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Chapter 1 Introduction 

Chapter 1 

Introduction 

1.1 Background: 

1.1.1 Hydrogen - Imminent Fuel: 

According to the world population forecast by United Nations in 2020
1
 , the world’s population 

is continuously expanding. The population of the world has raised almost three times since 1950. 

According to statistics (figure 1.1), the world’s total population in 2020 was 7.75 billion and is 

expected to rise in the future decades, mainly because of the quick evolution of the developing 

countries. It is expected that the human population will exceed around 10.87 billion by 2100. The 

rise in the world’s population over the decades and advancements in the new technologies has 

led to the rapid increase in the global energy demand and global warming. 

 

Figure 1.1 : World population statistics from 2015 to 2100 according to United Nations forecast. 

The global energy consumption is projected to increase from 16 Terawatt (TW) in 2010 to 30 

TW in 2050
2
. According to the renewable energy’s global status report 2021, total energy 

consumption from 2009 to 2019 has increased from 320 ExaJoules to 382 ExaJoules. Out of the 

total energy consumption, the energy produced from fossil fuels which include coal, oil, 
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petroleum, and natural gas acquired a major part around 80.3% in 2009 (figure 1.2) and this 

percentage decreased to 0.1% in 2019. The share of renewable energy has moderately increased 

during this decade. This substantial reliance on fossil fuels for energy production is the major 

cause of their depletion and increase in global warming due to the emission of harmful gases 

such as CO2. The slow progress in utilizing renewable energy resources to meet global energy 

demand is still a major concern. Therefore, there is an urge to develop clean and green renewable 

energy resources which can solve the energy and environmental-related issue and withstand for a 

longer duration. 

 

Figure 1.2 : Total Global Energy Consumption (including renewable energy share) in 2009 and 

2019
2
. 

In this regard, Hydrogen has gained the world’s attention as an alternative to fossil fuels for 

meeting global energy demand. It is a clean and green source of energy as it can be produced 

from renewable energy resources such as water which helps in shifting dependence from fossil 

fuels to infinite renewable resources of energy. Furthermore, hydrogen will help in controlling 

global warming by decarbonising the worldwide energy system. 
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There are several ways of producing hydrogen from fossil fuels and renewable energy resources. 

At present, hydrogen is mainly produced from petroleum and steam reforming of natural gas. 

The steam reforming process results in the emission of carbon dioxide gas. As water and the sun 

are the most abundant renewable resource available in the world, therefore utilizing them to 

produce hydrogen would be an appropriate strategy to tackle growing energy and environmental 

concerns. There are three possible ways through which hydrogen can be produced from 

renewable energy resources (figure 1.3): 

1. Electrolysis of water (utilizing electricity produced from photovoltaics and wind energy 

etc.). 

2. Water Splitting by Photocatalysis and Photoelectrochemical reactions by utilizing solar 

energy. 

3. Biomass conversion (thermochemical). 

 

Figure 1.3 : Different ways of hydrogen production from renewable energy resources. 
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1.1.2 Water pollution and wastewater treatment: 

The water resource is the most valuable natural resource for humankind as well as for plants and 

animals. Despite the abundance of water in nature (in the sea and oceans), drinking water is 

limited for humans. This is because most of the drinking water resources available are 

contaminated by rapid industrialization and global population growth. Thus, wastewater 

treatment has become one of the major concerns in the world. 

 

Figure 1.4: Sources of water pollution and effective treatment processes
3
. 

There are several sources of water pollution with major sources of pollution being industrial 

waste, sewage waste, mining waste, agricultural waste, marine dumping, nuclear waste, etc. 

(figure 1.4)
4
. Organic contaminants such as organic dyes contribute a major part to industrial 

waste towards water pollution. 

During the past few decades, several techniques have been developed for the treatment of 

wastewater (figure 1.4). The conventional water treatment method includes filtration, membrane 

separation, and sedimentation technique which leads to the generation of secondary waste some 

of which contains toxic bacteria. Therefore, the development of green, clean and non-destructive 

techniques for the treatment of organic contaminants in the water is a need of the hour. In this 
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regard, Advanced Oxidative Processes (AOP)’s, which include O3/UV and O3/H2O2/UV 

treatment and Photocatalysis, have emerged as efficient techniques for wastewater treatment. 

Photocatalysis has several properties such as degradation or mineralization of organic pollutants, 

cost-effectiveness, reusability etc. which makes it a suitable technique for organic pollutant 

degradation. 

Thus, from the above-discussed concerns regarding global energy and environmental issues, it 

can be concluded that Photocatalytic methods, for generating hydrogen and wastewater treatment 

and Electrochemical Methods for solving energy crisis (hydrogen and oxygen evolution which 

are used in fuel cells) have a great potential for solving the above-discussed issues. Hence, 

understanding their basic principle and accordingly designing the catalyst is of great importance.  

 

1.2 Photocatalysis:  

1.2.1 Photocatalytic water splitting: 

Overall water splitting through UV-light induced electrolysis was first reported by Fujishima and 

Honda on TiO2 electrodes in 1972
5
. Photocatalytic water splitting reaction termed artificial 

photosynthesis is an uphill reaction that requires Gibb’s energy greater than 237 kJ to convert 

water into hydrogen and oxygen. Water can be split into hydrogen and oxygen by acquiring solar 

energy from the sun and chemical energy from semiconductor catalysts. 

                                             H2O + catalyst                            H2   + O2                 (1.1) 

In the Photocatalytic process, when the light of energy greater than the bandgap of the 

semiconductor is incident on the surface of the semiconductor, then the electron excites from the 

valence band to the conduction band of the semiconductor leaving the holes behind in the 

valence band. The excited electrons participate in the photo-reduction reaction at the conduction 

band. The entire process takes place in three main steps
6
 (figure 1.5); i) generation of photo-

induced charge carriers upon light irradiation, ii) separation of charge carriers and migration to 

their respective reaction site (holes at valence band and electrons at conduction band), 

simultaneously surfaces defects or other defects acts as recombination centres for photo-

hν 
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generated charge carriers iii) photo-generated charge carriers participated in the reactions which 

occur at the surface of the catalyst. 

 

 

Figure 1.5: Process for Photocatalytic water splitting
6
 

 

The water molecule is reduced by the electron present at the conduction band which leads to the 

formation of hydrogen, and H2 whereas holes present at the valence band oxidize the water 

molecule to form O2 for the overall water splitting reaction. The essential criteria for 

semiconductor photocatalyst for water splitting are to have a suitable bandgap and the band edge 

positions (conduction and valence band edge levels) vs NHE. For hydrogen evolution, the 

conduction band edge minimum position should be more negative than the redox potential for 

hydrogen (i.e. 0V vs. NHE (pH =0) whereas for oxygen evolution, the valence band maxima 

position should be more positive than the redox potential of oxygen 1.23 V vs. NHE (pH =0). 

Therefore, the minimum bandgap requirement or minimum photon energy required by 

semiconductor photocatalyst for water splitting is calculated to be 1.23 eV. 
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1.2.2 Photocatalytic degradation of Organic Contaminants: 

Photocatalysis has proven to be one of the effective tools for the degradation of organic 

contaminants (such as dye) present in water caused by industrial waste. This process utilizes 

photon energy from the sun in presence of semiconductor catalysts (such as TiO2) to speed up 

the process of degradation of organic contaminants. It is a thermodynamically downhill reaction, 

where Gibbs’s free energy is negative (∆G < 0). There are mainly four kinds of the mechanism 

involved in the treatment of wastewater caused by the dye through photocatalyst, which includes 

a) Photo-decolourization, wherein the dye returns to its original form either through back 

reduction or oxidation process, b) Photo-degradation which involves decomposition of the dye to 

some other steady products. This process is generally termed as photocatalytic dye degradation, 

c) Photo-mineralization, in this case, there is the occurrence of complete decomposition of the 

dye into H2O, CO2, N2 and NO3
-
 etc., d) Photo-decomposition, where both the photo-degradation 

and photo-mineralization process occurred  

Mechanism and basic principle: 

There are mainly four steps involved in the photocatalytic dye degradation mechanism
7
 (figure 

1.6): 

(i) When a light of energy (hν) incident on the surface of the semiconductor (SC) 

photocatalyst, then electrons(e
-
) excite from the valence band (VB) to the conduction 

band (CB) leaving a hole behind in the valence band (h
+
):  

              

                            SC + hν                e
- 
(CB) + h

+
 (VB)                        (1.2) 

(ii) The holes (h
+
) present at the valence band of the (VB) react with a water molecule to 

hydroxyl radical which has a superb oxidizing ability and reacts with adsorbed organic 

species (such as dye) to mineralize them. 

                                        H2O+ h
+
(VB)               OH˙+ H

+  
                             (1.3) 

(iii) The electrons e
- 
present at the conduction band (CB) react with dissolved oxygen to form 

superoxide radical (𝑂2
∙−). The superoxide radical (𝑂2

∙−) reacts with H
+
 (hydrogen ion) to 

form hydroperoxyl radical (HOO˙). After that successively formed hydrogen peroxide 

(H2O2) which further disassociates into hydroxyl radical (OH˙). 
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                                                 O2 + e
−
(CB)                  𝑂2

∙−                  (1.4)                                             

                                                 2𝑂2
∙− + 2H

+   
 ⇄     2HOO˙                (1.5) 

                                            2HOO˙                 H2O2   + O2                        (1.6)  

                                                 H2O2                 2OH˙                            (1.7) 

(iv) Thus, both the hydroxyl radical present at conduction (CB) and valence band (VB) react 

with the dye molecule to dissociate it into various products such as water molecule 

(H2O) or carbon dioxide (CO2) or N2 etc. 

 

Figure 1.6: Photocatalytic dye-degradation mechanism on semiconductor photocatalyst. 

During the past years, several photocatalysts have been developed for water splitting and dye 

degradation. TiO2 has proven to be among the highly active photocatalyst over the decades due 

to its high photochemical stability and abundance
8
. TiO2 has been modified to utilize the visible-

light spectrum of the solar radiation using various methods such as deposition of metal (Pt, Pd 

and Ni) on the catalyst surface
9, 10

, coupling with carbon nanomaterials (such as carbon 

nanotubes, carbon dots, graphene and g-C3N4 etc.)
11

 and by the formation of binary composites 

with other metal oxides and metal dichalcogenides
12

. Several other metal oxides such as ZnO, 

Bi2O3, Bi2WO6, Nb2O5a and γ-Fe2O3 have shown good photocatalytic activity
13

. SrTiO3 has 
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emerged as a highly efficient catalyst for overall water splitting when doped with Al 
14,15

. Metal 

oxides such as WO3
16

, α-Fe2O3
17

 and BiVO4
18

 are the most stable oxygen evolution photocatalyst 

due to high photochemical stability. BiVO4  with a monoclinic crystal structure was observed to 

be highly active in water oxidation activity
19

. Lately, CoO nanoparticles
20

 have been discovered 

as an efficient catalyst for overall water splitting without any co-catalyst. Several metal sulfides
21

 

( highly exposed to photo-corrosion), nitrides
22

, oxysulfides
23

 and metal oxynitrides
24

 have been 

discovered as good photocatalysts. Metal oxide semiconductors have several advantages over 

others such as low cost, high abundance, high reusability, low toxicity and tunability. It has been 

observed that co-catalysts play an important role in improving overall splitting reaction. But the 

high cost of metal co-catalyst limits the practical use of several photocatalysts. Therefore, 

developing a highly efficient catalyst without any metal co-catalyst is extremely required. In the 

present thesis, the focus is on studying the catalytic activity without any metal co-catalyst. 

 

1.3 Electrochemical Water Splitting: 

Water electrolysis was first reported in 1789
25

, since then it has been studied and applied broadly 

to form hydrogen efficiently with high purity. Electrochemical water splitting consists of two 

half–cell reactions, hydrogen evolution reaction (HER) occurring at the cathode and oxygen 

evolution reaction occurring at the anode (figure 1.7). Decomposition of water in hydrogen and 

oxygen is not a thermodynamically feasible process at ambient pressure and temperature but 

with the application of energy in the form of electricity, water splitting follows the given 

reactions; 

i) In Acidic Condition: 

At anode:        H2O                  O2 (g) + 4e
-
 + 4H

+
 ……………... E

o
ox = 1.23 V  (1.8) 

At cathode:      2H
+
 + 2e

-
                  H2 (g)……………………. E

o
red = 0 V   (1.9) 

ii) In Alkaline Condition: 

At anode:     4OH
- 
                O2 (g) + 4e

-
 + 2H2O ……………. E

o
ox = 0.463 V       (1.10) 

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

- 
…………………. E

o
red = - 0.767 V   (1.11) 



 

10 
 

Chapter 1 Introduction 

 

                   Figure 1.7: Schematic illustration of electrochemical water-splitting reaction. 

 

From the equations for water splitting in acidic reaction (equations 1.8 and 1.9), it can be seen 

that OER (oxygen evolution reaction) is a four electron-proton coupled reaction whereas HER is 

a two-electron transfer process. OER requires a higher oxidation potential for the water-splitting 

reaction to proceed when compared with HER. Thus, the sluggish kinetics of OER creates a 

large energy barrier for overall water splitting to occur. Therefore, to improve the overall kinetics 

of the electrocatalytic water-splitting reaction, the main focus should be to reduce the higher 

overpotential for the OER reaction. 

1.3.1 Electrocatalyst for Electrochemical Hydrogen Evolution Reaction (HER): 

HER is one of the half-reactions of water electrolysis that occurs at the cathode. It is a two-

electron transfer process. HER mechanism is highly dependent on the environment of the 

reaction set-up (such as the pH of the electrolyte). 

 In acidic conditions, there are three main processes namely, Volmer, preceded by Heyrovsky or 

Tafel steps followed during HER (equation 1.12, 1.13, and 1.1.4 ): 
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a) Volmer Step: 

  H
+
 + e

-
                 Had                                   (1.12) 

 

b) Heyrovsky step: 

  H
+
 + e

-
  + Had                     H2            (1.13) 

c) Tafel step: 

  2Had                  H2                              (1.14) 

In basic or alkaline conditions, two possible steps are given below: 

a) Volmer Step: 

  H2O + e
-
                 OH

−
 + Had                (1.15) 

b) Heyrovsky step: 

  H2O + e
- 
+ Had                  OH

−
 + H2              (1.16) 

Here, Had denotes hydrogen adsorbed on the surface of the catalyst or at the reaction site. 

There are two main kinds of electrocatalyst used for HER, a) precious noble metal-based 

catalyst and b) Non-noble based catalyst. 

a) Noble metal-based catalyst for HER: 

The noble metal-based catalyst for electrocatalytic HER includes noble metals such as Pt, 

Pd, Ru, Ir and Rh
26

. Amongst these, Pt shows remarkably high hydrogen evolution 

performance than other metal catalysts. However, these catalysts have limitations for their 

use in the commercial field (due to their high cost and storage issues). Therefore, to 

improve the usability of the noble metal-based catalyst, the focus has been shifted to using 

them with other transition metal-based catalysts. . Duan et al
27

 have achieved remarkable 

enhancement in HER activity by alloying Pt nanowires with single-atom Ni. Subbaraman 

et. al
28

. have performed electrochemical HER on Ni(OH)2 modified Pt surface and 

observed an eight-time increase in the efficiency of the HER.  Another way to improve the 

alkaline efficiency of the metal-based catalyst is doping Pt with some other metal. Xie 

et.al
29

 have synthesized N-Pt/Ni nanowires for HER and observed a very low overpotential 

of 13 mV at 10 mA/cm
2
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b) Non-noble metal-based catalysts for HER: 

Due to the high cost of Pt-based noble metal catalyst, the most abundant transition metal catalyst 

has been developed over the last few decades for electrocatalytic hydrogen evolution reactions. 

The non-noble metal-based catalyst consists of earth-abundant transition metals such as Co, Fe, 

Ni, W, Cu, and Mo
30, 31

. Miles et. al
32

 reported that the catalytic activity of the transition metal 

oxides follows the order: Ni > Mo > Co > W > Fe > Cu. It has been reported that nickel-based 

alloys
33

 are proven to be a good catalyst for electrochemical hydrogen evolution reaction due to 

several advantages such as cost-effectiveness, better corrosion resistance in basic media and 

competition with a noble metal catalyst in terms of activity. There are several binary and ternary 

alloys
34, 35, 36

 that have been synthesized in this regard, NiMo, NiCo, NiZn, NiCr and NiFe etc. 

Among these, NiMo is found to be the better catalyst based on high activity, good stability and 

low charge-transfer resistance
37

. Apart from metal alloys, transition metal carbides
38

 (such as 

MoC2, WC, WC2 and V8C7 etc.) transition metal phosphides
39

 ( Ni2P, CoP, Co2P, FeP, MoP etc.) 

and dichalcogenides
40 ,41

 ( MoS2, MoSe2, MoTe2, WS2, WSe2 and WTe2) have been developed 

for achieving high catalytic efficiency.  

Several binary and ternary metal oxides including perovskite oxides, spinel oxides, ox 

hydroxides and hybrids containing oxides semiconductors have also emerged as good 

electrochemical HER catalyst
42

. Transition metal oxides
42

 include WO3, CoO, NiO and MoO2 

etc, spinel oxides
43

 include Co3O4, NiCo2O4
44

, CoFe2O4
45

 and perovskite oxides (ABO3) 

including Ba0.5Sr0.5Co0.8Fe0.2O3-δ
46

 etc. have showed improved HER activity. Despite having 

lower catalytic activity, and electronic conductivity compared to metal-based catalysts, oxides 

have several advantages
42

 such as low cost, structure diversity, easy synthesis and tunability 

which makes them one of the most efficient groups of catalysts for electrocatalytic HER. 

1.3.2 Electrocatalyst for Electrochemical Oxygen Evolution Reaction (OER): 

OER is another half-reaction of the overall water splitting reaction that occurs at the anode 

consisting of four electron-proton coupled reactions and has a high energy barrier ie.1.23 V 

which makes the OER reaction kinetically slow. OER consists of two kinds of pathways
47

 for the 

production of molecular oxygen which involves adsorption of hydroxide (OHads) on the surface 

of the catalyst (*). In alkaline media, OER follows steps (from 1.17- 1.21): 
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  OH
-
 + *                  OHads + e

-
     (1.17) 

 OHads + OH
-
                  Oads + H2O + e

-   
(1.18) 

First pathway: 

 Oads + Oads                     O2     (1.19) 

In the second pathway,  

 Oads + OH
-
                   OOHads + e

-    
(1.20) 

 OOHads + OH
-
                    O2 + H2O + e

-   
(1.21)     

Generally, the second pathway is more thermodynamically favoured for oxygen evolution in 

comparison to the first pathway. In acidic conditions, OER takes place in the following steps 

(from 1.22 -1.25); 

 2H2O + *                         OHads+ H2O + e
-
 + H

+  
(1.22) 

 OHads +H2O                      Oads + H2O + e
-
 + H

+  
(1.23) 

 Oads + H2O                          OOHads + e
-
 + H

+  
(1.24) 

 OOHads                              O2 + e
-
 + H

+   
(1.25) 

The main prerequisite for a material to be a better OER electrocatalyst is to have lower strength 

of the metal-OH bond, low cost, and stability in alkaline media. Highly active electrocatalysts for 

OER are mainly Ir and Ru based oxides such as IrO2 and RuO2 as they exhibit higher catalytic 

activity in alkaline electrolyte media. In addition to the noble metal-based catalysts which are 

highly expensive, research is going on for developing cost-effective metal oxide OER catalysts 

with higher stability. Recently, transition metals (Ni, Mn, Co and Fe) based oxides have gained 

popularity as an efficient catalyst for electrochemical OER. As OER activity depends on the M-

OH bond strength, therefore OER activity of the transition metal hydroxy-oxides follows the 

order Ni > Co > Fe > Mn
48

. It has been reported that NiFeOx and CoFeOx are found to be the 

most active, non-noble metal-based and stable catalysts for OER in alkaline media
49, 50

. Due to 

the presence of an extended σ* band, perovskite oxides
51

 such as SrCoO3
52

, LaNiO3
53

 and 

LaMnO3
54

 are the superior catalysts for OER. Spinel transition metal oxides
55

 such as Co3O4, 

ZnCo2O4, NiCo2O4 and MnCo2O4 catalysts are considered to be one of the most efficient OER 
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catalysts where the presence of cations in octahedral sites determine the efficiency of OER 

catalyst. 

As the slow reaction mechanism of OER limits the overall efficiency of water splitting, therefore 

it is important to focus on developing a catalyst with lower overpotential for OER. 

 

1.4 Role of structural parameters in enhancing HER and OER efficiency of the photo- and 

electrocatalyst: 

In recent past years, there has been the development of many novel catalysts discussed in 

sections 1.2 and 1.3 for both HER and OER. Several structural parameters are also responsible 

for affecting the photo- and electro-catalytic efficiency of the catalyst. Modification based on 

these parameters can improve the activity of the catalyst. These structural parameters include the 

size and morphology of the catalyst, surface area of the catalyst, the bandgap of the catalyst, 

crystal structure of the catalyst, exposed facets on the catalyst surface, preferred orientation 

along with a particular crystal plane (oriented assemblies) etc. Several external factors such as 

electric polarization, magnetic polarization, metal co-catalyst leading, type of scavenger or 

electrolyte used also affect the rate of the catalytic reaction.  

1.4.1 Effect of size: 

The size of the catalyst plays an important role in photocatalysis and electrocatalysis as catalysis 

is a surface phenomenon. Compared to the bulk catalyst, the nano-sized catalyst provides a 

higher surface to volume ratio, allowing a large number of reactants (or more reaction sites) to 

react at the surface simultaneously. Transport of charge carriers from bulk to the surface is also 

increased by decreasing the size of the catalyst in the nano-regime
56

. Photon absorption is 

increased in smaller size particles which is supposed to enhance the photocatalytic activity of the 

catalyst. However further decrease in particle size to quantum dots leads to photon scattering, 

thus decrease in photocatalytic activity.  

Jakub Jirkovský et.al
57

 mentioned that electrocatalytic oxygen evolution performance on 

Ru0.8Co0.2O  2−x was observed to be higher in the case of smaller particle size of the catalyst 

which could be due to the presence of more number of reaction sites. Sanjit Saha et.al.
17

 reported 
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that the smaller size of the particle is advantageous for electrocatalytic HER activity due to an 

increase in the facile flow of the electrolyte through the pores of the catalyst. However, a further 

decrease in the particle size from 30 nm to 12 nm led to an increase in the electrical conductivity 

and HER onset potential due to an increase in the bandgap energy as a result of quantum 

confinement. In another report by Towsend et.al.
58

, the authors reported overall water splitting 

over nanoscale strontium titanate through photochemical and photo-electrochemical ways. They 

observed that when the size of the SrTiO3 nanoparticles was reduced below 30 nm, the activity of 

the catalyst suddenly reduced which is a consequence of lower photon absorption and sluggish 

water oxidation potential. 

1.4.2 Effect of morphology: 

The morphology of the catalyst plays a critical role in increasing the efficiency of the catalyst 

and enables one to design the catalyst for a specific application. Specific surface area can be 

increased by changing the morphology which leads to an increase in the active site on the surface 

of the catalyst, thereby increasing the photocatalytic activity. Different morphologies of the 

catalyst have been designed for HER
59, 60

, OER
61

 and overall water splitting
62

 of the catalyst.  

Bora Seo et.al
63

 reported that spherical shaped Ni2P nanoparticles exhibited higher hydrogen 

evolution activity when compared with rods shaped morphology of Ni2P. Meshram et.al
64

 

synthesized CuO with different morphologies such as spherical, platelet, sheet, and vesicular like 

structures and studied their photocatalytic performance. They observed that platelet-like 

morphology possesses a higher surface area and exhibited higher photocatalytic dye degradation 

efficiency than other morphologies. Zhang et al.
65

 demonstrated that WO3 nanorods delivered 

lower overpotential i.e. 83 mV for electrocatalytic hydrogen evolution reaction when compared 

with microplates morphology. Xu et al.
66

 observed that VSe2 with flakes –kind of morphology 

delivers high catalytic activity for hydrogen evolution reaction as compared to 1D nanobelt 

shaped structure. Swati Mohan et.al
67

 studied electrochemical OER activity on different 

morphologies of IrO2 nanostructures viz, nanoparticles, nanocubes and nanorods. They observed 

high OER activity for IrO2 nanorods due to high electrochemical surface area, higher stability 

and low charge transfer resistance. 
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1.4.3 Effect of Crystal structure:  

The crystal structure of the semiconductor affects the electronic band structure that can alter the 

bandgap or band positions of the semiconductor. Also, different surface arrangements of the 

atoms lead to a difference in adsorption of reactant molecules at the surface of the catalyst, 

charge separation and reduction abilities in surface reactions
68

. Therefore, several investigations 

were made on modifying the crystal structure and electronic structure of the catalyst for 

improving photo-and electrocatalytic activity. 

Peng Li et.al
69

 synthesized two different crystal structures viz. orthorhombic and cubic of 

perovskite NaNbO3 to see their effect of them on photocatalytic hydrogen evolution activity. 

They observed higher photocatalytic activity in the case of cubic-NaNbO3 compared to 

orthorhombic-NaNbO3 which is because cubic-NaNbO3 possesses a more dispersive conduction 

band than orthorhombic-NaNbO3.This resulted in higher migration of photoinduced electrons.                                                               

Changhong Wang et.al
70

 reported the role of crystal structure in enhancing electrocatalytic 

oxygen evolution performance of hcp-Ni@NC in comparison to fcc-Ni@NC structures which 

could be due to change in the electronic state of the shell. It has been reported by Guan-Qun Han 

et.al
71

 that the alpha phase of MnO2 (α- MnO2) nanostructures are more active for 

electrochemical oxygen evolution in comparison to the beta phase (β- MnO2) due larger intrinsic 

activity of each manganese(Mn) atom in alpha (α- MnO2) phase than beta phase (β- MnO2). 

Cátia L.Ücker et.al
72

 reported that pseudohexagonal type Nb2O5 showed better dye-degradation 

efficiency than the orthorhombic structure which is due to the low crystallinity and high surface 

area of pseudohexagonal type Nb2O5.  

1.4.4 Effect of Exposed Facets: 

The properties of a catalyst are highly dependent on the nature of exposed surfaces as it involves 

the arrangement of atoms on the surface and their coordination
73

. Adsorption and reduction of 

water molecules depend on the surface energy of the particular facet which could further 

improve the reaction rates. Moreover, oxidation and reduction reactions occurring at different 

facets improve charge separation efficiency and thus photocatalytic activity. Therefore, 

designing a catalyst with a specific crystal facet becomes remarkably essential. 
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 Li Liu. Et al
74

 synthesized Co3O4 crystals with four exposed crystal facets viz. {111}, {112}, 

{001}, {110} and studied their overall electrocatalytic water-splitting reaction. Co3O4 with 

{111} facet as exposed facet was found to have more active Co
3+

, high surface energy and larger 

dangling bond density which resulted in higher activity both for HER and OER. Moussab Harb. 

et al.
75

 investigated the impact of the exposed facets (including (010), (110), (001), and (121)) of 

BiVO4 on photocatalytic water-splitting reaction. From DFT based calculations, the authors have 

predicted that the (001) surface of BiVO4 is highly active for both hydrogen and oxygen 

evolution reactions whereas the (010) surface is only active for OER reaction. It has been 

reported
76

 that hexagonal-WO3 nanorods with (200) exposed facets showed better photocatalytic 

dye degradation activity than hexagonal-WO3 nanosheets with (001) exposed facets due to high 

surface area and photo-induced charge separation. Jianan Li et.al.
77

 reported that the 

development of facet junction between {001} and {111} facet in ZnFe2O4 nanoparticles 

improves the charge separation by reducing the recombination rate of photo-induced charge 

carriers thereby enhancing the photocatalytic degradation efficiency over gaseous toluene. 

Therefore, designing previously discovered catalysts with preferably exposed facets would be an 

effective strategy for regulating catalytic activity. 

1.4.5 Effect of the electric Polarization: 

The presence of the internal field within the crystal changes the band bending at the interfaces 

and provides a driving force for the separation of photogenerated electrons and holes which helps 

in improving the catalytic efficiency of the catalyst. The application of an external electric field 

or electrical polarization helps in further transfer of charge carries to opposite reaction sites and 

enhances the adsorption capacity of the charged ions on the surface. The role of electrical 

polarization is still not fully utilized in all aspects of photo and electrocatalysis, therefore 

utilizing external electric polarization would be an efficient strategy for designing the catalyst. 

Yongfei Cui et.al
78

 reported the photocatalytic dye decolourization activity of BaTiO3 as a 

catalyst and observed that ferroelectric BaTiO3 showed better catalytic activity than non-

ferroelectric BaTiO3 which could be due to the separation of photo-induced charge carriers as a 

result of the creation of space charge layer. Sangbaek Park et al.
79

 studied the role of ferroelectric 

K0.5Na0.5NbO3 catalyst on photocatalytic hydrogen evolution activity. They have observed a 7-

fold increment in the hydrogen evolution activity in the case of polarized catalyst (polarized with 
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the help of the corona poling technique) which could be due to the presence of an internal dipole 

field resulting in the separation of charge carriers. Xiaoning Li et al.
80

 reported the effect of 

ferroelectric polarization in enhancing electrochemical oxygen performance of 

Bi4Ti3O12·(BiCoO3)2 catalyst, where they observed a significant decrease in the overpotential 

value after polarization. They have explained these results based on improved charge adsorption 

capability in poled surfaces. H. S. Kushwaha et.al
81

 reported the ferroelectric forward 

polarization enhanced electrochemical oxygen evolution performance of Bi0.5Na0.5TiO3 catalyst. 

The increase in OER activity is observed mainly due to enhanced charge separation, adsorption 

of charged species on the surface of the poled catalyst and the reduction in charge transfer 

resistance, due to band bending in the poled catalyst. Thus, these studies suggest that 

ferroelectric polarization is a valuable strategy for improving catalytic activity. 

Thus, it can be concluded that the photo-and electrocatalytic activity of the already discovered 

catalyst could be enhanced with proper modification in the structural parameters described 

above.  

 

1.5 Aim of the thesis: 

 As outlined in sections 1.1, 1.2 and 1.3, Photocatalytic and Electrocatalytic ways to 

generate alternative sources of energy i.e. Hydrogen Energy and removal of organic 

contaminants from water are important to solve the present energy crisis and water 

pollution problem. Thus, designing a highly active catalyst for hydrogen evolution and 

treating water pollution is the need of the hour. As water oxidation reaction limits the 

overall water splitting reaction due to its high overpotential, hence developing an 

efficient OER catalyst with low overpotential is also important. 

 Since many past decades, several novel catalysts have been discovered for improving the 

efficiency of the catalyst which include noble metal, metal oxides, sulfides, carbides, 

nitrides and many more. Despite having low catalytic performance, binary and ternary 

metal oxides have emerged as the most stable, highly resistant to photo-corrosion, cost-

efficient and abundant catalyst.  As described in section 1.4, the designing of the catalyst 

includes several structural parameters and modification of which affects the catalytic 
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performance of the catalyst. Thus, the catalytic efficiency of the already developed metal 

oxides could be improved with the proper modification of the structural parameters. 

 Thus, the objective of the present thesis is to establish the relationship between the 

influence of the structural parameters of the catalyst with the Photo- and Electrocatalytic 

activity of binary and ternary metal oxides for developing an efficient catalyst for the 

desired application. 

 

1.6 Thesis Outline: 

The present thesis is divided in to seven chapters including an introduction, experimental 

findings, results and a conclusion. A brief description of the chapters is given below; 

Chapter 1 gives a basic introduction to fulfilling growing energy demand and remediation of 

water pollution through photo- and electrocatalytic water splitting and the role of various 

parameters influencing the catalytic reaction rate. 

Chapter 2 entitled “Understanding the role of ionic flux on the polarity of the exposed surfaces 

of ZnO and its correlation with Photocatalytic dye degradation activity” provides a basic 

understanding of the growth of exposed surfaces in ZnO structures through the introduction of 

various monovalent and divalent fluxes such as NaCl, KCl, NaCl-KCl (eutectic-mixture), 

Na2SO4. The correlation between photocatalytic dye degradation activity and the nature of 

exposed surfaces was used to see the effect of ionic flux on the formation of exposed surfaces. 

DFT based theoretical calculations were also done to understand the role of surface energy in the 

growth mechanism of a particular facet evolved by the introduction of fluxes.  

Chapter 3 gives an understanding on the synergism of several factors such as size, morphology, 

surface area and exposed facets in influencing the photocatalytic hydrogen evolution and dye 

degradation performance of SrTiO3 nanostructures (synthesized using various polyols (including 

EG, PEG-300, PEG-400 and water) as a solvent in solvothermal reaction). Photoluminescence 

and photocurrent studies were also done to study the behaviour of photo-induced charge carriers 

in different SrTiO3 nanostructures. 

Chapter 4 describes the role of the oriented assembly of SrTiO3 nanostructures along the (200) 

plane on the photocatalytic hydrogen evolution activity. Here, assembled structures of previously 
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synthesized (cube-shaped SrTiO3 nanostructures synthesized in chapter 3) SrTiO3 nanostructures 

were formed on glass substrate by functionalizing either glass substrate or SrTiO3 nanostructures 

with IPTMS (3-iodo-propyl trimethoxysilane) as a linker and studied their role in enhancing 

photocatalytic hydrogen evolution reaction. 

Chapter 5 of the thesis is focused on the role of different crystal structures in Srn+1TinO3n+1 (n= 

1,2 and ∞) series on photocatalytic hydrogen evolution activity. Here, two types of structures 

namely the perovskite phase in SrTiO3 (n =∞) and the Ruddlesden-popper phase in Sr2TiO4 (n= 

1) and Sr3Ti2O7 (n= 2) were synthesized through a modified hydrothermal method followed by 

calcination and studied their effect on photocatalytic hydrogen evolution performance. 

Chapter 6 entitled “Role of crystal structure and electrical polarization of an electrocatalyst in 

enhancing Oxygen Evolution performance: Bi-Fe-O system as a case study’’ described the effect 

of the different crystal structures of the Bi-Fe-O system (viz. rhombohedral crystal structure of 

BiFeO3, orthogonal crystal structure of Bi2Fe4O9 and cubic structure of Bi25FeO40) 

electrochemical oxygen evolution activity. As electrical polarization affects the adsorption 

capacity of charged ions on the surface of the catalyst and polarization also depends on the type 

of crystal structure, therefore we have also studied the effect of electrical polarization on oxygen 

evolution performance of three oxides viz., BiFeO3, Bi2Fe4O9 and Bi25FeO40. 

Chapter 7 gives the summary of all experimental chapters and future prospects of the studies 

carried out in this thesis.  
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 Chapter 2  

Understanding the role of ionic flux on the polarity of the exposed surfaces 

of ZnO and its correlation with Photocatalytic dye degradation activity  

 

ABSTRACT 

The role of ionic flux in controlling the polarity of the surfaces of ZnO was evaluated, both 

experimentally and theoretically. Zinc oxide was synthesized by controlled decomposition of 

zinc oxalate nanorods in the presence of ionic flux. The degree of preferred orientation of a 

specific plane, for ZnO structures, was observed by calculating the texture coefficient. The 

presence of flux (NaCl, KCl, a mixture of NaCl-KCl and Na2SO4) during the decomposition 

of oxalate precursor led to the preferential growth of (112̅0) planes. The value of texture 

coefficient was found to be high for the (112̅0) plane when the decomposition was carried 

out in the presence of a mixture of NaCl and KCl when compared to their counterparts.  A 

decrease in the value of texture coefficient for the (112̅0) plane was observed when Na2SO4 

was used as a flux, which was similar to the value obtained for ZnO synthesized in the 

absence of flux. The observations from the analysis of texture coefficient were correlated 

with photocatalytic degradation of Rhodamine B dye, by making use of the fact that the 

nature of exposed surfaces influences the catalytic activity of the material. On-site Coloumb 

correlations corrected density functional theory (DFT+U) based computational studies were 

performed to get theoretical insight into the role of ionic flux for surface reconstructions. The 

surface energies for different ZnO surfaces were computed in the presence and absence of the 

ionic flux. It was revealed that the pristine (101̅0) surface is more stable compared to pristine 

(112̅0) by 0.04 J/m
2
 (surface energy), however, the scenario changed in the presence of the 

ionic flux, and (112̅0) become more stable by 0.03 J/m
2
. This indeed corroborated with our 

experimental observations and explained the fundamental role of ionic flux on the polarity of 

exposed surfaces of ZnO.    

Keywords: A1. Texture Coefficient; A1. Flux; A1. The of surfaces A1. Surface Energy 
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2.1 Introduction: 

The formation of structures with different surfaces (facets) is important as the polarity of 

these surfaces determines the catalytic activity of the nanomaterials. Capping agents like 

surfactants, organic ligands, inorganic ions, etc. have been used for controlling the shape and 

size of the material as these act as stabilizing agents and alter the growth rates of the surfaces. 

The growth rate also directs the shape of the particle. Selective desorption of the capping 

agents from the surface of the growing unit is one way to form faceted structures. For 

example, Ravi Shankar et.al have reported that amines were selectively removed from the 

facet of gold by ascorbic acid, which resulted in the formation of branched structure
1
.  

In a polycrystalline material preferred orientation is the tendency of the crystallites in a 

powder to be oriented in a preferred manner for a particular plane than others. It can also be 

defined as a crystallographic texture. Controlling the texture of the material helps in tailoring 

the properties of the material. This was demonstrated by Bahl et.al. in controlling the 

crystallographic texture of magnesium and its effect as a restorable biomaterial 
2
. The authors 

have generated different textures by cutting an extruded rod of Mg in multiple directions. 

They found that the strength and the ductility of Mg were affected by the texture of the rod.  

In another report by Abhyankar et.al. 
3
, it was demonstrated that doping of W in SnO2 led to a 

reduction in the value of texture coefficient for (110) plane and an increase in the value for 

the (200) plane. The outstanding effect observed on the gas sensing properties of the doped 

film was correlated to the change in the value of the texture coefficient. Sreeremya et.al.
4
 

have correlated the chemical reactivity of different shapes of CeO2 with the type of crystal 

facets forming the nanostructures. They observed that there was a correlation between the 

sum of the texture coefficient for (200) and (220) planes with the soot combustion 

temperature for various nanocatalysts. Thus, it is important to control the crystallographic 

texture of the material. The present study deals with understanding the effect of various 

fluxes on the surfaces of ZnO. We have chosen ZnO as it is an n-type semiconductor with 

four major kinds of surfaces present for wurtzite ZnO
5-7

 (figure 2.1) viz. (i) polar Zn-

terminated (0001) surface. (ii) polar O-terminated (0001̅) surface. (iii) non-polar (112̅0) 

surface (iv) non-polar (101̅0) surface. 
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Figure 2.1 : The Hexagonal Wurtzite ZnO unit cell 

Polar surfaces of ZnO are important for catalytic reactions. It has been observed by Huang 

et.al
8
 that a large ratio of (0001) facet in ZnO led to high photodegradation of Rhodamine B 

(RhB) dye. They concluded that for different facets of ZnO, the order of photodegradation 

efficiencies was (0001)> (101̅1) > (101̅0). Tang et.al 
6
 have shown the importance of non-

polar surfaces such as (112̅0) of ZnO for adsorption of CO2. In another report 
9
, it was 

reported that the predominance of (101̅1) facets resulted in a higher value for current density 

for ZnO-based dye-sensitized solar cells. These examples illustrate that it is important to 

control the growth of the surfaces, as the application depends on the exposed surface of ZnO. 

To control the nature of exposed surfaces, it is important to control the surface energy which 

plays a major role in the relative stability of the surfaces. It has been known from the 

previous theoretical investigations 
5-6

 that the stability order of different unreconstructed and 

clean ZnO surfaces is (101̅0)> (112̅0)> (0001)> (101̅1). The polarity of the polar surfaces 

has been attributed to the alternative stacking of tetra-coordinated Zn and O atoms along the 

c-axis. Such polar surfaces were classified as Tasker type-III surface that contains a 

permanent dipole moment inside the bulk unit cell.
7, 10

 It is suggested that there must be some 

charge redistribution involved to stabilize the surfaces. Recently, Catlow et al.
7
 have 

demonstrated from their stochastic sampling of the polar surfaces that surface reconstruction 

plays a significant role in stabilizing the polar ZnO surfaces. According to their study, a 

surface reconstruction is involved in redistributing the charges among the two polar planes 

(Zn terminated-0001 and O terminated 0001̅). Due to surface reconstruction, the surface 
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energy of the polar ZnO surfaces gets reduced and even becomes lower than the non-polar 

surfaces. As a consequence, they are expected to be exposed during crystal growth and 

should compete with non-polar surfaces. It is thus, important to understand the formation of 

exposed facets enabling one to control their growth and explore the properties that are 

dependent on the shape of the material. In this study, we have tried to understand the role of 

different fluxes in controlling the polarity of surfaces of ZnO, both experimentally and 

theoretically. Briefly, ZnO was synthesized by thermal decomposition of zinc oxalate in the 

presence of flux. The synthesis is carried out in the presence of flux because of two main 

reasons. Firstly, flux contains inorganic ions, and it is a well-known fact that inorganic ions 

influence the formation of the faceted structure by acting as a binding agent during the 

formation of nanostructures
11

. The presence of ions affects the growth of crystal structure 

through interaction between the characteristic surface with changes in surface hydration and 

ion solvation. Secondly, flux provides a molten (semi-liquid) environment during the 

formation of the material
12

 and acts as a solvent. A solvent controls the polarity and viscosity 

of the medium affecting the structure of a specific morphology and crystal facet
13,14

. We 

utilized these properties of the flux for the formation of faceted structures of ZnO. The use of 

flux has been known for the synthesis of materials 
15-17

, however, there are very few reports 

wherein, flux has been used during the decomposition of the precursor for the formation of 

oxides. For instance, flux-assisted thermal decomposition of copper oxalate 
18

 and nickel 

oxalate 
19

 has been reported by Wang et. al. where NaCl was used as a flux and led to the 

formation of nanorods of CuO 
18

 and NiO 
19

 respectively. Jiang et.al.
20

 in their paper have 

carried out the synthesis of ZnO nanowires by decomposition of zinc acetate in the presence 

of LiCl (molten salt). The authors obtained nanorods when decomposition of hydrated zinc 

acetate was carried out in the presence of LiCl. The authors have carried out a systematic 

study using HRTEM and SAED for analyzing the growth direction of ZnO nanowires and 

nanorods. In this study, we have used a different kind of flux during the decomposition of 

zinc oxalate and have evaluated the effect of these fluxes in controlling the polarity of the 

exposed facets. The degree of preferred orientation for a particular plane has been monitored 

experimentally by calculating the texture coefficient.  It is known that if the value of the 

texture coefficient for a particular plane lies between zero and one, it signifies a lack of 

orientation of the grain in that direction. A value greater than 1 indicates that the crystallites 

have preferentially grown in a direction perpendicular to the hkl plane. For getting an 

understanding of how flux influences the degree of preferred orientation, theoretical studies 

were carried out to calculate the facet-dependent surface energy of different surfaces. The 
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effect of flux was evaluated by considering the change in surface energy due to the 

adsorption of ions on the relaxed surfaces. For calculating the surface energy, the 

unreconstructed and clean surface was used. To correlate our findings on the effect of flux on 

the degree of preferred orientation towards a particular plane, photodegradation of RhB was 

carried out with ZnO, synthesized under different flux conditions.  

2.2 Experimental: 

2.2.1 Materials: 

Cetyltrimethylammonium bromide (CTAB) (SRL), Iso-octane (Merck), 1-butanol (Merck), 

Zinc nitrate hexahydrate (Sigma Aldrich), diammonium oxalate monohydrate (Merck), NaCl 

(Merck), KCl (Merck), Na2SO4 (Merck) were used. All the chemicals were used without 

further purification.  

2.2.2 Method: 

 Zinc oxalate was prepared by two methods namely, reverse micellar method 
21

 and the co-

precipitation method. Briefly, for the synthesis of zinc oxalate using reverse micelles: two 

microemulsions with cetyltrimethylammonium bromide (CTAB) as the surfactant (weight 

fraction 16.76%), 1-butanol as the cosurfactant (weight fraction 13.9%), iso-octane as the 

non-polar phase (weight fraction 59.29%) and 0.1M aqueous solutions (weight fraction 

10.05%) of Zn(NO3)2 and (NH4)2C2O4 were prepared. The microemulsions were mixed and 

stirred overnight. The precursor was centrifuged, washed with a 1:1 chloroform/methanol 

mixture, and dried at room temperature. The oxalate precursor, synthesized using the reverse 

micellar route was heated at 850 
o
C for 12 h both in the absence

22
 and presence of different 

flux. For the synthesis of zinc oxalate using the co-precipitation method, 0.1 M solution of 

Zn
2+

 and C2O4
2−

 ions were mixed in equal volumes and stirred overnight. The precursor was 

centrifuged, washed with water and acetone, and dried at room temperature. Zinc oxalate, 

synthesized using the co-precipitation route, was heated at 850 
o
C for 12h in the presence and 

absence of flux. We have used four types of flux namely, a 1:1 mixture of NaCl-KCl, NaCl, 

KCl, and Na2SO4. The precursor to flux weight ratio was taken as 2:1. In a typical method, 

zinc oxalate prepared by either method mentioned above was ground with the flux in a mortar 

pestle to obtain a uniform mixture. The sample was put in a recrystallized alumina crucible 

and heated at a high temperature. The white product was washed with lukewarm distilled 

water, and centrifuged until no ions were detected (using silver nitrate/barium nitrate) in the 

solution. After the removal of ions, the product was washed with acetone and dried at 40 
o
C. 
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2.2.3 Characterization: 

The crystallinity and the phase purity of ZnO were checked using Powder X-Ray 

Diffraction (PXRD) using Eco D8 Advance Bruker XRD with a Cu Kα radiation source 

(λ = 0.15418 nm) operated at 40 kV and 25 mA with a scanning step of 0.02. Texture 

coefficient was determined through PXRD, and calculated using the following 

expression: 

𝑇𝐶(ℎ𝑘𝑙) =  

𝐼𝑚(ℎ𝑘𝑙)

𝐼𝑜(ℎ𝑘𝑙)

1

𝑁
∑

𝐼𝑚(ℎ𝑘𝑙)

𝐼𝑜(ℎ𝑘𝑙)

𝑁
1

                 (2.1) 

Where Im (hkl) is the measured intensity of the (hkl) plane 

 Io (hkl) is the standard intensity (JCPDS No. 01-079-0208) of the (hkl) plane 

 N is the number of peaks selected for determining the texture coefficient. 

For calculating the texture coefficient of ZnO, intensities of four planes (N=4) were 

taken into account viz. (101̅0), (0002), (101̅1), and (112̅0).   

Lattice parameters for ZnO, obtained by decomposition of oxalate precursor 

synthesized using the reverse micellar method, were obtained using TOPAS software 

version 5, keeping sample displacement error into consideration.  Sample 

displacement error is a phenomenon prevalent with the Bragg-Brento geometry in 

the PXRD instrument. This error results in the shifting of peaks by equal 

magnitudes either to the left or right of the actual peak position.  

The morphology of zinc oxide nanoparticles was studied by JSM- 1T 300 JEOL 

Scanning Electron  Microscope (SEM) and JEOL 7600F Field Emission Scanning 

Electron Microscope (FESEM) on powder mounted on carbon tape coated with gold.  

Transmission Electron Microscopy and Electron Diffraction studies were carried out on 

a JEOL JEM 2100 operated at 200 kV. Powder samples were dispersed in ethanol and a 

drop of the dispersed solution was put on a copper grid supported by a carbon film and 

dried. Nitrogen adsorption-desorption isotherms were recorded with Quanta Chrome 

Model Q2 equipment at liquid nitrogen temperature (77 K). The specific surface area 

was determined by the Brunauer–Emmett–Teller (BET) method.  
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2.2.4 Photocatalytic Activity:  

For the photocatalytic degradation of RhB dye, 100 mg of the catalyst was dispersed in 

100 mL of 8 μM (RhB) dye solution in a photocatalytic reactor, equipped with a water 

circulating jacket. The mixture was irradiated with UV light using a high-pressure Hg 

lamp (250 W). The adsorption capacity of the material was checked by allowing the 

sample to equilibrate in the dye solution for 30 minutes under dark conditions. After 30 

minutes of stirring in the dark, the light source was switched on. The photodegradation 

of Rhodamine B dye in an aqueous solution was monitored using UV-visible 

spectroscopy. 

2.3 Computational Methods and models: 

2.3.1 Density Functional Theory (DFT) Calculations:  

The DFT calculations were performed using the Vienna Ab-initio Simulation Package 

(VASP)
23-25

. In the calculations the valence electronic states are expanded with a plane-

wave basis set, while the core electrons are treated with pseudopotential. The valence -

core interaction was represented by full-potential Projected Augmented Wave (PAW) 

potential.
26

 The Generalized Gradient Approximations (GGA)
27-28

 was used to treat the 

exchange-correlation potentials with the Perdew, Bruke, and Ernzerof (PBE) 

functional.
29

 A plane-wave cut-off of 400 eV was used to guarantee a good convergence 

of the total energy. The GGA functional overestimates the electron delocalization but 

underestimates the band gaps. To avoid this shortcoming and to treat strongly localized 

Zn 3d electrons, the on-site Coulomb correlations corrected GGA+U 
30

 methodology 

was adopted. The effective Hubbard U-parameter (Ueff =U-J) that is Ueff =7.5 eV was 

used for our calculations. The U value was adopted based on previous reports in the 

literature 
6
. The convergence tolerance for the self-consistent electronic minimization 

was set to 10
-5

 eV/cycle. The K-points grid
26

 was taken as (7x7x7) for the bulk and 

(7x7x1) for the surface. The optimized cell parameters are a=3.159 Å, c=5.056 Å and 

c/a=1.60035.  

To compute the facet-dependent surface energy a supercell containing the facet of 

interest was created by incorporating a large vacuum (~12 Å) along the perpendicular 
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axis to the facets in the unit cell. Six double-layer slabs were taken to ensure the 

absence of interaction between two opposite surface terminations through the bulk. We 

kept the lowest 2 layers of the surface slabs fixed to their bulk position throughout all 

our calculations. The surface energy for a clean, converged slab in a vacuum is defined 

as. 

𝛾 =
1

2𝐴
(𝐸𝑠𝑙𝑎𝑏 − 𝑁𝐸𝑏𝑢𝑙𝑘),                                                        (2.2) 

Where A is the surface area of the slab. Eslab is the total energy of the slab. N is the 

number of the bulk unit in the slab. 𝐸𝑏𝑢𝑙𝑘  is energy per bulk unit.  

2.3.2 Modelling of surfaces in the presence of ionic flux 

We used 6 double layer thick ZnO slabs with 2x2 repetition in x and y directions to 

simulate the ionic flux. The lower two layers were kept at a fixed bulk position. The 

remaining slabs were allowed to relax in the presence of the oppositely charged ions 

(e.g, Na
+
 and Cl

-
 ions) kept on top of the ZnO dimers in the z-direction. After obtaining 

relaxed slab geometry in the presence of ionic flux, the ions were removed and the 

energy of the slab was recalculated to account for the change in the surface energy due 

to change in the structural parameters inserted by the ionic flux. To simulate the 

combined ionic flux by NaCl and KCl, we used the surface supercell with double 

repetition in x and y directions (4x4 surface supercell was used).  

2.4 Results and Discussion 

The phase purity and crystallinity of the precursor i.e. zinc oxalate and the product 

(ZnO), obtained after decomposition of the precursor under different conditions was 

evaluated using PXRD. The PXRD pattern of synthesized oxalate nanostructures is 

shown in figure 2.2 wherein reflections could be indexed to the monoclinic structure of 

zinc oxalate dihydrate.  
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Figure 2.2: PXRD pattern of zinc oxalate synthesized using (a) reverse micellar 

method and (b) co-precipitation method.  

Figure 2.3(a) and 2.3(b) showed the PXRD pattern of ZnO obtained by the decomposition of 

oxalate precursor synthesized using the reverse micellar method and co-precipitation method 

(in the presence and absence of flux), respectively.  

 

(a) 

 

(b) 
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Figure 2.3: PXRD pattern of zinc oxide nanostructures formed by the decomposition 

of zinc oxalate synthesized using (a) reverse micellar method and (b) co-precipitation 

method.  

The PXRD pattern shows the formation of crystalline ZnO (wurtzite). Lattice parameters 

were calculated by keeping sample displacement error into consideration which 

accounts for shifting of peaks by equal magnitudes either to left or right of the actual 

 

(a) 

 

(b) 
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peak position in Bragg-Brento geometry in the PXRD instrument. Lattice parameters for 

ZnO, obtained by decomposition of oxalate precursor synthesized using the reverse micellar 

method, have been tabulated in Table 2.1. No change in the lattice parameters was observed 

with the change in the nature of flux used for synthesizing ZnO. 

Table 2.1: Refined lattice parameters (calculated from PXRD data) of ZnO obtained 

decomposition of zinc oxalate precursor (synthesized using reverse micellar route). 

Flux Lattice Parameter 

a (Å) c (Å) 

No Flux 3.25327(13) 5.2102(2) 

NaCl 3.25015(7) 5.20628(13) 

KCl 3.25316(17) 5.2110(3) 

NaCl-KCl 3.25042(7) 5.20680(14) 

Na2SO4 3.25061(10) 5.20654(18) 

 

The texture coefficient was calculated using equation 2.1. The value of the texture coefficient 

for all the plane was close to 1 (figure 2.4) for ZnO obtained using the two methods, in the 

absence of any flux. This suggests that the particles did not have a preferred orientation 

towards a particular plane and were randomly oriented. We then investigated the role of flux 

on the degree of preferred orientation of ZnO.  

 

Figure 2.4: Plot of texture coefficient of different planes of ZnO obtained using the 

decomposition of zinc oxalate under different conditions. (RM: reverse micellar 

method; copptn: co-precipitation method) 
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From figure 2.4, it was interesting to observe that the texture coefficient shows the highest 

value for (112̅0) plane (for samples obtained by decomposition of oxalate precursor in 

presence of flux) which suggests that ZnO was formed with a preferred orientation for (112̅0) 

plane. It is to be noted that the value of texture coefficient for ZnO obtained from the 

decomposition of oxalate precursor which was synthesized using the co-precipitation method 

was high when compared to the ZnO obtained from oxalate synthesized using the reverse 

micellar method. Thus, it is to be noted that the methodology adopted for synthesizing the 

oxalate precursor played an important role in determining the degree of preferred orientation. 

To see the effect of the final morphology of the oxalate precursor on the size and shape of 

ZnO and its role on the texture coefficient, SEM studies were carried out on ZnO (obtained 

by decomposition of oxalate precursor, in absence of flux). Careful observations of SEM 

images show the formation of rods of zinc oxalate dihydrate (prepared using reverse micellar 

route) with an average length of ~20 μm and diameter ~5 μm (figure 2.5a). However, zinc 

oxalate with irregular shape (figure 2.5b) was formed by the co-precipitation method.  

 

Figure 2.5: SEM images of zinc oxalate synthesized using (a) reverse micellar method 

and (b) co-precipitation method. SEM images of zinc oxide nanostructures obtained by 

decomposition of zinc oxalate (in the absence of flux) synthesized using (c) reverse 

micellar method and (d) co-precipitation method.  
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Figure 2.5c shows rods composed of assembled particles (average size ~350 nm) of ZnO 

when rods of zinc oxalate (synthesized using the reverse micellar method) were decomposed 

at 850 
o
C in the absence of any flux. Irregularly shaped particles (average size ~ 700 nm) 

with no clear facets and with diffused boundaries (figure 2.5d) were obtained when the 

oxalate precursor (synthesized using co-precipitation) was decomposed in the absence of any 

flux. It was observed that the oxide obtained from nanorods of oxalate precursor was smaller 

in size when compared with the size of oxide obtained from oxalate precursor synthesized 

using the co-precipitation method. It has also been previously observed that the size of the 

oxide nanostructures depends strongly on the morphology of the precursor 
31,32

. The studies 

show that the growth of oxide nanostructures during decomposition of oxalate precursors is 

dependent on the morphology of the precursor. The growth of ZnO is somewhat restricted 

when the morphology is rod-shaped when compared to the irregular shaped particles. The 

rate of growth of nanostructures during their formation also governs the creation of texture 

and thereby preferred orientation of the material. Thus, based on the observations from SEM 

studies, even though the texture coefficient showed high value for (112̅0) plane for ZnO 

formed from the oxalate precursor using the co-precipitation method, we chose to carry out 

further study on ZnO formed from the precursor synthesized using a reverse micellar method, 

mainly due to the morphology of oxalate precursor. 

 

Figure 2.6: Variation of texture coefficient for (101̅0), (0002), (101̅1) and (112̅0) 

planes with flux used during decomposition of zinc oxalate.  
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From figure 2.6, one observes that the value of texture coefficient for (112̅0) plane is high 

when the decomposition was carried out in the presence of a mixture of NaCl and KCl when 

compared to using the pure halides i.e. only NaCl and only KCl. The melting point of pure 

NaCl is 800 
o
C, pure KCl is 770 

o
C and the eutectic mixture of NaCl and KCl is 657 

o
C. To 

compare the degree of preferred orientation of ZnO towards (112̅0) plane, formed in the 

presence of flux, the reaction was carried out at 850 
o
C where all the three types of flux 

would be present in their molten state. However, the reaction temperature was just 50 
o
C and 

80 
o
C higher than the melting temperature for NaCl and KCl flux while it was ~150 

o
C higher 

for the eutectic mixture as the flux.  

Thus, it can be believed that a synergistic effect of a high difference between the melting 

temperature and the reaction temperature along with the effect of ions present in the flux 

could be the reason for the high degree of preferred orientation towards (112̅0) plane. On 

changing the flux to Na2SO4, containing a divalent anion, a decrease in the value of texture 

coefficient for (112̅0) plane was observed. A slight increase in the value of texture coefficient 

was observed for (101̅0), (0002), (101̅1) planes, for ZnO, synthesized in the presence of 

Na2SO4 flux, when compared with other flux. The value of the coefficient was found close to 

1 and was quite similar to the value obtained for ZnO synthesized in the absence of flux. 

Thus, the change in the value of texture coefficient for ZnO synthesized under different flux 

suggests that the ions present in the flux played an important role in increasing the degree of 

preferred orientation towards (112̅0) plane.  

To see, whether the texture coefficients are influenced by size, shape or faceting behaviour of 

the particles, SEM studies were carried out on the decomposition of nanorods of zinc oxalate 

(synthesized using reverse micellar route) in the absence (figure 2.7a) and presence of various 

flux (figure 2.7b-e). The eutectic temperature gave (figure 2.7b), the majority of particles 

with sharp facets for ZnO obtained from decomposition of zinc oxalate (synthesized using the 

reverse micellar method) in the presence of 1:1 mixture of NaCl-KCl. In the case of 

decomposition of zinc oxalate (synthesized using the reverse micellar method) in the 

presence of only NaCl (figure 2.7c) and KCl (figure 2.7d), the majority of particles were 

formed with smooth edges and no sharp facets. The difference in the kind of particles 

obtained with only NaCl and KCl and their eutectic mixture could be the reason for obtaining 

a high value of texture coefficient for (112̅0) plane for ZnO synthesized in the presence of a 

1:1 mixture of NaCl-KCl as flux. When flux containing a divalent anion-Na2SO4 was used, 

particles assembled to form a rod-like structure (figure 2.7e), similar to the assembly obtained 

when ZnO was formed in the absence of any flux.  



 

41 
 

Chapter 2 Ionic flux and polarity of exposed surfaces of ZnO  

 

Figure 2.7: SEM images of ZnO obtained by decomposition of zinc oxalate 

(synthesized using reverse micellar route) in (a) absence of flux, with (b) 1:1 mixture 

of NaCl-KCl, (c) NaCl, (d) KCl and (e) Na2SO4 as flux.  
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The value of the texture coefficient was also quite similar to two kinds of ZnO indicating that 

Na2SO4 did not have any effect on the degree of preferred orientation. Preferred orientation in 

a polycrystalline sample indicates a preference of certain planes than exhibiting a random 

orientation and can be evaluated from XRD by calculating the texture coefficient. It is 

important to know the degree of preferred orientation of the material as it affects the 

macroscopic properties of the material. It is thus inferred that the nature of flux influences the 

polarity of the surface as indicated from the observed value of the texture coefficient, an 

indicator for the degree of preferred orientation. Flux contains inorganic ions which could 

have assisted in the growth of facets with preferred orientation. It is known that the ionic 

impurity also modifies the potential which arises due to concentration gradient in solution 

and consequently alters the crystal growth. Ubbelohde has mentioned that three types of ionic 

impurities, viz. (i) H
+ 

ion with common anion and OH
-
 ion when cation is common, (ii) high 

valent ions in a solution of low valent ions, and (iii) less mobile colloids capable of acting as 

ions, play an important role in altering the crystal growth. 
33

 Studies showing the influence of 

ions on the growth of structures with exposed facets have been cited in the literature. For 

instance, the effect of ions was also studied by Niu et.al. 
34

 wherein it was observed that the 

chloride ion in cetylpyridinium chloride dictated the morphology of the nanostructures to 

rhombic dodecahedron and octahedron. The introduction of KBr into the reaction solution led 

to the formation of cubic nanostructures. The authors reported that this could be because of 

preferential adsorption of Cl
-
 and Br

-
 ion on different facets. 

34
 Divalent ion has been shown 

to influence the morphology of the particles to rod shape. It was shown by Yang et.al.
35

, that 

anions such as F
-
, SO4

2-
, Cl

-
 ions influence the morphology of Ag nanostructures by either 

poisoning or enhancing the growth of crystal facet. It was believed that SO4
2-

 ion acted as an 

ionic surfactant and thus led to the formation of the dendritic framework of Ag by reducing 

the corresponding surface energies and blocking the formation of crystal facets from adding 

fresh Ag atoms and nanoparticles. In another report by Liu et.al. 
36

, it was observed that 

selective adsorption of F
-
 ion on (0001) facets of TiO2 resulted in lowering the surface energy 

of (0001) facet, leading to the formation of a truncated octahedron of TiO2 with a large 

percentage of (0001) facet. Replacing F
-
 ion with SO4

2-
 or acetate ion led to the formation of 

nanorods of TiO2. In our studies, we observed a similar effect where replacing a monovalent 

anion, Cl
-
 with a divalent anion SO4

2- 
led to rod shape. Thus, one can see that the type of ions 

has a major role in the morphology of the material. In our studies, the flux contains inorganic 

ions and also provides a molten environment. The presence of inorganic ions diffusing 

through the molten environment could have assisted in the nature of texture formed for ZnO. 
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To see the crystalline nature of ZnO, electron diffraction studies were performed on a single 

particle of ZnO synthesized using thermal decomposition of zinc oxalate nanorods in the 

absence of any flux and presence of a mixture of NaCl-KCl. We observed a well-defined 

spotted pattern in the electron diffraction, indicating that the particle focused during the 

analysis was single-crystalline. For ZnO synthesized in absence of any flux, the pattern could 

be indexed to (12̅10) zone axis whereas for ZnO synthesized in presence of NaCl-KCl, the 

pattern could be indexed to (11̅00) zone axis. The images of the particle and their 

corresponding electron diffraction pattern are shown in figure 2.8 (a-d). 

 

 

 

a 

 

b 
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Figure 2.8 : TEM Image of ZnO synthesized using thermal decomposition of zinc oxalate 

nanorods (a) in absence of flux and (c) in presence of 1:1 NaCl-KCl. Electron Diffraction 

pattern obtained from particle marked 1 in the corresponding TEM for ZnO obtained using 

thermal decomposition of zinc oxalate nanorods (b) in absence of flux and (d) in presence of 

1:1 NaCl-KCl. 

 

 

 

c 

 

d 
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Photocatalytic Studies 

It has been previously reported that the nature of exposed surfaces influences the catalytic 

performance of the material
4, 37-40

. We used this approach to correlate our findings based on 

the analysis of the texture coefficient. For this, we carried out photodegradation of 

Rhodamine B dye using ZnO synthesized by decomposition of nanorods of zinc oxalate 

under various flux conditions. 

 

Figure 2.9: Photodegradation of Rhodamine B using ZnO obtained by decomposition 

of zinc oxalate (synthesized using reverse micellar route) in the absence of flux, with 

1:1 mixture of NaCl-KCl, NaCl, KCl and Na2SO4 as flux. 

It was observed (figure 2.9) that the photocatalytic activity of ZnO for the degradation of 

Rhodamine B dye followed the following order: No Flux > Na2SO4 > NaCl > NaCl-KCl > 

KCl. As observed from the order of texture coefficient, the order of degree of preferred 

orientation for non-polar (112̅0) plane was NaCl-KCl > KCl > NaCl > Na2SO4 > No flux. 

The order of value of texture coefficient for polar (0002) plane was No Flux ≈ Na2SO4 > 

NaCl ≈ NaCl-KCl ≈ KCl. Thus, based on the above order, it can be inferred that though ZnO 

shows a greater degree of preferred orientation for (112̅0) surface, the photocatalytic activity 

was greatly influenced by the number of particles with (0002) surfaces. Moreover, it can be 
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envisaged, the surface energy of (0002) is much higher than (112̅0) and (101̅0), suggesting 

that the (0001) exposed surfaces are more active for the catalytic reaction. It has also been 

reported
8
 that polar exposed (0001) and (0001̅) faces of ZnO are more active surfaces for 

photocatalysis. In our study, we observed that the order of photocatalytic activity for the 

degradation of Rhodamine B dye was also in agreement with the order of texture coefficient 

for (0002) plane. To ascertain whether the nature of the surfaces of ZnO is an influencing 

factor in the photodegradation of Rhodamine B, two other important factors viz. size 

distribution and surface area, which governs the catalytic behaviour were studied. Particle 

size distribution was plotted using SEM images (figure 2.10 a-e). 

 

 

 

 

a 

 

b 
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Figure 2.10: Histogram of particles obtained from SEM images (synthesized by reverse 

micellar route) (a) in absence of flux and presence of flux (b) NaCl, (c) KCl, (d) NaCl-KCl 

and (e) Na2SO4. 

c 

 

 

d 

e 
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It was observed that there is a wide distribution of size ranging from 50 nm to 2 microns 

(varied with the type of flux that has been used for the synthesis) (Table 2.2).  

Table 2.2 :  Average Particle size obtained from Gaussian fitting of histograms of the particle 

size distribution for ZnO obtained by decomposition of zinc oxalate (synthesized by reverse 

micellar route) in presence and absence of flux. 

Flux Average size (nm) Maximum size (µm) Minimum size (nm) 

No Flux 490 1.15 350 

NaCl 450 1.2 145 

KCl 330 0.95 50 

NaCl-KCl 980 2.3 500 

Na2SO4 365 0.8 230 

 

The average size observed for these materials was also too large. Thus, based on a wide 

distribution of size with a large value of average particle size, it can be deciphered that size 

distribution may not be an influencing parameter on photocatalytic rates. Further, to check if 

the surface area (an important parameter that influences the photocatalytic rates), has 

influenced the photocatalytic degradation of RhB, surface area measurements were carried 

out. The surface area (Table 2.3) was observed to be less than 2m
2
/g which is very less to 

have any influence on the photocatalytic rates. 
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Table 2.3 : BET surface area for ZnO samples obtained by decomposition of zinc oxalate 

(synthesized via Reverse Micellar route) in the presence and absence of flux 

                   Flux            Surface Area (m
2
/g) 

                 No Flux 1.5 

                NaCl  1.4 

                 KCl  0.72 

                 NaCl-KCl 1.2 

                Na2SO4 1.6 

 

Based on this, it is suggested that the trend observed for the photocatalytic activity of ZnO, 

synthesized under different flux conditions, is the effect of the nature of the exposed surface 

and is not influenced by the size and the surface area. The photocatalytic rates were majorly 

influenced by the nature of flux used during decomposition of the oxalate precursor which 

played a significant role in determining the degree of preferred orientation for the surfaces of 

ZnO, as observed from the analysis of texture coefficient.  

 

Computational Studies  

To understand the role of flux on the degree of preferred orientation (as observed from the 

value of texture coefficient) DFT based theoretical studies were carried out. It is known that 

the relative stability of different ZnO surfaces can be obtained from their surface energy 

values.
5
 A comparison of surface energy values for the pristine surfaces obtained from 

previous theoretical studies as well as from our work are tabulated in Table 2.4.  
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Table 2.4:  The comparison of surface energies for different ZnO surfaces, The surface 

energies for the polar surfaces was obtained from the plot of cleavage energy vs 1/D plot as 

discussed by Meyer and Marx.
8
 

Surface Method 𝛾(J/m
2
) Reference 

(0001) PBE+U 4.55
* 

This work 

 PBE 3.50 Meyer, Marx
5 

 LDA 4.50 Meyer, Marx
5
 

 PW91+U 3.71 Tang, Luo
6 

 PW91 3.00 Tang, Luo
6
 

 B3LYP 4.00 Harrison
41 

(1010̅̅̅̅ ) PBE+U 2.33 This work 

 PBE 1.80 Meyer, Marx
5
 

 LDA 2.30 Meyer, Marx
5
 

 PW91+U 2.15 Tang, Luo
6
 

 PW91 1.88 Tang, Luo
6
 

 B3LYP 2.13 Harrison
41

 

(112̅0) PBE+U 2.37 This work 

 PBE 1.90 Meyer, Marx
5
 

 LDA 2.50 Meyer, Marx
5
 

 PW91+U 2.21 Tang, Luo
6
 

 PW91 1.94 Tang, Luo
6
 

 B3LYP 4.10 Harrison
41

 

(101̅1) PBE+U 5.85 This work 

 

 

The stability order of pristine ZnO surfaces (101̅0)> (112̅0)> (0001)> (101̅1) indicates that 

at ideal vacuum and 0K, (101̅0) surface would be the preferred surface.  This indeed 

corroborate with a recent study by Shi et al.
42

  At cryogenic temperature and ultra-high 

vacuum conditions the authors exclusively obtained the ZnO (101̅0) surface. The facet 

formation may change depending on the growth conditions.  

To evaluate the nature of interaction present between the ionic flux and ZnO dimers, we 

performed the Bader charge analysis for both the non-polar surfaces. From table 2.5, the 

charges on the Zn and O atoms (both surface and bulk) represents the mixed ionic and 
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covalent nature of bonding of ZnO. While the charges on Na atom and Cl atom clearly says 

that the flux is purely ionic in nature as there is no sign of covalent bonding. From the Bader 

population analysis (Table 2.5) it is clear that the interaction between the ZnO and the flux is 

purely ionic (i.e. as the ionic charges are completely localized on the Na
+
 and Cl

- 
sites). 

 

Table 2.5 : Bader charge analysis of the optimized flux containing ZnO 101̅0- Surface. 

 

Type of the atom Bader Charge 

101̅0 

Bader Charge 

112̅0 

Flux affected O atom -1.342 -1.3465 

Flux affected Zn atom 1.228 1.2219 

Na  0.99 0.99 

Cl -0.74 -0.76 

Bulk O 1.234 -1.2608 

Bulk Zn -1.257 1.2449 

Bare surface O atom -1.2435 -1.2447 

Bare surface Zn atom 1.2416 1.2436 

 

Both the Zn and O atoms experience an upward displacement from their relaxed positions 

(figure 2.11, Table 2.6, figure 2.12).  

 

 

Figure 2.11: Accommodation of NaCl flux by relaxed ZnO 101̅0- Surface. 
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Figure 2.11 schematically showed how the incoming flux is accommodated over the relaxed 

101̅0 surface. The Cl
-
 ions are accommodated by one Zn atom while the Na

+
 ions are 

distributed by two O atoms which implies that the distribution of flux is not stoichiometric 

over surface atoms. The quantitative change of different structural parameters is tabulated in 

table 2.6.  

 

 

Figure 2.12 : Accommodation of NaCl flux by relaxed ZnO 112̅0- Surface. 

 

Figure 2.12 shows the accommodation of the NaCl flux by the ZnO 112̅0 surface. It is clear 

from the figure that there is no non-stoichiometric distribution of the flux over the 112̅0 

surface as it was seen in the 101̅0 surface. Hence it can be concluded that the 112̅0  surface 

is less disturbed by the ionic flux. The disturbance induced by the flux changes the surface 

energy. The Na
+
 ion on  (101̅0) is accommodated by two O atoms on the surface (Na-O 

distance 2.32±0.01 Å). On the other hand, for (112̅0)-surface there is no such possibility of 

non-stoichiometric distribution of the flux. Thus, the ionic flux induces more disturbances on 

(101̅0)-surface compared to the (112̅0) surface.Table 2.6 quantitatively presents different 

structural parameters of the flux affected ZnO 101̅0 and 112̅0 surface. Table 2.6 led us to 

conclude that 112̅0 is less disturbed and hence more stabilized in the presence of ionic flux. 

Surface energy (Figure 2.13) also reflects the same fact that (101̅0)-surface is more 

perturbed by the ionic flux.  
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Table 2.6 : Different structural parameters in the presence and absence of NaCl flux on ZnO 

101̅0 and 112̅0  Surface. 

 

Structural parameter Value 

101̅0 

Value 

112̅0 

Flux affected surface ZnO distance 1.92 Å 1.95 Å 

Bulk ZnO distance 1.93 Å 1.93 Å 

Non-affected Surface ZnO distance 1.79 Å 1.81 Å 

Na-O distance 2.32±0.01 Å 2.20 Å 

Zn-Cl distance 2.25 Å 2.26 Å 

Tilt angle (ω) relaxed surface 9.51⁰  9.82⁰  

Tilt angle (ω) for flux affected dimer (figure 

2.11) 

2.16⁰ / 11.48⁰  4.15⁰  

 

 

Figure 2.13.:The computed DFT+U surface energies were obtained for the 101̅0 & 112̅0 

surfaces in presence of different ionic flux. In presence of ionic flux (irrespective of its 

nature) the 112̅0 surface gets stabilized over the 101̅0 surface and most like to be observed 

in the experiments and that's what it has been observed in this work. 
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Thus, from the above-mentioned studies, it was observed that (112̅0) surfaces of ZnO is 

stabilized more than the (101̅0) surface in the presence of ionic flux viz. NaCl, KCl, and 1:1 

mixture of NaCl and KCl. This can be correlated to the value of texture coefficient (>1) 

obtained for (112̅0) surfaces of ZnO, when the oxide was obtained by thermal decomposition 

of oxalate precursor in the presence of NaCl, KCl, and 1:1 mixture of NaCl and KCl. From 

the studies, one can foresee that the presence of ionic species during thermal decomposition 

of the precursor stabilizes the surface energy of a more destabilized surface. This results in 

the formation of structures having an increased degree of preferred orientation towards it. 

Moreover, the value of texture coefficient (an indicator for the degree of preferred 

orientation), the observed trend in photodegradation of Rhodamine B dye, and the calculation 

of surface energies corroborated well with each other. The results showcase that the 

introduction of flux with monovalent anion during the decomposition of the oxalate precursor 

helped in the growth of the non-polar (112̅0) plane by overcoming the thermodynamic barrier 

wherein growth of (101̅0) surfaces are preferred over (112̅0) surfaces.  

2.5 Conclusions: 

Experimental and theoretical studies were carried out to understand the role of flux, 

introduced during the decomposition of oxalate precursor, in the formation of ZnO structures 

with a preferred orientation towards a particular plane. In the absence of any flux, the 

particles were randomly oriented and did not have a preferred orientation for a particular 

plane, as observed from the value of texture coefficient which was found to be close to 1. The 

degree of preferred orientation for the (112̅0) plane was found to increase when the 

decomposition was carried out in the presence of flux. Theoretical studies reveal that the non-

polar (101̅0) and (112̅0) surfaces experiences ionic flux completely via electrostatic 

interactions from the constituent ions of NaCl, KCl, and a mixture of NaCl-KCl. These 

surfaces get perturbed and change the surface energies and hence the relative faceting 

behavior. The (101̅0) surface acts as the most stable surface in the absence of flux. On the 

other hand, the (112̅0) surface becomes most stable in the presence of flux. This change in 

the stability of surfaces is reflected in the increased value of the texture coefficient (>1) for 

(112̅0) surface of ZnO synthesized in the presence of these fluxes. Changing the flux from 

NaCl, KCl, and mixture of NaCl-KCl containing a monovalent anion to Na2SO4 changes the 

morphology to rod shape which was formed from an assembly of particles. This change in 

morphology is also reflected in the value of the texture coefficient. The influence of the 
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morphology of the precursor also affected the value of the texture coefficient. The trend 

observed from the photocatalytic degradation of Rhodamine B correlated with the analysis of 

the texture coefficient and also reinforced our conclusion that the nature of flux used during 

decomposition of oxalate precursor played a significant role in determining the degree of 

preferred orientation for the surfaces of ZnO. The results showcase that the introduction of 

flux with monovalent anion during the decomposition of the oxalate precursor helped in the 

growth of non-polar (112̅0) surfaces by overcoming the thermodynamic barrier wherein 

growth of (101̅0) surfaces are preferred over (112̅0) surfaces. The study gives an 

understanding of the role of flux/ions/solvents on the degree of preferred orientation of other 

materials and can be used for the formation of faceted structures of a variety of materials that 

are synthesized at higher temperatures.  

Acknowledgments 

I would like to thank Dr. Ehesan Ali and Aritra Mukhopadhyaya for doing computation 

studies in this work.  

This work is published as “Aditi Vijay, Aritra Mukhopadhyaya, Vipul Shrivastava, Devanshi 

Bhardwaj, Ashok K. Ganguli, Md. Ehesan Ali and Sonalika Vaidya*, Understanding the role 

of ionic flux on the polarity of the exposed surfaces of ZnO, Physical Chemistry Chemical 

Physics, 2020,22,15427-15436.” 

This work has been "Reprinted with permission from {Phys. Chem. Chem. Phys., 2020,22, 

15427-15436}. Copyright {2020} Royal Society of Chemistry."  

  

  



 

56 
 

Chapter 2 Ionic flux and polarity of exposed surfaces of ZnO  

2.6 References: 

1. Halder, A.; Kundu, P.; Viswanath, B.; Ravishankar, N., Symmetry and shape issues in 

nanostructure growth. Journal of Materials Chemistry 2010, 20 (23), 4763-4772. 

2. Bahl, S.; Suwas, S.; Chatterjee, K., The control of crystallographic texture in the use of 

magnesium as a resorbable biomaterial. RSC Advances 2014, 4 (99), 55677-55684. 

3. Kumar, M.; Kumar, A.; Abhyankar, A. C., Influence of Texture Coefficient on Surface 

Morphology and Sensing Properties of W-Doped Nanocrystalline Tin Oxide Thin Films. 

ACS Applied Materials & Interfaces 2015, 7 (6), 3571-3580. 

4. Sreeremya, T. S.; Krishnan, A.; Remani, K. C.; Patil, K. R.; Brougham, D. F.; Ghosh, S., 

Shape-Selective Oriented Cerium Oxide Nanocrystals Permit Assessment of the Effect 

of the Exposed Facets on Catalytic Activity and Oxygen Storage Capacity. ACS Applied 

Materials & Interfaces 2015, 7 (16), 8545-8555. 

5. Meyer, B.; Marx, D., Density-functional study of the structure and stability of ZnO 

surfaces. Physical Review B 2003, 67 (3), 035403. 

6. Tang, Q.-L.; Luo, Q.-H., Adsorption of CO2 at ZnO: A Surface Structure Effect from 

DFT+U Calculations. The Journal of Physical Chemistry C 2013, 117 (44), 22954-

22966. 

7. Mora-Fonz, D.; Lazauskas, T.; Farrow, M. R.; Catlow, C. R. A.; Woodley, S. M.; Sokol, 

A. A., Why Are Polar Surfaces of ZnO Stable? Chemistry of Materials 2017, 29 (12), 

5306-5320. 

8. Huang, M.; Weng, S.; Wang, B.; Hu, J.; Fu, X.; Liu, P., Various Facet Tunable ZnO 

Crystals by a Scalable Solvothermal Synthesis and Their Facet-Dependent Photocatalytic 

Activities. The Journal of Physical Chemistry C 2014, 118 (44), 25434-25440. 

9. Chang, J.; Ahmed, R.; Wang, H.; Liu, H.; Li, R.; Wang, P.; Waclawik, E. R., ZnO 

Nanocones with High-Index {101̅1} Facets for Enhanced Energy Conversion Efficiency 

of Dye-Sensitized Solar Cells. The Journal of Physical Chemistry C 2013, 117 (27), 

13836-13844. 

10. Tasker, P. W., The stability of ionic crystal surfaces. Journal of Physics C: Solid State 

Physics 1979, 12 (22), 4977-4984. 

11. Garg, N.; Scholl, C.; Mohanty, A.; Jin, R., The role of bromide ions in seeding growth of 

Au nanorods. Langmuir 2010, 26 (12), 10271-10276. 

12. Song, Z.; Zu, R.; Liu, X.; He, L.; Liu, Q., Role of flux on synthesis of poly single 

crystals of Ce3+ doped yttrium aluminum garnet. Crystal Research and Technology 

2016. 

13. Liu, J.; Chen, G.; Yu, Y.; Wu, Y.; Zhou, M.; Zhang, W.; Qin, H.; Lv, C.; Fu, W., 

Controllable and facile synthesis of nearly monodisperse 18-facet indium hydroxide 

polyhedra. New Journal of Chemistry 2015, 39 (3), 1930-1937. 

14. Barik, R.; Mohapatra, M., Solvent mediated surface engineering of α-Fe2O3 

nanomaterials: facet sensitive energy storage materials. Crystal Engineering 

Communication 2015, 17 (47), 9203-9215. 



 

57 
 

Chapter 2 Ionic flux and polarity of exposed surfaces of ZnO  

15. Noureldine, D.; Anjum, D. H.; Takanabe, K., Flux-assisted synthesis of SnNb2O6 for 

tuning photocatalytic properties. Physical Chemistry Chemical Physics 2014, 16 (22), 

10762-10769. 

16. Shanker, V.; Ganguli, A. K., Comparative study of dielectric properties of MgNb2O6 

prepared by molten salt and ceramic method. Bulletin of Materials Science 2003, 26 (7), 

741-744. 

17. Nangia, S.; Thirumal, M.; Ganguli, A. K.; Gai, P. L., A New Form of MgTa2O6 

obtained by the Molten Salt Method. Microscopy and Microanalysis 2002, 8 (S02), 

1414-1415. 

18. Xu, C.; Liu, Y.; Xu, G.; Wang, G., Preparation and characterization of CuO nanorods by 

thermal decomposition of CuC 2 O 4 precursor. Materials Research Bulletin 2002, 37 

(14), 2365-2372. 

19. Xu, C.; Xu, G.; Wang, G., Preparation and characterization of NiO nanorods by thermal 

decomposition of NiC2O4 precursor. Journal of materials science 2003, 38 (4), 779-782. 

20. Jiang, Z.-Y.; Xu, T.; Xie, Z.-X.; Lin, Z.-W.; Zhou, X.; Xu, X.; Huang, R.-B.; Zheng, L.-

S., Molten Salt Route toward the Growth of ZnO Nanowires in Unusual Growth 

Directions. The Journal of Physical Chemistry B 2005, 109 (49), 23269-23273. 

21. Ahmad, T.; Vaidya, S.; Sarkar, N.; Ghosh, S.; Ganguli, A. K., Zinc oxalate nanorods: a 

convenient precursor to uniform nanoparticles of ZnO. Nanotechnology 2006, 17 (5), 

1236. 

22. Zaidi, Z.; Vaghasiya, K.; Vijay, A.; Sharma, M.; Verma, R. K.; Vaidya, S., Hollow ZnO 

from assembly of nanoparticles: photocatalytic and antibacterial activity. Journal of 

Materials Science 2018, 53 (21), 14964-14974. 

23. Hohenberg, P.; Kohn, W., Inhomogeneous Electron Gas. Physical Review 1964, 136 

(3B), B864-B871. 

24. Kohn, W.; Sham, L. J., Self-Consistent Equations Including Exchange and Correlation 

Effects. Physical Review 1965, 140 (4A), A1133-A1138. 

25. Kresse, G.; Furthmüller, J., Efficient iterative schemes for ab initio total-energy 

calculations using a plane-wave basis set. Physical Review B 1996, 54 (16), 11169-

11186. 

26. Monkhorst, H. J.; Pack, J. D., Special points for Brillouin-zone integrations. Physical 

Review B 1976, 13 (12), 5188-5192. 

27. Ceperley, D. M.; Alder, B. J., Ground State of the Electron Gas by a Stochastic Method. 

Physical Review Letters 1980, 45 (7), 566-569. 

28. Perdew, J. P.; Zunger, A., Self-interaction correction to density-functional 

approximations for many-electron systems. Physical Review B 1981, 23 (10), 5048-

5079. 

29. Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized Gradient Approximation Made 

Simple. Physical Review Letters 1996, 77 (18), 3865-3868. 

30. Mosey, N. J.; Carter, E. A., Ab initio evaluation of Coulomb and exchange parameters 

for DFT+U calculations. Physical Review B 2007, 76 (15), 155123. 



 

58 
 

Chapter 2 Ionic flux and polarity of exposed surfaces of ZnO  

31. Vaidya, S.; Rastogi, P.; Agarwal, S.; Gupta, S. K.; Ahmad, T.; Antonelli Jr, A. M.; 

Ramanujachary, K.; Lofland, S.; Ganguli, A. K., Nanospheres, nanocubes, and nanorods 

of nickel oxalate: control of shape and size by surfactant and solvent. The Journal of 

Physical Chemistry C 2008, 112 (33), 12610-12615. 

32. Qamar, M.; Lofland, S. E.; Ramanujachary, K. V.; Ganguli, A. K., Magnetic and 

photocatalytic properties of nanocrystalline ZnMn2O4. Bulletin of Materials Science 

2009, 32 (3), 231-237. 

33. Ubbelohde, A., The role of diffusion potentials in the growth of ionic crystals. 

Discussions of the Faraday Society 1949, 5, 180-182. 

34. Niu, W.; Zheng, S.; Wang, D.; Liu, X.; Li, H.; Han, S.; Chen, J.; Tang, Z.; Xu, G., 

Selective synthesis of single-crystalline rhombic dodecahedral, octahedral, and cubic 

gold nanocrystals. Journal of the American Chemical Society 2008, 131 (2), 697-703. 

35. Zhang, Y.; Sun, S.; Zhang, X.; Tang, L.; Song, X.; Yang, Z., Sulfate-ion-assisted 

galvanic replacement tuning of silver dendrites to highly branched chains for effective 

SERS. Physical Chemistry Chemical Physics 2014, 16 (35), 18918-18925. 

36. Liu, L.; Gu, X.; Ji, Z.; Zou, W.; Tang, C.; Gao, F.; Dong, L., Anion-assisted synthesis of 

TiO2 nanocrystals with tunable crystal forms and crystal facets and their photocatalytic 

redox activities in organic reactions. The Journal of Physical Chemistry C 2013, 117 

(36), 18578-18587. 

37. Zhou, K.; Li, Y., Catalysis Based on Nanocrystals with Well-Defined Facets. 

Angewandte Chemie International Edition 2012, 51 (3), 602-613. 

38. Zheng, Z.; Huang, B.; Lu, J.; Qin, X.; Zhang, X.; Dai, Y., Hierarchical TiO2 

Microspheres: Synergetic Effect of {001} and {101} Facets for Enhanced Photocatalytic 

Activity. Chemistry – A European Journal 2011, 17 (52), 15032-15038. 

39. Jiang, J.; Zhao, K.; Xiao, X.; Zhang, L., Synthesis and Facet-Dependent Photoreactivity 

of BiOCl Single-Crystalline Nanosheets. Journal of the American Chemical Society 

2012, 134 (10), 4473-4476. 

40. Lizandara-Pueyo, C.; Morant-Miñana, M. C.; Wessig, M.; Krumm, M.; Mecking, S.; 

Polarz, S., Biomimetic crystallization of anisotropic zinc oxide nanoparticles in the 

homogeneous phase: shape control by surface additives applied under thermodynamic or 

kinetic control. RSC Advances 2012, 2 (12), 5298-5306. 

41. Wander, A.; Harrison, N. M., The stability of polar oxide surfaces: The interaction of 

H2O with ZnO(0001) and ZnO(0001̄). The Journal of Chemical Physics 2001, 115 (5), 

2312-2316. 

42. Shi, H.; Yuan, H.; Li, Z.; Wang, W.; Li, Z.; Shao, X., Low-Temperature Heterolytic 

Adsorption of H2 on ZnO(101̅0) Surface. The Journal of Physical Chemistry C 2019, 

123 (21), 13283-13287. 

 



 

Chapter 3 

Tuning the Morphology and Exposed Facets of 
SrTiO3 Nanostructures for the Photocatalytic 
Dye Degradation and Hydrogen Evolution 

 





 

59 
 

Chapter 3 Effect of Morphology and Exposed facets on Photocatalytic Activity 

Chapter 3 

 

Tuning the Morphology and Exposed Facets of SrTiO3 Nanostructures for the 

Photocatalytic Dye Degradation and Hydrogen Evolution 

 

 

Abstract 

This study aims at investigating the role of the dielectric constant of polyols on the size and 

morphology of SrTiO3 nanostructures and thereby its effect on the photocatalytic performance of 

the oxide. Among the various available polyols, we have used ethylene glycol (EG), 

polyethylene glycol-300 (PEG-300), and polyethylene glycol-400 (PEG-400) for our study. The 

effect of polyols was also compared by taking water as the solvent instead of polyols. Herein, we 

discuss how, change in the synthetic methodology i.e. change of the solvent, affects the defects, 

crystallite size, and nature of facet. We observed that the particle size decreased with an increase 

in the dielectric constant of the solvent (water and polyols). We also observed that the shape 

(nanocubes with water, nanocuboids with PEG-400, edge truncated nanocuboids with PEG-300, 

and hexagonal-shaped particles assembled to form a flower-like nanostructure with EG as 

solvent) and the nature of exposed facets were also affected by the dielectric constant of the 

solvent. The top exposed facet of the synthesized SrTiO3 nanostructures was observed to be 

[001], (for SrTiO3 nanostructures synthesized using different solvents) with [011̅] facet, 

observed for sample synthesized using EG and PEG-300 as the solvent. The effect of size and 

shape on their photocatalytic performance (both photodegradation of Rhodamine B (RhB) and 

hydrogen evolution) was also evaluated.  

Keywords: Polyols, morphology, facets, Photocatalysis, hydrogen evolution.  
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3.1 Introduction: 

In recent years, photocatalytic water splitting has gained much attraction due to its potential 

application in the field of hydrogen energy production by solar energy conversion. This process 

utilizes natural sources i.e. solar energy and water for the production of hydrogen which is 

considered a clean source of energy. Morphology 
1-2

, crystallinity and crystal structure, and the 

formation of heterostructures
3
 are a few important parameters that play a major role in tuning the 

photocatalytic properties of the materials. By changing these parameters, the efficiency for 

separation of photogenerated charge carrier can be enhanced which improves the photocatalytic 

behavior of the material. Various efforts are being put into this field to form nanostructures by 

the introduction of structure-directing agents (organic ligands, ions, etc.) during synthesis. It has 

been reported by Liao et.al that the shape and size of TiO2 nanoparticles can be controlled by 

variation of surfactant during the synthesis which affected the photocatalytic property of the 

material
4
.  

Among various materials, semiconductor-based photocatalysts mainly metal oxides proved to be 

suitable candidates for water splitting because of their stability, light absorption, charge transfer, 

and excited-state lifetime properties. There are several reports in the literature on metal oxide-

based photocatalysts such as TiO2
5-6

, SrTiO3
7
, Ta2O5

8
, etc. Among all the binary or ternary metal 

oxides, perovskite-based metal oxides proved to be unique photocatalysts because of their 

interesting photophysical properties
9
.  Among various perovskite, SrTiO3 has been extensively 

studied for photocatalytic activity
10-11

. Several attempts have been made to improve the 

photocatalytic properties of SrTiO3. For instance, photocatalytic properties of SrTiO3 

nanostructures were shown to enhance by doping of metal ions at both, A and B sites
12-13

, by the 

formation of assembled mesoporous structure
14

, by introducing plasmonic nanoparticles with the 

oxide
15

, by tuning the facets
16

, or by the creation of oxygen vacancies
17

.   

In this chapter, we discuss the effect of change in the dielectric constant of polyols on the size 

and morphology of SrTiO3 nanostructures. We also discuss how, change in the synthetic 

methodology affects the defects, crystallite size, and nature of facet. The effect of size and shape 

on their photocatalytic performance (both photodegradation of RhB and hydrogen evolution) was 

also evaluated. To the best of our knowledge, there has been only one report on the 

photocatalytic performance of SrTiO3, synthesized with titanium triethanolamine complex as the 
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titanium source and by varying the nature of polyalcohols (ethylene glycol (EG), Diethylene 

glycol (DEG), trimethylene glycol (TMG)). The authors observed that SrTiO3 synthesized using 

water/EG mixture as solvent exhibited maximum hydrogen evolution
18

. In our studies, we have 

not used any other complexing agent like triethanolamine as there is a possibility that these 

complexing agents have either synergistic or anti-synergistic effects on the size, shape and 

faceting behavior which would be difficult to ascertain. Keeping these arguments in our mind, 

we used only polyalcohols as the solvent (without any other complexing agents) to establish their 

role on various parameters affecting the photocatalytic behavior of SrTiO3 nanostructures.  

3.2 Experimental: 

3.2.1: Materials and Methods: 

Strontium nitrate (Sr(NO3)2, 99%], Ethylene glycol (EG) (99%), Polyethylene glycol (PEG)-400 

(99%), Methanol (ACS grade), sodium sulphate (99%) were purchased from Merck. 

Polyethylene glycol (PEG)-300 was purchased from TCI. Titanium isopropoxide (97%) and 

sodium sulfite (98%) were purchased from Sigma-Aldrich. 

SrTiO3 with different morphologies was prepared by using the solvothermal method. For the 

synthesis, 1.48 mL of titanium isopropoxide was added to water (30 mL). To this, we added 

1.058 g of strontium nitrate followed by a dropwise addition of 5 mL of 5 M NaOH solution to 

obtain suspension of white precipitates. The volume of the final mixture was maintained at 35 

mL. The reaction mixture was then sealed in a 50 mL Teflon-lined stainless steel vessel and kept 

in an oven at 180
o
 C for 24 h. The resultant precipitates were washed several times with distilled 

water and absolute ethanol and dried in an oven at 80
o
C for 8h. To study the effect of polyols on 

the morphology of SrTiO3, the methodology for the synthesis was the same with water being 

replaced by EG, PEG-300, and PEG-400 as the solvent. A schematic illustrating the 

methodology adopted for the synthesis is shown in figure 3.1.  For convenience, we refer to the 

sample as STO1, STO2, STO3 and STO4 for SrTiO3 synthesized using water, EG, PEG-300, and 

PEG-400 as the solvent respectively. 
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Figure 3.1: Schematic illustrating the synthetic methodology adopted for the synthesis of SrTiO3 

nanostructures.   

 

3.2.2: Characterization: 

The crystal structure and the phase purity of SrTiO3 samples were characterized using Eco D8 

Advance Bruker PXRD with a Cu-K radiation source (λ= 0.15406 nm). The instrument was 

operated at 40 kV and 25 mA at a scanning step of 0.02 in the 2θ range of 10–80 degrees. 

Crystallite size was calculated using Topas v5 software by loading the structure file 

corresponding to strontium titanate. Transmission electron microscope studies (TEM) studies 

were carried out on JEOL, JEM-2100 operated at an accelerating voltage of 200 kV. The 

samples were prepared by dispersing the powder samples in ethanol and drop-casting on a 
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carbon-coated copper grid. FESEM studies were carried out on a HITACHI SU8010 Scanning 

Electron Microscope. The samples were mounted on a carbon tape and coated with Pt. Raman 

studies were carried out using WI Tec’s Raman microscope, alpha 300 R. The samples for 

Raman studies were prepared by drop-casting the dispersion of the oxides, prepared in ethanol, 

onto a silicon wafer. FTIR-ATR studies were done using, Bruker VERTEX70. Diffuse 

reflectance spectra of the solid samples were recorded on UV–visible spectrophotometer 

Shimadzu UV-2600, which was operated in a solid-state mode in the wavelength range of 200–

800 nm with barium sulfate as the reference. The bandgap of the SrTiO3 nanostructures was 

calculated using to Kubleka-Munk (K-M) equation. Nitrogen adsorption-desorption isotherms 

were obtained with Quanta Chrome Model Q2, and the specific surface area was determined 

using the multi-point BET method. Photoluminescence and time-resolved photoluminescence 

studies were carried out on Horiba’s TCSPC at the excitation wavelength of 357 nm. Decay 

curves in the time-resolved photoluminescence spectra were fitted with a double exponential 

decay equation: 

𝑦 = 𝐴1𝑒
(−𝑥 𝜏1)⁄ + 𝐴2𝑒

(−𝑥 𝜏2)⁄ + 𝑦0                                               (3.1) 

The average lifetime of the samples was calculated using the following equation: 

 τ =
∑ Aiτi

2n

i=1

∑ Ai𝜏𝑖
n
i=1

                                                                                   (3.2) 

 

Transient photocurrent response measurement was performed on Metrohm Multi Autolab using a 

three-electrode electrochemical workstation with 350 W Xe lamp as a source of irradiation at 0.7 

V vs. Ag/AgCl. For preparing the working electrode, 15 mg of STO samples were dispersed 

(through ultra-sonication for 1 h) in 0.5 mL of isopropyl alcohol containing 10µL of Nafion resin 

solution. The dispersed samples were deposited on a cleaned FTO substrate having an area of 1 

cm
2
 and dried for further use. The sample coated on FTO substrate was taken as a working 

electrode, 3M Ag/AgCl was taken as the reference electrode, and platinum wire was used as a 

counter electrode. All measurements were carried out in a 50 mL vessel containing 0.5M Na2SO4 

as an electrolyte, saturated with Argon for 30 minutes. 
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3.2.3 Photocatalytic activity: 

3.2.3.1. Dye Degradation: 

For the photocatalytic degradation of Rhodamine B (RhB), 25 mg of the catalyst was dispersed 

in 25 mL of 8 μM (RhB) dye solution and the mixture was irradiated with UV light, using a 

medium pressure Hg lamp (250 W). The dye solution was kept in dark for 30 minutes to observe 

the adsorption capacity of the catalyst used. 1 mL of the sample was taken out from the solution 

at an interval of 30 minutes. The photodegradation of RhB dye was evaluated from the reduction 

in the intensity of the absorption band of RhB. The percentage of dye degradation was calculated 

according to the equation given below: 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 % =  
𝐶𝑜 − 𝐶𝑛
𝐶𝑜

 ×  100                                                    (3.3) 

                                                

where Co represents the initial concentration of the RhB dye and Cn denotes the concentration of 

the dye at a different time interval. 

3.2.3.2 Photocatalytic evaluation of hydrogen gas: 

Photocatalytic reactions for hydrogen evolution from water were conducted in a quartz reactor of 

capacity 140 mL with top irradiation. 40 mg of the sample was dispersed into 0.05 M Na2SO3 

aqueous solution (40 mL) through ultra-sonication. After sonication, the solution was purged 

with Ar gas for 30 minutes, to remove dissolved oxygen from the solution. The mixture was 

irradiated with a 250 W medium pressure Mercury Vapor lamp and the catalytic performance 

was checked for 5h. 1 mL of the gas sample was taken out at an interval of one hour from the 

reactor and injected into GC through the side injection method. The amount of H2 gas was 

determined by using an offline thermal conductivity detector in gas chromatography (GC, Perkin 

Elmer Clarus 680). 

Apparent quantum yield (AQY) for hydrogen evolution gas was calculated using equation 3.4. 

𝐴𝑄𝑌 =
2𝑛𝑁𝐴ℎ𝑐

𝑃𝑆𝜆𝑡
 × 100                                                          (3.4) 
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Where, n is the amount of hydrogen evolved after 5 hours of reaction; NA is Avogadro’s constant 

(6.022 × 10 
23 

mol
−1

); h is Planck’s constant (6.63 × 10
-34

 Js); c is the speed of the light (3 × 10
10

 

cm s
-1

); P is the power density of the incident light measured using Ray virtual radiation 

actinometer, Newport, Model 91150V (11.83 × 10
-3

 Wcm
-2

); S is the irradiation area (12.6 cm
2
); 

λ is the representative wavelength of the incident light (using radiation spectrum of the lamp, 368 

nm (368 × 10
-7

 cm)) and t is the time duration of incident light (18000 s).  

3.3. Results and discussion: 

Figure 3.2a shows the PXRD pattern of the SrTiO3 obtained after solvothermal treatment. All the 

reflection planes could be indexed to the cubic unit cell (JCPDS card no.00-035-0734) having a  

space group, 𝑃𝑚3̅𝑚. No impurity peaks were observed in any of the samples. The crystallite 

size, calculated using Topas v5, for all the samples is tabulated in Table 3.1. From figure 3.2b, it 

is observed that the average crystallite size increases with the change in the solvent from water to 

PEG-400, varying in their dielectric constant (used as a solvent for the synthesis of the SrTiO3). 

 

 

 

(a) 
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Figure 3.2 : (a) PXRD plot of SrTiO3 synthesized using water (STO1), EG (STO2), PEG-300 

(STO3), and PEG-400 (STO4). (b) Plot showing the variation of crystallite and particle size with 

the dielectric constant of the solvents.  

Table 3.1: The average crystallite size was obtained from PXRD data, bandgap, and BET surface 

area of the SrTiO3 nanostructures. 

Samples Crystallite size  

(nm) 

Band Gap 

(direct) 

(eV) 

BET Surface 

Area (m²/g) 

STO1 14 3.6 54 

STO2 20 3.7 49 

STO3 31 3.3 27 

STO4 48 3.5 17 

 

 

 

 

(b) 
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To check the effect of the dielectric constant on the size of the particles, TEM studies were 

carried out on synthesized SrTiO3 nanostructures. Nanocubes with a size of ~25 nm and sharp 

boundaries were formed for STO1 (figure 3.3a). On changing the solvent to EG (STO2), flower-

like nanostructures, formed from the assembly of hexagonal-shaped particles of size ~30 nm, 

were observed (figure 3.3b). When a higher chain length of the polyols, viz PEG-300 and PEG-

400, were used as a solvent, edge-truncated nanocuboids and nanocuboids with sharp boundaries 

were formed respectively. The size of these nanostructures ranged from 30-70 nm for STO3 

(figure 3.3c) and 40-100 nm for STO4 (figure 3.3 d). 
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Figure 3.3: TEM images of SrTiO3 and the corresponding enlarged image of a particle showing 

the nature of exposed facet synthesized using (a, e) water (STO1), (b, f) EG (STO2), (c, g) PEG-

300 (STO3) and (d, h) PEG-400 (STO4). 

With water as the solvent, cubes having a size of ~ 25 nm were obtained (figure 3.4(a)). On 

changing the solvents from water to polyols viz. EG, PEG-300, and PEG-400, the shape changed 

from clusters formed from small nanoparticles (STO2, figure 3.4(b)) to large cuboids (STO3 and 

STO4, figure 3.4(c) and 3.4(d) respectively). 
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          Figure 3.4: FESEM images of (a) STO1, (b) STO2, (c) STO3 and (d) STO4. 

It was observed that there was a decrease in both crystallite size (obtained from XRD) and 

particle size (obtained using TEM) with an increase in the dielectric constant of the polyols 

(figure 3.2b). It is to be noted that the dielectric constant
19

 for water is 80, EG: 41.2, PEG-300: 

19.2, and PEG-400: 17.3. Such effect was also observed by Wu et.al  
20

 that the solvent with the 

lowest dielectric constant resulted in the formation of nanostructures with the largest crystallite 

size. This effect was attributed to the fact that the low dielectric constant of the solvent results in 

lower solubility of solid metal oxide (due to a decrease in the solvation energy) i.e. higher degree 

of supersaturation.  As a result, a large number of nuclei are formed, that is, more nucleation 

sites for the growth of particles. These nuclei are bound by the glycol and polyols having a 

terminating –OH group, which enables them to interact with each other to form assembled 

structures. It has been reported
21

 that the time required for the formation of these assembled 

structures is more in ethylene glycol as compared to that in polyethylene glycols. This enables 

larger time for the growth of the assembled structures through the process of Ostwald ripening 

(a) (b) 

(c) (d) 
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(as the total time for the reaction is the same in all the systems) in the case of polyethylene 

glycols, resulting in the formation of larger crystallite size. We observed that with ethylene 

glycol (EG) as the solvent, flower-shaped clusters were formed from the assembly of hexagonal-

shaped nanoparticles. Such assembly was also observed by Changming et.al. 
21

 wherein flower-

shaped clusters of iron oxide were formed with EG as the solvent. A schematic diagram 

illustrating the mechanism of formation of SrTiO3 nanostructures in presence of different polyols 

and water is shown in figure 3.5. 

 

 

 

 

 

 

 

 

Figure 3.5: Schematic diagram illustrating the mechanism of formation of SrTiO3 nanostructures 

in presence of different solvents. 

The nature of exposed facets is one of the important factors that govern photocatalytic reactions. 

For this, we analyzed the nanostructures for the nature of exposed facets using HRTEM. Lattice 

fringes corresponding to (110) plane of cubic SrTiO3, having an interplanar spacing of 2.7 Å, 

were observed in the HRTEM for STO1-STO4 (figure 3.6-3.9). 
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Figure 3.6: HRTEM images of STO1. The insets show reduced FFT and corresponding IFFT of 

the reduced FFT for a region marked in red. 
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Figure 3.7: HRTEM images of STO2. The insets show reduced FFT and corresponding IFFT of 

the reduced FFT for a region marked in red. 

. 

 

 

 

 

 

 

 

 

Figure 3.8: HRTEM images of STO3. The insets show reduced FFT and corresponding IFFT of 

the reduced FFT for a region marked in red. 
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Figure 3.9: HRTEM images of STO4. The insets show reduced FFT and corresponding IFFT of 

the reduced FFT for a region marked in red. 

 

This (110) plane was perpendicular to the <001> direction, suggesting that the top exposed facet 

of STO1-STO4 nanostructure to be [001], as shown in figure 3.3 e-h. This facet, [001], is 

significant in governing the photo-reduction reactions 
22

. Apart from [001], we also observed  

[011̅] facet in STO2 (figure 3.3 f) and STO3 (figure 3.3 h), which was calculated from the angle 

between the facets according to the equation given below; 

𝑐𝑜𝑠𝜃 =
ℎ1ℎ2 + 𝑘1𝑘2 + 𝑙1𝑙2

√ℎ1
2 + 𝑘1

2 + 𝑙1
2√ℎ2

2 + 𝑘2
2 + 𝑙2

2
                                                                 (3.5) 

where (h1k1l1) are the miller indices of facet1 and (h2k2l2) are the miller indices of facet 2. Cos θ 

is the angle between the facets (h1k1l1) and (h2k2l2).  
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The dielectric constant of the solvent gives a measure of its polarity. The higher the value of the 

dielectric constant, the more polar is the solvent. Solvent molecules tend to preferentially adsorb 

on specific facets, altering the energy barrier that is required for the growth of crystalline 

material with specific facets exposed on the surface. The surface energy of the facets can be 

altered by changing the polarity of the solvent, which plays an influential role in the adsorption 

of the molecules on the surface, thereby controlling the nature of exposed facets. The effect of 

solvents on the crystal morphology of various organic crystals has been studied by Lahav et.al.
23

 

wherein in one example they have shown that the morphology of the crystals of α- rhamnose 

monohydrate could be tuned from bipyramidal to pyramidal by changing the solvent from water 

to a mixture of water and methanol. In another example, Barik et.al.
24

 have shown that changing 

the concentration of ethylene glycol, resulted in the formation of α-Fe2O3 nanostructures with 

preferred facets. Thus, in our system, the solvent molecules (glycols in this case), surrounded the 

initial nuclei, and the nature of aggregates formed thereafter could have been the result of the 

preferred interaction of the solvent molecule for a particular facet over another.  

Raman studies for STO1-STO4 nanostructures show the presence of both first and second-order 

bands at 114, 182, 550, and 805 cm
-1

 corresponding to Eg, TO2, TO4, and LO4 modes 

respectively (figure 3.10). Among these Eg, TO2 and TO4 modes are first-order Raman 

scattering. It has been reported that, as per the selection rule, for SrTiO3 crystallizing in a cubic 

unit cell, first-order bands are not allowed
25

. However, for nanostructures, these bands are 

observed because of the lowering of symmetry which may arise as a result of the presence of 

impurity atom at the nanoscopic level or local tetragonal structure that destroys the inversion 

symmetry
26

. There may be frozen dipole moments present at the surface which may penetrate the 

crystals, thereby destroying the inversion symmetry. This destruction of the inversion symmetry 

may give rise to the local tetragonal structure. The Eg mode arises as a result of a break in the 

inversion symmetry of the crystal due to the presence of frozen dipole moments at the surface. 

The TO2 and TO4 modes are associated with O-Ti-O bonding 
26

. These first-order modes were 

more pronounced in the Raman scattering with STO3 and STO4, indicating the presence of 

defects in these materials. 
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Figure 3.10 : Raman Spectra of SrTiO3 nanostructures synthesized using water (STO1), EG 

(STO2), PEG-300 (STO3), and PEG-400 (STO4). 

Figure 3.11 shows the ATR-FTIR spectra of the SrTiO3 nanostructures, synthesized using 

different solvents. H-O-H bending and stretching vibration of adsorbed water were observed at 

1630 cm
-1

 and 3200-3400 cm
-1 

respectively (figure 3.11(a)). ATR-FTIR with a spectral 

resolution in the region of 400-800 cm
-1

 is shown in figure 3.11(b). The presence of Ti-O-Ti 

bending at 418 cm
-1

, Sr-O stretching at 618 cm
-1 

and Ti-O stretching at 548 cm
-1

 could be 

observed in the FTIR spectra. 
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Figure 3.11: ATR-FTIR spectra of the SrTiO3 nanostructures synthesized using water (STO1), 

EG (STO2), PEG-300 (STO3), and PEG-400 (STO4) in the spectral resolution (a) 400-4000 cm
-1

 

and (b) 400-800 cm
-1

. 
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To measure the bandgap for the synthesized SrTiO3 nanostructures, optical properties of these 

were measured using UV-Visible diffuse reflectance spectroscopy (DRS).  UV-visible 

absorption spectra and Tauc plot are shown in figures 3.12 a and b respectively. The Tauc 

equation used for calculating the bandgap of SrTiO3 is given in equation 3.6. 

(𝛼ℎ𝜐)
1
𝑛 = 𝐶(ℎ𝜐 − 𝐸𝑔)                                                                                             (3.6) 

where α is absorption coefficient; Eg is the bandgap of the material; n denotes the nature of 

transition ( n = ½ for direct transition and n = 2 for indirect transition). 

The bulk bandgap of the SrTiO3 semiconductor
27

 is reported to be 3.3 eV. We observed an 

increase in the value of direct bandgap value for STO1-STO4 from 3.3 to 3.7 eV (Table 3.1). An 

increase in the value of the bandgap in comparison to that reported for bulk SrTiO3 can be 

attributed to the quantum size effect. Such effect was also observed by Townsend et al.
27

, 

wherein they observed that the bandgap of SrTiO3 nanoparticles synthesized using different 

methodologies (resulting in variation of the size of the SrTiO3), was greater than that of the bulk 

SrTiO3. The authors attributed this to the quantum size effect. The value of the bandgap also 

suggests that SrTiO3 would be photoactive in the UV region of the solar spectrum. 

  

(a) 
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Figure 3.12 : (a) UV-Visible absorbance and (b) Tauc Plot for calculating the direct bandgap of 

STO1-STO4.  

 

It has been known that size, surface area, electron-hole recombination, and nature of facets have 

a strong influence on the photocatalytic properties of the material. Smaller particle size and the 

high surface area offer a large number of active sites to influence the catalytic efficiency
28

. The 

crystallite size affects the reactions that occur at the surface because particles having smaller 

crystallite sizes have a larger external surface which provides a higher number of active sites. 

This enhances the reaction taking place above the active site for particles having smaller 

crystallite sizes than the particles having larger crystallite sizes.   

To see the effect of surface area and electron-hole recombination, both BET and 

photoluminescence studies were carried out.  BET studies for all the samples (STO1-STO4) 

showed Type IV adsorption-desorption isotherm with H3 hysteresis loop, a characteristic of the 

mesoporous structure (figure 3.13(a-d)). The surface area is summarized in Table 3.1. We 

observed a higher value of the surface area for nanostructures synthesized using water and EG as 

the solvent whereas the surface area was observed to be quite low for nanostructures synthesized 

with PEG-300 and PEG-400 as the solvent. 

 

(b) 
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Figure 3.13: Adsorption-desorption isotherms for (a) STO1, (b) STO2, (c) STO3 and (d) STO4. 

 

(c) 
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Photoluminescence studies were carried out to investigate the separation behavior of excitons 

and the presence of defects. In our studies (Figure 3.14(a)), we observed emissions in the violet-

blue region. The spectra show maxima at 432 nm, two peaks at 410 nm, and 452 nm (when 

deconvoluted) (Figure 3.14(b)). This emission in the violet-blue region is attributed to the 

shallow and surface defects present in the samples
29

. Observations from PL studies were in 

agreement with Raman studies. In Raman studies, first-order bands were more pronounced for 

STO3 and STO4. In PL studies, the intensity of the emission in the violet-blue region for STO3 

and STO4 was more than that observed for STO1 and STO2. The emission in the violet-blue 

region indicates the recombination of electrons and holes at an intermediate state which lies 

above the valence band that may be generated because of distorted clusters or oxygen 

vacancies
30

. The lower intensity of emission peak would mean lesser recombination of electrons 

and holes indicating that a larger number of electrons are available at the surface to participate in 

Hydrogen Evolution Reaction (HER) and electrons and holes for photodegradation of RhB.  
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Figure 3.14 : (a)Photoluminescence spectra of SrTiO3 nanostructures synthesized using water 

(STO1), EG (STO2), PEG-300 (STO3), and PEG-400 (STO4).(b) De-convoluted 

Photoluminescence spectra for STO4. 

 

The transfer of photogenerated charge carrier was checked using Time-resolved 

photoluminescence spectra. Figure 3.15 (a-d) shows decay curves and their fit obtained for 

sample STO1-STO4. The values of the excited-state lifetime, obtained by fitting the decay 

curves with the double exponential decay equation (equation 3.1) are given in Table 3.2. No 

significant changes in the value of decay time were observed within the error limits. 
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Figure 3.15: Decay curves with fitting obtained from Time-resolved photoluminescence study 

for (a) STO1, (b) STO2, (c) STO3, and (d) STO4.  
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Table 3.2: Parameters obtained after exponential fitting of the decay curves for STO1-STO4. 

Sample A1 τ1(ns) A2 τ2(ns) Average 

Lifetime(ns)  

Using equation 3.2 

STO1 1350 25.9±0.2 192.4 262.5±6.4 165.7 

STO2 1500 24.6±0.2 188.9 266.3±6.2 

 

164.1 

STO3 1537 23.8±0.5 189.2 262.7±6.3 161.4 

STO4 1502 23.5±0.5 181.62 261.7±4.4 160.1 

 

Further, transient photocurrent measurements were carried out to obtain information about the 

photocurrent response and photocurrent gain of the catalysts. The photocurrent measurement 

performance of the sample from STO1-STO4 is shown in figure 3.16. It was observed that the 

photocurrent density was found to follow the order: STO4>STO3>STO2>STO1 (figure 3.16). 

The observed trend is per the increasing order observed for the size of the nanostructures. It has 

been reported 
27-31

 that with a decrease in the particle size, the photocurrent density decreases. 

We also observed a similar trend of the photocurrent density with size. However, to check the 

efficacy of the catalyst in presence of light, we calculated photocurrent gain (defined as a number 

of charge carriers circulated per incident photon), Iphoto/Idark. The photocurrent gain was observed 

to be highest for STO1 and found in order of STO1>STO2>STO3>STO4 (Table 3.3).  The 

enhancement in the value of photocurrent gain showcases that the catalysts are more efficient 

when irradiated with light.  Such effect was also observed by Behera et al.
32

, wherein they 

attributed the increased photocatalytic performance of Ag-SnS to the enhancement of the 

photocurrent gain. 
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Figure 3.16: Transient photocurrent response measurement for STO1-STO4. 

Table 3.3: Photoresponse and photocurrent gain calculated from transient photocurrent studies 

 

Sample 

 

I  (µA) 

 

Ion(µA) I = Ion-Ioff (µA) 
Photocurrent 

Gain = 
  ∆ 𝐈 

𝑰�𝒇𝒇
 

STO1 0.072 0.69 0.63 8.72 

STO2 0.519 2.59 2.07 3.9 

STO3 2.78 5.61 2.83 1.01 

STO4 14.2 16 1.8 0.12 

 

Photocatalytic dye degradation: 

The efficiency of the SrTiO3 nanostructures for Photocatalysis was checked with the degradation 

of RhB dye under UV irradiation. Changes in the concentration of the RhB dye with time were 

observed using the UV-Visible spectrophotometer and are shown in figure 3.17a. It was 

observed that samples synthesized using water (STO1) and EG (STO2) as a solvent, have similar 

degradation efficiency of around 70%. When the photodegradation was carried out using SrTiO3 

synthesized using PEG-300 (STO3) and PEG-400 (STO4), the efficiency was found to decrease 

to 51% and 41% respectively.  
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Figure 3.17: (a) Photodegradation of Rhodamine B dye using SrTiO3 nanostructures (STO1-

STO4) as photocatalyst. (b) Plot showing pseudo-first-order kinetics for the photocatalytic 

reaction using SrTiO3 nanostructures (STO1-STO4). 

The degradation of the dye followed pseudounimolecular order and the rate constant was 

calculated using first-order equation (equation 3.7): 

 

(a) 
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ln (
𝐶𝑛
𝐶0
) = −𝑘𝑡                                                     (3.7) 

where Co is the concentration of dye at time t=0 and Cn represents the concentration of dye at 

time t.  

The slope obtained upon linear fitting of the plot ln(Cn/C0) vs t equals the pseudo-first-order rate 

constant, k (figure 3.17b). The pseudo rate constant and surface area normalized rate constant 

obtained for different samples is summarized in Table 3.4. The rate constant was found to be 

similar for both STO1 and STO2 and the order of rate constant was observed to be STO2 ~ 

STO1 > STO3 > STO4. 

Table 3.4: The pseudo-unimolecular first-order rate constant, and surface area normalized rate 

constant for photocatalytic degradation of RhB dye using SrTiO3 as photocatalyst. 

Sample Rate Constant, 

k/10
-3 

( min
-1

) 

Normalized Rate Constant, 

10
-3 

(g/m
2 

min) 

STO1 8.17 0.15 

STO2 9.03 0.18 

STO3 4.42 0.16 

STO4 2.81 0.16 

 

Though the rate of photodegradation of RhB dye is similar for both STO1 and STO2, there is a 

slight increase in the photocatalytic rate constant, observed, for STO2 in comparison to that for 

STO1. This can be attributed to the fact that in the degradation of the dye using Photocatalysis, 

electrons move from the valence band to the conduction band of the catalyst (in presence of 

light). This creates a positive hole in the valence band. Electrons (present in the conduction 

band) participate in the formation of superoxide anion (O2
2-

), by reacting with the oxygen 

adsorbed at the surface of the photocatalyst. This superoxide anion further reacts with water to 

form hydroxyl radicals. Also, holes present at the valence band react with water to form 

hydroxyl radicals. Both hydroxyl radicals, produced at the valence and conduction band, 

participate in degradation of the dye. In the case of SrTiO3, [001] facet has been reported to be 

significant in governing the photo-reduction reactions (involving electrons)
22

 whereas [011̅] 
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facet is known to participate in photo-oxidation reactions (involving holes)
22

. Thus, for 

photodegradation of RhB dye both the facets have active participation, attributing to a slight high 

performance of STO2, having both kinds of facets, as also observed from the normalized rate 

constant (Table 3.4). Such observation of normalized rate constant on photocatalytic activity, to 

correlate the effect of exposed facets, was also demonstrated by Liu et.al
33

.  

Photocatalytic Hydrogen evolution 

The amount of hydrogen evolved using SrTiO3 nanostructures from 0.05M aqueous solution of 

Na2SO3 under 250 W medium pressure mercury vapor lamp is shown in figure 3.18.  

The observed H2 evolution varies with the size of the nanoparticles formed with different 

solvents following the order STO1>STO2>STO4>STO3. We observed that around 2.5 times 

more hydrogen is generated with STO1 as the catalyst when compared with that generated using 

STO3 and around 1.7 times that generated with STO4 as the catalyst. Apparent quantum yield 

was calculated using equation 4. The quantum yield obtained has been tabulated in Table 3.5. 

STO1 shows the highest apparent quantum yield among all the nanostructures.  
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Figure 3.18: (a) Plot showing the amount of Hydrogen Evolution per gram of the catalyst (STO1-

STO4) and (b) the rate of Hydrogen Evolution per gram of the catalyst using SrTiO3 

nanostructures (STO1-STO4) as photocatalyst under UV irradiation. 

There have been many reports in the literature wherein SrTiO3 and its composites with other 

metal oxides have been used for photocatalytic hydrogen generation
16,34,35,36,37,38, 39, 40, 41, 42, 43 ,

. 

However, in these reports, the light source and scavengers used are different from our studies, 

with metal co-catalyst being used in several reports. We have carried out our study with Na2SO3 

as an electron donor or hole scavenger which acts as per the following mechanism 
44

: 

On irradiation with UV light: SO3
2-

 + hν         SO3
2-*

 

oxidation: SO3
2-*

+ 2OH
-
       SO4

2-
 + H2O + 2e

-
 

reduction: 2H2O + 2e
-
        H2 + 2OH

- 
 

overall: SO3
2-

 + H2O + hν        SO4
2-

 + H2 

We chose Na2SO3 as the hole scavenger as the byproduct of this scavenger is sulfate ion (non-

hazardous to the environment). With methanol, the byproduct is formaldehyde 
45

, an organic 

 

(b) 
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product, which if not isolated can be hazardous to the environment. The study was carried out in 

absence of a metal co-catalyst to see the direct influence of the nature of facets on the 

photocatalytic performance of STO1-STO4.  

Table 3.5: Apparent quantum yield for hydrogen evolution using STO1-STO4 as photocatalyst. 

Sample n (Amount of hydrogen gas 

evolved after 5 h of the 

reaction) (mol) 

Apparent Quantum Yield 

(AQY) (%) 

STO1 5.8 × 10
-6

 0.14 

STO2 5.24× 10
-6

 0.13 

STO3 2.39× 10
-6

 0.06 

STO4 3.45× 10
-6

 0.08 

 

Based on the above observations of crystallite/particle size, nature of exposed facets, surface 

area, presence of defects, recombination of photo-generated electrons and hole pair, and 

photocurrent response of the catalysts, it could be deciphered that maximum surface area, lowest 

crystallite/particle size, low recombination of photo-generated electron and hole pair, high 

photocurrent response of the catalyst (Iphoto/Idark) and presence of [001] as the only exposed facet 

could be the reason for observing the high photocatalytic performance of STO1 towards 

hydrogen evolution reaction. Thus, with STO1, all factors affecting photocatalytic behavior were 

favorable. For STO2, though the surface area was high, crystallite/particle size was less, and 

recombination of photo-generated electrons and hole pair was also less, a decrease in the 

photocatalytic efficiency towards HER was observed (when compared with STO1). This 

possibly could be attributed to the presence of [011̅] facets along with [001] facet and the low 

response of the current for the catalyst in presence of light compared to STO1. The [011̅] facet is 

known to participate in photo-oxidation reactions 
22

. The photocatalytic hydrogen evolution was 

found to decrease for STO3 and STO4, even though the exposed facet in both the cases was 

[001], possibly because of low surface area, large crystallite/particle size, high recombination of 

photo-generated electron and hole pair arising due to presence of defects (observed from Raman 
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studies), and low photocurrent response. These parameters could have been dominating factors in 

governing the photocatalytic performance of the catalyst over the other parameter, that is the 

nature of the exposed facet. Another interesting observation was that the photocatalytic 

performance (towards HER) of STO3 was found to be less than that of STO4, possibly due to the 

presence of [011̅] facet in STO3.  

To check the stability of the catalyst after photocatalytic reactions, PXRD and TEM studies were 

carried out on samples obtained after completing the photocatalytic reactions. No change in the 

structure and morphology of STO1-STO4 was observed, from the PXRD (figure 3.19) and TEM 

studies (figure 3.20 a-d), respectively, indicating that the catalysts are stable after the 

photocatalytic reactions.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: PXRD plot of SrTiO3 obtained after photocatalytic reactions for STO1-STO4. 
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Figure 3.20: TEM images of SrTiO3 obtained after photocatalytic reactions for (a) STO1, (b) 

STO2, (c) STO3 and (d) STO4. 

Thus, the use of glycols as solvents helped in tuning the nature of facets. Apart from tuning the 

nature of facets, the glycols played an important role in tuning other parameters affecting the 

photocatalytic behavior of the oxides which includes surface area, crystallite size, and defects. 
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3.4 Conclusions: 

This work shows that the dielectric constant of different polyols, acting as a solvent, played a 

significant role in the size, shape, nature of facets, and defects in SrTiO3 nanostructures. We 

observed nanocubes, hexagonal-shaped particles assembled to form flower-like structures, and 

edge-truncated nanocuboids and nanocuboids with sharp boundaries, using different solvents viz. 

water, Ethylene Glycol (EG), and Polyethylene Glycol (PEG-300, PEG-400) respectively. Thus, 

based on our observation, we inferred that the synergistic effect of having maximum surface 

area, lowest crystallite/particle size, low recombination of photo-generated electron and hole 

pair, a large value of Iphoto/Idark, and presence of [001] as the only exposed facet could be the 

reason for observing the high photocatalytic performance of STO1 nanostructures towards 

hydrogen evolution reaction. The presence of the [011̅] facet was found to decrease the 

photocatalytic hydrogen evolution performance of the catalyst whereas for photodegradation of 

RhB dye both the facets have active participation. Thus, the role of the dielectric constant of the 

solvent, with a focus specifically on polyols and water as the solvent, discussed here could add to 

the field of understanding about their role on various parameters affecting the photocatalytic 

behavior of SrTiO3 nanostructures. We feel that such establishments are important to synthesize 

materials with improved performances.  Though, the studies about the role of solvent in altering 

the surface energy and thereby the formation of facets and the assembling behavior of 

nanostructures could add to the overall understanding of the growth process.  
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Chapter 4 

Role of oriented assemblies of SrTiO3 along (200) plane in enhancing 

Photocatalytic hydrogen evolution activity 

 

Abstract 

This study aims to see the effect of oriented assemblies of SrTiO3 on photocatalytic hydrogen 

evolution. We have successfully synthesized the SrTiO3 through the hydrothermal method and 

its structure and phase purity was checked through PXRD. Assemblies of the SrTiO3 on the glass 

plate were formed by coating SrTiO3 on IPTMS (3-iodopropyl-trimethoxy silane) functionalized 

glass substrate through an ultrasonication process. These assemblies on glass substrate were 

characterized using PXRD and FESEM.  It was observed that the orientation of uniform 

assemblies of SrTiO3 was along the (200) plane. Photocatalytic hydrogen evolution reaction was 

checked on these assemblies. The observed photocatalytic hydrogen evolution rate is found to be 

in accordance with a highly oriented sample along the (200) plane. 
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4.1. Introduction: 

A surge in the world’s population led to the exhaustion of fossil fuels and growth in 

environmental pollution. Therefore, the development of a clean and green source of energy is 

considered an effective method to tackle energy and environmental issues. In this regard, 

Hydrogen Energy can be considered an alternative source of energy as it is environmentally 

friendly and can be produced using renewable resources of energy. In recent past years, 

Photocatalytic water-splitting has emerged as an effective technique to produce hydrogen from 

water and solar energy using semiconductor material
1-2

. Understanding the mechanism behind 

photocatalytic reactions and developing a highly effective catalyst for photocatalytic hydrogen 

production is a key to advancing photocatalysis. So far, many efforts have been made to increase 

the separation of photoinduced charge carriers for improving the catalyst’s efficiency, including 

size reduction
3
, morphology, exposed facets control, etc. In addition to the above-mentioned 

approaches of modifying the physical properties, it was observed that studies on altering the 

crystallographic orientation of a semiconductor photocatalyst have been carried out to establish a 

relation between the photocatalytic properties and surface atomic structures
4, 5

.  

In this concern, crystallographically oriented nanomaterial and thin films have been synthesized.  

Orientation induced photochemical reduction on TiO2 rutile surfaces which are preferentially 

grown along (100), (110), (101), (111), and (001) plane
6
. The authors observed that films grown 

along the (001) plane are found to be the most active for photoreduction. Guoqiang Li et. al
7
 

reported the catalytic activity of WO3 thin films grown on (001), (110), and (111) oriented 

LaAlO3 substrates. The photocatalytic RhB dye degradation on WO3 thin films was found to be 

dependent on crystallographic orientation and follows the order (111) > (110) > (001). The 

authors also calculated the surface energy of oriented thin films and observed the surface energy 

follows the order (111) > (110) > (001) which is in accordance with the photocatalytic activity. 

In another report
8
, the authors have grown NaNbO3 single-crystal films grown on LaAlO3 with 

preferred orientation along (100), (110), and (111) crystal planes .The photocatalytic dye 

degradation of Rhodamine B (RhB) was studies under the xenon lamp, the degradation of the 

dye was observed to be maximum in the case of the films oriented along (111) crystal plane 

which was found to be correlative with the generation of 
·
OH radical. Chenning Zhang et al.

9
 

reported that the photocatalytic degradation of methyl orange dye activity was improved in (001) 

oriented Nb-doped TiO2 compared with random thick films and particles. In addition to 
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photocatalytic activity, Photoelectrochemical activity is also found to be enhanced in [010]-

orientated BiVO4 due to an increase in photoinduced charge separation
10

. 

It has been known that SrTiO3 is one of the promising candidates for photocatalytic water 

splitting under uv-light as it has a wide bandgap of around 3.2 eV. It has been reported that the 

photocatalytic activity of SrTiO3 could be enhanced by doping with metal cations or by defect 

engineering. Different morphologies of SrTiO3 were synthesized such as nanocubes
11

, 

dodecahedron
12

, flower
13

, and star-like shape
14

 for improving photocatalytic water splitting. 

Moreover, the dependence of exposed crystal facets of SrTiO3 on photocatalytic activity was also 

established. Bin Wang et. al.
15

 showed that the {001} facet of SrTiO3 was found to be active for 

photoreduction whereas the {023} facet was active for photo-oxidation reaction. In another 

report, Wu et. al
16

 observed that photocatalytic oxidation activity was found to be higher in 

{110} facet exposed SrTiO3 was higher when compared with {001}. Also in a previous report of 

ours
17

, we observed higher photocatalytic hydrogen evolution activity for SrTiO3 having [100] 

exposed facet. Mingyi Zhang et. al
18

 studied the silver (Ag
+
) photoreduction on (100), (110), and 

(111) oriented SrTiO3 single crystals. They have observed that (100) oriented single crystals 

showed high activity for photo-reduction of silver than (110) oriented SrTiO3 single crystals. 

Jennifer L. Giocondi et al
19

 reported that the (110) surface of SrTiO3 showed more photoanodic 

properties than (100). Thus, from the previous reports, we have concluded that the photocatalytic 

properties of SrTiO3 are strongly affected by the presence of exposed facets. 

Keeping the above factors (crystallographic orientation and exposed facets) in consideration, in 

this chapter we have synthesized oriented assemblies of cubic shaped SrTiO3 nanostructures on 

the glass substrate. Here, we have used IPTMS (3-idopropyl-trimethoxy silane) as a linker 

between the glass substrate and SrTiO3 for creating oriented assemblies. We observed higher 

hydrogen evolution activity on the assemblies of SrTiO3 oriented along the (200) plane. To the 

best of our knowledge, there is no report on the use of oriented assemblies of SrTiO3 

nanostructures on the glass substrate for photocatalytic hydrogen evolution activity.  
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4.2. Experimental: 

4.2.1 Materials and Methods: 

Strontium nitrate [(Sr(NO3)2), 99%], Methanol (ACS grade), Toluene (≥ 99.9 %,) Ethanol (> 

99%) and Sodium hydroxide [(NaOH) (≥ 97%)] were purchased from Merck. Sodium sulfide 

flakes were purchased from CDH fine chemicals. Titanium tetraisopropoxide (TTIP) (97%), (3-

iodopropyl)trimethoxysilane (≥95%) (IPTMS) and sodium sulfite (98%) were purchased from 

Sigma-Aldrich. 

Synthesis of SrTiO3 nanostructures 

Strontium Titanate, SrTiO3 was synthesized using the hydrothermal process as reported 

previously
17

 wherein water was taken as a solvent during the synthesis. For the synthesis of 

oriented assemblies of SrTiO3 on the glass substrate, different methods were adopted as 

discussed below.  

Functionalization of Glass Substrate 

The procedure was followed as reported in the literature. 
20

 The glass substrate (size 2 cm X 1.5 

cm) were washed with HCl (35%) followed by deionized water (DI water) and isopropanol. 

These were dried with nitrogen gas. For functionalization of the glass substrate, the dried 

substrates were immersed in a 5 mL solution of toluene containing 98µL of IPTMS. The solution 

containing the glass substrate was refluxed at 70 
o
C under a nitrogen atmosphere. The 

functionalized glass substrates were washed with toluene to remove excess IPTMS. 

Functionalization of SrTiO3 nanostructures 

For functionalization of SrTiO3, 30 mg of SrTiO3 nanostructures were dispersed in 30 mL of 

ethanol solution containing 587µL of IPTMS. This dispersion containing the nanostructures was 

stirred for 24 h at 40ºC. The particles were then centrifuged and washed with ethanol and dried at 

60 C. 

Assembling SrTiO3 on a glass substrate 

The methodology was followed as reported in the literature
20

 with some modifications. 5mg of 

SrTiO3 powder (functionalized/non-functionalized) was dispersed in 5 mL toluene using 
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ultrasonication for 3 hours. Glass substrate (functionalized/non-functionalized) was immersed in 

the above dispersion. The system was sonicated in an ultrasonicated for around 10 minutes. The 

glass substrate with SrTiO3 deposited over was then immersed in Toluene and sonicated for 10s, 

to remove extra material on the substrate. The STO coated glass substrates were then dried by 

flushing using a nitrogen gun. 

Four different conditions were used for depositing SrTiO3 on the glass substrate. These have 

been discussed as follows: 

STO-F1: In this, both SrTiO3 powder used for the formation of assembly and the glass substrate 

were functionalized with IPTMS. 

STO-F2: In this, the glass substrate was functionalized with IPTMS while SrTiO3 powder that 

was used for the formation of the assembly was not functionalized. 

STO-F3:  In this, SrTiO3 powder that was used for the formation of the assembly was 

functionalized with IPTMS while the glass substrate was not functionalized. 

STO-F4: In this, neither the glass substrate nor SrTiO3 powder that was used for the formation of 

the assembly was functionalized with IPTMS. 

4.2.2. Characterization: 

The phase purity of synthesized SrTiO3 and the orientation of SrTiO3 powder on the glass 

substrate (STO-F1-STO-F4) was checked using powder X-ray diffraction (PXRD, Bruker D8 

Advance Eco) with Cu Kα as an X-ray source (λ = 0.15406 nm). The PXRD instrument was 

operated at 40 kV and 25 mA at scanning steps of 0.0103 in the 2θ range of 10−80° and the 

duration of the scan was 36 minutes.  

Field Emission Scanning Electron Microscopy (FESEM) studies were carried out on JEOL JSM-

7610FPlus. Raman study was carried out on WI Tec’s Raman microscope, α 300 R. 

Transmission electron microscope studies (TEM) studies were carried out on JEOL, JEM-2100 

operated at an accelerating voltage of 200 kV. The samples were prepared by dispersing the 

powder samples in ethanol and drop-casting on a carbon-coated copper grid.  XPS (X-Ray 

Photoelectron Spectroscopy) studies were carried out on Thermo Scientific’s K-alpha X-ray 

Photoelectron Spectrometer (XPS) System. The sample for XPS analysis was prepared by 
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depositing a thick paste of the oxide (prepared in ethanol) onto a glass slide. The deposited oxide 

was dried and used for XPS analysis. Diffuse Reflectance Spectra were collected on a UV–

visible spectrophotometer, Shimadzu UV-2600, in a wavelength range of 200-800 nm. Kubelka-

Munk's (K-M) equation was used to calculate the bandgap of the materials from the reflectance 

spectra. Photoluminescence spectra were obtained from Horiba’s TCSPC at an excitation 

wavelength of 350 nm.  

4.2.3 Photocatalytic Hydrogen Evolution Reaction (HER): 

A top irradiation quartz reactor of capacity 140 mL was used for the photocatalytic reaction for 

the hydrogen evolution. In a typical experiment, the assemblies of particles on a glass substrate 

were immersed in a 40 mL aqueous solution containing 0.35M Na2SO3. The study was carried 

out in absence of any metal co-catalyst to see the direct influence of the oriented assembly of 

SrTiO3 on the photocatalytic performance. The solution was purged with N2 gas for 30 minutes 

to eliminate the dissolved oxygen. A 450W Xe lamp was used as a source of light. The photon 

flux of the Xe lamp was obtained from Ray virtual radiation actinometer, Newport, Model 

91150V. The gas component from the reactor was analyzed using gas chromatography (GC, 

Perkin Elmer Clarus 680) with a thermal conductivity detector at an interval of 1 h. The apparent 

quantum efficiency was calculated using the equation given below: 

𝐴𝑄𝑌 =
2𝑛𝑁𝐴ℎ𝑐

𝑃𝑆𝜆𝑡
 × 100                                          (4.1)                                                                          

where n is the amount of hydrogen evolved; NA is Avogadro’s constant (6.022 × 10 
23

 mol
–

1
); h is Planck’s constant (6.63 × 10

–34
 J s); c is the speed of the light (3 × 10

10
 cm/s); P is the 

power density of the incident light (181 × 10
–3

 W/cm
2
); S is the irradiation area (12.6 cm

2
); λ is 

the representative wavelength of the incident light (using the radiation spectrum of the lamp, 390 

nm (390 × 10
–7

 cm)); and t is the time duration of the incident light (18000 s). 

4.3 Results and Discussion: 

As synthesized SrTiO3 nanostructures 

PXRD studies of SrTiO3 nanostructures (figure 4.1 ) showed the formation of a pure phase 

wherein all the reflection planes could be indexed to the cubic unit cell (JCPDS card no.00-035-

0734) having space group, 𝑃𝑚3̅𝑚. TEM studies of SrTiO3 nanostructures show nanocubes 
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having a size of ~50-80 nm were formed (figure 4.2). These nanocubes were further used for the 

formation of assemblies on a glass substrate under different conditions. 

 

Figure 4.1: PXRD of the SrTiO3 nanostructures 

 

Figure 4.2: TEM image of SrTiO3 nanostructures 
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 The high-resolution spectra of SrTiO3 are shown in figure 4.3 a-c. Peaks at binding energy: 

132.4 eV and 134.1 eV were observed for Sr (3d) spectra (figure 4.3 a) which could be assigned 

to Sr 3d5/2 and Sr 3d3/2 respectively. The difference in the energy between the splitting (between 

3d5/2 and 3d3/2) was observed to be 1.76 eV which is consistent with the literature
21

. The fitting 

of the high resolution spectra of Ti (2p) (figure 4.3 b) indicated the presence of Ti
3+

 (456.8 

(2p3/2) and 462.3 eV (2p1/2); difference 5.5 eV) along with Ti
4+

 (457.8 (2p3/2) and 463.7 eV 

(2p1/2); difference 5.9 eV). Figure 4.3 c shows high–resolution O1s spectra for the oxide which 

was fitted in two Gaussian peaks at binding energy at 528.9 and 530.5 eV. The peaks at 528.9 eV 

can be attributed to the Metal –oxygen bond i.e. the presence of O
2-

 ions in the crystal structure 

whereas the peak at 530.5 was related to the presence of defect arising due to oxygen vacancy in 

SrTiO3. The presence of vacancy can also be correlated to the fact that Ti
3+

 is observed along 

with Ti
4+

 which can arise only due to oxygen vacancies in the sample. Thus the presence of peak 

corresponding to oxygen vacancy along with Ti
3+

 confirms the presence of oxygen vacancy in 

the lattice
22

.  

 

 

(a) 
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Figure 4.3: XPS spectra of SrTiO3 nanostructures showcasing elemental scan of (a) Strontium 

(Sr 3d), (b) Titanium, (Ti 2p) and (c) Oxygen, O(1s). 

 

(b) 

(c) 
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Assemblies of SrTiO3 nanocubes on the glass substrate  

To see the effect of assemblies on the orientation of the nanostructures on the glass substrate, 

XRD studies were carried out on STO-F1-STO-F4 (figure 4.4 a-d). Three peaks corresponding to 

the (100), (110) and (200) planes were observed for STO-F1 and STO-F2 whereas two peaks 

corresponding to the (110) and (200) planes were observed for STO-F3 and STO-F4. It was 

observed that the intensity of the (200) plane was higher than that of the (110) plane for STO-F2 

which was different from the conventional pattern of intensity wherein the intensity of the (110) 

plane is higher than (200) plane. The higher intensity of the (200) plane in STO-F2 suggests the 

orientation of the film along the (200) plane.  

 

 

 

 

 

 

(a) 
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(c) 
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Figure 4.4 (a-d): PXRD pattern of assemblies of SrTiO3 nanostructures on the glass substrate. 

To see the nature of assemblies of SrTiO3 nanocubes on glass substrate for STO-F1-STO-F4, 

FESEM studies were carried out (figure 4.5a-d). At lower magnification, we observed a uniform 

distribution of the SrTiO3 nanocubes with the maximum degree of coverage on the glass 

substrate for STO-F2 which was fabricated by deposition of the non-functionalized nanocubes 

over IPTMS-functionalized glass substrate (figure 4.5b). Further, a closer look at the assembly 

(inset in figure 4.5 b) showed that there was no cluster or agglomeration during the formation of 

the assembly. Monolayer kinds of deposition of particles that did not lay over each other were 

observed. This uniform and monolayer kind of assembly were not observed for STO-F1 (figure 

4.5a), STO-F3 (figure 4.5c) and STO-F4 (figure 4.5d), though the coverage of nanocubes was 

more for STO-F3 and STO-F4 amongst the three kinds of assemblies. The particles were 

agglomerated in STO-F1, STO-F3 and STO-F4.  

 

 

 

(d) 
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Figure 4.5 (a-d): FESEM images of (a) STO-F1, (b) STO-F2, (c) STO-F3, (d) STO-F4, inset 

shows images at higher resolution. 

Figure 4.6 (a) and (b) show attachment of IPTMS to SrTiO3 nanocubes and glass substrate 

respectively. A schematic showcasing a plausible mechanism for the formation of assemblies of 

SrTiO3 on the glass substrate for STO-F1 to STO-F4 is shown in figure 4.6 (c-f). It was observed 

 

c 

 

 

d 
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that the non-functionalized SrTiO3 with IPTMS helped in maximum coverage of the nanocubes 

over the substrate (as observed for STO-F2 and STO-F4). Agglomeration of particles in STO-F1 

and STO-F3 could be explained by the fact that the oxide nanostructures were functionalized 

with IPTMS, which could have resulted in an interaction of the deposited nanostructures with 

other functionalized nanostructures, resulting in the agglomerated cluster. The agglomeration in 

STO-F4, wherein particles was not functionalized, could be due to the effect of evaporation of 

the solvent after deposition.  

 

 

 

 

 

 

(a) 
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Figure 4.6: Schematic representation of the formation of assemblies of SrTiO3 nanocubes on the 

glass substrate under different conditions, (a) attachment of ITMPS to SrTiO3 nanocubes, (b) 

attachment of ITMPS to a glass substrate, (c) STO-F1, (d) STO-F2, (e) STO-F3, (f) STO-F4. 

 

Optical properties were measured on oriented assemblies of SrTiO3 of STO-F1-STO-F4 using 

UV-Visible diffuse reflectance spectroscopy (DRS).  UV-visible absorption spectra and Tauc 

plot are shown in figures 4.7 a and b respectively. The bandgap of these STO1-STO4 was 

calculated using the equation given below: 

(𝛼ℎ𝜐)
1
𝑛 = 𝐶(ℎ𝜐 − 𝐸𝑔)                                                                                                             (4.2) 

where α is the absorption coefficient; Eg is the bandgap of the material; n denotes the nature of 

transition (n = ½ for direct transition and n = 2 for indirect transition). From figure 4.7 b, no 

change in the bandgap was observed. The bandgap of STO-F1-STO-F4 was calculated to be 3.6 

eV which is the same for all four samples, indicating that the assemblies are active under the UV 

region of the solar spectrum. 

 

 

 

(f) 
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Figure 4.7: (a) UV-visible absorption spectra and (b) Tauc plot of assemblies of SrTiO3 

nanocubes on the glass substrate, STO-F1-STO-F4. 

Raman Studies on samples STO-F1-STO-F4 were done to check the effect of orientated 

assembly of SrTiO3 nanostructures on phase structure. We did not observe any change in Raman 

spectra of four of the samples (STO-F1-STO-F4) as shown in figure 4.8. 

(a) 

(b) 
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Figure 4.8: Raman Spectra of assemblies of SrTiO3 nanocubes on the glass substrate, STO-F1-

STO-F4. 

Photoluminescence studies were performed on STO-F1-STO-F4 samples (Figure 4.9). The lower 

intensity of photoluminescence emission was observed for STO-F2 which suggests lower 

recombination of electrons and holes involved in the radiative transition. 

 

Figure 4.9: Photoluminescence spectra of assemblies of SrTiO3 nanostructures (STO-F1, STO-

F2, STO-F3, and STO-F4). 
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Photocatalytic Hydrogen Evolution Study  

To see the influence of the orientation of the assembly of SrTiO3 nanocubes, formed on a glass 

substrate (STO-F1-STO-F4), on the photocatalytic hydrogen evolution activity, the amount of 

hydrogen evolved from an aqueous solution containing 0.35M Na2SO3 (used as hole-scavenger) 

under 450 W Xenon lamp was measured. No H2 gas was evolved in the absence of light. 

Temporal hydrogen evolution under light is shown in Figure 4.10. The apparent quantum yield 

was calculated using equation 4.1 and is tabulated in Table 4.1.  

 

Figure 4.10: Photocatalytic hydrogen evolution by assemblies of SrTiO3 nanostructures (STO-

F1, STO-F2, STO-F3, and STO-F4). 

 

Table 4.1: Apparent quantum yield for hydrogen evolution using the oriented assembly of 

SrTiO3 nanoparticles on a glass plate (STO-F1- STO-F4). 

Sample n (Amount of hydrogen gas 

evolved after 5 h of the 

reaction) (mol) 

Apparent Quantum Yield 

(AQY) (%) 

STO-F1 1.497 × 10
-6

 0.0022 

STO-F2 2.283× 10
-6

 0.0034 

STO-F3 1.643× 10
-6

 0.0024 

STO-F4 1.551× 10
-6

 0.0023 
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It was observed that the hydrogen evolution activity of STO-F2 (Figure 4.10) was highest 

amongst the four kinds of assembly viz. STO-F1, STO-F2, STO-F3, and STO-F4. The rate of 

hydrogen evolution reaction was observed to follow the order STO-F2>STO-F3>STO-F1 

≈STO-F4 with a maximum rate of 457 µmolg
-1

h
-1

 for STO-F2. STO-F2 was shown to have a 

high degree of preferred orientation of particles for the (200) plane. To ensure whether the 

enhanced activity was due to preferred orientation or local ordered arrangement of particles on 

the glass substrate, GISAXS studies were carried out on all the samples.   

 

 

 

 

(a

) 

(b
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Figure 4.11 : GISAXS intensity profile for samples (a) STO-F1, (b) STO-F2, (c) STO-F3, (d) 

STO-F4. 

From the graph (figure 4.11 a-d), no local ordering of particles was seen on these assemblies of 

SrTiO3 on a glass substrate. Thus, it can be concluded that the (200) orientation of SrTiO3 (in 

STO-F2) plays an important role in the catalytic activity. In addition to the (200) orientation of 

the particles in STO-F2, the deposition of particles over a glass substrate is quite dense and 

uniform (figure 4.5b). So it is likely that there is a large number of particles having (200) as the 

(c) 

(d) 
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preferred orientation present in the assembly over the glass substrate, which could have resulted 

in enhanced photocatalytic activity of STO-F2.  

To check the stability of the catalyst after photocatalytic reactions, XRD studies were carried out 

on STO-F2 obtained after completing the photocatalytic reactions. No change in the structure 

and the preferred orientation for the (200) plane was observed for STO-F2 from the XRD (figure 

4.12) indicating that the oriented assemblies of STO-F2 are stable after the photocatalytic 

reactions.  

 

Figure 4.12: PXRD pattern of STO-F2 after photocatalytic hydrogen evolution. 

 

Thus, from the trend observed in the photocatalytic hydrogen evolution activity, we could see a 

clear dependence of photocatalytic activity on crystal plane orientation. The photocatalytic 

hydrogen evolution is enhanced with (200) crystal plane orientation. Thus, in our study, both the 

(200) plane crystal orientation and high surface coverage of SrTiO3 nanostructures on the glass 

substrate resulted in enhanced photocatalytic hydrogen evolution activity of the STO-F2. The 

higher photocatalytic performance of STO-F2 was also supported by photoluminescence studies. 

Hence, the proper choice of crystal orientation could play an important role in designing the 

highly efficient catalyst for photocatalytic HER. 



 

122 
 

Chapter 4 Effect of oriented assemblies on photocatalytic hydrogen evolution activity 

4.4 Conclusion: 

We have synthesized assemblies of SrTiO3 nanostructures on the glass substrate under different 

conditions where IPTMS was used as a linker between SrTiO3 nanostructures and glass 

substrate. The orientation of SrTiO3 nanostructures along the (200) plane was observed to be 

higher in STO-F2 where only glass substrate was functionalized with IPTMS. From the FESEM 

study, a uniform layer with high coverage of SrTiO3 nanostructures on the glass substrate was 

observed for STO-F2 as compared to other samples. Mechanism of the formation of assemblies 

SrTiO3 nanostructures for STO-F1–STO-F2 were also explained based on IPTMS linkage with 

the glass substrate and with SrTiO3 nanostructures. The photocatalytic hydrogen evolution 

activity was observed to be highest in STO-F2 (457 µmolg
-1

h
-1

). Results of photocatalyst 

hydrogen evolution can be explained based on the orientation of SrTiO3 nanostructures along the 

(200) plane for STO-F2.  Photoluminescence spectra show lower recombination of 

photogenerated charge carriers in STO-F2 involved in the radiative process. Thus, our work 

demonstrates the role of oriented assemblies along any preferred crystal plane in enhancing 

photocatalytic hydrogen activity.  
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Chapter 5 

Relating Structure, Property, and Activity of nanostructured SrTiO3 and 

SrO-(SrTiO3) n (n= 1 and 2) for Photocatalytic Hydrogen Evolution 

 

Abstract 

This study focuses on relating the structure with their properties and activity and carries out a 

comparative study amongst the three members of the Sr-Ti-O system for photocatalytic hydrogen 

evolution. The three oxides focused on in this study are based on perovskite structure viz. SrTiO3 

and SrO-(SrTiO3)n (n= 1 and 2).  We have successfully synthesized these three oxides through a 

methodology that combined the polymeric citrate precursor method with the hydrothermal 

method. Their crystal structure, morphology, and optical properties (absorption, and 

photoluminescence) were systematically explored. SrTiO3 belonged to a class of cubic 

perovskite while Sr2TiO4 (n=1) and Sr3Ti2O7 (n=2) belonged to layered Ruddlesden-Popper 

based perovskite oxides. We observed cube-shaped morphology for nanostructured SrTiO3 and 

layered morphology for Ruddlesden-Popper based oxides, Sr2TiO4 and Sr3Ti2O7. The 

photocatalytic hydrogen evolution performance of these nanostructured oxides was investigated. 

Amongst the three nanostructured oxides, the maximum amount of hydrogen was evolved with 

Sr3Ti2O7 as the photocatalyst. These results were supported by photoluminescence, time-resolved 

photoluminescence, and Photoelectrochemical study. 

Keywords: Ruddlesden-Popper; perovskite; Photocatalysis; hydrogen evolution 
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5.1 Introduction : 

Production of hydrogen energy via the utilization of solar energy is a sustainable and effective 

solution for the world’s energy crisis and environmental problems. In this regard, photocatalytic 

splitting of water into H2 and O2 over a semiconducting catalyst has been recognized as an 

effective strategy to develop a sustainable energy structure
1-2

. The efficiency of photocatalytic 

reaction can be enhanced by modulating several factors such as crystal structure
3
, electronic 

structure
4
 (i.e. position of the conduction band and valence band edge), the presence of vacancies 

(anion or cation)
5
 and controlling the morphology 

6-7
.  

Over the past few decades, several semiconductor oxides such as TiO2, ZnO, AgGaO2, and 

BiVO4 have been discovered as efficient catalysts for photocatalytic hydrogen evolution
8-14

. 

Among all the developed photocatalysts, perovskite structure i.e. ABO3 has gained much 

popularity because of its composition which can be easily modulated at A and B sites
15-17

 Among 

the various perovskite semiconductor oxides, SrTiO3 is widely studied as a photocatalyst
18-20

 for 

its outstanding structural stability and compositional flexibility. Ruddlesden Popper-based 

layered perovskite, having a general formula as AO-(ABO3)n, (which can be also written as 

(An+1BO3n+1) or A′2[An-1BnO3n+1]) have attracted much attention in the field of photocatalytic 

water splitting due to their physical properties which can be modified by intercalation, and ion-

exchange. 
21-22

 These structures consist of a large number of active sites such as the B site and 

the AO layer site to facilitate the reaction. Several metal ions can be doped
23, 24

 at the A and B 

sites in these structures which modulates the bandgap of the oxide towards the visible region 

thereby enhancing their photocatalytic activity.   

Figure 5.1 shows the crystal structure of SrTiO3 and SrO-(SrTiO3)n (n= 1 and 2). SrTiO3 belongs 

to the class of perovskite having a cubic structure that is composed of cornered shared TiO6 

octahedra with Sr, present in the holes formed from the cuboctahedron symmetry. When n =1 

and 2, the structure belongs to a class of oxide known as Ruddlesden-Popper phases. The two-

lower symmetry 2D-Ruddlesden-Popper oxides, Sr2TiO4 (n=1) and Sr3Ti2O7 (n=2) have body-

centered tetragonal symmetry. These structures are composed of stacking of nSrTiO3 perovskite 

layers separated by SrO rock-salt type layer as shown in figure 5.1. 
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Figure 5.1: Schematic showcasing crystal structure of SrTiO3, SrO-(SrTiO3)n for n = 1 (Sr2TiO4), 

and n = 2 (Sr3Ti2O7). 

Here, we have discussed a comparative study on the performance of nanostructured SrTiO3 and 

SrO-(SrTiO3)n viz. Sr2TiO4 (n=1 ) and Sr3Ti2O7 (n= 2) towards photocatalytic hydrogen 

evolution reaction. Out of these three perovskite oxides, Sr2TiO4 and Sr3Ti2O7 belong to I4/mmm, 

tetragonal symmetry whereas SrTiO3 belongs to, the Pm3̅m space group. The photocatalytic 

property of these nanostructured oxides is investigated through hydrogen evolution reaction 

under UV–visible light irradiation. Photoluminescence, Time-resolved photoluminescence, and 

Photoelectrochemical studies have been carried out to see the role of the perovskite structure in 

influencing photocatalytic activity. To the best of our knowledge, there are no reports on a 

comparative study of the three kinds of structures on photocatalytic hydrogen evolution 

performance. However, there is one report
25

 where the ratio of Sr/Ti in SrTiO3 was varied and 

their photocatalytic HER was studied for different ratios from 1.00 to 1.25. Photocatalytic 

hydrogen evolution activity of these three perovskite oxides has been studied separately23, 26-27.  In 

this study, we have tried to highlight that the choice of structure (crystallographic), amongst the 

cubic and layered perovskite (showcased here with the Sr-Ti-O system), could be an efficient 

 

SrTiO3 

SrO-(SrTiO3) 

≡ Sr2TiO4 

SrO-(SrTiO3)2 

≡ Sr3Ti2O7 
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way for the development of a catalyst for hydrogen evolution reaction with improved 

performance. 

5.2 Experimental: 

5.2.1 Materials and Methods: 

Strontium nitrate [(Sr(NO3)2), 99%], ethylene glycol (EG) (99%), methanol (ACS grade), citric 

acid anhydrous (98%), and sodium sulfate (99%) were purchased from Merck. Sodium sulfide 

flakes were purchased from CDH fine chemicals. Titanium tetraisopropoxide (TTIP) (97%) and 

sodium sulfite (98%) were purchased from Sigma-Aldrich. 

For the synthesis of SrTiO3, TTIP (12 mmol) was added to a mixture of ethylene glycol (25 mL) 

and methanol (10 mL). To this aqueous solution containing citric acid in 5 mL water and solid 

Sr(NO3)2, (12 mmol) were added. The amount of citric acid taken was equivalent to that of TTIP. 

The resultant mixture was heated at 130°C for 4 hours to form a single-phase transparent 

solution. Afterward, the pH of this was adjusted to 13 by adding 5 M NaOH (5 mL).  The 

resulting solution was transferred into a Teflon vessel followed by hydrothermal treatment at 

200ºC for 48 h. After the Teflon vessel was cooled down to room temperature, the obtained gel 

was vacuum dried at 200℃ for 16 h. The products were washed several times with glacial acetic 

acid (to remove carbonate present as an impurity in the sample), deionized (DI) water, and 

ethanol, and then dried overnight at 70°C. SrTiO3 was finally synthesized by calcining the dried 

powder at 750°C for 5 h. 

For the synthesis of Sr2TiO4 and Sr3Ti2O7, the exact procedure was followed as for SrTiO3 

except for the ratio of Sr and Ti precursor and heating temperature. For Sr2TiO4, the ratio of Sr 

and Ti precursor was kept to be 2:1(12 mmol of Sr(NO3)2 and 6 mmol of TTIP) and calcined first 

at 650 ºC and then at 1000ºC for 12 h whereas, for Sr3Ti2O7, the ratio was kept to be 3:2 (9 mmol 

of Sr(NO3)2 and 6 mmol of TTIP) and calcined first at 650 ºC and then at 950 ºC for 6 h. 

5.2.2 Characterization: 

Phase identification and crystal structure of the samples were analyzed using powder X-ray 

diffraction (PXRD, Bruker D8 Advance Eco) with Cu Kα as an X-ray source (λ = 0.15406 nm). 

The step size of 0.02 with a time of 0.3 s/step was used for data collection. Crystallite size 
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(Scherrer) was calculated using TOPAS v5 software by using the peak positioned at a two-theta 

value of 32.5
o
, 31.4

o
, and 46.6

o
 for SrTiO3, Sr2TiO4, and Sr3Ti2O7 respectively. To obtain 

information about the morphology of the sample, transmission electron microscopy studies were 

carried out on a JEOL, JEM-2100 Transmission Electron Microscope (TEM), used at an 

operating voltage of 200 kV. The samples for the TEM study were prepared by dispersing the 

powder samples in ethanol and drop-casting them on a carbon-coated copper grid. Raman study 

was carried out on WI Tec’s Raman microscope, α 300 R. The studies were carried out on 

powder samples taken on a glass slide. Diffuse Reflectance Spectra were collected on a UV–

visible spectrophotometer, Shimadzu UV-2600, in a wavelength range of 200-800 nm with 

barium sulfate as the reference material. Kubelka-Munk’s (K-M) equation was used to calculate 

the bandgap of the materials from the reflectance spectra. XPS (X-Ray Photoelectron 

Spectroscopy) studies were carried out on Thermo Scientific’s K-alpha X-ray Photoelectron 

Spectrometer (XPS) System with the following settings: 0.05eV Step, 1s time per step, and 5 

cycles, Source Al k-alpha-1486eV. The surface area of the samples was determined using 

Nitrogen adsorption-desorption isotherms with Quanta Chrome Model Q2. Photoluminescence 

and Time-resolved photoluminescence spectra were obtained from Horiba’s TCSPC (Time 

Correlation Single Photon Counting) at an excitation wavelength of 380 nm and 340 nm 

respectively. Time-resolved photoluminescence decay curves were fitted by using a double 

logarithmic decay equation which is given below: 

𝑦 = 𝐴1𝑒(−𝑥 𝜏1)⁄ + 𝐴2𝑒(−𝑥 𝜏2)⁄ + 𝑦0                                (5.1) 

The average lifetime was obtained from the equation given below: 

τ =
∑ Aiτi

2
n

i=1

∑ Ai𝜏𝑖
n

i=1

                                                 (5.2) 

 

Photocatalytic Hydrogen Evolution Reaction (HER) and Photoelectrochemical studies 

A top irradiation quartz reactor of capacity 140 mL was used for the photocatalytic reaction for 

the hydrogen evolution. In a typical experiment, 40 mg of the catalyst was dispersed in a 40 

mL aqueous solution containing 0.35M Na2SO3 and 0.25M Na2S through ultrasonication. The 

study was carried out in absence of any metal co-catalyst to see the direct influence of the nature 
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of the crystal structure on the photocatalytic performance of Sr-Ti-O based oxides. The solution 

was purged with N2 gas for 30 minutes to eliminate the dissolved oxygen. A 450W Xe lamp was 

used as a source of light. The photon flux of the Xe lamp was obtained from Ray virtual 

radiation actinometer, Newport, Model 91150V. The gas components from the reactor were 

analyzed using gas chromatography (GC, Perkin Elmer Clarus 680) with a thermal conductivity 

detector at an interval of 1 h. The apparent quantum efficiency was calculated using the equation 

given below: 

       𝐴𝑄𝑌 =
2𝑛𝑁𝐴ℎ𝑐

𝑃𝑆𝜆𝑡
 × 100                                                                                 (5.3)                                  

where n is the amount of hydrogen evolved; NA is Avogadro’s constant (6.022 × 10 
23

 mol
–

1
); h is Planck’s constant (6.63 × 10

–34
 J s); c is the speed of the light (3 × 10

10
 cm/s); P is the 

power density of the incident light (181 × 10
–3

 W/cm
2
); S is the irradiation area (12.6 cm

2
); λ is 

the representative wavelength of the incident light (using the radiation spectrum of the lamp, 390 

nm (390 × 10
–7

 cm)); and t is the time duration of the incident light (18000 s). 

Photoelectrochemical studies were performed on a PGSTAT-30 (Autolab) electrochemical 

workstation using a standard three-electrode system consisting of Ag/AgCl (3M KCl) as the 

reference electrode, platinum wire as the counter electrode, and Sr-Ti-O samples deposited on a 

glass substrate coated with fluorine-doped tin oxide (FTO) as the working electrode. For the 

synthesis of the working electrode, the catalyst was drop cast on a glass substrate coated with 

FTO having a surface area of 1 cm × 1 cm. For the preparation of the catalyst ink, 10 mg of the 

catalyst was dispersed in 200μL of isopropyl alcohol containing 10μL of Nafion resin solution 

through the ultra-sonication method. Here, 0.1 M Na2SO4 (pH= 7) was taken as an electrolyte, 

saturated with Argon for 30 minutes to remove dissolved oxygen. A 350 W Xe lamp was used as 

the source of irradiation. LSV (linear sweep voltammetry) curves were obtained in the range 

from 0 to -1 V vs Ag/AgCl at a scan rate of 10 mV/s under the light. Electrochemical impedance 

spectroscopy (EIS) was carried out at -0.35 V vs Ag/AgCl in the frequency range from 0.1 Hz to 

100 kHz under the light.  

5.3 Results & Discussion: 

The Powder X-ray diffraction (PXRD) pattern of the as-prepared nanostructured oxides is shown 

in Figure 5.2. No impurity peaks were observed in the PXRD pattern indicating the formation of 
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a single phase. The pattern for the perovskite SrTiO3 was indexed based on cubic symmetry 

(PDF 00-035-0734, space group, 𝑃𝑚3̅𝑚.). The other two Ruddlesden-Popper layered structures, 

Sr2TiO4 (n = 1) and Sr3Ti2O7 (n = 2) were indexed based on tetragonal symmetry having space 

group, I4/mmm (JCPDF 00-039-1471 and JCPDF 01-078-2479 respectively). The crystallite size 

for all the three oxides viz. SrTiO3, Sr2TiO4, and Sr3Ti2O7 were found to be 63 nm, 39 nm, and 

42 nm respectively. 
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Figure 5.2: PXRD pattern for SrTiO3, Sr2TiO4, and Sr3Ti2O7 

Raman spectra of the three nanostructured oxides i.e. SrTiO3, Sr2TiO4, and Sr3Ti2O7 are shown in 

figure 5.3. The Raman spectra obtained for the perovskite SrTiO3 matched well with the previous 

reports
28-29

. The spectra consist of a low-frequency band present at 77 cm
-1

 which were assigned 

to doubly degenerate modes. Eg and second-order Raman bands were also observed between 200-

400 cm
-1

 and 600-800 cm
-1

. No first-order bands were observed in the Raman Spectra, as 

expected for the cubic structure. It has been previously reported
30

 that there are four Raman 

active modes, A1g, and Eg, observed for layered Ruddlesden–Popper oxide with n=1, Sr2TiO4. 

The Raman bands present at 121, 203, 182, and 571cm
-1

 were assigned to Eg, A1g, Eu, and A1g 

modes respectively (figure 5.3). The broader band observed between 400-450 cm
-1 and around 
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700 cm
-1

 indicates the presence of a second-order band or defect-induced excitations which may 

originate at the oxygen sublattice. According to the report by Nilsen et al.
28

 second-order Raman 

scattering are due to the creation and destruction of two phonons which can originate from 

anywhere in the Brillouin zone. The authors observed a second-order band or overtone for 

SrTiO3 at 369cm
-1

 which was attributed to the combination of various bands including the TO4-

TA, TO4 -TOl, and 2TO2 band whereas the band at 684 cm
-1

 was assigned to the 2TO3 overtone. 

Raman Spectra of Sr3Ti2O7 (Figure 5.3) show bands at 178, 198, 274, 500, and 633 cm
-1 

which 

can be assigned to A1g, Eg, Eg, A1g, and A1g modes respectively which was consistent with the 

previous report
31

. A defect-induced excitation was also observed at 92 cm
-1

. The band 

corresponding to the A1g mode was observed to be more intense in both Sr2TiO4 and Sr3Ti2O7, 

which could be due to symmetric stretching of oxygen lattice. 32  

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Raman Spectra of SrTiO3, Sr2TiO4, and Sr3Ti2O7 

The high resolution XPS spectra of strontium (Sr(3d), figure 5.4 a-c), oxygen (O(1s), figure 5.5a-

c) and titanium, (Ti(2p), figure 5.6 a-c), was obtained for SrTiO3 Sr2TiO4 and Sr3Ti2O7. Peaks at 

binding energy 133.7 eV (135.5 eV), 133.9 eV (135.5 eV) and 133.6 eV (135.4 eV) were 

observed for Sr 3d5/2 (3d3/2) spectra of SrTiO3 (figure 5.4a), Sr2TiO4 (figure 5.4b) and Sr3Ti2O7 

(figure 5.4c) respectively.  
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Figure 5.4: High Resolution Sr (3d) XPS spectra of (a) SrTiO3, (b) Sr2TiO4, and (c) Sr3Ti2O7. 

 

Figure 5.5 a-c shows high–resolution O1s spectra for SrTiO3, Sr2TiO4, and Sr3Ti2O7. The peaks 

were fitted with two Gaussian peaks having binding energy at 529.7 and 531.2 eV for SrTiO3, 

529.3 and 531.4 eV for Sr2TiO4, and 529.8 and 531.77 eV for Sr3Ti2O7. The peaks at lower 

energy can be attributed to the metal-oxygen bond i.e. the presence of O
2-

 ions in the crystal 

structure whereas the peak at higher energy can be related to the oxygen vacancies.  

 

 

 

a 
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Figure 5.5:  High Resolution O (1s) XPS spectra of (a) SrTiO3, (b) Sr2TiO4, and (c) Sr3Ti2O7. 

 

Figure 5.6 a-c shows high-resolution spectra of Ti(2p) for SrTiO3, Sr2TiO4, and Sr3Ti2O7 

respectively. Presence of Ti
3+

 was observed along with Ti
4+

 ion after fitting of the peaks. Peaks 

centered at 458.3 eV (464.2 eV), 458.1 eV (453.8 eV) and 458.5 eV (464.1 eV) were observed 

for Ti
4+

 2p3/2 (2p1/2) spectra of SrTiO3 Sr2TiO4 and Sr3Ti2O7 respectively. Ti
3+

 2p3/2 (2p1/2) 

spectra of SrTiO3 Sr2TiO4 and Sr3Ti2O7 was observed at 456.4 eV (462.8 eV), 456.8 eV (462.1 

eV) and 456.6 eV (461.9 eV) respectively. Thus the presence of peaks corresponding to Ti
3+

 also 

confirms the presence of oxygen vacancy in the lattice. Based on the area under the peak, the 

order for the ratio of oxygen vacancies: M-O and Ti
3+

: Ti
4+

 was found to be Sr2TiO4 > Sr3Ti2O7 

> SrTiO3. 

 

a 

b 

c 



 

135 
 

Chapter 5 Role of Crystal Structure of Sr-Ti-O on Photocatalytic Activity 

 

 

 

 

 

 

 

a 

 

b 



 

136 
 

Chapter 5 Role of Crystal Structure of Sr-Ti-O on Photocatalytic Activity 

 

Figure 5.6: High Resolution Ti (2p) XPS spectra of (a) SrTiO3, (b) Sr2TiO4, and (c) Sr3Ti2O7. 

 

TEM studies for SrTiO3 showed nanocubes having a size of 80-100 nm (figure 5.7a). HRTEM 

image (figure 5.7 b) shows lattice fringes with a spacing of 0.281 nm, corresponding to the (110) 

plane. A rectangular sheet-like morphology was observed for both Ruddlesden-Popper based 

oxides i.e. Sr2TiO4 (figure 5.7c) and Sr3Ti2O7 (Figure 5.7e). The size along one dimension of 

these sheets was observed to be ~250 nm and ~350 nm for Sr2TiO4 and Sr3Ti2O7 respectively. 

The lattice fringes corresponding to a spacing of 0.276 nm for Sr2TiO4 (figure 5.7 d) and 0.273 

nm for Sr3Ti2O7 (figure 5.7f ) were observed which corresponded to the (110) plane. BET surface 

area of all the samples viz. SrTiO3, Sr2TiO4, and Sr3Ti2O7 were observed to be 15 m²/g, 6.2 m²/g, 

and 14 m²/g respectively.  
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Figure 5.7: TEM images of (a) SrTiO3, (c) Sr2TiO4, and (e) Sr3Ti2O7. HRTEM images of (b) 

SrTiO3, (d) Sr2TiO4, and (f) Sr3Ti2O7. Inset shows corresponding reduced FFT of HRTEM 

image. 
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The bandgap of the oxides was calculated using the Tauc equation (equation 5.4).  

(𝛼ℎ𝜐)
1

𝑛 = 𝐶(ℎ𝜐 − 𝐸𝑔)                                                                         (5.4) 

where Eg is the bandgap of the semiconductor materials; h is  Planck’s constant, 𝜐 is the 

frequency of the light, α is the absorption coefficient; n represents the type of transition ( n = ½  

stands for direct transition whereas n = 2 is used for indirect transition). It is known that the 

oxides viz. SrTiO3, Sr2TiO4, and Sr3Ti2O7 possess indirect bandgap
33

. The indirect bandgap of 

the nanostructured SrTiO3 Sr2TiO4 and Sr3Ti2O7 was found to be 3.26 eV, 3.16 eV, and 3.11 eV 

respectively (figure 5.8). A small change in the bandgap with a change in the value of ‘n’ in SrO-

(SrTiO3)n was observed, which was consistent with the report by Chen et.al
34

 wherein the authors 

also observed, through theoretical calculations, that the bandgap is affected by a small value with 

a slight change in the value of ‘n’ (n concerning AO(ABO3)n) in Mn-based Ruddlesden Popper 

based perovskite.  

 

Figure 5.8: Tauc plot for SrTiO3, Sr2TiO4, and Sr3Ti2O7. 

 

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4
0.0

0.2

0.4

0.6

0.8

1.0

E
g
 = 3.16 eV

E
g
 = 3.11 eV

(
h

)1

/2

h(eV)

 SrTiO
3

 Sr
2
TiO

4

 Sr
3
Ti

2
O

7

E
g
 = 3.26 eV

 

 

 



 

141 
 

Chapter 5 Role of Crystal Structure of Sr-Ti-O on Photocatalytic Activity 

To calculate the band energy positions, XPS Valence Band spectra were recorded for SrTiO3, 

Sr2TiO4, and Sr3Ti2O7 (figure 5.9 a-c). The position of the valence band maxima was observed to 

be 2.01, 1.47, and 1.16 eV for SrTiO3, Sr2TiO4, and Sr3Ti2O7 respectively.  

 

Figure 5.9: XPS Valence Band Spectra of (a) SrTiO3, (b) Sr2TiO4 and (c) Sr3Ti2O7. 

 

From the value of the bandgap obtained from the Tauc’s plot and valence band maxima obtained 

from valence band spectra using XPS, the conduction band minima for SrTiO3, Sr2TiO4, and 

Sr3Ti2O7 were found to be -1.25, -1.69, and -1.95 eV (figure 5.10). The conduction band 

positions for Sr2TiO4 and Sr3Ti2O7 were observed to be more negative than SrTiO3 indicating 
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that the Ruddlesden-Popper phases are likely to exhibit superior catalytic activity towards 

hydrogen evolution than SrTiO3.
35

 

 

Figure 5.10: Schematic showcasing Energy diagram for SrTiO3, Sr2TiO4, and Sr3Ti2O7. 

Photocatalytic H2 Evolution: 

The photocatalytic hydrogen evolution of nanostructured SrTiO3 and SrO(SrTiO3)n (n=1and 2) 

was studied by observing the amount of hydrogen evolved from an aqueous solution containing 

0.25 M Na2S and 0.35M Na2SO3 (used as hole-scavenger). The study was carried out in absence 

of any metal co-catalyst to see the direct influence of the nature of the crystal structure on the 

photocatalytic performance of Sr-Ti-O based perovskite and Ruddlesden-Popper based oxides. 

At first, the experiments were carried out in dark conditions. No H2 gas was observed in the 

absence of light. Temporal hydrogen evolution under light is shown in Figures 5.11 a and 5.11 b. 

It was observed that the amount of H2 evolved follows the order Sr3Ti2O7> Sr2TiO4> SrTiO3. 

Apparent quantum yield was calculated using equation 5.3. The quantum yield obtained has been 

tabulated in Table 5.1. The recyclability test was performed on Sr3Ti2O7 (exhibiting the 

evolution of the highest amount of hydrogen amongst the three oxides) to check its reusability. 

The recyclability test was examined for 12 h and each experimental cycle was carried out for 4 h 

(Figure 5.11c). The oxide was centrifuged and washed with water between each cycle. A slight 

decrease in the rate of H2 evolution was observed for three cycles.  
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Figure 5.11: (a) Plot showing the amount of Hydrogen evolved per gram of the nanostructured 

catalyst (SrTiO3, Sr2TiO4, and Sr3Ti2O7), (b) the rate of Hydrogen Evolution per gram of the 

catalyst using nanostructures of SrTiO3, Sr2TiO4, and Sr3Ti2O7 as photocatalysts and (c) 

Recyclability test of Sr3Ti2O7 for three consecutive cycles. 

Table 5.1: Apparent quantum yield for hydrogen evolution using SrTiO3, Sr2TiO4, and Sr3Ti2O7 

nanostructures as photocatalysts. 

Sample n (Amount of hydrogen gas 

evolved after 5 h of the 

reaction) (mol) 

Apparent Quantum Yield 

(AQY) (%) 

SrTiO3   12.2 × 10-6 0.018 

Sr2TiO4 (SrO(SrTiO3)) 22.6× 10-6 0.030 

Sr3Ti2O7 (SrO(SrTiO3)2) 36.5× 10-6 0.058 
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The stability of the catalyst was checked after the recyclability test of 12 h through PXRD 

(Figure 5.12). It was observed that the crystal structure of the catalyst remained unchanged after 

reusability. No additional peaks corresponding to any impurity were observed suggesting that the 

oxide was stable after 12h.  

 

Figure 5.12: PXRD pattern of Sr3Ti2O7 after performing recyclability studies 

 

To ascertain the reason for the observed trend for the photocatalytic hydrogen evolution, 

photoluminescence (PL) and time-resolved photoluminescence studies were carried out for the 

three oxides. Figure 5.13 shows photoluminescence spectra for all the samples. Here, the 

samples were excited at a wavelength of 380 nm, and the emission spectra were recorded in the 

range of 395-700 nm. All the samples showed PL emission in the violet-blue region with a peak 

centered at 414 nm and 436 nm. 
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Figure 5.13: Photoluminescence Spectra of SrTiO3, Sr2TiO4, and Sr3Ti2O7. 

 

It has been reported
36

 that the photoluminescence for SrTiO3 based oxides arises mostly due to 

recombination of the electrons and holes that are trapped in the intermediate states (present 

within the bandgap). These intermediate states arise as a result of distortion, oxygen vacancies, 

etc. It has also been reported
36

 that the emission in the violet-blue region occurs due to the 

presence of a surface or shallow defects which may arise due to oxygen vacancies. Oxygen 

vacancies are also known to affect the catalytic behavior of oxides
5, 37

. The presence of a 

controlled concentration of defects (oxygen vacancies) is known to increase the photocatalytic 

efficiency of SrTiO3 towards hydrogen evolution
38

. The oxygen vacancies act as electron donors 

which either result in an increased charge transport or a shift in the Fermi level towards 

conduction band
38

. Such a phenomenon is likely to improve the charge separation behavior of 

the oxide. In our studies, the presence of defects/oxygen vacancies was also confirmed by 

Raman, and XPS studies. In addition to the presence of defects, it was also observed that the PL 

emission, corresponding to the defect, decreased in the following order SrTiO3 > Sr2TiO4 > 

Sr3Ti2O7. With the same excitation energy and no significant changes in the optical bandgap of 

the oxides, the decrease in the PL emission can be related to a decrease in the recombination of 

electron and hole pairs giving rise to radiative emission. To further investigate the lifetime of 
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photo-induced charge carriers, Time-resolved Photoluminescence decay spectra were recorded. 

The data were fitted using equation 5.1 and the average lifetime (τavg) was calculated using 

equation 5.2. Figure 5.14a-c shows the second exponential decay fit of the time-resolved PL of 

the three oxides. The parameters obtained after fitting are listed in Table 5.2. The average 

lifetime was found to follow the order Sr3Ti2O7 > Sr2TiO4 > SrTiO3, for the Sr-Ti-O system.  

 

 

a 
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Figure 5.14: Time-Resolved Photoluminescence decay of (a) SrTiO3, (b) Sr2TiO4 and (c) 

Sr3Ti2O7. 

 

Table 5.2: Parameters obtained after exponential fitting of the decay curves for SrTiO3, Sr2TiO4, 

and Sr3Ti2O7. 

Sample A1 τ1(ns) A2 τ2(ns) Average Lifetime 

τavg (ns)   

 

SrTiO3 1800 37.7±1.0 213 351±8.6 202 

Sr2TiO4 1646 38±1.2 198 367±8.8 215 

Sr3Ti2O7 1619 40.3±1 194 392±10 230 
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From the values obtained for τavg(ns), it can be concluded that the recombination of photo-

induced charge carriers is delayed for Ruddlesden-Popper based oxides (Sr2TiO4 and Sr3Ti2O7) 

than SrTiO3. The longer lifetime implies that a large number of photo-induced electrons could 

reach the surface of the catalysts which would be captured by the H
+
 ion. Thus, the longer 

lifetime of the photo-induced charge carriers for Sr3Ti2O7 further supports the increased 

photocatalytic properties of Sr3Ti2O7. The presence of interlayers (SrO layer in our study) results 

in a reduction in the recombination of photogenerated charge carriers by separation of the 

electrons and holes thereby enhancing the photocatalytic water splitting reaction.
39

  

Further to evaluate the charge transfer behavior of the three oxides in presence of light, 

Photoelectrochemical studies were carried out. The photocurrent density (figure 5.15 a) was 

found to be maximum for Sr3Ti2O7. The onset potential was observed to be ~ -0.40 V vs. 

Ag/AgCl, which is nearly the same for all three samples. The overpotential for hydrogen 

evolution reaction (HER) for the three oxides was evaluated from the current-voltage curve at -

0.1mA/cm
2
 vs Ag/AgCl. (figure 5.15b). The overpotential was found to follow the order SrTiO3 

> Sr2TiO4 > Sr3Ti2O7, for the Sr-Ti-O system.  Figure 5.15 c shows Nyquist plots for the three 

oxides. Based on Rct (charge transfer resistance), Rs (solution resistance), and a constant phase 

element with impedance, which is related to the angular frequency of the applied potential, 

(using equation 5.5),  

                                                             𝑍 =
𝑍0

(𝑖𝜔)𝑛                                                                    (5.5) 

where Z0 is a constant, and the value of n ranges as follows: 0 < n < 1, 𝑖 = √−1, the curve was 

fit to an equivalent circuit, shown in the inset of figure 5.15 c. The parameters obtained after the 

fitting are tabulated in Table 5.3.  
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 Table 5.3:  Parameters obtained after fitting the Nyquist plot 

Sample Rct (kΩ) Rs (Ω) CPE (μmho) T 

SrTiO3 20.6  36.5 16.0  0.940 

Sr2TiO4 14.5 28.4 12.5 0.973 

Sr3Ti2O7 12.3 26.5 12.1 0.974 

 

The charge transfer resistance originating as a result of the ionic and electronic resistance across 

the electrode-electrolyte interface, Rct, was observed to follow the order: Sr3Ti2O7< Sr2TiO4< 

SrTiO3. Mott-Schottky studies in presence of light (figure 5.15 d) were carried out to calculate 

charge carrier density using the following equation: 

1

𝐶2
=

2

𝜀𝜀0𝐴2  𝑒 𝑁𝑑
( 𝑉 − 𝑉𝑓𝑏 −

𝑘𝐵𝑇

𝑒
 )  (5.6) 

where C is the interfacial capacitance, is the dielectric constant of the material (250, 38, and 50 

for SrTiO3 Sr2TiO4 and Sr3Ti2O7 respectively)
40

, 0 is the permittivity of vacuum                      

(8.854x10
–12

 F m
–1

), e is the fundamental charge (1.602x10
–19

 C), A is the area of the electrode        

(1cm
2
), Nd is the charge carrier density, V is the applied potential, kB is Boltzmann’s constant, 

and T is the temperature. The positive slope of the plot suggests the n-type semiconducting 

behavior of the oxides. n-type behavior in SrTiO3 arises due to the presence of oxygen 

vacancies.
41-42

 The charge carrier density, Nd was calculated from the slope using equation 5.7. 

𝑆𝑙𝑜𝑝𝑒 =  
2

𝜀𝜀𝑜 𝑒 ×𝑁𝑑
 ….                                                   (5.7) 

The slope was observed to be 1.07 x 10
10

 F
-2

cm
4
V

-1
, 0.88 x 10

10
 F

-2
cm

4
V

-1 
and                                      

0.87 x 10
10

 F
-2

cm
4
V

-1
 for SrTiO3 Sr2TiO4 and Sr3Ti2O7 respectively. Thus, Nd was calculated to 

be 5.3x10
19

 cm
–3

, 4.2x10
20

 cm
–3

 and 3.2 x10
20

 cm
–3

 for SrTiO3 Sr2TiO4 and Sr3Ti2O7 

respectively. The charge carrier density was found to be in the following order: Sr2TiO4 ≈ 

Sr3Ti2O7 > SrTiO3 consistent with the photocatalytic performance of the oxide. 
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Figure 5.15: (a) Photocurrent density, (b) Overpotential (c) Nyquist plot and (d) Mott-Schottky 

plot for SrTiO3, Sr2TiO4, and Sr3Ti2O7. 

 

Thus, from the trend observed for the photocatalytic hydrogen evolution, there are few 

interesting observations. The photocatalytic hydrogen evolution increased with the introduction 

of the SrO layer i.e. when comparing SrTiO3 with Sr2TiO4 (SrO(SrTiO3)). SrO layer in 

Ruddlesden-Popper based layered perovskite
43

 is responsible for the dissociation of water. The 

oxygen site (apical oxygen) in SrTiO3 of Ruddlesden-Popper based layered perovskite favors the 

adsorption of hydrogen enabling its recombination with other adsorbed hydrogen to form H2. 

Wei et.al. 
44

 also observed that insertion of the SrO layer in SrTaO2N to form Sr2TaO3N (a 

Ruddlesden-Popper based oxynitride) resulted in the improved photocatalytic performance of the 

oxynitride. Second, with the increase in the SrTiO3 perovskite unit in Ruddlesden-Popper based 

layered perovskite i.e. on comparing Sr2TiO4 and Sr3Ti2O7, the photocatalytic activity was found 

to increase for Sr3Ti2O7. For photocatalytic water splitting, the active sites in Ruddlesden-Popper 

based layered perovskite are the B-site cations (Ti in Sr-Ti-O based systems), and AO layers 

(SrO layer in Sr-Ti-O based systems), and defects arising due to oxygen vacancies. This 

arrangement of layers is known to suppress the charge carrier recombination, as evident from 
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time-resolved photoluminescence studies, and promote charge carrier transfer, as evident from a 

decrease in charge carrier resistance. 

Based on the study, it is also to be noted there are two important synergistic factors that affect 

the photocatalytic behavior of the oxides: (a) crystal structure and the arrangement of atoms, and 

(b) the presence of defects (oxygen vacancies). Thus, synergism in the role of the SrO layer and 

the SrTiO3 perovskite unit along with the layered morphology, low crystallite size, and presence 

of defects (oxygen vacancies), is presumed to have resulted in improved photocatalytic 

performance for Ruddlesden-Popper based layered perovskite. This improved performance was 

evident from reduced overpotential, low charge transfer resistance, and high charge carrier 

density for Ruddlesden-Popper based layered perovskite. Hence, proper choice of the crystal 

structure from a series could result in attaining the desired factors required for designing of 

efficient catalyst for photocatalytic HER.  

 

5.4 Conclusions: 

We have successfully synthesized three members of the Sr-Ti-O system viz. SrTiO3, Sr2TiO4, 

and Sr3Ti2O7 using a combination of polymeric citrate precursor and hydrothermal method. 

SrTiO3 was observed to crystallize in cubic structure and possessed cube-like morphology.  

Sr2TiO4 and Sr3Ti2O7 were found to crystallize in the tetragonal crystal structure. Sheet-like 

morphology was observed for these two oxides. We have demonstrated photocatalytic hydrogen 

evolution activity for these three nanostructured oxides. All three structures were found to be 

active photocatalysts under a full range of light irradiation and in absence of any co-catalyst. We 

observed that the nanocubes of SrTiO3 (perovskite cubic crystal structure were less active for 

photocatalytic HER than layered Sr2TiO4, and Sr3Ti2O7 (tetragonal, Ruddlesden-popper 

structure). Synergism of many factors which included the presence of SrO layer, SrTiO3 unit, 

layered morphology, low crystallite size, and defects are attributed to the observed photocatalytic 

performance of the Ruddlesden-popper structure in comparison to cubic perovskite SrTiO3. 

Thus, the findings in our study highlight the influence of the Ruddlesden-Popper crystal structure 

on the hydrogen evolution efficiency of perovskite oxides. The study opens a strategic approach 

based on choosing the crystal structure while designing highly efficient catalysts. 
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enhancing Oxygen Evolution performance: Bi-Fe-O system as a case study 

 

 

  

Abstract 

This work aims to give an insight into the influence of crystal structure (for a system 

containing the same elements but crystallizing in different structures) and the effect of 

electrical polarization on these oxides on the performance of oxygen evolution reaction 

(OER). We have tried to highlight this influence by taking the Bi-Fe-O system for the study. 

Herein, we have synthesized three structures of the Bi-Fe-O system viz. BiFeO3 (perovskite 

structure), Bi2Fe4O9 (mullite structure), and Bi25FeO40 (sillenite structure) as an example to 

establish the relation. These oxides were characterized by Rietveld refinement for structure 

and scanning electron microscopy (SEM) for morphology. Their optical and magnetic 

properties were also investigated. Systematic studies were carried out with both as-

synthesized and electrically polarized oxides for their performance towards OER. We 

observed that the order for OER activity (using non-polarized catalyst) of the three stable 

structures synthesized was Bi2Fe4O9 > BiFeO3> Bi25FeO40, which was attributed to the 

presence of Fe(oct)-O-Fe(td) linkages in Bi2Fe4O9. While the current density of Bi2Fe4O9 and 

BiFeO3 remained unchanged after poling, that of Bi25FeO40 increased by four-fold. From the 

study, we have demonstrated that proper choice of the crystal structure and utilization of 

electrical polarization can be effective strategies to manipulate the surfaces of an 

electrocatalytic material. 

Keywords: BiFeO3; Bi2Fe4O9; Bi25FeO40; crystal structure; electrical polarization; oxygen 

evolution reaction 
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6.1 Introduction: 

Electrocatalytic splitting of water involves an oxygen evolution reaction (OER) taking place 

at the anode and a hydrogen evolution reaction (HER) at the cathode. Amongst these, 

electrochemical oxygen evolution reaction (OER) is considered to be a rate-limiting step in 

the overall reaction process as it involves a four-electron transfer and requires a higher 

overpotential to complete reaction 
1-2

. In the past several years, many attempts have been 

made to minimize the overpotential and enhance the efficiency of the water oxidation 

reaction 
3-7

. Several transition metals (Ni, Fe, Co, Mn) oxides/hydroxides 
3, 8-14

 have been 

developed to replace the noble metal catalyst which is expensive and less abundant in the 

earth’s crust. The efficiency of the electrocatalytic OER is affected by various parameters of 

the catalyst, viz. electronic 
15

, crystal structure 
16-17

, phase structure 
18-19

, morphology 
20-21

, 

oxidation state 
22

, orientation, etc. Amongst these, the crystal structure of inorganic materials 

is proven to be one of the important parameters in changing the catalytic performance as it 

influences changes in the arrangement of atoms and thereby their electronic structure 
23-24

.  

Recently, it has also been discovered that there occurs further enhancement in the molecular 

adsorption and desorption at the surface of ferroelectric catalysts 
25-26

 due to the surface 

charge. Thus, these surface reactions may provide an efficient way to increase the 

electrocatalytic water splitting (i.e., HER and OER). Kushwaha et.al 
27

 showed that 

polarizing a ferroelectric catalyst Bi0.5Na0.5TiO3 led to changes in the flat band potential 

which increases the catalytic activity towards OER. Similarly, Li et.al 
28

 demonstrated that 

applying polarization by a corona poling technique on Bi4Ti3O12·(BiCoO3)2 resulted in an 

enhancement in the OER activity. Electrically polarizing a semiconducting or insulating 

catalyst could be an effective way to increase its efficiency towards an electrocatalytic water-

splitting reaction. In this study, we have explored the influence of crystal structure (for a 

system containing the same elements but crystallizing in different structures, by talking the 

Bi-Fe-O system as an example) and the effect of electrical polarization on these oxides on 

their oxygen evolution performance. To the best of our knowledge, the effect of the crystal 

structure of three different phases of the Bi-Fe-O system viz. BiFeO3, Bi2Fe4O9, and 

Bi25FeO40 and the role of electric polarization on these oxides (both kind ferroelectric and 

non-ferroelectric), on the oxygen evolution performance, discussed here, has not been carried 

out so far. BiFeO3, crystallizing in perovskite structure (space group R3c), is a multiferroic 

oxide (figure 6.1a). Bi2Fe4O9 possesses the mullite structure (space group Pbam) (figure 6.1b) 

whereas Bi25FeO40 crystallizes in the sillenite structure (space group I23) (figure 6.1c). From 
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our study, we have demonstrated that the choice of crystal structure within different sets of 

oxides in a ternary system (showcased here with the Bi-Fe-O system as an example) could be 

an efficient way for the development of a highly active catalyst for oxygen evolution 

reaction. In addition to the crystal structure, we have also demonstrated that electrically 

polarizing the oxides, enhances the electrocatalytic activity. 

 

 

 

 

 

 

a 
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Figure 6.1: Unit cell structures of (a) BiFeO3, (b) Bi2Fe4O9 and (c) Bi25FeO40. (Blue, Green, 

and Red color is used for depicting Bi, Fe, and O atom respectively. FeO6 octahedron and 

FeO4 tetrahedron is depicted by pink color) 

6.2 Materials and Method: 

6.2.1 Materials used: 

Bismuth nitrate pentahydrate (Bi(NO3)3.5H2O (99%)), iron nitrate nonahydrate 

(Fe(NO3)3.9H2O (99%)), and Nafion resin solution were purchased from Sigma Aldrich. 

Sodium hydroxide pellets (NaOH), potassium hydroxide pellets (KOH), and nitric acid were 

purchased from Merck.  

6.2.2 Material Synthesis: 

Bi-Fe-O-based oxides were synthesized by the hydrothermal method. In a typical synthesis, 

bismuth nitrate was dissolved in a mixture containing 1 mL conc. nitric acid and 6.5 mL 

water, which was followed by the addition of iron nitrate. To synthesize three stable phases 

of the Bi-Fe-O system viz. BiFeO3, Bi2Fe4O9, and Bi25FeO40, the ratio of Bi to Fe were varied 

along with a combination of NaOH and KOH. For the synthesis of BiFeO3, the ratio of Bi to 

Fe was maintained at 1:1 whereas, for Bi2Fe4O9 and Bi25FeO40, the ratio was maintained to be 

1:2 and 25:1 respectively. To the clear, transparent solution containing Bi
3+

 and Fe
3+

, 2M 

KOH solution (for BiFeO3 and Bi2Fe4O9) or 2M NaOH solution (for Bi25FeO40) were added 

 

c 
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under constant stirring. The pH of the solution was maintained at 13 during the addition of 

hydroxide. After complete precipitation, the precipitates were washed with deionized (DI) 

water to remove NO3
- 
and K

+
/Na

+ 
ions. The precipitates were mixed with 40mL of 12M KOH 

(for BiFeO3) or 14M NaOH (for Bi2Fe4O9 and Bi25FeO40) under constant stirring for half an 

hour. The suspension was transferred to a Teflon-lined hydrothermal vessel and kept in an 

oven at 180° C for 12 h. The products formed were washed with DI water followed by 

ethanol. They were dried in an oven at 70° C. For BiFeO3, only KOH was used, both as the 

precipitating agent and as the solvent added to the hydrothermal vessel during heating. For 

Bi2Fe4O9, KOH was used as the precipitating agent whereas NaOH was used as the solvent 

during heating under hydrothermal conditions. For Bi25FeO40, NaOH was used, both as the 

precipitating agent and as the solvent added during heating under hydrothermal conditions. 

For BiFeO3 and Bi2Fe4O9, the precipitates obtained after heating the reactant mixture under 

hydrothermal conditions were washed and dried. Bi25FeO40 was formed after calcining the 

precipitate at 700° C for 12 h. 

6.2.3 Characterization: 

6.2.3.1 Material Characterization 

The crystalline phase of the oxides was investigated by powder x-ray diffraction using a 

Bruker D8 Advance Eco diffractometer with a Cu-K𝝰 X-ray source, operated at 25mA, and 

40 kV, at a scan speed of 3 s/step and a step size of 0.0183°. Rietveld refinement studies were 

carried out with TOPAS v5 software using a structure file with a space group of 𝑅3𝑐 (No. 

161) for BiFeO3, Pbam (No. 55) for Bi2Fe4O9, and I23 (No. 197) for Bi25FeO40. A tenth-order 

Chebyshev polynomial of the first kind was used to model the background. Simulation of the 

peak profile was carried out with the Thompson-Cox-Hastings pseudo-Voigt function. The 

cell parameters, scaling factor, background fitting, amorphous phase, and the occupancy 

factor for all the atoms were refined. The refined atomic coordinates were used to draw unit 

cell structures for the oxides, using Vesta software. 

The morphology of the samples was investigated with a JEOL JSM-1T300 scanning electron 

microscope (SEM). Diffuse reflectance spectroscopy was carried out on a Shimadzu UV-

2600 spectrometer with BaSO4 as the reference. X-ray photoelectron spectroscopy was 

performed on PHI 5000 Versa Prob II, FEI Inc with the following settings: pass setting of 

23.5 eV,  0.025eV/0.05eV Step, 50 ms time per step and 10 cycles, Source Al k-alpha-

1486eV, Dual-beam Neut. Magnetic properties of the Bi-Fe-O samples were studied with a 
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Quantum Design Physical Property Measurement System (PPMS) in the temperature range of 

5–300 K with an applied field of up to 10000 Oe. Post OER characterization (PXRD and 

FESEM) were carried out on the electrode prepared on a graphite strip containing the catalyst 

with Nafion resin. FESEM studies were carried out on JEOL JSM-7610F Plus. 

6.2.3.2 Electrochemical Testing : 

All the electrochemical measurements were carried out on a Metrohm Multi Autolab three-

electrode electrochemical workstation. The samples were used to coat a graphite strip which 

served as the working electrode. 10 mg of Bi-Fe-O samples were dispersed in 1 mL of 

isopropyl alcohol (IPA) containing 20µL of Nafion resin solution through ultra-sonication for 

1 h.  The dispersed samples were deposited on a cleaned graphite strip having an area of 0.5 

cm
2
 which was dried for further use. The load mass density on the graphite substrate was 4 

mg/cm
2
,
 
3mg/cm

2
, and 10 mg/cm

2
 for BiFeO3, Bi2Fe4O9 and Bi25FeO40 respectively. 3M 

Ag/AgCl was taken as the reference electrode, and platinum wire was used as the counter 

electrode. All measurements were carried out in a 50 mL vessel containing 0.1M KOH as the 

electrolyte. The electrolyte solution was saturated with argon for 30 min before the study. 

Linear sweep voltammetry (LSV) was performed at a scan rate of 10 mVs
-1

. The 

measurements were carried out twice. The mean of the two current densities is reported. Long 

term stability of the catalysts was carried out using Chronoamperometric studies at an applied 

potential of 1.5 V vs. RHE. The electrochemical impedance spectra (EIS) were measured 

over the frequency range of 0.01 to 100,000 Hz at an applied potential of 1.5V V/s RHE. 

The flat-band potential Vfb of the oxides was calculated with the Mott-Schottky equation:  

   
1

𝐶2 =
2

𝜀𝜀0𝐴2  𝑒 𝑁𝑑
( 𝑉 − 𝑉𝑓𝑏 −

𝑘𝐵𝑇

𝑒
 )   (6.1) 

where C is the interfacial capacitance, ε is the dielectric constant, ε0 is the permittivity of 

vacuum, e is the fundamental charge, A is the area of the electrode, Nd is the charge carrier 

density, V is the applied potential, kB is Boltzmann’s constant, and T is the temperature. 

The Rotating Ring-Disk Electrode (RRDE) method was used to measure the faradaic 

efficiency (FE) for OER, using equation 6.2 
29

. N2 gas was purged in the experimental cell, 

containing 0.1M KOH solution, for 30 minutes before the experiment. The gas was also 

purged during the entire experiment. 5 μL of the ink, containing the catalyst and Nafion resin 

solution, was drop cast on the surface of the glassy carbon (GC) disk of the electrode. The Pt 

ring of the electrode was held at -0.546 V vs Ag/AgCl (0.4 V vs RHE) throughout the 
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experiment. The disk electrode was scanned in the potential range of 0 to +1 V. The rotation 

speed of the RRDE electrode was maintained at 1600 rpm throughout the measurement. 

 

𝐹𝐸 =
𝐼𝑅 𝑛𝐷

𝐼𝐷 𝑛𝑅 𝑁
                      (6.2) 

 

where IR is current at the ring electrode, ID is current at disk electrode, number of electrons 

transferred at the disk, nD = 4 (number of electrons generated due to oxygen evolution), and 

number of electrons transferred at the ring, nR = 2 (number of electrons used during reduction 

of oxygen), current collection efficiency, N = 0.249 (theoretical value reported for RRDE 

manufactured by Metrohm) 

6.2.3.3 Poling method: 

The samples were electrically polarized with a corona poling unit, manufactured by Milman 

Thin Film Systems Pvt. Ltd. A voltage of 40 kV was applied at the point electrode and 2 kV 

was applied on the mesh grid for 30 minutes. The sample-coated graphite strip was placed 

below the mesh grid. The distance between the sample holder and the point electrode was 

maintained at 2 cm. The poling process was conducted at room temperature. 

6.3 Results and discussion: 

From the Rietveld refinement of powder x-ray diffraction data, it was observed that the Bi-

Fe-O phases (figure 6.2a-c) crystallized in their expected space groups. The degree of 

crystallinity was found to be 99.4%, 98.7%, and 99.99% for BiFeO3, Bi2Fe4O9, and Bi25FeO40 

respectively. No impurity phase was observed in BiFeO3, while 1.5% of BiFeO3 and 2.6% of 

Bi2O3 were observed with Bi2Fe4O9 and Bi25FeO40 respectively. The refined lattice 

parameters, atomic position, and atomic occupancy has been tabulated in Table 6.1. The ratio 

of Bi: Fe, observed after refinement, in BiFeO3, Bi2Fe4O9, and Bi25FeO40 was 1:1, 1:2.2, and 

25.3:1 which is consistent within the accuracy of the refinement with the loaded ratio.  
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Figure 6.2: Observed, calculated, and difference plot of (a) BiFeO3, (b) Bi2Fe4O9, and (c) 

Bi25FeO40 as obtained by Rietveld refinement of powder X-ray data. 

 

(a) 

(b) 

 

(c) 

https://www.sciencedirect.com/topics/materials-science/rietveld-refinement
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Table 6.1: Parameters obtained after Rietveld refinement of BiFeO3, Bi2Fe4O9, and Bi25FeO40 

Parameters BiFeO3 Bi2Fe4O9 Bi25FeO40 

Space 

Group 

R3c Pbam I23 

Phase 

Purity 

(i)  Crystalline: 

99.4% 

(ii)Amorphous: 

0.6% 

(i) Crystalline: 98.7% 

*Impurity: 1.48%      

(BiFeO3) 

(ii)Amorphous: 1.28% 

(i) Crystalline: 99.99% 

*Impurity: 2.58% (Bi2O3) 

(ii) Amorphous: 0.01% 

Lattice 

Parameters 

(Å) 

a = 5.58397(10) 

b = 13.8656(3) 

a = 7.96778(11)                            

b = 8.45458(12) 

c =   6.00858(10) 

a = 10.19023(3) 

Cell Volume 

(Å
3
) 

374.416(16) 404.763(11) 

 

1058.162(10) 

Atomic 

Position 

Parameters 

Bi: 

x = 0.00000 

y = 0.00000 

z = 0.00309 

Bi: 
x= 0.17584    

y= 0.17625      

z= 0.00000 

Bi(1): 

x = 0.17658 

y = 0.31779 

z = 0.01357 

Bi(2): 

x = 0.00000 

y = 0.00000   

z = 0.00000 

Fe: 

x = 0.0000 

y = 0.0000 

 z = 0.22637 

Fe(1): 

x= 0.50000     

y = 0.00000      

z = 0.26395 

Fe: 

x = 0.00000    

y = 0.00000     

z = 0.00000 

Fe(2):   

x = 0.35771    

y = 0.34315     

z = 0.50000 

O: 

x = 0.44122 

y = 0.00093 

z = 0.96265 

O(1):       

x = 0.00000    

y = 0.00000   

z = 0.50000   

O(1):  

x = 0.69589 

y = 0.69589 

z = 0.69589 

O(2):    
x = 0.37908     

y = 0.19408    

z = 0.26563 

O(2):   
 x = 0.63730    

 y = 0.77346    

 z = 0.99253 

O(3):  

x = 0.14679   

y = 0.39341      

z = 0.50000 

O(3): 

x = 0.89133 

y = 0.89133 

z = 0.89133 

O(4): 

x = 0.14300     

y = 0.43167      

z = 0.00000 

 

Rwp 5.80 3.94 7.84 

GOF 1.62 1.74 2.13 
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Figure 6.3a-c shows SEM images for BiFeO3, Bi2Fe4O9 and Bi25FeO40 respectively. Flower-

like clusters formed from the assembly of cuboids (~ 5-10 µm) were observed for BiFeO3 

(figure 6.3a). Square-shaped plates with a size of 2 µm were formed for Bi2Fe4O9 (figure 

6.3b), while cubes (~ 800 nm) were observed for Bi25FeO40 (figure 6.3c). To further 

investigate the morphology of the building blocks of these clusters, TEM analysis was done 

on these oxides. TEM image of BiFeO3 (Figure 6.4a) shows the presence of a spherical-

shaped cluster of size ~4 µm. HRTEM studies on the BiFeO3 (Figure 6.4b) show lattice 

fringes corresponding to the (101) plane. Figure 6.4c shows square plates like morphology 

for Bi2Fe4O9. HRTEM images show lattice fringes (figure 6.4d) corresponding to the (120) 

plane. Figure 6.4e shows the TEM image of Bi25FeO40, with some rectangular and irregular-

shaped structures having a size ~1 µm. HRTEM image (figure 6.4f) shows the lattice plane 

corresponding to the (220) plane. 
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Figure 6.3: SEM images of (a) BiFeO3, (b) Bi2Fe4O9 and (c) Bi25FeO40 
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Figure 6.4: TEM images (a) BiFeO3, (c) Bi2Fe4O9 and (e) Bi25FeO40. HRTEM images (b) 

BiFeO3, (d) Bi2Fe4O9 and (f) Bi25FeO40. 
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The diffuse reflectance spectra were recorded for the oxides (figure 6.5) to investigate the 

optical properties. The absorption coefficient α was calculated from the reflectance R using 

equation 6.3 and 6.4. 

 𝛼 =
(1−𝑅)2

2𝑅
.     (6.3)  

α is related to the band energy gap via the Tauc equation: 

 𝛼ℎ𝜐 = 𝐾 ( ℎ𝜐 − 𝐸𝑔)1/𝑛     (6.4) 

where h is Planck’s constant, ν is the frequency of the electromagnetic radiation, 𝐸𝑔 is the 

optical band gap, K is an energy-independent constant, and n is a constant exponent. The 

value of n depends on the type of transition (n = 2 for direct transition and n = 0.5 for indirect 

transition). The bandgap of the Bi-Fe-O samples was calculated to be 1.94 eV, 2.24 eV, and 

2.54 eV for BiFeO3, Bi2Fe4O9, and Bi25FeO40 respectively. 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Tauc Plot for calculating the direct bandgap of BiFeO3, Bi2Fe4O9, and Bi25FeO40. 

 

XPS analysis on the synthesized BiFeO3, Bi2Fe4O9, and Bi25FeO40 powders are shown in 

figure 6.6-6.8 . Figure 6.6a shows the survey spectrum of BiFeO3 wherein peaks 

corresponding to Bi, Fe, and O could be observed. High-resolution spectra for these elements 

are shown in figure 6.6b-d. Peaks at 158.6 eV and 163.9 eV corresponding to 4f7/2 and 4f5/2, 
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respectively were observed in high-resolution spectra for Bi
3+

 (figure 6.6b).  In Fe2p core-

level spectra (Figure 6c), peaks at 710.2 eV and 723.3 eV, corresponding to (Fe
3+

)
 
2p3/2 and 

2p1/2, respectively were observed. Figure 6.6d shows O1s spectra having a peak at 529.5 eV 

arising due to lattice oxygen. For Bi2Fe4O9, peaks corresponding to Bi, Fe, and O were 

observed in the survey scan (figure 6.7a). Peaks at 158.8 eV and 164.1 eV were observed in 

the high-resolution spectra of Bi, corresponding to 4f7/2 and 4f5/2, of Bi
3+

 respectively (figure 

6.7b). Peaks for (Fe
3+

)
 
2p3/2 and 2p1/2 were observed at 710 eV and 723.9 eV respectively 

(figure 6.7c). Figure 6.7 d shows O1s spectra having a peak at 529.7 eV arising due to lattice 

oxygen. The survey scan of Bi25FeO40 is shown in figure 6.8a. Peaks corresponding to 4f7/2 

and 4f5/2, of Bi
3+

 were observed at 158.5 eV and 163.8 eV respectively (figure 6.8b). A very 

small peak, merged in the background (due to low concentration of Fe in the sample), 

centered at 709.3 eV was observed for (Fe
3+

)
 
2p3/2 (figure 6.8c). Figure 6.8d shows O1s 

spectra having a peak at 529.4 eV arising due to lattice oxygen. 

Figure 6.9a shows the magnetic hysteresis loops at 5 K. Both BiFeO3 and Bi2Fe4O9 are 

antiferromagnets with reasonably large Neel temperatures (643 K and ~260 K, respectively) 

30-31
.  The loops are presumably due to some unpaired surface spins and in the case of BiFeO3, 

spin canting also.  This can also be seen in magnetization data (Figure 6.9b) where the two 

phases show that the magnetization slowly increases and then become constant with lowering 

the temperature.  In contrast, the dilution of the magnetic cation in Bi25FeO40 leads to 

paramagnetism even at low temperatures.  The magnetic susceptibility χ of the sillenite phase 

was fit to a modified Curie law given by 

𝜒 = 𝜒0 +
𝐶´

𝑇
                      (6.5) 

where χ0 is a temperature-independent susceptibility and C´ the Curie constant.  The fit (inset, 

Figure 6.9b) gives C´=4.48 emu K/mol, which corresponds to an effective moment of 5.98 

Bohr magnetons for Fe
3+

, in good agreement with the expected value of 5.92 Bohr 

magnetons. 
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Figure 6.6: XPS spectra of BiFeO3 showcasing (a) Survey scan, Elemental scan of (b) 

Bismuth, (c) Iron, and (d) Oxygen.  
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Figure 6.7: XPS spectra of Bi2Fe4O9 showcasing (a) Survey scan, Elemental scan of (b) 

Bismuth, (c) Iron, and (d) Oxygen. 
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Figure 6.8: XPS spectra of Bi25FeO40 showcasing (a) Survey scan, Elemental scan of (b) 

Bismuth, (c) Iron, and (d) Oxygen 
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Figure 6.9: (a) Magnetic hysteresis loops at 5 K.  The inset shows the high-field behavior. (b) 

Temperature dependence of the magnetization at 10 kOe. The inset shows the variation of 

inverse susceptibility with temperature for Bi25FeO40 and the corresponding fit to the 

modified Curie law. 
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Oxygen Evolution Performance of the oxides 

Electrochemical water oxidation activity of the Bi-Fe-O systems was studied under two 

different conditions. In the first method, as-synthesized oxides were used to fabricate the 

electrodes whereas, in the second, the prepared working electrode was polarized by the 

corona poling technique before testing.  

As-prepared working electrode  

Electrochemical water oxidation activity of as-prepared samples (figure 6.10) yielded average 

current densities at 1.9 V vs RHE (scan rate: 10 mV/s) of 3.7, 8.1, and 1.2 mA/cm
2
 for 

BiFeO3, Bi2Fe4O9, and Bi25FeO40 respectively. To check the effect of scan rate on the trend 

observed for the performance of the oxides towards OER, LSV studies were also carried out 

at 2 and 5 mV/s (figure 6.11 a-c). It was observed that though the current densities decreased 

with a decrease in the scan rate, the trend of the three oxides towards OER was unaffected.  

The overpotential for the three oxides was calculated at 1 mA/cm
2
 and was found to be 515 

mV, 460 mV, and 640 mV for BiFeO3, Bi2Fe4O9, and Bi25FeO40 respectively.  

 

 

 

 

 

 

 

 

 

 

Figure 6.10: OER performance of BiFeO3, Bi2Fe4O9, and Bi25FeO40. 
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Figure 6.11: LSV curves of (a) BiFeO3, (b) Bi2Fe4O9 and (c) Bi25FeO40 catalyst at different 

scan rates (2, 5 and 10 mV/s). 

Electrochemical impedance studies were carried out to investigate charge transfer. Figure 

6.12 shows the Nyquist plot for the oxides.  The curve was fit to an equivalent circuit (inset 

of figure 6.12) based on the charge transfer resistance Rct, solution resistance Rs, and a 

constant phase element with impedance  

                                                          𝑍 =
𝑍0

(𝑖𝜔)𝑛                                                                    (6.5) 

where Z0 is a constant, 0 < n < 1, 𝑖 = √−1, and ω is the angular frequency of the applied 

potential (Table 6.2). 

Table 6.2:  Parameters obtained from Nyquist plot (figure 6.12) 

Sample Rct 

(Ω) 

Rs 

(Ω) 

Zo(CPE) n 

(CPE) 

Cdl 

(µF/cm
2
) 

BiFeO3 1820 3.5 375 0.82 174 

Bi2Fe4O9 603 3.90 775 0.79 454 

Bi25FeO40 4160 3.94 522 0.78 286 

 

(c) 
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Rct, which originates from the ionic and electronic resistance across the electrode-electrolyte 

interface was found to be minimum for Bi2Fe4O9 followed by BiFeO3 and Bi25FeO40. The 

double-layer capacitance is calculated using the following equation: 

 𝐶𝑑𝑙 =
(

𝑍0
𝑅𝑠𝑛−1)

1/𝑛

𝑆
  (6.6) 

where S is the area of the external surface of the electrode (0.5 cm
2
) 

It was observed that the order of the value for Cdl was Bi2Fe4O9> Bi25FeO40>BiFeO3(table 

6.2). It has been reported 
28

 that the Cdl is directly proportional to electrochemical active 

surface area (ECSA). Thus, a higher value of Cdl (ECSA) can relate to a higher value of 

current density since ECSA is a measure of the number of electrochemically active sites per 

unit area.  

 

 

 

 

 

 

 

 

Figure 6.12:  Nyquist plot for the oxides BiFeO3, Bi2Fe4O9, and Bi25FeO40 respectively.  
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Figure 6.13: OER at the Bi2Fe4O9 /GC disk electrode in N2-saturated 0.1 M KOH and Pt ring 

current (held at 0.4 V vs. RHE) due to oxygen reduction as a function of disk potential.  

The faradic efficiency was calculated for Bi2Fe4O9, showcasing the lowest overpotential 

value in comparison to the other Bi-Fe-O-based catalysts. The disk and ring current at 1.9V 

vs RHE were found to be 46.3 µA and 4.0 µA respectively (Figure 6.13). The faradaic 

efficiency was calculated as 70.1% for Bi2Fe4O9.  
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Figure 6.14: Stability curves of (a) BiFeO3, (b) Bi2Fe4O9 and (c) Bi25FeO40 during 

electrochemical OER at 1.5 V vs. RHE 

The stability of the catalysts was checked for 10 hours at 1.5 V vs RHE. The catalysts were 

found to be stable for 10 hours during continuous measurement under alkaline conditions 

(figure 6.14a-c).   
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Based on the above values of current densities, overpotential, and charge transfer resistance, 

it was observed that the performance of Bi2Fe4O9 was highest amongst the three Bi-Fe-O 

systems. This could be attributed to the presence of two types of Fe atoms in the unit cell; one 

forming FeO6 octahedra and the other kind forming FeO4 tetrahedra 
32

. In mullite structure 

(Bi2M4O9; M: Al
3+

, Ga
3+

, Fe
3+

), there are MO6 octahedra chains that are interconnected with 

two MO4 tetrahedra through a common oxygen atom 
33-34

. We have carried out Reitveld 

refinement for all three oxides and the refined atomic coordinates were used to draw their 

unit cells. From the unit cell structure of the three oxides, it is quite evident that there are 

FeO6 octahedra and FeO4 tetrahedra units in Bi2Fe4O9 (mullite structure), which are 

connected at corner vide a common oxygen atom, as shown in figure 6.15. Thus, based on 

earlier reports from literature and through Reitveld refinement studies used for drawing the 

unit cell structure of the oxides, it can be deciphered that Bi2Fe4O9 contains Fe(oct)-O-Fe(td) 

linkages. The increased performance of Bi2Fe4O9 towards OER can be correlated to the spinel 

structures, which are also known to be effective for OER 
35

. In spinel structure, M(oct)-O-M(td), 

linkages are present and it has been reported 
35

 that there occurs a competition of covalency 

between M(oct)-O and M(td)-O bond, making one of the weak. This weak bond in M(oct)-O-M(td) 

framework breaks under the bias applied during OER, thus resulting in the formation of M-O 

and M- units. These M- units are exposed metal sites that act as active sites for the adsorption 

of OH
-
 ions present in the medium. The M-OH moieties, formed as a result of covalency 

competition, formation of M- units, and subsequent adsorption of OH
-
 ions, become actively 

involved in OER, thus attributing to the higher efficiency of spinel oxide for OER. Though 

there is no direct evidence of the relation of Fe(oct)-O-Fe(td) linkages present in Bi2Fe4O9 and 

the performance towards electrocatalytic OER, it can be correlated based on the presence of 

such linkages in spinel structure and their high activity towards OER 
35

.  It is thus, possible 

that in Bi2Fe4O9 the performance of the oxide towards OER is high amongst all the Bi-Fe-O 

systems studied here, due to the presence of Fe(oct)-O-Fe(td) linkages (figure 6.16), which 

could probably result in covalency completion, formation of Fe- units and subsequent 

adsorption of OH
-
 ions. In addition to the Fe(oct)-O-Fe(td) linkages, the plate-like morphology 

could also have contributed to the increased ECSA, as observed from the value of Cdl.  
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Figure 6.15: Unit cell structure of Bi2Fe4O9 showcasing the presence of Fe(oct)-O-Fe(td) 

linkages. (Blue, Green, and Red color are used for depicting Bi, Fe, and O atom respectively. 

FeO6 octahedron and FeO4 tetrahedron is depicted by pink color) 

 

To check the stability of the catalyst after OER, PXRD, and FESEM studies were carried out 

on the samples obtained after completing the reactions. No change in the crystal structure was 

observed for the three oxides as observed from the PXRD pattern (figure 6.16 a-c).  FESEM 

studies on the graphite strip containing the catalyst mixed with Nafion are shown in figure 

6.17 a-c. The morphology of the catalysts was unaffected, however, agglomeration due to the 

presence of Nafion can be observed. 
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Figure 6.16 PXRD pattern for (a) BiFeO3, (b) Bi2Fe4O9, and (c) Bi25FeO40 catalysts after 

performing OER. 
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Figure 6.17: FESEM images for (a) BiFeO3, (b) Bi2Fe4O9, and (c) Bi25FeO40 catalysts after 

performing OER. Inset in (a) and (b) shows high magnification images. 

 

 



 

190 
 

Chapter 6 Role of Crystal Structure and Electrical Polarization on Electrochemical OER Activity  

Polarized working electrode  

In polarized semiconductors (polarized by poling), when dipoles are aligned, the polar 

surfaces attract more charged ions from the outside environment i.e., (electrolyte). For 

instance, when the semiconductor is positively poled, negative ions are attracted towards the 

surface and vice-versa. In the case of electrochemical OER, positively poled surfaces lead to 

adsorption of more O2
•
 radicals and OH

- 
ions, thereby enhancing the performance of the 

catalyst 
26-28

. To see the effect of polarization on three different structures of the Bi-Fe-O 

system, electrochemical water oxidation activity of polarized samples was investigated 

through LSV curves (scan rate: 10 mV/s) in 0.1M KOH solution. The average current density 

at 1.9 V vs RHE was observed to be 4.7 mA/cm
2
, 8.3 mA/cm

2,
 and 4.9 mA/cm

2
 for polarized 

BiFeO3, Bi2Fe4O9, and Bi25FeO40 respectively (figure 6.18a).  As compared to the as-grown 

sample, the current density increased by a factor of four for the poled Bi25FeO40 while the 

other two phases showed little difference between as-grown and poled oxides (figure 6.18a). 

The overpotential for the polarized working electrodes at 1 mA/cm
2
 was found to be 510 mV, 

430 mV, and 420 mV for polarized BiFeO3, Bi2Fe4O9, and Bi25FeO40 respectively (figure 

6.18b). A significant decrease in the overpotential by 220 mV was observed for the poled 

Bi25FeO40 in comparison to that observed for poled BiFeO3 (by 5 mV) and Bi2Fe4O9 (by 30 

mV). Further, to analyse, the behavior of the polarized oxides on the electrochemical water 

oxidation, we looked at the charge transfer abilities of these polarized oxides and compared 

them with those observed for the as-prepared oxides (figure 6.18 c-e, Table 6.3). 
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Figure 6.18: Comparison of (a) average current densities and (b) overpotential obtained for 

BiFeO3, Bi2Fe4O9, and Bi25FeO40 before and after electrical polarization using corona poling. 

Nyquist plot of (c) BiFeO3, (d) Bi2Fe4O9 and (e) Bi25FeO40 before and after electrical 

polarization using corona poling. 

(d) 
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From Mott-Schottky plots (figure 6.19 a-c), the flat band potential (indication of band 

bending) was calculated to be 2.46 V, 1.70 V, and 2.73 V for BiFeO3, Bi2Fe4O9, and 

Bi25FeO40 respectively. The flat band potential (figure 6.19 a-c) was found to be 1.91 V, 1.75 

V, and 2.18 V for BiFeO3, Bi2Fe4O9, and Bi25FeO40 respectively for electrically poled 

samples. It was observed for BiFeO3 and Bi25FeO40 that the flat band potential decreased by 

~20%, Rct decreased by ~20% and 30% respectively after poling. Cdl was found to increase 

by ~60% for BiFeO3 and ~25% for Bi25FeO40. On the other hand, the changes in the values 

for Bi2Fe4O9 were rather small.  Thus, changes in Bi25FeO40 are the only ones significant and 

likely have to do with the surface modification that took place during corona poling. Though 

there are not many studies available in the literature, we presume that the significant increase 

in the OER activity of Bi25FeO40 could be due to the presence of a large number of Bi
3+

 ions 

with 6s
2
 lone pair (responsible for ferroelectric behavior in BiFeO3) which could have 

contributed to increasing the electroconductivity and ECSA (from Cdl) on polarization.  

 

 

 

 

 

(a) 

 



 

194 
 

Chapter 6 Role of Crystal Structure and Electrical Polarization on Electrochemical OER Activity  

 

 

Figure 6.19: Mott Schottky plot of (a) BiFeO3, (b) Bi2Fe4O9, and (c) Bi25FeO40 before and 

after electrical polarization using corona poling for obtaining flat band potential (Vfb). 
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Table 6.3: Parameters obtained from Nyquist plot. 

Sample Rct (Ω) Rs (Ω) Zo(CPE) n (CPE) Cdl (µF/cm
2
) 

BiFeO3 1820 3.5 375 0.82 174 

BiFeO3 Poled 1470 3.32 572 0.83 283 

Bi2Fe4O9 603 3.90 775 0.79 454 

Bi2Fe4O9 Poled 563 4.00 797 0.78 481 

Bi25FeO40 4160 3.94 522 0.78 286 

Bi25FeO40 Poled 2750 3.51 641 0.78 356 

 

Thus, from our studies, we could observe that there is a clear dependence of the crystal 

structure (of the oxides in the Bi-Fe-O system) and electrical polarization on OER. Few 

approaches for designing highly efficient catalysts for OER are to increase the number of 

active sites on the material, increase their electroconductivity, and increase the rate of the 

adsorption of the reactant on the surface of the catalyst which facilitates the transfer of charge 

between the electrode and the reactants. Proper choice of the crystal structure of the catalyst 

belonging to a set of ternary systems and application of electrical polarization could assist in 

achieving the parameters desired for designing of efficient catalyst for OER.  

6.4 Conclusion : 

In summary, we have investigated electrochemical oxygen evolution activity within the Bi-

Fe-O system for three phases viz. BiFeO3, Bi2Fe4O9, and Bi25FeO40. Among the studied 

materials, Bi2Fe4O9 with orthorhombic structure was found to exhibit better OER activity as 

observed from the current density. Further analysis showed that the oxide possessed the 

lowest charge transfer resistance and the highest double-layer capacitance. The performance 

of Bi2Fe4O9 was attributed to the presence of Feoct-O-Fetd linkages and plate-like morphology. 

It was interesting to observe that the OER activity of Bi25FeO40 was increased by a factor of 4 

after electrical polarization, which, was the largest enhancement observed among the three 

oxides. This work demonstrated that the choice of crystal structure within different sets of 

oxides in a ternary system (showcased here with Bi-Fe-O system as an example) could be an 

efficient way for the development of a highly active catalyst for oxygen evolution reaction. In 

addition to the crystal structure, the application of electric polarization could be a 

constructive strategy to improve the catalytic activity for future energy conversion devices.  
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Chapter 7 

Conclusion and Future Prospects 

 

7.1 Conclusion: 

The main aim of the thesis was to investigate the relationship between various structural 

parameters and the catalytic (photo-and electrocatalytic) activity of the metal oxide catalyst. The 

role of size, morphology, exposed facets, crystal structure, electric polarization and oriented 

assembly along a preferred crystalline plane was successfully discussed.  The experimental 

finding of the thesis are summarised below: 

In the second chapter, we have discussed the role of ionic flux on the exposed surfaces of ZnO 

and established their correlation with photocatalytic dye degradation activity. We have 

synthesized ZnO through the decomposition of zinc oxalate in the absence and presence of 

various fluxes such as NaCl, KCl, NaCl-KCl, and Na2SO4. To find exposed surfaces of the ZnO 

synthesized in the presence and absence of various fluxes, the value of the texture coefficient of 

four highly intense planes was calculated from PXRD data. The presence of flux (NaCl, KCl, a 

mixture of NaCl–KCl, and Na2SO4) during decomposition of the oxalate precursor led to the 

preferential growth of (11 0) planes as compared to (101̅0) surface. The value of texture 

coefficient was found to be higher for the (11 0) plane when the decomposition was carried out 

in the presence of a mixture of NaCl and KCl in comparison to the ZnO synthesized in the 

presence of NaCl and KCl as flux. We observed a decrease in the value of texture coefficient for 

the (11 0) plane when Na2SO4 was used as a flux, which was similar to the value obtained for 

ZnO synthesized in the absence of flux. The observations from the analysis of texture coefficient 

were correlated with the photocatalytic degradation of Rhodamine B dye. The photocatalytic 

activity of ZnO for the degradation of Rhodamine B dye follows the order: No Flux > Na2SO4 > 

NaCl > NaCl-KCl > KCl which is following the order of value of texture coefficient for polar 

(0002) plane was No Flux ≈ Na2SO4 > NaCl ≈ NaCl-KCl ≈ KCl. DFT (density functional theory) 

based theoretical studies were also done. Theoretical studies showed that the (11 0) surface of 

ZnO is stabilized more than the (101̅0) surface in the presence of ionic flux by overcoming the 
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thermodynamic barrier wherein growth of the (101̅0) surface is preferred over (11 0) surfaces in 

absence of flux which correlated with the experimental findings. 

The third chapter focused on understanding the effect of size, morphology, and exposed facets of 

SrTiO3 on photocatalytic degradation of RhB dye and the hydrogen evolution activity. Herein, 

we have synthesized SrTiO3 through the hydrothermal method in the absence and presence of 

polyols such as ethylene glycol (EG), poly (ethylene glycol)- 300 (PEG-300), and poly (ethylene 

glycol)-400 (PEG-400). We have observed that the particle size decreased with an increase in the 

dielectric constant of the solvent (water and polyols). We also observed that the shape of the 

nanostructures was also affected by the nature of the solvent used during the synthesis 

(nanocubes with water, nanocuboids with PEG-400, edge-truncated nanocuboids with PEG-300, 

and hexagonal-shaped particles assembled to form a flower-like nanostructure with EG as 

solvent). The top exposed facet of the synthesized SrTiO3 nanostructures was observed to be 

[001] (for SrTiO3 nanostructures synthesized using different solvents). Along with the [001] 

facet, the [011̅] facet was also observed in the sample synthesized using EG and PEG-300 as the 

solvent. Degradation of RhB Dye follows the order EG = water>PEG-300>PEG-400 whereas 

Hydrogen Evolution follows the order: Water>EG>PEG-300>PEG-400. To understand the 

photodynamics of charge carriers, we also performed photoluminescence and photo-current 

studies. Based on experimental observations, we have concluded that the synergistic effect of 

having maximum surface area, lowest crystallite/particle size, low recombination of photo-

generated electron and hole pair, a large value of Iphoto/Idark, and presence of [001] as the only 

exposed facet could be the reason for observing the high photocatalytic performance of SrTiO3 

nanostructures synthesized in presence of water towards hydrogen evolution reaction. The 

presence of the [011̅] facet was found to decrease the photocatalytic hydrogen evolution 

performance of the catalyst whereas for photodegradation of RhB dye both the facets have active 

participation. 

In the fourth chapter, we concentrated on studying the role of the oriented assembly of SrTiO3 

nanostructures (cubic morphology) over a glass substrate on the photocatalytic hydrogen 

evolution reaction. Assemblies of the SrTiO3 nanostructures on a glass substrate were formed by 

coating SrTiO3 on a glass substrate under different conditions where IPTMS was used as a linker 

between the glass substrate and SrTiO3 nanostructures. The orientation of SrTiO3 nanostructures 
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was checked from the PXRD study. Based on the highest intensity of the crystal plane in the 

PXRD. 

 It was observed that the (200) plane was the exposed plane for the assembled nanostructures. 

High coverage and a uniform layer were observed from the FESEM study for the assembly of 

SrTiO3 nanostructures formed by depositing non-functionalized oxide on the functionalized glass 

substrate. Photocatalytic hydrogen evolution was checked on oriented assembly of SrTiO3 

nanostructures. Photocatalytic hydrogen evolution performance was found to be highest when 

the assembly of non-functionalized SrTiO3 nanostructures on the functionalized glass substrate 

with (200) as the exposed plane was used as the catalyst. 

In the fifth chapter, we have established the relation between crystal structure, property, and 

photocatalytic hydrogen evolution activity of the three members of the Sr-Ti-O system viz. 

SrTiO3 and SrO-(SrTiO3) n (n= 1 and 2). SrTiO3 belonged to a class of cubic perovskite 

nanostructure while Sr2TiO4 (n=1) and Sr3Ti2O7 (n=2) belonged to layered Ruddlesden-Popper 

based perovskite oxides. A cube-shaped morphology was observed for cubic perovskite 

nanostructure, SrTiO3 whereas layered morphology was observed for Ruddlesden-Popper based 

oxides, Sr2TiO4, and Sr3Ti2O7. Amongst the three nanostructured oxides, the maximum amount 

of hydrogen was evolved with Sr3Ti2O7 as the photocatalyst. These results were explained based 

on photoluminescence, time-resolved photoluminescence, and Photoelectrochemical study. 

Synergism of many factors, including the presence of SrO layer, SrTiO3 perovskite unit, layered 

morphology, and defects, is attributed to the observed photocatalytic performance of the 

Ruddlesden-popper structure in comparison to cubic perovskite SrTiO3. 

In the sixth chapter, we demonstrated the role of crystal structure and electrical polarization in 

electrochemical oxygen evolution reaction (OER). This effect was studied using the Bi-Fe-O 

system as a case study. Herein, we synthesized three structures of the Bi-Fe-O system viz. 

BiFeO3 (perovskite structure), Bi2Fe4O9 (mullite structure), and Bi25FeO40 (sillenite structure). 

Rietveld refinement studies was done on these three oxides. We observed that the order for OER 

activity (using a non-polarized catalyst) of the three stable structures synthesized was Bi2Fe4O9 > 

BiFeO3> Bi25FeO40, which was attributed to the presence of Fe(oct)-O-Fe(td) linkages in Bi2Fe4O9 

along with plate-like morphology. After electrical polarization, the OER activity of Bi25FeO40 is 

observed to increase by a factor of four whereas the current density of Bi2Fe4O9 and BiFeO3 
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remained unchanged which could be due to the presence of more number of 6s
2
 lone pairs in 

Bi25FeO40. 

In summary, we have successfully studied the role of various factors viz, morphology, exposed 

facets, crystal structure, orientation, and electrical polarization on the photo and the 

electrocatalytic performance of the binary and ternary metal oxide. We believe that the study 

carried out in the thesis would further help one in designing the materials for the desired 

application. 

 

7.2 Future Prospects: 

On the basis of work done in the thesis, the following recommendations can be made for further 

studies:  

i. In the thesis, we have discussed the role of exposed surfaces or facets on photocatalytic 

activity. Though major advances have been accomplished in the facet engineering field to 

design a highly efficient catalyst for photocatalysis, still it remains a big challenge to 

fully utilize this technique for photocatalysis. The major challenge is to control the 

material’s facets in the case of hybrid systems and ternary oxides which involves multiple 

components. In our opinion, there is still a limitation in synthetic technique as 

morphology controlling agents such as capping agents, ligands and surfactants are 

involved in the synthesis. The existence of the ligands and capping agents on the surface 

of the material would affect the quality of faceted structures. Furthermore, more 

characterization techniques should be implemented to understand the mechanism of 

charge transfer kinetics in facet dependent photocatalysis. Also, theoretical simulation 

and modelling would guide in designing the faceted structures for photocatalysis. Thus, 

simultaneous efforts on the precise synthesis, use of advanced characterization (such as 

HAADF-STEM) techniques and theoretical calculations (DFT) would further help in 

establishing the relationship between faceted structures and photocatalytic activity. 

 

ii. In the fourth chapter of the thesis, the effect of oriented assemblies was studied on the 

photocatalytic hydrogen evolution activity. Here we have used a glass slide as a substrate 
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for the formation of oriented assemblies of nanostructures. In our opinion, different kinds 

of substrates can be used for the formation of different assemblies such as silicon 

substrates. Also, different linkers such as APTMS (amino-propyl trimethoxy silane) and 

APTES (amino-propyl trimethoxy silane) could be used instead of IPTMS.  

 

iii. Here, we have demonstrated the role of crystal structure in enhancing photocatalytic 

hydrogen evolution. Ruddelsden-popper structures were proved to be an efficient catalyst 

for photocatalysis due to their layered crystal structure where the interlayer allows 

intercalation of ions and water molecules. Intercalation of ions such as oxyalkyl ions in 

interlayer space would increase the distance between the layers which further improves 

the photoinduced charge separation. Therefore, doping of the metal cation either at the A 

site or B site or co-doping at both the sites would further improve the charge separation 

as charge carriers would not be expected to cross the different layers which further 

reduces the number of defects in the structure. Also, the utilization of solar energy instead 

of using commercial lamps would further reduce the cost of hydrogen production. The 

optical properties of Ruddelsden-popper structures should be studied deeply with the 

femtosecond spectroscopy technique. Thus, the proper choice of crystal structure through 

the theoretical predictions and further modification of them would be a constructive 

strategy for improving photocatalytic activity. 

 

iv. Role of crystal structure in enhancing the electrocatalytic oxygen evolution has also been 

discussed in the thesis along with the application of an external electric polarization. In 

recent past years, serious efforts have been made in reducing the overpotential of the 

oxygen evolution catalyst. As the OER properties are closely related to the electronic spin 

states of the electrocatalyst. Therefore, understanding the mechanism of OER on different 

crystal and electronic structures of transition metal system is important. The role of the 

external magnetic field on OER can be investigated along with the electric field as it 

would impact charge transfer and conducting properties of the catalyst.  
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Abstract

This study focuses on relating the structure with their properties and activity and carries out a comparative study amongst the three
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structure viz. SrTiO3 and SrO-(SrTiO3)n (n= 1 and 2). We have successfully synthesized these three oxides through a methodology that

combined the polymeric citrate precursor method with the hydrothermal method. Their crystal structure, morphology, and optical

properties (absorption, and photoluminescence) were systematically explored. SrTiO3 belonged to a class of cubic perovskite while Sr2TiO4

(n=1) and Sr3Ti2O7 (n=2) belonged to layered Ruddlesden-Popper based perovskite oxides. We observed cube-shaped morphology for

nanostructured SrTiO3 and layered morphology for Ruddlesden-Popper based oxides, Sr2TiO4 and Sr3Ti2O7. The photocatalytic hydrogen

evolution performance of these nanostructured oxides was investigated. Amongst the three nanostructured oxides, the maximum amount

of hydrogen was evolved with Sr3Ti2O7 as the photocatalyst. These results were supported by photoluminescence, time-resolved

photoluminescence, and Photoelectrochemical study.
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