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Synopsis 

This thesis mainly focuses on improving the charge transport of nanocrystalline solids 

through its interface connection, and their ascertainment of efficiency of catalytic activity in 

electrochemical hydrogen evolution reaction (HER) and photoelectrochemical (PEC) water 

splitting. In this regard, TiN - N-doped few-layer graphene (TiN-NFG) nanocomposite, Sn-

doped In2O3 (ITO) and PbX (X = S and Se) nanocrystals (NCs) are synthesized and 

characterized. Then, the charge transport properties of these nanocrystaline solids are studied 

in detail. Subsequently, electrocatalytic and co-catalytic activity of TiN-NFG nanocomposites 

are determined in HER, dye sensitized solar cell (DSSC) and PEC water splitting. 

Mechanistic origin of localized surface plasmon resonance (LSPR) band of ITO NCs and 

their co-catalyst efficiency are evaluated in PEC water splitting. In the end, electronic grade 

semiconductor films are made from colloidal PbS and PbSe NCs by employing oriented 

attachment. More details of different chapters of this thesis are discussed below. 

Chapter 1. Introduction: This chapter gives a brief introduction of the work carried out in 

this thesis. To begin with, the recent progress of hydrogen energy production is discussed 

briefly. Subsequently, basic principles of the experimental methods such as HER and PEC 

water splitting are discussed. The fundamentals of widely used protocols of colloidal 

synthesis and solid state reactions are described. NCs provide more surface to volume ratio 

yielding more active sites for catalytic reactions. But this large contribution of surface sites 

hiders charge transport in NC solids, which often reduces catalytic processes in HER and 

PEC water splitting. Therefore, approaches to improve the charge transport properties of 

nanocrystalline solids are discussed. In the approach-1, the basis of choosing of TiN-NFG 

nanocomposite is discussed. Owing to metallic nature of TiN and good charge transport 

property of NFG, TiN-NFG nanocomposite is prepared with large surface area for catalysis. 

Moreover, activity of counter electrode in DSSC and principles of solar cells are described 

briefly since some of the electrocatalyst for HER has the potential to act as counter electrode 

in DSSC. In the approach-2, we describe another strategy to achieve electronic grade 

semiconductor film from colloidal PbS and PbSe NCs by employing oriented attachment. In 

the end, we discuss the scope of present thesis work, where the charge transport of 

nanocrystaline solids is improved through their interface connection to enhance the efficiency 

of electrochemical HER and PEC water splitting.  

Chapter 2. Colloidal Nanocomposite of TiN and N-Doped Few-Layer Graphene for 

Solar Cell and Electrochemical Hydrogen Evolution: In this chapter, we report the 
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synthesis of colloidal TiN-NFG nanocomposite starting form molecular precursors. Thus, we 

establish a stable chemically bound interface between TiN and NFG providing colloidal 

stability and improved charge transfer across the interface. Interesting properties such as 

LSPR band arising from TiN NCs, colloidal stability, high surface area (270 m
2
/g) and 

electrical conductivity (0.3 ohm cm) of both colloidal nanocomposite and their films are 

explored. Owing to the combination of these properties, we evaluate the counter electrode 

efficiency of TiN-NFG nanocomposite in DSSC. The DSSCs prepared using TiN-NFG 

counter electrode exhibit high power conversion efficiency of 8.9 % which are comparable to 

our DSSC prepared using Pt counter electrode. The nanocomposite also exhibits stable 

electrocatalytic HER with reasonably low overpotential of 161 mV at 10 mA/cm
2
 current 

density. Overall, our TiN-NFG nanocomposite is an alternative of expensive noble metals 

like Pt, for electrocatalytic applications. 

Chapter 3. 2D Nanocomposite of g-C3N4 Nanosheet and TiN - N-Doped Graphene 

for Photoelectrochemical Reduction of Water using Sunlight: In this chapter, we 

introduce a 2D co-catalyst, TiN-NFG nanocomposite for improving the PEC water splitting 

performance of 2D g-C3N4 nanosheet (photocatalyst). 2D/2D layered hetero-junctions are 

constructed between g-C3N4 nanosheet and TiN-NFG nanocomposite. The extended interface 

of 2D g-C3N4:TiN-NFG nanocomposite suppresses recombination of photo-excited electron-

hole by separating the charge carriers and also reduces the charge transfer resistance (Rct) 

across the electrode/electrolyte interface. Subsequently, the enhancement in the overall PEC 

performance is observed for the 2D g-C3N4:TiN-NFG nanocomposite. The nanocomposite 

shows ~16 times enhancement in the PEC activity of g-C3N4 nanosheet at 0.11 V versus 

reversible hydrogen electrode (RHE) under simulated solar light illumination. The 

nanocomposites exhibit good stability under experimental conditions and are cost-effective 

without involving any noble metal. This study establishes TiN-NFG as a promising 2D co-

catalyst for PEC water splitting. 

 

Chapter 4. Plasmonic Properties of Sn-Doped In2O3 Nanocrystals and Their Co-

catalytic Activity with g-C3N4 Nanosheets for Photoelectrochemical Reduction of 

Water 

In this chapter, we synthesize colloidal Sn-doped In2O3 (ITO) NCs following reported 

protocol. ITO NCs showing LSPR band in the near infrared region suggests the presence of 

metallic free electrons in ITO NCs, similar to TiN NCs studied in previous chapters. 
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Mechanistic origin of generation of free electrons in ITO NCs during our synthesis is studied. 

These free electrons can promote the electrical conductivity required for co-catalytic 

application for PEC reduction of water. We prepare nanocomposite of g-C3N4 nanosheets 

(photocatalyst) and ITO NCs co-catalyst for PEC reduction of water. The ITO NCs as a co-

catalyst supress the photoluminescence intensity and also reduce the Rct at 

electrode/electrolyte interface. Consequently, the enhancement in the PEC performance is 

observed for the g-C3N4:ITO (2%) nanocomposite. The nanocomposite shows ~6 times 

enhancement in the PEC activity of g-C3N4 nanosheets at 0.11 V vs RHE under simulated 

solar light illumination.  

 

Chapter 5. Electronic Grade and Flexible Semiconductor Film Employing Oriented 

Attachment of Colloidal Ligand-Free PbS and PbSe Nanocrystals at Room                

Temperature: In this chapter, electronic grade semiconductor thin films are prepared using 

colloidal ligand-free PbS and PbSe NCs at room temperature. The sintering temperature of 

NCs is decreased to room temperature by employing two strategies: (i) synthesis of ligand-

free colloidal PbS and PbSe NCs, and (ii) oriented attachment of NCs. Dipole moment of PbS 

and PbSe NCs encourages oriented attachment of NCs, decreasing the activation energy for 

the fusion of NCs. Therefore, the organic-free surface and the oriented attachment of NCs 

help the easier fusion of NCs forming larger crystal of PbS and PbSe during the precipitation 

process of NCs. Larger sized solution processed crystals provide better charge transport by 

making NC film at room temperature. Current (I) vs voltage (V) plots of PbS and PbSe NC 

films exhibit linear ohmic behavior with electrical conductivities 0.03 S/m and 0.08 S/m 

respectively after processing the film at room temperature. The electrical conductivities 

increase to 1.1 S/m and 137 S/m for PbS and PbSe respectively, after annealing the film on 

glass substrate at 150 
o
C. The grain boundary effect on the films of PbS and PbSe NCs is 

studied using AC impedance spectroscopy. Our study suggests that a combination of oriented 

attachment and organic-free colloidal NCs can be explored for other NC systems as well in 

future for preparing a semiconductor film at room temperature. 

 

Thesis Summary and Future Outlook: In this section we summarize the major findings 

of the thesis work, and discuss about possible future directions.  
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1.1 Energy and Civilization 

In the beginning of 1970‟s, hydrogen fuel was considered as energy source.
1-2

 Hydrogen is 

the most abundant element in the earth.
3
 However, it does not exist in the form of molecular 

hydrogen. Thus, for the production of molecular hydrogen, efficient technologies are needed. 

Presently, fossil fuels are major source for the production of hydrogen fuel through steam 

reforming process.
4
 In this process steam reacts with hydrocarbons at high temperature (700 - 

1100 
o
C) giving the products of hydrogen fuel and carbon dioxide. This is efficient method to 

produce hydrogen fuel in large scale but disadvantage is that the fossil fuels are non-

renewable sources. Also in this reaction, along with molecular hydrogen, carbon dioxide get 

emitted into environment which leads the environmental pollution.
5
  

 

Figure 1.1: Schematics showing hydrogen fuel production from clean and renewable energy 

sources and, hydrogen utility in various aspects. Reprinted with permission from ref.
6
 

Copyright 2018, Wiley-VCH Verlag GmbH & Co. 

 

Recently, International Energy Agency has given a report on global energy demand. The data 

suggest that the global energy demand will be increased by 30% in the year 2040 and, carbon 

dioxide emissions will be reached by 35% Gt/year in 2040.
6-7

 In this context, production of 

sustainable energy in large scale with low-cost, and from clean and renewable energy sources 

is one of the top priorities in front of the scientists and engineers. To this end, scientific 

community has been taken initiative to produce energy from renewable sources such as solar, 
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hydropower and wind energy.
8-9

 Significant contribution of energy production has been 

achieved through these sources. However, these energy sources still include problems like 

low energy delivery efficiency and non-transportable sources. In addition to this, there is 

other alternative and promising methods for production of energy in large-scale with low-cost 

is conversion of renewable energy into chemical fuel. The obtained chemical energy through 

this method is high in purity and, can be easily stored and transported. In this regard, 

production of hydrogen fuel from water is considered as the best strategy which significantly 

reduces the environmental pollution because this kind of reaction does not involve in the 

production of any carbon based harmful gases in to the environment. 

Figure 1.1 shows the hydrogen fuel production from renewable energy sources through 

electrochemical water splitting process, and hydrogen fuel utility in various aspects. To 

convert water into hydrogen fuel and oxygen, in the present context, electrochemical water 

splitting (HER) and photo electrochemical (PEC) water splitting methods have received great 

attention from scientific community. Hydrogen fuel production from these methods require 

only water and electricity,
10-11

 and importantly no carbon based harmful gases are released in 

these reactions as byproducts. Additionally, the produced hydrogen through these methods is 

high in purity. So that, it can be directly used in proton exchange membrane (PEM) fuel cell 

which is one of the potential system to use in electronic vehicle as a power system. 

Furthermore, hydrogen fuel can be used directly in industrial feedstock and in house hold as a 

cooking gas. 

Therefore, it is necessary to develop efficient, cost-effective and environment friendly water 

electrolysis system which produces non-polluting hydrogen fuel for fulfilling sustainable and 

clean energy demand of society. Typically, in a water electrolysis system, oxygen gas and 

hydrogen gas is evolved at anode and cathode through oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER), respectively. To overcome the energy barrier (1.23 V) of 

the water splitting reaction, an external voltage applied to the system. At present, hydrogen 

production through water splitting contributes about 4% of the total production of H2 

worldwide.
12-13

 This is really a small fraction, and mainly due to high cost of electrocatalysts 

and photoelectrocatalysts. Practically, the energy conversion efficiency of hydrogen 

production through water splitting is about 50 - 70%.
14

 To further enhance the energy 

conversion efficiency it is necessary to develop proper catalysts. At present, the excellent 

energy conversion efficiency has been achieved by noble-metal based catalysts for HER.
15

 

Particularly, Pt is state of the art electrocatalyst for HER.
16-18

 However, Pt is not abundant 
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materials in the earth. Therefore, the development of earth abundant catalysts with 

comparable activity to the noble metal catalysts is an immediate requirement. In this regard, 

scientists have been putting enormous efforts to synthesize different kinds of non-noble metal 

based catalysts with different types of conceptual designs. Here, first I discuss the 

experimental techniques for the production of hydrogen from water.  

1. Electrochemical hydrogen evolution reaction 

                                     2. Photoelectrochemical water splitting 

 

1.2 Basic Principle of Electrochemical Hydrogen Evolution Reaction 

(HER)  

 

Figure 1.2: Schematic representation of electrolysor. Reprinted with permission from ref.
19

 

Copyright 2015, Royal Society of Chemistry. 

 

Figure 1.2 shows the typical electrolyser consists of three components such as a cathode, an 

anode and electrolyte (H2O). HER occurs at cathode and OER occurs at anode, respectively. 

When we apply external voltage to the electrodes, the water molecules are decomposes into 

hydrogen gas and oxygen gas at cathode and anode, respectively. Thus, oxygen gas released 

into environment and hydrogen gas is stored for application as fuel. In this way, water 

splitting reaction divided into two half reactions such as water oxidation reaction or OER and 

water reduction reaction or HER. Conversion of water into hydrogen and oxygen reaction can 

be expressed in the following reactions in acidic, neutral and basic media. 
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 In acidic solution: 

  At anode:                              2H2O (l)                             O2 (g) + 4H
+
(aq) + 4e

-
                     

 

 At cathode:                            4H
+ 

(aq) + 2e
-  

                    2H2 (g)                    

 

In neutral and alkaline medium: 

At cathode:                            4H2O (I) + 4e
-
                    2H2 (g) + 4OH

- 
(aq)

 

 

At anode:                                4OH
- 
(aq)                          2H2O (I) + O2 (g) + 4e

-
 

 

Overall reaction:  

                                              2H2O (l)                             2H2 (g) + O2 (g)                     

 

Irrespective of the acidic, alkaline and neutral, at standard temperature and pressure (STP) 

condition, the thermodynamic potential is required for converting one molecule of water into 

hydrogen and oxygen is 1.23 V. This value corresponds to the reversible electrolysis cell 

voltage. To start water splitting process, the potential 1.23 V would be sufficient. However, 

to expand the produced gases from electrochemical cell, the voltage must be supplied higher 

than the thermodynamic potential (i.e., 1.23 V at 25 
o
C) by using an external source. The 

excess potential is known as over potential (ƞ) which is mainly useful to overcome the energy 

barriers at cathode (ηc), anode (ηa), and also some other energy barriers (ηothers), like 

solution resistance and contact resistance. Thus, practically, the operational voltage of 

electrolysor described as
20

  

 

Eop = 1.23 V + ηa + ηc + ηother 

 

The job of electrocatalysts is to reduce ƞ, in detail, the external potential helps to the 

formation of reaction intermediates on surface of the catalyst, which drives the electron 

transfer process with significant rates to overcome the kinetic energy barriers of high 

activation energy. Efficient electrocatalyst materials are those that form the reaction 

intermediates at lower overpotential values. 

From the above equation we can understand that, there is a possibility to improve the water 

splitting reaction efficiency through the reduction of overpotentials by employing suitable 
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approaches. ηa and ηc can be reduced through the introduction of highly active oxygen 

evolution and hydrogen evolution catalysts, respectively. ηother can be reduced through 

optimized design of electrolytic cell. Increasing the active surface area of the electrode by 

introducing the nanostructure based catalysts is a useful strategy to reduce the overpotential. 

Likewise, bubbling effect cannot be ignored. During the electrolysis of water, large number 

of bubbles generated on active surface area of electrode, some of them do not leave from the 

electrode surface which reduces the active surface area of the electrode which leads to 

increase of an overpotential. 

 

1.2.1 Mechanism of Electrochemical Hydrogen Evolution Reaction (HER) 

 

 

Figure 1.3: Hydrogen evolution reaction on the catalyst surface in acidic media. 

 

Figure 1.3 shows the HER on the catalyst surface in acidic media. Typically, in acidic media, 

the HER involves two major reaction steps during the production hydrogen fuel through the 

water splitting. These reactions take place on the surface of electrode via multiple reaction 

intermediate pathways. In the reaction step 1, the formation of adsorption of hydrogen on the 

electrode surface through the reaction between an electron and proton. And, this reaction 

termed as Volmer reaction.
21

   

 

2H+

H2
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Figure 1.4: The mechanism of electrochemical hydrogen evolution reaction in acidic 

medium. Reprinted with permission from ref.
21

 Copyright 2014, Royal Society of Chemistry. 

 

H
+
 + e

- 
               Hads 

 

In the reaction step 2, the electrochemical hydrogen evolution reaction is occurs. In this step, 

hydrogen evolution is take place through possibly two different kinds of reaction intermediate 

pathways. As shown in the Figure 1.4, in the reaction intermediate path 1, adsorbed hydrogen 

atoms (Hads) on the electrode surface coupled each other, lead to the formation of hydrogen 

molecule. This kind of reaction termed as Tafel reaction, and overall mechanism termed 

Tafel - Volmer mechanism.
21

 

2Hads 
 
           H2 

 

In the reaction intermediate path 2, an absorbed hydrogen atom and a proton in a solution 

react with an electron or both reaction intermediate 1 and 2, lead to the formation of 

hydrogen molecule. This kind of reaction named as Hyrovsky reaction, and the mechanism 

termed as Volmer - Hyrovsky mechanism.
21

 Regardless of the method by which HER take 

place, Hads is always present in the HER process. 
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Hads + H
+
 + e

- 
                H2 

ΔGH is the free energy change for adsorption of hydrogen on hydrogen evolution catalyst. For 

instance, ΔGH for Pt is approximately zero, hence Pt is known as ideal electrocatalyst for 

HER. If ΔGH is large negative value, the Hads strongly bound to catalyst surface which lead to 

initial Volmer step easy but the Tafel or Hyrovsky steps will become difficult to take place. 

Likewise, if ΔGH is more positive, the Hads have a weak interaction with catalyst surface as a 

result Volmer step become slower which limits the overall HER activity.   

To design a new efficient noble metal free electrocatalyst for HER both the reaction 

intermediate steps such as hydrogen adsorption and hydrogen evolution should be taken into 

account. Therefore, the electrocatalyst expected to show approximately zero ΔGH value. 

 

1.2.2 Tafel Slope 

To know the predominant HER mechanism which takes place on the electrocatalyst surface, 

Tafel slopes are estimated. Typically, Tafel slope defined as overpotential (η) is 

logarithmically related to the current density (J), and the linear portion of Tafel plot fit with 

the Tafel equation.
21

 

η = a + b log (J/J0) 

where, b denotes the Tafel slope and J0 denotes the exchange current density. 

From above Tafel equation, we can get the information about two parameters such as; (1) 

Tafel slope (b) which typically related to catalytic mechanism on electrode surface, and (2) 

exchange current density (Jo) which denotes the current density at zero over potential. The 

exchange current density describes the intrinsic catalytic activity of catalyst under 

equilibrium conditions. Typically, an efficient electrocatalyst shows high exchange current 

density (J0) and small Tafel slope (b).  

 

1.2.3 Stability of Catalyst 

To the point of practical application purpose, along with good HER activity, stability of 

electrocatalyst is another crucial parameter. Particularly, in the case of HER catalyst, mostly 

works is often done in either extreme acidic solution or in extreme basic solution (i.e., pH = 0 

or 14). There are two methods known to characterize the stability of HER catalyst.
6
 The first 

method is to measure the current density with time (I - T curve). For this experiment, the set 

current density would be greater than 10 mA/cm
2
 for a long time (> 10 hours). And, the 

second method is related cycling stability. In this experiment, repeating the cycles of cyclic 
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voltammetry curves or linear sweep voltammetry curves by performing the cyclic 

voltammetry and the number of cycles should be maintained greater than 5000 to evaluate the 

stability of electrocatalyst. 

 

1.2.4 Faraday Efficiency   

In an electrochemical system, faraday efficiency gives the information about the efficiency of 

electrons participate in a desired reaction. In HER experiment, the faraday efficiency defined 

as the ratio between the experimentally observed H2 amount and theoretical estimated H2 

amount.
6
  

Faraday efficiency (%) = 
                          

                        
×100 

 

1.2.5 Some Efficient Electrocatalysts from Literature 

So far, noble metal based catalysts showed the efficient activity towards electrochemical 

HER. Pt metal is state of the art catalyst for HER. However, these noble metal based 

electrocatalysts are very expensive. In this context, the designing of earth abundant catalysts 

with comparable activity similar to noble metals is necessary. Up to now, different 

electrocatalysts have been reported, which showed reasonable activity towards HER which 

includes different class of materials such as transition metal dichalcogenides,
22-23

 transition 

metal phosphides,
24-25

 carbides
26-27

 and nitrides.
28-29

 Further, recently, heterostuctred based 

catalysts showed excellent electrochemical water splitting activity. For example, hetero 

structure of MoS2/CoSe2 showed excellent HER activity in 0.5 M H2SO4 with an over 

potential of 68 mV at 10 mA/cm
2
 and Tafel slope 36 mV/dec.

30
 Another, heterostuctured 

catalyst of metallic core/amorphous shell of Co/Co3O4 showed the lower overpotential 90 mV 

at 10 mA/cm
2
 in 1M KOH electrolyte solution.

31
 However, till date, the synthesized catalysts 

showed remarkable performance towards to HER activity but still there is scope to improve 

the HER activity close to the activity of noble metal based electocatalysts by designing or 

optimizing of various conceptual architectures. 

  

1.3 Basic Principle of Photoelectrochemical (PEC) Water Splitting 

Photoelectrochemical (PEC) water splitting is another experimental technique to achieve 

hydrogen production by utilization of renewable solar energy. The conversion of water into 

hydrogen fuel using solar energy through PEC water splitting is an efficient approach. In 
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recent times, this method has attracted greatly the hydrogen fuel research community due to 

high purity of hydrogen production, and the sources required in this method is water and 

sunlight. Thus, this is low-cost method for the production hydrogen fuel.   

 

Figure 1.5: Schematic representation for basic principle of PEC water splitting. A n-type 

semiconductor is photoanode where oxygen is evolved, and hydrogen is evolved at 

photocathode (Pt sheet). Reprinted with permission from ref.
32

 Copyright 2012, Royal 

Society of Chemistry. 

 

The PEC water splitting method is depicted in Figure 1.5. This system involves three major 

components such as anode, cathode and electrolyte solution. The anode is made by coating of 

semiconductor material which is illuminated under solar light during the water splitting 

process. Usually, Pt sheet is used as a cathode, and also called as counter electrode. To begin 

PEC water splitting process, the photoanode must absorb solar light, and create potential 

higher than 1.23 V. Consequently, water molecules get oxidised to O2 and protons. These 

protons can be reduced to H2 at cathode. Due to the sluggish nature of water splitting 

reaction, during the transfer of electrons at photoanode/electrolyte interface the energy is lost. 

Hence, the energy required for PEC water splitting is mentioned in the range of 1.7 – 2.4 eV. 

The light induced process must generate four electron - hole pairs at photoanode to generate 

O2 molecule. If the energy of solar light is higher than the bandgap of photoactive material 

then the electrons will be excited in to conduction band (CB) from valence band (VB). 

Afterward, the photogenerated electrons will move through the external circuit, and reach the 

photocathode, where these electrons react with protons, and lead to the formation of H2 

molecule. Likewise, holes at photocathode will oxidize the H2O to O2. In addition to band 
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gap, the band edges are other important parameters which usually play crucial role in water 

splitting process. The water splitting essentially need that the conduction band minimum 

must be more positive than the reduction potential of H
+
/H2. Similarly, the valence band 

maximum is required to be more negative than the oxidation potential of H2O/O2. There are 

some metal oxide materials that can able to oxidize the water but not able to reduce it. For 

this type of materials, external bias is essential for the reduction of protons. 

 

Figure 1.6: Schematic representation of n - type semiconductor for PEC water splitting.  

 

As shown in Figure 1.6, typically, PEC water splitting method mainly consists of three major 

processes such as (1) photogenerated charge carriers in a semiconductor with suitable band 

gap for absorption of solar light, (2) separation and transportation of charge carries to the 

surface of semiconductor, and (3) initiation of redox reaction on the surface of semiconductor 

by photogenerated charge carries. The above mentioned properties strongly determined by 

the properties of semiconductors such as electronic structure, band gap and band edge 

positions. 

However, the energy conversion efficiency of semiconductor material alone is too low in 

comparison of practical application due to the recombination of electron - hole pair, and low 

electrical conductivity.
33

 Hence, to further enhance the PEC water splitting efficiency, 

various designs of photoelectrocatalysts have been introduced such as 

semiconductor/semiconductor and semiconductor/metal hetero-junctions.
34-35
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1.3.1 Stability of Photoelectrodes 

Stability of photoelectrode is crucial parameter for practical application. The 

photoelecctrocatalyst should maintain the stability under the light illumination and in 

electrolyte solution for long period of time (at least 10 hours). Therefore, the development of 

stable catalyst of semiconductors and various type hetero-junction based materials with high 

efficiency and durability is a challenge in front of the scientific community. 

 

1.3.2 Solar to Energy Conversion Efficiency 

Another important parameter in PEC water splitting is solar to energy conversion efficiency. 

The overall solar energy conversion efficiency can be evaluated by using the following 

equation.
32

 

                                     η (%) = J × (1.23 – | |/I) × 100 

 

Where η denotes the solar energy conversion efficiency, J denotes the photocurrent density 

(mA/cm
2
) at measured potential, I is the incident light intensity (mW/cm

2
), and V denotes the 

bias potential versus reversible hydrogen electrode (RHE). 

 

1.3.3 Incident Photon to Current Efficiency 

For the evaluation of photoelectrocatalyst, the incident photon to current efficiency (IPCE) of 

the catalyst can be estimated experimentally. IPCE defined as photoresponse as the function 

of wavelength of incident light. By using the following equation, we estimate the IPCE at a 

given voltage. 

IPCE (%) = 
                                   

                                
 

 

IPCE (%) = (          

 
 × I) × 100 

 

Where J is the photocurrent density (mA/cm
2
), λ is wavelength of incident light (nm) and I is 

intensity of incident light (mW/cm
2
). 

In 1970‟s, Fujishima and Honda first introduced the production of hydrogen through PEC 

water splitting where they used TiO2 semiconductor under illumination of UV - light.
36

 Large 

number of semiconductor based photocatalysts have been developed due to their suitable 

bandgap to absorb the large amount solar light. These photocatalysts consists of different 

class of materials such as metal oxides, metal sulfides, and metal-free semiconductors.
37
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These semiconductor based materials have been showed reasonable efficiencies for the 

production of hydrogen from water by using solar light. 

However, hydrogen generation using pristine semiconductor based photocatalysts suffers 

from faster recombination of photogenerated charge carriers before they could participate in 

redox reactions occurring on the surface.
38 

Therefore, a new design of composite of 

semiconductor photocatalyst with other semiconductor or co-catalyst material having a 

suitable band alignment to facilitate charge separation (transfer) at the interface is beneficial.  

 

Figure 1.7: Schematic presentation of band alignment diagram of different semiconductor 

/semiconductor hetero-junctions for PEC water splitting. Reprinted with permission from 

ref.
34

 Copyright 2018, Royal Society of Chemistry. 

 

Towards this end, various types of semiconductor/semiconductor hetero-junctions
34

 have 

been made to facilitate the charge transfer or charge separation at interface, as shown in 

Figure 1.7. For example, according to type 1 heterojunction, Fe2O3 has a smaller band gap 

compared that of TiO2. Due to a more negative CB and a more positive VB of TiO2, the 

electrons and holes transfer from TiO2 to Fe2O3. In the type II heter-ojunction, the CB 

position of WO3 is more negative than that of BiVO4, and the VB position is more positive 

than that of BiVO4. Consequently, holes and electrons transfer opposite way. From this type 

of band alignment, we can also derive the Z scheme type heterojunction by decreasing the 

gap between CB of (left side material) and VB of (right side material), as shown hetero-

junction between BiVO4 and g-C3N4. Furthermore, in type III hetero-junction, the 

photogenerated electron from BiVO4 transfer to hole of Sb3Se3, and the electron from Sb3Se3 

and the hole from BiVO4 involves in the water reduction and oxidation process, respectively. 

All these different types of hetero-junctions will help to enhance the PEC water splitting 

efficiency. Likewise, metal free semiconductor/inorganic semiconductor hetero-junction 
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architecture between the semiconductors like g-C3N4/TiO2, g-C3N4/BiVO4 and g-C3N4/CdS
39 

have accelerated the charge separation through built-in electric field at the interface.
40 

 

 

 

 

Figure 1.8: Schematic representation of band alignment diagram of semiconductor/co-

catalyst hetero-junctions for PEC water splitting. Reprinted with permission from ref.
35

 

Copyright 2018, Elsevier. 

 

As showed in Figure 1.8, the hetero-junctions of semiconductor photocatalys (Pt, Pd and Au) 

and noble metal oxides (IrO2 and RuO2) have been employed for water reduction and 

oxidation, respectively.
41-42 

In principle, the efficacy of charge transfer can be improved 

further by increasing the interfacial area per unit weight of the composite, and therefore, the 

possibilities of 2D co-catalyst with high surface area are also being explored. For example, 

Han et al.
43 

showed that 2D/2D hetero-junction of g-C3N4/graphdiyne significantly enhances 

the separation of photogenerated carriers because of excellent hole transfer nature of 

graphdiyne at the extended interface, eventually displaying a three-fold enhancement in PEC 

activity. Che et al.
44

 fabricated a hetero-junction of g-C3N4 with planar carbon ring for 

efficient photoexcited electron transfer with six times enhancement in photocatalytical 

performance. In the similar direction the PEC efficiency of g-C3N4 can be achieved to greater 
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extent if 2D carbon containing electrocatalyst is employed as a co-catalyst which not only 

reduces interfacial resistance but also provides lower overpotential. 

 

1.4 Counter Electrode in Dye Sensitized Solar Cell (DSSC) 

 Solar cell is a device which converts solar energy in to electrical energy. Figure 1.9 shows 

the schematic representation of dye sensitized solar cell. A DSSC possesses several major 

components, which includes titanium dioxide photoanode, a dye (photo absorber), an 

electrolyte solution, and counter electrode (CE). The generated photoexcited electrons from 

dye, transfer to the TiO2 photoanode and eventually reach to the counter electrode through 

the external circuit. Usually, counter electrode consists of platinum (Pt) sputtered onto a 

fluorine-doped tin oxide (FTO) glass. The Pt as a counter electrode helps in the regeneration 

of dyes by catalysing the I
-
 regeneration from the I3 species in the redox couple. Some of the 

required properties of electrocatalysts of electrochemical water reduction are also desired 

properties of CE of DSSC. Therefore, certain aspects of research for water reduction reaction 

and CE are rather common in nature.   

 

Figure 1.9: Schematic representation of dye sensitized solar cell (DSSC). 

 

1.4.1 Characterization of Solar Cell 

Figure 1.9 shows the current density (J) versus voltage (V) curves of a solar cell under solar 

light illumination. Current density (J) is defined as current per unit area of the cell. Generally, 

FTO / TiO2 / Dye / I3
- ,3I- / TiN – NFG / FTO
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the power conversion efficiency (PCE) of a solar cell is mainly dependent on three 

parameters such as short circuit current (Isc), open circuit voltage (Voc), and fill factor (FF). Isc 

is the maximum current that can be generated from a solar cell at V = 0. Similarly, Voc is a 

maximum voltage which can be obtained from a solar cell at Isc = 0. The product of current 

and voltage gives the power of a solar cell. The product of current Isc and voltage Voc gives the 

maximum power (PT) that can be obtained theoretically from a solar cell. However, 

practically, product of Isc and Voc will become zero. Thus, the maximum power (Pm) obtained 

from a solar cell is the product of current (Im) and voltage (Vm), as shown in the Figure 1.9. 

 

Figure 1.10: Typical, J-V characteristics of solar cell under dark and light illumination. 

Reprinted with permission from ref.
45

 Copyright 2013, Royal Society of Chemistry.   

 

FF = 
  

  
  = 

        

         
                         (1.1) 

FF is the ratio between maximum powers (Pm) obtained from solar cell and theoretically 

calculated power (PT). 

             η   =  
  

   
                                (1.2) 

The PCE (η) of solar cell obtained from the ratio of maximum power (Pm or Mpp) from solar 

cell to power of incident solar light (Pin). Typically, solar lamp which used for these 

experiments is illumination of 1 sun intensity with power density of 100 mW/cm
2
.  
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The PCE (η) of solar cell of equation (1.3) is obtained by the substitution of Pm value of equation 

(1.1), in equation (1.2). 

η = 
  

   
  = 

              

   
                     (1.3) 

 

Where, the solar cell efficiency (η) depends on the product of FF, Voc and Isc, and the value 

of Pin considered as 1 owing to its 1sun intensity. 

Grtzel and O‟ Regan‟s work on DSSC by using TiO2 particles as photoanode and ruthenium 

dye as a photoabsorber was a breakthrough in the field of DSSC.
46

 In this design of DSSC, Pt 

metal electrode used as a CE mainly for two reasons: (1) the efficient collection of electrons 

from the external circuit, and (2) it acts as an efficient catalyst for the regeneration of I
-
 from 

I3. Pt metal as a CE showed an efficient activity in DSSC.
47

 However, Pt is an expensive 

noble metal and diminishing in its availability. To overcome scarcity of Pt metal, there is an 

initiation to explore Pt-free materials for the CEs in DSSC. According to various researchers, 

there are different promising alternatives to Pt have been reported, mainly which includes 

carbon materials
48

 and transition metal carbides and nitrides due to metallic electronic 

structure similar to that of Pt.
49-50

 In addition to that, some composite materials have been 

developed such as composite of metal nitride/graphene
51

 and metal sulphide/graphene
52

 like 

materials. However, still there is significant opportunity and requirement to find new counter 

electrode materials with high activity comparable to Pt, and good durability in electrolyte 

solution and under light illumination with low-cost (through solution processaility of 

fabrication). Therefore, certain electrocatalysts developed for water reduction can be explored 

as CE in DSSC. 

 

1.5 Synthesis of Semiconductor and Metal Nanocrystals (NCs) 

For the synthesis of semiconductor or metal nanocrystals (NCs), there are different types 

synthetic methods known in the literature. Among them, few popularly known synthetic 

methods are listed here such as electron beam lithography, molecular beam epitaxy, colloidal 

synthesis,
53

 and solid state synthesis.
54

 The first two synthetic methods involve highly 

complex instrumentation and need highly controlled atmosphere, high vacuum and also high 

voltage. On the other hand, colloidal synthesis of NCs is cost effective due to chemical 

synthesis take place in solution phase.
55

 Solid state synthesis is also convenient method which 
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allows synthesizing samples in large scale. But in this method, we need a furnace, and the 

reactions take place at high temperatures. 

 

1.5.1 Colloidal Synthesis 

  

Figure 1.11: LaMer diagram. Sc is the critical supersaturation, the minimum supersaturation 

level for the homogeneous nucleation. Reprinted with permission from ref.
56

 Copyright 2011 

Wiley-VCH Verlag GmbH & Co. 

 

Colloidal synthesis is well known method to synthesize good quality semiconductor and 

metal NCs. Murray et al. introduced for the first time, the synthesis of cadmium chalcogenide 

NCs through a specific kind of colloidal synthesis, termed as hot injection method.
57

 

Generally, the synthesis of semiconductor NCs has multiple major steps. First, the metal ion 

precursors in the form of metal complexes and metal salts are dissolved in high boiling 

solvents such as 1-octadecene or trioctyl phosphine oxide. The dissolved metal precursors are 

then heated to a high temperature like ~300 
o
C. Afterward, the anion precursors such as 

sulphur or selenium are dissolved in trioctyl phosphine and maintained at room temperature 

are then quickly injected into the reaction mixture of metal precursors kept at high 

temperature (Figure 1.11). As per LaMer mechanism, after the injection of anion precursor 

into the hot metal precursor solution, concentration of free monomers in the solution 

increases rapidly and reaches the critical value or above.  Afterward, the monomers undergo 

instant nucleation, subsequently reducing the free monomer concentration in the solution. 

Thereafter, there is almost no nucleation occurring due to the low concentration of 

monomers. Then, begins the growth when the nucleated small clusters grow into bigger sized 

NCs. All these stages have been showed in Figure 1.11. Further, high surface to volume ratio 

of small NCs re-dissolved into solution and which lead to continuous growth of larger NCs at 
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the expense of small ones. As a result, the size distribution NCs become narrower as well as 

decreases free energy of the overall system. This phenomenon is known as Ostwald 

refining.
58

   

Somewhat different kind of colloidal synthesis was carried out to synthesize the organic 

ligand free inorganic nanocrystals such as CdS and AgInS2.
59

 Films of these organic ligand-

free NC systems exhibit better charge transport properties compared to films of capped 

inorganic NCs. However, some other materials like metal nitrides and metal carbides are 

difficult synthesize by employing colloidal synthesis. These metal nitrides and metal carbides 

received great attention in the research area of electrocatalysis and photoelectrocatalysis due 

to metallic electronic band structure,
60-61

 and high durability in electrolyte solution. Solid 

state method is widely used experimental technique for the synthesis of metal nitrides, metal 

carbides and other different materials which requires high temperature. 

  

1.5.2 Solid State Synthesis 

Solid state synthesis is a widely used experimental technique to synthesize various 

polycrystalline samples such as semiconductors, metals and dielectrics. In this method, the 

precursor materials are solids which mostly do not react together at room temperature. Hence, 

to drive the reaction between them, it is necessary to apply much higher temperature often in 

the range (500 - 1500 
o
C).

54,62
 The factors which mainly effect on feasibility of solid state 

reactions are: (1) increasing the contact area between the reactant solids, (2) the slow rate of 

nucleation of product, and (3) the diffusion of the ions through various phases and 

particularly, through product phase. The fine grinded reactant material or pellet of reactant 

materials increases the contact area between the solids, and the rate of nucleation possibly 

increased by choosing the reactants and products have similar structural properties. The rate 

diffusion of ions can be increased by using two processes. The first one is the increasing the 

temperature, and second one introducing the defects prior or during the reaction.  

Further to carry out the reaction at high temperatures, it is necessary to choose a suitable 

sample holder which does not react with both the reactant and product solids under the 

heating conditions used during the synthesis. Typically, the alumina and quartz based 

crucibles or boats are used. Likewise, noble metal based sample holders are used such as 

platinum and gold. The last step is the heat treatment process by using a furnace. The heating 

programme is used depending on the reactivity of reactant solids under the control of required 

atmosphere. Finally, the obtained product samples are characterized using various 
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experimental techniques. Using solid state synthesis method, g-C3N4 nanosheets and TiN-

NFG nanocomposites were synthesized, detailed of which was discussed in the chapters.    

 

1.6 Improving the Charge Transport Properties of Films 

Finally, to produce hydrogen fuel from water by following electrochemical HER and PEC 

water splitting method, we need efficient catalyst materials. In this regard, catalyst material 

should possess the properties like high electrical conductivity, large number of active sites on 

the surface of NCs and efficient transfer properties. NCs provide large number of active sites 

because of large surface to volume ratio. But the same aspect of NCs is also responsible for 

reducing charge transport in NCs films. To improve the charge transport properties of the 

NCs catalyst materials, we have adopted two different approaches.  

 

 1.6.1 Approach 1: Decoration of TiN Nanocrystals on N-Doped Graphene 

 As shown in Figure 1.12, to improve the charge transport property, we have prepared the 

nanocomposite of TiN NCs decorated on N-doped graphene through in-situ method where 

the TiN NCs provides charge carriers or active sites and N-doped graphene improves the 

charge transport. 

 

Figure 1.12: Schematic representation shows the decoration TiN NCs on N-doped graphene. 
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Figure 1.13: Total density of states for bulk TiN, and vertical line drawn at Fermi level. 

Reprinted with permission ref.
63

 Copyright, 2012. Royal Society of Chemistry. 

 

As shown in Figure 1.13, it has been realized that incorporation of nitrogen in the lattice of 

transition metal form interstitial alloys like TiN, exhibiting metallic electronic structure.
60-61, 

63
 A high (0.87 states ev

-1
) density of states have been observed at the Fermi level of TiN, 

which mainly arise from contribution of  Ti 3d-levels.
64

 This metallic electronic band 

structure of TiN similar to the noble metals is motivated us to explore the TiN as catalyst for 

different electrocatalytic applications.
65-66

 TiN NCs have been studied as an alternative 

material for the noble metal NCs such as Pt and Au catalysts.
67-72

 However, films of TiN NCs 

displayed poor charge transport properties due to the presence of large number of grain 

boundaries among the adjacent NCs. On the other hand, sp
2 

hybridized carbons in N-doped 

graphene offers good charge transport properties. Hence, we have synthesized nanocomposite 

of TiN and N - doped graphene like material where TiN NCs offers carrier density or active 

sites and N - doped graphene enhances charge transport. Furthermore, the composite offers 

large surface area which required in catalysis. In addition to, we prepared both TiN NC and 

N-doped graphene in-situ method using molecular precursor. This synthesis method is allows 

the chemical connectivity at the interface between TiN and N-doped graphene. 

  

1.6.2 Approach 2: Through Interconnection of Nanocrystals 

In approach 2, we developed a method to achieve electronic grade semiconductor (SC) thin 

film at room temperature from colloidal ligand-free lead chalcogenide (PbS and PbSe) NCs 

(Figure 1.13). We decreased temperature which required for the sintering of NCs by using 

two strategies: (i) synthesis of ligand-free colloidal PbS and PbSe NCs, and (ii) oriented 

attachment of NCs. Along with this, dipole moment of PbS and PbSe NCs support the 
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oriented attachment of NCs, therefore, decreasing the activation energy for the fusion of NCs, 

lead to formation of single-crystalline larger size NCs at room temperature. The organic-free 

surface of NCs also probably helps the easier fusion of NCs.  

 

 

Figure 1.13: Interconnection of organic ligand-free PbS NCs. 

 

1.7 Scope of This Ph.D. Work  

Production of a clean fuel using renewable energy sources has been considered as the 

solution to our over-dependence on fossil fuels that are harmful to the environment. 

Consequently, production of hydrogen through water splitting has received great attention 

from the scientific community. The methods, electrocatalysis, and photoelectrocatalysis are 

known to assist the production of hydrogen from water. In this context, noble metals such as 

Pt, Au, and Pd became benchmark materials to drive such water splitting. In this thesis, we 

develop non-noble metal catalysts in the nanocrystalline form. Owing to high surface-to-

volume ratio, NCs can exhibit more active surface sites for such catalytic applications. But 

these NCs suffer from poor charge transport compared to their bulk counterpart. Improving 

the charge transport in NC solids to achieve better catalytic performance is one of the key 

aspects of this thesis.  

We developed titanium nitride - N-doped few-layer graphene (TiN-NFG) nanocomposite as 

an efficient electrocatalyst. The employed synthesis method produced a stable chemically 

bound interface between TiN and NFG providing colloidal stability, and enhanced 

electrocataytic activities. Colloidal nanocomposite exhibit localized surface plasmon 

resonance (LSPR) band arising from metal-like TiN NCs. NFG provide colloidal stability, 

large surface area, and a medium charge transport. These properties motivated us to study the 

electrocatalytic activity of TiN-NFG nanocomposites for both HER and as counter electrode 

 

e
–

 



 

Chapter 1. Introduction 

23 
 

in DSSC. This study is shown in chapter 2 of this thesis, showing superior activity of TiN-

NFG nanocomposite as cost-effective and stable electrocatalyst.   

It is known that electrocatalyst can be act as a co-catalyst with a photocatalyst in 

photocatalytic and photoelectrochemical water splitting for the production of hydrogen. Due 

to the impressive electrocatalytic activity of our TiN-NFG nanocomposite, we have studied in 

chapter 3, the co-catalyst efficiency of TiN-NFG with g-C3N4 nanosheet (photo absorber) for 

photoelectrochemical reduction of water using solar light. The photocurrent density for H2 

production enhances by 16 times after using TiN-NFG co-catalyst. TiN-NFG nanocomposites 

synthesized through solid state method which require high temperature. Therefore, to reduce 

the cost of catalyst material we have chosen another material namely Sn-doped In2O3 NCs, 

popularly known as ITO NCs. These ITO NCs were synthesized through colloidal route. 

Then, we studied the origin of LSPR band in Sn-doped In2O3 NCs by carrying out reaction in 

different atmosphere like N2, Air and in a mixture of 90% N2 and 10% H2. Further, we 

explored ITO NCs as a co-catalyst in PEC water splitting (chapter 4) by making g-C3N4:ITO 

nanocomposite.  

In the chapter 5, we have discussed the synthesis and fabrication of electronic grade and 

flexible semiconductor film from solution processed PbS and PbSe semiconductor NCs by 

improving charge transport through oriented attachment of NCs. Finally, a summary and 

future outlook has been provided at the end of the thesis. 
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Summary 

A combination of high carrier density, high surface area, solution processibility, and low-cost 

are desired in a material for electrocatalytic applications including H2 evolution and counter 

electrode of a solar cell. Also, plasmonic based applications in biological systems can be 

derived from such material. In this regard, colloidal nanocomposite of TiN and N-doped few-

layer graphene (TiN-NFG) is synthesized from molecular precursors. TiN nanocrystals (NCs) 

provide free electrons for electrical conductivity and plasmonics, whereas NFG is responsible 

for charge transport, high surface area and colloidal stability. Colloidal TiN-NFG 

nanocomposites exhibit localized surface plasmon resonance band around 700 nm.  Coatings 

of the nanocomposite forms counter electrode for efficient (8.9 %) dye sensitized solar cells. 

Furthermore, the nanocomposite acts as an efficient electrocatalyst for hydrogen evolution 

reaction exhibiting overpotential ~ 161 mV at a current density of 10 mA/cm
2
. A rigid 

chemically and electronically connected interface between TiN and NFG components of the 

nanocomposite is the reason for the improved performance of nanocomposite. 
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2.1 Introduction 

It is known that incorporation of nitrogen in the lattice of early transition metal form 

interstitial alloys like TiN, exhibiting metal-like electronic structure.
1-2

 A high (0.87 states ev
-

1
) density of states is observed at the Fermi level of TiN, mainly contributed by Ti 3d-levels.

3
 

This similarity of relevant part of electronic band structure of TiN with noble metal is the 

reason for using TiN as catalyst for various electrocatalytic processes.
4-5

 Therefore, TiN 

nanocrystals (NCs) have been explored as an alternative of expensive noble metal NCs such 

as Pt and Au for catalysis and plasmonic applications.
6-11

 However, prior reports of TiN NCs 

do not show colloidal stability, required for biological applications,
12

 and solution processed 

device fabrication. The problem here is the reaction temperature of TiN is ~800 
o
C.

13
 Organic 

capping molecules and solvents required for colloidal synthesis of NCs are not stable at such 

high temperatures. Furthermore, such ligands often inhibits charge transport.
14

 But films of 

TiN NCs exhibit poor charge transport because the adjacent nanocrystals in the film are 

separated by insulating (air) barriers. 

On the other hand, in NFG, 2D network of sp
2 

hybridized carbons provides good charge 

transport properties, but does not have the metal-like free electron density required for 

electrocatalysis. To overcome these problems, we prepared nanocomposite of TiN and N-

doped few-layer graphene (TiN-NFG), at a reaction temperature of 900 °C. TiN provides 

carrier density and NFG provides charge transport. Furthermore, functional groups of NFG 

provide colloidal stability. Also, NFG provides large surface area required for catalysis.  

Unlike prior reports,
15-16 

we prepared both TiN NC and NFG simultaneously starting from 

molecular precursors. This method is expected to provide a better chemical connectivity 

between the two components at the interface, facilitating charge-transfer.  

These colloidal TiN-NFG nanocomposites combines properties of TiN NCs and NFG 

exhibiting localized surface plasmon resonance (LSPR), low electrical resistivity (0.3 ohm 

cm), and high surface area (270 m
2
/g). These properties were then utilized for applications of 

TiN-NFG nanocomposites as both counter electrode in dye sensitized solar cells (DSSC) and 

electrocatalyst for hydrogen evolution reaction (HER). 

 

2.2 Experimental Sections 

2.2.1 Chemicals 

Urea (AR, 99.0 %, VETEC), lithium iodide (99.99 %, anhydrous, Aldrich), iodine (99.99% , 

Aldrich), N719 dye (Aldrich), F-doped SnO2 (FTO) coated glass (~7 ohm/sq, Aldrich), 
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dimethyle sulfoxide (DMSO, 99.9 %, Rankem), distilled water, chloroform (99.4%, 

Rankem), ethylene glycol (98.4%, Rankem), toluene (99.5 %, Rankem), hydrochloric acid 

(HCl, 33.4%, Rankem), acetonitrile (99.8 %, Rankem), N,N dimethyleformamide (DMF, 

99.5%, SDFCL), hexane (99.9 %  AR, SDFCL), ethanol (99.9% AR, SDFCL), n-butanol 

(99.95%, Rankem), sulfuric acid (98.0%, Rankem), Pt/C (10 wt%, Aldrich), titanium 

tetrachloride (anhydrous, 99.0%, Merck), titanium nitride (Nanopowder size ~20 nm Sisco 

Reasearch Pvt. Ltd.), nafion (5 wt%, Aldrich), transparent titania paste (DSL-18NR-T, 

diameter ∼20 nm), scattering titania paste (WER2-O, diameter ∼400 nm) from Dyesol. All 

these chemicals used directly as received from the sources. 

 

2.2.2 Synthesis of TiN and N-Doped Few-Layer Graphene (TiN-NFG) 

Nanocomposite 

5 mmol (580 µL) titanium tetrachloride was added to 3 mL ethanol. The metal chloride 

reacted with alcohol releasing chlorine and hydrochloric acid, and forming titanium ethoxide. 

Then, 75 mmol (4.7 g) urea was added slowly (for about 30 min) to the above alcoholic 

solution, followed by stirring for about 2 hours to solubilize the urea completely, forming 

titanium-urea viscous solution.
13

 This titanium-urea viscous solution was transferred into an 

alumina crucible, and kept inside a tubular furnace. This reaction mixture was heated to 900 

o
C using a heating rate of 3 

o
C/min, followed by calcinated at 900 

o
C for 5 hours. Then the 

sample was cooled to room temperature using a cooling rate ~ 2 
o
C/min.  This whole process 

of heating and cooling was carried out under N2 atmosphere. The obtained powder at room 

temperature can be dispersed into polar solvents like water and DMSO after ultra-sonication 

for about 30 min. 

 

2.2.3 Preparation of N-Doped Few-Layer Graphene (NFG) 

N-doped few-layer graphene was prepared using previously reported synthetic protocol.
17

 

First graphene oxide (GO) was prepared. The mixture of GO and melamine with 1:5 ratio 

was taken in 100 mL deionized water which was ultrasonicated for 10 min, followed by 

stirred for 24 hours at 80 
o
C, resulting into dried uniform mixture. The obtained dried mixture 

of GO and melamine was calcinated at 800 
o
C for 4 hours under argon atmosphere, followed 

by natural cooling to room temperature. Black colored powder was obtained after the 

reaction. 
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2.2.4 Characterization 

Powder x-ray diffraction (XRD) patterns of TiN-NFG nanocomposite were recorded using a 

Bruker D8 Advance X-ray diffractometer equipped with Cu Kα radiation (1.54 Å). Raman 

spectra of nanocomposites were carried out using LabRAM HR800 from JY Horiba. X-ray 

photoelectron spectroscopy (XPS) was measured using Phi 5000 Versa Probe II, Physical 

Electronics, ULVAC PHI spectrometer, equipped with a Al Kα  (λ = 1486.6 eV) x-ray source 

and a hemispherical analyzer. Fourier transform infrared spectroscopy (FTIR) measurements 

were carried out on the pellet of nanocomposite and KBr using Thermo scientific NICOLET 

6700 FTIR spectrophotometer. ζ-Potential data of colloidal TiN-NFG nanocomposite was 

measured using a Nano-ZS90 from Malvern Instruments, U.K. N2 adsorption-desorption 

isotherms were carried out  at 77 K, using a BelSorp-max instrument from Bel Japan. Surface 

area was calculated following Brunauer-Emmett-Teller (BET) method using Belmaster 

software. UV-visible-NIR absorption spectra of colloidal nanocomposites were measured 

using PerkinElmer Lambda-950 UV/vis spectrometer. Four probe temperature-dependent 

electrical resistivity measurements were performed on physical property measurement system 

from quantum design (PPMS-VSM). Transmission electron microscopy (TEM) images were 

taken using a JEOL JEM 2100 F field emission transmission electron microscope at 200 kV. 

High-resolution transmission electron microscopy images were obtained on a UHR FEG-

TEM, JEOL JEM-2100 F electron microscope using a 200 kV electron source. Atomic force 

microscopy (AFM) data were collected using Keysight atomic force microscope (model: 

AFM 5500) by using tapping mode technique. 

 

2.2.5 Fabrication of Dye Sensitized Solar Cell (DSSC) 

Mesoporous TiO2 electrodes have been prepared using a standard protocol.
18

 TiO2 

nanoparticles with size 20 nm were coated on FTO glass as active layer. A scattering layer 

coated by using TiO2 nanoparticles with size 400 nm on top of active layer. After coating of 

each layer, films were annealed at 450 °C for 30 min to form anatase phase of TiO2 

nanocrystals. Then the TiO2 electrode was cooled to room temperature. To get rid of 

pinholes, the obtained TiO2 electrodes were dipped in (40 mM) TiCl4 aqueous solution at 

room temperature followed by heating at 70 °C for 30 min.  After that, the above films were 

allowed to cool to room temperature, then films were cleaned with water and ethanol  

followed by annealing at 450 °C for 30 min. The thickness of the resultant active and 

scattering layers were optimized to ~ 11 μm and ~ 5 μm, respectively.  In the following step, 

the obtained TiO2 films were dipped in N719 dye solution for about 24 hours for the 
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sensitization. Dye solution was made by dissolving 0.012 mmol N719 dye in a mixture of 1:1 

acetonitrile and tert-butanol.  

For the preparation of counter electrode, 100 mg TiN-NFG nanocomposite was ground using 

a mortar and pestle to make fine powder. 20 µL n-butanol was added drop-wise to the powder 

and grounded further to make a thick paste. This process of adding n-butanol (20 µL) while 

grinding was repeated for 15 times to obtain a homogeneous paste. This paste was doctor-

bladed onto cleaned FTO glass, forming films of TiN-NFG nanocomposite of thickness ~ 11 

µm. The composite films were annealed at 200 °C for 2 hour inside a N2 filled glove box, 

before using it as counter electrodes in DSSC and four-probe electrical conductivity 

measurements. DSSCs were assembled by sandwiching the dye sensitized TiO2 electrode 

with TiN-NFG nanocomposite counter electrode, spatially separated by using ~80 μm thick 

parafilm spacer and electrically connected through 20 μL iodide/triiodide electrolyte. 

Iodide/triiodide electrolyte was prepared by using 0.6 M 1-propyl-2,3-dimethyl-imidazolium 

iodide, 0.05 M LiI, 0.05 M I2 and 0.5 M 4-tert-butylpyridine in acetonitrile/valeronitrile 

solution (1:1 v/v).  

 

2.2.6 Solar Cell, Cyclic Voltammetry and Impedance Measurements 

Current-voltage (I-V) characteristics of solar cells were measured using 150 W xenon lamp 

fitted with AM1.5 filter (Oriel Instruments) with intensity of 1 sun (100 mW cm
−2

). The 

active area of all the cells was 0.2 cm
2
. Cyclic voltammetry (CV) measurements were 

performed with the help of PAR Potentiostat/Galvanostat (PARSTAT 2273), using a typical 

three electrode system. TiN-NFG nanocomposite and Pt coated on FTO glass were used as 

working electrodes. Platinum wire loop and Ag/Ag
+
 (10 mM AgNO3 in acetonitrile) were 

used as counter and reference electrodes, respectively. Acetonitrile containing 1 mM LiI, 0.1 

mM I2 and 100 mM LiClO4 used as electrolyte solution for I
3-

 reduction. CV measurements 

were carried out at scan rate of 50 mV/s. Electrochemical impedance spectroscopy (EIS) 

measurements were carried out in the frequency range of 100 kHz to 100 mHz. Experimental 

EIS results were fitted using ZSwimpWin software. 

 

2.2.7 Electrochemical Measurements for Hydrogen Evolution Study 

All the electrochemical measurements were carried out with the help of PAR 

Potentiostat/Galvanostat (PARSTAT 2273) using typical three electrode system. Graphite rod 

and Ag/AgCl (3 M KCl) were used as counter and reference electrodes, respectively. Glassy 

carbon electrode loaded with catalyst was used as working electrode. Typically, TiN-NFG 
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(20 mg) and 10 µL nafion were added in 2 mL ethanol and sonicated (at least 2 hours) to 

prepare the catalyst ink. 2 µL catalyst ink was carefully drop casted on the glassy carbon 

electrode of 3 mm diameter and dried under vacuum. All the measurements were performed 

in 0.5 M H2SO4 solution. Linear sweep voltammetry (LSV) measurements were carried out at 

a scan rate of 5 mV/s and polarization curves were corrected for iR contribution with in the 

cell. Potentials were converted and reported with respect to reversible hydrogen electrode 

(RHE) using equation; ERHE = E vs Ag/AgCl + 0.059P
H
 + E

0
 (Ag/AgCl). Geometric surface 

areas of electrodes were used to calculate current density. 

 

2.3 Results and Discussion  

2.3.1 Synthesis of TiN-NFG Nanocomposite 

TiN-NFG nanocomposites were synthesized by calcination of urea and titanium tetrachloride 

at 900 °C and schematic representation shown in Figure 2.1. Details of the synthesis 

methodology have been given in the experimental section (section 2.2.2). 

 

Figure 2.1: Schematic representation of synthesis of TiN-NFG nanocomposite. 

 

2.3.2 Microscopic Analysis of TiN-NFG Nanocomposite 

Transmission electron microscopy (TEM) image in Figure 2.2a shows darker NCs attached to 

a low-contrast layered material. The size distribution plot for NCs in Figure 2.2b show NCs 

with a size of 14 ± 5 nm. A high resolution TEM (HRTEM) image (Figure 2.2c) of a single 

NC and corresponding fast Fourier transformed (FFT) pattern in Figure 2.2d, confirm cubic 

phase of TiN NCs. Interplanar distances of 0.24, 0.21 and 0.15 nm correspond to (111), (200) 

and (022) planes, respectively. Atomic force microscopy (AFM) image in Figure 2.3a again 

show ~14 nm sized NCs (height profile-I in Figure 2.3b) are attached to a layered material 

with ~1.5 nm thickness (height profile-II in Figure 2.3c).  

TiN-NFG 
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Figure 2.2: Morphology of TiN-NFG nanocomposite. (a) TEM, (b) size distribution plot of 

TiN nanocrystals present in the TiN-NFG nanocomposites. (c) HRTEM image of single TiN 

NC present in the TiN-NFG nanocomposites and (d) FFT pattern of HRTEM image in (c). 

 

Figure 2.3: (a) AFM image of TiN-NFG nanocomposite. Height profiles for line I and II in 

the AFM image (a) are shown in (b) and (c), respectively. 

 

2.3.3 Structural Analysis of TiN-NFG Nanocomposite   

Powder x-ray diffraction (XRD) pattern in Figure 2.4a agrees with the formation of TiN NCs 

along with an additional broad peak at 2 = 24.5
o
. This broad peak may arise due to the few-

layer graphene-like material.
19
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4 layers of graphene-like material, which is in accordance with 1.5 nm thick layer observed 

by AFM. Under our reaction conditions, there is a possibility of formation of N-doping in 

few-layer graphene. To explore such possibilities, we used Raman, Fourier transform infrared 

(FTIR) and X-ray photo electron spectroscopy (XPS) spectroscopy. Three peaks in the 

Raman spectrum (Figure 2.4b) can be assigned to D-band at 1327 cm
-1

, G-band at 1593 cm
-1

 

and the broad 2D band at 2710 cm
-1

 of a graphene-like mataerial.
21-24

 Ratio of peak intensities 

between D-and and G-band (ID/IG) is 1.1, suggesting existence of defects/disorders in the 

few-layer graphene.
21

 Such defects may originate from N-doping, however, other possibilities 

such as amorphous carbon and broken edges cannot be ruled out. 

 

Figure 2.4: (a) Powder XRD data, and (b) Raman spectrum of TiN-NFG nanocomposite. 

 

XPS spectra in Figure 2.5a-c show presence of multiple chemical environments around both 

C and N in the sample. De-convolution of the experimental N 1s spectrum (Figure 2.5c) 

suggests contributions from TiN NC, pyridinic (N), pyrrolic (N) and graphitic (N) nitrogen at 

binding energies  397.4, 398.4, 399.9 and 401.1 eV, respectively, suggesting the possibility of 

N-doping in few-layer graphene.
25-27

 Furthermore, N 1s contribution from O-Ti-N and/or C-

Ti-N at 396.3 eV,
27

 suggests the possibility of chemical binding at the interface of TiN and 

NFG. Likewise, FTIR spectrum (Figure 2.5d) comprises of the vibrations corresponding to  

C=O, C–N, C–O, and C=C/C=N functional groups. The broad peak ~3000 cm
-1

 can be 

assigned to superposition of N–H and O–H stretching vibrations.  XPS data for O 1s 

spectrum in Figure 2.6a suggest the presence of Ti-O bonds probably because of O-Ti-N 

interface or some minor surface oxidation of TiN NCs, along with C=O and O-C=O 

functional groups present in the NFG. XRD data plotted in logarithmic scale in Figure 2.6b 

rules out the presence of measurable crystalline TiO2 impurities in the product.  
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Raman, XPS, and FTIR results together suggest the formation of N-doped graphene in the 

TiN-NFG nanocomposite. 

Figure 2.5: (a) XPS survey spectrum, (b) C 1s and (c) N 1s spectra of TiN-NFG 

nanocomposite. Black lines are experimental spectra and red lines are overall fit to the 

experimental spectra. Other colored lines are de-convoluted component spectra giving the 

overall fit. This fitting includes a background component violet in color. (d) FTIR spectrum 

of TiN-NFG nanocomposite.  

Figure 2.6: (a) XPS for O 1s core level of TiN-NFG nanocomposite, and de-convolution of 

the experimental data to different component spectra. (b) Comparison of XRD data with 

different phases of bulk TiO2 and TiN, when the intensity axis is plotted in logarithmic scale. 
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2.3.4 Proposed Mechanism for the Formation of TiN-NFG Nanocomposite 

 
 

Figure 2.7: (a) TEM image, (b) powder XRD pattern and (c) FTIR spectrum of carbon 

nitride (few-layer C3N4), prepared by decomposing urea at 550 
o
C. (d) Powder XRD pattern 

of the product by heating Ti-urea complex (mixture of urea, ethanol and TiCl4) at 550 
o
C. 

 

To understand mechanistic pathways involved in this reaction of formation of TiN-NFG 

nanocomposite, we have studied various intermediate steps of the reaction. As a control 

reaction, when urea was heated at 900 
o
C in the absence of TiCl4, it decomposes into gaseous 

products without leaving behind any solid product. However, when the above reaction was 

carried out at 550 
o
C, a pale yellow color powder was obtained, which was characterized 

(Figure 2.7a-c) as few-layer C3N4, similar to the report of Liu et al.
28

 This suggests that in the 

reaction of TiN-NFG nanocomposite, probably C3N4 forms first at ~550 
o
C. Next, the Ti-urea 

complex shown in Figure 2.1 was reacted at 550 
o
C, and the product was characterized 

(Figure 2.7d) as a mixture containing TiO2 and carbon nitride (or carbon) compounds. This 

finding again suggests the formation of C3N4 but TiN is not formed at ~550 
o
C. Instead TiO2 

is formed. Interestingly, > 650 
o
C reaction temperature, we get TiN-NFG nanocomposite as 

the product. This temperature 650 
o
C, at which TiN starts forming also coincide with the 

decomposition temperature of few-layer C3N4 (Thermo gravimetric analysis (TGA) data in 
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Figure 2.8), suggesting that probably the gaseous product formed by decomposition of C3N4 

act as a major nitrogen source for the formation of TiN. Then the reaction temperature was 

increased further to 900 
o
C to facilitate the formation of TiN, yielding the final product TiN-

NFG nanocomposite. Overall, these results suggest that, during the heating of Ti-urea 

complex, few-layer C3N4 and TiO2 are formed at ~ 550 
o
C, which then react subsequently at 

higher temperatures yielding TiN-NFG nanocomposite. Similar possibilities have also been 

discussed in prior literature,
29-30

 but further studies are required to confirm the proposed 

mechanism of formation of TiN-NFG nanocomposite. 

 

Figure 2.8: TGA data of few-layer C3N4 under N2 environment. 

 

2.3.5 Colloidal Stability of TiN-NFG Nanocomposite   

 

Figure 2.9: (a) Digital photograph of TiN-NFG colloidal dispersion in different solvents. (b) 

ζ-potential data and inset in (b) shows digital photograph of colloidal dispersion of TiN-NFG 

nanocomposite in water. 
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Photographs in Figure 2.9a shows that the TiN-NFG nanocomposite exhibit colloidal stability 

in various polar solvents like water, DMSO, N,N-dimethylformamide (DMF), and ethylene 

glycol (EG). ζ-potential value of - 47.0 mV (Figure 2.9b) for the dispersion in water suggests 

that the nanocomposite maintains colloidal stability by electrostatically repelling each other. 

This negative charge and colloidal stability is attributed to functional groups in NFG. 

Colloidal stability again suggests TiN NCs are bound to the NFG.  

Colloidal stability, XPS, and TEM (Figure 2.5a-c and Figure 2.2a) suggest TiN NCs form 

chemically stable interfaces with NFG. We could not find TiN NCs separated from layered 

material in TEM images, even after sonicating the sample for a long time. This strong 

interface connecting the TiN and NFG in the TiN-NFG nanocomposites is important for 

charge-transfer across the interface. Such charge-transfer will improve electrocatalytic 

performance of the nanocomposite.  

Figure 2.10: Surface area and LSPR. (a) N2 adsorption - desorption isotherm from the 

powder sample, and (b) UV-visible-NIR absorption spectra showing LSPR from the colloidal 

TiN-NFG nanocomposite dispersed in DMSO and water. Photographs of corresponding 

colloidal dispersions are shown in the inset. 
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After synthesis and characterization, we explore properties such as surface area, LSPR and 

electrical resistivity. LSPR provides information about the availability of free electrons, 

resistivity indicates about charge transport behavior, and surface area shows the availability 

of cites for electrocatalysis. Combination of these properties determines the suitability of a 

material for photo and electrocatalytic applications.
31-33
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surface area of TiN-NFG nanocomposite is high (270 m
2
/g) compared to reported values of 

similar composites.
15, 34

 Such high surface area is desired for electrocatalysis. UV-vis-NIR 

absorption spectra (Figure 2.10b) of colloidal TiN-NFG nanocomposites show LSPR band 

with peak ~700 nm, arising from metal-like free electrons in TiN NCs.
8
 To the best of our 

knowledge, this is first report of LSPR from TiN NCs (in our composite) in the solution form. 

Minor red-shift in LSPR peak of the composite dispersed in water compared to that in DMSO 

is probably because of the higher dielectric constant of water. Such red-shift based on 

dielectric constant of medium is a characteristic of LSPR band. Interestingly, the LSPR band 

lies in biologically transparent second window (650 nm to 950 nm), so one can explore this 

water soluble composite for biological applications. 

LSPR suggest high electron density of TiN NCs in the nanocomposite. Now if the interface 

between NFG and TiN is electronically connected, then the carrier density of TiN should 

result in electrical conductivity of the nanocomposite. Therefore we made the pellets of TiN-

NFG nanocomposites and measured electrical resistivity. Four probe electrical resistivity of 

the pellet of TiN-NFG nanocomposites at 300 K is 0.3 ohm cm shown in Figure 2.11. This 

low value of resistivity agrees with the LSPR data, suggesting the high density of free 

electrons arising from TiN NCs. Resistivity increases with decreasing temperature (Figure 

2.11). Such non-metallic behavior arises from NFG transport layer separating metallic TiN 

NCs.
35

  

 

Figure 2.11: Temperature dependent electrical resistivity from a pellet of TiN-NFG 

nanocomposite. 
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variable range hoping (MVRH)
37

 mechanism can fit the data (Figure 2.12b).  Resistivity of 

sample increases due to the number of unoccupied states reduces for a particular given 

occupied state, so that leading to freezing of NNH mechanism. In the NNH mechanism, the 

electron hops nearest neighbor unoccupied states from below the Fermi level EF, of occupied 

states, this kind of conduction also required activation energy here the obtained activation 

energy is ~ 40.0 meV. Further, low temperature region follows with MVRH mechanism. 

Since TiN-NFG nanocomposites exhibit low electrical resistivity and high surface area, along 

with metallic TiN component, we explore their efficacy as counter electrode in a DSSC, and 

electrocatalytic HER.  

Figure 2.12: Fitting of temperature dependent electrical resistivity data with nearest neighbor 

hoping (NNH), and Mott variable range hoping (MVRH) models. ln (resistivity) versus 

(1/T)
1/x

 data were fitted using (a) x = 1, for NNH model, and (b) x = 4, for MVRH. 

 

Figure 2.13a shows schematic representation of our DSSC. The photoanode was prepared by 

sensitizing porous TiO2 film casted on fluorine doped tin oxide (FTO) glass (Figure 2.13b), 

using commercially available N719 dye. A film of 11.5 µm thick TiN-NFG nanocomposite 

on FTO surface (Figure 2.13c) was used as cathode (counter electrode) material, along with 

tri-iodide redox couple (

3II ) in acetonitrile as electrolyte. DSSCs were measured using 

illumination of 100 mW/cm
2
 on 0.20 cm

2
 active area. Details of the device fabrication are 

given in the experimental section (section 2.2.5). For comparisons, control devices were also 

fabricated using different counter electrodes, namely, Pt, TiN NCs and NFG instead of TiN-

NFG. Use of Pt electrode is the most conventional one.
38

 NFG were synthesized following 

literature
39-41,42

, and ~20 nm TiN NCs were procured commercially from Sisco Research 

Laboratories Pvt. Ltd. Detailed characterizations of both samples are provided in Figure 2.14. 
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2.3.7 Counter Electrode Efficiency of TiN-NFG Nanocomposite 

Figure 2.13: (a) Schematic representation of our DSSC using TiN-NFG nanocomposite as a 

counter electrode. (b) FESEM image of TiO2 electrode where region I and II show thickness 

of active layer and scattering layer, respectively and (c) thickness of TiN-NFG counter 

electrode, used for DSSC. 

 

.Figure 2.14: (a) FESEM image, (b) Raman spectrum, and (c) powder XRD pattern of NFG. 

(d) FESEM image of TiN NCs shows the nearly spherical morphology. (e) Powder XRD 

pattern of commercially available TiN NCs where the XRD peaks were matched with bulk 

TiN reference (JCPDS-38-1420). Diameter of NCs estimated from FWHM of XRD peaks 

using Scherer equation is ~20 nm. 
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For making the counter electrodes, films of NFG and TiN NCs were prepared with 

thicknesses ~14 µm and ~13 µm respectively, as shown in Figure 2.15 and 2.16. Doctor 

blading technique was used to make the films. 

Figure 2.15: FESEM images show (a) morphology and (b) thickness of NFG film on FTO 

coated glass. 

 

Figure 2.16: FESEM images show (a) morphology and (b) thickness of TiN NC film on FTO 

coated glass. 

Figure 2.17: Current density (J) versus voltage (V) plots of DSSCs using TiN-NFG or Pt 

counter electrodes. 
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Current density (J) versus voltage (V) curves of two best DSSCs, with TiN-NFG or Pt as 

counter electrode exhibit comparable solar cell parameters. Similar values of short circuit 

current (JSC), fill factor (FF) and open circuit voltage (VOC) are shown in Figure 2.17. Power 

conversion efficiency (PCE) obtained using TiN-NFG counter electrode is 8.9 %, whereas 

PCE for Pt electrode is 9.0 %. Statistics of solar cell parameters on multiple DSSCs using 

both TiN-NFG nanocomposite and Pt electrodes are shown in the Figure 2.18. These data 

show that the overall η is similar using both TiN-NFG and Pt counter electrodes. The average 

VOC obtained using TiN-NFG is slightly higher than that of Pt, whereas, JSC for Pt electrode is 

slightly higher compared to TiN-NFG electrode. 

 

Figure 2.18: Statistical comparison of solar cell parameters. (a) Power conversion efficiency 

(η), (b) open circuit voltage (Voc), (c) fill factor (FF), and (d) short circuit current density 

(Jsc), of DSSCs prepared using Pt or TiN-NFG counter electrodes.  

 

Figure 2.19: Comparison of current density (J) vs voltage (V) plot of DSSCs with different 

counter electrodes, namely, Pt, TiN-NFG nanocomposite, NFG and TiN NCs. 
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J-V plots in Figure 2.19 and the obtained solar cell parameters in Table 2.1 show that DSSCs 

prepared using both TiN NCs and NFG as counter electrodes exhibit lower PCE values of  

0.2% and 4.6 %, respectively. This poor performance might arise from the higher electrical 

resistivity values of films of TiN NCs (11  10
3
 ohm cm) and NFG (10 ohm cm), at 300 K 

(Figure 2.20). DSSC parameters obtained using our TiN-NFG counter electrode are among 

the best ones compared to previously reported non-platinum based counter electrodes, as 

shown in Table 2.2. 

 

Table 2.1: Solar cell parameters of DSSCs with different counter electrodes corresponding to 

J-V plots shown in Figure 2.19. 

Counter 

electrode 

Jsc (mA/cm
2
) Voc (V) FF PCE (%) 

Pt 18.3 0.75 0.63 9.0 

TiN-NFG 15.8 0.79 0.69 8.9 

TiN 3.1 0.66 0.09 0.2 

NFG 10.6 0.7 0.61 4.7 

 

 

Figure 2.20: Voltage vs current plots for (a) NFG films and (b) TiN NC films measured 

using four-probe method at 300 K. 
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Table 2.2: Comparison of DSSC parameters obtained using our TiN-NFG counter electrode, 

with other counter electrodes reported in literature. Also, surface area and resistivity of our 

TiN-NFG counter electrode has been compared with other reported electrodes. 

Counter 

electrode (CE) 

Jsc 

(mA/cm
2
) 

 

Voc 

(V) 

Fill 

factor 

(FF) 

Power 

conversion 

efficiency 

(PCE) 

Surface 

area 

(m
2
/g) 

Resistivity(oh

m cm) 

Referenc

es 

TiN-NFG 15.8 0.79 0.69 8.9 270 0.3 Present 

Work 

OMC- TiN - C
a
 14.3 0.69 0.67 6.7 389.2 -- 

43
 

NG - TiN
b
 12.3 0.72 0.64 5.8 136.2 -- 

15
 

TiN - Carbon 

nanotubes 

(CNTS) 

12.7 0.75 0.57 5.1 61.2 -- 
7
 

TiN-3 16.5 0.75 0.62 7.8 76 -- 
44

 

TiN(P)-

PEDOT:PSS 

14.4 0.72 0.67 7.0 --- -- 
45

 

TiN - Cabon Fiber 

(CF  ) 

19.3 0.64 0.54 7.2 ---- -- 
46

 

TiN/TiO2 12.6 0.78 0.72 7.3 25.6 0.00047 
47

 

TiN 12.8 0.79 0.61 6.2 -- --- 
48

 

Pt 20.2 0.69 0.69 9.7 -- --  

49
 NDG – CoS

c
 20.4 0.71 0.74 10.7 --- -- 

Pt 17.0 0.75 0.78 9.9 ----   

50
 NG – FeN

 d
 18.8 0.74 0.78 10.9 --- -- 

Carbon  – Fe3O4 16.0 0.75 0.68 8.1 --- ---       
51

 

MoN - N-Doped 

GO 

14.6 0.77 0.70 7.8 --- -- 
52

 

 

a: OMC  - TiN - C = ordered mesoporous carbon  - TiN - carbon; b: NG - TiN = N-Doped 

graphene - TiN; c: NDG - CoS = N-Doped graphene - CoS and d: NG - FeN = N-Doped 

graphene - FeN. 

 

To understand the reason behind the impressive DSSC performance, we studied the 

electrocatalytic activity of both the electrodes towards 

3I  reduction using cyclic voltammetry 

(CV) and electrochemical impedance spectroscopy (EIS). Cyclic voltammograms in Figure 

2.21a shows two oxidation (A1 and A 2) and two reduction (C1 and C2) peaks. Pair of peaks 

A1/C1 correspond to 
  IeI 323 reaction, whereas pair A2/C2 corresponds to 
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  32 223 IeI .
53

 TiN-NFG exhibits a lower peak to peak separation (Epp) of 133 mV for 

A1/C1 pair, compared to the Pt electrode. Furthermore, TiN-NFG electrode shows stable 

shape of voltammograms even after 500 cycles (Figure 2.21b). 

Figure 2.21: (a) Cyclic voltammograms using 50 mV/s scan rate and (b) 1
st
 and 500

th
 cycle 

of repeated cyclic voltammograms recorded on TiN-NFG electrode in acetonitrile containing 

1 mM LiI, 0.1 mM I2, and LiClO4 electrolyte.  

 

Figure 2.22: EIS Nyquist plots (100 kHz to 100 mHz) for TiN-NFG and Pt electrode in 

acetonitrile containing 1 mM LiI, 0.1 mM I2, and 100 mM LiClO4 electrolyte. Inset shows 

equivalent circuit used for fitting the experimental EIS data. Rs: ohmic internal resistance; 

Rct: charge-transfer resistance; CPE: constant phase element; and W: Warburg impedance. 

 

EIS in the frequency range of 100 kHz to 100 mHz has been used to study charge transfer 

kinetics at electrode/electrolyte interface. Nyquist plots in Figure 2.22 were fitted using a 

model equivalent circuit shown in the inset. Best fit parameters in Table 2.3 show similar 
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ohmic resistance (Rs) for both electrodes but the charge-transfer resistance (Rct) values for 

TiN-NFG (25.2 ohm/cm
2
) is smaller compared to that for Pt (28.8 ohm/cm

2
). Lower values of 

both Rct and Epp suggest an efficient reduction of 


3I  at TiN-NFG electrode, explaining 

observed high efficacy DSSC using TiN-NFG counter electrode.
15, 50

 

 

Table 2.3: Best fit parameters obtained by fitting EIS data in Figure 2.22, with the equivalent 

circuit shown in the inset of Figure 2.22. 

 

2.3.8 Electrochemical Hydrogen Evolution Reaction (HER) Using TiN-NFG 

Nanocomposite 

Now we discuss HER, using a typical three electrode system. Working electrode was 

prepared by drop casting 0.28 mg/cm
2
 TiN-NFG nanocomposite on glassy carbon (GC) 

electrode (Figure 2.23a). Ag/AgCl (3 M KCl) and graphite rod were used as reference and 

counter electrode, respectively. Linear sweep voltammograms (LSV) of TiN-NFG and Pt/C 

electrodes are compared in Figure 2.23b. For TiN-NFG, potential at a given current density 

decreases systematically with increasing number of cycles till ~90 cycles, above which the 

potential remains unchanged. This decrease in potential with increasing number of cycles 

might occur because of the liberation of H2 gas exfoliating NFG layers, which in turn might 

increase both accessibility and overall surface area.
54

 The final overpotential after 90 cycles 

at current density 1 mA/cm
2
 is 93 mV, and that at 10 mA/cm

2
 is 161 mV. Figure 2.23c shows 

that control samples NFG and TiN NCs show higher overpotentials 410 and 227 mV at 10 

mA/cm
2
, respectively.  

 

Counter 

electrode 

 

 

Rs, ohm 

 

Rct, ohm /cm
2
 

         CPE,  

(Seimens sec
n
/cm

2
) 

W,  ohm 

 

 

TiN-NFG 2.4 25.2 6×10
-4

 0.68 

Pt 2.3 28.8 7×10
-4

 0.69 
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Figure 2.23: (a) LSV polarization curves of TiN-NFG electrodes prepared by using different 

loading amount of TiN-NFG on glassy carbon (GC) electrode. Based on these data, we used 

0.28 mg/cm
2
 loading amount for preparing working electrodes for HER experiments in this 

chapter. (b) LSV polarization curves for TiN-NFG nanocomposite and Pt/C and (c) 

Comparision of LSV polarisation curves for Pt/C, TiN-NFG   nanocomposite, NFG, TiN NC 

and glassy carbon (GC) electrodes in 0.5 M H2SO4. (d) Tafel plots of TiN-NFG 

nanocomposite and Pt/C in 0.5 M H2SO4. 

 

Tafel plots (Figure 2.23d) of TiN-NFG nanocomposite and Pt/C catalyst gives Tafel slopes of 

66 and 35 mV dec
-1

 along with exchange current densities of 4.3610
-2

 and 4.810
-1

 mA/cm
2
, 

respectively. This Tafel slope and exchange current density of Pt/C agrees well with known 

activity and mechanism of Pt/C catalyst.
55-56

 Tafel slope for TiN-NFG fall in the range of 42 

to 118 suggesting that the HER follows the Volmer-Heyrovsky mechanism.
2, 56

 In this 

mechanism, desorption of H2 molecules is the rate determining step. Furthermore, activity of 

catalyst was retained >95 % (Figure 2.24) after 5000 cycles. Table 2.4 shows that the HER 

parameters obtained for TiN-NFG electrodes are among the best ones, compared to 

parameters reported in prior literature of transition metal nitrides. Our TiN-NFG 

nanocomposite with a suitable interface that facilitate charge transfer between both 

components of the composite, combines both high carrier density and reasonably good charge 
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transport properties. Consequently, the TiN-NFG nanocomposites exhibit better 

electrocatalytic properties both as counter electrodes in DSSC and also in HER, compared to 

the controlled samples of TiN NCs and NFG. 

 

 

Figure 2.24: Stability test of TiN-NFG nanocomposite as HER catalyst. (a) 90
th

 and 5000
th

 

LSV curves of repeated measurements, and (b) time dependent cathodic current density over 

50 hours, where potential was held at 161 mV. As shown in figure 2.23b and discussed in the 

section 2.3.7, overpotential improves from 1
st
 cycle to 90

th 
cycle. Therefore, for a consistent 

comparison, initial 90 cycles of LSV were not included in this stability test. 

 

*Declaration: HER, CV and EIS experiments were carried out by Dr. Ganesh B. Markad 

(postdoctoral fellow in our group) along with my participation.  
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Table 2.4: Comparison of HER performance of TiN-NFG nanocomposite with different 

catalysts from literature. 

S.No. Catalyst Electrolyte 

Overpotential  mV @  

mA /cm
2
 

Tafel 

slope 

mV dec
-1

 

Reference 
1/ 

onset 
10 20 

1. TiN-NFG 0.5 M H
2
SO

4
 93 161 171 66 Present work 

2. 

Single- 

crystalline 

TiN NWs 

1 M HClO
4
 92 -- -- 54 

57
 

3. Ni-C-N NSs 

0.5 M H
2
SO

4
 -- 60.9 -- 32 

 

 
58

 
1.0 M PBS -- 92.1 -- -- 

1.0 M KOH -- 30.8 -- -- 

4. 

 

WN NA/CC
a
 

 

0.5 M H
2
SO

4
 -- 198 -- 92 

 
59

 

 

5. g-Mo
2
N 

0.5 M H
2
SO

4
 -- 381 

 
100 

 
60

 
1 M KOH 240 353 

 
100 

6. MoCN 
PH 1 (H

2
SO

4
+ 

Na
2
SO

4
) 

50 140 
 

46 
 

61
 

7. P-WN/rGO
b
 0.5 M H

2
SO

4
 

46 85 
 

54 
         

62
 

8. 
WON@NC 

NAs/CC
c
 

0.5 M H
2
SO

4
 -- 106 172 65 

 
63

 

9. 

MoN 

nanosheets 

 

0.5 M H
2
SO

4
 100 

 
-- 90 

 
64

 

 

10. 
Mo

2
N/CNT-

graphene 

0.5 M H
2
SO

4
 

118 186 
 

72 

 
65

 

11. MoN 
0.5 M H

2
SO

4
 

100 
  

90 

64
 

12. Fe-WCN 1M H
2
SO

4
 120 250 -- 

 
66

 

13. Ta
3
N

5
 0.05 MH

2
SO

4
 160 -- -- 103 

67
 

14. 
Co

0.6
Mo

1.4
N

2
 0.1 M HClO

4
 

-- 200 -- -- 
 

68
 

 𝛿-MoN 
0.1 M HClO

4
 

-- 300 -- -- 

15. 
NiMoN

x
/C 0.1 M HClO

4
 

78 -- -- 35.9 

69
 

 

MoN/C 
0.1 M HClO

4
 

157 -- -- 54.5 

16. NiMoNx/C 0.1 M HClO
4
 78 -- --- 35 

69
 

 

a: WN NA/CC = tungsten nitride nanorods array/carbon cloth; b: P-WN/rGO  = phosphorus-

modified tungsten nitride/reduced graphene oxide;  c: WON@NC NAs/CC = three-

dimensional N-doped carbon-coated tungsten oxynitride nanowire arrays on carbon cloth. 
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2.4 Conclusions 

In conclusion, we have synthesized colloidal TiN-NFG nanocomposite starting form 

molecular precursors. This method of synthesis produced a stable chemically bound interface 

between TiN and NFG providing colloidal stability, and enhanced electrocataytic activities. 

Colloidal nanocomposite exhibit LSPR band arising from metal-like TiN NCs. NFG part 

provide colloidal stability, large surface area (270 m
2
/g), and a medium for charge transport. 

Electrical resistivity of 0.3 ohm cm is observed for the nanocomposite. This combination of 

low resistivity and high surface area was then utilized for electrocatalytic applications. DSSC 

prepared using TiN-NFG counter electrode resulted into high PCE of 8.9 %. The 

nanocomposite also exhibit stable electrocatalytic HER with reasonably low overpotential of 

161 mV at 10 mA/cm
2
 current density. Overall, our TiN-NFG nanocomposite is an 

alternative of expensive noble metals like Pt, for electrocatalytic applications. It is known that 

electrocatalyst can be act as a co-catalyst with a photocatalyst in photocatalytic and 

photoelectrochemical water splitting for the production of hydrogen. Due to the impressive 

electrocatalytic activity of our TiN-NFG nanocomposite, in the next chapter we would be 

study the co-catalyst efficiency of TiN-NFG with graphitic carbon nitride (g-C3N4) (photo 

absorber) for photoelectrochemical reduction of water using solar light.  
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Summary 

Photoelectrochemical (PEC) water splitting is a sustainable pathway for solar to hydrogen 

conversion. Graphitic g-C3N4 nanosheets have the suitable band gap and band-edge energies 

to act as a visible-light photocatalyst for water splitting, but the fast recombination of 

photoexcited electron-hole pair limits the efficiency. Herein, we introduce N-doped few-layer 

graphene (NFG) dressed with titanium nitride (TiN-NFG) nanocrystals (NCs) as an efficient 

co-catalyst which improved the water reduction activity of g-C3N4 nanosheet by 16 times. 

The 2D nanocomposite of g-C3N4:TiN-NFG has an extended interface for efficient separation 

of photo-excited electron-hole pair through electron transfer from g-C3N4 nanosheet to TiN-

NFG. The metallic electronic structure of TiN in combination with good charge conducting 

capability of NFG reduces the charge transfer resistance (Rct) at the electrode/electrolyte 

interface. Both these aspects are responsible for the enhanced PEC activity leading to a 

photocurrent density of -196 A/cm
2   

at 0.11 V versus reversible hydrogen electrode (RHE) 

as a photocathode for the g-C3N4:TiN-NFG nanocomposite. The nanocomposite is stable, 

low-cost (free from noble metals), and the extent of enhancement in the PEC efficiency for 

reduction reaction is remarkable compared to prior literature. 
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3.1 Introduction 

Hydrogen production via solar driven water splitting is one of the promising techniques to 

address the global energy demand by producing clean and sustainable fuel.
1-5 

Numerous 

materials as photocatalyst are reported in this regard, out of which most of them are inorganic 

semiconductors such as TiO2,
6
 WO3,

7
 and CdS.

8 
In recent times, graphitic carbon nitride (g-

C3N4) has also emerged as an organic photocatalyst for hydrogen generation, owing to its low 

cost, appropriate electronic band structure, and excellent photochemical stability.
1,9-10,11-12,13-14 

But still further improvement of efficiency and stability are required for the photocatalyst to 

meet the industrial requirements. To enhance the PEC activity of g-C3N4 for water splitting, 

we report here a nanocomposite of 2D g-C3N4 nanosheet photocatalyst with a 2D co-catalyst 

in the form of TiN NCs embedded N-doped graphene (TiN-NFG). 

Hydrogen generation using pristine g-C3N4 suffers from faster recombination of 

photogenerated charge carriers before they could participate in redox reactions occurring on 

the surface.
3 

Therefore, it is required to design a composite of g-C3N4 with a co-catalyst 

material having a suitable band alignment to facilitate charge separation (transfer) at the 

interface. Towards this end, hetero-junctions of g-C3N4 with other semiconductors like TiO2, 

BiVO4 and CdS
15 

have accelerated the charge separation through built-in electric field at the 

interface.
16 

Also, hetero-junctions of g-C3N4 with expensive and less earth abundant noble 

metals (Pt, Pd and Au) and noble metal oxides (IrO2 and RuO2) have been employed for 

water reduction and oxidation, respectively.
17-18 

Cobalt based nanomaterials are also coupled 

with g-C3N4 to boost the water oxidation kinetics.
19-21  

For example Zhang et al.
19 

reported 

deposition of layered Co(OH)2 on polymeric C3N4 which boosted the oxygen evolution 

reaction (OER) almost 7 times higher than pristine C3N4. In another report
22 

CoSe2 is proved 

to be a good co-catalyst for g-C3N4 due to its lower anionic electronegativity. Also, Ni based 

nanomaterials like NiO
23

 and NiS
24 

attached with g-C3N4 has shown enhancement in 

reduction of water.  

In principle, the efficacy of charge transfer can be improved further by increasing the 

interfacial area per unit weight of the composite, and therefore, the possibilities of 2D co-

catalyst with high surface area are also being explored. For example, Han et al.
25 

showed that 

2D/2D hetero-junction of g-C3N4/graphdiyne significantly enhances the separation of 

photogenerated carriers because of excellent hole transfer nature of graphdiyne at the 

extended interface, eventually displaying a three-fold enhancement in PEC activity. Hui et 

al.
26 

reported almost ten times enhancement in PEC reduction of water to H2 from the 
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composite of MoS2 and g-C3N4 at 1V versus RHE. Che et al. 
27

 fabricated a hetero-junction of 

g-C3N4 with planar carbon ring for efficient photoexcited electron transfer with six times 

enhancement in photocatalytical performance. In the similar direction the PEC efficiency of 

g-C3N4 can be achieved to greater extent if 2D carbon containing electrocatalyst is employed 

as a co-catalyst which not only reduces interfacial resistance but also provides lower 

overpotential. 

In the chapter 2 of this thesis, we reported TiN-NFG as a hydrogen evolution reaction (HER) 

electrocatalyst.
28 

TiN possesses a metallic band structure 
29-31  

and NFG exhibits good charge 

transport property. In addition, both TiN and NFG are known to provide catalytic sites for 

proton reduction.
28, 32 

Along with these electronic properties, TiN-NFG is a stable, low-cost 

and earth-abundant (free from noble metal) material, motivating us to use it as 2D co-catalyst 

for g-C3N4 for PEC water splitting. We have prepared the g-C3N4:TiN-NFG 2D 

nanocomposite demonstrating remarkable enhancement in PEC activity of g-C3N4 by ~16 

fold (-196 A/cm
2 

at 0.11 V versus RHE) as photocathode. As per our knowledge, such a 

huge increment in PEC performance of g-C3N4 as photocathode is the first report of its kind.  

 

3.2 Experimental Sections 

3.2.1 Chemicals 

Urea (AR, 99.0%, VETEC), distilled water, ethanol (99.9% AR, SDFCL), n-butanol 

(99.95%, Rankem), titanium tetrachloride (99.0%, Merck), nafion (5wt%, Sigma-Aldrich), F-

doped SnO2 (FTO) coated glass (~ 7 Ohm/sq, Sigma-Aldrich), sodium sulphate (99.0%, 

Fisher Chemicals), triethnolamine (99.0%, Sigma Aldrich), titanium nitride (nanopowder size 

~20 nm, Sisco Research Pvt. Ltd.). All these chemicals are used as purchased from the 

sources, without any further purification. 

 

3.2.2 Synthesis of Graphitic Carbon Nitride (g-C3N4) Nanosheets 

g-C3N4 was synthesized by pyrolysis method using urea as a precursor, following report of 

Liu et al.
33

 after slight modification. Briefly, 0.17 mol (10g) of urea is placed in 50 mL 

alumina boat and heated to 550 
o
C for 2 hours in a tube furnace under N2 atmosphere with 

heating rate of 4 
o
C/min. A pale yellow colored powder was obtained after cooling the 

furnace to room temperature, and the sample was characterized using various experimental 

techniques. 

3.2.3 Synthesis of Titanium Nitride - N-Doped Few-Layer Graphene (TiN-NFG) 
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TiN-NFG was prepared by following the methodology discussed in the chapter 2 of this 

thesis. Briefly, Titanium tetrachloride (4 mmol, 438 µL) was added to 3 mL ethanol which 

led to the formation of titanium ethoxide. Urea 60 mmol (3.6 g) was added slowly to the 

above titanium ethoxide solution for about 30 min, and was stirred for about 2 hours forming 

a viscous solution. This viscous solution was placed into an alumina crucible and subjected to 

calcination at 900 
o
C for 5 hours in a tube furnace under inert N2 atmosphere. The ramp rate 

to reach 900 
o
C was maintained at 4

o
 C/min. The product obtained after cooling the sample to 

room temperature was characterized as TiN embedded in few-layer N-doped graphene (TiN-

NFG). 

 

3.2.4 Synthesis of N-Doped Few-Layer Graphene (NFG)  

N-doped few-layer graphene (NFG) was synthesized by following a previous report.
34

 

Initially, graphene oxide (GO) was synthesized. GO and melamine mixture in a ratio of 1:5 

was mixed with 100 mL deionized water followed by ultra-sonication for 10 min to obtain a 

uniform mixture. Then, the resulting mixture was heated at 80 
o
C for 24 hours to dry the 

powder. The obtained mixture was calcinated at 800 
o
C for 4 hours under inert N2 

atmosphere. The ramp rate to reach 800 
o
C was maintained at 4 

o
C/min. Black colored 

powder was obtained after cooling the sample to room temperature. 

 

3.2.5 Characterization  

Powder X-ray diffraction (PXRD) patterns of all samples were obtained using a Bruker D8 

Advance X-ray diffractometer equipped with Cu Kα radiation (1.54 Å). UV-visible 

absorption spectra were measured using SHIMADZU UV-3600 plus UV-VIS-NIR 

spectrophotometer. Fourier transform infrared (FTIR) spectra measurements were performed 

on the pellet of samples mixed with KBr using Thermo scientific NICOLET 6700 FTIR 

spectrophotometer. Steady-state photoluminescence (PL) and PL decay dynamics (time-

correlated single photon counting) were recorded using FLS 980 (Edinburgh Instruments). 

Atomic force microscopy (AFM) images were collected using Keysight atomic force 

microscope (model: AFM 5500) by using tapping mode technique. Transmission electron 

microscopy (TEM) images were taken using JEOL-JEM 2200FS 200KeV. Mott-Schottky 

plots of electrodes were measured in 0.5 M Na2SO4 and 10 vol% tri-ethanolamine solution in 

dark at a frequency of 10 kHz using an AUTOLAB PGSTAT 30 using a three electrode 

system. Electrochemical impedance spectroscopy (EIS) experiments were performed using an 

AUTOLAB PGSTAT 30 from 100 kHz to 40 mHz. Electrical resistivity measurements of co-
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catalysts film were obtained using a Keithley Four-probe conductivity instrument (Model 

6220/6221 Current Source and Model 2182A nanovoltameter). Field emission scanning 

electron microscopy (FESEM) and elemental mapping were performed using a Zeiss Ultra 

Plus scanning electron microscope. Surface area measurements were performed on 

Quantochrome Autosorb automated gas sorption analyser at 77 K. X-ray photoelectron 

spectroscopy (XPS) measurement were carried out using ThermoKalpha+ spectrometer using 

micro focused and monochromated Al Kα radiation with energy 1486.6 eV. 

 

3.2.6 Preparation of g-C3N4:TiN-NFG Nanocomposite Photoelectrodes  

Finely grinded powders of g-C3N4 nanosheets (200 mg) and different weight percentages of 

TiN-NFG (0%, 1%, 1.5% and 2%) were dispersed in 5 mL ethanol by ultra-sonication for 

about 2 hours. Ethanol was evaporated at an elevated temperature and the sample was 

thoroughly dried under vacuum. 100 mg of the powder was grinded (for around 1 hour) using 

mortar pestle. Then 600 L n-butanol was added drop-wise (30 µL/min) to the powder and 

grinded continuously to make a paste. Also 60 L nafion was added during the addition of n-

butanol. Nafion improves binding between the film and the FTO glass substrate. The obtained 

g-C3N4:TiN-NFG nanocomposite paste was doctor bladed on cleaned FTO glass followed by 

annealing of the film at 250 
o
C for 2 hours  under inert atmosphere. The area of the films was 

maintained at 1 cm
2
 for all the experiments. The thicknesses of the films are in the range of ~ 

0.5 to 25 m. 

 

3.2.7 Photoelectrochemical (PEC) Measurements  

PEC measurements were carried out on an AUTOLAB PGSTAT 30 using a three electrode 

system. Different photoelectrode materials coated on FTO glass with 1 cm
2
 area served as 

working electrodes, platinium as counter electrode and Ag/AgCl as reference electrode. These 

electrodes were placed in 0.5 M Na2SO4 and 10 vol% TEOA aqueous solution purged with 

N2. Simulated sunlight with illumination power of 100 mW/cm
2
 from a 400 W xenon lamp 

(Solar Simulator, Newport) was used for illuminations. Stability profiles were obtained in the 

similar PEC and electrolyte system for 5 hours at 0.1 V versus RHE. Due to the limitation of 

solar simulator it was kept off for half hour after every one and half hour of illumination and 

data was acquired. The Incident photon to current efficiency (IPCE) data were measured 

using a Newport IPCE system over the range of 300 - 600 nm.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
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To calculate the faradaic efficiency of different photoelectrodes and to confirm that the 

photocurrents observed in PEC cell are actually due to water splitting, we constructed a 

sealed and inert two electrode PEC system. It was evacuated for half an hour followed by 

purging with nitrogen for another half an hour. The cell was kept in dark initially for 30 

minutes before exposing to solar simulator. The evolved H2 were collected after regular 

intervals of 10 minutes from anodic and cathodic compartment of cell respectively, through a 

tightly sealed septum. The amount of H2 generated in the system were detected and 

quantified by head space gas analysis with an Agilent 7890A series gas chromatography 

equipped with a 5 Å molecular sieve column and Thermal Conductivity Detector (TCD). 

 

3.3 Results and Discussion  

3.3.1 Preparation of g-C3N4:TiN-NFG Nanocomposite 

 

Figure 3.1: The schematic illustration of the formation of g-C3N4:TiN-NFG 2D 

nanocomposite. 

 

Both 2D g-C3N4 nanosheet photocatalyst and 2D TiN-NFG co-catalyst are prepared 

separately following previously reported protocols.
28, 33

 Synthesis of g-C3N4:TiN-NFG 

nanocomposite has been schematically shown in Figure 3.1. Briefly, fine powders of g-C3N4 

and TiN-NFG were dispersed by sonicating in ethanol, followed by drying. Powder of this 

mixture was grinded thoroughly in the presence of small amount of n-butanol and nafion to 

make the paste. Photoelectrodes of g-C3N4:TiN-NFG 2D nanocomposites were then formed 

by doctor blading the paste on fluorine doped tin oxide (FTO) coated glass, followed by 

annealing at 250 
o
C for 2 hours under inert atmosphere. Different amounts (1%, 1.5% and 2 

wt%) of the TiN-NFG co-catalyst were loaded on g-C3N4 nanosheets. As discussed later, 

=
g-C3N4 g-C3N4:TiN-NFG 

2D heterojunction

1.Ultra-sonication

2.Grinding 

3. Δ, 250 oC

TiN-NFG
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1.5% loading provides the best PEC performance, and therefore, all the figures in this chapter 

showing data of g-C3N4:TiN-NFG nanocomposite correspond to this 1.5% loading. 

 

3.3.2 Microscopic and Structural Analysis of g-C3N4:TiN-NFG Nanocomposite 

To view the microscopic morphology of synthesized samples, first, we discuss briefly about 

the g-C3N4 nanosheets (photocatalyst) and co-catalyst TiN-NFG. TEM image showed in 

Figure 3.2a displays the ultrathin 2D nanosheets of g-C3N4 which exhibit porous nature. 

Atomic force microscopy (AFM) in Figure 3.2b shows 2-3 layers (~1 nm height) of g-C3N4 

along with its porous nature. UV-visible absorption spectrum of g-C3N4 nanosheets shown in 

Figure 3.3, suggests a band gap of 2.82 eV (439 nm), capable of absorbing a fraction of solar 

light. All these results suggest the formation of g-C3N4 nanosheets similar to.
35

 

 

 

Figure 3.2: (a) TEM image of g-C3N4 nanosheet, and (b) AFM image (top panel) and its 

corresponding height profile (bottom pannel) of g-C3N4 nanosheet. Height profile represents 

the height along the black line drawn in the AFM image, after considering the background 

height as zero. 

 

After g-C3N4 nanosheet, we discuss briefly about TiN-NFG. Figure 3.4 shows TEM image of 

TiN-NFG co-catalyst where TiN NCs with size ~14 nm were embedded in ultrathin NFG 

nanosheets. Detailed characterization of this TiN-NFG sample has been shown in the chapter 

2 of this thesis.
 
Strong chemical interaction between the TiN and NFG was established where 

the thickness of NFG layers were found to be ~1.5 nm (chapter 2).
28  
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Figure 3.3: (a) UV-visible absorption spectrum of g-C3N4 nanosheet obtained from 

corresponding diffuse reflectance spectrum by using Kubelka-Munk equation.
36

 (b) Tauc 

plot
37

 obtained from the absorption spectrum by considering direct bandgap. 

 
 

 

 

Figure 3.4: TEM image of TiN-NFG nanocomposite. 

 

Figures 3.5a shows the TEM image of g-C3N4:TiN-NFG nanocomposite where overlapping 

of g-C3N4 nanosheet with TiN-NFG nanosheet is observed, maintaining the 2D sheet like 

morphology. Figure 3.5b is the enlarged image of interface between g-C3N4 nanosheet and 

TiN-NFG where d-spacing of 0.24 nm corresponding to (111) plane of cubic phase of TiN 

NC is observed. Further, to know the distribution of elements in g-C3N4:TiN-NFG 

nanocomposite we have done elemental mapping study using Energy dispersive X-ray 

spectroscopy (EDS). Elemental mapping of nanocomposite g-C3N4:TiN-NFG (Figure 3.6) 
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shows uniform distribution of elements (C, N and Ti) in the structure. Formation of such a 

layered hetero-junction between the two components of 2D photoelectrocatalyst is expected 

to be beneficial as it provides increased contact area for efficient charge transfer.
38

 

 

Figure 3.5: TEM image of (a) g-C3N4:TiN-NFG nanocomposites, and (b) high resolution 

(HRTEM) image of g-C3N4:TiN-NFG of an enlarged portion (roughly indicated by square) 

from the image in (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: FESEM image of (a) g-C3N4:TiN-NFG nanocomposite and the corresponding 

elemental mapping from EDS (b) carbon, (c) nitrogen and (d) titanium. 

 

After microscopy analysis, to study the structural aspects of g-C3N4:TiN-NFG nanocomposite 

we used the PXRD technique.  The PXRD pattern of g-C3N4 nanosheets (Figure 3.7) shows a 

broad peak at 27.5
o 

corresponding to interlayer stacking distance of aromatic moiety.
39
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broadness of the peak suggests 2-3 layers of g-C3N4 consistent with the TEM and AFM 

images (Figure 3.2). The PXRD pattern of TiN-NFG is dominated by TiN NCs with sharper 

peaks, along with a broad peak for NFG component at 2θ ~ 24.5
o
, similar to ref.

28 
The PXRD 

pattern of g-C3N4:TiN-NFG nanocomposite shows contributions from both g-C3N4 and TiN-

NFG, but contribution from TiN-NFG is small due to its low (1.5 wt%) loading amount. 

These PXRD results confirm the formation of g-C3N4:TiN-NFG nanocomposite, and no other 

impurity phase is observed. The PXRD patterns of the nanocomposites with different loading 

amounts of TiN-NFG 1.5 wt % loading co-catalyst are shown in Figure 3.8. 

 

Figure 3.7: (a) PXRD patterns of g-C3N4, g-C3N4:TiN-NFG (1.5 wt% loading) and TiN-NFG 

along with reference data for bulk samples. 

 

Figure 3.8: PXRD pattern of pristine g-C3N4 nanosheet, TiN-NFG nanosheet, and g-

C3N4:TiN-NFG nanocomposite with different loading (wt%) of TiN-NFG in the composite. 

Also, reference patterns for bulk g-C3N4, graphite and TiN are shown for comparison. 
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3.3.3 Finding of possible interaction between g-C3N4 and TiN-NFG in g-C3N4:TiN-

NFG nanocomposite 

 

Figure 3.9: (a) FTIR spectra of g-C3N4 and g-C3N4:TiN-NFG nanocomposite. (b) Enlarged 

region (720 nm to 920 nm) of spectra (a). 

 

To find the possible interaction between g-C3N4 nanosheets and TiN-NFG in g-C3N4:TiN-

NFG nanocomposite we used FTIR, XPS and PL spectroscopy. Figure 3.9 compares the 

FTIR spectrum of pristine g-C3N4 nanosheets with that of g-C3N4:TiN-NFG nanocomposite. 

Both the samples exhibit stretching vibrations in the region of 1230-1630 cm
-1 

which 

correspond to CN heterocycles, the sharp band  at ~ 808 cm
-1 

which corresponds to the out of 

plane bending of -NH of the s-triazine unit, and the broad band at 3000-3600 cm
-1 

corresponds to -NH stretching frequencies. All these spectral features correspond to g-C3N4,
40 

without observing any major change due to the low loading amount (1.5 wt%) of co-catalyst. 

However, a small suppression of transmittance around 3000-3600 cm
-1 

corresponding to 

amine groups, and a minor shift in breathing mode of s-trizane units from 807 cm
-1 

to 811 cm
-

1 
is observed for g-C3N4:TiN-NFG nanocomposite compared to g-C3N4. These results suggest 

possibility of covalent interactions between g-C3N4 and TiN-NFG in the nanocomposite.
41-42

  

 

Comparison of XPS data (Figure 3.10) of pristine g-C3N4 and g-C3N4:TiN-NFG 

nanocomposite suggest no major change because of the low (1.5 wt%) loading amount of 

TiN-NFG. C 1s spectra in Figure 3.10c exhibit two peaks at 288.3 and 284.7 eV 

corresponding to C-N and C-C bonds.
25

 Small increase in the relative intensity of C-N related 

peak in the nanocomposite might be correlated with new C-N interactions between g-C3N4 

and TiN-NFG. 
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Figure 3.10: XPS data of (a) C 1s and (b) N 1s data of pristine g-C3N4 and g-C3N4:TiN-NFG 

nanocomposites.  

 

Figure 3.11: N2 adsorption-desorption isotherms data for g-C3N4 and g-C3N4:TiN-NFG 

powder samples at 77 K. 

 

Formation of nanocomposite may reduce the surface area compared to that of g-C3N4 

nanosheets. But higher surface area is beneficial for PEC reduction of water. Therefore, to 

check the effect of composite formation on surface area, we measured Brunauer-Emmett-

Teller (BET) specific surface area from N2 adsorption-desorption isotherms shown in the 

Figure 3.11. g-C3N4 nanosheets showed surface area of 150 m
2
/g whereas the composite 

showed decreased surface area of 80 m
2
/g. The decrease in surface area in the nanocomposite 

agrees with probable covalent type interactions between g-C3N4 and TiN-NFG discussed 

above. 

 

280 282 284 286 288 290 292

C1s

In
te

n
s

it
y

 (
a

.u
)

Binding energy (eV)

 g-C
3
N

4

 g-C
3
N

4
:TiN-NFG

396 398 400 402 404

In
te

n
s
it

y
 (

a
.u

)

Binding energy (eV)

 g-C
3
N4

 g-C
3
N

4
:TiN-NFG

N1s

282 284 286 288 290 292 294

In
te

n
s
it

y
 (

a
.u

)

Binding energy (eV)

 TiN-NFG

C1s

394 396 398 400 402 404

In
te

n
s
it

y
 (

a
.u

) 

Binding energy (eV)

 TiN-NFG

N1s(a) (b)

(c) (d)(a) (b)

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

250

g-C
3

N
4

:TiN-NFG

g-C
3

N
4

 Adsorption

 Desorption

 Adsorption

 Desorption

V
o

lu
m

e
 (

c
m

3
/g

)

Relative pressure (P/p
o
)



Chapter 3. 2D Nanocomposite of g-C3N4 and TiN Embedded N-Doped Graphene for 

Photoelectrochemical Reduction of Water using Sunlight 

77 
 

 

Figure 3.12: (a) Comparison of PL spectra and (b) PL decay dynamics of g-C3N4 nanosheet 

and g-C3N4:TiN-NFG nanocomposite films after excitation at 340 nm. For PL decay 

measurements, the emission wavelengths are fixed at their respective PL peak position, and 

data are fitted with a tri-exponential decay. 

 

To understand the nature of electronic interaction between g-C3N4 and TiN-NFG components 

of the g-C3N4:TiN-NFG nanocomposite, we employed the techniques of PL, Mott-Schottky 

and EIS. These measurements were done on the films of respective samples. Figure 3.12a 

shows that both g-C3N4 nanosheets and g-C3N4:TiN-NFG nanocomposites exhibit PL peaks 

at 460 nm (2.7 eV), which is the characteristic of band to band transition of g-C3N4.
43-44 

But 

the PL intensity got significantly decreased for the nanocomposite as compared to pristine g-

C3N4 nanosheet. Furthermore, PL decay (Figure 3.12b) becomes significantly faster for the 

nanocomposite. The decay plots are fitted using tri-exponential decay function, and the best-

fit parameters are given in Table 3.1. We attribute the lifetime of ~ 1 ns for faster non-

radiative decay channels, and Table 3.1 shows that the contribution of this non-radiative 

decay increases from 49% for g-C3N4 nanosheets to 82% for g-C3N4:TiN-NFG 

nanocomposite. Such an increase in non-radiative decay suggests that the interface between 

g-C3N4 and TiN-NFG in the nanocomposite provides a new channel for non-radiative decay, 

decreasing the PL efficiency of the g-C3N4. Previous report
38 

has suggested the possibility of 

photo-excited electron transfer from g-C3N4 nanosheet to NFG, and such possibility of 

electron transfer might be present in the case of g-C3N4:TiN-NFG nanocomposite, providing 

the  additional non-radiative pathway for PL decay.  
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Table 3.1: The best fit parameters (with 95% confidence limit) of PL decay profiles shown in 

Figure 3.12b. The fitting is done using a tri-exponential decay, where a1, a2 and a3 are 

percentage contributions of lifetime τ1, τ2, and τ3 respectively. 

Sample τ1 (ns) a1 (%) τ2 (ns) a2 (%) τ3 (ns) a2 (%) 

g-C3N4 1.5 49 5.3 40 20.6 11 

g-C3N4:TiN-NFG 1.2 82 5.0 17 25.0 1 

 

To verify the possibility of charge transfer from g-C3N4 to TiN-NFG, we estimated the flat 

band potential (Vfb) values corresponding to the conduction band minimum, by employing 

electrochemical Mott-Schottky experiments (Figure 3.13a). The intercept on x-axis of Figure 

3.13a determines Vfb values for g-C3N4 nanosheet and TiN-NFG as -1.48 V and -1.20 V 

versus Ag/AgCl (-0.87 V and -0.59 V versus RHE) at pH = 7, respectively, similar to prior 

reports.
45-46

 The observed band gap of g-C3N4 nanosheets from UV-visible absorption 

spectrum (Figure 3.3) is 2.82 eV. Thus, from the Mott-Schottky and absorption plots, the 

energy for valance band maximum of g-C3N4 nanosheet is found to be 1.34 V versus 

Ag/AgCl (1.95 V versus RHE) at pH = 7. Figure 3.13b summarizes the obtained band edge 

energies, and also compares with potentials for reduction and oxidation of water. These 

energy levels show that electron transfer from g-C3N4 to TiN-NFG is thermodynamically 

favourable. Such electron transfer can explain the PL quenching of g-C3N4:TiN-NFG 

nanocomposite, discussed above.  

 

Figure 3.13: (a) Mott-Schottky plots, and corresponding (b) band alignment structure of g-

C3N4 and TiN-NFG. 
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As a consequence of such electron transfer, electron will reside into the conduction band of 

TiN-NFG co-catalyst, and hole will reside in the valence band of g-C3N4, suppressing the 

electron-hole recombination after photo-excitation. Such electron-hole separation is 

advantageous for PEC activity, but the efficiency of PEC process will also depend on charge 

transfer resistance (Rct) at electrode/electrolyte interface.  

 

Figure 3.14: Nyquist plots for g-C3N4 and g-C3N4:TiN-NFG nanocomposite in the frequency 

() range of 100 kHz to 40 mHz. 

 

Figure 3.15: Nyquist plots of g-C3N4, g-C3N4:TiN, g-C3N4:NFG and g-C3N4:TiN-NFG 

photoelectrodes. Loading of co-catalysts are 1.5 wt% for all the composites. Frequency range 

100 kHz to 40 mHz. 
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We measured EIS to compare Rct of both pristine g-C3N4 nanosheets and g-C3N4:TiN-NFG 

nanocomposite electrodes in 40 mL aqueous electrolyte system containing 0.5  M Na2SO4 

and 10 vol.% triethanolamine (TEOA). Nyquist plots given in Figure 3.14 exhibit semi-circle 

arcs. Rct value for g-C3N4:TiN-NFG nanocomposite is 2000 ohm/cm
2
, which is 4 times lower 

than that of g-C3N4 electrodes (8000 ohm/cm
2
). These results suggest that the co-catalyst 

TiN-NFG reduces Rct at electrode/electrolyte interface, in addition to the previously 

discussed electron-hole separation from photo-excited g-C3N4 nanosheet.  

For control measurements, we loaded similar amount of individual TiN and NFG as co-

catalyst on g-C3N4, but Figure 3.15 shows that the Rct is significantly lower for TiN-NFG co-

catalyst, among all the samples. This superior performance of TiN-NFG co-catalyst is 

attributed to the combination of metallic electronic structure of TiN and good charge 

transport property of NFG, resulting into lower electrical resistivity of TiN-NFG (see Table 

3.2). 

 

Table 3.2: Electrical resistivity of TiN-NFG, TiN, and NFG co-catalysts. Resistivity 

measurements were carried out on films of all co-catalysts. 

Sample Electrical resistivity 

(ohm cm) at 300K 

TiN-NFG 0.3 

TiN 11000 

NFG 10 

 

3.3.4 Photoelectrochemical (PEC) Water Splitting Activity of g-C3N4:TiN-NFG 

Nanocomposite 

The above results motivated us to examine the PEC water splitting activity of g-C3N4:TiN-

NFG nanocomposite compared to that of g-C3N4 nanosheets. First, we see the surface 

morphology of g-C3N4:TiN-NFG nanocomposite photoelectrodes using FESEM. FESEM 

image of photoelectrode indicates curled like sheets of g-C3N4 and thickness was estimated to 

be ~ 12 µm (Figure 3.16). After that, a three-electrode system with Ag/AgCl reference 

electrode, Pt counter electrode, and the photoelectrocatalyst samples coated on FTO glass as 

working photoelectrode was used in 40 mL aqueous electrolyte solution containing 0.5 M 



Chapter 3. 2D Nanocomposite of g-C3N4 and TiN Embedded N-Doped Graphene for 

Photoelectrochemical Reduction of Water using Sunlight 

81 
 

Na2SO4 and 10 vol.% TEOA. The photoelectrode was illuminated with a solar simulator with 

a power density of 100 mW/cm
2
 under 1sun. 

 

Figure 3.16: FESEM images show (a) morphology and (b) thickness of g-C3N4:TiN-NFG 

nanocomposite on fluorine doped tin oxide (FTO) coated glass. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Linear sweep voltammetry (LSV) data of g-C3N4 nanosheet and g-C3N4:TiN-

NFG nanocomposites photoelectrodes with different wt% loading of TiN-NFG co-catalysts. 

 

First we optimize the loading of co-catalyst TiN-NFG in the nanocomposite and also 

optimize the thickness of photoelectrodes. Linear sweep voltammetry (LSV) curves under on-

off illumination for different loading amounts of TiN-NFG co-catalyst in g-C3N4:TiN-NFG 

nanocomposite is given in Figure 3.17. The photocurrent density is enhanced for all the 

loading values, but 1.5% loading shows the highest photocurrent density. Therefore, g-

C3N4:TiN-NFG nanocomposite with 1.5wt% loading of TiN-NFG is studied in detail for the 
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PEC activity. Then, we also optimized the photoelectrode thickness to ~12 µm by measuring 

the photocurrent density versus electrode thickness as shown in Figure 3.18. 

 

Figure 3.18: Photocurrent density versus thickness profile of g-C3N4:TiN-NFG 

nanocomposite electrode at 0.11 V versus RHE. 

 

Now we thoroughly discuss the PEC activity of the optimized nanocomposite photoelectrode 

with 1.5 wt% loading of TiN-NFG and ~ 12 µm thickness. LSV plots given in Figure 3.19a 

and b show that the pristine g-C3N4 nanosheet has an onset potential at 0.36 V versus RHE 

for the reduction of protons whereas the g-C3N4:TiN-NFG nanocomposite exhibits much 

more positive onset potential at 0.61 V versus RHE. This positive shift in the onset potential 

indicates improved catalytic reductive nature of g-C3N4 nanosheet after coupling with TiN-

NFG. 

Transient photocurrents versus time plots are obtained to evaluate the PEC activity with 

repeated on/off illumination cycles, as presented in Figure 3.19c and d. Even at 0.61 V versus 

RHE, the g-C3N4:TiN-NFG nanocomposite photoelectrode demonstrated enhanced PEC 

performance as compared to g-C3N4 nanosheet. Interestingly, at 0.61 V versus RHE bias, the 

g-C3N4:TiN-NFG nanocomposite photoelectrode shows a cathodic nature with current 

density of -9.6 µA/cm
2
, whereas pristine g-C3N4 shows an anodic nature (0.2 µA/cm

2
). This is 

due to the fact that onset potential in g-C3N4:TiN-NFG nanocomposite photoelectrode has 

shifted to 0.61 V versus RHE as compared to 0.36 V versus RHE for g-C3N4 nanosheets as 

shown in Figure 3.19b. Therefore, the chronoamperometric response and LSV data are in 

good agreement with each other.  
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Figure 3.19: (a) Linear sweep voltammetry (LSV) curves for g-C3N4 nanosheets and g-

C3N4:TiN-NFG nanocomposite photoelectrodes. (b) Magnified view of the same LSV data 

indicating onset potential for water reduction to H2. Transient photocurrent density versus 

time plots at (c) 0.61 V, and (d) 0.11 V versus RHE of g-C3N4 nanosheet and-C3N4:TiN-NFG 

nanocomposite photoelectrodes. 

 

In Figure 3.19d, we compare the PEC activity of g-C3N4:TiN-NFG nanocomposite and g-

C3N4 nanosheet at 0.11 V versus RHE. As a photocathode, g-C3N4:TiN-NFG nanocomposite 

displays the photocurrent density of -196 µA/cm
2 

at 0.11 V versus RHE, which is almost ~16 

times higher than that of pristine g-C3N4
 

nanosheet (-12 µA/cm
2
). It is not easy to 

quantitatively compare our results with prior reports because of some differences in the 

experimental conditions used in different reports. But to the best of our knowledge, ~16 times 

enhancement in reductive PEC activity of g-C3N4 by using our TiN-NFG co-catalyst is the 

highest reported enhancement so far. Table 3.3 compares our results with a list of prior 

literature. 
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Table 3.3: Comparision of photoelectrocatalytic performance of g-C3N4:TiN-NFG 

nanocomposite  photoelectrode with prior  reported carbon nitride based 

photoelectrocatalysts. 

 

Photoelectr-

ocatalyst 

 

Photocurrent 

density (µA/cm
2
) 

water reduction 

 

Source 

(Light density) 

 

Increa

-ment 

 

Electrolyte 

 

Ref. 

 

g-C3N4 

 

~ - 12 µA/cm
2
 

0.61 V versus 

RHE 

 

 

400 W  Xe lamp 

 (100 mW/cm
2
) 

  

0.5M 

Na2SO4 

10% TEOA 

 

Present 

work 

 

g-C3N4: 

TiN-NFG 

 

~ -196 µA/cm
2
 

0.11 V versuss 

RHE 

 

400 W Xe lamp 

 (100 mW/cm
2
) 

 

16 

(WRed) 

 

 

0.5M 

Na2SO4 

10% TEOA 

 

Present 

work 

 

g-C3N4 / 

Graphdiyne 

(GDY) 

 

~ - 98 µA/cm
2
 

0 V versus NHE 

 

 

300 W Xe lamp 

 (100 mW/cm
2
)

 

 

   3 

 

0.1M 

Na2SO4 

 

 
12

 

 

Carbon ring – 

C3N4 

 

 

~ - 22 µA/cm
2
 

-0.4 V versus 

Ag/AgCl 

 

 

300 W Xe lamp 

 

 

  6 

 

0.5M 

Na2SO4 

 

 
27

 

 
a
CNNS/NRG

O/MoS2 

 

--- 

 

150 W Xe lamp 

 (100 mW/cm
2
) 

 

 3 

 

0.01 M 

Na2SO4 

38
 

 

13.3% MoS2 

/g-C3N4 

 

-50   µA/cm
2
 

1.0 V versus RHE 

 

300 W Xe lamp 

 (λ > 420 nm) 

 

 

10 

 

0.5 M 

H2SO4 

 

 
26

 

a: CNNS/NGRO /MoS2 = Carbon nitride nanosheets/N-doped reduced graphene oxide/MoS2 

WRed = water reduction 

 

Four control experiments (Figure 3.20) were conducted to validate the superior performance 

of g-C3N4:TiN-NFG nanocomposite. In the first control experiment (Figure 3.20a) 

chronoamperometry of pristine TiN-NFG shows almost negligible photocurrent. This clearly 

indicates that the photocurrent response of -196 µA/cm
2 

is from g-C3N4:TiN-NFG 

nanocomposite and almost no contribution is from pristine co-catalyst TiN-NFG. Second 

control experiments were conducted to check contribution of individual co-catalyst TiN and 
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NFG. LSV and chronoamperometry (at 0.61 V and 0.11 V versus RHE) of g-C3N4:TiN and 

g-C3N4:NFG nanocomposites are given in Figure 3.20b, c and d, respectively.  

 

Figure 3.20: (a) Transient photoresponse data of TiN-NFG. (b) Linear sweep voltammetry 

(LSV), and (c-d) Transient photoresponse at 0.61 V and 0.11 V versus RHE data of g-C3N4, 

g-C3N4:NFG, g-C3N4:TiN, and g-C3N4:TiN-NFG photoelectrodes. Loading of co-catalysts are 

1.5 wt% for all the composites.  (e) Transient photoresponse data of physical mixture of g-

C3N4+TiN-NFG in 0.5 M Na2SO4 and 10 vol% TEOA electrolyte solution. Physical mixture 

was prepared by just mixing g-C3N4 and TiN-NFG in ethanol and coated on FTO. (f) 

Transient photoresponse data of g-C3N4:TiN-NFG nanocomposite at 0.11 V versus RHE 

without TEOA. 
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Both g-C3N4:TiN (1 µA/cm
2
) and g-C3N4:NFG (0.5 µA/cm

2
) showed lower performance than 

g-C3N4:TiN-NFG indicating synergistic effect of TiN and NFG in co-catalyst for enhancing 

the g-C3N4 PEC performance. In the third control experiment, co-catalyst performance of 

physically mixed g-C3N4 and TiN-NFG is tested as shown in Figure 3.20e. This physical 

mixture (g-C3N4 + TiN-NFG) shows photocurrent density of ~ 77 µA/cm
2
, which is just ~6 

times higher than pristine g-C3N4, whereas g-C3N4:TiN-NFG nanocomposite shows ~16 

times enhancement. This finding again suggests that the g-C3N4:TiN-NFG has formed a 

hetero-junction (also evident from PL and impedance) and is not just a physical mixture. In 

our previous experiments, TEOA hole scavenger is employed to regenerate the photocatalyst 

g-C3N4. As a control measurement we evaluate the PEC activity of g-C3N4:TiN-NFG 

nanocomposite without adding TEOA. A photocurrent density of -114 µA/cm
2
 (Figure 3.20f) 

is obtained for the nanocomposite without TEOA in Na2SO4 electrolyte, as opposed to -196 

µA/cm
2
 photocurrent density (Figure 3.19d) in the presence of TEOA. This shows the role of 

TEOA in the enhancement of PEC performance but still a significant PEC activity of the 

nanocomposite is observed even in the absence of TEOA.  

Henceforth, all the control experiments clearly signify the superiority of TiN-NFG 

nanocomposite as a co-catalyst for enhancement of PEC performance of g-C3N4. We attribute 

this huge enhancement in water splitting to both (i) large interface area between 2D 

photocatalyst (g-C3N4) and 2D co-catalyst (TiN-NFG) along with the desired band-alignment 

for efficient separation of photoexcited electron-hole pair, and (ii) lower Rct at 

electrode/electrolyte interface owing to the higher conductivity of the co-catalyst. 

 

 

Figure 3.21: Stability profile of g-C3N4:TiN-NFG nanocomposite photoelectrocatalyst. 
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Now to evaluate the stability of g-C3N4:TiN-NFG nanocomposite, chronoamperometric 

experiments were carried out at 0.11 V versus RHE under the light-on and light-off mode for 

5 hours. The photoelectrocatalyst maintained a photocurrent density -196 µA/cm
2 

for the 

entire duration (Figure 3.21) of experiment, indicating good stability of the nanocomposite 

under light and in the electrolyte solution. Furthermore, as shown in Figure 3.22, FESEM, 

PXRD and EIS data before and after PEC testing is evaluated which almost showed 

negligible change in g-C3N4:TiN-NFG nanocomposite photoelectrode and its PEC 

performance. This indicates that g-C3N4:TiN-NFG nanocomposite can be useful for long term 

usability.  

 

Figure 3.22: Comparison of (a) PXRD patterns, (b) Nyquist plots, and (c-d) FESEM images of g-

C3N4:TiN-NFG nanocomposite before and after  the stability test (5 hour) of photoelectrocatalytic 

reaction. 
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circuit, 2 µmol of hydrogen is estimated by GC and faradic efficiency of ~ 91% for reduction 

of water is achieved (Figure 3.23). Thus, most of the photogenerated charges are effective in 

the hydrogen generation for the present system.  
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Figure 3.23: Experimental (red shaded circles) and calculated from photocurrent at 1.1 V 

(red open circles) for gas evolution rate of H2, and faraday efficiency of g-C3N4:TiN-NFG. 

 

 

Figure 3.24: Incident photon to current efficiency (IPCE) data of g-C3N4 and g-C3N4:TiN-

NFG nanocomposite photoelectrodes at 0.61 V versus RHE. 
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3.4 Conclusions 

In summary, we introduce a new 2D co-catalyst, namely, TiN-NFG nanocomposite for 

boosting the PEC water splitting performance of 2D g-C3N4 nanosheets. The extended 

interface of 2D g-C3N4:TiN-NFG nanocomposite suppresses recombination of photo-excited 

electron-hole by separating the charge carriers. The TiN-NFG co-catalyst also reduces the Rct 

across the electrode/electrolyte interface. As a result, excellent enhancement in the overall 

PEC performance is observed for the 2D g-C3N4:TiN-NFG nanocomposite. The 

nanocomposite shows ~16 times enhancement in the PEC activity of g-C3N4 nanosheet at 

0.11 V versus RHE under simulated solar illumination. The nanocomposite is stable under 

experimental conditions and cost-effective without involving any noble metal. The present 

study establishes TiN-NFG as a promising 2D co-catalyst for PEC water splitting, and needs 

to be explored further for other catalysts apart from g-C3N4 as well. 
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Summary 

A typical graphitic carbon nitride (g-C3N4) nanosheet has brought much attention in the 

research area of photocatalytic water splitting. However, its photocatalytic activity is 

restrained due to its fast recombination of photo generated electron-hole pairs. Here, we 

introduce a popularly known plasmonic material which is Sn-doped In2O3 (ITO) nanocrystals 

(NCs) as a co-catalyst due to its high electrical conductivity and metallic electrons. In this 

report, we made g-C3N4:ITO nanocomposite photoelectrode for an efficient 

photoelectrochemical (PEC) reduction of water. In the first step, we studied the origin of 

generation of free electron in ITO NCs by monitoring the evolution of plasmonic band with 

reaction conditions. Then, the g-C3N4:ITO nanocomposites were prepared and studied using 

various experimental techniques. g-C3N4:ITO nanocomposite photoelectrode showed 

decrease (~2.5 times) of interfacial charge transfer resistance at electrode/electrolyte interface 

when compared with pristine g-C3N4 nanosheet. Our g-C3N4:ITO nanocomposite  

photoelectrode showed the photocurrent density of -70 µA/cm
2
 for reduction of water to H2, 

whereas for the pristine g-C3N4 nanosheet photoelectrode showed -12 µA/cm
2 

at 0.11 V 

versus reversible hydrogen electrode (RHE).
 
Photocurrent density is increased by ~6 times 

after the introduction of ITO NCs as a co-catalyst with g-C3N4 nanosheets. The present PEC 

activity of ITO NCs is reasonably high for reduction of water compared to prior literature on 

carbon nitride based photoelectrocatalyst. 
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4.1 Introduction 

The requirement of clean and renewable energy is essential for future demand. One of the 

efficient way to produce hydrogen fuel from sun light is through the photocatalytic water 

splitting.
1
 In this regard, researchers have investigated numerous photocatalysts. Among 

them, the most notable were inorganic semiconductors such as CdS, Cu2O and BiVO4.
2
 These 

metal based semiconductors showed good photocatalytic efficiency, but suffer from stability 

under light illumination. On the other hand, metal free semiconductors, namely graphene 

oxide,
3
 conjugated ploymers

4
 and porous carbon nitrides

5-6
 emerged as alternative due to their 

suitable electronic band structure.
7
 In this category, carbon nitride gained much interest due 

to longterm photostability, ease of synthesis, and environmentally benign in nature. However, 

the photocatalytic activity of carbon nitride is limited by its fast recombination rate and low 

mobility of photogenerated charge carriers.
6
 In order to improve the photocatalytic efficiency 

of carbon nitride, new structural designs have been introduced. Such hybrid structure 

expedites the charge transfer kinetics and reduces the recombination rates of photo induced 

carriers. 

In this regard, researchers have discovered different type of design via construction of 

heterojunction between graphitic carbon nitride (g-C3N4) and various co-catalysts. For 

example, noble metals (Pt, Pd and Au)  and  noble metal oxides (IrO2 and RuO2) used as a co-

catalyst by construction of heterojunction with g-C3N4 for both water reduction and 

oxidation, respectively.
8
 It is well known that these noble metal based materials are expensive 

and low earth abundant. To overcome these problem, various alternative semiconductor 

materials have been emerged to replace expensive noble metal based materials such as TiO2, 

BiVO4 and CdS to enhance interfacial charge transfer processes.
9
 However, poor charge 

transfer at co-catalyst and water interface suppresses the photoelectrocatalytic activity. 

Furthermore, recently, photoelctrocatalytic activity has been improved by introducing the 2D 

carbon based materials as a co-catalyst. Ying-Ying et al improved the hole transfer kinetics of 

g-C3N4 after designing the heterojunction of g-C3N4/graphdiyne.
10

  Che et al fabricated 

2D/2D heterojunction of carbon ring (Cring) -  g-C3N4 nanosheet photocatalyst.
11

 In the 

chapter - 3 we showed superior co-catalyst activity of TiN- N-doped few-layer graphene 

(TiN-NFG) forming 2D/2D heterojunction between TiN-NFG and g-C3N4 nanosheet. 

Motivated by these results, we thought to explore co-catalytic activity of ITO NCs by 

forming heterojunction with g-C3N4 nanosheet. The reason for selection is the ITO NCs have 

necessary free electron density, like TiN in chapter - 3, and can be prepared easily by 
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employing colloidal synthesis at ~220 
o
C. Interestingly, the free electron density can be easily 

monitored by observing the intense localized surface plasmon resonance (LSPR) in near 

infrared region. In this chapter, first we discuss the mechanistic insights for generation of free 

electrons in ITO NCs, and then nanocomposites of g-C3N4:ITO (2%) were used for photo-

electrocatalytic (PEC) water splitting. However, there is possibility to further improve the 

PEC water splitting activity by introduction of plasmonic materials as co-catalyst such as ITO 

NCs due to their high electrical conductivity and metallic electrons.  

 

4.2 Experimental Sections 

4.2.1 Chemicals 

Indium (III) acetylacetonate (sigma-aldrich, purity ≥ 99.9%), tin (IV) bis(acetylacetonate) 

dichloride (sigma-aldrich purity ≥99.9%), oleylamine (Sigma-Aldrich, purity 70%), 

tetrachloroethylene (Sigma-Aldrich, anhydrous, purity ≥ 99%), methanol (AR, S D Fine-

chem. Ltd), hexane (AR, S D Fine Chem. Ltd), toluene (Rankem, purity 99.5% ), urea (AR, 

99.0 %, VETEC), distilled water, ethanol (99.9% AR, SDFCL), n-butanol (99.95%, 

Rankem), nafion (5 wt%, Aldrich), sodium sulphate (99.0%, Fisher Chemicals), 

triethnolamine (99.0%, Sigma Aldrich), F-doped SnO2 (FTO) coated glass (~7 ohm/sq, 

Sigma-Aldrich). No further purification was carried out in any chemical prior to use. 

 

4.2.2 Synthesis of Graphitic Carbon Nitride (g-C3N4) Nanosheets 

g-C3N4 was synthesized by pyrolysis method using urea as a precursor, following report of 

Liu et al after slight modification of.
12

 Briefly, 0.17 mol (10 g) of urea was placed in 50 mL 

alumina boat and heated to 550 
o
C for 2 hours in a tube furnace under N2 atmosphere with 

heating rate of 4 
o
C/min. A pale yellow colored powder was obtained after cooling the 

furnace to room temperature, and the sample was characterized in detail using various 

experimental techniques which was shown in chapter 3 of this thesis.  

 

4.2.3 Synthesis of Sn-Doped In2O3 (ITO) NCs 

Colloidal Sn-doped In2O3 NCs were synthesized following report.
13

 To prepare 10% Sn-

doped In2O3 NCs, 0.24 mmol indium (III) acetylacetonate and 0.03 mmol tin (IV) 

bis(acetylacetonate) dichloride were mixed with 10 mL oleylamine in a 50 mL three-necked 

round bottom flask. First the reaction mixture was subjected to N2 atmosphere and vacuum 

alternatively for 30 minutes at room temperature followed by degassing at high vacuum for 
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30 min at 100 
o
C. The temperature of the reaction mixture was gradually increased to 220 

o
C 

under N2 gas atmosphere and kept undisturbed for 5 hours. The solution was cooled to room 

temperature and then adequate amount (~30 mL) of methanol was added as a non-solvent to 

precipitate NCs followed by centrifugation at 5000 rpm for 5 min. The obtained NCs were 

redispersed in toluene and were precipitated again using methanol, and the washing process 

repeated twice.  

 

4.2.4 Characterization 

PXRD patterns of all samples were obtained using a Bruker D8 Advance X-ray 

diffractometer equipped with Cu Kα radiation (1.54 Å). UV-vis-NIR absorption spectra were 

measured using SHIMADZU UV-3600 plus UV-VIS-NIR spectrophotometer. Steady-state 

PL data were recorded using FLS 980 (Edinburgh Instruments). Transmission electron 

microscopy (TEM) images were taken using JEOL-JEM 2200FS 200KeV. Field emission 

scanning electron microscopy (FESEM) images, energy dispersive X-ray analysis (EDAX) 

and elemental mapping data were obtained using a Zeiss Ultra Plus scanning electron 

microscope. Electrical resistivity measurements of ITO NC Pellets were obtained by using a 

Keithley Four-probe conductivity instrument (Model 6220/6221 Current Source and Model 

2182A nanovoltameter). Mott-Schottky plots of electrodes were measured in 0.5 M Na2SO4 

and 10 vol% tri-ethanolamine solution in dark at a frequency of 10 kHz using an AUTOLAB 

PGSTAT 30 using a three electrode system. Electrochemical impedance spectroscopy (EIS) 

experiments were performed using an AUTOLAB PGSTAT 30 from 100 kHz to 40 mHz.  

 

4.2.5 Preparation of g-C3N4:ITO nanocomposite photoelectrodes  

Finely grinded powders of g-C3N4 (100 mg) nanosheets and different weight percentages of 

ITO NCs (0%, 1%, 2% and 4%) were dispersed in 5 mL ethanol by ultra-sonication for about 

2 hours. Ethanol was evaporated at an elevated temperature and the sample was thoroughly 

dried under vacuum. 100 mg of the powder was grinded (for around 1 hour) using mortar 

pestle. Then 600 L n-butanol was added drop-wise (30 µL/min) to the powder and grinded 

continuously to make a paste. Also 60 L nafion was added during the addition of n-butanol. 

Nafion improves binding between the film and the FTO glass substrate. The obtained g-

C3N4:ITO NCs nanocomposite paste is doctor bladed on cleaned FTO glass followed by 

annealing of the films at 250 
o
C for 2 hours under inert atmosphere. The area of the films was 
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maintained to 1 cm
2
 for all the experiments. The thickness of the films was estimated to ~12 

m. 

 

4.2.6 Photoelectrochemical (PEC) Measurements 

PEC measurements were carried out on AUTOLAB PGSTAT 30 using a three electrode 

system. Different photoelectrode materials coated on FTO glass with 1 cm
2
 area served as 

working electrodes, platinium as counter electrode and Ag/AgCl as reference electrode. These 

electrodes are placed in 0.5 M Na2SO4 and 10 vol% TEOA aqueous solution purged with N2. 

Simulated sunlight with illumination power of 100 mW/cm
2
 from a 400 W xenon lamp (Solar 

Simulator, Newport) is used for illuminations. 

 

4.3 Results and Discussion  

4.3.1 Mechanistic Insights about the Generation of Free Electrons in Colloidal Sn-

Doped In2O3 NCs 

 

Figure 4.1: Variation of (a) LSPR band, and (b) excitonic transition with time of reaction for 

colloidal ITO NCs carried under N2 atmosphere. 

  

Synthesis details of ITO NCs have been given in the experimental section (section 4.2.3). To 

understand the mechanism of generation of free electron, thereby understanding the evolution 

of LSPR band, we have studied ITO NC at different stages of reaction. Figure 4.1a and b 

show the UV-visible-NIR absorption data of ITO NCs prepared under N2 atmosphere at 

different reaction times. The absorption edge in the UV region (Figure 4.1b) corresponds to 

the optical gap of the semiconductor, and the NIR absorption (Figure 4.1a) is due to the 

LSPR band of free electrons. Clearly, the LSPR band is absent for reaction time up to 45 min. 

LSPR band appears at 60 min and then shifts towards shorter wavelength along with 
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increasing absorbance as the reaction proceeds. Correspondingly, the tail of LSPR band 

absorbs red-light, imparting the complementary blue color to the reaction mixture after 60 

min, and the color became more intense with increasing reaction time (inset of Figure 4.1a).  

According to the Drude model, the LSPR band is expected to shift towards shorter 

wavelength and become more intense (higher absorbance) with an increase in free electron 

density.
14

 Therefore, it can be concluded that the free electrons starts appearing slowly during 

the course of reaction. The influence of this slow release of free electrons is also observed in 

the optical gap of NCs in the UV region (Figure 4.1b). As the reaction time increases, the 

sharp excitonic feature bleaches because the generated free electrons screen the Coulomb 

attraction between electron-hole pair.
15-16

 Also, the generation of free electrons in the 

conduction band typically widens the optical gap of ITO NCs because of Burstein-Moss 

effect,
14, 17

 and such a widening of optical gap is also observed (Figure 4.1b) with longer 

reaction time after 60 min.  

What is the mechanism of this slow generation of free electrons in our NCs? In order to 

address this question, let us first discuss the mechanism of free electron generation in bulk 

Sn-doped In2O3. One oxygen vacancy can give rise to two electrons following equation 1.
18

  

 

  
          

    
 

 
         (1) 

 

Where,   
  

 represents a neutral oxygen on an oxygen site;   
   represents a vacancy with 

charge of +2 on an oxygen site and e′ represents an electron with charge -1. However, the 

amount of oxygen vacancies is typically low (< 0.5%). So far, colloidal synthesis of In2O3 

NCs has not lead to the formation of enough free electrons from oxygen vacancies, and 

therefore LSPR band has not been observed from In2O3 NCs.  

On the other hand, each Sn
4+

 provides one free electron in the conduction band of bulk Sn-

doped In2O3 with doping level up to 5-10% following equation 2.
19

 

 

   
       

         
        

 

 
          (2) 

Where     
  represent a positively charged Sn on an In site (basically substitution of In

3+
 with 

Sn
4+

 leads to 1+ charge in the crystal), and   
   represent an interstitial oxygen with -2 charge.  

Typically, one interstitial oxygen is accompanied by two Sn
4+

 ions substituting two In
3+

 ions, 

maintaining the charge neutrality, which subsequently can get reduced following equation 2. 

At higher levels of Sn doping, the neutral    
       

    centers can undergo clustering 
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forming a more stable product which does not get reduced following equation 2, and 

therefore, decreases the effective free electron concentration.
20

  

In our NCs, the slow generation of free electron can be because of multiple reasons such as 

(i) slow rate of formation of NCs, or (ii) even though the host NC is formed instantaneously, 

the rate of Sn doping can be slower, or (iii) slower reduction of active Sn dopant following 

equation 2.  

 

Figure 4.2: XRD patterns of ITO NCs isolated after different reaction times. 

 

Let us discuss the first possibility, i.e., whether the slow formation rate of NCs is responsible 

for slow generation of free electron or not. Figure 4.2 shows similar XRD patterns for all NCs 

throughout the synthesis starting from 15 min to 300 min, which matches with the cubic 

bixbyite structure of In2O3 (JCPDS no. 88-2160, space group Ia3).  

 

 

Figure 4.3: TEM image of (a) ITO NCs carried under N2 atmosphere isolated after 60 min, 

and (b) after 300 min. 
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TEM image in Figure 4.3a shows the average diameter of NCs is 6.5 nm after 60 min of 

reaction, and the size remains similar even after 300 min (Figure 4.3b). So, growth of host 

NCs is already over by 60 min of reaction and the release of free electrons after 60 minutes is 

not due to slow NC growth.  

Now we verify the second possibility, i.e., whether slow incorporation of Sn in already 

formed NCs is responsible for slow generation of free electron or not.  EDAX data exhibit a 

similar Sn content of 8.1 and 9.4 % for both samples obtained after 60 and 300 minutes of 

reactions. Similarly, ICP-OES (inductively coupled plasma-optical emission spectroscopy) 

shows 9.3 and 10.1 % Sn for samples obtained after 60 and 300 minutes of reactions. It is to 

be noted that such elemental analysis cannot distinguish between dopant ions on the surface 

of NCs and lattice substituted dopants at the core of NCs. However, Lounis et al.
21

 recently 

demonstrated that the surface bound Sn dopants exhibit narrower LSPR spectrum compared 

to Sn doped into the core of In2O3 NC lattice. Figure 4.1a does not show any broadening of 

LSPR peak with increasing reaction time, therefore suggesting that the diffusion of dopant 

ions from surface towards the core of NCs is not a plausible reason for the emergence of 

LSPR band with reaction time. Therefore, slower or inhomogeneous Sn incorporation is also 

not the cause of slow release of free electrons.  

 

Figure 4.4: TEM images of ITO NCs after 300 min of reaction in different reaction 

environments. (a) Under N2 gas, (b) in air, and (c) under a gas mixture of 10% H2 and 90% 

N2. Insets show the color of corresponding NC dispersions. 
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To verify the third possibility, i.e., slow reduction of active Sn dopant following equation 2, 

we carried out the colloidal synthesis with different oxygen partial pressure: in air, under N2 

gas, and under reducing (90% N2 and 10% H2) gas. Such a change in reaction environment 

neither changes the NC size (TEM images in Figure 4.4a-c), nor the extent of Sn doping 

(~10%) obtained from EDAX and ICP-OES. Figure 4.3d shows that the LSPR band is almost 

absent for ITO NCs when the reaction is carried out in air. Consequently, the color of the NC 

prepared in air is also not blue (inset to Figure 4.4b). On the other hand, with reducing 

conditions (90% N2 and 10% H2), LSPR band appears in about 45 min (Figure 4.4d) of 

reaction time, which is quicker compared to 60 min required to observe LSPR for reactions 

carried out under N2 (Figure 4.4d). Evidently, a lower partial pressure of oxygen during the 

synthesis favors the reduction of active Sn dopant following equation 2. The slow release of 

free carriers during colloidal synthesis is because of the slow reduction process shown in 

equation 2. It is to be noted that such reduction in bulk Sn-doped In2O3 also takes many hours 

at an elevated temperature.
19

  

 

4.3.2 Electrical Conductivity 

 

Figure 4.5: Voltage vs current plots for ITO NCs after making pellets. Symbols were 

experimental data, and line was just guide to eye. 

 

LSPR data show a reasonably high metallic free electron concentration in our ITO NCs, 

which is desired for PEC reduction of water. Same free electron will also give rise to 

electrical conductivity. To verify that, we measured electrical resistivity of the pellets of ITO 

NCs. Figure 4.5 shows four-probe electrical conductivity measurements on ~ 1 mm thick 
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pellets of ITO NCs. Linear voltage (V) vs current (I) plot was observed for ITO NCs. 

Interestingly, slope of the plot signify the resistance following the Ohm‟s law. In spite of 

having large contribution from grain boundaries of NCs, that hinder charge transport, the 

obtained conductivity value for ITO NCs was 35 S/cm. 

Owing to this high electrical conductivity (~35 S/cm) and metallic electrons of ITO NCs we 

got motivated to use ITO NCs as a co-catalyst with photocatalyst g-C3N4 nanosheet (photo 

absorber) in PEC water splitting. The NC size of Sn-doped In2O3 will facilitate formation of 

nano heterojunction with g-C3N4 nanosheet. 

  

4.3.3 Preparation of g-C3N4:ITO Nanocomposite  

g-C3N4 nanosheets were synthesized by pyrolysis method using urea as a precursor, following 

prior report.
12

 Detailed characterization of g-C3N4 nanosheets was given in the chapter 3 of 

this thesis. Nanocomposites of g-C3N4:ITO nanocomposite photoelectrocatalysts were 

fabricated by mixing different ratios of g-C3N4 nanosheet and ITO NCs. After the preparation 

of uniform paste of g-C3N4 nanosheet and ITO NCs, photoelectrocatalyst samples were 

doctor bladed on fluorine doped tin oxide (FTO) glass and then annealed at 250 
o
C for 2 

hours. Details of fabrication method have been given in the experimental section (section 

4.2.5). Figure 4.6 shows the schematic representation of the formation of g-C3N4:ITO 

nanocomposite. 

 

 

Figure 4.6: The schematic illustration of the formation of g-C3N4:ITO nanocomposite. 
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Figure 4.7: PXRD pattern of g-C3N4 nanosheet, ITO NCs and g-C3N4:ITO nanocomposite 

with different loading amount (wt%) of ITO NCs in the composite. Also, reference patterns 

for bulk g-C3N4, and ITO are shown for comparison. 

 

Figure 4.7 shows the PXRD patterns of g-C3N4 nanosheet, g-C3N4:ITO nanocomposite 

photoelectrocatalysts with different ratio of ITO and ITO NCs. The diffraction peaks of ITO 

NCs in photoelectrocatlysts are of low intensity due to its low (0 to 4%) loading amount. 

These XRD results suggest the formation of g-C3N4:ITO nanocomposites, and no other 

impurity phase was observed. However, these XRD results do not confirm the interaction 

between ITO NCs and g-C3N4 nanosheet in the nanocomposite. This issue will be discussed 

later in this chapter. Among all different ratios, the nanocomposites with 2 wt% ITO NCs 

exhibits best PEC performance. Therefore, this composition g-C3N4:ITO (2 wt%) of 

nanocomposites will be discussed in detail. Further, we discuss the efficiency of 

photoelectrocatalytic activity of g-C3N4:ITO (2%) nanocomposite and g-C3N4 nanosheet in 

this chapter. 

 

4.3.4 Microscopic Analysis of g-C3N4 Nanosheet and g-C3N4:ITO (2%) 

Nanocomposite 

TEM image showed in Figure 4.8a displays the ultrathin 2D nanosheets of g-C3N4 nanosheet 

which exhibit porous nature. Figure 4.8b shows TEM image of ITO NCs (co-catalyst) with 

average size ~6.5 nm. FESEM image (Figures 4.8c) shows the g-C3N4:ITO (2%) 

nanocomposites, in which it is very difficult to observe ITO NCs due to small size (~6.5 nm). 
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The elemental mapping of g-C3N4:ITO (2%) nanocomposite (Figure 4.8d-f) shows the 

uniform distribution of elements (C, N, In and Sn) in the structure. Finding of such uniform 

distribution of ITO NCs and g-C3N4 nanosheets in the nanocomposite is expected to be 

beneficial for efficient charge transfer.  

 

Figure 4.8: TEM images of (a) g-C3N4 nanosheet and (b) ITO NCs. FESEM image of (c) g-

C3N4:ITO (2%) nanocomposite, and the corresponding elemental mapping from EDAX (d) 

carbon, (e) nitrogen, (f) indium, and (g) tin. 
 

4.3.5 Properties of g-C3N4 Nanosheet and g-C3N4:ITO (2%) Nnaocomposite 

UV-vis absorption spectrum of g-C3N4 nanosheet is shown in Figure 4.9a. The band gap of g-

C3N4 nanosheet calculated to be 2.82 eV (439 nm) using tauc plot, and is shown in Figure 

4.9b. This band gap suggests that g-C3N4 nanosheet capable of absorb small amount of solar 

light. The obtained band gap is in agreement with prior report.
22

   

 

Figure 4.9: (a) UV-visible absorption spectra of g-C3N4 nanosheet and g-C3N4:ITO (2%) 

nanocomposite obtained from diffuse reflectance spectrum by using Kubelka-Munk 

equation.
23

 (b) Tauc
24

 plot obtained from the absorption spectrum by considering direct 

bandgap. 
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Figure 4.10: Comparison of PL spectra of g-C3N4 nanosheet and g-C3N4:ITO (2%) 

nanocomposites. 

 

In the case of nanocomposite, to understand the nature of electronic interaction between g-

C3N4 nanosheet and ITO NCs components, we employed the techniques of 

photoluminescence (PL) spectroscopy, Mott-Schottky measurements and electrochemical 

impedance spectroscopy (EIS). These measurements were done on the films of respective 

samples. Figure 4.10 shows both g-C3N4 nanosheet and g-C3N4:ITO (2%) nanocomposite 

exhibit PL peaks at 460 nm (2.7 eV), which is the characteristic of band to band transition of 

g-C3N4 nanosheet.
25-26 

But the PL intensity got significantly decreased for the nanocomposite 

as compared to g-C3N4 nanosheet. The decrease in PL intensity suggested the possibility of 

photo-excited electron transfer from g-C3N4 nanosheet to ITO NCs this electron transfer can 

be one among many possibilities supress the PL intensity. Additional experiments required to 

verify this possibility. 

To analyse the possibility of charge transfer process from g-C3N4 nanosheet to ITO NCs, we 

estimated the flat band potential (Vfb) values corresponding to the conduction band minimum, 

by employing electrochemical Mott-Schottky experiments (Figure 4.11a). The intercept on x-

axis of Figure 4.11a determines Vfb values for g-C3N4 nanosheet and ITO NCs as -1.46 V and 

-1.26 V vs Ag/AgCl (-0.85 V and -0.65 V vs RHE) at pH = 7, respectively, similar to prior 

reports.
27-28

 The observed band gap of g-C3N4 nanosheet from UV-visible absorption 

spectrum (Figure 4.9) was 2.82 eV. Thus, from the Mott-Schottky and absorption plots, the 

energy for valance band maximum of g-C3N4 nanosheet is found to be 1.36 V vs Ag/AgCl 

(1.97 V vs RHE) at pH = 7. Figure 4.11b summarizes the obtained band edge energies, and 

also compares with potentials for reduction and oxidation of water. These energy levels show 
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that electron transfer from g-C3N4 nanosheet to ITO NCs is thermodynamically favourable. 

Such electron transfer can explain the decrease of PL intensity in the g-C3N4:ITO (2%) 

nanocomposite, discussed earlier. g-C3N4 nanosheet with band gap 2.82 eV in the composite 

primarily absorbs solar light, creating electron hole - pair in g-C3N4 nanosheet. As 

consequence of electron transfer from g-C3N4 nanosheet to ITO NCs in nanocomposite, the 

recombination of electron - hole pair supressed, decreases the PL efficiency. If this electron 

transfer is responsible for suppression of PL efficiency, then it should also enhances the PEC 

activity of the nanocomposite compared to pristine g-C3N4 nanosheet. 

Figure 4.11: (a) Mott-Schottky plots, and (b) band alignment structure of g-C3N4 nanosheet 

and ITO NCs.  

Figure 4.12:  Nyquist plots for g-C3N4 nanosheet and g-C3N4:ITO (2%) nanocomposite in 

frequency () range of 100 kHz to 40 mHz. 
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The efficiency of PEC process will also depend on charge transfer resistance (Rct) at 

electrode/electrolyte interface. We measured EIS to compare Rct of both pristine g-C3N4 

nanosheet and g-C3N4:ITO (2%) nanocomposite electrodes in 40 mL of aqueous electrolyte 

system containing 0.5 M Na2SO4 and 10 vol.% triethanolamine (TEOA). Nyquist plots given 

in Figure 4.12 exhibit semi-circle arcs for both samples. Rct value for g-C3N4:ITO (2%) 

nanocomposite is 3180 ohm/cm
2
, which is ~ 2.4 times lower than that of g-C3N4 nanosheet 

electrodes (7800 ohm/cm
2
). These results suggest that the co-catalyst (ITO NCs) reduces Rct 

at electrode/electrolyte interface, in addition to the previously discussed electron-hole 

separation from photo-excited g-C3N4 nanosheet which is due to probably high electrical 

conductivity (35 S/cm) of co-catalyst (ITO NCs).  

The above results encouraged us to examine the PEC water splitting activity of g-C3N4:ITO 

(2%) nanocomposite compared to that of g-C3N4 nanosheet. A three-electrode system with 

Ag/AgCl reference electrode, Pt counter electrode, and the photoelectrocatalyst samples 

coated on FTO glass as working photoelectrode was used in 40 mL aqueous electrolyte 

solution containing 0.5 M Na2SO4 and 10 vol.% TEOA. The photoelectrode was illuminated 

with a solar simulator with a power density of 100 mW/cm
2
 under 1sun. 

 

4.3.6 Photoelectrochemical Activity of g-C3N4:ITO (2%) Nanocomposite 

Figure 4.13: (a) Linear sweep voltammetry (LSV) curves for g-C3N4 nanosheet and g-

C3N4:ITO (2%) nanocomposite photoelectrodes. (b) Magnified view of the same LSV data 

indicating onset potential for reduction of water to H2.  

 

Linear sweep voltammetry (LSV) curves under on-off illumination for g-C3N4 nanosheet and 

g-C3N4:ITO (2%) nanocomposites are given in Figure 4.13a. The photocurrent density is 

enhanced for the nanocomposite compared to pristine g-C3N4 nanosheet. We measured the 

0.0 0.2 0.4 0.6

-90

-60

-30

0

30

Light off

0.56V

P
h

o
to

 c
u

rr
e
n

t 
d

e
n

s
it

y
(

A
/c

m
2
) 

 

Voltage (V) Vs RHE

 g-C3N4 Nanosheet

  g-C3N4:ITO (2%)

0.36V
Light on

-0.3 0.0 0.3 0.6
-400

-300

-200

-100

0

P
h

o
to

 c
u

rr
e
n

t 
d

e
n

s
it

y
(

A
/c

m
2
) 

 

Voltage (V) Vs RHE

 g-C3N4 Nanosheet

  g-C3N4 :ITO (2%)

(a)

(b)



Chapter 4. Plasmonic Properties of Sn-Doped In2O3 (ITO) Nanocrystals and Their Co-catalytic 
Activity with g-C3N4 Nanosheets for Photoelectrochemical Reduction of Water 
 

110 
 

photocurrent density of the nanocomposites with different loading of ITO NCs. Among these, 

2 wt% loading shows the highest photocurrent density. Therefore, g-C3N4:ITO (2%) 

nanocomposite with 2 wt% loading of ITO NCs was studied in detail for the PEC activity. 

LSV plots given in Figure 4.13b show that the pristine g-C3N4 has an onset potential at 0.36 

V versus RHE for the reduction of protons whereas the g-C3N4:ITO (2%) nanocomposite 

exhibits much more positive onset potential at 0.56 V versus RHE. This positive shift in the 

onset potential indicates improved catalytic reductive nature of g-C3N4 nanosheet after 

coupling with ITO NCs in the nanocomposite. 

Transient photocurrents versus time plots were obtained to evaluate the PEC activity with 

repeated on/off illumination cycles, as presented in Figure 4.14a. Even at 0.56 V versus RHE, 

the g-C3N4:ITO (2%) nanocomposite photoelectrode demonstrated enhanced PEC 

performance as compared to pristine g-C3N4 nanosheet. Interestingly, at 0.56 V versus RHE 

bias, the g-C3N4:ITO (2%) nanocomposite photoelectrode shows a cathodic nature with 

current density of -6 µA/cm
2
, whereas pristine g-C3N4 nanosheets shows an anodic nature 

(0.2 µA/cm
2
). This is due to the fact that onset potential in g-C3N4:ITO (2%) nanocomposite 

photoelectrode has shifted to 0.56 V versus RHE as compared to 0.36 V versus RHE for g-

C3N4 nanosheet, as shown in Figure 4.14a. Therefore, the chronoamperometric response and 

LSV data are in good agreement with each other.  

Figure 4.14: Transient photocurrent density versus time plots at (a) 0.56 V, and (d) 0.11 V 

versus RHE of g-C3N4 nanosheet and-C3N4:ITO (2%) nanocomposite photoelectrodes. 

In Figure 4.14b, we compare the PEC activity of g-C3N4:ITO (2%) nanocomposite and g-
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displays the photocurrent density of -70 µA/cm
2 

at 0.11 V versus RHE, which is ~6 times 

higher than that of pristine g-C3N4 nanosheet (-12 µA/cm
2
). It is not easy to quantitatively 

compare our results with prior reports because of some differences in the experimental 

conditions used in different reports. Table 4.1 compares our results with a list of prior 

reported carbon nitride based photoelectrocatalysts along with experimental condition. The 

~6 times enhancement in PEC activity of g-C3N4 nanosheet by using our ITO NCs co-catalyst 

is a reasonable value in comparison with prior literature of carbon nitride based 

photoelectrocatalysts. But this ~6 times enhancement by ITO NCs co-catalyst is lower than 

~16 times enhancement by TiN - N-doped graphene co-catalyst discussed in chapter 3. 

Table 4.1: Comparision of photoelectrocatalytic performance of g-C3N4:ITO (2%) 

nanocomposite photoelectrode with prior reported carbon nitride based photoelectrocatalysts. 
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4.4 Conclusions 

ITO NCs were prepared showing LSPR band in the NIR region, suggesting metallic free 

electrons in ITO NCs. Mechanistic origin of generation of free electron in ITO NCs during 

our synthesis was studied. We find that equation 2 is critical for generation of free electron, 

and reaction conditions that facilitate the reaction of    
       

    complex generates free 

electron. These free electrons can also promote electrical conductivity required for co-

catalytic application in PEC reduction of water. We have introduced ITO NCs as co-catalyst 

with g-C3N4 nanosheets for the evaluation of photoelectrocatalytic reduction of water. The 

ITO NCs co-catalyst supressed the PL intensity of g-C3N4 nanosheets and also reduced the 

Rct at electrode/electrolyte interface. As a result, the enhancement in the PEC performance is 

observed for the g-C3N4:ITO (2%) nanocomposite. The nanocomposite shows ~6 times 

enhancement in the PEC activity of g-C3N4 nanosheet at 0.11 V vs RHE under simulated 

solar light illumination. The obtained photocurrent densities are reasonable numbers as 

compared to other C3N4 nanosheet based photoelectrocatalysts. Further modification in 

design of photoelectrocatalyst is necessary to improve the efficiency of PEC reduction of 

water.    
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Summary 

Electronic grade semiconductor films have been achieved via sintering of solution processed 

PbS and PbSe nanocrystals at room temperature. Prior attempts to achieve similar films 

required sintering of nanocrystals at higher temperature (>350 
o
C), which inhibits processing 

of such films on flexible polymer substrate, and also expensive. We reduced the sintering 

temperature by employing two important strategies: (i) use of ligand-free nanocrystals, and 

(ii) oriented attachment of nanocrystals. Colloidal ligand-free PbS and PbSe nanocrystals 

were synthesized at 70 
o
C with high yield (~70%). However, these nanocrystals start to 

agglomerate with time in formamide solvent and upon removal of the solvation energy, 

nanocrystals undergo oriented attachment forming larger elongated crystals. PbS and PbSe 

nanocrystal films made on both glass and flexible substrate at room temperature, exhibit 

Ohmic behavior with optimum DC conductivity 0.03 S/m and 0.08 S/m respectively. Mild 

annealing of the films at 150 
o
C increases the conductivity values to 1.1 S/m and 137 S/m for 

PbS and PbSe nanocrystal films, respectively. AC impedance was measured to distinguish the 

contributions from grain and grain boundary to the charge transport mechanism. Charge 

transport properties remain similar after repeated bending of the film on a flexible polymer 

substrate.  
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5.1 Introduction 

Solution processibility of organic materials, inorganic semiconductor (SC) nanocrystals 

(NCs), and molecular inorganic complexes offers easy and efficient fabrication of SC films 

with potential to reduce the cost of commercial SC devices,
1-5,6,7

 and also the possibility to 

achieve mechanically flexible devices.
8-9

 Soluble organometallic compounds and 

hydrazinium chalcogenidometallates were used as precursors to grow SC films in the recent 

past.
10-11

 Films of these precursors were decomposed at an elevated temperature forming thin 

film of a desired inorganic SC. Typically, a large weight loss (> 25%) is observed during the 

decomposition of precursors, generating cracks in the film. On the other hand, colloidal SC 

NCs are typically capped with insulating organic ligands that inhibit charge transport in NC 

film.
12

 Various types of surface chemistry modifications have significantly improved the 

charge transport of NC film, where NCs retain their crystallite size but get electronically 

connected.
12-16

 However, the grain boundary effect still remains detrimental for charge 

transport. Sintering of such NC film has already been found to increase the crystallite size, 

and thereby reducing the vexing problem of grain boundary.  

Gur et al. demonstrated that the solution processed CdSe and CdTe nanorods could be 

sintered at 400 
o
C to form CdSe/CdTe bi-layer films for solar cell applications.

3
 Jasieniak et 

al.
17

 and Panthani et al.
18

 sintered CdTe NC precursors at ~350 
o
C to grow CdTe films for 

solar cell applications. Guo et al.
19

 and Harvey et al.
20

 sintered copper-zinc-tin-chalcogenide 

(CZTS) and copper-indium-gallium-selenide (CIGS) NCs at ~500 
o
C. Jiang et al. 

demonstrated that the solid state reaction between the inorganic NCs and its inorganic 

capping ligand (molecular metal chalcogenide) led SC films with desired composition.
21

  

Here, the film composed of NCs and ligands was again annealed at ~500 
o
C to obtain a dense 

SC film. Clearly, sintering of NCs to achieve functional SC film is an active area of research, 

where NCs were annealed at temperatures >350 
o
C. However, such high temperature 

annealing is not suitable to grow thin films on a flexible polymer substrate that can be bent or 

twisted. Reduction of the annealing temperature below 150 
o
C will allow growth of SC films 

on mechanically flexible and light-weighted polymer substrates. In addition, the lowering of 

annealing/sintering temperature invariably reduces the cost associated with film growth.    

The requirement of high annealing temperature for sintering of NCs into a thin film suggests 

the requirement of higher activation energy for the process of NC fusion yielding larger 

crystals. Can we facilitate the fusion process of NCs at room temperature? To address this 

question, we employed two strategies: (i) use of ligand-free NCs,
22-23

 and (ii) exploring the 
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possibility of oriented attachment amongst NCs.
24-26

 Bulky capping ligands on NC hinder 

reactions between adjacent NCs; however, such capping ligands decompose after annealing at 

higher temperatures causing weight loss/discontinuity in the film, and therefore, can also 

reduce the crystallite size. Our approach of using ligand-free NCs will overcome both these 

problems associated with surface ligands. Li et al. demonstrated that NC could fuse and grow 

much easily when two fusing NCs were oriented in a particular favorable crystallographic 

direction, a phenomenon known as oriented attachment.
26

 Consequently, we targeted PbS and 

PbSe NCs which have the tendency to undergo oriented attachment.
27-29

   

 

5.2 Experimental Sections 

5.2.1 Chemicals 

Lead (II) nitrate (99%, Aldrich), formamide (99%, Fluka analytical), ammonium sulphide (40 

- 48 wt % solution in water, Aldrich), sodium selenide (99.8%,  Alfa Aesar), acetonitrile (dry, 

S D fine chem Ltd), ethanol (99.9%, AR, S D fine chem Ltd), n-butanol (Analytical reagent, 

Rankem), sodium chloride (AR, Rankem), colloidal silver liquid (TED PELLA, INC), 

polyethylene terephthalate (PET substrate, Aldrich). All the chemicals were used without any 

further purification. 

 

5.2.2 Synthesis of Ligand-Free PbS NCs  

A solution containing 10 mL formamide (FA) and 0.1 mmol (33.12 mg) of Pb(NO3)2 was 

degassed under N2 atmosphere at 70 
o
C for 15 min in a 50 mL three necked round bottom 

flask. Then aqueous solution (40 to 48 wt%) of (NH4)2S (150µL) was diluted in 1 mL FA and 

swiftly injected to the Pb
2+

 solution. The reaction was continued for another 15 minutes. The 

obtained NC dispersion was directly used for solution processed measurements and for solid 

state measurements, the NC dispersion was precipitated by addition of adequate amount of 

acetonitrile, followed by centrifugation (5 min at 5000 rpm) and dried at room temperature 

under vacuum. 

 

5.2.3 Synthesis of Ligand-Free PbSe NCs  

Colloidal PbSe NCs were prepared inside a N2 filled glove box. A solution containing 0.1 

mmol PbCl2 in 10 ml FA was heated up to 70 
o
C for 15 min. In a different vial, 0.2 mmol 

Na2Se was dissolved in 1 mL FA and added to the Pb
2+

 solution drop wise. Washing of PbSe 

NCs were similar to that of PbS NCs. PbCl2 precursor was prepared by mixing aqueous 
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solution of Pb(NO3)2 (0.015 mol in 10 mL water) with that of NaCl (0.030 mol in 10 mL 

water). The NaCl solution was added drop wise to Pb(NO3)2 solution at room temperature 

under mild stirring condition, and continued for 30 min. The precipitate was filtered using 

Buchner funnel and washed with water thrice. PbCl2 precipitates were white in color and 

characterized by powder x-ray diffraction (PXRD). 

 

5.2.4 Characterization 

UV-visible-NIR absorption spectra were recorded using a lambda-45 UV/vis spectrometer. 

Steady state photoluminescence (PL) was measured using FLS 980 (EDINBURGH 

Instruments). PXRD data were recorded using a Bruker D8 Advanced X-ray diffractometer 

using Cu Kα radiation (1.54 Å). ζ-potential and dynamic light scattering (DLS) data were 

obtained using Nano-ZS90 from Malvern Instruments, U.K. Transmission electron 

microscopy (TEM) images were obtained using JEOL JEM 2100 F field emission 

transmission electron microscope at 200 kV. Field emission scanning electron microscopy 

(FESEM) experiments were carried out using Zeiss Ultra Plus scanning electron microscope. 

Thickness of films was measured using Veeco Dektar 150 surface profiler. 

 

5.2.5 Deposition of NC Film 

Dried PbS NCs (100 mg) powder was grinded using mortar and pestle to make fine 

homogeneous powder. n-butanol (20 µL) was added drop wise to the powder and grinded 

further to make a thick paste. This process of adding n-butanol (20 µL) while grinding was 

repeated 15 times to get a homogeneous paste. The obtained NC paste was doctor bladed on 

cleaned glass as well as PET substrate. The area of the rectangular NC film was kept around 

8 mm × 4 mm, however, films with different dimensions were also made. The films were 

prepared in ambient conditions. Some of the NC films were annealed at 150 
o
C for 30 min 

inside a N2 filled glove box. The same procedure was followed for making PbSe films. 

 

5.2.6 DC and AC Electrical Measurements  

The Four probe DC resistivity measurements were performed with co-linear four individually 

spring loaded probes. Colloidal silver liquid was used to make contacts on NC films. The 

probes were separated by a distance 1.7 mm, with probe diameter 1 mm. Current for all the 

measurements was supplied by Model6220/6221 Current Source and the voltage was 

obtained  by 2182A NANO VOLTMETER. The calculated conductivity values were 
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obtained by passing current (I) through the outer two probes and measuring the voltage (V) 

across the inner two probes. The resistivity of NCs films was calculated by using the 

following equation
30

 

    
 

 
             

where, ρs is sheet resistance, C is correction factor,   is thickness of film and ρ is resistivity. 

AC impedance was measured in two-probe geometry by using computer enabled PARSTAT 

2273 potentiostat/galvanostat, along the film on both glass and PET substrate. Colloidal silver 

liquid was used to make contacts between the film and two spring-loaded gold electrodes 

were used as probes. The distance between probes was 1.5 mm. The AC perturbing voltage 

was kept at 500 mV in the frequency range of 2 MHz to 100 Hz. The measured data were 

fitted in ZSimpWin 3.2 electrochemical impedance modeling software. 

 

5.3 Results and Discussion  

5.3.1 Colloidal Ligand-Free PbS NCs 

 

Figure 5.1: (a) UV-vis-NIR absorption and PL spectra of ligand-free PbS NCs dispersed in 

FA. The inset shows photograph of colloidal dispersion of ligand-free PbS NCs in FA. (b) -

potential of ligand-free PbS NCs dispersed in FA. Inset shows a model of ligand-free PbS NC 

with excess S
2-

 (S
-

) on surface.  

 

Ligand-free colloidal PbS and PbSe NCs were prepared employing a simple single-step 

reaction. The yield of the reaction is ~70%, and does not involve any expensive organic 

capping ligand. Furthermore, the reaction is carried out at a low temperature (70 
o
C) and can 

be scaled up. All these aspects make our colloidal synthesis of NCs easily reproducible and 
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cost-effective. These NCs do not exhibit very narrow size distribution, a parameter that is not 

critical in the present case because these NCs are only precursor for growing electronically 

active SC films with larger crystallite size. After the synthesis, we have characterized the 

NCs using various experimental techniques as follows.   

UV-vis-NIR absorption spectrum in Figure 5.1a shows lowest energy excitonic feature at 

1.98 eV (626 nm) for colloidal PbS NCs dispersed in FA. The absorption feature is highly 

blue shifted compared to the bulk PbS because of the quantum confinement effect.
31

 The size 

of colloidal PbS NCs is calculated to be 2.5 nm using the size vs optical gap relation,
31

 

assuming that the NCs are spherical. The absorption data cannot suggest the shape of the 

NCs; however, they definitely suggest that the dimensions (at least one dimension) of PbS 

NCs are around a few nm. These PbS NCs exhibit excitonic emission, as shown by the PL 

spectrum in Figure 5.1a. The observation of excitonic PL suggests lower defect density in our 

ligand-free PbS NCs. 

 The solution is colloidally stable for about a day, after which the NCs precipitate out. A 

digital image of the colloidal dispersion of PbS NCs in FA is shown in the inset of Figure 

5.1a. Figure 5.1b shows the -potential value of -30 mV for the as synthesized PbS NCs in 

FA. This negative -potential establishes -ve charge on the NC surface, as schematically 

shown in the inset of Figure 5.1b. This negative charge arises from the excess S
2-

 (S
-

) ions 

on the NC surface. These negatively charged NCs repel each other electrostatically, forming 

a colloidal solution in a polar solvent like FA. The counter ion NH4
+
 has a poor affinity 

towards the S
2-

 ions on the NC surface and remains solvated by the polar FA molecules. 

 

5.3.2 Larger NCs at Room Temperature through Oriented Attachment 

When less polar acetonitrile was added to the NC dispersion in FA, the NCs precipitate out. 

Acetonitrile is well-known non-solvent for precipitating/washing of various kinds of NCs 

dispersed in FA.
22, 32-33

 However, unlike all prior cases with NCs of CdSe, CdS, ZnS, ZnSe,
32

 

our precipitated PbS NC could not be re-dispersed into a pure FA solvent. More surprisingly, 

the PXRD pattern (Figure 5.2a) of these PbS NC precipitates shows sharp peaks 

corresponding to mean crystallite size ~ 27 nm, following the Scherrer equation.
34

 The TEM 

image (Figure 5.2b) of the PbS precipitate shows elongated NCs with average length 53 nm 

and width 23 nm. The band gap of the PbS NC precipitate drastically decreases to 0.39 eV 

(Figure 5.3) compared to that (1.98 eV) of colloidal NCs before precipitation. The obtained 

band gap of PbS NC precipitate correspond to that of the bulk PbS, confirming the crystallite 
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size is > 18 nm, which is the value for Bohr excitonic radius of PbS.
31

 Unambiguously, the 

crystallite size of PbS NCs in the precipitate is about an order of magnitude larger compared 

to that of the colloidal (prior to the precipitation) NCs, which was obtained by UV-vis-NIR 

spectrum. 

 

Figure 5.2: (a) PXRD pattern and (b) TEM image of ligand-free PbS NC precipitate. 

 

 

Figure 5.3: Infra-red absorption spectrum of PbS NCs precipitate. 

*Declaration: Spectra of Figure 5.3 and 5.15 were recorded by Dr. Kanishka Biswas research 

group at JNCASR, Bangalore.  
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Figure 5.4: Synthesis of ligand-free colloidal PbS NCs was stopped immediately after the 

injection of S
2-

 precursor into the Pb
2+

 solution. The solution was then cooled and maintained 

at room temperature. (a) UV-vis-NIR and (b) DLS data were measured using the same 

sample of PbS NCs at different times. 

 

To understand the post-synthetic changes in the colloidal NCs, we obtained the DLS and UV-

vis-NIR absorption spectra of colloidal NCs in FA after the reaction was over. The reaction 

mixture was isolated immediately after the injection of S
2-

 precursor into the Pb
2+

 precursor 

solution in FA maintained at 70 
o
C. The solution was immediately cooled to room 

temperature, and was analyzed at different time intervals. The DLS data (not shown here) do 

not show any particle with size greater than 5 nm after 1 min. UV-vis-NIR absorption data 

(Figure 5.4a) show the excitonic feature of PbS NCs corresponding to size of 2.5 nm. These 

results suggest that NCs are already formed but not agglomerated after 1 min. However, as 

the time increases, DLS (Figure 5.4b) shows a systematic increase in hydrodynamic size: 14 

nm after 5 min, and 25 nm (along with a smaller fraction of 105 nm) after 15 min. This larger 

hydrodynamic radius obtained from DLS represents the size of the agglomerated structure 

containing many NCs, and does not necessarily mean that the size of a given NC has 

increased with time. In fact, the excitonic feature in both the absorption (Figure 5.4a) and PL 

(Figure 5.5) does not change with time, confirming that the crystallite size of a NC does not 

change with time; however, multiple NCs get agglomerated with time. An increase in the 

absorption tail at energies lower than the optical gap is also observed (Figure 5.4a) with time, 

which again indicates the increasing tendency of the agglomeration of NCs with time. All 

these data suggest that the NCs undergo agglomeration with time, increasing the DLS size 

and absorption tail, whereas the crystallite size remains unchanged even after agglomeration; 

thus, the optical gap is not altered. Moreover, the colloidal solution remains stable after 
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agglomeration, suggesting a possible solvation effect, where solvent molecules can penetrate 

through the porous agglomerated structure of NCs.
35

 With further increase in time, 

agglomeration increases yielding a DLS peak >100 nm (not shown here) after many 

hours, eventually followed by the precipitation of NCs. 

 

 

Figure 5.5: PL spectra for same sample (used in Figure 5.4) of ligand-free PbS NCs in FA at 

different time after stopping the reaction immediately after injecting S
2-

 solution in Pb
2+

 

solution. 

 

Although the NCs agglomerated in FA solvent without increasing the crystallite size, the 

addition of a non-solvent drastically increases the crystallite size (Figure 5.2). A typical 

growth model,
36

 including Ostwald ripening cannot explain the sudden increase in crystal 

size after addition of non-solvent. On the other hand, PbS and PbSe NCs are known to posses 

dipole moment along different crystallographic directions, leading to oriented attachment of 

NCs.
27

 The observed agglomeration of PbS NCs in FA, followed by formation of larger NCs 

after removal of FA could possibly be explained by the dipole moment of PbS NCs. Dipole 

moment leads to agglomeration of NCs in FA, which has high dielectric constant and can 

provide solvation energy, inhibiting fusion of NCs. When FA molecules (solvation energy) 

are removed from the agglomerated structure, NCs within the agglomerated structure get 

fused to each other forming a larger crystallite. A similar effect of solvent polarity has been 

observed earlier for the fusion of SnO2 NCs via oriented attachment where the dipole-dipole 

attraction between NCs was found to be inversely proportional to the dielectric constant of 

the solvent.
37-38
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The fact that the removal of solvent molecules immediately leads to the formation of larger 

crystals, makes it difficult for us to collect TEM images of smaller NCs before precipitation. 

Consequently, we analyzed high resolution TEM (HRTEM) images only after precipitation of 

NCs. Figure 5.6a shows fusion of multiple NCs. We concentrate on two junctions I and II 

between NCs (indicated in Figure 5.6a) to investigate the possibility of oriented attachment. 

Figure 5.6b shows a HRTEM image closer view of junctions I and II. Clearly, junction I 

shows oriented attachment perpendicular to {111} facets of the adjacent NCs, having 

interplanar distance 3.42 Å. The fast Fourier transform (FFT) pattern of Junction I in Figure 

5.6d shows single crystalline nature along with diffused reciprocal spots along {111} ( i.e., (-

1-11) and (11-1) ) signifying lattice defects/dislocations at the interface of the NCs 

undergoing attachment, which is in agreement with the HRTEM image showing oriented 

attachment along <111> direction of the NCs.  

 

Figure 5.6: (a) and (b) show HRTEM images of a part of ligand-free NC precipitate. (c) and 

(d) show FFT patterns of junctions II and I respectively. These junctions are interfaces 

between fusing NCs as indicated in (a) and (b). 
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Junction II (Figure 5.6b) again shows oriented attachment perpendicular to {111} facets. In 

addition, the {200} facets with interplanar distance 2.96 Å undergo lateral oriented 

attachment at the junction. Pacholski.
39

 and Li et al.
26

 demonstrated similar oriented 

attachment both lateral (and twin-related) and perpendicular to the participating lattice planes. 

Figure 5.6c shows FFT pattern of junction II having diffused reciprocal spots for {111} ( i. e., 

(-1-11) and (11-1)) and {200} ( i.e., (200) and (-200)) facets, suggesting the participation of 

{111} and {200} facets in the oriented attachment. 

Figure 5.7 shows another set of NCs undergoing oriented attachment. Here, the oriented 

attachment takes place perpendicular to {200} (analogous to {100} as well) facets. The FFT 

pattern of junction III (inset in Figure 5.7b) shows single crystalline pattern with diffused 

reciprocal spots for {200} (i.e., (200) and (-200)) facets, suggesting oriented attachment 

along {200} facets. We observe oriented attachment perpendicular to both {200} (analogous 

to {100}) (Figure 5.7) and {111} (Figure 5.6) facets. It is to be noted that the magnitude of 

dipole moment is known to be high along both <100> and <111> directions of PbS and PbSe 

with rock salt structure.
27

 Therefore, our observation of oriented attachments along these 

directions again suggests the dipole-dipole interaction between NCs as a probable cause for 

the oriented attachment.  

 

Figure 5.7: (a) and (b) show HRTEM images of another part (different from Figure 5.6) of 

the same ligand-free NC precipitate. Inset of (b) is FFT patterns of junctions III indicated in 

(a) and (b). 

 

Such oriented attachment requires easy movement of NCs, which is allowed in a colloidal 

dispersion, where dipole-dipole interaction is strong enough to orient adjacent NCs in a 
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preferred crystallographic direction. Unlike colloidal dispersion, the movement of NCs gets 

restricted in a film. Therefore, the removal of organic ligands from the surface of PbS NCs, 

which were already casted into a film, yielded a film of ligand-free PbS NCs, but did not 

undergo oriented attachment to form larger NCs.
40

 In recent times, the oriented attachment 

has been controlled in different ways achieving 1D, 2D and 3D fused structures of PbS and 

PbSe NCs.
41-42

 In our case, we have uncontrolled (both perpendicular and lateral) oriented 

attachment of PbS NCs giving larger elongated NCs. It should be noted that we could not 

capture the TEM images for smaller NCs that are present in solution because the removal of 

solvents leads to the formation of larger NCs. 

 

5.3.3 DC and AC Electrical Properties of PbS NC Film  

 

Figure 5.8: (a) FESEM image of a large area of PbS NC film on a glass substrate processed 

at room temperature. Inset shows photograph of a typical PbS film on glass. (b) Surface 

profilometry of three different PbS films showing the control over film thickness in the range 

of 1 to 15 m. 

 

Films of precipitated PbS NCs were prepared on both glass and flexible PET substrate by 

employing doctor-blading technique. The inset to Figure 5.8a shows a digital image of a PbS 

NC film on glass substrate. The FESEM image of the film in Figure 5.8a shows homogenous 

film morphology with no unwanted pin-holes. Thickness of the film can be controlled 

0 1 2 3 4 5 6

0

1

2

3
P

ro
fi

le
 h

e
ig

h
t 

(
m

) 

Traced Distance (mm)

 PbS NC film

0 1 2 3 4 5 6 7 8

0

2

4

6

8

10

P
ro

fi
le

 h
e
ig

h
t 

(
m

) 

Traced Distance (mm)

PbS NC film 

0 1 2 3 4 5 6 7

0

5

10

15

20

P
ro

fi
le

 h
e

ig
h

t 
(m

m
)

Traced Distance (mm)

PbS NC film

(a) (b)

(d)(c)



Chapter 5. Electronic Grade and Flexible Semiconductor Film Employing Oriented 
Attachment of Colloidal Ligand-Free PbS and PbSe Nanocrystals at Room Temperature 

130 
 

between 1 to 15 m (see Figure 5.8b-d). The FESEM image in Figure 5.9 suggests a 

crystallite size of ~50 nm in the film, in agreement with TEM results in Figure 5.2b. 

 

 

Figure 5.9: FESEM image of PbS NC film on glass substrate processed at room temperature. 

 

 

Figure 5.10: (a) Four probe I vs V plots of PbS NC films on glass substrate processed at 25 

o
C and 150 

o
C, both the measurements were done at room temperature. (b) PXRD patterns of 

PbS NC films processed at 25 
o
C and 150 

o
C. 

 

Four-probe DC electrical conductivity measurements (Figure 5.10a) on the PbS NC films on 

glass substrate show ohmic behavior of current (I) vs voltage (V) with conductivity of 0.03 

S/m for the film processed at room temperature. Upon annealing the film at 150 
o
C for 30 

min, the conductivity increased to 1.1 S/m. The width of the XRD peaks (Figure 5.10b) 

decreases further after annealing, suggesting an increase in crystallite size with annealing. 

The obtained electrical conductivities are comparable to that of PbS films obtained by other 

expensive techniques that employ high temperatures and vacuum.
43

 Sharp and intense XRD 

peaks of our NC film suggest better crystallinity of our NCs compared to typical films made 

by chemical bath deposition at low temperature.
44-46
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Electrical properties of a polycrystalline film such as our PbS NC film depend upon both 

inter- and intra-granular resistance. A typical DC measurement cannot differentiate between 

such inter- and intra-NC contributions to electrical conductivity. To obtain a better 

understanding about resistance and capacitance arising from both within NC (intra-granular) 

and grain boundaries (inter-granular), we carried out AC impedance measurements over a 

wide frequency range (2 MHz to 100 Hz). Impedance,  ̂ is a vector quantity and can be 

expressed as a complex number    ̂           where     is the real part (resistive),     is the 

imaginary part (reactive) and    √  .
47

 Figure 5.11a shows Nyquist plot for PbS NC films on 

glass substrate, where the imaginary component,     is plotted on Y-axis with negative sign vs 

real component,     on X-axis. Shape of the Nyquist plot is a single semicircle, a 

characteristic of polycrystalline film where the grain boundary dominates the electrical 

impedance.
48-49,42

 The experimental data (symbols) could be fitted (red line) well using a 

simple Rb(RgbCgb) electrical model ( inset to Figure 5.11a),
48-49

 where Rb and Rgb correspond 

to resistances due to bulk and grain boundary, respectively, and Cgb is the capacitance across 

grain boundaries.  

 

 

Figure 5.11: (a) Nyquist plots and (b) spectroscopic plot of ligand-free PbS NC films 

obtained from two-probe AC impedance measurements. Films were processed at 25 
o
C and 

150 
o
C, but both the impedance measurements were done at room temperature. Inset in 

Figure 5.11a shows a schematic electric circuit diagram of charge conduction in PbS NC 

film. 

The semicircular shape of the Nyquist plot is due to Rgb parallel to Cgb. The radius of the 

semicircle would be Rgb/2, and centred at Rgb/2 if Rb = 0. The addition of Rb in series just 

shifts the curve to a higher     value by the small quantity of Rb. The values of Rgb and Cgb 
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obtained from the fitting for the PbS film on glass substrate and processed at room 

temperature are 3.84 MΩ and 14.2 pF. The value of the capacitance matches well with the 

capacitance due to grain boundary present in a typical polycrystalline film.
50

 When the film 

was annealed at 150 
o
C, radius of the semicircle decreased significantly, suggesting the 

decrease in Rgb upon annealing the film, without any considerable change in the Rb. The best 

fit parameter values of Rgb and Cgb for the PbS film on glass substrate and annealed at 150 
o
C 

are 0.45 MΩ and 20.7 pF.  

Spectroscopic plot, presented in Figure 5.11b, is another way of presenting impedance as a 

function of frequency where we can separate the    and    , and can analyse their dependency 

at different ranges of frequency. There is no considerable change in the value of           at 

high frequency (> 10
5
 Hz) indicated by vertical blue-dashed line, whereas at lower frequency 

(<10
5
 Hz)    and     decreases significantly after annealing the film at 150 

o
C. The high and low 

frequency regime electrical responses typically correspond to grain
 
and grain boundary 

respectively.
42

 Therefore the observed change in charge conduction (          ) at low 

frequency is attributed to change in the characteristic of grain boundary upon annealing the film. On 

the other hand, the value of the capacitance also increased after annealing the film suggesting 

that the inter-granular regions narrowed upon annealing the film.
42 

Moreover, the electrical 

relaxation time,  , which is the product of Rgb and Cgb, and equal to       
  , was also 

reduced to 5.7 times after annealing the film at 150 
o
C, where       is the angular frequency 

of maximum loss in an RC circuit.
42

 The decrease in Rgb and   along with an increase in Cgb 

after annealing the film is because of improved electrical connectivity between adjacent NCs 

(grains) via removal of defects from the interface of connected NCs ensuring better fusion of 

NCs.   

We have also casted similar films of PbS NCs on flexible PET substrates. The film 

processing was done at room temperature. The I vs V plots were obtained from four probe 

DC resistivity measurements, shown in Figure 5.12a establishes ohmic behavior with 

conductivity 0.02 S/m. The film on the PET substrate can be bent as shown in the inset of 

Figure 5.12b.  The film was repeatedly bent for 50 times to a curvature radius of 1.1 cm, and 

the electrical measurements were repeated. The DC conductivity decreases to 0.015 S/m after 

bending the film for 50 times, compared to 0.02 S/m before bending. AC impedance data in 

Figure 5.12b for the PbS NC film on PET show semicircular Nyquist plots similar to those in 

Figure 5.11a. The radius of the semicircle increased after bending the film repeatedly for 50 

times. Both plots, before and after bending the film, can be fitted with Rb(RgbCgb) electrical 
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model. The best fit values of Rgb are 5.42 MΩ and 10.72 MΩ before and after bending the 

film, respectively, keeping Cgb largely unaltered ~21 pF. Importantly, the film still exhibits 

high electrical conductivity even after repeated bending experiments, suggesting the 

suitability of our PbS NC film for integration in flexible electronic devices. It is to be noted 

that, often the films made from traditional SCs generates cracks upon bending resulting into a 

drastic (over many orders of magnitude) decrease in electrical conductivity.
51

 The sustained 

electrical conductivity of the NC film after bending the film is because of the smaller size of 

our NC compared to bending curvature of the film, and therefore, the bending related strain is 

not strongly felt by NC grains and grain boundaries.  

 

 

Figure 5.12: (a) Comparison of four-probe DC I vs V plots, and (b) corresponding Nyquist 

plots (two-probe AC impedance data) of ligand-free PbS NC films on a flexible PET 

substrate before and after bending the film for 50 times. Inset in figure 5.12b shows the 

photograph of the flexible film on PET. 

 

*Declaration: In this chapter, Impedance study was carried out by Abhishek Swarnkar, who 

was integrated Ph.D. student in our group.  

  

5.3.4 PbSe NCs 

Colloidal ligand-free PbSe NCs were also prepared in a manner similar to the synthesis of 

ligand-free PbS NCs, but by using Na2Se and PbCl2 as sources of Se
2-

 and Pb
2+

 ions, 

respectively. UV-vis-NIR absorption spectrum in Figure 5.13a shows a shoulder for excitonic 

absorption at 1.7 eV, which correspond to a PbSe NCs with diameter of 3.4  nm diameter, 

assuming spherical shape.
31

 PbSe NCs dispersed in FA show a -potential value (Figure 

5.13b) of - 44 mV, suggesting negatively charged NC surface, therefore, providing colloidal 

stability via electrostatic repulsion among similarly charged PbSe NCs. The NCs precipitate 
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upon addition of non-solvent acetonitrile, and the precipitate could not been redispersed in 

FA.  

 

Figure 5.13: (a) UV-vis-NIR absorption spectrum and (b) -potential of ligand-free PbSe 

NCs dispersed in FA. In the (b) open circles represents the experimental data and the solid 

line is a guide to eye. 

 

 

Figure 5.14: (a) PXRD pattern and (b) HRTEM image of PbSe NCs after precipitation. 

 

The PXRD pattern of the precipitate (Figure 5.14a) shows PbSe NCs of size ~19 nm with 

rock-salt crystal structure. TEM image in Figure 5.14b shows fusion of small PbSe NCs 

forming larger PbSe NCs. Figure 5.15 shows 0.28 eV (4429 nm) band gap for PbSe NC 

precipitate similar to bulk PbSe. All these observations for PbSe NCs are qualitatively similar 

to those of PbS NCs discussed above. Removal of the solvation energy during the 

precipitation leads to fusion of NCs. 
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Figure 5.15: Infra-red absorption spectrum of PbSe NC precipitate. 

 

 

 

Figure 5.16: (a) FESEM image of a large area of PbSe NC film on glass, and (b) FESEM 

image of PbSe NC film on glass substrate, both the films processed at room temperature. 

 

Thin films of PbSe NC precipitates can be prepared on both glass and flexible PET substrate 

with thickness in the range of 1 to 15 m using doctor blading technique. Figure 5.16a shows 

FESEM image of a representative PbSe film on glass showing homogeneous film 

morphology without any pin-holes. Figure 5.16b shows higher magnification FESEM image 

exhibiting elongated NCs with diameter ~20 nm.  
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Figure 5.17: (a) Four probe DC I vs V plot, and (b) Nyquist plot (two-probe AC impedance 

data) of ligand-free PbSe NC film on glass processed at room temperature.  

 

 

Figure 5.18: (a) Four-probe Current (I) vs voltage (V) plot for PbSe NC film on glass 

substrate after annealing at 150 
o
C.  Electrical measurement was done at room temperature. 

(b) The PXRD pattern of PbSe NC film after annealing at 150 
o
C. 

    

Four probe DC I vs V plot in the Figure 5.17a shows ohmic behaviour, for the PbSe film 

processed at room temperature with conductivity 0.08 S/m. After annealing the film at 150 

o
C, the conductivity drastically increases to 137 S/m (Figure 5.18a). The PXRD pattern 

(Figure 5.18b) shows increase in crystallite size via narrowing of PbSe peaks after annealing 

at 150 
o
C, which explains the reason for increase in conductivity after annealing. Two-probe 

AC impedance data for PbSe NC film shown in the form of Nyquist plot (Figure 5.17b) 

shows a single semicircular shape with Rgb = 2.20 MΩ and Cgb = 20.4 pF.  A comparison of 

electrical data shows PbSe NC films are electronically more conducting compared to PbS NC 

films, similar to their bulk counterparts. Electrical conductivity of our PbSe NC films are 

comparable to PbSe films prepared at higher temperature using expensive methodologies.
43

    

-0.01 0.00 0.01

-0.06

-0.03

0.00

0.03

0.06

 

 

 Current (mA)

V
o

lt
a
g

e
 (

v
)

0 500 1000 1500 2000
0

500

1000

1500

2000

Z
'
 (k)

-Z
''
 (

k

)

 Expt.

 Fit


<

(a) (b)

-10 -5 0 5 10
-0.04

-0.02

0.00

0.02

0.04

 Current ()

V
o

lt
a
g

e
 (

v
)

20 30 40 50 60 70 80

In
te

n
s

it
y

(a
. 
u

.)

2 (degree)

PbSe NCs

Ref. Bulk PbSe 

(a) (b)



Chapter 5. Electronic Grade and Flexible Semiconductor Film Employing Oriented 
Attachment of Colloidal Ligand-Free PbS and PbSe Nanocrystals at Room Temperature 

137 
 

5.4 Conclusions 

We developed a strategy to prepare electronic grade SC thin film using colloidal ligand-free 

PbS and PbSe NCs at room temperature. The processing at room temperature allows us to 

prepare films on flexible substrate, and the charge transport properties do not deteriorate 

much with repeated bending of the film. Therefore, lowering of film processing temperature 

allows us to get flexible SC film, and also reduces the cost of film deposition. We reduced the 

sintering temperature of NCs by employing two strategies: (i) preparing ligand-free colloidal 

PbS and PbSe NCs, (ii) oriented attachment of NCs. Ligand-free NCs do not have insulating 

organic ligands on the surface, therefore can provide more conducting and crack-free 

inorganic SC film without any further heat/chemical treatment. On the other hand, dipole 

moment of PbS and PbSe NCs encourages oriented attachment of NCs, therefore, reducing 

the activation energy of the fusion of NCs, which is forming single-crystalline larger sized 

crystals even at room temperature. The organic-free surface of NCs also probably supports 

the easier fusion of NCs. Colloidal NCs undergo oriented attachment immediately after 

removing the polar solvent FA during the irreversible precipitation process. DC I vs V plots 

of PbS and PbSe NC films exhibit linear ohmic behavior with electrical conductivities 0.03 

S/m and 0.08 S/m respectively after processing the film at room temperature. The electrical 

conductivity increase to 1.1 S/m and 137 S/m for PbS and PbSe respectively, after annealing 

the film on glass substrate at 150 
o
C. AC impedance data show dominance of grain boundary 

exhibiting a single semicircular Nyquist plots. Both the oriented attachment and organic-free 

colloidal NCs are generic phenomena for a variety of NC systems. Therefore, the developed 

strategy can possibly be extended to a variety NC systems including doped NCs and also 

hetero-structured NCs, achieving electronic grade and flexible films of functional SC. Such 

variation of complex compositions along with high crystallinity is difficult to achieve by 

employing other low-temperature film growth technique such as chemical bath deposition. 
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Thesis Summary 

Production of a hydrogen fuel using clean and renewable energy sources has been realized to 

reduce the burden of conventional fossil fuel consumption process. Consequently, production 

of hydrogen through water splitting by employing electrocatalysis, and photoelectrocatalysis 

experimental techniques has received great attention.  

Towards this end, recently, TiN has been received great attention in the research filed of 

electrocatalysis and photoelectrocatalysis for the production of hydrogen due to unique 

properties such as metallic electronic structure,
1
 high electrical conductivity

2
 and good 

corrosion resistance.
3
 Owing to these properties, TiN nanocrystals (NCs) encouraged us to 

utilize them as catalysts. High surface volume ratio of NCs can provide large number of 

active sites which is beneficial for the catalysis. But at the same time, the film of these NCs 

exhibit poor charge transport compared to their bulk counterparts which is a disadvantage in 

the case of catalysis. Improving the charge transport of NC films by following different 

approaches and ascertainment of efficiency of these catalysts in electrocatalysis and 

photoelectrocatalysis for hydrogen production is the major part of this thesis. 

This thesis discusses, the synthesis of colloidal TiN - N-doped few-layer graphene (TiN-

NFG) nanocomposite starting form molecular precursors. This nanocomposite exhibited 

stable chemically bound interface between TiN and NFG providing colloidal stability, and 

enhanced charge transfer across the interface. Colloidal nanocomposite exhibited properties 

like metallic electrons showing localized surface plasmon resonance (LSPR), large surface 

area (270 m
2
/g), and electrical resistivity of 0.3 ohm cm which are important properties for an 

efficient catalyst in electrocatalysis. Owing to these properties, dye sensitized solar cell 

(DSSC) prepared using TiN-NFG counter electrode resulted into high power conversion 

efficiency of 8.9 %. The nanocomposite also exhibit stable electrocatalytic hydrogen 

evolution reaction (HER) with reasonably low overpotential of 161 mV at 10 mA/cm
2
 current 

density. Overall, our TiN-NFG nanocomposite is an alternative of expensive noble metals 

like Pt, for electrocatalytic applications.  

It is realized that the electrocatalyst can help to increase photoelectrochemical (PEC) water 

splitting efficiency of photocatalyst. Due to promising electrocatalytic activity of our TiN-

NFG nanocomposite, we studied the co-catalyst efficiency of TiN-NFG with g-C3N4 

nanosheet (photo absorber) for PEC reduction of water using solar light. 2D/2D hetero-

junction has been constructed between g-C3N4 nanosheets and TiN-NFG nanocomposite. 2D 

g-C3N4:TiN-NFG nanocomposite have been reduced the recombination of photo-induced  
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electron-hole through the separation of the charge carriers as well as decreased the charge 

transfer resistance (Rct) across the electrode/electrolyte interface. Probably, due to these 

properties, the nanocomposite displayed ~16 times increment in PEC activity of g-C3N4 

nanosheet at 0.11 V versus reversible hydrogen electrode (RHE) under solar light 

illumination. The nanocomposites exhibited stability for long time (~8 hours) under 

experimental conditions and cost-effective without consisting of any expensive noble metals. 

This study establishes TiN-NFG as a promising 2D co-catalyst for PEC water splitting. 

We explored other material namely Sn-doped In2O3 (ITO) NCs because of metallic free 

electron similar to TiN. Origin of LSPR from ITO NCs and their efficiency as co-catalyst in 

PEC water splitting was studied by making g-C3N4:ITO (2%) nanocomposite. Making a 

composite of NCs with charge transporting NFG is a good strategy for catalytic purposes 

discussed above. But to get an electronic grade film of semiconductor, we prepared thin film 

of pure PbS or PbSe. Colloidal ligand-free PbS and PbSe NCs fuse to each other because of 

oriented attachment of NCs, upon removal of the solvent at room temperature. This fusion of 

NCs improves charge transport in NC solids, resulting into formation of electronic grade 

semiconductor film at room temperature. PbS and PbSe NC films exhibit electrical 

conductivities 0.03 S/cm and 0.08 S/cm, respectively, after processing the film at room 

temperature. The electrical conductivity increased by 2 - 3 orders of magnitude after mild 

annealing of the film on glass substrate at 150 
o
C. This low temperature processing is also 

good for casting semiconductor film on flexible substrate.   

 

Future Direction 

Novel Metal Nitride (TaN, HfN and MoN) based Electrocatalysts or Co-catalysts for 

Hydrogen Production 

Scientists are putting enormous efforts to develop catalyst materials which show comparable 

catalytic activity similar to noble metal catalysts. In this journey, identifying new catalyst 

materials for the production of hydrogen through electrocatalysis and photoelectrocatalysis is 

important. HER
4-7

 and PEC water splitting
8
 are two major processes that require catalysts. In 

addition to efficient activity comparable to noble metal catalysts, a new catalyst should have 

low-cost and high durability under the experimental conditions. In this context, TiN- N-doped 

few-layer graphene (TiN-NFG) nanocomposite as catalyst for HER. The HER activity of 

TiN-NFG is reasonably good but still inferior to Pt. Interestingly, we developed a new 
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synthesis strategy where chemically bound interface has been established between and TiN 

and NFG.   

Recently, Abghoui et al.
9
 predicted the free energies (ΔGH) for adsorption of hydrogen and 

activation energies for the evolution of hydrogen on the (100) facet of different metal nitride 

using density functional theory (DFT). Figure 1a and b show the ΔGH value for 1H adsorption 

and 2H adsorption atoms on different metal nitride catalyst surface such as Ti, Sc, Y, Ta, Mo 

and Hf as well as Pt, Au and Mo metals. Among of all, TaN, HfN and MoN have exhibited 

remarkable ΔGH values closer to zero for both adsorption of 1H or 2H after the Pt metal. 

Particularly, TaN has exhibited low ΔGH value (0.092 eV) for adsorption of hydrogen and 

activation energy (84 mV) for the evolution of hydrogen in comparison of all the above 

mentioned metal nitrides. On the other hand, according to report,
9
 TiN has showed a large 

positive ΔGH value compared to TaN, HfN and MoN. These results suggest that metal nitrides 

like TaN, HfN and MoN show superior free energy for hydrogen adsorption and low 

activation energies for hydrogen evolution compare to TiN. Therefore, TaN, MoN and HfN 

are expected to be better catalysts compared to TiN. 

 

Figure 1: (a) and (b) show the depicted free energy (ΔGH) versus reaction coordinate plots on 

different metal nitride (100) facet of rock salt structure for 1H and 2H adsorption, 

respectively. Reprinted with permission from ref.
9
 Copyright 2017, American Chemical 

Society. 

 

Making the nanocrystal of these nitrides will increase the number of active sites due to high 

surface to volume ratio. But charge transport is the major issue in the case of nanocrystal 

films. To overcome this problem, our synthetic methodology for synthesis of nanocomposites 

of metal nitride and graphene like material will be helpful. Therefore, we will like to prepare 

nanocomposite of TaN - graphene like material following our synthesis method. In addition 

(a)
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to intrinsic thermodynamic parameters shown in Figure 1, TaN - graphene nanocomposite 

will combine high surface area and charge transport, required to catalyze a HER reaction. We 

will also explore nanocomposites of HfN and MoN with graphene for HER reaction. These 

novel nanocomposites can then also be explored as co-catalyst in PEC water reduction.   
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