme 5.2. 
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Scheme 5.2: Synthesis of  RuO2 NR via wet chemical route 

 

5.3. Results and Discussion 

 

5.3.1. Powder X-ray diffraction of RuO2 nanorod 

To determine the structural identification and phase purity of RuO2, XRD analysis was 

performed. It can be seen from Figure 5.1 that the 2θ = 28.15
o
, 35.11

o
, 40.24

o
, 54.43

o
, 57.98

o
, 

59.68
o
, 65.71

o
, 67.29

 o
, 69.66

 o
, 74.52

 o
 , 83.59

 o
 and 88.18

o
 corresponding to (110), (101), (200), 

(211), (220), (002), (310), (112), (301), (202), (321), and (222) crystal planes of RuO2, 

respectively (JCPDS no 88-0322). [18]  

 

 

 

Figure 5.1: Powder X-ray diffraction patterns of RuO2 NRs  
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The diffraction pattern reveals that RuO2 is well crystallized with a rutile tetragonal structure. 

The synthesized RuO2 sample is pure and there is no formation of ruthenium and other 

impurities, which is confirmed from XRD analysis. 

 

5.3.2. FESEM analysis of RuO2 nanorod 

FESEM and TEM analysis were performed to elucidate the size, shape, and morphology of as-

synthesized RuO2. Well developed, uniform, and rod shaped particles are observed from FESEM 

analysis, shown in Fig. 5.2a and b. 

 

 

 

Figure 5.2: FESEM image of RuO2 NR  

 

Elemental mapping analysis of RuO2 substantiates the presence of ruthenium and oxygen (Figure 

5.3). More specifically, line mapping analysis of RuO2 (Figure 5.4) also exhibits the existence of 

ruthenium and oxygen in RuO2 nanostructures. 

 

5.3.3. TEM analysis of RuO2 nanostructure 

It can be seen from Figure 5.5a that uniform and rod shaped structure of RuO2 is formed in this 

synthetic procedure. The average aspect ratio of a single rod is ~ 4.37, which is shown in inset of 

Figure 5.5a. HRTEM image of RuO2 NR is shown in Figure 5.5b, which clearly exhibits an 

interplanar spacing value, d = 0.33 nm for (110) plane of RuO2. Therefore, the growth of rutile 

RuO2 crystal occurs through (110) plane, which is corroborated with XRD analysis. 
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Figure 5.3: Elemental mapping analysis of RuO2 

 

 

 

 

Figure 5.4: line mapping analysis of RuO2 NR with FESEM image 
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Figure 5.5: Representation of (a) TEM image of RuO2 NRs and inset shows aspect ratio of  RuO2 NR and (b) 

HRTEM image of RuO2 NR 

 

5.3.4. X-ray photoelectron spectroscopy analysis  

To understand the oxidation state of Ru in RuO2 sample XPS analysis was performed. The 

deconvoluted XPS spectra of Ru
4+

 in RuO2 is shown in Figure 5.6. It can be seen from Figure 

5.6a that Ru 3d5/2 and 3d3/2 peaks are present at 280.36 eV and 284.36 eV, which is well matched 

with literature report. [19-21] The difference between the two 3d peak is 4.0 eV, well acquainted 

with literature. [19-20] In addition to the main 3d binding energies two satellite peaks at 282.24 

eV and 286.69 eV is also present in Figure 5.6a.  

 

 

 

Figure 5.6: Deconvoluted XPS spectra of (a) Ru 3d and (b) Oxygen 1s 
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Similar satellite peaks in RuO2 sample is also reported by other scientists. [20] The O1S binding 

energies are at 529.44 eV and 531.21 eV, (Figure 5.6b) which is due to the presence of O in 

RuO2 sample or Ru-O-Ru interactions. The other peak at 532.58 eV is due to physisorbed or 

chemisorbed oxygen or oxygen in OH or C-O functional groups. Kwak and co-workers reported 

a peak at 532.4 eV, which is attributed to oxygen in OH and C-O groups. [20] The overall survey 

spectrum shows the peak for Ru and O, shown in Figure 5.7. 

 

 

            

         Figure 5.7: survey spectrum of RuO2 NR 

 

5.4. Mechanism of nanorod formation 

Synthesis of RuO2 NR occurs in two steps. First, precalcination step in which urea, glucose, and 

ruthenium chloride were mixed properly and the mixture was heated at 150 
o
C for 6 h resulting 

in the formation of a black carbon slurry with uniform distribution of ruthenium salt. Glucose 

was chosen as a low melting solid (137 
o
C) and converted as a molten syrup at 150 

o
C. The 

presence of rich oxygen functional group in glucose helps for the homogeneous distribution of 

ruthenium metal salts. On the other hand, urea also decomposes at 150 
o
C as its melting point is 

135 
o
C and produced various gases. Furthermore, syrupy form of glucose undergoes 

polymerization and gases from urea blew the polymer to form a large bubble of carbon slurry. 

Therefore, during precalcination step a porous carbon slurry was obtained with uniform 

distribution of Ru
3+

 salt. The exposed gases from urea at 150 
o
C play a vital role for the 
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formation of large carbon slurry. To confirm the role of evolved gases from urea, only glucose 

and ruthenium chloride were heated at 150 
o
C but there was no formation of large bubble of 

carbon slurry. However, without urea the distribution of Ru
3+

 ions would not be uniform and 

difficult to follow the calcination step. Therefore, in precalcination step the role of glucose and 

urea are very important to get a large porous carbon slurry with uniform distribution of Ru
3+

 

ions. Zhou and co-workers reported the synthesis of metal oxide nanosheet with large area via 

calcination using glucose, urea, and corresponding metal procurer salts. [17] Second, calcination 

step, the as-obtained porous carbon slurry has been crushed and poured in a covered silica 

crucible and kept in a muffle furnace at 550 
o
C for 10 h. To check the growth morphology of 

RuO2 NR during calcination step, the sample was also collected after 3 h and 6 h. FESEM and 

PXRD analysis have been performed for 3 h and 6 h samples. It can be seen from PXRD (Figure 

5.8) analysis that the formation of RuO2 occurs even after 3 h but the peak intensity is less and 

few peaks are not even clear. PXRD of 6 h sample is slightly better in terms of peak intensity 

than 3 h sample but still less than 10 h sample. From Figure 5.8 it is quite evident that 10 h 

sample of RuO2 NR is having prominent peaks with high intensity and crystallinity as compared 

to 3 h and 6 h sample. Therefore, the formation of RuO2 nanomaterials occur at 3 h which 

continues for 6 h and 10 h. To confirm the morphology of RuO2 at different time intervals 

FESEM analysis was performed. It can be seen from Figure 5.9 that the seed formation started 

after 3 h of calcination at 550 
o
C.  

 

 

Figure 5.8: PXRD of RuO2 sample after 3 h, 6 h, and 10 h of calcination 
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After 6 h of heating uniform growth of RuO2 sample occur, which exhibits the formation of 

small rod shaped morphology. Further calcination up to 10 h shows the complete growth and 

formation of rod shaped particle with an aspect ratio of ~ 4.37. It has been observed from 

HRTEM analysis of RuO2 NR that the growth is uniform. The overall growth of RuO2 NR in 

different calcination time is shown in Figure 5.9. 

 

 

 

Figure 5.9: FESEM images of RuO2 after 3 h, 6 h, and 10 h of calcination 

 

5.5. Hydrogen evolution reaction 

To functionalize the GCE surface, an ink was prepared with 1.0 mg RuO2, 100.0 µL of 

isopropyl alcohol, and 20.0 µL nafion. Using this freshly prepared ink 3.0 μL catalyst 

suspension was drop casted onto GCE and dried in air. The amount of catalyst loaded on 

the GCE surface was ~0.357 mg/cm
2
. Prior to use GCE was cleaned properly using 1.0 

μm, 0.3 μm and 0.05 μm alumina slurry in three different polishing cloth. After cleaning 

the polished GCE was sonicated in millipore water for 10 min and dried in nitrogen gas 

flow. 

 

5.5.1. LSV study of bare GC, RuO2 NR, commercial RuO2, and Pt/C catalyst for hydrogen 

evolution reaction  

 All the electrochemical measurements for hydrogen evolution reaction were conducted in 0.5 M 

H2SO4 aqueous solution following linear sweep voltamogram (LSV) technique with scan rate of 

10 mV/s. Potentials were measured with respect to Ag/AgCl electrode and reported with respect 

to RHE. RuO2 NRs require only 130 mV cathodic potential to achieve current density 10 

mA/cm
2 

(Figure 5.10 a and b). 
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Figure 5.10: Linear sweep voltammogram of bare GCE, commercial RuO2, RuO2 NR, and 5% Pt/C in (a) 

high scale and (b) low scale for HER 

  

 

Catalytic activity for HER of the as-synthesized RuO2 NR is compared with the commercial 

RuO2. Commercial RuO2 requires potential of -184 mV to achieve current density of 10 mA/cm
2
. 

This result significantly suggest that the synthesized RuO2 NR is catalytically more active 

compared to the commercially available RuO2 which needs 54 mV more cathodic potential to 

generate a current density 10 mA/cm
2
 as compared to RuO2 NR. Pt is known as the most 

efficient electrocatalyst for HER. Here catalytic activity of RuO2 NR is compared with Pt/C (5%) 

and is shown in Fig. 5.10a and b. Pt/C (5%) can generate 10 mA/cm
2
 current density upon 

application of -92 mV potential vs. RHE. The comparative study of various kinetic parameters of 

RuO2 NR with commercial RuO2, and Pt/C catalyst is shown in table 5.1. To have an in depth 

understanding on the superior electrocatalytic activity of RuO2 NR compared to commercial 

RuO2, electrochemically active surface area was determined for both the samples. To determine 

ECSA, first cyclic voltammogram was carried out for RuO2 NR (Figure 5.11a) and commercial 

RuO2 (Figure. 5.11b) at the potential range of 0.2157 to 0.1157 V vs. RHE. To determine the 

double layer capacitance (Cdl), current at a fixed potential of 0.1657 V vs. RHE was plotted 

against scan rate (Fig. 5.11c) which gives a straight line and the slope provides the value of Cdl. 

Double layer capacitance value for RuO2 NR is 0.909 mF, whereas, for commercial RuO2 the 

value is 0.277 mF. 
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Table 5.1 The detailed comparison of the electrocatalytic activity of RuO2 NR, commercial 

RuO2, and Pt/C catalyst.  

 

 

ECSA is calculated from the Cdl and the values are 15.15 cm
2
 and 4.61 cm

2
 for RuO2 NR and 

commercial RuO2, respectively. Roughness factor (Rf) is also calculated for RuO2 NR and 

commercial RuO2 from ECSA and the values are reported as 213 and 65, respectively. Higher 

the ECSA and roughness factor indicates the efficient electrocatalytic activity of RuO2 NR. 

Therefore, RuO2 NR has more exposed electrochemically active surface area as compared to 

commercial RuO2 during HER activity. To have deeper understanding on the efficient activity of 

RuO2 NR, mass activity is calculated at a fixed potential of -0.2 V vs. RHE. Mass activity values 

for RuO2 NR, commercial RuO2, and Pt/C (5%) are 124.61 A/g, 42.60 A/g, and 281.33 A/g, 

respectively. Therefore, from the mass activity value it is again clear that the efficient 

electrocatalyst is RuO2 NR than commercial RuO2. All the electrochemical values for hydrogen 

evolution are summarized in (Table 5.1).  A detailed HER comparison of our catalyst with other 

ruthenium based catalysts is shown in table 5.2. Stability and morphology of an electrocatalyst 

on electrode surface during hydrogen evolution is very important. Here, we have checked the 

stability of RuO2 NR by continuous run of LSV technique. The stability of RuO2 NR was 

checked up to1000 continuous cycles and the LSV curve of the initial and after 1000 cycles is 

shown in Figure 5.12. It can be seen from Figure 5.12 that there is no significant difference 

between the initial and final cycle LSV run, which confirms the robustness of the catalyst on 

electrode surface in strong acid medium. Furthermore, after electrocatalysis the morphology of 

RuO2 NR was checked with the help of TEM analysis, shown in Figure 5.13. There is no change 

in rod shaped morphology of RuO2 before and after electrocatalysis. 

Catalyst Mass 

loading 

mg/cm
2
 

Mass 

Activity 

(A/g) at -

0.2 V 

Potential 

required to 

generate 10 

mA/cm
2
 

ECSA 

(cm
2
) 

Roughness 

factor (Rf) 

Tafel slope 

(mV/dec) 

Pt/C 0.357 281.33 -92 mV   33 

Commercial 

RuO2  

0.357 42.60 -184 mV 4.61 65.02 82 

RuO2 NR 0.357 124.61 -130 mV 15.15 213.38 71.5 
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Figure 5.11:  CV measurements of (a) RuO2, (b) commercial RuO2 and (c) Current vs. scan rate plot for 

RuO2 NR and commercial RuO2 

  

5.5.2. Detailed mechanism of hydrogen evolution reaction 

To validate the overall performance of a catalyst, calculation of Tafel slope is important which 

helps to determine the mechanism of the electrocatalytic hydrogen evolution reaction. In order to 

calculate the Tafel slope the linear portion of the Tafel plots is to be fitted in the Tafel equation 

(η = b log (J) + a, where η = overpotential, b = Tafel slope, and J = current density). [22, 23] The 

value of Tafel slope is 71.5 mV/dec and 84 mV/dec for RuO2 NR and commercial RuO2, 

respectively (Figure 5.14). Whereas, Tafel slope value for Pt/C (5%) is 33 mV/dec, which is well 

matched with literature report. [6, 24-26] Lower the Tafel slope value of Pt/C shows best activity 

in hydrogen evolution, which is well acquainted in the literature. 
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Table 5.2: Comparative study of RuO2NR with other Ru based electrocatalysts 

 

Catalyst 

 

Substrates 

 

Medium 

Current density 

(mA cm
-2

) at   any 

specific    over 

potential 

 

Over potential 

(mV) at 10 mA 

cm
-2

 

 

Tafel 

slope 

 

Ref. 

r-RuO2 NPs 

(OER) 

GCE 0.1 M 

HClO4 

10 A/g oxide @  

1.48 V 

- - [9] 

RuXIr1-xO2 

(OER) 

Ti 0.5M 

H2SO4 

1 @ 240 mV - 39 [32] 

IrO2@RuO2 

(OER) 

Au 0.5M 

H2SO4 

11 @ 270 mV - 50 [10] 

Ru0.2Ir0.8O2 

(OER) 

gold disk 0.5M 

H2SO4 

- 1.62 (V) - [33] 

1D-RuO2-

CNx (OER) 

GC 0.5 M 

KOH 

- 260 56 [2] 

1D-RuO2-

CNx (HER) 

GCE 0.5 M 

KOH 

- -93 70 [2] 

Ru/C3N4/C 

(HER) 

GCrotating 

disk 

0.5 M 

H2SO4 

- 79  [6] 

RuO2 NR 

(HER) 

GCE 0.5 M 

H2SO4 

- -130 71 This 

work 

RuO2 NR 

(OER) 

GCE 1M 

NaOH 

- 78.4 92 This 

work 

 

 

 

 

Figure 5.12: LSV curve of the initial and after 1000 cycles in a strong acid 
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Figure 5.13: TEM analysis after electrocatalysis (a) low resolution and (b) high resolution 

 

In comparison with commercial RuO2, RuO2 NR shows lower Tafel slope value that confirms 

the superior activity towards the hydrogen evolution reaction. All the Tafel slope values are 

summarized in table 5.1. There are two pathways for evolution of hydrogen gas during HER 

reaction in an acidic medium. The first step is the discharge step and also known as Volmer 

reaction, where, an electron is transferred to proton or H3O
+
 and lead to the formation of RuO2-

Hads.  

 

 

 

 

 

 

 

 

Figure 5.14: Tafel slope values for commercial RuO2, RuO2 NR, and 5% Pt/C 

a b 
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The other two steps are the reaction may follow a desorption step also known as Heyrovsky 

reaction, where, the already absorbed hydrogen atom on the surface of catalyst combine with 

H3O
+
 to form hydrogen gas. Elsewhere, the reaction may follow recombination step or Tafel 

reaction, where, the absorbed hydrogen on catalyst surface may combine to form hydrogen gas. 

The Volmer, Heyrovsky, and Tafel reaction steps are shown below. In both the cases, larger 

surface area of the catalyst increased the extent of absorption, which leads evolution of more 

hydrogen gas. If the Tafel slope values are 120 mV/dec, 40 mV/dec, and 30 mV/dec then the rate 

determining step of the HER reaction is the Volmer step, Heyrovsky step, and Tafel step, 

respectively. [27] In this study, Tafel slope value of RuO2 NR (71.5 mV/dec) suggest that HER 

reaction follows Volmer-Heyrovsky mechanism with Heyrovsky as rate determining step. 

 

RuO2+ H3O
+ 

+ e
-
                   RuO2-Habs + H2O (Volmer reaction) 

RuO2-Habs + H3O
+ 

+ e
-
             RuO2 + H2 + H2O (Heyrovsky reaction) 

RuO2-Habs + RuO2-Habs             RuO2 + H2 (Tafel reaction) 

 

5.5.3. Electrochemical impedance spectroscopy analysis 

 Electrochemical impedance spectroscopy measurement study was carried out to exhibit the 

higher activity of RuO2 NR. The EIS study is helpful to understand the ease of electron 

transportation from the electrode surface to the electrolyte. The Nyquist impedance measurement 

for RuO2 NR and commercial RuO2 samples were carried out at their respective onset potential 

and in 0.5 M H2SO4 medium, shown in Figure 5.15. This semicircle represents resistance due to 

charge transfer. Evaluated data can be fitted using the equivalent circuit composed of one 

constant phase element (CPE), solution resistance (RS), and charge transfer resistance (RCT) 

between electrode surface to electrolyte. All the resistance values are summarized in table 5.3. 

Solution resistance for both the materials are almost similar, 9.58 Ω and 10.09 Ω for comm. 

RuO2 and RuO2 NR, respectively. However, it can be seen from table 5.3 that the RCT value for 

RuO2 NR is 20.44 Ω, lower than commercial RuO2 (23.58 Ω). Lowering of RCT value for RuO2 

NR indicates that there is easy, faster charge transfer, and more electrocatalytically active than 

commercial RuO2. EIS measurement of RuO2 NR is well matched with electrocatalytic result.     
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Figure 5.15: Electrochemical impedance measurement plot for RuO2 NR and commercial RuO2 

 

 

Table 5.3: Charge transfer resistances (RCT) values of RuO2 NR and  commercial RuO2 

Catalyst Rs (Ω) Rct (Ω) 

RuO2 NR 10.09 20.44 

Commercial RuO2 9.58 23.58 

 

 

5.6. Oxygen evolution reaction 

5.6.1. LSV study of bare GC, RuO2 NR, and commercial RuO2 for OER 

The activity of RuO2 NR for OER was studied by using linear-sweep voltammetry. All the 

electrochemical measurements were conducted in 1.0 M NaOH aqueous solution with scan rate 

of 10 mV/s. Potentials were measured with respect to Ag/AgCl electrode and reported as RHE 

electrode. The current densities are normalized to the geometric surface area of the electrode. It 

can be seen from Figure 5.16a and b that RuO2 NR exhibit two anodic oxidation peak. The first 

peak located at 1.24 V vs. RHE for the oxidation of Ru(IV) to Ru(VI) or Ru(VIII). During 

anodic potential sweep higher valence state of Ru at metal-electrolyte interface is well matched 

with literature. [18-30] Kötz and co-workers reported the higher valence state of Ru species 
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during oxygen evolution reaction in alkaline medium. [31] The second peak centred at 1.41 V vs. 

RHE is due to the oxidation of water. During electrocatalysis it is noted that the potential of 1.50 

V vs. RHE is required to generate 10 mA/cm
2
 using RuO2 NR, whereas, for commercial RuO2 

1.61 V vs. RHE is required. Within this potential window bare GCE does not show any catalytic 

activity. Successive increase of current density has been observed with further applied potential. 

Therefore, RuO2 NR is more catalytically active than commercial RuO2. To show higher 

electrocatalytic activity of RuO2 NR mass activity of both RuO2 samples has been calculated at a 

potential of 1.65 V vs. RHE. The mass activity values are 52.49 A/g and 177.56 A/g for 

commercial RuO2 and RuO2 NR, respectively. Therefore, higher value of mass activity 

represents an efficient electrocatalyst for water oxidation. To exhibit the superior activity of 

RuO2 NR Tafel slope value was calculated from the polarization curve. Figure 5.17 shows the 

Tafel slope value of RuO2 NR is 92.6 mV/dec, whereas, for commercial RuO2 Tafel slope is 122 

mV/dec. The lower Tafel slope value of RuO2 NR indicates remarkably high electrocatalytic 

activity, ease of charge transportation, and suggest electrolyte to penetrate and attach with the 

surface active site of catalyst. The stability of RuO2 NR on electrode surface in alkaline medium 

was checked up to 500 continuous cycles and the result is reported in Figure 5.18. The negligible 

change in current density and onset potential of initial and final LSV was observed, which 

dictates the robustness of the catalyst in a highly alkaline condition. 

 

 

 

Figure 5.16: Linear sweep voltammogram curve of bare GCE, commercial RuO2, RuO2 in (a) high scale (b) 

low scale for OER 
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Figure 5.17: Tafel slope values for commercial RuO2 and RuO2 NR 

 

A detailed comparison of all the electrochemical kinetic parameters of our catalysts with 

ruthenium based metal oxides in both HER and OER  are  shown in Table 5.2.  From the table it 

is evident that our synthesized RuO2 NR is comparable in OER and HER activity with other 

RuO2  based morphology. 

5.6.2. Electrochemical impedance spectroscopy for OER 

 To know the charge transportation between electrode and electrolyte EIS analysis was 

performed at the respective onset potentials in 1.0 M NaOH. Figure 5.19 shows the Nyquist plot 

 

 

 

 

 

 

 

 

 

 

Figure 5.18: LSV curve of the initial and after 1000 cycles in a strong base 
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of both  RuO2 NR and commercial RuO2. From the plot it is clear that in case of RuO2 NR there 

is a diffusion part along with the charge transfer. Observed charge transfer resistance of RuO2 

NR is only 3.8 Ω whereas in case of commercial RuO2 it is 67.82 Ω. Lower the charge transfer 

resistance value indicates the higher electrocatalytic activity of RuO2 NR compared to 

commercial RuO2 in OER. 

 

 

 

Figure 5.19:  Electrochemical impedance measurement plot for commercial RuO2 and RuO2 NR 

 

5.7. Conclusion 

In conclusion, a simple and facile thermal methodology for the synthesis of highly 

crystalline 1D RuO2 NR without using any support. RuO2 nanorod samples have been 

characterized by XRD, XPS, FESEM, and TEM analysis. The growth mechanism of 

RuO2 nanorod formation has been confirmed from FESEM analysis. RuO2 NR showed 

excellent electrocatalytic activity for both hydrogen and oxygen evolution reaction. In 

HER, lower (71.5 mV/dec) Tafel slope value of RuO2 NR suggest that HER reaction 

follows Volmer-Heyrovsky mechanism with Volmer is rate determining step. The Tafel 

slope value of RuO2 NR is 92.6 mV/dec in oxygen evolution reaction. Therefore, this 

catalyst proved to be a prominent substitute of other oxide and sulphide nanomaterials in 

HER and OER. 
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Abstract 

IrO2 nanosheet, a catalyst for oxygen evolution reaction is developed via wet-chemical route. 

IrO2 NS was synthesized using Ir
3+

 salt, urea, and glucose followed by calcination at 500  C for 

10 h. The 2D morphology of IrO2 was aimed to produce a good OER catalyst with admirable 

activity as compared to other IrO2 catalyst with different morphologies. IrO2 NS needs a 

potential of 1.6 V vs. RHE to generate 10 mA/cm
2
 current density. On comparison with the 

commercial IrO2 it has been confirmed that commercial IrO2 requires the overpotential of 246 

mV to achieve current density of 10 mA/cm
2
 that indicates 150 mV more overpotential is 

required to generate a current density of 10 mA/cm
2
 as compared to IrO2 NS. The reason for 

excellent oxygen evolution activity of IrO2 NS corresponds to 2D morphology which has high 

surface area and possibly of more active sites that can make rapid electron flow during 

electrocatalytic reaction. Formation of oxygen using IrO2 nanosheet as an electrocatalyst is 

represented in scheme 6.1.  

 

 

 

 

Scheme 6.1: Diagrammatic representation of oxygen evolution using IrO2 NS 
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6.1. Introduction 

 

One of the most important natural phenomenon that human beings have tried is photosynthesis 

(natural splitting of water). Artificial splitting of water is the biggest challenge in front of 

scientific community because it is very difficult to split water into oxygen and hydrogen gas 

under normal conditions. Strong and effective efforts have been put forward to bring this 

interesting phenomenon (artificial photosynthesis) to happen. The phenomenon of artificial 

photosynthesis have achieved considerable attention round the globe, because it is believed that 

artificial photosynthesis is one of the important technique to store energy and to produce green 

fuel, H2 gas. [1, 2] 

 Production of oxygen gas via electrocatalytic oxidation of water has attained plenty of 

interest, because water splitting via oxygen evolution is playing a vital role in chemical energy 

storage. [3] Oxygen evolution reaction (OER) is a basic phenomenon for many important and 

convenient energy conversion and storage technologies like electrolysis of water and 

rechargeable metal-air batteries. [3, 4] Need of time demands the invention and discovery of 

efficient water oxidation electrocatalyts to improve future energy technology. Various metal 

oxides like Co3O4, Mn2O3, Rh2O3, IrO2, and RuO2 have solved this problem to certain extent. [5-

9] It has been proclaimed that for OER, metal oxide catalysts formed from 4d/5d metal elements 

(e.g., RuO2 and IrO2) have shown better efficiency than 3d metals. [3] Though 4d/5d metal 

oxides are more promising in OER but on the other hand they are too expensive. One of the 

drawback for metal oxide based catalysts for OER is the stability of high metal oxidation state. 

[10]
 
 However, IrO2 and RuO2 have shown great success both in terms of stability and efficiency. 

In comparison between IrO2 and RuO2 metal oxide, IrO2 is considered as a better catalyst 

because RuO2 readily gets converted to higher and unstable oxidation state RuO4. [11, 12] 

 Different efforts and techniques have been employed for the synthesis of IrO2 

nanomaterial, e.g., vapor deposition, thermal decomposition, and pulsed-laser deposition using 

iridium salt. [13-15] One of the widely discussed process is calcination of iridium metal 

precursor to synthesize iridium oxide nanomaterial. Tak and co-workers reported, with the 

increase in calcination temperature Ir metal precursor is converted into iridium oxide 

nanoparticles. [16] The study revealed that metal precursors are initially converted into metallic 

iridium and then oxidized to iridium oxide. The same group also reported the increase in 

crystallinity during particle growth with increase in calcination temperature. [16] The formation 
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of thin iridium oxide by calcination was also studied by Johnson and co-workers. [17]  Chen and 

co-workers reported the pyrolysis of iridium metal precursors under high temperature to 

synthesize colloidal IrO2 nanoparticles for OER. [18] Zhou and co-workers developed a 

fascinating chemical pathway for the synthesis of metal oxide nanosheets at 500 °C for energy 

conversion. [19] 

 Being inspired from the above studies we hereby elucidated a simple and facile thermal 

method to synthesize highly crystalline IrO2 nanosheet (NS) without using any stabilizer. IrO2 NS 

was synthesized using a wet-chemical approach. During the synthesis, Ir
3+

 salt was added in 

glucose and urea and the mixture was heated at 150 °C for 6 h, resulting in the formation of 

black floppy mass of carbon slurry with homogeneously distributed Ir
3+

 salt. The carbon slurry 

was calcined for 10 h at 500 °C to get IrO2 NS. To prove the authenticity of the material IrO2 NS 

was characterized using powder X-ray diffraction, field emission scanning electron microscopy, 

X-ray photoelectron spectroscopy, and transmission electron microscopy techniques. The 2D 

morphology of IrO2 NS was aimed to increase surface area, number of active sites, and fast 

electron transfer during electrocatalytic activity. The activeness of the catalyst was justified by 

OER results. For OER, 1.62 V potential was required to gain 10 mA/cm
2
 current density. The 

advantages of as-synthesized IrO2 NS are multifold. First, a simple and convenient approach has 

been used to synthesize IrO2 NS without any stabilizer. Second, IrO2 NS has been explored for 

oxygen evolution electrocatalysis. 2D morphology of IrO2 has high surface area and possibly 

more number of active sites that can make rapid electron flow during OER.  

 

6.2. Experimental Section 

6.2.1. Synthesis of IrO2 nanosheet 

 

 A simple and convenient wet-chemical method was developed by Chen and co-workers for the 

synthesis of TiO2, Fe2O3, Co3O4, ZnO and metal oxide nanosheet. [19] Similar method was 

followed for IrO2 synthesis. This method consists of pre-calcination and calcination steps. In pre-

calcination step, a black color carbon slurry with uniformly distributed Ir
3+

 salt was obtained by 

giving a heat treatment to 1.0 g urea, 5.0 g glucose, and 2.0 mL of 0.02 M IrCl2.3H2O at 150 °C 

for 6 h. After that the carbon slurry was calcined at 500 °C for 10 h in a muffle furnace. Prior to 

calcination the carbon slurry was well crushed using mortar pastle and transferred into a covered 
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crucible. Finally, a black color product was left in the crucibles and was used without any further 

purification. The formation of IrO2 is shown in scheme 6.2. 

 

 
 

Scheme 6.2: Schematic representation for IrO2 NS synthesis using wet chemical route 

 

 

6.3. Results and Discussion 

 

6.3.1. Powder X-ray diffraction pattern of IrO2 NS 

The diffraction pattern and crystal phase was determined by PXRD as shown in Figure 6.1. The 

diffraction peaks were compared with literature and is well (JCPDS 88-0288) agreement with 

our result. [20] The diffraction peaks at 2θ = 28.033°, 34.74°, 40.28°, 54.11°, 58.37°, 66.07°, 

69.16° and 73.26° corresponding to (110), (101), (200), (211), (220), (310), (301) and (202) 

planes, which authenticates that IrO2 is pure with rutile structure. Similar rutile structure of IrO2 

has been reported by Sampath and co-workers. [21]  

 

 

Figure 6.1: Powder X-ray diffraction patterns of IrO2 NS  
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6.3.2. FESEM and TEM analysis 

To study the nature and morphology of IrO2 FESEM images were taken as shown in Figure 6.2. 

The images revealed well developed two dimensional sheet type morphology of IrO2. The 

information from TEM analysis also elucidate the sheet morphology of as-synthesized IrO2, 

shown in Figure 6.3. It can be seen from the TEM images that there are superimpositions of the 

planes, this overlapping of planes justify sheet formation (Figure 6.3b). HRTEM image shows 

interplanar distance equal to 0.258 nm, which infers the growth mainly occurs through (101) 

plane (Figure 6.3b). The presence of Iridium and Oxygen are confirmed by EDS analysis (Figure 

6.4) The authentication of the presence of Iridium and Oxygen elements is also confirmed by 

EDS line mapping analysis (Figure 6.5). 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: FESEM images of IrO2 NS  

 

 

 

 

 

 

 

 

 

 

 

Figure: 6.3 (a) TEM and (b) HRTEM image of IrO2 NS. HRTEM image shows the d-spacing calculation  
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Figure 6.4: EDS spectrum of IrO2 NS 

 

 

 

 

 

 
Figure 6.5: Line mapping of IrO2 NS  
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6.3.3. XPS study of IrO2 NS 

The whole XPS analysis of IrO2 is shown in Figure 6.6. The survey spectrum reveals the 

presence of Ir 3d (313.5 eV and 297.2 eV) [24, 25], O1s (531.1 eV) [22, 26]
 
and C1s (284 eV). 

The high resolution XPS spectra of Ir 4f and O 1s is illustrated in Figure 6.6b, and c, which 

confirms Ir(IV) oxidation state in IrO2. For Ir 4f two energy states, 4f7/2 and 4f5/2 are attributed to 

the binding energy of 61.2 eV and 64.01 eV, respectively. While for O 1s the binding energy is 

531.1 eV.  Peuckert and co-workers reported similar binding energy of Ir in electrochemically 

grown layer of IrO2. [22] 

 

  
Figure 6.6: XPS analysis of IrO2 (a) survey spectrum high resolution of (b) Iridium (c) Oxygen 

 

 

6.4. Formation mechanism of IrO2 nanosheet 

A simple and wet chemical approach has been used to synthesize IrO2 NS. Urea, glucose and 

iridium chloride have been used via heat treatment of 6 h at 150 °C in a beaker resulting in the 

formation of fluffy mass of carbon slurry. This has been followed by calcination, in which the as-

obtained carbon slurry has been calcined for 10 h at 500 °C in a muffle furnace. Prior to 

calcination, the carbon slurry has been well crushed in a mortar pastle and kept in a covered 

crucible. In order to know the mechanism of formation and growth morphology, heat treatment 

of 3 h and 6 h have been given at 500 °C. As the melting point of glucose and urea is 137 °C and 

135 °C, respectively, so, during the precalcination treatment glucose is turned into molten syrup 

(polymeric form of glucose). During the process gases (CO2, NO2 etc.) driven from urea blow 
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the polymeric form of glucose into a large number of bubbles. The metal salts are also associated 

with these thin walled bubbles. By the time the bubble walls gradually get thinner by the 

continuous blow of gases from urea and results in the formation of porous carbon foam 

containing metal salts. This precalcination step is interesting for so many reasons. First, in 

molten form of glucose metal salts are not thermally decomposed. Second, molten glucose could 

be easily turned into bubbles by the blowing of gases. Third, most importantly the molten form 

of glucose is abundant in the oxygen functional groups which helps in uniform and homogeneous 

distribution of metal salts. FESEM and PXRD analysis have been performed for both 3 h and 6 h 

samples. PXRD (Figure 6.7) analysis of 3 h sample revealed that along with IrO2 small amount 

of metallic Ir is also present. The existing 2θ values at 40.9°, 47.4°, 69.2°, 83.5° and 87.7° with 

the crystal planes (111), (200), (220), (311) and 222, respectively are attributed to metallic 

iridium. [16, 20, 21, 27-30]
 
Interestingly, in 6 h sample all the peaks of metallic iridium are 

almost disappear, while the peak intensity of (110), (101) and  (200) at 2θ = 28.03°, 34.74°, and 

40.28° increases. This information interprets higher crystallinity and growth of IrO2 at 6 h as 

compared to 3 h sample.  

 

 

 
Figure 6.7: PXRD analysis of IrO2 sample after 3 h and 6 h of calcination 

 

 

Tak and co-workers also reported with the increase in calcination time and temperature metallic 

Ir converted into IrO2 and more crystalline. [16] Degree of crystallinity increases with the 

increase in calcination temperature has also been reported by Linkov and co-workers. [27] The 
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results shown by Kraehnert and co-workers are also in line that increase in crystallinity of IrO2 

sample with time. [31] FESEM analysis of 1 h, 3 h, 6 h and 10 h IrO2 samples have been carried 

out. From the FESEM study it is quite clear that the sheet formation starts just after 1 h and 3 h 

calcination treatment, but the sheets are very thick. After 6 h of calcination the sheets become 

thinner and finally, the sheets are extremely thin after 10 h heat treatment, which is shown in 

Scheme 6.3. 

 

 

 

Scheme 6.3: Representation of formation of IrO2 NS in different time intervals 

 

 

6.5. Application in oxygen evolution reaction 

An ink was prepared by using 1.0 mg IrO2 sample, 100 µL of isopropyl alcohol, and 20.0 µL 

nafion. In order to functionalize GCE, 3.0 μL freshly prepared catalyst suspension was drop 

casted on GCE surface. This results in loading of ~0.357 mg/cm
2
 amount of catalyst on the 

surface of GCE. Before drop casting GCE was cleaned properly by 1.0 μm, 0.3 μm and 0.05 μm 

alumina slurry in three different polishing cloth. After that well cleaned and polished GCE was 

sonicated in millipore water for 10 min and dried in nitrogen gas flow prior to use.   

 

6.5.1. LSV comparative study of bare GC, IrO2 NS, and commercial IrO2 

To check the electrocatalytic OER activity of IrO2 NS, linear sweep voltammetry (LSV) 

technique was used. All the experiments were conducted in 0.5 M KOH. The scan rate of 10 

mV/s was taken during the measurements of LSV polarization cures. Potentials were measured 
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with respect to Ag/AgCl electrode and finally converted to RHE electrode. The current densities 

so obtained were normalized to the geometric surface area of the electrode. From the anodic 

polarization curves Figure 6.8a & b, IrO2 NS has onset potential of 1.526 V vs. RHE and 

overpotential of 96 mV is required to achieve current density of 10 mA/cm
2
. To know the 

electrocatalytic efficiency of as-synthesized catalyst we have compared the activity with 

commercial IrO2. 

 

 

 

 

 
Figure 6.8: LSV curve of bare GCE, IrO2 (10 h), and commercial IrO2 in (a) high scale and (b) low scale  

 

 

The results illustrated that the onset potential of commercial IrO2 is 1.541 V and it requires the 

overpotential of 246 mV to achieve current density of 10 mA/cm
2
 that indicates commercial IrO2 

needs 150 mV more overpotential for 10 mA/cm
2
 as compared to IrO2 NS. The reason behind 

the better efficiency of IrO2 catalyst can be explained based on electrochemical surface area 

calculation. ECSA values are obtained by plotting CV curves of IrO2 NS and commercial IrO2 in 

the potential region of 1.00 to 1.10 V (vs. RHE) at different scan rates in 0.5 M H2SO4 solution 

(Figure 6.9a and b). The double layered charging current was then measured from CV curves at a 

potential of 1.06 V and these values were plotted against different scan rates, which gives linear 

relationship (Figure 6.9b). The slope is equal to double layer capacitance (Cdl) of IrO2 NS and 

commercial IrO2 electrode. The measured double layered capacitance of IrO2 NS and 
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commercial IrO2 catalysts are 0.74 mF and 0.125 mF, respectively. Finally, ECSA values are 

calculated by taking the ratio of non-Faradaic capacitive current to smooth surface area of IrO2 

oxide where, Cs is the specific capacitance of smooth surface of an IrO2 oxide and is equal to 60 

μF. ECSA value of IrO2 NS and commercial IrO2 are 12.34 and 2.08, respectively. The greater 

ECSA value of IrO2 NS favors more activity and better efficiency. Detailed comparison of mass 

activity, ECSA, roughness factor (Rf) (which have been utilized to predict the performance of 

electrocatalysts) of IrO2 NS and commercial IrO2 are summarized in table 6.1. 

 In order to know the stability of IrO2 catalyst, 500 continuous cycle has been performed 

during OER. It has been observed (Figure 6.10) from the LSV curve of initial and after 500 cycle 

that there is no significant change in current density and onset potential. This indicates the 

robustness of the catalyst in a strong base. Comparison of OER activity of as-synthesized IrO2 

and literature report with IrO2 based catalysts under both acidic and basic conditions is shown in 

table 6.2.  

 

 

6.6. Mechanism of OER 

Formation of oxygen-oxygen double bond requires four electrons, hence a very difficult process 

to monitor. Removal of four electrons is unfavorable both kinetically as well as 

thermodynamically. So, OER has sluggish kinetics. The most widely applied technique to study 

electrocatalytic reactions is steady-state Tafel plot analysis. In the present study the Tafel slope 

value is  82 mV dec
-1

, which is shown in Figure 6.11. 
 

 

 

Table 6.1: Comparison of different kinetic parameters of IrO2 NS with commercial IrO2 

 

Anode Mass 

loading 

mg/cm
2
 

Mass 

Activity 

(A/g) at 

1.620 V 

Over potential  

required to 

generate 10 

mA/cm
2
 

ECSA Rough-

ness factor 

(Rf) 

Tafel 

slope 

(mV/dec) 

Commer-

cial IrO2  

0.357 10.11 246 mV 2.08 29.44 154 

IrO2 NS 

(10h) 

0.357 27.2    96 mV 12.34 173.80 97 
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Figure 6.9 Current vs. potential plot of (a) IrO2 NS, (b) commercial IrO2, and (c) current vs. scan rate plot 

 

 

Table 6.2: Comparison of OER activity data for different catalyst in acid and basic medium. 

 

 

Catalyst 

 

substrates 

 

Medium 

Current density 

(mA cm
-2

) at   

any specific    

overpotential 

 

Overpotential 

(mV) at 10 

mAcm
-2

 

 

Tafel 

Slope 

 

Reference 

IrO2-TiO2 GCE 0.1 M 

HClO4 

10 Ag
−1

@ 

1.485 V 

- 42 [6] 

IrOx/Au Au 0.1M 

NaOH 

- 370  [10] 

IrO2 

 

RDE 0.1 M 

HClO4 

3.4 A gox
−1

 at E 

= 1.48 V 

- 44 [20] 

IrOx(OH)y 

film 

 

FTO 

 

0.1 M 

phosphate 

solution 

12.4 mA cm
−2

 at 

1.6 V 

- 42 [12] 

IrO2 GCE 0.5M 

H2SO4 

- 0.24 V at 0.5 mA 

cm
-2

 

- [18] 

DNA@Ir

O2 NPs 

GCE 0.1M 

NaOH 

- 312 90 [24] 

IrO2 NS GCE 0.5M KOH - 96 97 This work 
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Figure 6.10: LSV curve of the initial and after 500 cycles in a strong base 

 

 

6.7. Electrochemical impedance spectroscopy  

To know the charge transport efficiency, impedance measurements are carried out for IrO2 

catalysts at their respective onset potentials in 0.5 M KOH. The results are obtained through RC 

(resistor–capacitor) circuit. The semicircle in the Nyquist plot is attributed to single "time 

constant" and determines the resistance offered because of charge transfer. 

 

 
 

Figure 6.11: Tafel slope for IrO2 NS and commercial IrO2  
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Figure 6.12: Electrochemical impedance measurement plot for (a) IrO2NS and commercial IrO2 (b) magnified 

version of IrO2 NS  

 

 

An equivalent circuit that is composed of one constant phase element (CPE), RS = solution 

resistance and RCT = charge transfer resistance is used to fit the evaluated data. The Nyquist plot, 

are presented in (Figure 6.12) The calculated solution resistance (RS) and charge transfer 

resistance (RCT) are shown in Table 6.3. RCT value of IrO2 lies in low frequency region and the 

value is 81 Ω. The low RCT value infers fast reaction kinetics, which also indicates high charge 

transport efficiency and  excellent electrolyte electrode interface connectivity. 

 

Table 6.3: Charge transfer resistance and solution resistance of IrO2 NS and commercial IrO2 

 
       Anode RS(Ω) RCT(Ω) 

 IrO2 (10 h) 24 81 

 Commercial IrO2   19 476 

 

 

 

6.8. Characterization after electrocatalysis 

After doing the electrocatalysis study we have collected the sample in order to know the 

morphology of the nanosheet. We have checked the morphology with FESEM analysis and the 
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presence of metal ions has been confirmed from EDS analysis. The results revealed that the 

nanosheet has retained the sheet morphology with similar composition (Figure 6.13). 

 

 

 

 
 

Figure 6.13: FESEM (a) and EDS (b) analysis after electrocatalysis of IrO2 NS 

 

 

6.9. Conclusion: 

In conclusion, we have demonstrated a simple and facile thermal methodology for the synthesis 

of highly crystalline IrO2 NS without any support. IrO2 NS samples have been characterized by 

XRD, XPS, FESEM, and TEM analysis. The growth mechanism of IrO2 nanosheet formation has 

been confirmed from FESEM analysis. IrO2 NS showed excellent electrocatalytic activity for 

oxygen evolution reaction. IrO2 NS required potential of 1.622 V to gain 10 mA/cm
2
 current 

density with the Tafel slope value of 97 mV/dec in OER. So IrO2 NS proved to be better catalyst 

than commercial IrO2. 

 

 

 

 

 

 

a b 
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7.1. Conclusion 

 Nanoscience and Nanotechnology is the great invention in the field of science. Recent 

advancement in the synthesis approach and new innovations in electronic microscopes and other 

instruments have shown great impact in the synthesis and characterization process of 

nanomaterials. Materials in nanodimension have shown better efficiency than the bulk materials.  

 Graphitic-carbon nitride (g-C3N4) proved to be one of the important substrates for the 

synthesis of metal nanoparticles. Monometallic Pd and Pt nanoparticles were decorated on the 

surface of C3N4 results in the formation of C3N4/Pd and C3N4/Pt composites. These 

nanocomposites proved efficient catalysts for nitrocompound reduction and hydrogen evolution 

reactions. In nitro aniline reduction C3N4/Pd proved to be the best catalyst while in case of 

hydrogen evolution reaction C3N4/Pt was a better catalyst. 

  We further explored the semiconducting surface of C3N4 and succeed in synthesizing 

bimetallic alloy nanoparticles of AgPd, AgPt and AgAu via galvanic exchange, where Ag acted 

as sacrificial atom. As the galvanic exchange took place on the solid surface, so 100% 

replacement of Ag could not be achieved. In this process initially Ag NPs were synthesized on 

the surface of C3N4 and later sacrificial Ag was replaced by Pd, Pt and Au nanoparticles resulting 

in the combination of C3N4/AgPd, AgPt and AgAu alloys. These bimetallic alloys were applied 

in hydrogen evolution reactions where C3N4/AgPt proved to be a best catalyst.  

   Au nanoparticle decorated CuS nanoplates were fabricated via photochemical reduction 

of Au(III) ions to Au nanoparticles on the surface of CuS plates. Au nanoparticle modified CuS 

nanostructure function as an efficient electrocatalyst in electrocatalytic hydrogen evolution 

reaction as well as photocatalytic decomposition of MB dye under visible light. Upon application 

of external potential Au nanoparticles helps in rapid charge transfer from CuS to electrolyte to 

enhance the electrocatalytic performance in hydrogen evolution reaction.  CuS-Au-3 showed best 

performance in photocatalytic decomposition of MB dye under visible light. Au nanoparticle 

present on the surface of CuS behave as an electron sink, which drags photo generated electron 

from CuS under irradiation of visible light and facilitate the MB degradation process nearly 21 

times. 

 We also developed a simple and facile thermal methodology for the synthesis of 

highly crystalline 1D RuO2 NR without using any support. The growth mechanism of 

RuO2 nanorod formation was confirmed from XRD and FESEM analysis. RuO2 NR 
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showed excellent electrocatalytic activity for both hydrogen and oxygen evolution 

reaction. Therefore, this catalyst proved to be a prominent substitute of other oxide and 

sulphide nanomaterials in HER and OER.  

 Similar wet chemical route like RuO2 NR was also used to synthesize IrO2 2D 

nanosheet. Mechanism of formation of IrO2 NS was studied in detail by giving different 

calcinations treatment to the carbon slurry obtained in pre-calcination step. IrO2 NS 

proved an excellent OER catalyst and electrocatalytic activity of IrO2 NS was better than 

commercial IrO2. 

 

 

7.2. Future Scope 

 Synthesis of g-C3N4/IrO2, g-C3N4/IrO2/Pd and Pt: Combination of C3N4/IrO2 is 

possible by synthesizing IrO2 on the surface of C3N4. The as synthesized combination of 

C3N4/IrO2 nanocomposites can be decorated with Pd or Pt nanoparticles for 

photocatalysis as well as electrocatalysis. 

 Synthesis of bimetallic alloy of Pd and Pt in different ratios on the surface of carbon 

nitride for HER: Alloy of PdPt can be decorated on C3N4 in different proportions and 

can be used to check HER activity as well as nitro aromatic reduction.  

 Synthesis of IrO2/Pd or RuO2/Au composition as bifunctional electrocatalyst (HER 

and OER): Simple and facile thermal methodology for the synthesis of highly crystalline 

1D RuO2 NR and 2D IrO2 NS without using any support can be further modified by 

decorating Au and Pd nanoparticles on RuO2 and IrO2 surface for OER and HER. 
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