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Chapter 1 Introduction 

This chapter describes the basic introduction to the research 
works addressed in this thesis.  The motivation behind 
selecting the work area of solar energy harvesting in 
photoelectrochemical cells by using earth abundant metal 
oxide semiconductor based photoanodes has discussed in 
details. This chapter also presents the scientific insights and 
review of the reported literatures in this direction.  
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1.1 Preamble 

The lifestyle of an industrially revolutionized society is dependent on technology and 
its advancement. The industrial revolution is serving the needs and comforts of 
everyday life. Energy has become the most basic demand of the global population to 
maintain the living standard of modern-day life. The world economy and politics are 
governed mainly by energy resources and associated industries. Since the days of the 
industrial revolution, the required energy for the economic growth and development of 
a society has been supplied by fossil fuels such as oil, natural gas, and coal. To date, 
fossil fuels are the primary energy source in modern society. About 85% of the total 
energy consumption of the world is supplied from fossil fuels. In the current scenario,7 
billion peoples of the world (World population, 2011) consumes 15 TW of energy, 
which is estimated to be increased to ~9 billion with the consumption of 30 TW of 
power by the end of 2050 [1]. Fossil fuels, with limited resources, will fail to meet this 
increasing energy demand. According to the current energy consumption rate, coal 
reserves will last for 150 to 400 years, natural gas for 60-160 years, and oil for 40-80 
years [1]. 

Apart from the energy crisis, fossil fuels have a significant impact on the environment.  
The burning of fossil fuels is linked with the emission of greenhouse gases such as CO2, 
which have a considerable contribution to global warming and anthropogenic climate 
change [1]. The atmospheric CO2 level has increased from 280 to 394 ppm, from the 
beginning days of the industrial revolution. Currently, it is rising at an alarming rate of 
2ppm per year. According to the International Panel on Climate Change (IPCC) report, 
an atmospheric CO2 level over 450 ppm can cause global warming of more than 2°C. 
Human society and the ecosystem will not adapt to such temperature changes and 
suffer from severe adverse impacts. However, if the change of temperature can be kept 
below 2°C, there is a high chance that the society and ecosystem will adapt. Several 
studies indicate that if we cannot reduce CO2 emissions sharply within the next ten 
years, achieving a 450 ppm level will be unavoidable.  

Therefore, to reduce fossil fuel dependence and CO2 emission, we must switch towards 
new and sustainable energy resources. The development of renewable energy 
technologies in a green and clean way is necessary for the sustainable development of 
human society. But still, the pathway of using green energy resources on a global scale 
demand is unclear and uncertain. Therefore enormous and critical research in 
developing alternative energy technologies is necessary to secure our future. 
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1.2 Scope of Solar Energy among Sustainable Energy Recourses  

German Advisory Council on Global Change (WBGU) has published a report in 2003, 
which presents the prime concerns regarding energy systems to the policymakers [2]. 
The report provides several suggestions, which should be fulfilled within 21st century 
for the reasonable development of sustainable energy systems. This report has 
presented the global transformation of the energy system, taking into account the 
atmospheric CO2 level with its limiting value of 450 ppm, three times increase in energy 
consumption, and six times increase in the economic development of the society by the 
end of 2050. The suggestions can be realized by lowering the dependability of fossil 
fuels by increasing the use, growth, and sustainable development of renewable energy 
technologies. However, the deficiency of infrastructure and effectively advanced 
pathway of renewable energy harvesting technologies limits its realization on the global 
scale and promotes the dominance of fossil fuel dependency. The hope lies in the 
further development of technology and infrastructure, which could shift the 
dependence of the energy economy from fossil fuels to renewable energy resources. The 
future energy experts believe that by 2050, most of the energy demands could be 
fulfilled by renewable energies. According to their prediction, 50% of the total energy 
production will be supplied from renewable energy resources by the end of 2050, which 
will increase to 90% within 2100.  

In 1987 United Nations proposed the Brundtland Report [3] on the sustainable 
development of the society, which speaks about the development of cities, land, 
communities, business, etc., that "meets the needs of the present without compromising 
the ability of future generations to meet their own needs." Therefore utilization of 
energy resources, which has a shallow impact on the environment, is necessary for the 
planet's future. Solar, water, and wind energy are the three well-known and earth-
abundant renewable resources of energy that can be harvested in a clean and green 
pathway. These energy resources are never-ending, and their power generation 
capabilities are provided in table 1.1.   

Among all renewable energy resources, solar energy is the most abundant energy 
resource on the earth's crust and is considered the ultimate solution to future energy 
challenges. 174x103 TW of solar radiation strikes the surface of the planet every 10 
minutes, equivalent to the energy demand of a year of current human society [4]. About 
816,000 km2 solar cells with 10% efficiency can generate 20 TW of power by harvesting 
the incident solar radiation, which is equivalent to an area of about 900x900 km2 on the 
earth's surface. This area is equal to the combined surface area of Germany and France 
[1]. Covering this colossal area with conventional solar cells is a challenging task. Apart 
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from that, to achieve the production peak of 20TW power, an average of 650 m2 of solar 
panels need to be planted per second, 24x7, 365 days in a year, for the next 40 years, 
which is also a challenging task. The solar cells market is one of the fastest-growing 
markets, which is growing at a rate of 35-40% every year. However, it will be difficult to 
predict how the market of solar cells will grow in the next few decades.  

Apart from conventional solar cells, dye-sensitized solar cells, solar heaters, and large-
scale solar thermal power also have gained sufficient research interest to full fill the 
need for alternative energy resources in the future.   

The major challenge with solar energy harvesting systems is storing the solar energy 
and delivering it in a global demand when the sun is not present. In the case of a solar 
cell, the efficient path of storing such substantial electrical energy of TW scale in 
conventional batteries is still unknown.  This problem forces us to find a next-
generation fuel that minimally impacts the environment and could replace traditional 
fossil fuels. 

Table 1.1: Power generation capabilities of different renewable energy resources [1]. 

Energy Resource Power (TW) Comments 

Hydroelectric 1-2 Remaining untapped 
potential is 0.5 TW 

Wind 4 Have a 10-15% technical 
potential on a global scale 
on- and off-shore 
installations 

Geothermal 12 A small part of it can be 
implemented 

Tidal and ocean currents <2  
Biomass 10 10% of  the earth surface 

need to be covered by 
switchgrass 

Nuclear 10 Uranium supply is finite 
and nuclear extracts are 
harmful to the 
environment 

Solar >20 0.16% of the earth surface 
needed to be covered with 
10% efficient solar cells 
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1.2.1 Hydrogen as Next Generation Fuel 

When solar energy is harvested in a conventional solar cell-based energy harvesting 
system coupled with a grid system, it makes the work of electricity network operators 
difficult due to the intermittent nature of the sun. Sun is unenviable during the night 
cycle and clouds; also, the intensity of solar light varies from time to time during the 
day cycle. In such a case, large-scale energy storage is required to implement an 
uninterrupted power supply. However, the suitable pathway for implementing such a 
large-scale storage system is still unknown. Solar energy can be stored in the form of 
chemical energy (chemical fuel), an emerging and attractive pathway towards solar 
energy harvesting based on research and development. Visible-light photons with 
energy in the range of 1-3 eV, or 100-300 kJ/mol, can initiate the chemical reactions 
required to produce these chemical fuels. Several kinds of energy-dense chemical fuels 
are available, such as hydrogen, methanol, methane, etc.  

Except for hydrogen, the end product of all the above-mentioned chemical fuels is CO2. 
Apart from the energy crisis issue, reducing the atmospheric CO2 level is also a goal of 
using renewable energy resources. On the other hand, direct capture and conversion of 
CO2 into fuels like methanol or methane is more difficult because the electrochemical 
half-reactions involved in the conversion need six- and eight-electron transfer steps, 
respectively. Against this backdrop, hydrogen has emerged as a non-toxic energy 
carrier with high energy density and zero environmental impact. These criteria make 
hydrogen the ultimate next-generation fuel suitable for the sustainable development of 
the pollution-free environment. Hydrogen can be stored in specified containers and 
transported easily like other conventional fuels like oil and natural gas. Consumption of 
hydrogen emits water vapour as the end product, which leads us towards achieving 
zero carbon footprints. Gravimetric and volumetric energy densities of different fuels 
have been compared with the energy density of hydrogen in Table 1.2. 

Table 1.2 Gravimetric and volumetric energy densities of different fuels [1]. 

Fuel Energy density  

Gravimetric (MJ/kg) 
Volumetric (MJ/L) 

Gravimetric (MJ/kg) 
Volumetric (MJ/L) 

Coal  24 – 
Wood 16 – 
Gasoline (petrol)  44 35 
Diesel  46 37 
Methanol  20 18 
Natural gas  54 0.036 
Hydrogen  143 0.011 
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In the future, the focus of the oil-based energy economy will be shifted towards a 
hydrogen economy, which was pointed out initially during the oil crisis in the 1970s.  
The term ' hydrogen economy' was first used by John Bockris in a lecture at General 
Motors (GM) Technical Center in 1970 [5]. The hydrogen-based energy economy 
involves the technological development of hydrogen production systems, storage 
systems, transportation, and its proper uses. D. Scholten has discussed these four 
parameters of hydrogen economy in his book [6]. Nowadays, the production of H2 
involves the consumption of fossil fuels. About 96% of H2 is produced using natural gas 
(48%), oil (30%), and coal (18%) [4]. Since carbon-based fuels are used, the H2 
production process involves emitting CO2, which is undesirable for the sustainable 
development of the environment. Hence, to fulfill the future energy demand with a 
sustainable environment, the future energy system must depend only on renewable 
energy resources. The hydrogen fuels can be produced in several green and clean 
pathways like Photoelectrochemical water splitting, Photocatalytic water splitting, 
photovoltaic water electrolysis, Photobiological methods, and Molecular artificial 
photosynthesis, Plasma-chemical conversion, etc. 

In conventional solar cells, electrical energy is harvested from solar energy, which can 
be used to produce H2 by water electrolysis. The produced H2 can be used in fuel cells 
for further energy demand. However, each step of energy conversion in solar energy- 
electrical energy-H2 - electricity involves the loss of energy, which increases the 
production cost. Bossel's calculation shows that almost 70% of energy is lost during the 
intermediate steps [7]. If the intermediate steps are somehow reduced, the energy loss 
and production cost can be minimized. The first step of solar to electric energy 
conversion can be avoided in photoelectrochemical and photocatalytic water 
electrolysis systems. They involve the production of H2 directly using solar energy 
employing water electrolysis. Different semiconductor materials are the most suitable 
candidate for these proposals. However, these processes are still confined in the lab-
scale production of H2, and the efficiency of production should be enhanced 
significantly to produce H2 in future industrial applications on a large scale.  

1.3 Electrolysis of Water 

Water electrolysis is the method of dissociating the constituent elements of water i,e, 
hydrogen, and oxygen, by an externally applied potential. A water electrolysis system 
involves two electrodes (cathode and anode) and an electrical power supply.  Until 
now, most of the power supply consists of fossil fuels for the production of electricity, 
which makes the water electrolysis process impactful towards the environment. The 
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semiconductor materials can serve the role of electrode and power supply by harvesting 
the solar radiation according to their band-gap. An electrode that employs 
semiconducting materials to harvest the solar light is called photoelectrode, and hence 
the water electrolysis process is called photoelectrochemical water electrolysis. 
However, pure water behaves like a non-conductor. An electrolyte is required to 
dissolve in the water to make it electrically conductive. Photoelectrochemical water 
electrolysis is a single-step process to store solar energy as chemical energy. It employs 
a semiconductor material to generate photovoltage by absorbing the solar radiation, 
using that voltage to produce hydrogen and oxygen through water electrolysis inside 
an electrochemical cell. 

 

Figure 1.1: Schematic diagram of the photoelectrochemical cell. 

1.3.1 Photoelectrochemical Cell 

A photoelectrochemical (PEC) cell is a device in which solar energy is converted and 
stored as chemical energy (chemical fuel, H2) in an electrochemical route. The PEC cell 
involves photon-assisted water electrolysis for the generation of hydrogen and oxygen 
at two macroscopically different places. Figure 1.1 shows the simplified diagram of a 
PEC cell. A PEC cell consists of a working electrode (WE), a counter electrode (CE), and 
a reference electrode (RE).  The working electrode (Photocathode/photoanode) is the 
most crucial part of the PEC cell. It consists of a light-absorbing layer and a charge 
collecting layer. Transparent conducting substrates/conducting substrates serve the 
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role of the charge collecting layer. The light-absorbing layer consists of one or more 
semiconductor materials grown/deposited on the charge collecting layer. The counter 
electrode is a metallic wire of novel metal, preferably platinum electrode, and the 
reference electrode can be a KCl saturated Ag/AgCl electrode or a Hg/HgO electrode. 
All the electrodes are immersed in an aqueous electrolyte. The electrolyte can be acidic, 
base, or nearly neutral, depending on the application and the electrode material. 

1.3.2 Water Splitting Half Reactions 

The simplified energy diagram of a PEC cell consisting of a photoanode of a single 
semiconductor and a counter electrode is shown in Fig. 1.2. When a photoanode surface 
of a PEC cell is illuminated with solar energy photons, having energy greater than the 
band-gap energy of the photoanode material (semiconductor), it absorbs the incident 
photons and generates electron-hole pairs. The photo-generated electrons and holes are 
separated due to the internal electric field generated at the semiconductor electrolyte 
junction. The origin of the electric field at the semiconductor electrolyte junction will be 
discussed later in this chapter. The photo-excited holes are transported towards the 
electrolyte side, and the electron is swept toward the charge collecting layer and 
transported to the counter electrode through an external wire. The photo-generated 
holes and electrons oxidize and reduce the water at the photoanode and counter 
electrode surface to produce O2 and H2. The reaction that occurs at the photoanode 
surface is known as water oxidation half-reaction and is given by 2𝐻2𝑂 + 4ℎ+  ⇌ 4𝐻+ + 𝑂2 ;      𝐸𝑜𝑥0 = −1.229 𝑉 𝑣𝑠. 𝑁𝐻𝐸                                 (1.1) 
Whereas the occurs at the counter electrode is known as water reduction half-reaction 
and is given by 4𝐻+ + 4𝑒−  ⇌  2𝐻2 ;       𝐸𝑟𝑒𝑑0 = 0.000 𝑉 𝑣𝑠. 𝑁𝐻𝐸                                           (1.2) 
Hence the total water-splitting reaction becomes  2𝐻2𝑂 + 4ℎ𝜈 =  2𝐻2  +  𝑂2                                                      (1.3) 4ℎ𝜈 𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟→             4ℎ+  + 4𝑒−                                                   (1.4) 
Since four electrons are involved in a single event of water splitting, the whole process 
is known as four electronic processes. The change of Gibbs free energy involved in the 
total water splitting process is given by  ∆𝐺0 = −𝑛𝐹. ∆𝐸0                                                                   (1.5) 
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where ∆𝐺0is the change of Gibbs free energy and ∆𝐸0 is the standard electric potential 
of the reaction. At normal temperature (25°C) and concentrations (1 mol/L, 1 bar), a 
+237 kJ/mol change of Gibbs free energy is required for the total water-splitting 
reaction to occur, which is equivalent to the electrochemical cell voltage (∆𝐸0) -1.229V. 
The minimum voltage required for the occurrence of a water-splitting event is 1.229V, 
which is known as the standard thermodynamic water splitting potential.  

 

Fig. 1.2: Energy diagram of a simplified PEC cell containing a single semiconductor 
material as photoanode and a metallic counter electrode. 

1.3.3 Energy Conversion Efficiency of the PEC Cell 

The energy conversion efficiency is a performance indication parameter of a PEC cell. 
When all the photo-generated charge carriers (electrons and holes) are involved in the 
water-splitting half-reactions, the solar to hydrogen (STH) conversion efficiency is 
governed by the equation 

𝜂𝑆𝑇𝐻 = 𝑃𝑜𝑢𝑡𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 − 𝑃𝑖𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙𝑃𝑙𝑖𝑔ℎ𝑡 = 𝐽𝑝ℎ(𝑉𝑟𝑒𝑑𝑜𝑥 − 𝑉𝑏𝑖𝑎𝑠)𝑃𝑙𝑖𝑔ℎ𝑡                                    (1.6) 
Where, 𝑉𝑟𝑒𝑑𝑜𝑥 is the room temperature thermodynamic water splitting potential 1.229 V 
equivalent to the 237 kJ/mol change of Gibbs free energy for water splitting,𝐽𝑝ℎis the 
photocurrent density and 𝑉𝑏𝑖𝑎𝑠 is the applied bias potential. The above expression is 
known as the applied bias photon-to-current conversion efficiency (ABPE) [8]. At no 
applied bias condition, assuming the incidence of AM1.5G solar light (Plight =1,000 W.m-
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2), the efficiency is directly governed by the photocurrent as 𝜂𝑆𝑇𝐻(%) = 1.23 × 𝐽𝑝ℎ, 
when Jph is in mA.cm-2. This equation indicates that the target efficiency of 10% can be 
reached by achieving a ~8mA.cm-2 current density at no applied bias condition. If the 
amount of H2 produced due to the water-splitting reactions can be measured by gas 
chromatography,  𝜂𝑆𝑇𝐻 can be calculated more directly by using the equation 

 𝜂𝑆𝑇𝐻 = ɸ𝐻2𝐺𝑓,𝐻20𝑃𝑙𝑖𝑔ℎ𝑡                                                                         (1.7) 
Where ɸ𝐻2  is the H2 evolving rate from the illuminated area (mol.s-1.m-2) and 𝐺𝑓,𝐻2 0 Gibbs's free energy is required to produce H2 (237 kJ/mol).  

The quantum efficiency of a photoanode can be reported as a function of wavelength. 
The external quantum efficiency is defined as the fraction of incident monochromatic 
photon is converted to the electrons and is known as incident photon-to-current 
conversion efficiency (IPCE) is given by the equation  

𝐼𝑃𝐶𝐸 (𝜆) = ℎ𝑐𝑒 × 𝑗𝑝ℎ(𝜆)𝜆𝑃(𝜆)                                                               (1.8) 
The internal quantum efficiency or absorbed photon-to-current conversion efficiency 
(APCE) is related to IPCE by the equation  

𝐴𝑃𝐶𝐸 (𝜆) =  𝐼𝑃𝐶𝐸 (𝜆)𝐴 (𝜆) =  𝐼𝑃𝐶𝐸 (𝜆)1 − 𝑅 − 𝑇                                                (1.9) 
A is the optical absorbance, R is the reflectance, and T is the transmittance. 

1.4 Energy Levels in Semiconductors and Electrolyte 

A semiconductor is defined by its electronic energy bands. It consists of a valance band, 
a conduction band, and a forbidden energy gap between valance and conduction band 
known as the band-gap. The adjacent molecular orbitals have closely spaced energy 
levels, making a continuum that originates energy bands in the semiconductors. The 
highest occupied molecular orbital in a semiconductor is considered the top of the 
valance band (Ev). The lowest unoccupied molecular orbital is regarded as the bottom 
of the conduction band (Ec).  The electrons of the valance band of a semiconductor can 
be excited to the conduction band by applying photo-excitation leaving behind holes in 
the valance band. The photons which produce the photo-excitation must have energy 
greater than the bandgap energy of the semiconductor (Eg), which defines the cutoff 
wavelength of the excitation (𝜆𝑐𝑢𝑡 𝑜𝑓𝑓 = ℎ𝑐𝐸𝑔). The Fermi level (Ef) of a semiconductor is 
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defined as the energy level where the probability of finding an electron per available 
state is ½. The following equation can determine the position of the Fermi level of a 
semiconductor 

𝐸𝐹 = 12 (𝐸𝐶 + 𝐸𝑉) + 12 𝑘𝐵𝑇𝑙𝑛𝑁𝑉𝐵∗𝑁𝐶𝐵∗                                        (1.10) 
where𝐸𝐶 is the bottom of the conduction band, 𝐸𝑉 is the top of the valence band, 𝑘𝐵 is 
the  Boltzman constant (1.38 × 10−23 J/K) and T is temperature. 𝑁𝐶𝐵∗  and 𝑁𝑉𝐵∗  are the 
density of states in conduction and valence band respectively are given by 

𝑁𝑉𝐵 ∗ = 2 [2𝜋𝑚ℎ∗𝑘𝑇ℎ2 ]32                                                      (1.11) 
𝑁𝐶𝐵∗ = 2 [2𝜋𝑚𝑒∗𝑘𝑇ℎ2 ]32                                                      (1.12) 

where ℎ is the Plank constant and 𝑚𝑒∗  and 𝑚ℎ∗  are the effective mass of electron and hole, 
respectively. In  an intrinsic semiconductor, the concentration of electrons and holes in 
equilibrium is given by equations  

𝑛0 = 𝑁𝐶𝐵∗ 𝑒−(𝐸𝐶𝐵−𝐸𝐹)𝑘𝐵𝑇                                                     (1.13) 
𝑝0 = 𝑁𝑉𝐵∗ 𝑒−(𝐸𝐹−𝐸𝑉𝐵)𝑘𝐵𝑇                                                   (1.14) 

For an intrinsic semiconductor, the carrier concentration is given by  

𝑛𝑖2 = 𝑛0𝑝0 = 𝑁𝐶𝐵∗ 𝑁𝑉𝐵∗ 𝑒−(𝐸𝐶𝐵−𝐸𝑉𝐵)𝑘𝐵𝑇                                      (1.15) 
The carrier concentration of an intrinsic semiconductor exponentially varies with its 
bandgap.  

The position of the Fermi level of a semiconductor defines the nature of conductivity (n-
type or p-type) of the semiconductor. For a p-type semiconductor, the Fermi level lies 
very near the top of the valance band, and for an n-type semiconductor, the Fermi level 
lies close to the bottom of the conduction band (Fig. 1.3).In an intrinsic semiconductor, 
the Fermi level is situated at the middle position of the valance and conduction band. 
The electrolyte has a metal-like behavior. The electrolyte is defined by its three different 
energy levels, which are 𝐸𝐹,𝑟𝑒𝑑, 𝐸𝑜𝑥(related to the electron affinity of oxidized species) 
and 𝐸𝑟𝑒𝑑 (related to the ionization energy of the reduced species) are given by  
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𝐸𝑜𝑥 = 1√4𝜋𝑘𝑇 𝑒𝑥𝑝 (−(𝐸 − 𝐸𝐹,𝑟𝑒𝑑 + 𝜆)24𝑘𝑇𝜆 )                                  (1.16) 
𝐸𝑟𝑒𝑑 = 1√4𝜋𝑘𝑇 𝑒𝑥𝑝 (−(𝐸 − 𝐸𝐹,𝑟𝑒𝑑 − 𝜆)24𝑘𝑇𝜆 )                                  (1.17) 

Where λ is the reorganization energy and 𝐸𝐹,𝑟𝑒𝑑 is the redox potential. 

 

Figure 1.3: Band energy diagram of three different types of semiconductors and energy 

distribution of an electrolyte. 

1.5 Semiconductor Electrolyte Junction 

When a semiconductor is in contact with another species (metal, another 
semiconductor, or electrolyte) having different Fermi levels, charge transfer occurs 
between them. The charge transfer process continues until equilibrium, and a common 
Fermi level is established. As a result, a space charge region is developed inside the 
semiconductor. The space charge region width is dependent on the carrier density of 
the semiconductor and the nature of the other species. A built-in electric field appears at 
the space charge region. 
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Figure 1.4: Formation of surface states and space charge region in a metal oxide 
semiconductor absorbing moisture.  

Similarly, when a semiconductor is submerged inside an electrolyte, a semiconductor 
electrolyte junction is formed. A space charge region is developed inside the 
semiconductor to match the difference between the Fermi level of the semiconductor 
side and the electrochemical potential of the electrolyte. A built-in electric field is 
formed at the surface of a metal oxide semiconductor without even making direct 
contact with another solid/liquid. Metal oxide semiconductors can absorb water 
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molecules from the air. The surface termination of –OH creates electronic surface states. 
The energy level of these developed surface states is situated below the conduction 
band minima of the semiconductor. Since there is a difference between the Fermi level 
of the semiconductor and the position of the surface states, the electron from the 
conduction band will jump to the surface state to achieve equilibrium.  In equilibrium, 
the Fermi level of the semiconductor is located at the middle point of the density of 
states (DOS) of the surface states. The movement of the electrons from the conduction 
band to the surface states creates a space charge region in the semiconductor as the 
ionized donors form these electrons stay behind in bulk. Consequently, an electric field 
is formed, and the situation is illustrated in Fig. 1.4.  

 

Figure 1.5: Schematic diagrams of the semiconductor electrolyte interface, Helmholtz 
layer, and potential distribution across the junction. 

Similarly, when a semiconductor is submerged inside an electrolyte, a space charge 
region is also created due to a mismatch between the semiconductor's Fermi level and 
the electrolyte's electrochemical potential. In PEC cell application, the formation of 
space charge region and consequent band bending is advantageous. The internal build-
in field present at the space charge region promotes the charge separation of photo-
generated carriers. However, a semiconductor inside an electrolyte has a slightly more 
complicated situation than the semiconductor exposed to humid air. Figure 1.5 
illustrates the situation when a semiconductor is submerged in an electrolyte.  The 
interfacial properties of the semiconductor can be interoperated by introducing diffused 
ionic double layer model [9–13]. The Semiconductor electrolyte junction consists of 
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surface states with trapped electrons or holes and adsorbed ions and other species at the 
surface of the semiconductor. The ionized donors and acceptors of the semiconductor 
supply the counter-charges with the accumulation of oppositely charged ions in the 
solution. Since the water molecules have a significant dipole moment, the ions in the 
electrolyte are surrounded by a cloud of water molecules, forming a solvation shell. 
This shell prevents the ions from approaching the surface of the semiconductor closer 
than a few Å. The region between the ions adsorbed at the semiconductor surface and 
the nearest ions present in the solution is known as the Helmholtz layer, which has a 
width of a few Å (2-5 Å). The Helmholtz layer potential is given by  

𝑉𝐻 = 𝑄𝑠𝑑𝜀0𝜀𝑟                                                                  (1.18) 
Where,𝑄𝑠 is the surface charges, 𝑑 is the Helmholtz layer width,  𝜀0 is the permittivity of 
free space and 𝜀𝑟 is the dielectric constant of water. The charge distribution across the 
semiconductor electrolyte junction is dependent on the nature of the electrolyte (pH of 
the solution) and the protons and/or hydroxide species absorbed at the surface of the 
semiconductor. At 25°C Helmholtz potential changes by 0.059 V (2.3kT/e) per unit 
change of pH. 

1.6 Types of Space Charge Regions 

As discussed earlier, when a semiconductor is immersed in an electrolyte, a space 
charge region is created due to the transfer of electrons. The nature of the space charge 
region is not always like the depletion layer. Few other types of space charge regions 
may also originate. In the case of an n-type (p-type) semiconductor, if the number of 
negative (positive) charges adsorbed at the surface is increased beyond a certain critical 
number, the Fermi level of the semiconductor crosses the midpoint of the bandgap. In 
such a situation, the surface region of the n-type (p-type) semiconductor behaves as the 
p-type (n-type) semiconductor. This type of space charge region is called the inversion 
layer. If the majority charge carriers in the inversion layer diminished at a higher rate 
than their generation (thermally), then no free carriers will be available on the surface. 
Hence the surface of the semiconductor will behave as an insulator. Such kind of space 
charge region is called the deep depletion layer. When the surface of an n-type (p-type) 
semiconductor adsorbs an excess amount of positive (negative) charges, free majority 
carriers of the semiconductor accumulate at the surface to diminish the absorbed 
surface charges. This accumulating free majority carrier forms the accumulation layer. 
The formation of different types of space charge layers and corresponding band 
diagrams are shown in Fig. 1.6. 
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Figure 1.6: Different types of space charge layers and corresponding band bending. 

1.6.1 Potential Distribution of the Space Charge Region  

When a semiconductor is immersed into an electrolyte, a semiconductor electrolyte 
junction is formed. At equilibrium, the Fermi level (Ef) of the semiconductor side match 
up with the electrochemical potential (redox potential, 𝐸𝐹,𝑟𝑒𝑑) of the electrolyte side by 
introducing a space charge region and the consequent band bending. Inside the three-
electrode system, a potential difference (𝜙) is set up between the semiconductor 
working electrode and the reference electrode, which can be expressed as a combination 
of different potentials as, 𝜙 = 𝜙𝑠𝑐 + 𝜙𝐻 + 𝜙𝐺 + 𝐶                                                       (1.19) 
Where 𝜙𝑠𝑐 is the space charge layer potential, 𝜙𝐻 is Helmholtz potential and 𝜙𝐺  is the 
diffused double layer potential. However 𝜙𝐺  is negligible for an electrolyte with a high 
ion concentration. The constant part of the potential (𝐶) is determined by the nature of 
the reference electrode. Here the formation of the space charge region is responsible for 
constructing the Helmholtz layer and vice versa, and the no of the charge contained in 
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the respective region must be equal. The capacitance (𝐶𝑠𝑐) of the space charge layer is 
much smaller compared to the capacitance of the Helmholtz layer. This consideration 
makes𝜙𝐻the constant and applied potential between the working electrode 
(semiconductor) and reference electrode will dissipate across the space charge region as 𝜙 = 𝜙𝐴 = 𝜙𝑠𝑐 + 𝜙𝐹𝐵                                                             (1.20) 
where, 𝜙𝐹𝐵 is the flat band potential. At this potential concentration of surface, charges 
are equal to the concentration of charges of the semiconductor bulk. The charge 
distributions in the space charge layer establish the differential capacitance at the 
semiconductor electrolyte interface. 

The potential distribution of the space charge layer and its width is dependent on two 
parameters, one is the number of charges transferred to the surface, and the other is the 
density of donor ions (𝑁𝐷+). The variation of potential distribution can be obtained by 
solving Poisson's equation:  𝑑2𝜙𝑑𝑥2 = −𝜌 (𝑥)𝜀0𝜀𝑟                                                            (1.21) 
Here the temperature correction term 𝑘𝐵𝑇 is negligible compared to the potential drop 
across the depletion region.  

Let us consider an n-type semiconductor with all ionized donors, which give the charge 
density, 𝜌(𝑥) ≅ 𝑒𝑁𝐷+ = 𝑒𝑁𝐷. Also, considering the situation, the potential drop across 
the semiconductor bulk is zero (𝜙𝑏𝑢𝑙𝑘(𝑥) = 0 ) which gives the following equation: 

𝜙𝑠𝑐(𝑥) =  − 𝑒𝑁𝐷2𝜀0𝜀𝑟 (𝑥 −𝑊𝑠𝑐)2                                                   (1.22) 
where,  𝜀0 is the permittivity of free space, and 𝜀𝑟is dielectric constant, and𝑊𝑠𝑐 is the 
width of the space charge layer. If n be the free electron concentration of the 
semiconductor, then the total charge concentration across the space charge region is 
given by: 𝜌 (𝑥) = 𝑒(𝑁𝐷+ − 𝑛)                                                              (1.23) 
As described earlier, the free electron concentration in the conduction band of the 
semiconductor is dependent on the difference between the Fermi level and the 
conduction band minima, according to equation 1.13. Inside the space charge region, 
the distance between Fermi level and the bottom of the conduction band is modified by 
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an amount of 𝜙(𝑥) due to the formation of band bending. Hence the modified electron 
concentration is given by  

𝑛 (𝑥) =  𝑁𝐶𝐵∗ 𝑒−(𝐸𝐶𝐵−𝐸𝐹−𝑒𝜙(𝑥))𝑘𝐵𝑇 = 𝑛𝑏𝑒𝑒𝜙(𝑥)𝑘𝐵𝑇                               (1.24) 
Where 𝑛𝑏 = 𝑁𝐶𝐵∗ 𝑒−(𝐸𝐶𝐵−𝐸𝐹)𝑘𝐵𝑇  is the bulk electron concentration of the semiconductor, which 
is equal to 𝑁𝐷+ = 𝑁𝐷 for an n-type semiconductor with completely ionized donors. 
Hence, the modified charge density of the space charge region is given by  

𝜌 (𝑥) = 𝑒𝑁𝐷 (1 − 𝑒𝑒𝜙(𝑥)𝑘𝐵𝑇 )                                                 (1.25) 
Combining equations 1.25 and 1.21 

𝑑2𝜙𝑑𝑥2 = − 𝑒𝑁𝐷 (1 − 𝑒
𝑒𝜙(𝑥)𝑘𝐵𝑇 )𝜀0𝜀𝑟                                                 (1.26) 

The potential distribution in the space charge region can be obtained by integrating the 
above equation. Equation 1.26 can be written as  

𝑑𝑑𝑥 (𝑑𝜙𝑑𝑥)2 = 2𝑑𝜙𝑑𝑥 ∗ 𝑑2𝜙𝑑𝑥2 = −2𝑒𝑁𝐷 (1 − 𝑒
𝑒𝜙(𝑥)𝑘𝐵𝑇 )𝜀0𝜀𝑟 ∗ 𝑑𝜙𝑑𝑥                         (1.27) 

The electric field (𝜉) is related to the potential as 𝜉 =  − 𝑑𝜙𝑑𝑥 , which gives  

𝜉2 = (𝑑𝜙𝑑𝑥)2 = ∫ −2𝑒𝑁𝐷(1 − 𝑒𝑒𝜙(𝑥)𝑘𝐵𝑇 )𝜀0𝜀𝑟 ∗ 𝑑𝜙𝜙(𝑥)
0                                (1.28) 

If Q is the total charge stored in the space charge region and A is the area of the 
working electrode (semiconductor), then the electric field is given by  

𝜉 = 𝑄𝜀0𝜀𝑟𝐴                                                                (1.29) 
Hence the total charge in the space charge region is given by 

𝑄𝑆𝐶 = √−2𝜀0𝜀𝑟𝐴2 ∫ 𝑒𝑁𝐷 (1 − 𝑒𝑒𝜙(𝑥)𝑘𝐵𝑇 )−𝜙𝑆𝐶
0 𝑑𝜙                                  (1.30) 



 

19 | P a g e  

Chapter 1 

      =  √2𝜀0𝜀𝑟𝐴2𝑒𝑁𝐷 (𝜙𝑆𝐶 + 𝑘𝐵𝑇𝑒 𝑒− 𝑒𝜙𝑆𝐶𝑘𝐵𝑇 − 𝑘𝐵𝑇𝑒 )                          (1.31) 
The potential drop across the space charge region is nearly 0.1 V [1]. The above 
equation can be simplified as  

𝑄𝑆𝐶 = √2𝜀0𝜀𝑟𝐴2𝑒𝑁𝐷 (𝜙𝑆𝐶 − 𝑘𝐵𝑇𝑒 )                                         (1.32) 
The above equation can be used to calculate the width of the space charge region as  𝑄𝑆𝐶 = 𝑒𝑁𝐷 ∗ 𝐴 ∗𝑊𝑠𝑐                                                        (1.33) 
Combining equations1.33 and 1.32, the width of the space charge region is given by  

𝑊𝑠𝑐 = √2𝜀0𝜀𝑟𝑒𝑁𝐷 (𝜙𝑆𝐶 − 𝑘𝐵𝑇𝑒 )                                                 (1.34) 
This equation can also be used for p-type semiconductors by replacing ND with NA, the 
acceptor ion density. 

The following equation can calculate the capacitance developed within the space charge 
region  1𝐶𝑠𝑐2 = (𝑑𝑄𝑠𝑐𝑑𝜙𝑠𝑐)−2 = 2𝜀0𝜀𝑟𝑒𝑁𝐷𝐴2 (𝜙𝑠𝑐 − 𝑘𝑇𝑒 )                                  (1.35) 
Flat band potential (𝜙FB) of a semiconductor is an essential parameter for PEC water 
splitting. It determines the thermodynamic water-splitting ability of the semiconductor. 
Flat band potential is defined as the potential at which the band is flat, i.e., there is no 
band bending; also, the space charge region vanishes. The flat band potential of a 
semiconductor approximately defines the position of the Fermi level of the 
semiconductor with respect to the reference electrode. The flat band potential of a 
semiconductor can be measured by Mott-Schottky (MS) measurement, which is 
governed by the equation 1.35, with a bit of modification by replacing 𝜙𝑠𝑐 with (𝜙𝐴 −𝜙FB). The MS plot is the plot of ( 1𝐶𝑠𝑐2 ) against applied potential (𝜙𝐴) and extrapolation of 

the linear part of the MS plot to the applied potential axis gives the value of flat band 
potential. The carrier density of the semiconductor (considering all the carriers 
originated from the ionized donors) can be calculated from the slope of the MS plot as 
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𝑁𝑑 = 2𝜀0𝜀𝑟𝑒𝐴2 1𝑑( 1𝐶𝑠𝑐2 )𝑑𝜙𝑠𝑐
                                                          (1.36) 

 

Figure 1.7: Energy band diagram of a PEC cell with an n-type semiconductor, a 
reference electrode, and a metal counter electrode. In the figure, electron affinity is 
termed as χ, ionization energy (IE), and semiconductor work function as 𝜙𝑠. 
1.6.2 Energy Band Diagram of PEC Cell and the Quasi Fermi Level 

Figure 1.7 shows the energy band diagram of a PEC cell with an n-type semiconductor 
taking vacuum level as reference. In the presence of an electric field, the vacuum level 
also bends following the potential gradient of the PEC cell. In equilibrium, the Fermi 
energy of semiconductor and metal and the electrochemical potential of the electrolyte 
are in the same line. The vacuum level in the electrolyte region is drawn horizontally 
with the assumption that no electric field exists in the electrolyte at equilibrium. The 
band positions, the band bending, and the energy gap between EF and EC are the critical 
parameters for a semiconductor to be used as a working electrode material. Inside a 
PEC cell, the photo-generated electrons and holes oxidize and reduce water into oxygen 
and hydrogen. The water reduction by the photo-generated electron is 
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thermodynamically possible only when the electron has higher energy than the water 
reduction potential. 

Similarly, the photo-generated hole should have lower energy than the water oxidation 
potential. This means a semiconductor will be suitable for water splitting if it has a 
conduction band positioned over the water reduction potential and a valance band 
placed below the water reduction potential with respect to the reference electrode. In 
operating conditions, a reverse bias is applied to the semiconductor, which increases the 
space charge region width, band bending and also accelerates the charge transfer 
process. Since the Helmholtz layer capacitance is much higher than the space charge 
layer capacitance, it can be assumed that the applied potential will affect only the space 
charge region but not the Helmholtz layer. 

 

Figure 1.8: Band energy diagram of a PEC cell using an n-type semiconductor as a 
working electrode and a metal wire as counter electrode in the presence and absence of 
illumination.  

For water splitting reactions inside a PEC cell, it is assumed that the H2O/O2 redox 
couple is the most active species. In the absence of illumination (dark condition), the 
H2O/O2 redox couple dominates the electrochemical potential of the electrolyte. In 
equilibrium at dark conditions, the Fermi level of the semiconductor and metal and the 
water oxidation potential adjusted nearly in the same level. When the junction is 
illuminated, several electron-hole pairs are generated, and a photovoltage (ΔVphoto) is 
developed. The influence of the photovoltage shifts the Fermi level by ΔVphoto. Since the 
election-hole pairs are generated under illumination, instead of a single Fermi level, a 
quasi-Fermi level appeared at the space charge region of the semiconductor (Fig. 1.8). 
The quasi-Fermi levels are directly dependent on the modified electrons and holes 
concentrations, which are defined as  
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𝑛 =  𝑛0 + ∆𝑛 =  𝑁𝑐𝑒−(𝐸𝑐−𝐸𝐹,𝑛∗ )𝑘𝐵𝑇                                              (1.37) 
𝑝 =  𝑝0 + ∆𝑝 = 𝑁𝑣𝑒−(𝐸𝐹,𝑝∗ −𝐸𝑣)𝑘𝐵𝑇                                               (1.38) 

where𝑛0 and𝑝0 are the equilibrium electron and hole concentration in dark conditions. 
For an n-type semiconductor 𝑛0>>∆𝑛 and ∆𝑝>>𝑝0. The electron and hole concentrations 
of n-type semiconductors under illumination becomes n = 𝑛0 + ∆𝑛 ≈ 𝑛0and 𝑝 = 𝑝0 +∆𝑝 ≈  ∆𝑝. Therefore the quasi-Fermi level 𝐸𝐹,𝑛∗  remains horizontal and 𝐸𝐹,𝑝∗  departs from 
the bulk Fermi level. 

1.6.3 Influence of pH on the Band Edges 

The Helmholtz potential is dependent on the pH of the solution and not affected by the 
applied potential. The band edges position of semiconductors changes by -59mV per 
unit change in pH with respect to the redox potentials of the electrolyte. A 
semiconductor with a low conduction band position with respect to Eredox will not be 
able to reduce a certain species in the electrolyte. At this point, one can think about 
increasing the pH of the solution, which will drive the Helmholtz potential to more 
negative energy (higher energy) and raise the conduction band position with respect to 
Eredox. However, this technique is not applicable for water splitting reactions as the 
water oxidation and reduction potentials are also dependent on the pH of the solution. 
The water oxidation and reduction potentials behave in the same way as the conduction 
and valance band positions of a semiconductor changes with pH change. Therefore, 
most metal oxide semiconductors have fixed conduction and valance band positions 
with respect to the water oxidation and reduction potential. 

1.6.4 Charge Transfer across the Junction 

For a metal electrolyte junction, the charge transfer process occurs at the interface, in an 
energy range close to the Fermi level, to achieve equilibrium. The electron density of 
states near the Fermi level is very high for a metal. Therefore for a metal/electrolyte 
interface, the charge transfer process can be governed by the potential difference 
applied across the Helmholtz layer. Whereas for a semiconductor electrolyte interface, 
the applied potential affects the semiconductor only. Hence the potential perturbation 
technique fails to explain the electron transfer kinetics. According to H. Gerishcher's 
model for a semiconductor electrolyte junction, the charge transfer occurs via the top of 
the valance band (or bottom of the conduction band), considering the electrons (or 
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holes) as individual reactants [14,15]. The equations govern the current through the 
conduction and valence band: 𝐽𝐶𝐵 = 𝐽𝐶𝐵+ − 𝐽𝐶𝐵−                                                           (1.39) 𝐽𝑉𝐵 = 𝐽𝑉𝐵+ − 𝐽𝑉𝐵−                                                           (1.40) 
Where 𝐽𝑉𝐵+ = 𝑒𝑘𝑉𝐵+ 𝑝𝑠𝑐𝑟𝑒𝑑𝑊𝑟𝑒𝑑(𝐸𝑉𝐵𝑆 )                                              (1.41) 𝐽𝑉𝐵− = 𝑒𝑘𝑉𝐵− 𝑁𝑉𝐵𝑐𝑜𝑥𝑊𝑜𝑥(𝐸𝑉𝐵𝑆 )                                              (1.42) 𝐽𝐶𝐵+ = 𝑒𝑘𝐶𝐵+ 𝑁𝐶𝐵𝑐𝑟𝑒𝑑𝑊𝑟𝑒𝑑(𝐸𝐶𝐵𝑆 )                                            (1.43) 𝐽𝐶𝐵− = 𝑒𝑘𝐶𝐵− 𝑛𝑆𝑐𝑜𝑥𝑊𝑜𝑥(𝐸𝐶𝐵𝑆 )                                                   (1.44) 
Where the electronic charge is termed as 𝑒, rate constant as 𝑘 and surface charge density 
of holes and electrons as 𝑝𝑠 and 𝑛𝑆 respectively. 

Whereas 𝑐𝑜𝑥𝑊𝑜𝑥(𝐸𝑉𝐵𝑆 ) =  𝐷𝑜𝑥 is the density of states of oxidized species and 𝑐𝑜𝑥𝑊𝑜𝑥(𝐸𝐶𝐵𝑆 ) = 𝐷𝑟𝑒𝑑  is the density of states of the reduced species. 

The overall conduction and valance band current can be written more accurately as a 
function of the overpotential η as  𝐽𝑉𝐵 = 𝐽𝑉𝐵0 (𝑒𝑥𝑝 (− 𝑒𝜂𝑘𝑩𝑇) − 1)                                              (1.45)  𝐽𝐶𝐵 = 𝐽𝐶𝐵0 (1 − 𝑒𝑥𝑝 (− 𝑒𝜂𝑘𝑩𝑇))                                              (1.46) 
It is comparable to the Butler–Volmer equation, which governs the current through the 
metal electrode.  

𝐽 = 𝐽0 (𝑒𝑥𝑝 ((1 − 𝛼)𝑒𝜂𝑘𝑩𝑇 ) − 𝑒𝑥𝑝 (− 𝛼𝑒𝜂𝑘𝑩𝑇))                                    (1.47) 
where 𝐽0 is the exchange current density and 𝛼 is the transfer coefficient. A plot of log ( 𝐽𝐽0) against 𝜂 is known as the Tafel plot. The slope of the Tafel plot (called the TAFEL 

slope) provides information about the reaction kinetics at the semiconductor/electrolyte 
interface. Physically the Tafel slope is defined as how much over potential is required to 
change the reaction rate by a factor of 10. The majority carriers of respective 
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semiconductors (electrons for n-type and holes for p-type) are responsible for the 
appearance of dark current. Upon illumination, the electron-hole pairs are generated, 
and the transfer of minority carriers through the electrode-electrolyte junction gives rise 
to the photocurrent. In reverse bias condition, the photocurrent is governed by 
Gartner's [16] equation as  

𝐽𝐺 = 𝐽0 + 𝑒𝛷 (1 − 𝑒𝑥𝑝−𝛼𝑊𝑠𝑐1 + 𝛼𝐿𝑃 )                                              (1.48) 
Where saturation current density is termed as 𝐽0, incident light flux as 𝛷,  absorption 
coefficient as 𝛼, depletion layer width as 𝑊𝑠𝑐 and minority carrier diffusion length as 𝐿𝑃. 

1.7 Criteria of an Ideal Photoelectrode Material 

The performance of a PEC cell primarily depends on the characteristics of the working 
electrode material. Therefore choosing a suitable semiconductor as a 
photoanode/photocathode material is necessary. A semiconductor must have the 
following properties to be used as active photoelectrode material inside a PEC cell. 

a. Suitable optical, electronic, and electrochemical properties 
I. The semiconductor must have a narrow bandgap capable of harvesting 

the visible part of solar radiation. 
II. It should have a high absorbance. 
III. High photo-generated charge carrier separation efficiency i,e., lower 

carrier recombination probability. 
IV. High conductivity for better charge carrier transportation. 
V. Suitable band edge positions with respect to the water oxidation and 

reduction potentials. 
VI. Low overpotential for the water oxidation reaction. 

 
b. Economical  

I. The semiconducting material should e earth-abundant. 
II. It should be low-cost material. 
III. The photoelectrode synthesis route must be easy, cost-effective, and 

scalable. 
 

c. Durability  
I. The working electrode material must be physically and chemically stable 

inside the aqueous electrolyte under solar irradiation. 
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II. It must be stable under the water-splitting reactions. 
 

In a PEC cell, the semiconductor (working electrode material) converts the solar energy 
into electrical energy by absorbing the incident photons with the generation of 
photovoltage and electron-hole pairs. The band-gap of the semiconductor determines 
the absorption threshold. Since the maximum portion of the solar radiation comes 
under the visible region, the optical band-gap of the semiconductor should be such that 
it could absorb the UV and visible (Vis) part of solar radiation. For this reason, a narrow 
band-gap semiconductor is necessary. The photo-generated carriers will contribute to 
the photocurrent only when they separate and are transported towards the counter 
electrode and the electrolyte. Therefore high charge separation and transportation 
efficiency with a lower recombination probability are necessary. Apart from that, the 
conduction and valance band position of the semiconductor must be situated above and 
below the water reduction and oxidation potential, respectively. The slandered 
thermodynamic potential required for water-splitting is 1.229 V. However, the water-
splitting reaction is associated with other thermodynamic losses. Therefore a 
semiconductor with an optical band-gap 1.9-2.2 is ideal for the PEC water splitting 
applications. However, no single semiconductor has all the criteria mentioned earlier 
and is associated with different limitations inside the PEC cell.  

1.8 Earth Abundant Metal Oxide Semiconductors Based Photoelectrodes 

Water splitting was demonstrated by Fujishima and Honda for the first time in 1972, 
using TiO2 as a photocatalyst. Since several metal oxide semiconductors have been 
widely explored as photoelectrode material such as TiO2, ZnO, Fe2O3, WO3 [17–25]. 
Metal oxides have gained lots of attention due to their physical and chemical properties, 
such as chemical stability, preferable band edge positions, natural abundance, low-cost 
synthesis routes, and tunable bandgaps [26]. Oxide is the most stable form of all metal 
compounds which can be easily synthesized. As shown in Fig.1.9, oxide semiconductors 
have a wide range of band gaps and band positions. In the case of metal oxide 
semiconductors, the O 2p level defines the valance band, whereas the conduction band 
consists of s, p, or d levels.  The semiconductors involve O 2p, and metal s orbital is 
typically wide band-gap semiconductors such as ZnO (3.4 eV), Al2O3 (8.8 eV), and 
Ga2O3 (4.5 eV). In contrast, narrow band-gap semiconductors have O 2p and metal dn 

electronic configurations such as Cu2O (d10, 2.1 eV) and Fe2O3 (d5, 2.2 eV). Also, band 
edge positions and the band-gap can be customized by coupling two metals to form the 
ternary oxides. For example, the overlap between Bi 6pempty orbitals and V 3d-O 2p 
antibonding states results in the conduction band position of BiVO4 close to 0 V vs. RHE 
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with a bandgap of 2.3 eV [26]. Also, the oxygen vacancies which are spontaneously 
created in the metal oxide semiconductors act as mid-band-gap defect states and 
increase the overall light-absorbing ability of the semiconductor [27–32]. Most of the 
transition metal oxide semiconductors have intrinsic n-type or p-type semiconducting 
properties depending on the presence of defect states. TiO2, Fe2O3, ZnO, and WO3 

exhibits n-type conductivity and are generally used as photoanodes, whereas NiO, 
CuO, and Cu2O have p-type conductivity and are used as photocathodes. The electronic 
properties of the respective semiconductors (p/n-type) can also be tuned with the p and 
n-type doping [22,33–38]. 

 

Figure 1.9: The band edge position of different metal oxide semiconductors used in 
water splitting applications [27].  

Moreover, metal oxides like NiO, Co3O4, RuO2, and IrOx are also used as efficient 
electrochemical water splitting co-catalysts [39,40]. Thus the rich diversity of 
multifunctional metal oxide semiconductors provides immense scopes to develop 
superior photoelectrodes for PEC water splitting cell applications. 

1.8.1 Scope of ZnO as an Earth Abundant Photoanode Material 

Over the past few years, many earth-abundant metal oxide semiconductors such as 
TiO2, ZnO, Fe2O3, BiVO4, etc., have emerged as a suitable photoanode material of PEC 
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water splitting cells [41–51].  Among them, ZnO is the most widely explored 
photoanode material due to its natural abundance, low cost, facile synthesis, low 
toxicity to the environment, and suitable band position with respect to water oxidation 
and reduction potential [52–54]. ZnO is an n-type semiconductor. Fermi level of n-type 
ZnO is situated above the redox potential of electrolyte. Hence, when a ZnO 
photoanode is submerged inside the electrolyte, a space charge region, consequent band 
bending, and an electric field is created at the ZnO electrolyte junction in equilibrium.If 
the electrode surface is illuminated with solar light, the incident photons will excite the 
electrons to the conduction band of ZnO, leaving behind holes in the valance band. The 
system is no longer in equilibrium, and a quasi-Fermi level will appear inside the 
semiconductor near the junction due to the generation of electron-hole pairs under 
illumination. The internal built-in electric field will drive the photo-generated electrons 
away from the ZnO/electrolyte junction and holes towards the junction. The electrons 
will travel to the counter electrode to reduce water, and the hole will oxidize water at 
the photoanode surface. The higher electron and hole mobility (~ 205 and 180 
cm2V−1s−1) with a longer minority carrier diffusion length makes ZnO one of the most 
promising photoanode materials for PEC cell designing [55,56]. Poor light absorption 
due to the wide bandgap, severe charge recombination, and fast degradation under 
illumination inside an aqueous medium are the critical challenges with ZnO-based 
nanostructured photoanodes for photoelectrochemical (PEC) water splitting cell 
applications. 

As discussed earlier, the valance band of ZnO is composed of the overlapping O 2p 
orbitals, and the conduction band is composed of metal (Zn) s orbitals. Such a 
combination is observed to result in a wide bandgap of the semiconductor. ZnO has an 
optical band gap of 3.26 eV, which is suitable for the absorption of UV light only (less 
than 5% of the total solar spectrum) [54,57]. The poor light-harvesting efficiency is the 
major limitation of ZnO towards the implementation of ZnO-based photoanodes in the 
PEC cell. Apart from that, ZnO is unstable in an aqueous medium under visible light. 
The photocorrosion that occurs under UV light significantly decreases the 
photocatalytic properties of ZnO [58]. 

To overcome these limitations of ZnO photoanodes, wide ranges of approaches have 
been made by the researchers, such as nanostructure designing, which facilitate the 
charge transportation, elemental doping to tune the bandgap and the conductivity, 
development of hetero-architectures between ZnO and narrow bandgap materials to 
increase the overall absorbance and charge separation, surface passivation layer 
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deposition and plasmonic nano-particles anchoring for the optical absorbance 
improvement [43,53,56,59–61].  

PEC water splitting is a surface phenomenon. The PEC activity of a photoanode is 
dependent on its electrochemically active surface area. The nanostructured 
photoelectrodes (photoanodes) have a large electrochemically active surface area in 
contact with the electrolyte. 1 D nanostructures are especially attractive in this direction. 
That's why different ZnO nanostructures like nanorod, nanotube, nanotree, Caterpillar-
like structures have been developed for PEC applications [62–64]. The 1D 
nanostructures design also facilitates the minority carrier transport reducing the surface 
recombination. 

Elemental doping in ZnO nanostructures-based photoanodes is especially attractive. 
The optical absorbance, band structure, and PEC performance of ZnO photoanodes can 
be tuned with external doping. Wang et al. have reported that the gradient N doping to 
ZnO nanorods shifted the optical absorption edge to the visible wavelength region with 
a terraced band structure suitable for the charge transport process. N modification 
improves photocurrent density by about two times higher magnitude than bare ZnO 
[65]. Salem et al. have synthesized Gd doped ZnO nanorods on FTO coated glass 
substrates which exhibit a remarkable photoconversion efficiency of 3.6% under 
AM1.5G illumination [66]. Compared to bare ZnO, a 3-4 fold increase of charge carrier 
density and a 2-fold increase in the current density with Al-doped ZnO nanowires 
based photoelectrode was reported by Govatsi et al. [67]. Karmakar et al. have shown 
that the alkali metal doping in ZnO oxygen vacancies and lattice strain defects play a 
significant role in enhancing the PEC water splitting activity of ZnO nanorods 
photoanodes [61]. Na, Li, and K doped ZnO nanorods photoanodes exhibit 0.73%, 
0.69%, and 0.70% photoconversion efficiency, respectively, compared to the 0.015% 
efficiency of pristine ZnO. 

The plasmonic nanoparticles anchored ZnO nanostructures also exhibit excellent PEC 
activities. The plasmonic nanoparticles inject hot carrier to ZnO nanostructures under 
illumination, which increases charge carrier density which is advantageous for PEC 
water splitting. Mahala et al. have reported that 35 nm Au nanoparticles decorated ZnO 
nanosheets display a 0.605%photoconversion efficiency [68]. Khiari et al. have shown 
that Ag nanoparticles supported ZnO exhibits excellent photocatalytic activity[69]. 

The unwanted surface state recombination is a PEC performance-limiting parameter of 
ZnO-based photoanodes. Surface passivating layers can increase the minority carrier 
lifetime by quenching the surface states mediated recombination. Surface passivation 

https://www.sciencedirect.com/science/article/pii/S0360319920336788#!
https://www.sciencedirect.com/science/article/abs/pii/S0013468621012858#!
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layers are nearly 2 nm thick. According to Liu et al., ZnO nanowires with ultrathin 
titian shell layer demonstrate 25% higher PEC water splitting performance than pristine 
ZnO nanowires [23]. Surface Catalyzing also enhances the water splitting performance 
and stability ZnO based photoanodes.  Li et al. have reported that MOF-based ZIF-8 
surface passivating layer along with Ni(OH)2 surface catalyzing layer enhances the 
photocurrent density of ZnO to 1.95 mA.cm−2 (at 1.23 V vs. RHE), which is two times 
higher than the current density of pristine ZnO [45].  

Hetero architecture formation between ZnO and another semiconducting material is an 
effective route to overcome the limitations of pristine ZnO-based photoanodes for PEC 
cell applications. The semiconductor overlayer is preferred to have a narrow band-gap 
with suitable band positions and is chemically stable in nature during water splitting 
reactions. Yan et al. have synthesized an n/n type heterojunction by depositing n-type 
BiVO4 over 1D ZnO nanorods through the SAILR method [70]. BiVO4 has a narrow 
band-gap (2.4 eV). Hence BiVO4 enhanced the overall absorbance of the heterojunction 
compared to pristine ZnO photoanode and shifted the sharp absorption edge of ZnO 
from 3.2 eV to 2.5 eV. The deposited BiVO4 overlayer results in a four-fold increase of 
photocurrent density at 1.23V potential vs. Ag/AgCl electrode compared to pristine 
ZnO. Apart from that, the BiVO4 layer acts as a surface protective layer for ZnO, which 
has also increased the photoanodes' stability. Yang et al. have reported that CoPi 
modified ZnO/BiVO4 heterojunction photoanode exhibits a current density of 3.5 mA.cm-2 at 
1.23 V vs. RHE [71]. Hsu et al have demonstrated that ZnO/Fe2O3 core/shell type 
heterojunction shows a current density as high as 1.5 mA.cm-2 at 0.6 V vs. Ag/AgCl compare 
to 0.75 mA.cm-2 photocurrent density bare ZnO [72]. Chen et al. have designed a dual-
heterojunction Cu2O/CdS/ZnO nanotube array photoanode. The Cu2O/CdS modification 
enhances the optical absorption of ZnO and promotes the charge transport process quenching 
the charge carrier recombination. The dual heterojunction photoanode exhibits 2.8% 
hydrogen production efficiency with a 7 mA.cm-2 current density at 0.4 V vs. Ag/AgCl under 
AM 1.5G radiation [73]. Karmakar et al. have reported that p/nheterojunction formation 
between CuFeO2 and ZnO effectively promotes the photoconversion efficiency to a 
450% higher value than pristine ZnO [74]. The CuFeO2 deposition enhances the overall 
absorption with a quenched surface recombination of ZnO. The type-II like band 
alignment between CuFeO2 and ZnO promotes the charge transfer process and results 
in excellent PEC water splitting performance.  

Among all the techniques mentioned above, heterojunction formation between ZnO 
and other functional materials is considered the most promising pathway to overcome 
the limitations of ZnO as a single photoanode material for PEC water splitting cells. In 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Li%2C+Xiao
https://pubs.rsc.org/en/results?searchtext=Author%3ALu%20Yan
https://www.sciencedirect.com/science/article/pii/S2211285516306036#!
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this projected thesis, we are focused on the fabrication of different types of 
heterojunctions (p/n, n/n) between ZnO and other earth-abundant metal oxide 
semiconductors in a cost-effective and scalable route, which will be able to harvest a 
more significant part of solar energy and convert it into hydrogen energy by reducing 
all the limitations associated with ZnO based photoanodes. 

1.8.2 Scope of Fe2O3 as a Photoanode Material  

Fe2O3 is also a widely explored photoanode material among various metal oxide 
semiconductors. Fe2O3 is especially attractive in the field of photoelectrochemical water 
oxidation because of its narrow band-gap of ∼2.0 eV, suitable for water oxidation under 
solar light as it absorbs nearly ∼15% of the total solar spectrum [75], a very positive 
valance band position (∼2.5 V vs. RHE) which is ideal for water oxidation [75], 
chemically stable behaviour in broad pH range [76],  low toxicity, natural abundance all 
over the earth crust and low cost and easily scalable synthesis route [76]. Owning to the 
above-mentioned advantages, theoretically predicted solar-to-hydrogen efficiency 
(STH) of hematite photoanode is about 12.8–16% with a photocurrent density of 12.6 
mA.cm-2 under AM 1.5G illumination. Despite intense efforts, the practically achievable 
STH efficiency of hematite photoanodes is much below the predicted value [76]. The 
short photo-generated carrier lifetime (<10 ps) and the low minority carrier mobility 
(0.2 cm2 V-1 s-1) are the two main limitations associated with hematite photoanodes 
[77,78]. Combining these two performance-limiting parameters results in minority 
carrier (hole) diffusion length as low as 2-4 nm [79]. However, as Fe2O3 is an indirect 
bandgap semiconductor, a thicker film is required to absorb a sufficient amount of 
incident radiation.  Also, the surface states mediated recombination in Fe2O3 results in 
the slow OER kinetics with a large overpotential [80]. The researchers have adopted 
different strategies to overcome these limitations. Yang et al. have shown that surface 
oxygen vacancies can reduce the space charge region width, effectively reducing surface 
recombination and charge carrier transportation [75]. Fe2O3/Co3O4 nanocomposite 
photoanode exhibits 0.48 mA.cm-2 at 1.23 V vs. RHE. over a 0.28 mA.cm-2 current 
density of pristine Fe2O3 photoanode [81]. Bai et al. have reported that NiFe-LDH 
incorporated Fe2O3/BiVO4 photoanodes exhibit about 4.25 times and 2 times higher 
current density than that of pristine α-Fe2O3 and BiVO4 photoanodes [82]. In this 
projected thesis, we have adopted a co electrocatalyst deposition approach to reduce the 
turn-on potential of Fe2O3 photoanodes. 
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1.9 The Objective of the Thesis 

For the development of a sustainable society, the advancement of energy infrastructure 
is vital. The future energy economy is greatly dependent on renewable energy 
resources. Since solar energy is the most abundant renewable energy resource, 
development of solar energy harvesting technologies is extremely important. PEC water 
splitting with earth-abundant metal oxide semiconductors is the most attractive route to 
convert solar energy into hydrogen energy, which can tackle the global future energy 
demand with the promise of controlling anthropogenic climate change. Therefore, in 
this projected thesis, we have developed different heterojunction semiconductor 
photoanodes using ZnO and other earth-abundant metal oxide semiconductors, 
providing a suitable pathway to achieve an efficient PEC water splitting system 
towards a carbon-free future. The specific objectives of the thesis are: 

1. Synthesis of earth-abundant metal oxide semiconductor-based nanostructures. 
a. 1D ZnO nanorods fabrication by cost-effective wet chemical and 

chemical bath route. 
b. Synthesis of 1D Fe2O3 nanorods on conducting substrates by 

solvothermal technique. 
c. Fabrications of surface functionalized nanoheterojunction or 

mesostructured 1D ZnO or Fe2O3 photoanodes by low-cost techniques 
like spin coating, electrodeposition, SAILR methods etc. 

2. Characterization of synthesized nanomaterials. 
a. Structure and morphological characterization. 
b. Crystallographic analysis. 
c. Characterization of chemical composition and oxidation states to 

constituents elements. 
d. Optical characterizations. 

I. UV Vis absorption study. 
II. PL emission study. 

3. Photoelectrochemical characterizations of photoelectrodes for solar energy and 
solar fuel generation. 

1.10 Organization of the Thesis 

This thesis contains seven chapters. A brief outlook of each chapter is given below: 
 

Chapter 1: Introduction  

This chapter describes the future energy challenges and how renewable energy 
resources promise to fulfil the energy demand. This chapter also includes the 
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necessity of hydrogen as an alternative fuel that can be generated by 
photoelectrochemical water splitting using metal oxide semiconductors as 
photoanode material. The advantages and limitations of using metal oxide 
semiconductor photoanodes and strategies to overcome those limitations are also 
discussed in detail. 
 
Chapter 2: Experimental Details 

This chapter includes detailed descriptions of the various synthesis techniques of 
nanostructured materials. It also describes the methods to characterize them. 
 

Chapter 3: Solar Water Splitting With ZnO/MoO3 Based n/n Type Core-Shell 

Heterojunction Photoanodes 

This chapter describes the synthesis technique of 1D type ZnO/MoO3 core-shell 
heterojunction photoanodes and a detailed study on how the UV active material 
(MoO3) improved the photoelectrochemical water splitting activity of 1D ZnO 
nanorods (NRs) based photoanodes. 
 
Chapter 4: CoFe2O4/ZnO and NiFe2O4/ZnO, an n/n and p/n Type-II 

Heterojunction Photoanode for Solar Fuel Generation. 
This chapter addresses the study on the effect of anchoring of different visible light 
active earth-abundant metal ferrite nanostructures (CoFe2O4/NiFe2O4 NPs) on the 
PEC activity of ZnO NRs photoanodes. 
 
Chapter 5: Solar-Driven PEC Activity of ZnO/ZnCo2O4 Based Nanoheterojunction 

Photoanodes 

This chapter presents the study on the PEC H2 production performance of a p/n 
heterojunction photoanodes form between ZnCo2O4 and ZnO. 
 
Chapter 6: Dual co-catalyst activated Fe2O3 photoanodes for solar water oxidation 

This chapter demonstrates an effective pathway to reduce the water spitting turn-on 
potential of Fe2O3 photoanodes through suitable surface engineering. 
 
Chapter 7: Conclusion and Future prospects 

This chapter presents the overall conclusion of the thesis along with the scope of 
further advancement of these works. 
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Chapter 2 Experimental Details 

This chapter elaborates the details of the various 
experimental techniques employed for the fabrication of 
different nanostructures like nanotubes, nanorods, and nano-
heterostructures etc., along with the different 
characterization techniques used to study the nanostructures. 
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2.1 Preamble  

Nanomaterials are essential for converting solar energy in the chemical route due to 
their unique features. In the electrochemical route, an electrode is submerged into an 
electrolyte. The performance of the electrode is dependent mainly upon the surface area 
which is in contact with the electrolyte. A large electrochemically active surface area 
provides better electrochemical performance. For the fabrication of a PEC cell, a 
photoanode with a high electrochemically active surface area is necessary. Due to the 
high aspect ratio, nanostructured photoelectrodes like nanorods (NRs), nanotubes 
(NTs), nanoparticles (NPs) provide more exposed surfaces inside the electrolyte. This 
unique feature of nanomaterials triggered us to fabricate such nanostructured 
photoanodes. In the previous chapter, we already have discussed our motivation 
behind choosing metal oxide semiconductors as photoanode material in PEC cell 
applications. This chapter will discuss the in-depth experimental techniques used to 
fabricate ZnO NRs, Fe2O3 NRs, different nanoparticles, and nanoheterostructures. We 
will also discuss the experimental methods employed to study the structural, 
morphological, optical, and electrochemical properties of the synthesized photoanode 
material. We have synthesized ZnO NRs on the conducting fluorine-doped tin oxide 
(FTO) coated glass substrates by two steps aqueous chemical growth process. In the 
first step of ZnO NRs synthesis, a thin seed layer of ZnO is deposited over FTO by 
using spin-coating and a consequent post deposition annealing treatment. ZnO NRs 
were grown on seed layer coated FTO substrates by chemical bath deposition in the 
second step. We also designed nano hetero structure photoanodes by spin coating, 
electrodeposition, and SAILR techniques. 

For the characterization purpose, we have employed X-Ray Diffraction (XRD) to 
investigate the crystal structure, Field Emission Scanning Electron Microscope (FESEM), 
and Transmission Electron Microscope (TEM) to visualize the morphology, High-
Resolution Transmission Electron Microscope (HRTEM), and Selected Area Electron 
Diffraction (SAED) to understand the crystallinity, Energy Dispersive X-Ray (EDAX) 
and X-ray photoelectron spectroscopy  (XPS) to investigate the constituent elements and 
their oxidation states of the synthesized photoanode material. The optical properties of 
the materials are studied with a UV-Vis absorption spectrometer and PL emission 
spectrofluorometer. 

The electrochemical properties of the photoanode materials are investigated using 
techniques like linear sweep voltammetry (LSV), Chronoamperometry (I-t profile), 
Mott-Schottky (MS), and electrochemical impedance spectroscopy (EIS) inside a 
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software-controlled three-electrode electrochemical workstation (potentiostat AutoLab-
30 and CHI 660E). 

2.2 Synthesis of Nanostructured Materials 

There are two different approaches of nanomaterials synthesis with different 
nanostructures: top-down and bottom-up approaches. In the top-down approach, the 
bulk material is sliced, cut, or broken down into its nano-sized structures or particles 
through external control. Mechanical cutting, etching, grinding, ball milling, 
photolithography, electron beam lithography are the standard techniques of 
nanoparticle synthesis through a top-down approach. These approaches are 
advantageous due to their large-scale production possibility and noninvolvement of 
chemical purification. However, the most significant disadvantage associated with the 
top-down method is the imperfection of the surface structure of synthesized 
nanomaterials. Impurities like stress and defects are introduced, which may have a 
large impact on the chemical and physical properties of the nanomaterials. Apart from 
that, the crystallographic damage that occurs during the fabrication of nanomaterials 
leads to extra challenges in device fabrication. These techniques are generally 
expensive, and deposition parameters are difficult to control. 

 

Figure 2.1: Top-down and bottom-up approaches for nanomaterial synthesis. 
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 Bottom-up approaches are the alternative techniques in which a nanomaterial is built 
up from the bottom by assembling atom-by-atom, cluster-by-cluster, or molecule-by-
molecule. Thermal and electron beam evaporation, laser ablation, sputtering, chemical 
vapor deposition, electrodeposition, photo electrodeposition, sol-gel, chemical bath 
deposition, solvothermal, hydrothermal synthesis, etc. are standard techniques to 
fabricate nanomaterials in bottom-up approaches. These techniques can generate less 
waste and are proven economical or cheaper. Since, in these techniques, the deposition 
parameters can be controlled in a better way, ultra-fine nanostructures such as 
nanorods, nanoparticles, and nanotubes can be synthesized with narrow size 
distribution and better perfection. However, most of these techniques are under lab-
scale development and far away from large-scale or industrial production.  Only the 
production of salt and nitrates in chemical industries uses such methods. 

Synthesis of nanostructures of uniform size in a controlled and economical way is still a 
challenging task to researchers [1,2]. We will describe the commonly used synthesis 
techniques (spin coating, chemical bath deposition, solvothermal technique, 
electrodeposition) that have been used to prepare different nanostructures like 
nanorods, nanoparticles, etc., in the next portion of this chapter.  

2.3 Synthesis Techniques 

2.3.1 Spin Coating 

The spin-coating technique is employed to synthesize uniform thin films of thickness 
ranging from micrometer to nanometer. Over a decade’s spin coating techniques are 
used in industries to manufacture integrated circuits, data storage magnetic disc, optical 
mirrors, solar cells, different sensors and detectors, CD and DVD ROM, insulating layer 
deposition in microcircuit fabrication, anti-reflection coatings, etc. In the spin coating 
technique, a few drops of coating precursor are dropcast at the middle of a substrate. 
The substrate is rotated at a uniform rotation speed inside the spin coater. The 
centrifugal acceleration generated from uniform rotation cause the precursor to spread 
over the substrate and eventually off the substrate edge. The thickness and uniformity 
of the film depend on the deposition parameters like viscosity and surface tension of the 
solvents, nature of solids present in the processor, uniform rotation speed, rotation 
time, and acceleration.  
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Figure 2.2: (a) front and (b) top view of a spin coater. 

The first step of a typical spin coating process is the dispensing step, in which the 
coating precursor is deposited over the substrate. There are two types of dispense, static 
dispense and dynamic dispense. In the static dispense, a small amount of precursor (1-
10cc) is simply deposited near the center of the substrate. The amount of precursor 
generally depends upon the size of the substrate and the viscosity of the solvent. A 
larger substrate and highly viscous solvent require a larger amount of precursor to 
cover the substrate with a uniform film. The other dispense step is dynamic dispense, 
where the substrate rotates at a low rotation speed (nearly 500 rpm). Since the rotation 
causes the precursor to spread over the substrate, a less amount of precursor is required 
to wet the surface of the substrate, and hence less waste is generated. Dynamic dispense 
is particularly advantageous if the substrate or the solvent of the precursor has a poor 
wetting ability.  The next step is the spin-up state, where the substrate is accelerated to a 
much higher rotation speed, typically between 1500-6000 rpm. This step may last from 
10 Sec to several minutes. The high rotation speed makes the precursor thin near its 
desired final thickness. The rotation time and speed are the thickness determining 
parameters of a spin coating event.  Occasionally a separate drying step is required to 
eliminate the solvents. The required time and temperature to  dry the film  depends on 
its thickness and  nature of the solvent. For thick films, this step is necessary to achieve 
its physical stability. Sometimes, further annealing is required to grow a proper crystal 
phase of the deposited material. The front and top view of a spin coater is presented in 
Fig. 2.2 a&b. 
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In our case, during the first step of ZnO NRs synthesis, we have deposited the ZnO seed 
layer on the conducting surface of FTO coated glass substrates through spin coating. In 
a typical process, a 0.5M ethanolic precursor of zinc acetate was taken as the casting 
fluid and drop casted on the substrate through static dispense. The spin coating process 
was conducted at 2000 rpm for 1 min. The spin coating event was repeated 5 times to 
achieve the desired thickness of the film. After each subsequent spin coating event, the 
film was dried under an IR lamp. Furthermore, the film was passed through a post 
deposition heat treatment at 350°C for 1.5 hr in a tubular furnace to get a stable oxide 
layer of ZnO. 

2.3.2 Chemical Bath Deposition 

Chemical bath deposition (CBD) is a cost-effective and straightforward technique to 
deposit thin films with great scope for industrial and technological purposes. CBD is 
relatively simple and economical than other chemical routes of thin-film fabrication like 
evaporation, chemical vapor deposition, molecular beam epitaxy, spray pyrolysis, etc. 
In a typical process, a substrate is submerged into a dilute solution of metal ions which 
also contains a source of hydroxide, selenite, or sulfide ions. The whole process of CBD 
requires only a casting precursor, a magnetic stirrer with a hot plate to get a well 
crystalline thin film with reasonable control over growth parameters. This process is 
reproducible and has an excellent scope for large-scale production. Temperature and 
time are the two main controlling parameters for the crystalline growth and desired size 
of a nanostructured film. Detailed thin film synthesis techniques through CBD are well 
reported in the literature [3–5].  

The solid phase formation inside a precursor involves two steps, nucleation and particle 
growth. The solid phase particle size did not depend on the rate of these two processes. 
The minimum number of molecules or ions required to form a stable phase inside a 
solution is known as the nucleus. Nucleation formation is necessary for precipitation. In 
the nucleation step, clusters of molecules inside the solution undergo rapid 
decomposition to form particles. These particles combined to create a film of a certain 
thickness. 

We have synthesized ZnO NRs on seed layer coated FTO substrates by the chemical 
bath deposition process. The detailed synthesis procedures will be discussed in the later 
chapter. Figure 2.3a&b shows the chemical bath deposition process conducted on a hot 
plate. A FESEM image of ZnO NRs deposited by chemical bath deposition is shown in 
Fig. 2.3c.  
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Figure 2.3: (a) Chemical bath deposition (CBD) on a hot plate, (b) CBD unit, and (c) SEM 
image of a ZnO NRs photoanode synthesized by CBD. 

2.3.3 Electrodeposition Technique  

Electrodeposition is a widely used, low-cost, and easily scalable technique for 
semiconductor and catalyst electrode fabrication. Apart from the two-dimensional thin 
films, various nanostructures like nanoparticles, nanorods, nanotubes, etc., can be 
grown by template-assisted or template-free electrodeposition technique. This 
technique is relatively economical and more straightforward than other lithography or 
epitaxial techniques to fabricate thin films. The whole electrodeposition process is 
conducted inside a software-controlled three-electrode electrochemical workstation in 
the presence of an electrolyte.  The three-electrode unit consists of a working electrode, 
a reference electrode, and a counter electrode. The working electrode is the electrode on 
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which the thin film is deposited. The working electrode must be chemically inert so that 
it did not react with electrolytes during the deposition process. The working electrode 
should be inert under annealing conditions because sometimes post-deposition 
annealing step is required to ensure proper crystalline phase of the material. Different 
transparent conducting oxide-coated glass-like FTO, ITO is ideal for WE as it allows 
front and back illumination during its application. Noble metals like Au and Pt are also 
used as working electrodes. The counter electrode material should be inert in a wide 
range of applied potential. Generally, Pt and carbon-based electrodes are used as the 
counter electrode. Ag/AgCl and Hg/HgO are commonly used reference electrodes. 

 

Figure 2.4: (a) Electrochemical workstation, (b) three-electrode electrochemical unit, (c) 
block diagram of the three-electrode electrochemical unit, and (d) FESEM image of 
electrodeposited ZnCo2O4 over ZnO NRs. 

The plating solution is prepared using purified water because impurities can affect the 
nucleation and the growth of the film. Before preparing the planting solution, purified 
water should be purged with inert gasses like Ar or N2 to remove the dissolved O2 
which is very active and may oxidize the metal ions and produce unwanted bulk 
precipitation. The planting solution is an ionic precursor that serves as a source of metal 
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ions. The desired concentration of metal ions is prepared by liquidized chemical species 
in water. Now a day’s different organic compounds are used in particular electroplating 
processes. The WE, CE, and RE are submerged into the electrolyte to begin the 
deposition process. A negative potential is applied at the working electrode to pass an 
electric current through the circuit. The positively charged metal ions present in the 
precursor are reduced to metal atoms at the WE surface and deposited over the surface 
of the substrate to build up a film. The thickness of the film depends on the deposition 
voltage, current, and time of deposition. After the deposition of the film, a separate 
annealing process may require to get a well crystalline phase of the film.   

Figure 2.4a-c shows the different parts of the electrochemical workstation. In our case, 
we have modified the surface of ZnO by electrodeposition of ZnCo2O4 layer with 
thermal annealing technique (FESEM image is shown Fig. 2.4d). The details of the 
deposition steps will be discussed further in a later chapter. 

2.3.4 Solvothermal/Hydrothermal Synthesis 

The solvothermal or hydrothermal process is defined as performing particular chemical 
reactions in a solvent enclosed inside sealed vessels when the temperature of the vessel 
is maintained near the critical point of the solvent via heating simultaneously with 
autogenous pressures. When water is used as a solvent, the whole process is termed the 
hydrothermal process. The precursor of the solvothermal reaction is taken as a 
homogeneous solution, suspension, or gel which contains reactants, mineralizers to 
control the pH, and organic and inorganic additives to facilitate control crystal 
morphology.  Most of the solvothermal/hydrothermal reactions occur inside a sealed 
reactor called autoclave made of stainless steel with Teflon linings maintained at a high 
temperature and pressure. The morphology and size of the final product can be 
controlled by the reaction temperature, concentration of the solution, synthesis time, 
and additives. The crystallization process inside the solvent requires two steps crystal 
nucleation and subsequent growth. When the solubility of the solute exceeds the limit 
in the solution, the solution becomes supersaturated, and nucleation occurs. Then the 
solutes precipitate and form clusters of crystals that can grow further to form a nano-
sized particle. We have synthesized metal oxide nanoparticles in the solvothermal 
route. The details of the synthesis procedures and synthesis parameters will be 
discussed further in a later chapter. 
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2.4 Material Characterization Techniques  

2.4.1 X-ray Diffraction 

X-ray diffraction is a non-destructive technique for the characterization of crystalline 
nanomaterials. Information like crystal structure, crystallographic orientation, phase, 
and other structural parameters like grain size, lattice strain, defects can be obtained 
from X-ray diffraction. When the surface of a crystal is illuminated with a 
monochromatic X-ray, atomic planes of the crystal diffract the X-ray in different 
directions according to their orientation. The intensity of the diffracted beam as a 
function of diffraction angle gives a three-dimensional idea of electron density in the 
crystal, from which the mean position of the atoms inside the crystal can be determined.  

A typical X-ray diffractometer consists of three basic elements, an X-ray tube, a sample 
holder, and an X-ray detector. Inside the X-ray tube, X-rays are generated. A filament is 
electrically heated to produce electrons. These electrons are accelerated towards a target 
by applying an electric field, and the bombardment of electrons in the target material 
gives the X-ray. Characteristics X-rays are emitted when the bombarding electrons have 
sufficient energy to knock out an inner cell electron of the target material. 
Characteristics X-rays are used in the X-ray diffraction technique. In a practical 
situation, as shown in the block diagram of the X-ray diffractometer, a beam of 
monochromatic X-ray from the X-ray tube is allowed to fall on the surface of crystalline 
material. The electrons present at the different crystal planes of the material elastically 
diffract the incident beam, forming diffracted spherical waves. In a few specific angular 
directions, these diffracted waves interfere constructively following Bragg’s law given 
by 

2d Sinθ = nλ                                                    (2.1)                                                    

Where d is the distance between successive atomic planes, θ is the angle of diffraction, λ 
is the wavelength of the incident beam, and n is an integer. The diffracted intensity of X-
rays is detected at the detector in different directions. The detector scans the diffracted 
beam through a range of 2θ angles to obtain all the constructive interference that occurs 
due to all possible planes of the crystalline material. Each crystal has a particular set of 
crystallographic planes and d-spacing. The X-ray diffraction peaks of a crystalline 
material allowed calculating the d spacing through Bragg’s law. An unknown element 
or compound is identified by X-ray diffraction by comparing its diffraction pattern with 
standard reference patterns of the Joint Committee on Powder Diffraction Standards 
(JCPDS). 
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Figure 2.5: (a) Block diagram aX-ray diffractometer in θ-2θ mode and (b) XRD pattern of 
Fe2O3 synthesized over Ti substrate. 

There are two basic systems of powder diffractometer, θ-θ system and θ-2θ system. In 
the θ-θ system, both the X-ray tube and the detector move simultaneously, but the 
sample holder is fixed, whereas, in the θ-2θ system, the detector moves at speed twice 
the rotation speed of the sample holder. In this thesis, we have used a θ-2θ system of 
Panalytical X-ray diffractometer. Fig. 2.5(b) shows the X-ray diffraction (XRD) pattern of 
Fe2O3. 

2.4.2 Electron Microscope 

A microscope that uses a highly energetic electron beam to investigate a specimen of 
submicron size is known as an electron microscope. Electron microscopes can provide 
the topographical information of the specimen, morphological information i.e., shape 
and size of the constituent particles of the sample, information about the constituent 
elements and their relative amounts in the specimen, crystallographic information, etc. 
The main advantage of an electron microscope over an optical microscope is its 
magnification power. Since the energy of an accelerated electron can be 100,000 times 
higher than the energy of a visible light photon, the magnification power of an electron 
microscope is much higher than an optical microscope. Two types of electron 
microscopes are well known, Transmission Electron Microscope (TEM) and Scanning 
Electron Microscope (SEM). The first developed microscope was a Transmission 
Electron Microscope (TEM) in 1931, which was used to see through the specimen [6]. 
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Scanning Electron Microscope (SEM) was developed in 1935 and commercialized in 
1965 [7].  

The principles of operation of an electron microscope are such that a beam of electrons 
is generated from the electron gun under a high vacuum, which is accelerated towards 
the sample using a high electric field. The beam of an electron is collimated to a fine 
monochromatic beam using electric and magnetic lenses. Then the beam is allowed to 
interact with the sample, and after an interaction, the interacting electrons are collected 
and detected at the detector and converted into an image.  

2.4.2.1 Scanning Electron Microscope (SEM) 

In the SEM instrument, an electron beam is generated from an electron gun either by 
thermionic emission or cold field emission. In the case of thermionic emission, a fine tip 
of a tungsten filament or LaB6 crystal or a ZrO/W (Schottky emitter) is electrically 
heated to generate electrons. These emitted electrons are low energy electrons needed to 
be accelerated to a specific desired energy before entering the electron column. The 
electrons are accelerated and guided by an electrostatic field maintained by applying a 
very high voltage between the source of the electron (cathode) and the anode plate. In 
cold field emission, electrons are emitted from the tungsten tip at room temperature. 
Cold field emission is advantageous because the source emits a very high electron yield 
with very low chromatic aberration suitable for imaging in atomic resolution. A high 
vacuum (10-7to 10-10 mbar) is maintained inside the SEM to avoid the burning or 
oxidation of the filament. Then the accelerated beam of an electron is made to pass 
through electromagnetic lenses, which consist of insulated copper wire windings, a soft 
iron cast, and a pole piece. An induced magnetic field is produced by passing an 
electrical current through the copper winding, and the field is guided by the pole pieces 
of the lens. The accelerated electrons are deflected by the magnetic field and take a 
circular path while passing through the lenses. The beam of electron is deflected 
horizontally and vertically by the search coil and magnetic lenses to scan the whole 
surface of a specimen. The focal width of the beam can be changed by changing the 
magnetic field strength inside the lens. SEM works in a voltage range of 2 to 50KV with 
a beam diameter ranging between 5nm to a few micrometers. Finally, the beam of an 
electron is allowed to interact with the sample surface. Energy dissipation of the 
primary electrons at the sample surface produces different signals like secondary 
electrons, auger electrons, characteristic X-rays, backscattered electrons, 
cathodoluminescence. The secondary and backscattered electrons are collected and 
distinguished by the detectors according to their energy and construct the SEM images 
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using these two signals through the imaging system.  Since the probing electron beam 
has a narrow beam diameter, SEM micrographs provide in-depth, three-dimensional 
information of the sample surface with a large-scale 

 

Figure 2.6: Block diagram of an SEM unit. 

resolution. The elemental analysis of the specimen is done by distinguishing the energy 
of the characteristics X-ray signal. When the primary electron beam collides with the 
orbital electrons of the atoms of specimen characteristics, an X-ray is emitted. Each 
element has different characteristics of X-ray energy. The constituent elements of the 
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specimen are identified by identifying the energy of the characteristics X-ray coming 
out of it during the SEM   process. The process is known as energy dispersive analysis 
of X-ray (EDAX). Figure 2.7 shows the FESEM image of ZnFe2O4 NRs deposited on an 
FTO substrate. 

 

Figure 2.7: FESEM image of ZnFe2O4 NRs deposited on an FTO substrate. 

2.4.2.2 Transmission Electron Microscope (TEM) 

In transmission electron microscopy, the beam of the transmitted electron after 
interacting with an ultra-thin specimen is used in the imaging technique. In comparison 
to SEM, the beam of electrons is accelerated to a relatively higher voltage range (80-300 
kV). Such high voltage is required to make the beam pass through a specimen of ~1μm 
thickness.  In normal operating conditions, electrons of 200-300 kV energy are typically 
used in the imaging process of a sample. However, for light elements, relatively low 
energy (less than 100kV) electron beam is required in the imaging process to avoid 
sample damage. As discussed in the previous section, when the high-energy electron 
beam interacts with the specimen, several different kinds of signals are emitted from the 
sample. Among those, two different types of signals are elastically scattered electrons 
(diffracted beam) and unscattered electrons (transmitted beam), are used in the imaging 
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process. The intensity of the transmitted electron beam is inversely proportional to the 
thickness of the sample. A specimen of higher thickness will be able to transmit fewer 
transmitted electrons (unscattered electrons) and will appear darker in the image, 
whereas a thinner specimen will be allow a more significant number of unscattered 
electrons to pass through it, will appear lighter in the image. In this technique, the dark 
and light contrast of the image of a sample is obtained.  This operational mode of TEM 
is known as bright fringe imaging. 

 

Figure 2.8: Block diagram of a TEM unit. [8]. 
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The other mode is the electron diffraction mode. When the electron beam interacts with 
a crystalline sample, many electrons suffer Bragg’s scattering at the different parallel 
atomic planes of the crystal. These scattered electrons are collected using magnetic 
lenses to form a spot pattern or fringe pattern according to the atomic spacing of the 
crystalline sample. This pattern provides information about the crystallinity, phase, 
crystal plan orientation, atomic arrangements of the sample.  High-resolution 
transmission electron microscopy (HRTEM) is a class of electron diffraction imaging 
where a resolution up to 0.2nm can be achieved, which is very efficient for observing 
lattice fringes of the crystalline specimen. In the energy filtrated transmission electron 
microscopy (EFTEM) mode, electrons having particular energies are used for imaging 
and provides information about the constituent elements of the material under 
investigation. Another mode of imaging is electron energy loss spectroscopy (EELS). In 
this technique, a specimen is illuminated by electrons with a known narrow range of 
kinetic energy, which suffers inelastic scattering at the sample with some energy loss. 
An electron spectrometer measures the loss of energy and represents in terms of what 
caused the energy loss. Figure 2.9a-c shows a typical TEM, HRTEM, and SAED 
micrograph of ZnFe2O4/CeOx heterojunction. 

 

Figure 2.9: (a) TEM, (b) HRTEM and (c) SAED image of ZnFe2O4/CeOx heterojunction. 

2.4.3 X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a quantitative spectroscopic technique to 
investigate the elemental composition, chemical state, chemical formula, and electronic 
state of the constituent elements of the material under observation. In the XPS 
technique, a sample is illuminated with a beam of energetic X-rays, and then the 
number of expelled electrons and their kinetic energy are measured. If the energy of the 
incident X-ray photon is hν then, the binding energy of the emitted electron is given by 
the Ernest Rutherford equation as given below, 



 

57 | P a g e  

Chapter 2 

BE =hν – KE - ɸspec                                                      (2.2) 

 

Figure 2.10: Block diagram of different parts of an XPS unit. 

Where KE is the kinetic energy of the emitted photon and ɸspec is the spectroscopic 
workfunction of the spectrometer. The kinetic energy of the emitted electrons provides 
information about the constituent elements of the sample. The intensity of the expelled 
electron gives an idea about the quantity of the elements present in the material. Each 
element has a unique characteristic peak of atomic orbital in the XPS spectrum. Inside 
an XPS instrument, the electron detector is placed 1m away from the illuminated 
sample. XPS is performed under ultra-high vacuum (UHV) conditions. 
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2.4.4 Ultra Violate (UV) and Visible (Vis) Spectroscopy  

Spectroscopy is a technique that deals with the interaction of the electromagnetic wave 
with the material. Ultra violate and visible lights are associated with the transitions 
between electronic energy levels of ions, atoms, or molecules. In our projected thesis, 
we have worked with different types of photoanodes to capture solar radiation and use 
it to split water by generating solar photovoltage. In the case of solar energy conversion 
with a semiconductor material, the primary requirement is that the semiconductor 
should have high absorbance in the solar broadband spectrum region. We have 
investigated the absorption behavior of our synthesized photoanode materials with UV-
Vis spectroscopy. The basic instrumentation of a UV Vis spectrometer (Fig. 2.11) is a 
light source, a monochromator (prism or grating), a sample holder, and a detector. 
When a beam of monochromatic light from the source after passing through the 
monochromator falls on the sample, a fraction of it is transmitted through the sample. 
The intensity of the transmitted beam is predicted by Beer-Lambert law 𝐼 = 𝐼0𝑒−𝜎(𝑁1−𝑁2)𝑙                                                (2.3) 

Where I0 is the incident beam intensity, σ is the absorption cross-section, l is the optical 
path length through the sample, and N1 and N2 are the population densities at the 
initial and final energy state, respectively. The Beer-Lambert equation can be written in 
the form of Beer’s law as  𝐴 =  𝜀𝑐𝑙 =  −𝑙𝑜𝑔10  ( 𝐼𝐼0)                                                        (2.4) 

Here, A is the absorption, ε is the molar absorptivity coefficient, and l is the material 
concentration. The absorption coefficient of a material is determined as the 
normalization of absorbance with respect to the optical path length following the 
equation  𝛼 (𝑐𝑚−1) = ln (10)𝑋𝐴𝑙 (𝑐𝑚)                                                              (2.5) 

In a practical UV-Vis experiment of material, we get a plot of absorbance of the material 
against the wavelength of light. Tauc plot and Kubelka-Munk plot are used to 
determine the optical band-gap of the material under investigation. In the Tauc method, 
the extrapolated baseline of (αhν)n vs. hν plot gives the optical band-gap of the material. 
The value of n is taken ½ for indirect band-gap material, and 2 for direct band-gap 
material, and hν is the energy of light. The Kubelka-Munk model is suitable for diffuse 
reflectance measurements and is associated with the calculation of Kubelka-Munk 
function (f(R)) as, 
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𝑓(𝑅) =  (1−𝑅)22𝑅 = 𝛼𝑠                                                             (2.6) 

Where R = e-A, s is the scattering coefficient. Generally, s is wavelength-independent 
which makes f(r) directly proportional to α. 

 

Figure 2.11: Block diagram of UV Vis spectrophotometer. 

2.5.2 Photoluminescence (PL) Spectroscopy 

Photoluminescence (PL) spectroscopy is a technique to probe the electronic structure of 
a material in a contactless and non-destructive path. The PL spectroscopy is conducted 
with an instrument known as a spectrofluorometer. A typical spectrofluorometer 
consists of a source of illumination, an excitation monochromator, a sample cell, slits, an 
emission monochromator, a detector, an amplifier, and a recorder, as shown in Fig. 2.12. 
A 150W Xenon arc lamp (Ozone free) is used as the source of illumination. A diamond-
turned elliptical mirror is used to accumulate the rays of light from the lamp and focus 
it on the entrance slit of the excitation monochromator.  In both the monochromators 
i,e., excitation and emission monochromator, the reflective optics technique is used to 
avoid spherical aberrations and optical rediffraction as well as to have a great spectrum 
resolution. Reflection Gratings are used in the monochromators. Two slits are used at 
the entrance and exit point of the sample cell. The slit width can control the resolution 
and the intensity of the emission spectrum. When the slit width is high more light is 
falling on the sample as well as the detector; there will be highly intense emission 
spectra, but the resolution of the spectrum will be low, and when the slit width is low, 
we will have a high resolution at the cost of the intensity of the emission spectrum. The 
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sample compartment provides several options for the attachment of solid and liquid 
samples. Two types of detectors are used in a spectrofluorometer which is signal and 
reference detector. The signal detector counts the photon coming from the emission 
monochromator. An R928P photomultiplier tube is used for this proposal. 

 

Figure 2.12: Block diagram of PL spectrophotometer. 

The reference detector monitors the source of illumination for wavelength correction. 
Silicon photodiodes are used as reference detector. When the sample under 
investigation is illuminated with monochromatic light from the excitation 
monochromator known as excitation, the electrons in the material are allowed to 
occupy higher energy levels  (excited state) by absorbing the energy of incident 
photons.  These excited electrons can return to the ground state in two ways, one is by 
releasing extra energy in the form of light known as radiative transition, and the other is 
by releasing heat known as nonradiative transitions. In the case of radiative transition, 
the energy of an emitted photon is the same as the energy difference between the two 
electronic states involved in the transition. This radiative transition is called 
photoluminescent.  PL spectroscopy can be used to determine the bandgap of a 
material, identify defects and impurities, and recombination process.  
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2.6 Electrochemical Characterization Techniques 

In this proposed thesis, we are interested in analyzing the electrochemical behaviors of 
different kinds of photoanodes inside an electrolyte in the presence and absence of 
illumination. Our samples are electrochemically characterized in a software-controlled 
three-electrode electrochemical workstation using a potentiostat (CHI 660E). Inside the 
electrochemical cell, the as-synthesized photoanodes are used as working electrodes, an 
Ag/AgCl electrode as a reference electrode, a platinum wire as the counter electrode, 
and a 0.5M Na2SO4 solution as an electrolyte. Different electrochemical techniques like 
linear sweep voltammetry (LSV), chronoamperometry (i-T), electrochemical impedance 
spectroscopy (EIS), and Mott-Schottky (MS) measurements were employed for the 
characterization of photoanodes.  A solar simulator (AM 1.5G, LCS-100, Newport, 
Model 94011A) is used as a source of illumination. 

2.6.1 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy is a highly sensitive, complex, and non-
destructive technique to characterize the frequency-dependent electrical response of a 
chemical system. Initially, this technique was widely used to measure the double-layer 
capacitance. Modern-day research is employing EIS to investigate different electrode 
processes and complex interfaces. A practical EIS experiment is conducted at open 
circuit conditions by applying an alternative potential of small amplitude (5 ~ 10 mV) in 
a wide range of frequencies (generally 0.01 to 100 kHz). 

The impedance behavior of a real photoelectrode system can be connected to different 
idealized equivalent circuits through EIS analysis. The equivalent circuits consist of 
elements like resistors, capacitors, constant phase elements, etc., with their series and 
parallel combinations.  The equivalent circuit provides information like charge transfer 
resistance, equivalent source resistance, trap capacitance, and other important 
parameters of the electrode-electrolyte system. The impedance behavior of an ideal and 
real electrode is shown in the form of a Nyquist plot (Fig. 2.13).  The Nyquist plot of a 
real system consists of a semicircular part and a real part at high frequency and low-
frequency regions, respectively. A semicircle with a larger arc indicates higher charge 
transfer resistance at the electrode-electrolyte interface due to the poor electrical 
conductivity of the material. The total impedance (Z) has a real part (Z’) and an 
imaginary part (Z’’) as  Z = Z’+ j Z’’. The imaginary part of impedance data is used to 
calculate the surface capacitance of an electrode as  𝐶 = − 1𝜔𝑍′′                                                                      (2.7) 
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Where ω is the angular frequency. 

 

Figure 2.13: Nyquist plot: Impedance spectra of an ideal and a real capacitor electrode. 
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Chapter 3 

 
Solar Water Splitting with 
ZnO/MoO3 Based n/n Type 
Core Shell Heterojunction 
Photoanodes 

Photoelectrochemical (PEC) properties of ZnO and 
ZnO/MoO3 photoanodes have been presented in this chapter. 
The underlying role of a UV active MoO3 overlayer in 
enhancing the PEC water splitting activity of ZnO nanorods 
(NRs) based photoanodes has been discussed in this chapter.  
 
A part of the content of this chapter has been published in the 
journal of  Journal of Alloys and Compounds [1] and is 
reproduced herein with permission from Elsevier.  
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3.1Preamble 

The capture of enormous solar energy in the form of the chemical bond, i.e., the next-
generation energy carrier hydrogen, is accelerating because of the growing demand for 
renewable and sustainable energy [2,3]. Since its first invention by Fujishima and 
Honda in 1972 [4], hydrogen generation technology, based on water splitting in a 
photoelectrochemical (PEC)  cell with significantly engineered solar energy harvesting 
materials, has gained tremendous importance as it reduces the enormous use of fossil 
fuels [2–5]. However, there are several challenges to fabricate ideal semiconducting 
material with certain crucial characteristics such as low cost, suitable band gap, effective 
separation of charge carrier with reduced electron-hole pair recombination, higher 
charge carrier mobility, and fast surface reaction kinetics [2,5,6]. Otherwise, these will 
limit the large-scale application of the materials in the PEC technology [2]. A single 
semiconductor material cannot harvest a pronounced portion of solar light with 
reduced charge carrier recombination and transportation to a greater extent [2]. In this 
backdrop, enormous utilization of metal oxide semiconductors are in the forefront of 
research to alleviate all the limitations [6–8]. 
Moreover, the transition metal oxides have a positive role in water-splitting activity due 
to spontaneously created oxygen vacancies, which develop mid-band-gap defect states, 
acting as light-absorbing donor sites also the multiple oxidation states leading to 
excellent photocatalytic properties [6,8–10]. Significant reports are available on water 
splitting based on earth-abundant transition metal oxide semiconductors such as TiO2, 
ZnO, Fe2O3, WO3 where the authors claimed the improvement in photocatalytic activity 
of nanostructures by minimizing all the limitations mentioned above [11–19]. Still 
extensive research is needed to employ the materials on an industrial scale.  
Among all transition metal oxides semiconductors, ZnO is extensively investigated 
because of its favorable band edge position for water oxidation and reduction, 
remarkable electrochemical activity, and low-cost earth-abundant material [20]. 
However, the band-gap (3.26 eV) positioned in the UV region (only 4% of solar 
spectrum) limits its light-harvesting operation. Though oxygen vacancies [6,7,21] in 
ZnO are very effective in harvesting visible part of the solar spectrum, high carrier 
recombination due to poor charge separation efficiency always inhibit a large amount of 
photoconversion [22,23]. Therefore, the strategy to fabricate additional oxide 
semiconductor material over ZnO i.e.; the semiconductor junction architecture, can 
mitigate those limitations up to a large extent with improved photocarrier generation 
and electron-hole separation by suppressing carrier recombination, which leads to 
higher photoconversion efficiency and improved surface reaction kinetics. Therefore, 
research related to the semiconductor junction photocatalysts materials has also been 
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proliferating rapidly to pledge a suitable platform for water splitting, reported in a few 
reviews [24–26] where authors explored the strategies employed in the junction 
architecture. 
On the other hand, MoO3, with an orthorhombic crystal structure and optical band gap 
~ 3.1 eV, has been extensively studied because of its layered structure, high 
electrochemical and catalytic properties [27,28]. It exhibits strong intralayer covalent 
bonding but displays weak Vander Waals interlayer coupling. The best part of MoO3 is 
that water molecules have an affinity to intercalate in between MoO3 layers, which 
results in the expansion of interlayer distances weakening the bond and enhancing the 
catalytically active sites [27]. Apart from that, MoO3 also acts as a hole transporting 
material and is highly stable in aqueous environment [29]. 

Following the above advantages, we have deposited MoO3 nanolayer over ZnO 
nanorods core by a simple and scalable spin coating method, and the resultant 
heterostructure acts as n-n type junction. Although several reports on several kinds of 
heterojunction [30–34] and their photon harvesting properties, there are still no reports 
on the n-n heterojunction of ZnO/MoO3 for water reduction. Herein, we have 
investigated the photoelectrochemical behavior of ZnO/MoO3 core-shell n-n 
heterojunction. We also optimized the thickness of the MoO3 overlayer by maximizing 
the photon harvesting efficiency with low carrier recombination and good 
transportation through the ZnO core materials. 

3.2 Experimental Section 

3.2.1 Synthesis of ZnO Nanorods (NRs) 

ZnO nanorods (NRs) on fluorine-doped tin oxide (FTO) substrate were grown in two 
steps aqueous chemical growth process. In the first step, a seed layer of ZnO was 
deposited over FTO substrate by spin coating method with a speed of 2000 rpm for 1 
minute, which was repeated 5 times with 0.1M ethanolic solution of zinc acetate. Each 
successive spin-coated layer was dried under an IR lamp for 1 minute, and finally, it 
was annealed at 350°C for 2 hours. After that, the seed layer was further cleaned in 
ethanol for a few minutes. In the second step, ZnO NRs were grown over the seed layer 
by dipping the seed layer coated substrate in an aqueous solution of zinc acetate and 
hexamethylenetetramine (1: 1) for 2 hours. After ZnO NRs deposition, residuals are 
washed out by distilled water and ethanol. 
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3.2.2 Fabrication of n-n Core-Shell Heterojunction 

The oxide layer of molybdenum (MoO3) was deposited over the ZnO NRs array with 
different thicknesses by repeated spin coating method with 2000 rpm for 1 minute each 
time, taking a precursor solution of ammonium tetrathiomolybdate (0.1M) dissolved in 
N,N-dimethyl formamide. The spin coating event was repeated 2, 5, 7, 9, and 11 times 
and the respective samples were marked as 2T, 5T, 7T, 9T, and 11T, respectively. Finally 
the samples were annealed at 400°C for one hour in O2 atmosphere to get the stable 
oxide layer of MoO3 over ZnO NRs, resulting in a core-shell n/n type heterojunction. 
The sample preparation steps are shown in Fig.3.1. 

 

Figure 3.1: The steps involved during synthesis of ZnO/MoO3 core-shell 
heterostructure. 

3.2.3 Material Characterization 

The surface morphology and structure of ZnO NRs and ZnO/MoO3 based photoanodes 
were characterized by field emission scanning electron microscope (FEI Quanta-200 
Mark-2) and transmission electron microscopy (JEOL JEM 2100).  The elemental 
composition was confirmed with energy-dispersive X-ray spectroscopy (EDS, Oxford 
Instruments, and EDAX) equipped with the FESEM. The crystal structure of the 
materials was investigated with grazing incidence X-ray diffraction pattern (GIXRD, 
Panalytical X’Pert Pro diffractometer) using the Cu Kα line (λ= 1.54 Å) with a step size of 
0.15°. The ionic state of the materials and also the elemental compositions of the 
materials have been confirmed with X-ray photoelectron spectroscopy analysis.  The 
optical properties of the materials were determined with the UV−Vis−NIR absorption 
spectroscopy (PerkinElmerLambda 1050 UV/Vis spectrometer) and photoluminescence 
spectroscopy (PL, Horiba, FluoroLog-3). 
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3.2.4 Photoelectrochemical (PEC) Studies 

The PEC properties of ZnO NRs and ZnO/MoO3 based photoanodes were investigated 
in detail. For this proposal, a visible light source (Visible light, 10 mW cm−2) was used to 
perform the linear sweep voltammetry (LSV), i−t amperometry, Mott−Schottky (MS), 
and electrochemical impedance spectroscopy (EIS) studies. Electrochemical properties 
were investigated with the help of a software-controlled three-electrode electrochemical 
workstation (CHI660E, CH Instruments) where ZnO and ZnO/MoO3 over FTO based 
photoanodes were used as the working electrode, a platinum wire as the counter 
electrode, and Ag/AgCl as the reference electrode. A 0.5M aqueous solution of Na2SO4 
(pH 6.4) was used as electrolyte to investigate the electrochemical characteristics of 
different photoanodes. LSV was performed in a potential (vs. Ag/AgCl) window of 
1.5V to 0V both in dark and light and also in continuous light on/off conditions. I-t 
amperometry was performed at a 0.6 V potential against Ag/AgCl. To get an idea about 
the band position of the semiconductor heterostructure, Mott−Schottky measurement 
was conducted at a frequency of 1 KHz. To investigate the charge transfer process (from 
semiconductor surface to electrolyte as well as FTO surface), electrochemical impedance 
spectroscopy (EIS) within a frequency range 1 MHz to 0.1 Hz was performed in the 
frequency response analyzer mode with an AC perturbation of  5 mV.   

3.3 Result and Discussions 

3.3.1 Morphological and Structural Analysis 

Figure 3.2a-g shows the field emission scanning electron microscopy (FESEM) top view 
images of the as-designed 1D ZnO NRs and different ZnO/MoO3, respectively. 
Hexagonal morphology of the as-prepared ZnO nanostructure is visible (Fig. 3.2a) with 
a diameter ~70-80 nm. ZnO NRs are coated with MoO3 which made the NRs heads a 
little deformed (Fig. 3.2b-g).  The cross-sectional view (Fig.3.2h) shows the length of 
ZnO NRs to be ~ 450 nm over a ~50 nm seed layer. The nine times spin-coated 
ZnO/MoO3 had an overlayer thickness of ~ 120 nm (average ~100 nm). EDAX spectrum 
(Fig. 3.3a) shows the presence of zinc, oxygen, and molybdenum in the nanostructure. 
The crystal structure of the materials was investigated by GIXRD, which is shown in 
Fig. 3.3b. The XRD pattern indicates that pristine ZnO NRs exhibit polycrystalline 
behavior with a preferential growth direction along (002) which confirms the hexagonal 
wurtzite structure having P63mc space group (JCPDS #89-1397). 
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Figure 3.2: FESEM image of (a) ZnO, (b) 2T, (c) 5T, (d) 7T, (e) 9T and (f)-(g) 11T 
ZnO/MoO3 samples. (h) cross sectional FESEM image of ZnO/MoO3 9T sample. 

It also confirms the crystalline behavior of the MoO3 spin-coated layer, which has a 
preferential growth direction along (111) with space group Pnma (reference code 00-
001-0706, X’PertHighScore Plus).  

 

Figure 3.3: (a) EDAX spectrum of ZnO/MoO3 and (b) GIXRD pattern of ZnO/MoO3 
nanoheterostructure. 

Figure 3.4a shows the transmission electron microscopy (TEM) image of a mechanically 
broken part of ZnO/MoO3, which confirms the rod-like behavior of ZnO along with 
MoO3 layer over it. From high-resolution transmission electron microscopy (HRTEM) 
image (Fig. 3.4b), the interplanar spacing ~0.26 and ~0.266 nm are corresponding to the 
ZnO (002) and MoO3 (111) lattice planes. The selected area electron diffraction (SAED) 
pattern (Fig. 3.4c) depicts the polycrystalline behavior of the sample with an interplanar 
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spacing of ~ 0.24 and ~0.266 nm corresponding to ZnO (101) and MoO3 (111), 
respectively. Scanning transmission electron microscopy (STEM) image (Fig. 3.4d) also 
confirms the rod-like behavior of the sample. Figure 3.4e-g is the elemental mapping of 
Zn, O, and Mo elements, whereas Fig. 3.4h shows uniform distribution of all elements 
along the rod.  

 

Figure 3.4: (a) TEM micrograph, (b) HRTEM micrograph, (c) SAED pattern, (d) STEM 
image, (e)-(g) elemental mapping of individual elements, and (h) elemental mapping of 
all the constituent elements of the ZnO/MoO3 heterojunction. 

3.3.2 Chemical State Analysis 

Elemental analysis by X-ray photoelectron spectroscopy (XPS) (Fig.3.5) confirms the 
presence of Zn, O & Mo in the sample, and it also gives valuable information about the 
oxidation state of the constituent elements. For ZnO/MoO3 sample, the doublet peaks at 
1044.8 and 1021.7 eV (Fig.3.5a) are attributed to the Zn 2p1/2 and Zn 2p3/2 of Zn 2p core-
level spectra. The spin-orbit splitting energy of Zn 2p core-level spectra is 23.1 eV which 
indicates the +2 oxidation state of Zn [20]. Whereas for bare ZnO NRs, the 
corresponding peaks are obtained at 1044.57 and 1021.47 eV, respectively. Therefore a 
Small shift of 0.23eV [35,36] in Zn 2p core-level spectra (Fig. 3.5a) is observed which 
might be due to the modulation of the interfacial electronic structure due to the 
formation of n-n ZnO/MoO3 heterojunction. XPS core-level spectra of O 1s (Fig. 3.5b) 
show a peak at 531.4 eV, which corresponds to the -2 oxidation state of oxygen 
associated with Zn-O and Mo-O bond formation [20,37,38]. The doublet peaks, 
positioned at 235.6 and 232.5 eV (Fig. 3.5c), are attributed to Mo 3d3/2 and Mo 3d5/2 of 
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Mo 3d core level spectra with a spin orbit energy splitting of 3.1 eV, which indicates the 
+6 oxidation states of Mo [39]. 

 

Figure 3.5: X-ray photoelectron spectroscopy of (a) Zn 2p core level spectra, (b) O 1s 
core level spectra, (c) Mo 3d core level spectra. 

3.3.3 PEC Characterizations 

Photoelectrochemical (PEC) properties of the as-prepared and MoO3 layer coated ZnO 
NRs were thoroughly investigated by linear sweep voltammetry (LSV) measurement 
i.e., by Current density (J) vs. Voltage (V) plot in dark condition (D) and illuminated 
condition (L) within an applied potential range 1.5 to 0.5V with respect to the reversible 
hydrogen electrode (RHE) at a scan rate of 100 mVS-1 (Fig. 3.6a). To show the change of 
photocurrent with respect to its dark counterpart, LSV was also conducted in the 
presence of chopped light illumination (Fig. 3.6b). Pristine ZnO NRs photoanode 
exhibits poor photocurrent enhancement with respect to its dark current counterpart. 

Photocurrent density of ZnO NRs photoanodes was found to increase after the 
deposition of MoO3 overlayer, which is also increasing with the repetation of spin 
coating up to 9 times (Fig. 3.6a). However, beyond 9-time spin-coating, the 
photocurrent density was significantly decreased. To show the change of photocurrent 
with respect to its dark counterpart, LSV curves of all the photoanodes were recorded 
under chopped light illumination (Fig. 3.6b). Figure 3.6c shows the applied bias photon 
current conversion efficiency (ABPE, η %) of the all investigated samples where ABPE 
(𝜂 %) is calculated using the following equation [40–42] 

𝜂% =  𝐽𝑝ℎ × (1.229 − 𝑉)𝑃𝑖𝑛 × 100%                                                          (3.1) 
Here, Jph is the photocurrent density measured from the linear sweep voltammetry 
curve, 1.229 V is the standard thermodynamic water splitting potential, V is the applied 
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bias potential, and Pin is the intensity of the illuminated light source (Visible light, 10 
mW.cm-2). The maximum η% value is observed for ZnO/MoO3 heterostructure with a 
value of 0.062% at ~ 0.9 V applied bias voltage with respect to RHE (ERHE= EAg/AgCl + 
E0Ag/AgCl + 0.059*pH) [2] which is 4.76 fold higher than the bare ZnO NRs photoanodes 
(0.013%). Moreover, η% value for 7T, 5T, and 2T ZnO/MoO3 samples is 0.054%, 0.044%, 
0.039%, respectively, which are 4.15, 3.38, 3 times higher than that of bare ZnO NRs. 
However, η% reduces to <0.01% for 11 times spin-coated MoO3 over ZnO NRs. Figure 
3.6d represents the photoresponse of ZnO and different ZnO/MoO3 samples under 
chopped light illumination at an applied potential 0.6 vs. Ag/AgCl.  

 

Figure 3.6: (a) Linear sweep voltammetry (LSV) curves, (b) LSV under chopped light 
illumination, (c) Applied bias photon to current conversion efficiency (ABPE, η %) plots, 
and (d) I-t (current density vs. time) amperometric curves at 0.6V potential vs. Ag/AgCl 
of all the ZnO/MoO3 photoanodes.  

Pristine ZnO NRs photoanode exhibits a current density of 3.3 µAcm-2, whereas Jph 
increases on increasing MoO3 layers and achieved a maximum value of 27.6 µAcm-2 for 
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nine times spin coating repetition, i,e. for ZnO/MoO3 (9T) sample, which is comparable 
to the already reported literature [43–45]. However, Jph reduces to 2.04 µAcm-2 for 11 
times spin-coated MoO3 over ZnO. The photocatalytic H2 evolution performance of 
ZnO and ZnO/MoO3 photoanodes were investigated with a gas chromatograph (GC), 
in the presence of 25% (Vol) methanol as hole scavenger, under visible light (Fig. 3.7a). 
The H2 evolution rate of pristine was 2 μmol.cm-2.h-1 which was increased to 5.6 
μmol.cm-2.h-1 after the deposition of MoO3 (9T).  

Figure 3.7b shows the UV-Vis absorption profile of all the samples, indicating an 
increase in absorption of visible light on increasing MoO3 layer thickness. ZnO shows a 
sharp absorption edge near 380 nm, which was shifted towards the higher wavelength 
region on adding MoO3. The band-gap of the MoO3 sample is found to be 3.12 eV (Fig. 
3.7c) which closely matches with the theoretical investigation by Guo et al. [46]. 
Absorbance in the higher wavelength range was increased due to the addition of MoO3, 
which was increasing with spin coating repetition. However, for 11T ZnO/MoO3 
sample band edge has shifted toward a smaller wavelength because of the bulk 
behavior of the sample [47]. The bulk ZnO/MoO3 11T sample may contain fewer 
defects than other samples, which may be a reason behind the increased band-gap. The 
effective band gaps of all the samples are provided in table 3.1. 

Table 3.1: Effective band-gap of different ZnO/MoO3 samples obtained from UV-Vis 
absorbance spectra. 

ZnO/MoO3 Samples Effective band gap (eV) 

2T 3.24 
5T 3.21 
7T 3.17 
9T 3.13 
11T 3.31 

MoO3 3.12 
ZnO 3.26 

 

Furthermore, We have recorded the photoluminese (PL) spectra in Fig. 3.7d, with an 
excitation wavelength of 380 nm. The high intensity of the PL spectrum indicates the 
population of near band edge defect states, which are ascribed due to emission from the 
oxygen vacancy states in MoO3[46]. On the other hand, the mid band-gap defect states 
are ascribed mainly due to the controversial deep level emission of oxygen vacancy 
(around 490 nm) states in ZnO NRs [21]. The intensity of PL emission peak increases 
due to additional MoO3 layers, but for 11T spin-coated MoO3 layer, somehow the visible 
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region defect states are reduced, which might be ascribed due to bulk behavior of the 
sample. The reduced number of defect states might also be the cause of shifting the 
absorption edge of 11 times spin-coated ZnO/ MoO3 sample. 

 

Figure 3.7: (a) Photocatalytic hydrogen evolution performance of ZnO and ZnO/MoO3 
(9T). UV-Visible absorbance spectra of (b) different ZnO/MoO3 samples, and (c) 
MoO3.(d) Photoluminescence (PL) spectra of different ZnO/MoO3 photoanodes with 
the excitation of 380 nm. 

Figure 3.8a shows the electrochemical impedance behavior of ZnO and ZnO/MoO3 

photoanodes under investigation with ac perturbation of 5 mV, and the inset of the Fig. 
3.8apresents the corresponding equivalent circuit model. The equivalent circuit 
elements for different photoanodes are summarized in table 3.2. Here, Rs denotes 
resistance appeared in between FTO and ZnO interface, Rtrap is the charge trapping 
resistance, and Rct is the charge transfer resistance appeared across the MoO3-electrolyte 
interface. Rct for each sample is plotted in Fig. 3.8b shows that on increasing thickness 
by repeating the spin coating event from 2 to 9 times, Rct decreases, resulting in 
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enhanced charge carrier mobility and hence photocurrent and photoconversion 
efficiency[48]. 

 

Figure 3.8: (a) Electrochemical impedance spectroscopy plot (inset: equivalent circuit), 
(b) variation of charge transfer resistance (Rct) of different ZnO/MoO3 samples, (c) 
Mott-Schottky plot, (d) band straddling of ZnO and MoO3 with respect to water 
oxidation and reduction potential. 

Again, Rct is much higher for 11 times spin-coated sample, which represents the bulk 
behavior of the sample. Charge transfer resistance largely depends on electrochemically 
active surface area i,e., the contact area between electrode and electrolyte. It is evident 
from FESEM images that the space between the consecutive ZnO NRs and heads of the 
ZnO NRs are entirely blocked by MoO3 for 11 times spin coating. Therefore, the 
electrochemically active surface area has been reduced than the other samples. 
Therefore the water oxidation rate at the anode interface has slow down due to the poor 
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charge transportation at the electrode electrolyte interface. Apart from that, the intensity 
of incident light decreases exponentially as it traversed through a material. It will be 
able to penetrate a certain thickness of a material only by generating electron-hole pair. 
After that, the addition of extra thickness will serve as a resistive element in the circuit 
since light will not generate electron-hole pair in that extra thickness, which may be a 
reason behind the increased Rct value in 11T sample. Also, the Rct vale for 11T sample 
may have increased due to the presence of less defect states than other samples. Charge 
carrier mobility again depends on the interfacial electronic structure of MoO3 and ZnO. 
Therefore, higher photoconversion efficiency is due to effective modulation of 
interfacial electronic structure, which has enhanced the mobility of the charge carrier.  

Table: 3.2 Electrochemical impedence spectroscopy, fitted data in circuit. 

ZOMO 
Samples 

Rs 
Ω.cm-2 

Rtrap 

Ω.cm-2 
Rct 

Ω.cm-2 
Cbulk 

Farad 
Css 

Farad 
Error 

2T 7.576 5.974 4.479x104 1.756x10-5 7.231x10-8 0.07 
5T 7.552 11.98 3.630x104 3.54x10-5 3.018x10-8 0.09 
7T 7.705 8.195 3.500x104 3.078x10-5 4.272x10-8 0.09 

9T 7.709 9.392 2.832x104 2.257x10-5 3.673x10-8 0.08 
11T 8.834 14.770 2.206x105 1.694x10-5 2.246x10-8 0.14 
ZnO 8.156 13.653 1.870x105 1.703x10-5 2.135x10-8 0.11 

 

The space charge behavior of the samples in the electrolyte solution was investigated by 
Mott-shottky measurement governed by the following  equation[2,49–52] 1 𝐶𝑠2 = 2𝑒𝜖𝜖0𝐴2𝑁𝑑 (𝑉 − 𝑉𝑓𝑏 − 𝑘𝑇𝑒 )                                         (3.2)  

Where Cs is the space charge capacitance, e, the electronic charge, V, the applied bias 

voltage, Vfb, the flat band potential and, 𝑘𝑇𝑒 , the temperature correction term,𝜖 and𝜖0are 

the permittivity of semiconductor and free space, respectively. The slope of this 
equation determines the behavior of the working electrode as either p type or n-type 
and also the condition when no space charge is formed, which provides the value of flat 
band potential and hence the position of Fermi level, which is very close to the 
conduction band for n-type photoanode. From the positive slope of the Mott-Shottky 
curve in Fig. 3.8c, it is confirmed that individual ZnO and MoO3 samples behave as n-
type semiconductors and the flat band potential of ZnO and MoO3 is -0.54 and -0.74 V, 
respectively vs. NHE. Therefore, due to the difference in conduction band position, 
electron can migrate easily from MoO3 to core ZnO NRs and charge separation is 
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accelerated. Figure 3.8d shows the band edges straddling of the samples, which indeed 
confirm that upon irradiation of visible light, the generated electron-hole pair have 
sufficient energy to oxidize and reduce water to give oxygen and hydrogen. 

 

Figure 3.9: Chemical structure of MoO3. 

The structure of MoO3 provides certain advantages in water splitting. There are three 
unique oxygen atoms in MoO3constitute distorted edge shared octahedra [53]. As 
shown in Fig. 3.9, the Mo-O layers in MoO3 are terminated by a non-bridging O1 site, 
which lays on the outer side of the layer, which is exposed to the electrolyte. The 
external Mo-O arrangement creates an additional dipole layer which reduces the 
internal electrostatic force and accelerates the charge transfer rate. Moreover, the 
external oxygen anion traps electrons and prevents electron-hole recombination. Also, 
due to large work function (6.6 eV) and dipole present in the external Mo-O layer, it 
easily transfer hole for water oxidation [46,53]. Additionally, oxygen vacancy at twofold 
O2 site is more stable, and it acts as a shallow donor, which indeed enhances the 
conductivity of the sample[46]. Another aspect of the addition MoO3 layer is that the 
absorption of visible light increases. However, there exists a critical thickness of MoO3 
for which a balance is achieved between higher carrier generation and more 
recombination in the trap states in the thicker MoO3 layer. Therefore, no further 
increase in photocurrent is possible after a certain thickness, and in fact, it decreases. 
The photoelectrochemical eater splitting performance of ZnO/MoO3 photoanodes has 
compared with the literature in table 3.3. 
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Table 3.3: Photoelectrochemical performance of ZnO-based heterojunction. 

Heterojunction Incident light Aqueous 
reaction 
solution 

Photocurrent 
density 

(mA/Cm2) 

Applied 
potential 

(V) 

ZnO/TiO2 nano 
particle [43] 

Wave length 
365nm, 1.2 
mW/Cm2 

1 mM NaNO3 0.006 0.4 (Vs 
Ag/AgCl) 

ZnO@TiO2 Core−Shell 
Nanostructures [54] 

AM 1.5G  light 
illumination, 
100mW/Cm2 

0.1 M NaOH 0.4 1.23(Vs 
RHE) 

ZnO/ Bi2S3 [44] Wave 
length>395nm 

0.1 M KOH 0.25 0.8 (Vs 
Ag/AgCl) 

C-ZnO [20] Wave length> 
420nm, 10 
mW/Cm2 

0.5M Na2SO4 0.0148 0.3(Vs 
Ag/AgCl) 

ZnO/ CuFeO2 [55] Wave length> 
420nm, 10 
mW/Cm2 

0.5M  Na2SO4 0.054 1.2(Vs 
Ag/AgCl) 

ZnO/ BiVO4 [56] AM 1.5G  light 
illumination, 
100mW/Cm2 

0.3M  Na2SO4 2.60 1.5(Vs 
RHE) 

ZnO/ In2O3 [57] Wave length> 
420nm, 200 
mW/Cm2 

0.5M  Na2SO4 0.75 0.5(Vs 
Ag/AgCl) 

ZnO/ MoO3 (Present 
work) 

Visible light, 10 
mW/Cm2 

0.5M  Na2SO4 0.026 0.6(Vs 
Ag/AgCl) 

 

3.4 Conlcusions 

In summary, we employ a low-cost, easy, and scalable spin-coating strategy to fabricate 
ZnO/MoO3 nano heterostructure on the FTO substrate, which is indeed the first time 
demonstration of making this particular N-N heterostructure for hydrogen generation 
to the best of our knowledge. After thorough investigation, it is evident that the 
introduction of MoO3 shell layer over ZnO NR cores remarkably improves the visible-
light-driven PEC activity. We find that the thickness of the outer MoO3 shell layer has a 
crucial role in tailoring the PEC properties. The critical thickness for maximum 
photocurrent generation (27.6 µAcm-2) is about 100 nm, for 9T ZnO/MoO3 NHs with a 
visible light source having an intensity of 10 mWcm-2 which is 8.3 times higher than 
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bare ZnO NRs.  Photoluminescence study suggests the population of near band defect 
states, shallow donor as well as deep level oxygen vacancy states which are the reason 
of enhanced photocurrent. Smaller photocurrent transient decay parameter of 9T 
ZnO/MoO3 than the 2T, 5T, 7T ZnO/MoO3 leads to higher conductivity and faster 
charge transportation. Furthermore, EIS data suggests the reduced charge transfer 
resistance of the NHs. In addition to the band bending in the interfacial region as 
elucidated from MS plot, Mo-O dipole layer also helps the electron-hole pair for easy 
separation and migration from the space charge region. Finally, we find 4.76 fold 
enhancement of ABPE efficiency for 9T spin-coated sample with efficiency value 0.062% 
at 0.9V vs. RHE. Moreover, 5.6µmolcm-2of hydrogen is produced only by visible light 
illumination with enhanced stability. Therefore, N-N heterojunction engineering with 
ZnO/MoO3 might be a potential strategy to mitigate the limitations involved in solar 
energy conversion in PEC cells. 
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Chapter 4 
CoFe2O4/ZnO and NiFe2O4/ZnO, 
an n/n and p/n type-II 
Heterojunction Photoanode for 
Solar Fuel Generation 

Poor light absorption, severe surface charge recombination 
and fast degradation are the key challenges with ZnO 
nanostructures based electrodes for photoelectrochemical 
(PEC) water splitting. This chapter demonstrates the 
designing of an efficient nano-heterojunction photoelectrode 
by integrating earth abundant, chemically stable, narrow 
band-gap transition metal spinel ferrites MFe2O4 (M = Co and 
Ni) nano-particles on ZnO nanorod arrays, which offers 
excellent PEC activity.  
A part of the content of this chapter has been published in the 
journal of Nanotechnology [1] and is reproduced herein with 
permission from IOP science. 
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4.1 Preamble 

In the era of energy demand and environmental crisis, solar energy technologies are at 
the frontline of renewable energy research [2–4]. Solar energy is the most abundant 
form of renewable energy resource and is considered the ultimate solution to the global 
energy crisis [4]. Energy-dense hydrogen fuel is the next generation energy carrier. It 
has tremendous potential to be used for the replacement of fossil fuels due to its 
minimal impact on the environment. However, the green and eco-friendly production 
of hydrogen fuel through water splitting by using solar power remain challenging. 
Photoelectrochemical (PEC) water splitting is a cost-effective and scalable approach to 
convert and store solar energy in the chemical bond of hydrogen, which can be used on 
a global scale energy demand [5]. H2 and O2 are produced during PEC water splitting 
at two macroscopically different places, cathode, and anode, respectively, submerged in 
an aqueous electrolyte [6,7]. In semiconductor electrodes, the photo-excited holes 
convert the hydroxyl (OH) to O2 at the photoanode surface through oxygen evolution 
reaction (OER), whereas the electrons reduce the hydronium molecules (H3O+) to H2 
gas at the photocathode through hydrogen evolution reaction (HER) [8]. However, the 
slow OER rate and large overpotential of semiconductor photoanodes limit their 
application at PEC cells towards large-scale hydrogen fuel production [9,10]. To reduce 
the overpotential and boost the OER rate by enhancing charge carrier generation, 
separation, and transportation, it is necessary to design photoanodes with 
electrochemically stable and earth abundant materials in a cost effective way.  
Over the past few years, numbers of photoactive semiconductors such as TiO2, GaN, 
BiVO4, InGaN, WO3, g-C3N4, and ZnO were reported as photoanode materials for PEC 
cells [11–16]. Among those materials, ZnO is extensively explored as a photoanode due 
to its natural abundance, facile synthesis, low cost, low toxicity to the environment, and 
proper band position with respect to water oxidation and reduction potential [17–19]. 
The higher electron mobility of ~ 205 cm2V−1s−1 and longer minority carrier diffusion 
length makes ZnO one of the most promising photoanode material [20,21]. However, 
the wide band gap, suitable to absorb only the UV radiation of solar spectrum (less than 
5% of total solar spectrum), and the poor photo-stability of ZnO limits its efficiency and 
utilization as a photoanode material [12,19,22]. To overcome these limitations and 
enhance its photoactivity, different strategies are employed, such as designing of ZnO 
nanostructure based photoanode to facilitate the charge transportation, elemental 
doping, which tune the band gap and enhance the conductivity, hetero-architecture 
development between ZnO and a visible light active narrow band gap material which 
efficiently increase the overall absorbance and charge separation and plasmonic nano-
particles deposition to improve the optical absorbance [18,21,23–26]. Light absorbance 
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in semiconductor-based nano-heterojunction photoanodes (between a wide and narrow 
band gap material) has improved due to the presence of a narrow band gap 
semiconductor. Moreover, suitable band alignment at heterojunction increase the 
charge separation and photocarrier lifetime.  
In this backdrop, the earth-abundant transition metal ferrite semiconductors with the 
empirical formula of MFe2O4 (M=Ni, Cu, Co, Zn etc.) have gained sufficient attention as 
narrow band gap electrode materials because of their visible-light-driven photoactivity, 
high chemical and structural stability, low cost, low toxicity and easy recycling for their 
magnetic behavior  [27–31]. Magnetic ferrites (MFe2O4) have a spinel crystal structure. 
Inside the spinel structure, metal cations M and Fe arrange themselves in the octahedral 
and tetrahedral sides, and oxide anions occupy the cubic closed-packed lattice sites [29]. 
The random hopping process among the different oxidation states of transition metal 
ions is helpful in charge transport and is a reason behind the good electrical 
conductivity of the ferrites [30]. Moreover, the metal ions in the octahedral side of the 
spinel provide the electrochemically active sites for OER [32,33]. Considering this, 
different magnetic ferrite-based nano-heterostructures are synthesized with enhanced 
PEC properties. In the family of metal ferrites, CoFe2O4 and NiFe2O4 are the two 
extensively studied attractive materials with the optical band-gap of ~1.6 and 2.19 eV, 
respectively [30,34,35]. The n-type CoFe2O4 based nano-heterostructures have been used 
for waste water treatment, catalysis, water splitting, and organic/inorganic pollutant 
removal [36,37]. CoFe2O4 nanoparticles anchored 3D carbon fiber papers were used as 
OER electrocatalyst leading to a small overpotential of 378 mV to achieve a current 
density of 10 mAcm2 [38]. Chang et al. have reported the H2 production rate of 1650 
μmolg−1h−1 by using CoFe2O4/ZnS heterostructure electrode [39]. Hafeez et al. also have 
reported an H2 production rate of 76559 μmolg−1h−1 using reduced graphene oxide 
(rGO)-supported CoFe2O4/TiO2 photocatalyst [35]. Similarly, the p-type semiconductor 
NiFe2O4 has shown excellent performance for water splitting, degradation of organic 
pollutants, and other photocatalytic applications. Enhanced photocatalytic activity and 
an H2 generation rate of 904 μmol h-1 under visible-light were reported for NiFe2O4/P-
doped g-C3N4 nano-composite electrode [30]. Liang et al. synthesized reduced graphene 
oxide (RGO) coupled NiFe2O4 NPs electrode having excellent photodegradation 
performance of organic pollutants and superior recycling stability [40]. An applied bias 
photon-to-current efficiency (ABPE) of 0.206% was reported for p-NiFe2O4/n-Fe2O3 

composite, which is 4.7 times higher than that of pure hematite [31]. Core-shell type 
NiFe2O4/TiO2 was reported to have enhanced photocatalytic water splitting activity 
[41]. NiFe2O4 and CoFe2O4 modified TiO2 nanorods arrays were also reported to exhibit 
enhanced photoelectrochemical and photocatalytic properties [42]. 
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In this work, we have assembled solvothermally synthesized CoFe2O4 and NiFe2O4 NPs 
and ZnO NRs, grown on fluorine-doped tin oxide (FTO) glass resulting the formation of 
type-II n-n and p-n heterojunction photoelectrodes, respectively. The three-dimensional 
(3D) morphology of the photoelectrode obtained by anchoring CoFe2O4/NiFe2O4 NPs 
on one dimensional (1D) ZnO NRs provides a large electrochemically active surface 
area, where the narrow band gap ferrites help to harvest the solar UV-visible light 
effectively. The type-II band alignment at the heterojunction improves rapid 
photocarrier separation and reduced electron-hole pair recombination leading to 
enhanced photocurrent density and applied bias photon-to-current efficiency as high as 
1.23 mA.cm-2 at 1.23 V vs. RHE and 0.32% for the ZnO/NiFe2O4 photoanode. Here, 
photocatalytic water splitting performance of the ZnO/CoFe2O4 and ZnO/NiFe2O4 

nanoheterojunction photoanodes has been studied, exploring the basic science involved 
in the photocarrier dynamics. 

4.2 Experimental Methods 

4.2.1 Synthesis of ZnO Nanorods (NRs)  

Vertically aligned arrays of ZnO NRs were grown on the conducting surface of fluorine-
doped tin oxide coated glass substrates (FTO, Sigma Aldrich, surface resistivity ~7 
Ω/cm2) as reported previously [43]. At first, a thin seed layer of ZnO was deposited on 
the FTO through spin coating using appropriate precursor followed by annealing. Later 
on, the seed layer coated FTO substrates were inserted into an equimolar aqueous 
solution of Zinc Acetate, and Hexamethylenetetramine maintained at 90°C and for 2 
hours under continuous stirring to fabricate arrays of ZnO NRs. 

4.2.2 Synthesis of MFe2O4 (M= Co and Ni) Nano-Particles (NPs) 

MFe2O4 (M= Co and Ni) NPs were synthesized by a facile solvothermal method using 
oleylamine as a capping agent. Precursors MCl2 (M = Co or Ni), 6H2O (~ 0.36 gm) and 
FeCl3, 6H2O (~ 0.82 gm) are taken in 1:2 molar weight ratios with Urea (~ 0.53 gm) as 
reducing agent dissolved in 30 ml 2:1 mixture of Ethylene Glycol (EG) and Ethyl 
Alcohol. Afterward, Oleylamine (1ml) was added to the precursor solution, and a clear 
homogeneous solution was obtained through stirring for 30 min. Finally, this solution 
was transformed into a 50 ml sealed Teflon-lined stainless steel autoclave and heated at 
200°C for 15 h in an oven. The as-prepared MFe2O4 NPs were washed extensively by 
ethanol and distilled water and collected through magnetic separation, and dried by 
heating at 60°C for 30 min. 
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4.2.3 Fabrication of ZnO/CoFe2O4 and ZnO/NiFe2O4 Hetero-Junction 

Photoanode 

To prepare the ZnO/MFe2O4 (M= Co or Ni) heterojunction photoanodes, first MFe2O4 

NPs were dispersed in EG at a 1mg/ml concentration through ultra-sonication for 2 hr 
and spin-coated on the ZnO NRs encrusted FTO substrates at 2000 rpm for 1 min. The 
spin coating of MFe2O4 NPs was repeated for 5 times, and after each coating, ZnO 
NRs/FTO substrates were dried under an IR lamp for 10 min and finally, the 
ZnO/CoFe2O4 and ZnO/NiFe2O4  heterojunction electrodes were prepared through 
heat treatment at 500 °C for 2 hr in a tube furnace in air. 

4.2.4 Material Characterization 

The crystal structures of MFe2O4 NPs and ZnO/MFe2O4 heterojunctions were 
characterized using the X-ray diffraction (XRD, Panalytical X’Pert Pro diffractometer) 
technique, using the Cu Kα radiation (λ = 1.54 Å). Morphology of as-synthesized 
different nanostructures was inspected by field emission scanning electron microscope 
(FESEM, FEI Quanta-200 Mark-2) and transmission electron microscopy (TEM, JEOL 
JEM 2100). Elemental compositions of as-synthesized heterojunction photoanodes were 
investigated with energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments) 
equipped with the FESEM. Optical characteristics of different nanomaterials were 
examined with UV–Vis absorption spectroscopy (Perkin Elmer Lambda 105 0UV-Vis 
spectrometer) and photoluminescence spectroscopy(PL, Horiba, FluoroLog-3).  

4.2.5 Photoelectrochemical (PEC) Study 

PEC properties of as-synthesized ZnO NRs, ZnO/CoFe2O4, and ZnO/NiFe2O4 

heterojunction electrodes were investigated using a software-controlled three-electrode 
electrochemical workstation (CHI660E), where ZnO NRs, ZnO/CoFe2O4, and 
ZnO/NiFe2O4 heterojunctions were used as working electrodes. A platinum wire and 
Ag/AgCl electrode were employed as counter and reference electrodes, respectively, in 
the PEC cell containing 0.5M Na2SO4 aqueous electrolyte (pH 6.4) under the simulated 
solar illumination of intensity 100 mW.cm-2 (AM 1.5G, LCS-100, Newport, Model 
94011A). Electrochemical and photoelectrochemical properties of the as-prepared 
electrodes were studied by performing Linear sweep voltammetry (LSV), Chrono-
amperometry (i-T), Open circuit potential vs. time plot (OCPT), Mott-Schottkyplot (MS), 
and Electrochemical impedance spectroscopy (EIS) under dark and illumination 
conditions. The applied bias potential (vs. Ag/AgCl) was converted to Reversible 
Hydrogen Electrode (RHE) scale using the equation 

https://www.sciencedirect.com/topics/materials-science/transmission-electron-microscopy
https://www.sciencedirect.com/topics/materials-science/absorption-spectroscopy
https://www.sciencedirect.com/topics/materials-science/photoluminescence
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ERHE = EAg/AgCl + 0.059pH + E0Ag/AgCl                                (4.1) 

where, EoAg/AgCl= 0.1976 at 25°C and EAg/AgClisthe experimentally recorded potential 
against Ag/AgCl reference electrode.  

4.3 Result and Discussions 

4.3.1 Morphological and Structural, and Chemical Analysis 

Figure 4.1a, b, and c are the FESEM images of as-synthesized ZnO NRs, CoFe2O4 NPs, 
and NiFe2O4 NPs, respectively. Hexagonal morphology of vertically oriented one 
dimensional (1D) ZnO NRs of ~90 nm diameter is evident from Figure 4.1a.  

 
Figure 4.1: FESEM images of (a) pristine ZnO NRs, (b) CoFe2O4 NPs, (c) NiFe2O4 NPs, 
(d) ZnO/CoFe2O4 and (e) ZnO/NiFe2O4 heterostructures. Cross-sectional view of (f) 
ZnO/CoFe2O4 and (g) ZnO/NiFe2O4 heterostructure. Elemental mapping of the nano-
heterostructures obtained from EDAX: (h) Zn, (i) O, (j) Fe, (k) Co, and (l) Ni.  
 
The nearly spherical morphology of the as-prepared NiFe2O4 and CoFe2O4 NPs of 
average dimension~70 to 80 nm is confirmed from the FESEM micrographs. Figure 4.1d 
& e are the top view FESEM images of the ZnO/CoFe2O4 and ZnO/NiFe2O4 nano-
heterojunction electrodes. It is clear from FESEM images that the anchoring of 
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CoFe2O4/NiFe2O4 NPs covers the heads and the sidewalls near the heads of the ZnO 
NRs uniformly for the nano-heterostructures (Fig. 4.1f & g).  
However, the CoFe2O4/NiFe2O4 NPs cannot uniformly cover the whole ZnO NRs to 
form a core-shell type structure because of their large dimension, which is bigger than 
the space between the successive ZnO NRs. Elemental composition and the distribution 
of CoFe2O4/NiFe2O4 NPs over ZnO NRs were studied by EDAX element mapping 
(Fig.4.1 h-l). Figure 4.2 shows the XRD pattern of all the different as-prepared 
nanostructures. Synthesis of polycrystalline NiFe2O4 (JCPDS#10-0325) and CoFe2O4 
(JCPDS#22-1086) NPs with a preferential growth direction along [311] was confirmed 
with XRD [44,45]. 
 

 
Figure 4.2: XRD pattern of the as-prepared nanostructures. 

 

The XRD patterns of pristine ZnO NRs, ZnO/CoFe2O4, and ZnO/NiFe2O4 

heterostructures confirm the polycrystalline hexagonal wurtzite structure of the  ZnO 
NRs  (JCPDS#89-1397)  with  P63mc space group symmetry, with a preferential growth 
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direction along [002] [43]. However, the absence of diffraction peaks for CoFe2O4 and 
NiFe2O4 in the heterostructures is because of the presence of a very small quantity of the 
NPs in the nano-heterostructures[7]. 
Figure 4.3a, b, e, and f display the TEM micrographs of as prepared CoFe2O4 NPs, 
NiFe2O4 NPs, ZnO/CoFe2O4, and ZnO/NiFe2O4 heterojunction electrodes, respectively. 
TEM images confirm the formation of CoFe2O4 and NiFe2O4 NPs as well as the 1D ZnO 
NRs and CoFe2O4/NiFe2O4 NPs nano-heterojunction. Figures 4.3b and f confirm the 
anchoring of CoFe2O4 and NiFe2O4 NPs over the head and adjacent side walls to the 
head of ZnO NRs. The image of the lattice fringes of the ZnO NRs/MFe2O4 (M= Co, Ni) 
NPs heterojunctions obtained from the high-resolution TEM (HRTEM), with d-spacing 
of ~0.24 and ~0.2 nm (Fig.4.3c) corresponds to the ZnO (101) and CoFe2O4 (400) planes, 
respectively. In Fig. 4.3g, the d-spacing of ~0.24 and ~0.2 nm represents the ZnO(101) 
and NiFe2O4 (400) planes, respectively. The Selected area electron diffraction (SAED) 
pattern of ZnO/CoFe2O4 and ZnO/NiFe2O4 heterojunctions shown in Figure 4.3d and 
h, respectively, displays the polycrystalline behavior of the samples and also confirms 
the formation of heterojunction between ZnO NRs and MFe2O4 (M = Co, Ni) NPs. 
 

 
 

Figure 4.3: TEM micrograph of (a) CoFe2O4 NPs and (b) ZnO/CoFe2O4 heterostructure. 
HRTEM image of (c) ZnO/CoFe2O4heterojunction. (d) SEAD pattern of ZnO/CoFe2O4 

heterostructure. TEM micrograph of (e) NiFe2O4 NPs and (e) ZnO/NiFe2O4 

heterostructure. HRTEM image of (g) ZnO/NiFe2O4 heterojunction. (h) SAED pattern of 
ZnO/CoFe2O4 heterostructure. 
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4.3.2 PEC and Optical Characterizations 

Figure 4.4a presents the linear sweep voltammetry (LSV) curve i,e. the plot of current 
density vs. applied potential (in RHE) for the ZnO NRs, ZnO/CoFe2O4, and 
ZnO/NiFe2O4 heterojunction photoelectrodes under dark and illumination. The dark 
current density of all the photoelectrodes was found the same and close to 0.15 mA.cm-

2. Under illumination, the as-prepared ZnO NRs photoanode exhibits a photocurrent 
density of 0.6 mA.cm-2 at 1.23 V with an onset potential of ~0.54V vs. RHE. 
Photocurrent density of pristine ZnO NRs photoanode was found to improve 
significantly after the decoration of CoFe2O4/NiFe2O4 NPs over the NRs. The 
ZnO/CoFe2O4 heterojunction photoanode shows a photocurrent density of 1.13 mA.cm-

2 at 1.23 V with an onset potential of ~0.48V vs. RHE, whereas a photocurrent density of 
1.23 mA.cm-2 at 1.23 V with an onset potential of 0.44 V vs. RHE was achieved from the 
ZnO/NiFe2O4 heterojunction photoanode. More than two times increase of the 
photocurrent density was recorded for the CoFe2O4, or NiFe2O4 NPs anchored ZnO NRs 
compared to pure ZnO NRs. In comparison to the as-prepared ZnO NRs, a cathodic 
shift of 60 and 100 mV was observed for ZnO/CoFe2O4 and ZnO/NiFe2O4 photoanodes, 
respectively, which indicates their enhanced charge separation efficiency in the low 
applied potential range. The current density vs. applied potential plots of the 
photoelectrodes under chopped illumination (Fig.4.4b) clearly suggests that the 
incorporation of CoFe2O4/NiFe2O4 NPs significantly enhances the photo-response of 
pristine ZnO NRs.  
The applied bias photon-to-current efficiency (ABPE, 𝜂%) of the photoanodes was 
calculated (Fig. 4.4c) from LSV plots using the following equation; [46–48] 𝜂% = 𝐽𝑝ℎ × (1.229 − 𝑉)𝑃𝑖𝑛 × 100%                                        (4.2) 
where Jph is the photocurrent density measured from LSV, 1.229 V is the standard 
thermodynamic water splitting potential, V is the applied potential in RHE, and Pin is 
the power of the illumination (100 mW.cm-2).  

As shown in Fig. 4.4c, pristine ZnO NRs photoanode exhibits only 0.11% ABPE at 0.8 V 
vs. RHE, whereas the maximum value of ABPE reaches 0.26% at 0.79V and 0.32% at 
0.78V vs. RHE for ZnO/CoFe2O4 and ZnO/NiFe2O4 photoanodes, respectively. 
Compared to bare ZnO NRs, 136 and 190% increment in ABPE was recorded after 
incorporating CoFe2O4 and NiFe2O4 NPs over ZnO NRs.  

Figure 4.4d shows the chrono-amperometry (i.e., current density vs. time) plots of all 
the photoanodes recorded at a potential of 0.4V vs. Ag/AgCl electrode, under 40 sec 
light on/off cycle. 
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Figure 4.4: (a) Dark and under illumination LSV plots, (b) LSV profile under chopped 
light illumination, (c) applied bias photon-to-current conversion efficiency (ABPE, %) 
plots, (d) chrono-amparemmetry plots recorded at 0.4V vs. Ag/AgCl under 40 sec light 
on/off cycle. 
 
All the as-prepared photoanodes were found to show nearly similar dark current 
behaviour with a typical current density of 0.15-0.17 mA.cm-2 at 0.4 V vs. Ag/AgCl. It is 
evident from Fig.4.4d that both the ZnO/CoFe2O4 and ZnO/NiFe2O4 photoanodes offer 
remarkably enhanced photo-switching compared with the bare ZnO NRs. The 
ZnO/NiFe2O4 heterojunction photoanode shows the best photo-response with a 
photocurrent density of 1.17 mA.cm-2, whereas the ZnO/CoFe2O4 and bare ZnO NRs 
have shown the photocurrent density of 1.05 and 0.3 mA.cm-2, respectively. A transient 
decay of photocurrent density was observed in the chrono-amperometric profile (Fig. 
4.4d) of the photoanodes immediately upon illumination. The generation of large 
number of electron-hole pairs upon illumination results in the sharp spike in 
photocurrent followed by transient decay of photocurrent due to carrier recombination. 
Photocurrent reaches a steady state when the photo-carrier generation and carrier 
recombination reaches equilibrium. The transient decay time can be estimated from the 
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logarithmic plot of the parameter D, [49,50] by using D = (JtJs)/(JmJs), where, Jt is the 
photocurrent density at time t, Jm is the photocurrent density spike, and Js is the steady-
state photocurrent density (inset of Fig. 4.5). The time at which ln(D) reaches -1 defines 
the transient decay time of the electrode [49]. The calculated transient decay time (from 
Fig. 4.5) for ZnO NRs, ZnO/CoFe2O4, and ZnO/NiFe2O4 nano-heterostructures are 0.6, 
1, and 1.75 sec, respectively. As the low recombination rate results in prolonged 
transient decay time, the increase in transient decay time of the CoFe2O4 and NiFe2O4 
NPs anchored ZnO NRs photoanodes over pristine ZnO NRs indicates the reduced 
photocarrier recombination of the nano-heterostructures. The formation of 
heterojunction between ZnO and CoFe2O4/NiFe2O4 has significantly quenched the 
carrier recombination probability and results in better carrier separation and 
transportation. 
 

 

Figure 4.5: ln D vs. Time plot of all the as-prepared photoanodes. 

The enhanced light absorption of the photoelectrodes to efficiently generate electron-
hole pairs to produce a reasonable amount of photocurrent is the first step in PEC water 
splitting. The light absorption property of as-prepared electrodes was investigated with 
UV-Vis spectroscopy. Figure 4.6a shows the UV-Vis absorption spectra of the pristine 
ZnO NRs, ZnO/CoFe2O4, and ZnO/NiFe2O4 heterojunction electrodes. 

Band-gap of the as-prepared ZnO NRs, CoFe2O4, and NiFe2O4 NPs were calculated from 
the individual UV–Vis absorption spectrum (Fig.4.6a &b) by Kubelka Munk plots 
(Fig.4.6c-e). ZnO NRs exhibit a sharp absorption edge at the wavelength of 378 nm 
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(band-gap energy of 3.26 eV), which can only absorb the UV light of the solar spectrum. 
The band-gap of CoFe2O4 and NiFe2O4 NPs was estimated to be 1.6 and 2.18 eV, 
respectively. Because of the narrow band-gap, both the CoFe2O4 and NiFe2O4 NPs can 
absorb visible light. In comparison to pristine ZnO NRs, absorbance in the visible light 
region was significantly improved, and a remarkable red shift in the absorption edge 
was observed after the formation of ZnO/CoFe2O4 or ZnO/NiFe2O4 nano-
heterojunction (Fig. 4.6a), which may be due to the formation of near band edge defect 
levels/interfacial states as a result of heterojunction formation [51,52]. 

 

Figure 4.6: UV-Vis spectra of (a) different as prepared photoanodes and (b) CoFe2O4 & 
NiFe2O4 NPs. Kubelka Munk plot of (c) ZnO, (d) CoFe2O4 and (e) NiFe2O4. (f) PL 
emission spectra of the different as prepared photoanodes. 
 
UV-Vis spectra indicate that light absorbance of bare ZnO NRs was notably improved 
due to the anchoring of low band gap CoFe2O4 and NiFe2O4 NPs on ZnO NRs. 
Enhanced light absorption in the visible wavelength regime leads to the generation of a 
larger number of photocarriers in ZnO/CoFe2O4 and ZnO/NiFe2O4 photoanodes 
compared to pristine ZnO resulting in higher photocurrent density. The ZnO/NiFe2O4 

heterojunction exhibits a maximum red shift in the absorption edge and hence 
maximum absorbance in the visible wavelength region, which are the reasons behind 
maximum photocurrent density and superior PEC property of the same. 
In order to understand the charge separation mechanism in the nano-heterojunction 
and its role behind their excellent PEC performance, the PL emission spectra of the 
photoanodes were recorded at an excitation of 330 nm and shown in Fig.4.6f.  Bare ZnO 
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NRs exhibit a sharp emission peak at 376 nm corresponding to its band gap energy (3.26 
eV) arising due to the radiative-recombination of electrons in the conduction band and 
holes in the valance band, i.e., the band-edge emission [53,54]. The broad emission peak 
observed in the visible wavelength region around 550 nm may be related to the defect 
emission or oxygen vacancies in ZnO NRs [55,56]. Such green emission in ZnO NRs 
arises when the electrons trapped at a shallow defect level below the conduction band 
recombines with a photo-generated hole trapped in the valence band or at a deep defect 
level above the valence band [53,57]. The as-prepared ZnO/CoFe2O4 and ZnO/NiFe2O4 

nano-heterojunction also exhibit PL patterns similar to ZnO NRs, where the broad 
defect peak is found to be blue shifted (~500 nm) compared with pristine ZnO NRs. The 
board peak is expected to be originated from the defects and surface oxygen vacancies 
present in the CoFe2O4 or NiFe2O4 NPs [58,59]. Moreover, the interfacial trap states 
appear because the formation of heterojunction can also lead to defect-related PL 
emission. The PL peak intensity was found to suppress remarkably after forming 
heterojunction between ZnO NRs and CoFe2O4 or NiFe2O4 NPs. The quenching of the 
intensity of PL emission peak in ZnO/CoFe2O4 or NiFe2O4 nano-heterojunction 
compare to pristine ZnO NRs indicates significant reduction of electron-hole pair 
recombination or rapid separation of photocarriers in the heterojunction electrodes [22]. 
The quenching of the broad defect PL emission peak of heterojunction compared with 
ZnO NRs reflects that the electron-hole pair recombination at the surface defects of ZnO 
NRs was quenched due to anchoring of CoFe2O4 or NiFe2O4 NPs over layer [60]. 
Therefore, for ZnO/CoFe2O4 or ZnO/NiFe2O4 nano-heterojunction electrodes it is 
found that the photocarrier generation process dominates the photocarrier 
recombination resulting enhanced photocurrent density leading to excellent PEC 
performance of the nano-heterojunction electrodes. 
The behavior of individual semiconductors-electrolyte junction was investigated by 
performing Mott–Schottky (MS) experiment, which is based on the following equation 
[61,62]. 1𝐶𝑠2 = 2𝑒𝜖𝜖0𝐴2𝑁𝑑 (𝑉 − 𝑉𝑓𝑏 − 𝑘𝑇𝑒 )                                           (4.3) 

where Cs is the space charge capacitance, e is the electronic charge, V is the applied bias, 

Vfb is the flat band potential, 𝑘𝑇𝑒  is the temperature correction term, and 𝜖 and 𝜖0 are the 

permittivity of semiconductor electrodes and free space, respectively. Figure 4.7a, b and 
c are the MS plots of ZnO NRs, CoFe2O4 NPs, and NiFe2O4 NPs grown on FTO, 
respectively. The positive slope of the MS plot for ZnO NRs and CoFe2O4 NPs denotes 
the n-type behaviour of the as-prepared semiconductors [34,43,63,64].  
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Figure 4.7: Mott-Schottky plot of (a) ZnO NRs, (b) CoFe2O4 NPs and (c) NiFe2O4 NPs 

photoelectrodes. 

On the other hand, the negative slope of the MS plot in Fig.4.7c indicates the p-type conductivity 

of NiFe2O4 NPs [29,65]. However, the positive slope of the MS plots for the ZnO/CoFe2O4 and 

ZnO/NiFe2O4 nano-heterostructure photoelectrodes (Fig.4.8a & b) demonstrates the overall n-

type semiconductor property of the nano-heterostructure photoelectrodes, as observed from the 

LSV study. 

 
Figure 4.8: Mott-Schottky  plot  of  (a) ZnO/CoFe2O4 and (b) ZnO/NiFe2O4 
photoelectrodes. 

The thermodynamic ability of a semiconductor electrode for water splitting is measured 
by the position of its flat band potential (Vfb). The flat band potential indicates the 
position of the Fermi level of the semiconductors. Generally, the conduction/valance 
band of an n-type/p-type semiconductor material is found to be nearly 0.2 eV more 
negative/positive than the flat band potential. [7,66]. The position of Vfb of ZnO NRs, 
CoFe2O4 and NiFe2O4 NPs are found to be 0.2, 0.36 and 1.84 V respectively with 
respect to NHE, where ENHE = ERHE – 0.059*pH (at 25° C) or ENHE= EAg/AgCl+ EoAg/AgCl 

[67,68]. It is evident that the conduction band minimum (CBM) for n-type CoFe2O4 is 
more negative than of n-type pristine ZnO NRs (Fig. 4.9a). Hence, CoFe2O4 NPs have 
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better thermodynamic ability for water splitting than ZnO. After the formation of 
ZnO/CoFe2O4 n-n heterojunction, the favorable band alignment (Fig. 4.9b) will result in 
enhanced photocarrier separation. Although the position of the CBM of p-type NiFe2O4 
NPs is positive with respect to n-type ZnO NRs (Fig. 4.9a), due to shift of Fermi level 
during p-n heterojunction formation, the CBM of NiFe2O4 NPs appears well above the 
conduction band of ZnO facilitating photocarrier separation (Fig. 4.9c). As a result the 
photo-generated electrons in the conduction band of CoFe2O4 or NiFe2O4 NPs can easily 
transfer to current collector FTO through the conduction band of ZnO NRs. Similarly 
the photo-generated holes in the valance band of ZnO NRs can easily migrate into 
valance band CoFe2O4 or NiFe2O4 NPs and finally get transferred into the electrolyte. 
Hence, formation of the ZnO/CoFe2O4 or NiFe2O4 NPs heterojunction electrodes 
improves the charge separation efficiency increasing the life time of the photocarriers in 
the photoelectrodes boosting their PEC activity. 
 

 

Figure 4.9: Energy band diagrams of (a) ZnO, CoFe2O4, and NiFe2O4 before contact, (b) 
ZnO/CoFe2O4, and (c) ZnO/NiFe2O4 heterojunction. 
 
The change in the open circuit potential (VOC) of the electrodes under chopped 
illumination provides an idea about the charge transport properties of the 
photoelectrodes. At open circuit conditions, the flow of charge carriers and the 
corresponding current becomes zero, and the Fermi level in the semiconductor 
electrode matches precisely with the electrochemical potential of the electrolyte. The 
VOC vs. time plot (Fig. 4.10a) of the photoanodes under chopped illumination indicates 
that for the ZnO/NiFe2O4 heterojunction photoanode, the VOC decreases significantly 
compared with others when illumination is on. When a semiconductor electrode is 
illuminated, photon energy excites the electrons to the conduction band leaving behind 
the holes in the valance band. As a result, carrier concentrations at the valance and 
conduction band increase. In the case of heterojunction electrodes, electrons from the 



 

101 | P a g e  

Chapter 4 

conduction band of NiFe2O4 or CoFe2O4 transfer to the conduction band of ZnO NRs. 
The holes from the valance band of ZnO migrate to the valance band of NiFe2O4 or 
CoFe2O4 and flow towards the electrolyte resulting in an increment in photocurrent. 
Now, to inhibit the flow of holes towards electrolyte and to make the net current flow 
zero, the VOC decreases under illumination [69]. Therefore, the significant decrease in 
VOC under illumination indicates the better hole-transport property of heterojunction 
electrodes over pristine ZnO NRs. 

 

Figure 4.10: (a) Open circuit potential vs. time plot, (b) Tafel plot, and (c) EIS curves of 
the as-prepared electrodes. Inset in (c): The equivalent circuit model of the 
photoanodes. 
 
Figure 4.10b shows the Tafel plot (overpotential vs. log (current density)) of the 
photoanodes. The oxygen evaluation reaction (OER) mechanism of the photoanodes is 
used to probe with Tafel slope, as it is subjected to mass and electron transport [70–72]. 
Tafel slope of ZnO NRs, ZnO/CoFe2O4, and ZnO/NiFe2O4 heterojunctions are 
calculated as 666, 260 and 228 mV.dec-1, respectively. The slow electron transport in the 
photoelectrodes gives rise to large Tafel slopes [72,73]. The sluggish electron transport 
through the surface of ZnO NRs results in higher Tafel slopes. Remarkable decrease of 
Tafel slope after the incorporation of CoFe2O4 and NiFe2O4 NPs over ZnO NRs indicates 
rapid electron migration through the hetero-interface because of favorable band 
alignment. The lowest value of Tafel slope in ZnO/NiFe2O4 electrode signifies the 
excellent photocarrier transportation across hetero-interface leading to enhanced PEC 
activity. 
For further understanding of interfacial charge transfer process, electrochemical 
impedance spectroscopy (EIS) was carried out at 0V vs. Ag/AgCl with 5 mV ac 
perturbation under the illumination. Figure 10c shows the EIS curves of the 
photoanodes. The EIS curve of the photoanodes consists of a semicircle, from where the 
equivalent series resistance (Rs) and the charge transfer resistance (Rct) at the 
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photoelectrode/electrolyte interface was obtained (Table 1) using the equivalent circuit 
diagram shown in the inset of Fig. 4.10c. 

Table 4.1: Summary of the values of equivalent circuit components of the 
photoelectrodes. 

Photoanodes Rs(Ω) Rct(KΩ) Ctrap(x10-5 F) 

ZnO NRs 15.11 3.57 2.59 

ZnO/CoFe2O4heterojunction  15.17 0.44 1.92 

ZnO/NiFe2O4heterojunction 14.45 0.37 1.14 

 

The diameter of the EIS curve measures the charge transfer resistance arising because of 
the charge transfer kinetics at the photoelectrode-electrolyte interface.  

 
Table 4.2: Summary of PEC performance of different transition metal ferrites based 

heterostructure electrodes. 

Photoelectrode 
materials 

Incident 
illumination 

Electrolyte Photocurren
t density 

Applied 
potential 

NiFe2O4/Fe2O3 [31] 100 mW.cm-

2AM 1.5G 
1 M NaOH 2.1 mA.cm-2 1.23 V vs. 

RHE 
 

NiFe2O4@P-doped g-
C3N4 [30] 

300 W Xe 
lamp with 
UV cutoff 
filter 

1.0 M Na2SO4 0.53 mA.cm-2 2 V vs. 
RHE 

ZnFe2O4/NiFeOx [74] 100 mW.cm-

2AM 1.5 G 
1M NaOH 0.35 mA.cm-2 1.23 V 

vs.RHE 
TiO2/ZnFe2O4/NiFeOx 

[75] 
100 mW.cm-

2AM 1.5 G 
1M NaOH 0.92 mA.cm-2 1.23 V vs. 

RHE 
ZnFe2O4/NiFeOx [76] 100 mW.cm-

2AM 1.5 G 
1M NaOH 1.00 mA.cm-2 1.23 V vs. 

RHE 
NiFe2O4/TiO2 [42] 100 mW.cm-

2AM 1.5 G  
0.5 M Na2SO4 0.41 mA.cm-2 0 V 

vs.Ag/Ag
Cl 

CoFe2O4/ TiO2 [42] 100 mW.cm-

2AM 1.5 G  
0.5 M Na2SO4 0.10 mA.cm-2 0 V vs. 

Ag/AgCl 
ZnO/ CoFe2O4 present 

work 
100 mW.cm-

2AM 1.5 G 
0.5 M Na2SO4 1.19 mA.cm-2 1.23 V vs. 

RHE 
ZnO/NiFe2O4 present 

work 
100 mW.cm-

2AM 1.5 G 
0.5 M Na2SO4 1.20 mA.cm-2 1.23 V vs. 

RHE 
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Hence, the much lower value of Rct for the CoFe2O4 and NiFe2O4 NPs anchored ZnO 
NRs compared to pristine ZnO NRs indicates the fast charge transfer kinetics at the 
ZnO/CoFe2O4 and ZnO/NiFe2O4 heterojunction photoanode/electrolyte interface 
compared with pristine ZnO NRs. The lowest value of Rct for ZnO/NiFe2O4 

heterojunction indicates that the resistance at the ZnO/NiFe2O4 

heterojunction/electrolyte interface is lowest among the electrodes, which is the reason 
behind the enhanced PEC activity of the electrode. The performance of the 
ZnO/CoFe2O4 and ZnO/NiFe2O4 heterojunction photoanodes has been compared with 
the literature in table 4.2. 

4.4 Conclusions 

Three dimensional (3D) ZnO/CoFe2O4 and ZnO/NiFe2O4 type-II heterojunction 
photoanodes have been successfully fabricated by assembling CoFe2O4 and NiFe2O4 

spinel ferrite nano-particles on the one dimensional pristine ZnO NRs by easy and cost-
effective wet chemical routes. The narrow band gap of CoFe2O4 and NiFe2O4 NPs boost 
the effective UV-visible light absorption ability of the resultant heterojunction 
photoelectrodes. Compared to pristine ZnO photoanode, the photocurrent density (0.60 
mA.cm-2 at 1.23V vs. RHE) was found to increase to 1.13 and 1.23 mA.cm-2 with a 
significant cathodic shift in the onset potential for the ZnO/CoFe2O4 and ZnO/NiFe2O4 

photoanodes, respectively. The favorable type–II band alignment at heterojunction 
endows the easy and rapid photocarrier separation and suppresses the electron-hole 
pair recombination resulting in excellent photocurrent density. The incorporation of 
earth-abundant transition metal ferrites nanoparticles delivers excellent solar fuel 
generation performance. The design of these nano-heterostructures provides an 
effective strategy to develop economic, earth-abundant materials-based stable 
electrodes with enhanced PEC performance.  
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Chapter 5 
Solar -Driven PEC Activity of 
ZnO/ZnCo2O4 Based 
Nanoheterojunction 
Photoanodes 

In this chapter we have discussed the photoelectrochemical 
(PEC) water splitting activity of one-dimensional (1D) n-

ZnO/p-ZnCo2O4 nano-heterojunction photoanode 
synthesized by using the chemical bath deposition and 
electrodeposition methods. The type-II analogous band 
alignment occurs because of p–n junction formation between 
p-ZnCo2O4 and n-ZnO nanorods (NRs), accelerates the charge 
separation and transfer, significantly reducing the 
photogenerated electron-hole pair recombination. The dual 
functional ZnCo2O4 overlayer acts as narrow band-gap light 
harvesting material and also as an oxygen evolution reaction 
catalysts to influence the PEC reactions at the 
electrode/electrolyte interface.  

A part of the content of this chapter has been published in the 
journal of  ACS Applied Energy Materials [1] and is 
reproduced herein with permission from ACS Publications . 
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5.1 Preamble 

Fossil fuels are the primary energy source to society, which is the major cause of global 
warming, knocking potential threat to the sustainable environment. Therefore, 
switching to alternative renewable energy resources is the prime avenue to meet current 
global energy demand in a green and sustainable way [2]. For this purpose, hydrogen 
could be the most suitable candidate for replacing fossil fuels due to its high energy 
density and minimal impact on the environment. Hydrogen production through 
photocatalytic and photoelectrochemical (PEC) water splitting using abundant solar 
energy has drawn intense research focus since the first discovery of TiO2 photocatalyst 
in 1972 [3]. Since then, a wide variety of metal oxide semiconductors such as ZnO, 
BiVO4, Fe2O3, WO3, MoO3, etc., have been engaged as photoelectrode (photoanode) 
material in PEC cells due to their natural abundance, chemical stability, low toxicity, 
and inexpensive synthesis route [4–12]. Among them, ZnO is employed as one of the 
most commonly used n-type semiconductor photoanode because of its suitable band 
position, high electron mobility, and longer minority carrier diffusion length [13]. 
However, being a wide band-gap semiconductor, ZnO is only suitable to absorb UV 
radiation (3–5% of the total solar spectrum). As a result, ZnO fails to harvest a more 
significant part of the solar energy spectrum, limiting its application as a single 
photoanode material in PEC cells [14]. Therefore, to improve its spectral response in the 
visible wavelength range, several strategies have been employed, such as elemental 
doping, metal nanoparticle deposition with the plasmonic response, and narrow band-
gap semiconductor sensitization or heterojunction formation (p-n/n-n), etc., [15–23]. 
Among all of the above-mentioned techniques, fabrication of p-n heterojunction 
through deposition of a p-type narrow band-gap material on the surface of ZnO is one 
of the most effective and inexpensive methods to improve the PEC activity of ZnO. The 
type-II heterojunction is especially attractive, as it develops a built-in electric field at the 
interface between two semiconductors, which boosts the photocarrier separation and 
transportation, beneficial for energy harvesting applications [24,25]. Different type-II 
heterojunction photoanodes like ZnO/BiVO4, ZnO/Fe2O3, WO3/BiVO4, 
CaFe2O4/TaON, TiO2/ZnO have been reported with remarkable solar-driven water-
splitting activity [13,19,26–30]. However, the construction of type-II heterojunction by 
coupling two semiconductors with the adequately aligned band position for overall 
water splitting is still challenging.  
Mixed metal oxides, with the general formula AB2O4, for example, CuFe2O4, ZnFe2O4, 
NiCo2O4, MnCo2O4, ZnCo2O4, etc., have been studied widely in recent times because of 
their attractive PEC property [31–37]. Among them, p-type ZnCo2O4 is especially 
attractive due to its potential wide range of applications in various fields, such as 
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supercapacitor, gas sensing, photocatalytic CO2 reduction, lithium-ion batteries, 
photocatalysis, biosensing, and electrochemical water oxidation [36,38–41]. Most 
interestingly, the broad-band light absorption ability of spinel-type ZnCo2O4 (band-
gap~ 2.1 eV) makes it a suitable candidate for energy harvesting applications [42]. As a 
metal oxide semiconductor, it exhibits good chemical stability and low overpotential 
during oxygen evolution reaction (OER) as an electrocatalyst [43]. However, poor 
conductivity and low exposed catalytically active sites are two major limitations 
associated with ZnCo2O4 [43]. 
This study fabricated a type-II analogous p-n heterojunction photoanode by 
electrochemically depositing the p-ZnCo2O4 layer over the one-dimensional (1D) arrays 
of n-ZnO nanorods (NRs) for photoelectrochemical water splitting. The 1D structure of 
ZnO NRs provides a large electrochemically active surface area. Whereas the low 
energy band-gap ZnCo2O4 layer boost solar light-harvesting ability. Moreover, the 
formation of the type-II like n-p heterojunction between n-ZnO and p-ZnCo2O4 leads to 
a favorable band arrangement providing ample scope for rapid separation and 
transportation of photocarriers. The synergistic interaction of ZnO and ZnCo2O4 drives 
enhanced PEC activity of the nano-heterostructure photoanode resulting in large 
photocurrent density and applied bias photon-to-current efficiency of 1.58 mA cm−2 at 
1.23 V vs. RHE and 0.37%, respectively. The n-ZnO/p-ZnCo2O4 nano-heterojunction 
photoanode is found to overcome all the limitations associated with individual material 
to a great extent considering their PEC water splitting performance.  

5.2 Experimental Methods 

5.2.1 Synthesis of ZnO NRs Arrays  

Highly dense 1D ZnO NRs arrays were grown on the conducting surface of fluorine-
doped tin oxide glass (FTO) substrate by two steps aqueous chemical bath growth 
processes, as described in our previous work [11,44]. In brief, cleaned FTO substrates 
were spin-coated with an ethanolic precursor of Zn and were annealed at 350°C to form 
a stable seed layer of ZnO on FTO. Afterward, the ZnO NRs were grown on the ZnO 
seed layer coated FTO by dipping the substrate in an equimolar aqueous solution of 
zinc acetate and hexamine at 90°C for 2 hours. Finally, the as-prepared ZnO NRs were 
thoroughly cleaned with DI water and ethanol to get the final product. 
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5.2.2 Synthesis of ZnO/ZnCo2O4 Nano-Heterojunction 

The ZnO/ZnCo2O4 heterojunction photoanode was fabricated through electrochemical 
deposition of the ZnCo2O4 shell layer on the vertically aligned arrays of ZnO NRs. The 
co-electrodeposition of Zn-Co in the surface of ZnO NRs was carried out in a three-
electrode electrochemical workstation using the as-prepared ZnO NRs as working 
electrode, Ag/AgCl electrode as a reference electrode, and a platinum wire as the 
counter electrode, respectively. An aqueous electrolyte containing 0.3M ZnNO3, 0.3M 
CoCl2, and 0.3M boric acid used as buffer solution was used for co-electrodeposition of 
Zn-Co under the applied dc potential of 1 V vs. Ag/AgCl for 1,2, 3, and 4 minutes, 
respectively, at room temperature. Finally, the ZnCo2O4/ZnO heterojunction electrodes 
were prepared through annealing of the as-prepared materials at 600°C for 2 hr. The 1, 
2, 3, and 4 minutes electrodeposited ZnO/ZnCo2O4 samples were marked as ZnO/ZCO 
1, 2,3, and 4, respectively. The different synthesis stages of the ZnO/ZnCo2O4 core/shell 
heterojunction photoanodes are shown schematically in Fig. 5.1.   

5.2.3 Material Characterization 

The morphology and microstructure of the as-prepared photoanodes were 
characterized by field emission scanning electron microscopy (FESEM, FEI Quanta-200 
Mark-2) and transmission electron microscopy (TEM, JEOL JEM 2100), respectively. The 
chemical compositions were investigated with dispersive x-ray spectroscopy (EDX) 
equipped with TEM. The crystal structure was identified with grazing incidence X-ray 
diffraction (GIXRD, Panalytical X’Pert Pro diffractometer) using Cu Kα radiation (λ = 
1.54 Å) with a step size of 0.15°. The chemical composition and ionic states of the 
constituent elements were investigated with the X-ray photoelectron spectroscopy (XPS, 
Omicron Multiprobe Electron Spectroscopy System XM 500, X-ray source: 
monochromatic Al K line and vacuum level 2.5×10-10 mbar). The light absorption 
property and photocarrier recombination of the as-prepared samples were studied by 
UV–Vis absorption spectroscopy (Perkin Elmer Lambda 1050 UV/Vis spectrometer) 
and photoluminescence spectroscopy (PL, Horiba, FluoroLog-3), respectively. 

5.2.4 Photoelectrochemical Studies 

Different PEC properties of the as-prepared photoelectrodes were investigated by a 
software-controlled three-electrode electrochemical workstation (CHI660E, CH 
Instruments) using different as-synthesized photoanodes with 1 cm2 active areas, as the 
working electrode, a platinum wire as the counter electrode, and an Ag/AgCl electrode 
as the reference electrode, respectively. An aqueous solution of Na2SO4 (0.5M, pH 6.4) at 
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room temperature was used as the electrolyte. Photoresponse of all the samples was 
investigated in the presence of AM 1.5 simulated solar irradiation (LCS-100, Newport, 
Model 94011A) of the intensity of 100 mWcm-2. Linear sweep voltammetry (LSV), 
chrono-amperometry (j-t), and Mott-Schottky (MS) were carried out in the same 
electrode configuration. The charge transfer process at the electrode-electrolyte interface 
was investigated by electrochemical impedance spectroscopy (EIS) measurements, 
performed in the frequency range of 1 MHz to 0.1 Hz with an AC perturbation of 5mV. 
The photocatalytic water splitting performance of the photoanode was studied in the 
presence of 25% (Vol) methanol as a sacrificial agent in water without any applied bias. 
The hydrogen produced at the counter electrode (Pt) was measured by a gas 
chromatograph under illumination. 

 

Figure 5.1: Schematic diagram of the synthesis of ZnO/ZnCo2O4 nano-heterojunction 

photoanode. 
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5.3 Results and Discussion 

5.3.1 Morphological, Structural, and Chemical Analysis 

Figures 5.2a and b show the FESEM images of the ZnO NRs and ZnO/ZCO 
heterojunction, respectively. Highly dense ZnO NRs arrays were grown vertically on 
the surface of FTO (Fig. 5.2a). Hexagonal morphology of ZnO NRs with an average 
dimension of ~80 nm was evident from Fig. 5.2a. The hexagonal morphology of ZnO 
NRs was found to be a little deformed due to the deposition of ZnCo2O4 (Fig. 5.2b). It is 
evident from the inset of Fig. 5.2b that the ZnCo2O4 layer has grown uniformly over 
ZnO NRs. Figure 5.2c shows the TEM image of a broken part of ZnO/ZCO core/shell 
photoelectrode, which confirms the 1D rod-like morphology of the heterostructure. The 
high-resolution TEM (HRTEM) image (Fig. 5.2d) of the ZnO/ZCO heterojunction 
confirms the formation of heterojunction with good crystallinity of both ZnO and 
ZnCo2O4.  

 

Figure 5.2: FESEM image of (a) pristine ZnO and (b) ZnO/ZCO nano-heterostructure. 
(c) TEM micrograph, (d) HRTEM image, and (e) SAED pattern of ZnO/ZCO nano-
heterostructure. (f), (g) and (h) show the EFTEM mapping for Zn, O, and Co elements, 
respectively, for ZnO/ZCO nano-heterostructure. 

In Fig. 5.2d, the lattice spacing of ~0.246 nm corresponds to the lattice spacing of ZnO 
(101). On the other hand, the lattice spacing of ~ 0.232 and 0.243 nm corresponds to the 
ZnCo2O4 (222) and (311) peaks, respectively. The SAED pattern (Fig. 5.2e) also confirms 
the presence of ZnO (101) and ZnCo2O4 (222) and (444) lattice planes, respectively. The 
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energy filtrated TEM (EFTEM) images (Fig. 5.2f-h) were recorded for a single 1D 
ZnO/ZCO heterostructure to demonstrate the uniform distribution of constituent 
elements (Zn, O, and Co) throughout the structure of the ZnO/ZCO nano-
heterostructure. 

Figure 5.3a demonstrates the XRD pattern of ZnO/ZCO nano-heterostructure, which 
shows the formation of polycrystalline ZnO and ZnCo2O4, respectively. It is evident that 
the ZnO has a preferential growth direction along (002), which confirms its hexagonal 
wurtzite structure with P63mc space group symmetry (JCPDS#89-1397). The XRD 
pattern for ZnCo2O4 indicates spinel structure with Fd3 ̅m space group (JCPDS#23-1390). 

 

Figure 5.3: (a) XRD pattern of ZnO/ZCO heterojunction photoanode. High-resolution 
XPS spectrum of (b) Zn 2p for ZnO NRs and ZnO/ZCO nano-heterostructure, (c) O 1s 
for ZnO/ZCO nano-heterostructure, and (d) Co 2p for ZnO/ZCO nano-heterostructure. 

Figure 5.3b shows the high-resolution XPS spectrum of Zn 2p core level for the pristine 
ZnO NRs and ZnO/ZCO nano-heterostructure. The Zn 2p3/2 and 2p1/2 doublet situated 
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at 1020.9 and 1044.0 eV, respectively, with an energy splitting of ~23.1 eV in between, 
indicates the +2 oxidation state of Zn in the pristine ZnO NRs [11,42]. The Zn 2p3/2 and 
2p1/2 doublet is found to shift by ~0.4 eV towards the higher binding energy for the 
ZnO/ZCO nano-heterostructure, which is due to the lattice strain developed at the 
interface between ZnO and ZCO because of heterojunction formation [45]. The 
deconvoluted O 1s spectrum (Fig. 5.3c) shows two major peaks, around 529.8 and 
531.3eV, corresponding to the metal-oxygen bonds of ZnO and ZCO and the OH 
group present in the materials, respectively [46,47]. The high-resolution XPS spectrum 
of the Co 2p (Fig. 5.3d) consisting of a doublet centered at 781.1 and 798.2 correspond to 
Co 2p3/2 and Co 2p1/2, respectively, with a couple of shakeup satellite peaks, indicates 
the presence of Co (Fig. 5.3d) [48]. The spin-orbit splitting between two Co 2p core-level 
spectra is about ~17.1 eV (>15 eV), which indicates the co-existence of both Co2+ and 
Co3+ states in ZnCo2O4 [49]. 

5.3.2 PEC and Optical Characterizations 

The relative photoresponse of the pristine ZnO and ZnO/ZCO photoelectrodes were 
determined by comparing the current-voltage plots (Fig. 5.4a) obtained under dark and 
illumination conditions. The increase of photocurrent with applied positive bias 
confirms that the electrodes are performing as photoanodes. As shown in Fig. 5.4a, all 
the photoanodes exhibit the same dark current density (~0.12 mA.cm-2), which remains 
constant over the applied potential range. Under illumination, the anodic photocurrent 
arises from water oxidation and reduction by the photogenerated holes and electrons, 
respectively. Pristine ZnO NRs display low photocurrent density, which reaches around 
0.35 mA.cm-2 at 1.23V vs. RHE with a water splitting onset potential of 481 mV. The 
photocurrent density is found to increase remarkably after anchoring the ZnCo2O4 layer 
over ZnO NRs. The ZnO/ZCO 3 photoanode exhibits the optimized photocurrent 
density value (1.58 mA.cm-2 at 1.23V vs. RHE) with a significant cathodic shift (71 mV) 
of water splitting onset potential compared to pristine ZnO NRs (Fig. S1). The 
ZnO/ZCO 1 and ZnO/ZCO 2 photoanodes also show the improved photocurrent 
density of 1.14 and 1.38 mA.cm-2 at 1.23V vs. RHE, with water splitting onset potential 
of about 475 mV and 429 mV, respectively. However, the photocurrent density for the 
ZnO/ZCO 4 photoanode was found to decrease, which may be ascribed to the thick 
deposition of ZCO overlayer (Fig. 5.4a). Hence, it is evident that the formation of nano-
heterojunction photoanode initiates water splitting half reactions at a low applied bias 
potential and delivers enhanced photocurrent. As the ZnO/ZCO 3 photoanode exhibits 
the optimized PEC performance hence, this work only includes the detailed PEC 
studies on ZnO, ZnO/ZCO 1, ZnO/ZCO 2, and ZnO/ZCO 3 photoanodes. The LSV 
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profile under chopped light illumination (Fig. 5.4b) shows the photoresponse of the 
photoanodes. 
 

 

Figure 5.4: (a) The current-voltage plots (inset: onset potential plot), (b) LSV plots under 
chopped illumination, (c) applied bias photon-to-current conversion efficiency (ABPE, 
η%) plots, and (d) chrono-amparemmetry (j-t) plots at 0 V vs. Ag/AgCl. 

The photo-conversion proficiency of different photoanodes was evaluated by 
calculating applied bias photon-to-current efficiency (ABPE, ɳ%). The ABPE was 
calculated using the following formula [50]. 𝜂% =  𝐽𝑝ℎ×(1.229−𝑉)𝑃𝑖𝑛 × 100%                                                 (5.1) 

Where Jph is the photocurrent density measured from LSV plots, 1.229 V is the 
thermodynamic water splitting potential, V is the applied potential in RHE between the 
electrodes, and Pin is the power of the illumination (100 mW.cm-2). Figure 5.4c shows 
the ABPE vs. applied potential plot of all the as-synthesized photoanodes. The ZnO 
NRs photoanode exhibits only 0.14% ABPE at 0.7 V vs. RHE. The formation of nano-
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heterojunction significantly improves the photo-conversion efficiency of the 
photoanodes. The ABPE for the ZnO/ZCO 3, ZnO/ZCO 2, and ZnO/ZCO 1 
photoanodes has been calculated as 0.25, 0.32, and 0.37%, respectively, at 0.83 V vs. 
RHE. The ZnO/ZCO 3 photoanode shows a ~164% increase in ABPE compared to as-
synthesized ZnO. 

The photoresponse property of the individual photoelectrodes has been further studied 
by recording their photoswitching activity obtained from the current-time (j-t) plots at 
the applied potential of 0V vs. Ag/AgCl (Fig. 5.4d). The photoresponse of the 
photoelectrodes has been found to improve notably after the formation of the ZnCo2O4 
shell layer over ZnO NRs. The self-biased ZnO/ZCO 3 photoanode exhibits the stable 
and largest saturation photocurrent density of ~ 0.4 mA.cm-2.  
 

 
Figure 5.5: Semi logarithmic plots of decay parameter D with respect to time for 
different photoanodes. 
 
In Fig. 5.4d, immediately after solar illumination, a photocurrent spike was observed in 
the chrono-amperometry profile of all the photoanodes showing the instantaneous 
generation and separation of electron-hole pairs, offering a high density of 
photogenerated carriers to the nano-heterostructure photoanodes. A transient decay 
due to the recombination of photocarriers was also evident before the current density 
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reached a steady-state saturation value. The transient decay time is a measure of the 
photocarrier recombination kinetics of individual photoanodes, which can be calculated 
from a logarithmic plot of decay parameter D, defined as D = (Jt−Js)/(Jm−Js), where Jt is 
the current density at any time t, Js is the saturation photocurrent, and Jm is the current 
density of the spike respectively [51,52]. The transient decay time is defined as the time 
at which ln (D) reaches the value of 1. The calculated decay time (Fig. 5.5) was 1.1, 1.3, 
1.4, and 1.9 sec for pristine ZnO, ZnO/ZCO 1, ZnO/ZCO 2, and ZnO/ZCO 3 
photoanodes, respectively. Generally, sluggish photocarrier recombination kinetics 
results in a prolonged decay time. Hence, it is evident that the formation of 
heterostructure photoanodes significantly reduces photocarrier recombination. 
Moreover, a prolonged decay time designates that the ZCO shell layer is crucial for 
quenching or passivating the existing surface defects in ZnO NRs, resulting in 
photocarrier separation and transportation through the heterojunction interface to 
higher water splitting efficiency for the nano-heterostructure photoanodes. 

In order to deliver a reasonable photocurrent, a photoelectrode should exhibit enhanced 
solar light absorption efficiency. Here, the light-harvesting performance of pristine ZnO 
NRs and ZnO/ZCO nano-heterostructure photoanodes were studied using UV-Vis-NIR 
spectroscopy (Fig. 5.6a). The light absorption threshold for pristine ZnO NRs starts near 
378 nm, corresponding to its band-gap 3.26 eV, calculated from the Kubelka Munk plot 
(Fig. 5.6b). 

The ZnO NRs exhibits low absorption of the visible wavelength radiation. The pristine 
ZnCo2O4 thin film has been found to have narrow band-gap energy of 2.1 eV (inset of 
Fig. 5.6b). It is evident from Fig. 5.6a that the deposition of the ZnCo2O4 shell layers 
significantly shifts the sharp band-edge absorption of ZnO NRs towards the longer 
wavelength region. The light-harvesting activity of the ZnO/ZCO nano-
heterostructures has also been improved considerably, which is beneficial for improved 
PEC activity of the photoelectrodes. The improvement of light-harvesting efficiency due 
to the deposition of ZnCo2O4 shell layer over ZnO NRs plays a major role in enhancing 
the overall water splitting efficiency of the nano-heterostructure photoanodes. A shift in 
absorption wavelength threshold and absorbance in the visible light region has been 
found to increase with the thickness of the ZnCo2O4 shell layer. The ZnO/ZCO 3 
photoanode exhibits a maximum shift in absorption edge with the maximum 
absorbance of visible light resulting in improved PEC activity. The direct evidence of 
the photocarrier recombination profile of the semiconductor photoanodes has been 
found by recording the PL emission spectra of the photoelectrodes (Fig. 5.6c). 
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Figure 5.6: (a) UV-Vis absorption spectra of the as-prepared photoelectrodes. (b) 
Kubelka-Munk plot for ZnO NRs photoanode (Inset: Kubelka-Munk plot for ZnCo2O4). 
(c) The steady-state PL emission spectra of the photoanodes, recorded under an 
excitation wavelength of 320 nm (Inset: deconvoluted defect emission spectra of ZnO). 
(d) Photocatalytic hydrogen production study of the ZnO/ZCO 3 photoanode. 

The PL emission spectrum of bare ZnO NRs consists of two emission bands, one in the 
UV region (at 376 nm) and the other in the visible region (400-615 nm). The peak at 376 
nm appears due to radiative recombination of electron-hole pairs related to band edge 
transition [53]. The broadband emission in the visible wavelength region arises from the 
electron-hole recombination taking place at defect states. There are six well-known 
defect states in ZnO, including oxygen vacancies (Vo), oxygen interstitials (Oi), oxygen 
antisites (Zno), zinc vacancies (Vzn), zinc interstitials (Zni), and zinc antisites (OZn) [54]. 
However, the green emission band (~516 nm) of deconvoluted broad visible PL 
emission band of ZnO NRs (inset Fig. 5.6c) is expected to be originated because of 
recombination of electrons at singly ionized oxygen vacancies (Vo+) [55–57]. On the 
other hand, the yellow emission band (552 nm) in the deconvoluted PL emission band 
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can be correlated to the radiative recombination between electrons in the conduction 
band with the holes trapped in the oxygen interstitials (Oi) [57,58]. The emission band 
located at ~590 nm can be attributed to the doubly ionized oxygen vacancy (Vo++) [54]. 
Interestingly, the intense defect emission band of ZnO has been remarkably quenched 
after the formation of nano-heterojunction between ZnO and ZnCo2O4. Hence, it is 
expected that due to the interfacial band arrangement between the semiconductors, the 
photogenerated carriers can easily get transferred to one another. Thus the formation of 
nano-heterojunction boosts the photocarrier transfer across the hetero-interface, 
significantly reducing the photocarrier recombination probability. As a result, the 
intensity of the PL emission peaks quenched remarkably for nano-heterostructure 
photoanodes. Thus the reduced recombination of photocarriers in nano-heterostructure 
photoanodes results in enhanced photocurrent density leading to excellent 
improvement of PEC activity.  
Figure 5.6d shows the amounts of hydrogen gas produced at the counter electrode (Pt) 
at different time intervals using the ZnO/ZCO 3 sample under illumination, which was 
found to be 22.5 mol.cm2 after 120 min of operation. The amount of collected 
hydrogen gas was increased almost linearly during the study. This result indicates the 
stable PEC water splitting performance of the optimized ZnO/ZCO 3 photoanode. 
Figure 5.7a presents the Mott–Schottky (M-S) plots of all the as-synthesized 
photoelectrodes obtained using the following formula [59]. 

1𝐶2 = 2𝑒𝜖𝜖0𝐴2𝑁𝑑 (𝑉 − 𝑉𝑓𝑏 − 𝑘𝑇𝑒 )                                         (5.2) 

Where e is the electronic charge, Vfb is the flat band potential, KT/e is the temperature 
correction term, and  and 0 are the permittivity of semiconductor and free space, 
respectively. 

The positive slope of the M-S curves of all the photoelectrodes (Fig.5.7a) confirms the n-
type nature of the samples. The flat band potential (Vfb) of pristine ZnO NRs was found 
to be 0.2 V vs. NHE (Fig.5.7a). The pristine ZnCo2O4 was found to be a p-type 
semiconductor with a negative slope of M-S plot and the flat band potential of +1.09 V 
vs. NHE (inset of Fig. 5.7a). In comparison to pristine ZnO NRs, a positive shift in flat 
band potential has been observed for the ZnO/ZCO nano-heterostructure photoanodes, 
which also indicates the formation of p-n heterojunction between p-ZnCo2O4 and n-ZnO 
[60,61]. However, the conduction/valance band of an n-type/p-type semiconductor is 
~0.2 V, more negative/positive than their flat band potential [61,62]. Therefore, the 
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bottom of the conduction band of n-ZnO NRs and the top of the valance band of p-
ZnCo2O4 are nearly around 0.4 and +1.29 V vs. NHE, respectively. 

 

Figure 5.7: (a) Mott-Schottky (M-S) plots of the different as-prepared photoelectrodes 
(inset: M-S plot of ZnCo2O4). (b) Band energy diagram of n-ZnO and p-ZnCo2O4, before 
and after the formation of n-p heterojunction, with the probable photocarrier generation 
and transfer mechanism. 

Based on the calculated values of band-gap energy of ZnO and ZnCo2O4, the valance 
band maxima of ZnO and the conduction band minima of ZnCo2O4 are positioned at 
~2.86 and ~0.8 V vs. NHE, respectively [60]. The energy band diagram of n-ZnO and p-

ZnCo2O4 before heterojunction formation is approximately shown in Fig.5.7b. Both the 
conduction and valance band of ZnCo2O4 is positioned at a higher energy level than 
that of the ZnO. Hence, after the formation of n-p junction, when the Fermi energy 
levels, the valance and conduction band of the two semiconductors will arrange them in 
a typical type-II fashion as shown in Fig.5.7b [60]. In the nano-heterojunction 
photoanode, the photoexcited electrons from the conduction band (Co 3d-eg and Co 3d-t2g 
levels) of p-ZnCo2O4 can quickly transfer to the conduction band of n-ZnO due to the 
type-II like band arrangement [63]. Similarly, the photogenerated holes from n-ZnO can 
rapidly migrate to p-ZnCo2O4 and finally transfer to the electrolyte to initiate the oxygen 
evolution reaction (OER). Thus the type-II like p-n heterojunction formation boosts 
effective photocarrier separation required to achieve excellent PEC activity. The p-
ZnCo2O4 also exhibits certain kinds of advantages in the OER process. Under OER 
conditions, loss of Zn2+ ions from the tetrahedral site of spinel ZnCo2O4 creates cationic 
vacancies, which increases the accessibility of octahedral Co3+ sites and also initiates 
hydroxylation of Co ions near the surface region [64]. The catalytically active Co-rich 
environment at ZnCo2O4 surface is responsible for its excellent OER activity [36], which 
will further boost the OER kinetics of the nano-heterostructure photoanode. 
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Figure 5.8: (a) Tafel plots (b) EIS curves of the as-prepared photoanodes. 

The role of ZnCo2O4 OER catalysts on PEC reaction kinetics and its underlying effect in 
enhanced PEC activity of ZnO/ZCO photoanodes has been further studied by Tafel 
plots (Fig. 5.8a) [65]. Since the Tafel slopes are very often influenced by electron and 
mass transport, they can be used to understand the OER mechanism of respective 
photoanodes [65,66]. Tafel slope of ZnO NRs is 270 mV.dec-1, whereas significantly 
lower Tafel slopes were obtained for ZnO/ZCO 1, 2, and 3 photoanodes with a typical 
value of 165, 160, and 148 mV.dec-1, respectively. Larger Tafel slop is associated with a 
sluggish electron transport mechanism [67]. Therefore, a substantial decrease in the 
value of the Tafel slope for ZnO/ZCO indicates that the incorporation of ZCO boosts 
up the charge transport process because of enhanced surface OER. This study reveals 
that ZnCo2O4 is also acting as a suitable OER catalyst as well as forming a favourable n-

p heterojunction with ZnO NRs to enhance the overall PEC activity of the nano-
heterostructure photoanode. 
The electrode/electrolyte interfacial charge transfer and recombination mechanism 
were further investigated by EIS, conducted at 0V vs. Ag/AgCl under illumination. 
Figure 5.8b shows the Nyquist plots of the photoanodes, which consist of semicircles 
with different diameters. Each semicircle for different photoanodes can be related to the 
appropriate equivalent circuit models. Figure 5.9 shows the equivalent circuit models 
for the ZnO/ZCO nano-heterojunction and ZnO NRs photoanodes, respectively, with a 
series resistance (Rs), interfacial resistance (RZnO/ZCO) at ZnO/ZCO heterojunction, trap 
resistance (Rtrap), and the charge transfer resistance (Rct) at electrode/electrolyte 
interface along with the interfacial capacitance (CZnO/ZCO) at ZnO/ZCO heterojunction, 
capacitance representing constant phase element (CPEbulk) appears due to the charge 
trapping at the bulk or nano-heterojunction, and the capacitance related to charge 
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transfer process (Css) at the electrode/electrolyte interface. The calculated values of the 
different circuit parameters for the photoanodes are summarized in Table 5.1. 
 

 

Figure 5.9: The equivalent circuit model for (a) ZnO/ZCO and (b) ZnO NRs 
photoanode. 
 
It is found that the value of Rtrap for the photoanodes has reduced because of ZCO 
anchoring. The lowest value of Rtrap for ZnO/ZCO 3 again confirms enhanced 
separation of photocarriers for the photoanode [68].  

Table 5.1: Summary of the values of the circuit parameters calculated from the 
equivalent circuit model for EIS measurements. 

Photoanode

s 

Rs 

(Ω) 

Rtrap 

(Ω) 

CPEbulk 

(F cm2) 

Rct(Ω) Css 

(F cm2) 

RZnO/ZCO 

(Ω) 

CZnO/ZCO 

(F cm2) 

ZnO 15.74 11.60 2.36x10-5 7966.40 1.00x10-6 -- -- 

ZnO/ZCO 1 13.41 6.99 3.24x10-5 3467.40 5.56x10-6 131.02 5.93x10-6 

ZnO/ZCO 2 12.33 6.13 2.89x10-5 732.70 1.45x10-5 60.95 2.51x10-5 

ZnO/ZCO 3 12.24 5.52 3.31x10-5 722.85 1.53x10-5 40.84 2.03x10-5 

 

The negligible variation of the values of CPEbulk indicates that the resultant carrier 
density of all the photoanodes are almost the same, which is also evident from the 
similar slope of the M-S plots of the photoanodes [68]. However, the remarkable low Rct 

and enhanced Css values for the ZCO anchored photoanodes show that the 
incorporation of ZCO significantly boosts rapid charge transfer kinetics at the 
electrode/electrolyte interface resulting in enhanced PEC water splitting activity. The 
lowest Rtrap and Rct and the highest value of Css for ZnO/ZCO 3 photoanode justify its 
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maximum photocurrent density and ABPE, leading to excellent PEC water oxidation 
activity. 

5.4 Conclusions 

The three-dimensional network of a type-II like n-ZnO/p-ZnCo2O4 core/shell nano-
heterojunction photoanode was successfully fabricated through easy and cost-effective 
chemical routes. The effective light-harvesting ability of the resultant nano-
heterojunction photoanodes was improved due to the incorporation of a narrow band-
gap of p-ZnCo2O4. The favorable band alignment between the n-ZnO/p-ZnCo2O4 nano-
heterojunction boosts the rapid separation of photogenerated electron-hole pairs, 
enhancing the photocarrier lifetime over the individual semiconductors. Moreover, the 
remarkable increase in charge transfer mechanism for the n-ZnO/p-ZnCo2O4 nano-
heterojunction photoanode coupled with the enhanced surface catalytic reaction 
because of the p-ZnCo2O4 OER catalyst results in a significant increase in photocurrent 
density and ABPE (351% and 164%, at 1.23V vs. RHE), respectively, over the pristine 
ZnO NRs. The n-ZnO/p-ZnCo2O4 nano-heterojunction photoanode exhibits excellent 
photochemical stability during water splitting compared with the ZnO NRs. The p-
ZnCo2O4 overlayer causes a significant reduction of surface defect states suppressing 
the photocarrier recombination, leading to a cathodic shift of the onset potential 
boosting the PEC water oxidation at a low applied voltage. Therefore, the synergistic 
coupling of n-ZnO and p-ZnCo2O4 for a nano-heterojunction photoelectrode serves as 
an ideal photoanode for solar-driven PEC water oxidation. 
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Chapter 6 Dual Co-Catalyst Activated 
Fe2O3 Photoanodes for Solar 
Water Oxidation 

Hematite (α-Fe2O3) photoanode suffers from significant 
photocarrier recombination and sluggish water oxidation 
kinetics for photoelectrochemical water splitting. This chapter 
demonstrates the construction of dual co-catalysts modified 
Fe2O3 nanorods photoanode by strategically incorporating 
CoPi and Co(OH)x  to address these limitations. The 
Fe2O3/CoPi/Co(OH)x nanorods photoanode exhibits the 
lowest ever turn-on potential of 0.4 VRHE (vs. reversible 
hydrogen electrode) and a photocurrent density of 0.55 mA 
cm2 at 1.23 VRHE, 358% higher than that of pristine Fe2O3 
nanorods.  

 

 



 

137 | P a g e  

Chapter 6 

6.1 Preamble 

Solar energy is a renewable energy resource, which provides secure, and sustainable 
energy harvesting capability by tackling global energy demand and the issue of climate 
change [1].  Photoelectrochemical (PEC) water splitting is a sustainable and eco-friendly 
pathway for the effective conversion and production of solar energy and fuels [2]. In 
PEC cell semiconductor photoelectrodes directly convert solar energy into H2 and O2 
through water splitting [3]. Hematite (α-Fe2O3), as an n-type oxide semiconductor, has 
shown remarkable promise as the photoanode in PEC water splitting because of its 
merits like narrow bandgap (22.2eV) that allows absorbing 15% of the solar spectrum, 
a very positive valance band position ideal for water oxidation, stability against 
photochemical corrosion,  natural abundance [1,4–8]. Despite these, the solar to 
hydrogen efficiency (STH) for hematite is far below its predicted theoretical value 
(~15%) [4]. Mainly, the poor electron mobility (10-2 to 10-1 cm2s-1V-1), the short lifetime of 
charge carrier, a short hole diffusion length (LD~ 1.5-5nm), and low absorption 
coefficient of hematite results in sluggish oxygen evolution reaction (OER) kinetics 
strongly dominated by photoinduced electron-hole recombination at the 
semiconductor/electrolyte junction and within the bulk [4,9–11]. As a result, hematite 
photoanode exhibits limited photocurrent density and large turn-on voltage for PEC 
water oxidation.  
Studies have suggested that the water oxidation kinetics at the surface of hematite 
photoanode can be enhanced by improving the hole transfer efficiency [12–14]. Hence, 
effective surface state passivation of hematite photoanode can enhance hole transfer 
efficiency and surface photo-hole density by suppressing the photocarrier 
recombination leading to optimized water oxidation kinetics [1,12]. The incorporation 
of OER co-catalysts overlayers like NiFeOx, Ni−Fe (OH)x, and CoPi suppresses the 
surface state mediated recombination of photocarriers and accelerates the water 
oxidation reaction in hematite photoanode. The incorporation of earth-abundant CoPi 
co-catalyst on the hematite surface enhances the band bending at the 
semiconductor/electrolyte interface and reduces the surface carrier recombination 
shifting the turn-on potential negatively [15–17]. The CoPi overlayer also suppresses the 
trap state meditated charge transfer in hematite, which reduces the surface carrier 
recombination and the turn-on potential too [10]. Similarly, Co(OH)x is also a 
recognized hole-extraction OER co-catalyst, which is capable of boosting the interfacial 
charge transfer and quenching the excess energy barrier required for O-O bond 
formation [18–20]. However, the effect of Co(OH)x modification on the PEC property of 
hematite nanostructures is not properly studied.  
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Against this backdrop, this study demonstrates the synthesis of Fe2O3 NRs photoanode 
modified by dual CoPi and Co(OH)x OER co-catalysts for PEC water oxidation. The 
dual co-catalyst coupled Fe2O3/CoPi/Co(OH)x NRs photoanode exhibits enhanced 
light-harvesting efficiency with reduced surface state-related recombination in Fe2O3 
NRs over the individual co-catalysts. The resultant carrier density and surface 
photovoltage of the photoanode increases, and the depletion width decreases due to 
dual co-catalyst anchoring. This results in enhanced photocurrent because of band 
bending, bosting the hole collection efficiency, and ultralow turn-on potential for PEC 
water oxidation in the nearly neutral pH conditions. 

6.2 Experimental Methods  

6.2.1 α-Fe2O3 Nanorods (NRs) Synthesis  

The α-Fe2O3 NRs were grown on the conducting surface of FTO by one-step 
solvothermal method.  A 30 ml clear homogeneous solution of Fe precursor was 
prepared by dissolving 0.15M FeCl3.6H2O (Sigma Aldrich) and 1M NaNO3 in DI water. 
Finally, the solution was transferred to a 50 ml sealed Teflon lined stainless steel 
autoclave with a pre-cleaned FTO substrate lined against the wall with conducting 
surface facing down. The autoclave was heated to 100°C for 3 hours. After cooling 
down to room temperature, the FeOOH nanorods grown on the  FTO substrate were 
collected and thoroughly washed with DI water and ethanol several times. Finally, the 
α-Fe2O3 NRs were obtained by annealing the as-prepared FeOOH nanorods (NRs) at 
550 °C for 2 hours. 

6.2.2 Fe2O3/CoPi NRs Synthesis 

The deposition of CoPi co-catalyst layer on Fe2O3 NRs was conducted by 
photoelectrodeposition (PED) method by a three-electrode electrochemical workstation 
using the as-prepared Fe2O3 NRs as a working electrode, an Ag/AgCl electrode as a 
reference electrode, and a platinum wire as a counter electrode. A 0.5 mM Co(NO3)2 
solution in 0.1M potassium phosphate buffer  (pH 7) was used as an electrolyte for PED. 
Before the deposition, each as-prepared Fe2O3 NRs sample was dipped into the aqueous 
electrolyte for 30 min, and then the PED has conducted at 0.9V vs. Ag/AgCl for 200 sec 
under 10 mW.cm-2 white light illumination. The Fe2O3/CoPi sample prepared for 200 
sec of PED is found to be the optimized sample. However, after the deposition, the 
samples were rinsed with DI water and ethanol and dried under a vacuum. 
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6.2.3 Fe2O3/CoPi/Co(OH)x NRs Synthesis 

The Co(OH)x co-catalyst overlayer was grown on the surface of CoPi coated Fe2O3 NRs 
by the successive ionic layer adsorption and reaction (SILAR) method. The as-prepared 
Fe2O3/CoPi NRs sample was successively dipped into the 50 mM aqueous solution of 
Co(CH3COO)2, DI water, 100 mM aqueous solution of NaOH, and DI water for 60 sec 
each, to complete one cycle of Co(OH)x deposition. The Fe2O3/CoPi/Co(OH)x NRs 
sample prepared by repeating the SILAR process for five times provides the optimum 
performance. 

6.2.4 Material Characterizations 

The microstructure of the fabricated photoanodes was thoroughly investigated with a 
field emission scanning electron microscope (FESEM, FEI Quanta-200 Mark-2) and 
transmission electron microscopy (TEM, JEOL JEM 2100). The elemental distribution of 
constituent elements in the respective photoanodes was understood with energy-
dispersive X-ray spectroscopy (EDAX, Oxford Instruments) mapping images. The ionic 
states of the constituents elements of resultant photoanodes were identified with X-ray 
photoelectron spectroscopy (XPS, Omicron Multiprobe  Electron Spectroscopy System 
XM 500, X-ray source: monochromatic  Al  Kα line and vacuum level 2.5X10-10  mbar). 
The UV-Vis. spectra of the samples were studied using a JASCO V-670 
Spectrophotometer. 

6.2.5 Photoelectrochemical Studies 

Photoelectrochemical studies of the as-prepared materials were carried with a software-
controlled three-electrode electrochemical workstation (CHI660E,  CH  Instruments). 
Different photoanodes with a 1cm2 active area were used as working electrodes, a 
platinum wire as a counter electrode, and an Ag/AgCl electrode as the reference 
electrode. A 0.5M Na2SO4 aqueous solution (pH 6.4) was used as electrolyte and a AM 
1.5 simulated solar light (intensity 100 mW.cm2, LCS-100, Newport, Model  94011A) 
was used as light source. All the potential applied to the working electrode against 
Ag/AgCl electrode and converted to the RHE scale using the equation [21] 

ERHE = EAg/AgCl + 0.059pH + E0
Ag/AgCl                                           (6.1) 

where, EoAg/AgCl = 0.1976 at 25°C and EAg/AgCl is the experimentally recorded potential 
against Ag/AgCl reference electrode. 
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6.3 Results and Discussion 

6.3.1 Morphological, Structural, and Chemical Analysis 

The structure and morphology of the as-prepared Fe2O3 and Fe2O3/CoPi/Co(OH)x 

nanostructures examined with the field emission scanning electron microscope 
(FESEM) show vertically oriented dense arrays of one-dimensional nanorods (NRs) of 
diameter ~ 60 nm (Fig. 6.1a and b). The transmission electron microscope (TEM) 
micrograph (Fig. 6.1c) of the Fe2O3/CoPi/Co(OH)x further confirms the NRs like 
structure, where the deposition of a uniform ultra-thin co-catalysts overlayers on the 
surface of Fe2O3 NRs is evident (Fig. 6.1d). Fig. 6.1d reveals the growth of an extremely 
thin amorphous CoPi co-catalyst overlayer of thickness ~ 3 nm followed by another thin 
crystalline Co(OH)x co-catalyst overlayer (thickness ~ 5 nm) on the surface of Fe2O3 
NRs. The high-resolution TEM (HRTEM) image (Fig. 6.1e) of Fe2O3/CoPi/Co(OH)x NRs 
demonstrates that the lattice spacing of 0.368 and 0.244 nm corresponds to the distance 
between [012] and [101] planes of Fe2O3 NRs and Co(OH)x overlayer. The SAED pattern 
(Fig. 6.1f) further confirms the [101] crystallographic orientation of Co(OH)x and [122], 
[226], [113] and [116] orientations of polycrystalline Fe2O3. The chemical state of the 
constituent elements of the as-prepared photoanodes was identified with X-ray 
photoelectron spectroscopy (XPS). The high-resolution XPS spectrum of Fe 2p (Fig. 6.1g) 
consists of doublets 2p3/2 and 2p1/2 situated at binding energies 711 and 724.8 eV, and 
the satellite peak at 719.1 eV corresponds to the +3 oxidation state of Fe [22,22–24]. 
Generally, satellite peaks appear due to the co-existence of X-ray source with slightly 
higher energy. Figure 6.1h shows the deconvoluted high-resolution XPS spectrum of Co 
2p, where Co 2p1/2 and 2p3/2 peaks centered at 796.88 and 782.40eV, respectively, 
originate due to Co2+ state [25]. Similarly, the dublets at 795.40 and 780.17 eV 
corresponds to the Co 2p1/2, and 2p3/2 can be attributed to the Co3+ states [25]. 
Moreover,   the satellite peaks in Fig. 1h,   centered at 795.2 and 804.25 eV, also appears 
because of the coexistence of Co2+ and Co3+. [12,26,27] Figure 6.1i shows the XPS 
spectrum of P 2p centered around 133.28 eV, indicating the presence of phosphate 
group in the as-prepared photoanode [28]. The deconvoluted XPS spectrum of O 1s 
(Fig. 6.1j) consists of three main peaks. The peaks at the binding energies of 528.70,  531, 
and 532.60 eV are assigned to the lattice oxygen, oxygen associated with phosphate and 
hydroxide groups or oxygen vacancies, respectively [25,27]. 
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Figure 6.1: FESEM image of (a) Fe2O3 and (b) Fe2O3/CoPi/Co(OH)x NRs. (c) and (d) 
TEM micrographs, (e) HRTEM imageand (f) SAED pattern of the Fe2O3/CoPi/Co(OH)x 

NRs. High resolution XPS spectra of (g) Fe 2p, (h) Co 2p, (i) P 2p and (j) O 1s. 

6.3.2 PEC and Optical Characterizations 

The PEC performance of the pristine and the co-catalysts modified photoanodes was 
studied by recording the current vs. potential profile (Fig. 6.2a). Pristine Fe2O3 NRs 
exhibit a low photocurrent density of 0.12 mA.cm2 at 1.23 V vs. RHE and a large turn-
on potential of 1VRHE. The optimized structure of the dual co-catalysts modified 
Fe2O3/CoPi/Co(OH)x NRs delivers an improved maximum photocurrent density of 
0.55 mA.cm2 at 1.23 V vs. RHE with a remarkably ultralow turn-on potential of 0.40 
VRHE 

(Fig. 6.2b), which is the lowest value of turn-on potential reported for Fe2O3 photoanode 
till date (Table 6.1). The dual co-catalysts modified photoanode also exhibits impressive 
photocurrent density over the single co-catalyst anchored Fe2O3/Co(OH)x (0.23 mA.cm-2 

at 1.23 V vs. RHE) and Fe2O3/CoPi (0.36 mA.cm-2 at 1.23 V vs. RHE) photoanodes. The 
water-splitting turn-on potential for the Fe2O3/Co(OH)x and Fe2O3/CoPi photoanodes 
also shifted cathodically to 0.47 and 0.51 V vs. RHE, respectively (Fig. 6.2b). The low 
turn-on potential and large photocurrent density of Fe2O3/CoPi/Co(OH)x NRs 
photoanode in nearly neutral pH conditions indicate the merit of synergistic coupling of 
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dual co-catalysts for OER. The enhanced photocurrent density of Fe2O3/CoPi/Co(OH)x 

NRs at the low applied potential region over the other photoanodes demonstrates that 
the dual co-catalyst loading significantly suppresses the surface state mediated 
recombination of holes in the photoanode. The current vs. potential profiles of the 
photoanodes under chopped illumination conditions (Fig. 6.2c) demonstrate that the 
Fe2O3/CoPi/Co(OH)x NRs photoanode exhibits enhanced photoresponse. Interestingly, 
the transient photocurrent decay for the dual co-catalyst modified 
Fe2O3/CoPi/Co(OH)x NRs photoanode has reduced over the other photoanodes.  

 

Figure 6.2: (a) The PECcurrent vs. potential plots, (b) variation of photocurrent density 
and turn-on potential, and (c) current vs. potential curves under chopped light. 

This result indicates that the coupling of dual co-catalysts (CoPi and Co(OH)x) reducees 
the surface state-related recombination, boosting rapid hole separation for OER [29]. 
Overall, the PEC studies suggest that incorporation of ultrathin CoPi layer on Fe2O3 

NRs helps in rapid migration of photogenerated holes resulting in an enhanced lifetime 
for photocarrirs.  

 

Figure 6.3: (a) OCPT vs. time plots and (b) normalized OCPT decay profiles under 
illumination and in the dark.  
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The presence of Co(OH)x co-catalyst over the CoPi further harvests the photo-holes 
from CoPi, confirming effective charge separation for water oxidation. Moreover, the 
hole scavenger Co(OH)x co-catalyst also provides active sites for water splitting 
boosting the OER kinetics and photocurrent. 

Table 6.1: Summary of PEC performance of OER co-catalysts modified hematite 
photoanodes. 

Photoanode [Ref] Electrolyte Turn-on 
voltage 
(VRHE) 

Photocurrent 
density 

(mA.cm2) at 
1.23 VRHE 

Fe2O3/CoPi/Co(OH)xNRs [This work] 

 
0.5M Na2SO4 0.4 0.55 

Fe2O3/CoPi thin film[1] 
 

0.1M KPi 0.9 0.36 

Fe2O3/CoPifilm[10] 
 

0.1M KPi 1 0.25 

HydrogentratedFe2O3/TiO2/CoPi[30] 
 

1 M KOH 0.55 6 

Fe2O3/NiFeOx[31] 
 

1M NaOH 0.45 1.2 

Fe2O3/CoFeOxmesoporous[32] 
 

1M NaOH 0.7 1.2 

Fe2O3/Co(OH)2/Co3O4 film[33] 
 

0.1 M KOH 0.95 0.8 

Ti:Fe2O3/Co3O4/CoPi NRs[34] 
 

1 M KOH 0.64 2.7 

Fe2O3/citrate/NiFe(OH)x NRs[12] 
 

1 M KOH 0.5 0.55 

Fe2O3/Co3O4 Nanoworm [35] 1 M KOH 0.62 3.48 
 

The surface photovoltage generated at the photoanodes can be estimated from the 
difference in the open circuit potential (OCPT) under the dark to illumination 
conditions of the OCPT vs. time plots (Fig. 6.3a). The insignificant photovoltage 
generated at the surface of pristine Fe2O3 NRs (0.02 V vs. RHE) has enhanced because of 
co-catalysts anchoring. The surface photovoltage for Fe2O3/Co(OH)x and Fe2O3/CoPi 
photoanodes have been measured as 0.10 and 0.35 VRHE, respectively. The dual co-
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catalysts modified optimized structure of Fe2O3/CoPi/Co(OH)x NRs photoanode 
exhibits a top photovoltage of 0.40VRHE. The large photovoltage generated in 
Fe2O3/CoPi/Co(OH)x NRs photoanode signifies that the dual co-catalyst modification 
reduces the surface trap states resulting in the enhanced transfer of photogenerated 
holes for water oxidation.[21,36] The normalized OCPT vs. time plots (Fig. 6.3b), 
showing the photovoltage decay profile of the photoanodes, demonstrate that the co-
catalyst modified photoanodes exhibits faster photovoltage decay compare to pristine 
Fe2O3 photoanode. The dual co-catalyst modified Fe2O3 photoanode was found to have 
the fastest photovoltage decay among all the photoanodes. The decay life time of 
individual photoanodes was calculated by fitting the normalized OCPT vs. time curves with a 

bi-exponential decay function with two time constants τ1 and τ2 [12]. 

𝑓(𝑡) = 𝐴0 + 𝐴1𝑒− 𝑡𝜏1 + 𝐴2𝑒− 𝑡𝜏2                                                 (6.2) 

and 𝜏𝑚 = 𝜏1𝜏2𝜏1+𝜏2                                                                    (6.3) 

Where τ1 and τ2 are the time component associated with band-to-band and band-to-
surface state recombination process. 𝜏𝑚 is the harmonic mean. The total half-life time is 
calculated as ln(2𝜏𝑚) [12]. The photovoltage decay half life time for the Fe2O3, 
Fe2O3/Co(OH)x, Fe2O3/CoPi, and Fe2O3/CoPi/Co(OH)x photoanodes are calculated as 
1.31, 1.05, 0.79, and 0.60 s, respectively.The significantly reduced half life time for the 
Fe2O3/CoPi/Co(OH)x NRs photoanode indicates that the incorporation of dual co-
catalysts has remarkably suppressed the surface states and quenched the loss of photo-
holes due to the recombination at the surface states, improving hole transport for OER 
[12,34]. 

 

Figure 6.4: (a) The UV-vis absorption spectrum of the as-prepared photoanodes. (b) The 
KubelkaMunk plots for the as-prepared photoanodes obtained from the UV-Vis data 
and (c) The light-harvesting efficiency (LHE%) of the different photoanodes. 
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The UV-vis absorption spectrum (Fig. 6.4a) of the photoanodes indicates that the band 
edge-related light absorption for the pristine Fe2O3 NRs has improved because of dual 
co-catalyst modification. The band-gap energy of all the photoanodes is calculated as 
2.12 eV (Fig. 6.4b). The light-harvesting efficiency (LHE %) of the photoanodes is 
calculated as [29]  

LHE (%) = 1 10A()                                                                               (6.4) 

where A() is the absorbance at different wavelengths obtained from the UV-vis 
spectrum. The light-harvesting efficiency (LHE, %) of the photoanodes is shown in Fig. 
6.4c. It is evident that the single co-catalyst modification only brings a nominal change 
in the LHE of the Fe2O3 NRs. However, the LHE is found to improve within 350–550 nm 
range because of dual co-catalyst coupling.  

The charge trapping and transfer process at the photoanode/electrolyte interface was 
further investigated by EIS under illumination. The Nyquist plots of each photoanodes 
(Fig. 6.5a) were consisting of a semicircle with two arcs, fitted to an equivalent circuit 
model (Inset of Fig. 6.5a). The values of the charge trapping and transfer parameters 
calculated by using the equivalent circuit show that the values of Rtrap have reduced for 
the co-catalysts modified photoanodes. The lowest value of Rtrap for 
Fe2O3/CoPi/Co(OH)x NRs indicates the significant reduction of recombination of 
photoinduced electron-hole pair in this photoanode. The large enhancement in Cbulk 
value for the co-catalyst anchored photoanodes signifies the enhanced carrier densityof 
the photoanodes because of co-catalysts incorporation [37]. The significantly reduced 
Rct and enhanced Css values for the co-catalysts modified photoanodes confirm the 
enhanced photocarrier transportation at photoanode/electrolyte interface resulting in 
water oxidation occurs via surface states [38]. The lowest value of Rct and Rtrap for the 
Fe2O3/CoPi/Co(OH)x NRs photoanode indicates that dual co-catalysts modification 
provides a conducting path to the photo-holes and improves the intrinsic conductivity 
of the photoanode, helping to achieve the highest photocurrent and low turn-on 
potential for PEC water oxidation [10]. 
The Mott-Schottky plots were recorded in the dark at a frequency of 10 kHz. The flat 
band potential (Efb) was estimated from the Mott–Schottky plots, using the equation [39] 1𝐶𝑠2  =  2𝑒𝜀𝜀0𝐴2𝑁𝑑  (𝐸𝐸𝑓𝑏 𝑘𝐵𝑇𝑒 )                                              (6.5) 

where, Cs is the space charge capacitance, e is the elementary charge (1.6×10−19 C),  is 
the dielectric constant of the semiconductor photoanode, 0 the free space permittivity, 
A is the geometrical area of the electrode, Nd is the carrier density, E is the applied 
potential, kB the Boltzmann’s constant, and T is the temperature in the absolute scale. 
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The flat band potentials (Vfb) of the photoanodes estimated from the Mott-Schottky (M-
S) plots (Fig. 6.5d) demonstrate that the value in Vfb (~0.18 V vs. RHE) is nearly identical 
for all the photoanodes. This result indicates that the band unpinning does not have any 
contribution towards the water oxidation reaction under dark conditions [1]. The charge 
carrier density calculated from the slope of the M-S plot in the space charge region for 
the pristine Fe2O3 NRs (3.4×1018) is found to increase because of co-catalyst 
modification. 

 

Figure 6.5: (a) EIS Nyquist plotsand the equivalent circuit diagram (inset), (b) variation 
of Rtrap and Cbulk, values (c) variation of Rct and Css values, and (d) Mott–Schottky plots 
and variation of depletion width (Wd inset) for the different photoanodes. 

The charge carrier density (Nd) was calculated using the following equation [40] 

Nd = (2/eɛɛ0)[d(1/C2)/dV]−1                                                                         (6.6) 

where e is the electron charge, ɛ is the dielectric constant of hematite, ɛ0 is the 
permittivity of vacuum, and d(1/C2)/dV is the slop of the obtained Mott-Schottky 
curve. The charge carrier density for the Fe2O3/Co(OH)x, Fe2O3/CoPi, and 
Fe2O3/CoPi/Co(OH)x NRs photoanodes are estimated as 1.6×1019, 2.9×1019, and 
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2.4×1019, respectively. The co-catalyst modification can not significantly enhance the 
carrier density of the photoanodes, which again supports the enhanced charge transfer 
process to maximize the PEC performance in co-catalyst modified photoanodes [37]. 
The depletion width (Wd) was calculated from the equation [41]  

Wd = ((2ɛɛ0Vbi)/(eNd))1/2                                                                           (6.7) 

Where ɛ is the dielectric constant of hematite, which was considered as 80, Vbi is the 
built-in potential, which was estimated by subtracting the flat-band potential from the 
applied potential. The depletion width (Wd) of the Fe2O3, Fe2O3/Co(OH)x, Fe2O3/CoPi, 
and Fe2O3/CoPi/Co(OH)x NRs photoanodes are estimated as 5.3, 2.4, 1.8, and 1.9 nm, 
respectively, under the applied bias of 1.23 V vs. RHE (inset of Fig. 3d). A significant 
decrease of Wd for the co-catalyst modified photoanodes indicates favorable band 
bending for accelerated transfer of photoholes from the depletion region to the surface, 
suppressing the charge recombination [42]. However, here the Fe2O3/CoPi photoanode 
exhibits the highest carrier density and the shortest Wd value, which is consistent with 
the Cbulk value estimated in the EIS studies. 

6.4 Conclusions 

In summary, this work demonstrates the synthesis of CoPi and Co(OH)x dual co-
catalysts modified hematite NRs photoanode with ultralow turn-on voltage (0.4 V vs. 
RHE) and high photocurrent density for water oxidation. The Fe2O3/CoPi/Co(OH)x 

shows enhanced light-harvesting efficiency over the other photoanodes. The PEC 
characteristics unveil that the dual co-catalyst overlayer also increases surface 
photovoltage generation through reduction of the surface states responsible for 
photocarrier recombination and boosts the photohole transfer for OER. The dual co-
catalysts modification also enhances carrier density and reduces the depletion width, 
leading to large photocurrent and enhanced band bending for rapid hole collection. 
Overall the dual co-catalysts overlayer improves the oxygen evolution reaction kinetics 
and electrical conductivity for hematite NRs, resulting in improved PEC water 
oxidation. Therefore, the idea of modifying hematite NRs with dual OER co-catalysts 
overlayer can be adopted to enhance the PEC activity of other oxide semiconductors 
(BiVO4, BiFeO3, TiO2, etc.). 
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Chapter 7 Conclusion and Future Scope 
of The Work 

This chapter presents an overall conclusion of all the works 
included in this thesis and their scope in the scientific field in 
the future.  
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7.1 Conclusion  

Energy is the primary demand of an industrially revolutionalized society to maintain its 
minimum standard of living. The development of a carbon-free energy economy is 
necessary for the sustainable development of society. The future energy infrastructure 
needs to be based on environmentally adequate alternative energy resources by 
replacing the conventional fuel-based energy supply. In this regard, renewable energy 
resources, primarily solar energy, provide a secure and sustainable scope of energy 
harvesting with the promise to tackle the global energy demand and the issue of climate 
change.       

This thesis has been focused on the fabrication and development of different earth-
abundant metal oxide semiconductor-based photoanodes for PEC water oxidation 
application. Primarily, we have fabricated one-dimensional nanostructure (nano rods) 
of ZnO and Fe2O3 on FTO coated glass substrates, serving as the pristine photoanodes 
of PEC cells. Various nanoscale surface engineering strategies, including the formation 
of the nano-heterojunction type photoanodes, have been adopted to overcome the 
limitations of a single photoanode material for PEC cell application. All the 
nanostructures have been fabricated through easy, scalable, and low-cost methods.   

At first, we have fabricated an n-n type heterostructure between ZnO NRs and MoO3 by 
employing a low-cost, easy and scalable spin coating technique. The thickness of the 
MoO3 layer has been optimized in terms of spin coating event repetition by maximizing 
the photoconversion efficiency. Introducing the MoO3 layer over ZnO NRs remarkably 
improves the visible-light-driven PEC water splitting activity. For the optimized 
ZnO/MoO3 photoanode, an 8.3 and 4.76 fold increase has been observed in 
photocurrent density and ABPE, respectively, under visible light illumination. This 
study demonstrates that the n-ZnO/n-MoO3 type heterojunction might be a potential 
strategy to mitigate the limitations involved in solar energy conversion in PEC cells. 

In another work, the three-dimensional (3D) ZnO/CoFe2O4 and ZnO/NiFe2O4 type-II 
(n-n and n-p) heterojunction photoanodes have been successfully fabricated by 
assembling chemically synthesized CoFe2O4 and NiFe2O4 spinel ferrite nano-particles on 
the one dimensional pristine ZnO NRs by spin coating. The UV-visible light absorption 
ability of the respective heterojunction photoelectrodes was enhanced due to the 
narrow band-gap of CoFe2O4 and NiFe2O4 NPs. Significant enhancement in 
photocurrent density has been observed with ZnO/CoFe2O4 and ZnO/NiFe2O4 
heterojunction photoanodes with a typical value of 1.13 and 1.23 mA.cm-2, respectively, 
compared to 0.60 mA.cm-2 current density of pristine ZnO NRs photoanode at 1.23V vs. 
RHE. The favorable type–II band alignment at n-n heterointerface boosts the charge 
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separation and transportation and suppresses the electron-hole pair recombination, 
resulting in excellent photocurrent density. Therefore the design of these nano-
heterostructure provides an effective strategy to develop economic, earth-abundant 
materials-based electrodes with enhanced PEC performance. 

Afterward, a three-dimensional network of a type-II like n-ZnO/p-ZnCo2O4 core/shell 
nano-heterojunction photoanode has been fabricated via coupling p-ZnCo2O4 through 
electrodeposition route. The effective light-harvesting ability and favorable band 
alignment boost the charge generation and rapid separation of electron-hole pairs in 
heterojunction photoanode. The remarkably improved charge transfer mechanism for 
the n-ZnO/p-ZnCo2O4 nano-heterojunction photoanode coupled with the enhanced 
surface catalytic reaction because of the p-ZnCo2O4 OER catalyst results in a 351% and 
164% enhancement in photocurrent density and ABPE, respectively, over the pristine 
ZnO NRs. Therefore, the synergistic coupling of n-ZnO and p-ZnCo2O4 for a nano-
heterojunction photoelectrode serves as an ideal photoanode for solar-driven PEC water 
oxidation. 

In the final work, we have synthesized CoPi, and Co(OH)x dual co-catalysts modified 
Fe2O3 NRs photoanode by coupling cost-effective and straight forward 
photoelectrodeposition and SAILR method. The dual co-catalyst modification increases 
the surface photovoltage generation through reduction of the surface states responsible 
for photocarrier recombination in Fe2O3 and boosts the photo hole transfer for OER. The 
dual co-catalysts modification also enhances carrier density and reduces the depletion 
width, leading to a large photocurrent. Compared to pristine Fe2O3, a 358% 
enhancement in photocurrent density at 1.23V vs. RHE with an ultralow turn-on 
potential (0.4V vs. RHE, lowest ever known) has been observed Fe2O3/CoPi/Co(OH)x 
photoanode. Overall the dual co-catalysts overlayer improves the oxygen evolution 
reaction kinetics and electrical conductivity for hematite NRs, resulting in improved 
PEC water oxidation. 

7.2 Future Scope 

The research works presented in this dissertation set the platform for further research 
and development of various earth-abundant materials as photoanode in solar energy to 
chemical energy conversion in PEC cells through water splitting.  The low-cost and 
easily scalable photoanode synthesis routes that have been presented in this thesis are 
especially attractive for PEC water splitting cell fabrication. The involvement of earth-
abundant metal oxide semiconductor-based photoanodes provides a massive scope of 
further development due to their durability, reaction kinetics, and large-scale 
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production possibility. Over the past few decades, ZnO-based nanostructure 
photoanodes have shown tremendous potential to be used in PEC cells. They have 
favorable characteristics like carrier density, electron and hole mobility, band structure, 
natural abundance, and large-scale productivity.  Enormous research and technological 
development is required to meet the current energy demand with metal oxide-based 
water splitting systems. The physics behind the different photoelectrochemical 
phenomena of the photoanodes has been explored in this thesis which will build up a 
better understanding and motivate other researchers in this particular direction of 
research. In particular, we have found the dual functional ZnCo2O4, which acts as a 
light-harvesting material and an OER catalyst, effectively suppresses the limitations of 
ZnO and significantly enhances photocurrent density; thereby, an increase in 
photoconversion efficiency has been observed with ZnO/ZnCo2O4 heterojunction 
photoanode. Therefore nano-heteroarchitecture designing with proper band-gap 
engineering could be an effective solution to enhance PEC activity of the earth-
abundant metal oxide-based semiconductor photoanodes. On the other hand, we have 
shown that the dual co-catalyst (CoPi and Co(OH)x) modification on Fe2O3 enhances the 
photocurrent density and shifts the water oxidation turn-on potential to a remarkably 
low value. This strategy could be applied to other metal oxide semiconductors to get 
excellent water splitting activity at low bias potential. It is evident that proper surface 
engineering is an effective approach to boost the PEC performance of the electrodes. 
Choice of suitable co-catalyst also enhances the surface reaction kinetics in 
photoelectrodes. However, our research work is confined to the laboratory-scale 
production of H2 through solar water splitting. More research and developments are 
required for the large-scale production of H2 by solar water splitting.     
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