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Chapter 1:  Energy and 

Photoelectrochemical water splitting  

1.1 Introduction 

Fossil energy reserves has been utilized extensively to meet most of the world’s 

energy requirements and energy consumption for each nation is considered as a crucial 

driver of economic growth. In addition, continuous increase of environmental pollution 

threatens the global climate change because of tremendous emission of carbon dioxide 

(CO2) and other pollutants, which stem from combustion of fossil fuels. [1,2]. Essential 

challenging issues such as steady increasing the human population and energy demand in 

all the word along with depletion of fossil fuels cause the discovering of environmentally 

friendly fuels and efficient designing of energy storage devices. Therefore, for energy 

demand challenges, sustainable and clean renewable energy resources such as wind and 

solar energy can be employed as alternative energy sources [3,4].  

1.2 Solar energy 

Solar energy is considered as one of the most promising and unlimited source of 

energy to address this growing energy demand rate with lowest environmental pollution. 

The amount of energy coming to the land through the sun is about 36×103 TW which 

only 1% of this amount of energy will be sufficient to tackle environmental pollution 

issue as well as to satisfy world’s human population consumes in the year 2050 [5,6]. 

Moreover, the advantages of using solar energy compared to the conventional energy 
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usage is consist of: (i) it is almost free because the payback times could be very short after 

the initial cost, (ii) reducing the level of greenhouse gases and pollutants and, (iii) it does 

not need nor power supply nor natural gas. Artificial photosynthesis, as solar-to-chemical 

energy convertors, by harvesting light can be used to produce high source of energy such 

as hydrogen (H2) or hydrocarbon via promising methods such as water splitting or carbon 

oxide reduction [2,6].  Among the various types of chemical fuels, hydrogen is one of the 

most significant candidate due to it can yield more energy per unit mass, which is 3-4 fold 

higher that than other fuels (120–142 MJ/kg) and can be utilized in fuel cells producing 

only water as the reaction product without any detrimental emission [7]. On the planet 

such as earth, H2 is almost always found as part of another compound, such as molecule 

of water (H2O), methane (CH4) or organic material, and it must be separated into pure H2 

for use for instance in fuel cell electric vehicles. However, because of being a useful fuel, 

H2 safely has been utilized for decades in glass purification, in metallurgical process as 

O2 scavenger, metal treatment, petroleum refining, semiconductor manufacturing, 

fertilizer production and pharmaceuticals [2,8]. H2 can be produced through a wide range 

of raw materials which is consist of gas and coal as a fossil source, as well as renewable 

sources using sunlight, such as water and biomass. In addition, numerous technologies 

with the long-term promise have been developed and will require financial support to 

fulfil their goals. However, in industry sector some of these technologies have been using 

for hydrogen production. In the next section, the main research activities for hydrogen 

production will be discussed. 

1.3 Hydrogen production methods 

1.3.1 Steam methane reforming 

Steam-methane-reforming is utmost process for H2 production in the industry. As a 

first step, methane such as natural gas with high-temperature steam (700˚C –1,000˚C) 

under 3–25 bar pressure (1 bar = 14.5 psi) in the presence of a catalyst is used to produce 
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synthesis gas (reaction 1-1) which is mixture of H2 and carbon monoxide (CO). Followed 

by water gas shift reaction (WGSR), where the produced CO reacts with the steam to 

produce CO2 and more H2 (reactions 1-1 and 1-2). To obtain the pure H2 in the final 

process system, all impurities and CO2 will be removed from the gas stream. 

𝐶𝐻4 +  𝐻2𝑂 ↔ 𝐶𝑂 +  𝐻2  1-1 

𝐶𝑂 +  𝐻2𝑂 ↔ 𝐶𝑂2 +  𝐻2  
1-2 

Gasification also is one of the important path of H2 production using fossil-based 

carbonaceous materials and biomass with high-temperature steam and oxygen (O2). In 

this process, for example, in the presence of O2 and the steam at high temperature 

(>700˚C), coal converts into CO, H2, and CO2. Subsequently, more H2 is produced via a 

water-gas shift reaction, and then membrane can be employed to separate the pure H2 

from mixture gas stream [9,10]. 

1.3.2 Water electrolysis 

As shown in Figure 1.1, electrolysis is the eco-friendly process to produce high purity 

of H2 and O2 as an only by-product (equation 3-1). However, it is not cost-effective and 

therefore less than 5% of necessary H2 consumption can be produced by electrolysis 

[11,12]. 

2𝐻2𝑂 +  2𝑒− →  2𝐻2 +  𝑂2  3-1 
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1.3.3 Photocatalysis 

Photocatalysis is the acceleration of a photoreaction using a catalyst such as 

semiconductor material under light irradiation, which can continuously produce electron-

hole pairs (e-/h+) during the photochemical reaction. The photocatalytic reactions as it has 

been utilized in many chemical reactions can be categorized into two main types from 

thermodynamics point of view. Firstly, uphill reactions (Δ𝐺 > 0, positive Gibbs free 

energy changes) where the material absorb light to perform the reaction such as CO2 

reduction and water splitting. Secondly, downhill reactions (Δ𝐺 < 0, negative Gibbs free 

energy changes) where the oxidation of many organic pollutants by oxygen would fit in 

this category (Figure 1.2). Irrespective of definition, the photocatalyst is considered based 

on properties such as light absorption, charge separation and charge transfer [13,14]. The 

search for a study of the light effect on chemical reactions began in early 1901 by 

Giacomo Ciamician [15]. In 1911 [13], the concept of photocatalysis was introduced 

when Alexander Eibner utilized Zinc oxide (ZnO) and Prussian blue (the dark blue 

pigment) to bleach under illumination of light.  

Figure 1.1 Water electrolysis process. 
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Later, in 1924 [13], based on previous experimental results, ZnO has been used to reduce 

silver onion under irradiation of light. Baly et al. [16] reported ferric oxide and colloidal 

uranium salt as catalyst under visible light to form formaldehyde. Later, an article was 

published regarding the utilization of TiO2 and Nb2O5 for reduction of ANO3 and AuCl3 

in 1932 [13]. Afterwards, in 1938 [13], Kitchener and Goodeve investigated TiO2 as a 

highly stable oxide. They found that after absorption of ultra violet (UV) light, TiO2 in 

the presence of oxygen can act as a photosensitizer and produce active oxygen species on 

its surface for bleaching dyes. In spite of much effort due to the lack of interest and 

absence of some practical application, there was a more than 20 years gap in any 

photocatalysis scientific work. However, the issue of energy crisis as well as its impact 

on environment was the milestone to encourage the scientists to think about alternative 

energy sources. 

In 1972, Fujishima and Honda reported a breakthrough scientific research on 

photocatalysis of water, occurred in two-electrode electrochemical set-up using TiO2 and 

Platinum (Pt) under UV light irradiation [17–20]. In this set-up, TiO2 as an anode 

electrode could absorb the UV light in the way that the electrons pass thought the external 

circuit to reach to the Pt as a cathode part to reduce the water to the H2. Later, in 1979 

[13], Fujishima and his colleague extended the application of photocatalysis by focusing 

on CO2 reduction using different inorganic semiconductor photocatalyst. Since then, 

Figure 1.2 Thermodynamic illustration of a) uphill reaction and b) downhill reaction [13].     
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scientists have been concentrating on principle of photocatalyst mechanism, improve its 

efficiency and investigation new photocatalysts for various applications [13]. 

1.3.3.1 Semiconductor and band diagram 

Nowadays, semiconductors due to their role in the fabrication of electronic devices, 

play an important role in our modern society. The developments in semiconductor 

technology during the last 50 years changed the word beyond anything that could have 

been imagined before them. Thanks to the semiconductors, electronic devices become 

smaller, faster, and more reliable.  

The study of semiconductor materials began in the early 19th century. Typical 

semiconductor material such as silicon (Si), Germanium (Ge), and combination of groups 

III and V of periodic table elements (GaAs) have been characterized by a its bandgap. 

The bandgap can be defined as an energy gap or forbidden energy region between the 

completely full band of electron (valence band or VB) and partially/quite-empty one 

(conduction band or CB) [21,22]. Electrons through optical or thermal excitation can 

cross this gap. The bandgap in semiconductor material is ranging between 1 and about 

3.5 eV. While, the bandgap in insulator material is too large and it is about larger than 4 

eV, there is no gap between the VB and CB in metal (Figure 1.3) [23]. 
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Photocatalytic property is observed when semiconductors absorb light at a 

wavelength equal or greater than to the material’s band gap. Consequently, VB electrons 

are promoted through the bandgap into the CB, and leaves behind the electron-holes in 

the VB [24,25]. The bandgap energy diagram of some most common semiconductors are 

presented in Figure 1.4 [26]. 

According to the literature, the most widely accepted formation mechanism for all 

semiconductors during the light absorption involves four stages (shown in Figure 1.5): (i) 

light absorption to generate electron-hole pairs; (ii) separation of photo-excited charges; 

(iii) transfer of electrons and holes to the surface of photocatalyst; and (iv) oxidation and 

Figure 1.3 Energy band diagram demonstrating different band gap energies. 

Figure 1.4 The band edge potentials and band gaps of different semiconductors [26]. 



Chapter 1: Energy and photoelectrochemical water splitting 

 

8 

 

reduction (redox) reactions based on the utilization of charge carries on the surface of 

photocatalyst [13,27,28]. There is the undesirable charge carrier recombination either on 

the surface of catalyst or on route to the surface. The recombination of excited charge 

release the energy obtained from excitation in the form of heat (non-radiative 

recombination) or light emission (radiative recombination) [14]. 

As we discussed earlier, there have been variety methods to produce H2. However, 

photocatalysis has been considered as cost-effective and environmentally friendly 

approach to split water for H2 evolution. Overall, the energy of the photons can be 

converted to the chemical energy via combination of oxidation and reduction process as 

follows [28–30]: 

Oxidation: 2𝐻2𝑂 +  4ℎ+ →  𝑂2 + 4𝐻+  𝐸𝑂2 𝐻2𝑂⁄
0 = 0 𝑉 𝑣𝑠. 𝑅𝐻𝐸  

Reduction: 4𝐻+ + 4𝑒− →  2𝐻2  𝐸𝐻+ 𝐻2⁄
0 = 1.23 𝑉 𝑣𝑠. 𝑅𝐻𝐸  

Overall reaction: 2𝐻2𝑂 → 2𝐻2 + 𝑂2  
𝐸 = 1.23 𝑉 𝑣𝑠. 𝑅𝐻𝐸  

 

Figure 1.5 Schematic illustration of photoexcited electron-hole pairs on a semiconductor and 

possible recombination and reaction path. 
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Based on an overall reaction, H2 evolution through water splitting is endothermic 

which the Gibbs free energy for this reaction is 237.2 KJ/mol of H2 produced. In addition, 

there have been two necessary requirements that affect H2 production. Firstly, due to the 

overpotential needed for O2 and H2 production, actual energy of 1.26 < Eg < 2.4 eV is 

required to achieve water splitting reaction. Secondly, the band edge positions must 

straddle the H2 and O2 redox potential and the CB of semiconductor should be more 

negative than potential of H2 evolution and the valence band edge more positive than 

potential needs to oxidize the water. Based on the main aforementioned steps for 

semiconductor, migrated charge to the surface may oxidize/reduce adsorbed water 

molecules, producing H2 molecules (Figure 1.6) [28,31]. 

1.3.4 Photoelectrocatalysis 

The concept of photoelectrocatalysis, which is combination of photoelectrochemical 

technique with heterogeneous photocatalyst, can be referred to the photoelectrochemistry. 

Photoelectrochemical (PEC) water splitting is one of the most promising method for 

production of highly clean and sustainable H2 [2,13]. The photoelectrochemical is consist 

of two electrodes immersed in aqueous electrolyte solution. Reduction of water into H2 

and O2 generation occur on the surface of photoanode and photocathode respectively. 

Figure 1.6 Schematic illustration of the hydrogen production via water dissociation mechanism 

on semiconductor. 
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During the photoelectrochemical water splitting (PEC-WS), photogenerated electron (or 

holes) migrate to the cathode (or anode) to participate in H2 (or O2) evolution reactions 

(HER and OER, respectively). These charge carriers that promote redox reactions are 

generated in semiconductor upon absorption of light [32–35]. Generally, PEC-WS offers 

some beneficial issues compared to the conventional photocatalysis. On one hand, on the 

nanoscale photocatalyst’s setup the close vicinity of oxidation and reduction site increases 

product crossover. Therefore, for photoelectrocatalysis much higher efficiencies than 

powdery photocatalysis setup are expected. On the other hand, PEC techniques can 

provide better characterization tools to understand and characterize photocatalyst in 

quantitative way which will be discuss in the next section [13]. As shown in Figure 1.7, 

upon illumination the electron and holes are generated (e-/h+). The electron and holes then 

separated and holes in the valence band diffuse/migrate towards the surface of 

semiconductor where OER occurs. Simultaneously, electron promotes to the 

semiconductor conduction band and transported towards semiconductor’s back contact 

and through the external circuit to the surface of counter electrode to drive the HER [2]. 

While PEC water splitting is powerful technique, it seems complex process for direct 

splitting water into H2 and O2 efficiently. For this reason, it must be met several key 

criteria simultaneously: (i) the band gap should be small enough for absorption of 

Figure 1.7 Illustration schematic of a photoelectrochemical cell that involves of a semiconducting 

photoanode and a metal cathode [32]. 
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significant portion of solar spectrum, (ii) the semiconductor photocatalyst must generate 

adequate voltage level upon irradiation to split the water molecule, (iii) the semiconductor 

should have straddled band edge positions with respect to water redox potentials, (iv) the 

semiconductor must show photocorrosion resistance in aqueous electrolyte and facile 

charge transfer from the surface of semiconductor to the solution ions to minimize the 

energy losses [32]. For practical H2 production, the cost-effective materials, which can 

satisfy all above requirements process has not been reported yet. 

1.3.4.1 Estimation of the PEC water splitting efficiency 

The energy conversion efficiency is ultimate performance indicator of PEC-WS cell 

for promoting the advancement of this technology. Photoconversion efficiency can be 

measured under irradiation of artificial light sources such as xenon (Xe) lamp. While the 

intensity and spectrum of solar light reaching the ground highly depend on the weather 

conditions and the time of day, the intensity of artificial sources remain constant with 

time during its lifetime. Several measures are mainly used to determine the efficiency of 

material for PEC-WS, which will be discussed in the following [36–40]. 

The standard solar-to-hydrogen conversion efficiency (STH) is the most important 

approach for calculating PEC-WS performance. It can be explained as a ratio between the 

total energy generated to the solar energy input. The PEC device for STH measurement 

is measured in 2-electrod system and requires solar AM 1.5G illumination, under zero 

bias voltage between working electrode (WE) and counter electrode (CE). 

𝑆𝑇𝐻 =  
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
=  

∆𝐺×𝑟𝐻2

𝑃𝑠𝑢𝑛 ×𝑆
  (1.1) 

Where 𝑟𝐻2
 is the rate of H2 production in moles per second, measured with mass 

spectrometer or gas chromatograph, ∆𝐺 is the Gibbs free energy (237 KJ mol-1), 𝑃𝑠𝑢𝑛 is 
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the power density of illuminated light (100 mW cm-2) and 𝑆 is the illuminated electrode 

area (cm2). 

When an external bias is applied to the PEC system, the current extracted from the 

cell is higher compared to the bias-free condition of STH measurement; therefore, the 

electrical energy must be subtracted. The applied bias photo-to-current efficiency (ABPE) 

is determined: 

Where 𝑃𝑙𝑖𝑔ℎ𝑡  is the light intensity (100 mW cm-2), 𝐽𝑝ℎ photocurrent density under 𝑉𝑏𝑖𝑎𝑠, 

𝑉𝑟𝑒𝑑𝑜𝑥  is redox potential (1.23 V vs. NHE) for water splitting, 𝑉𝑏𝑖𝑎𝑠  is actual potential 

difference between the working and counter electrode. 

The incident photon-to-current efficiency (IPCE) is another possibility of assessing 

the performance of photoelectrode for water splitting. The IPCE is calculated as the 

percentage of the incident photon flux that is directly transformed into the photocurrent 

as function of the incident photon. 

𝐼𝑃𝐶𝐸 =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 =  

(
𝐽𝑝ℎ  (𝜆)

𝑒
)×(

ℎ𝑐

𝜆
)

𝑃(𝜆)
 × 100% 

 

(1.3) 

 

Where 𝐽𝑝ℎ  is the photocurrent density measured at specific wavelength (mA cm-2), e is 

the electronic charge, h is Plank’s constant, c is speed of the light, and 𝑃(𝜆) is the 

incident light intensity at that specific wavelength (mW cm-2). 

Finally, in the calculation of IPCE, optical losses caused by reflection and/or 

transmission of photons are neglected. Therefore, the absorbed photon-to-current 

conversion efficiency (APCE) can be obtained by correction these optical losses. The 

𝐴𝐵𝑃𝐸 =  
𝑃𝑜𝑢𝑡− 𝑃𝑖𝑛

𝑃𝑙𝑖𝑔ℎ𝑡
=  

𝐽𝑝ℎ  (𝑉𝑟𝑒𝑑𝑜𝑥− 𝑉𝑏𝑖𝑎𝑠)

𝑃𝑙𝑖𝑔ℎ𝑡
  

 

 (1.2) 
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APCE is expressed as number of photogenerated charge carriers contributing to the 

photocurrent per absorbed photon, that is: 

𝐴𝑃𝐶𝐸 =  
𝐼𝑃𝐶𝐸 (𝜆)

𝐴(𝜆)
=  

𝐼𝑃𝐶𝐸 (𝜆)

1 − 𝑅 − 𝑇
 × 100% 

 

(1.4) 

Where A, R, T are the optical absorption, reflection, and transmission, respectively. 

Regarding the various semiconductors introduced in Figure 1.4 those that are 

thermodynamically feasible for water splitting are ZnO, TiO2, SiC and CdS. For these 

reasons and its high chemical stability, TiO2 has considered as one of the promising 

semiconductor candidate for this purpose, which will be discussed in the next chapter. 
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Chapter 2:  TiO2 for water splitting 

application 

2.1 Titanium dioxide (TiO2) as a benchmark photocatalyst 

Among various types of metal oxide semiconductors (α-Fe2O3, ZnO, WO3, etc.), 

TiO2 has been one of the most widely used materials for the PEC application owing to 

many beneficial properties, including chemical and mechanical stability, photocorrosion 

resistance, favourable band edge positions, and low cost [7,41–43]. In 1964, Kato et al. 

reported photocatalytic oxidation of tetralin by a suspended TiO2. Later, McLintock et al. 

further studied the photocatalytic oxidation of propylene and ethylene in the presence of 

adsorbed oxygen on the surface of TiO2 [44]. In the 1970s, Fujishima and Honda 

demonstrated the most important discovery in the area of photocatalysis, using 

photoexcited TiO2 to dissociate water into H2 and O2 in a photoelectrochemical cell 

configuration. Considering the photocatalytic activity property, TiO2 nanostructure 

attracts wide scientific interest in view of their applications in photocatalytic water 

splitting, environmental protection procedures such as, air and water purification, gas 

sensors, solar cell, cancer cell killing, hip and dental implant, and ion change [45,46]. As 

shown in Figure 2.1, TiO2 has three major crystalline forms in the bulk or nanoscale 

namely anatase, rutile and brookite [47]. The most thermodynamically stable phase at 

ambient temperature and pressure in macroscopic sizes form of TiO2 is rutile, while 

anatase is more stable in nanoscopic sizes. TiO2 consists of Ti4+-ion at the centre that 



Chapter 2: TiO2 for water splitting application 

 

16 

 

surrounded with six O2-ions. However, rutile and anatase TiO2 have distinct densities and 

average Ti4+ distance differ for those structures, which affects their thermodynamic 

stability. All physical and chemical properties of these three crystalline phases are 

presented in Table 2.1. It is worth to mention that a number of experiments show that at 

temperatures higher than ca. 300˚C TiO2 structure can be transformed to anatase phase. 

At temperature 700-1000˚C, the phase transition anatase to rutile take place which is 

depends on impurities and crystallite size [48,49]. Brookite is the rarest naturally 

occurring form of TiO2 and is challenging to synthesize in pure form. However, many 

parameters can be influenced in the phase transitions among these three phases such as 

pH of solution, particle size, surface energy, and solution chemistry [50]. For example, 

for the equal particle sizes of the three phases, the most thermodynamically stable phase 

for crystal sizes below ca. 11 nm, 35 nm and exceeding 35 nm, anatase, rutile and brookite 

are most stable, respectively [50]. The band gap of rutile is 3.0 eV, which is smaller than 

that other TiO2 crystalline phase (3.2 eV for anatase and 3.3 eV for brookite). However, 

due to the high recombination rate of electron-hole in rutile, it is not suitable candidate 

for photocatalysis reaction [51]. Furthermore, it is reported that brookite nanocrystals 

demonstrate higher photocatalytic activities compared to those rutile and anatase [52–55]. 

Figure 2.1 Crystal structures of TiO2 (spheres: red—O2, grey—Ti) [47]. 
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Table 2.1 Physical and chemical properties of anatase, rutile and brookite [56–58]. 

Properties Anatase Rutile Brookite 

Crystal structure Tetragonal Tetragonal Orthorhombic 

 

Lattice constant (Å) 

 

a = 4.5936 

c = 2.9587 

 

a = 3.784 

c = 2.9587 

 

a = 9.184 

b = 5.447 

c = 5.154 

Density (g/cm3) 3.89 4.52 4.18 

Melting point (˚C) 1825 1840 1843 

Semiconductor type n-type n-type n-type 

Standard heat capacity 

     Cp (J/KgK) 

55.52 55.06 56.2 

Refractive index (ηα) 2.56 2.94 2.58 

 

2.2 TiO2 nanostructuring 

The size of the material has a great influence on its properties. There is no big 

difference in materials properties in their bulk and microscale. However, the properties 

changes considerably when the particle reaches a size blow 100 nm, compared to its bulk 

state. Significant features of nanomaterial, affecting in photocatalytic application are: (i) 

increasing effective surface area, which is popular for improving photocatalytic reactions 

by adsorbing more reactants in semiconductor-electrolyte interfaces, (ii) more efficient 

charge-carrier separation, and (iii) adjustment of band-bending, surface state and flat-

band potential with expose specific crystal facets to the light. Moreover, it has been 

reported that the photocatalytic activity of TiO2 nanostructures is related to their size, 

specific surface area, morphology and synthesis method of nanomaterials [45]. One-

dimensional (1D) TiO2 nanotubes (TNTs) have been extensively investigated over the 

last decade, due to their favourable properties to outperform their bulk counterparts in 

photocatalytic activity. For instance, TNTs generally provide a high aspect ratio that 

significantly enlarges the surface area and the light harvesting efficiency as well as an 

increased number of catalytic centres [7,59]. Moreover, the drawback of the electron–
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hole recombination can be significantly suppressed due to the fast and directional 

pathway (along the axial direction) of photogenerated electrons [7]. Various methods 

have been developed to synthesize TNTs, including template synthesis, sol-gel or a 

hydrothermal method [7,60,61]. 

2.2.1 Hydrothermal method 

Among various synthesis methods, hydrothermal method is straightforward approach 

for chemical processing, leading to fabrication of high purity and good dispersibility for 

synthesizing 1D TiO2 nanostructures (TNTs). It is a technique of crystallizing a metal 

oxide in an aqueous solution at high pressure and temperature. Teflon autoclave within a 

stainless-steel vessel is used to keep the solution in furnace or oil bath at higher 

temperature 100˚C (i.e., boiling point of water at 1 atm). Kim and co-workers reported 

that the 1D TiO2 nanotubes growth by hydrothermal method that they treated titanium 

precursor with 10M NaOH solution followed by a heat treatment in an autoclave for 48 h 

[62]. Interestingly, Bahnemann et al. [53] reported the growth of brookite TiO2 nanorods 

using titanium bis (ammonium latate) dihydoxide (TALH) precursor with combination of 

high concentration of urea at 140˚C for 24 h. Over the past years several parameters have 

been considered to produced desired morphology including, reaction temperature, 

reaction time, various Ti precursor, and concentration of alkali solution [45,63]. 

2.2.2 Anodization method of TiO2 nanotube synthesis 

Electrochemical anodization technique is one of the most affordable and convenient 

method to obtain highly order and uniform arranged nanotubes perpendicular to the 

substrate. This method could provide a high degree of control over the length and 

diameter of nanotubes. Self-organized growth of TiO2 nanotubes layer via anodization of 

titanium (Ti) in chromic acid electrolytes was investigated for the first time by Zwilling 

in 1991 [64]. Later, Gong et al. [65] reported the synthesis of self-organized TiO2 

nanotube arrays by anodization of Ti foil in an aqueous electrolyte (H2O/HF) with length 
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of approximately 500 nm at room temperature. In this process, the metal (i.e., Ti, Al, Zr) 

is immersed in an electrolyte and acts as the anode of an electric circuit. Then, the DC 

electric field drives the migration of metal and oxygen ions in the electrolyte bath (Figure 

2.2). The corresponding mechanism of tube formation through anodization of Ti foil can 

be varified via SEM and current-time curve during the fabrication of TiO2 nanotubes. The 

formation of TiO2 nanotubes can be described because of competition between 

formations of the anodic oxide layer under applied electric fileld (equations 2-1 and 2-2) 

and chemical assisted dissolution rate of the forming oxide (equation 2-3). This can be 

regarded as dissolution promoted by the presence of fluoride ions (F-), which is an vital 

parameter for the formation of tubular structure because of its ability to form soluble 

hexafluoro titanium complex ([TiF6] 2-) [66–71]. 

𝑇𝑖 ⟶  𝑇𝑖4+ + 4𝑒− (2.1) 

   𝑇𝑖 + 2𝐻2𝑂 ⟶ 𝑇𝑖𝑂2 + 4𝐻+ +  4𝑒− (2.2) 

𝑇𝑖𝑂2 +  6𝐹− ⟶  [𝑇𝑖𝐹6]2− + 2𝐻2𝑂 (2.3) 

In the presence of F- dissolution/complexation of Ti4+ as [TiF6]2- can be formed according 

to the following reaction as well: 

𝑇𝑖4+ +  6𝐹−  ⟶  [𝑇𝑖𝐹6]2−  (2.4) 

https://www.sciencedirect.com/topics/engineering/networks-circuits
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A schematic illustration of the reaction phenomena occurring in fluoride containing 

media is shown in Figure 2.3a. The electric field drives Ti4+ ions from the Ti substrate 

towards the electrolyte-oxide interface, which results in the thickening of the grown of 

oxide layer. Totally, oxide layer is grown either at the oxide/metal or oxide/electrolyte 

interface based on Ti4+ and O2- ions migration rate, where Ti4+ ions combine with F- ions 

to form a water-soluble titanium hexafluoride species ([TiF6]2-). The OH- and O2- anions 

stem from the dissociation of water and F- with the high diffusion coefficient, migrate 

towards the anode interface to form a fluoride-rich layer at the metal–oxide interface. The 

presence of F- ions in appropriate concentration play vital role for pore formation in the 

substrate, results in partially dissolving the oxide (Figure 2.3b). When the formation of 

oxide layer and dissolution rated reach at equilibrium under several key factors such as 

pH, fluoride content, anodizing potential and time, and temperature the nanotubular TiO2 

structure can be formed.  It is worth mentioning that O2 and H2 bubbles are evolved at the 

anode and cathode, respectively [68,70–72]. 

Figure 2.2 Anodization set-up for synthesizing the nanotubes [66,67]. 
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Figure 2.3c demonstrates the current density versus time (I-t) curve of anodization 

process of TiO2 nanotubes in the presence of F- ions in the electrolyte. This curve can be 

divided into three sections during the anodization: (i) due to the formation of compact 

oxide layer current density decrease dramatically; (ii) moderate increase of current can 

be seen because of formation of nanopores through etching of oxide layer; (iii) stable 

nanopores growth occur and the current density remained the same value [68,73]. 

2.3 Modifications of TiO2 nanostructures 

TiO2 as one of the most widely used materials for the PEC application offers some 

advantages such as higher stability over the various range of pH values in aqueous 

solution upon illumination for PEC-WS. However, it also suffers from a few significant 

drawbacks that restrict its broader practical application. These are mainly low efficiency 

Figure 2.3 a) Schematic illustration of anodization at the metal-oxide interface indicating ions 

migration processes during the anodization of Ti b), formation of TiO2 NTs, and c) I-t at different 

stages: (I) formation of compact oxide layer, (II) nanopore formation, and (III) self-ordering of 

TiO2 nanotubes [72,73]. 
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under solar light activation in visible region, which accounts less than 5% of the solar 

spectrum due to its wide bandgap energy and a relatively high recombination rate of the 

charges [74,75]. Consequently, considerable effort has been focused in literatures on 

improving the main drawbacks, aiming at enhance the photoactivity activity of TiO2.
 In 

the next section, some of these methods will be briefly discussed. 

2.3.1 Non-metal doping 

TiO2 doping with non-metal or metal ions can enhanced poor absorption in visible 

light or its activity in the UV region. Several non-metal ions such as carbon (C), nitrogen 

(N), and sulphur (S) have been used to dope TiO2, and then its product were investigated 

for their optical and photocatalytic properties through the years [76–80]. Although, these 

dopants are less likely to form donor levels in the band gap area, they revealed an upward 

shifting of valence band edge as shown in Figure 2.4. Chen et al. demonstrated using C-, 

N-, and S-doped TiO2 results in additional electronic states above the valence band edge 

of TiO2. This observation can be described as a redshift of the catalyst’s potential. A broad 

light absorption in the visible region and extensive utilization of a solar spectrum is 

observed by a reduction in the band gap. Furthermore, the “shoulder” and “tail-like” 

features can be visible in the UV-vis spectra as well (Figure 2.4c) [81]. 

Among all the other anion-doped forms (C and S), N-doped TiO2 as one the most 

frequently used non-metal dopants, has been widely investigated in the literatures. 

Siuzdak et al. reported that the vertical and highly ordered N-TiO2 nanotubes composite 

using electrochemical method, which the presence of N in TiO2 lattice was confirmed by 

spectroscopic technique. The results showed that the suppression of electron-holes 

recombination rate and enhancing the photocatalytic activity of fabricated TiO2 [82]. In 

some papers, the TiO2 modification with carbon-base are also presented. For instance, 

Shi et el. [83] reported synthesizing of different carbon nano-composites, such as C-doped 

TiO2. More complex carbon-base structures including multi-walled carbon nanotubes 



Chapter 2: TiO2 for water splitting application 

 

23 

 

(MWCNT) in TiO2-SiO2/MWCNT and carbon dots (Cdots) in C/N-TiO2 have been 

reported as well [84,85]. 

2.3.2 Metal doping 

Doping using metal is another most effective way to obtain visible-light activity of 

TiO2 and lifetime prolongation of the charge carriers. Metal doping such as Ag, Ni, Co, 

Au, Cu, Ru, Fe, Pt, etc can increase the efficiency of TiO2 by acting as an electron trap, 

thereby suppressing the electron-hole recombination [86–88]. Over the past few decades, 

there have been numerous studies on the band gap correction of photocatalyst including 

TiO2 using impurity levels in the forbidden band structure to make them visible light 

active. As shown in Figure 2.5 metal ion doping creates either acceptor level below the 

conduction band or donor level above the valence band to form much more active 

photocatalysts in the whole light spectrum [81]. 

  

Figure 2.4 A) Schematics illustration of the new-formed valence band structure by using non-

metal dopants. B) Valence band XPS and C) Uv-vis spectra of a) pure TiO2, b) C-TiO2, C) S-TiO2 

and d) N-TiO2 [81]. 
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2.3.2.1 Noble metal decoration 

It is believed that three vital sequential steps effect on photocatalyst particles in 

photocatalysis reactions: (i) excitation of e--h+ pairs in the particles via absorption of 

photons with higher energies than the bandgap of the photocatalysts, (ii) separation and 

migration of photogenerated electrons and holes, and (iii) chemical reactions at surface 

based on these carriers [89,90]. Threfore, noble metals can act as a mediator through the 

crating junctions to facilitate electron transfer and as reaction sites enhance the 

photocatalytic H2 production efficiency. Noble metals might be loaded as the co-catalysts 

owing to unique properties including lower overpotential, better conductivity, and higher 

catalytic activity for H2 evolution in comparison with the semiconductors. The work 

function Φ (minimum energy required to transfer of an electron from fermi level to the 

vacuum) of TiO2 is about 4.2 eV which is smaller than of work function of many noble 

metals (e.g., Pd, Pt and Ru are 5.55, 5.65 and 4.64 respectively) [91]. Since many 

semiconductors have intrinsically low kinetics and catalitic ability for HER or OER, co-

catalysts are loaded on the surface of semiconductors to drive those reactions. Otherwise, 

they are less favourable due to inefficient consumption of charges carrier. While water 

splitting thermodynamically is an uphill reaction, co-catalysts on the semiconductor also 

Figure 2.5 Metal-doped photocatalyst a) donor level and b) acceptor level [81]. 
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reduce the overpotential or activation energy of reactions, thereby promoting the 

photocatalytic performance as shown in Figure 2.6 [91]. 

 

 

 

 

 

 

 

Catalytic activity of metals (or noble metals) for H2 evolution is a periodic function 

of their atomic numbers. It is reported that, the activity of metal is increased by an increase 

in the number of d electrons (metal’s electron configuration). It reaches to the highest 

level at nearly completed d orbitals (d8 configuration), followed by sudden decease when 

s orbital is completed [92]. 

Based on aforementioned methods to suppress electron-hole recombination on TiO2, 

junction of TiO2 with the noble metal might be able to facilitate an efficient electron 

transfer at the surface of TiO2, which offers superior H2 evolution activity. The volcano 

plot shows the relationship between the exchange current for H2 evolution and the M−H 

bond strength [93]. It can be seen that the Pt-group metals (Pt, Ru, and Ir) possess 

appropriate surface properties and will be the most interesting catalysts for the HER 

reaction. Among them, Pt is the best performing catalyst discovered for this purpose until 

now. This is owing to the formed Pt−H bonds with ideal bond strength. This bond is 

strong enough for easy adsorption and reduction of H+ ion as well as weak enough for 

Figure 2.6 Illustration of energy diagram for PEC-WS with and without co-catalyst. 
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facile releasing of H2 when reduction is complete. This unique feature of Pt can place it 

at the top of the volcano plot [35,93]. 

2.3.2.1.1 Single atom (SA) decoration 

Loading co-catalyst on the surface of substrate not only suppress charge carrier 

recombination rate by trapping electrons, but also provides an appropriate place for 

effective reduction of proton, and therefore significantly improves the photocatalytic 

activity. Zhang et. al [94] in 2011 proposed single-atom catalysis (SACs) for the first time 

and has recently introduced with atomically dispersed metals as an interesting approach. 

Using this unique class of heterogeneous catalysts offers the opportunity to the 100% of 

metal atom utilization in catalytic reactions, performing the construction of inexpensive 

catalyst by thrifting the use of precious metals such as Pt, Au, Rh and Pd [94]. Thus, great 

effort has been dedicated on this strategy by embedding the single atoms into supported 

catalysts as well as control of synthesis parameter to tune interaction between atoms and 

thereby providing highly active SA catalysts. Using SACs have shown excellent catalytic 

performance in water–gas shift reactions [95], CO oxidation [96], photocatalytic activity 

for H2 production [97] and so on. Despite their high effectivity, single-atom catalysts need 

further optimization to mitigate serious aggregation or coarsening during the catalytic 

Figure 2.7 Volcano plot showing the relationship between the exchange current and the M-H bond 

strength [93]. 
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reaction process in terms of their instability. As shown in Figure 2.8a, materials can be 

categorized into the bulk, nanoparticles, subnanoclusters, and single atoms. For instance, 

by reducing the size of metal, it works differently because of the larger proportion of 

atoms at their surfaces as well as an increase of unsaturated coordination environment of 

the metal species. Consequently, there are an increase in the surface free energy of the 

metal components which results in chemical interactions with the support and adsorbates 

through the highly metal active sites. In the extreme case of SACs, due to the quantum 

confinement of electrons and highly active valence electrons, the surface free energy of 

metal species reaches highest point, promoting chemical interactions with the support 

[98]. Unsaturated coordination sites along with high activity and selectivity, as well as 

remarkable efficiency are some merits of SA catalyst compared to the its nanoparticles 

and nanocluster counterparts. The chemical nature of the supported single metal atoms 

forcefully depends on their interactions with the support surfaces. However, in 

comparison with conventional catalyst, SACs might offer higher atomic efficiency of 

metal and fully expose of every single atom for catalytic reactions [99]. There are various 

methods to produce SA catalyst: e.g., vapor deposition, atomic layer deposition (ALD) 

[100,101], co-precipitation [102], wet-chemical synthesis such as impregnation and photo 

deposition [103], use of metal−organic frameworks (MOFs) [104–107]. However, due to 

the increased reactivity and their high surface energy, these structures are chemically 

unstable and they have great tendency for aggregation, thereby leading to formation of 

either nanocluster or nanoparticles [108,109]. As can be seen in Figure 2.8b, without any 

metal–metal bond, uniformly or non-uniformly distributed isolated single metal atoms, 

where immobilized onto heterogeneous supports called SACs. Although, SAC and 

atomically dispersed catalyst (ADC) show totally dispersion because all atoms are 

exposed, ADC contains an inhomogeneous distribution of different structure and sizes of 

clusters that are non-isolated [110] . 
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2.3.2.1.2 Plasmonic-enhanced performance 

Based on aforementioned discussion, the surface decoration of TiO2 with noble 

metals (i.e., Au, Pt) as a co-catalyst has been extensively investigated in photocatalysis 

and photoelectrochemical water splitting. On the other hand, noble metal nanoparticles 

(NPs) can be employed as a plasmonic NPs, enabling an effective light absorption in 

visible and near infrared (IR) region due to localized surface plasmon resonance (LSPR) 

[111–113]. The resonance of plasmonic NPs as a function of size, shape, dielectric 

features of material and distance between adjacent NPs can efficiently absorb the UV, 

Vis, and even near IR light photons in order to catalyze the chemical reactions [114]. 

After absorption of light by metal NPs and excitation of LSPR, the non-radiative decay 

Figure 2.8 Schematic illustration of a) the surface free energy changes and its specific activity per 

metal atom [98] and, b) difference between SAC (left) and ADC (right). [110]. 
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of plasmons gives rise to the hot-electrons. Consequently, this electron can be migrated 

from NPs to the conduction band of semiconductor if its energy is higher than Schottky 

barrier (Figure 2.9 a-d) [115,116]. 

2.3.3 Black TiO2 

In order to increase the optical absorption of TiO2 through metal or non-metal doping, 

many efforts have been dedicated to study colourful TiO2 from the last decade. All these 

investigations tend to bring about the extension of absorption into the visible-light region 

for enhancing its photocatalytic activity. For instance, a series of metal ions and non-

metal elements have been utilized to substitute the Ti4+ and O2 ions in the TiO2 lattice, 

respectively [117–120]. The black TiO2 via hydrogenation method in a high pressure of 

20 bar at 200˚C has been introduced as an efficient approach in shifting the bandgap of 

TiO2 to around 1.5 eV (807 nm) with an optical onset around 1.0 eV (~ 1200 nm) by Chen 

et. all in 2011 (Figure 2.10A) [121]. As shown in Figure 1, the formation of mid-gap state 

Figure 2.9 Schematic illustration of a) LSPR of metal NPs, b) Co-catalyst effect of NPs c) the 

plasmon-induced charge separation of plasmonic NPs and d) hot electrons with sufficient energies 

can pass the Schottky barrier and reach to the semiconductor conduction band [115,116]. 
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as results of extended disorder layer, presenting the concept of fabricated black TiO2 

nanomaterials (Figure 2.10B) along with the pictures (Figure 2.10C). The HRTEM 

images of white and black TiO2 nanoparticles shown in Figure 2.10D, E.  

Afterwards, black TiO2 nanomaterials received has worldwide research interest due 

to its lattice disorder-induced reduction in the bandgap of TiO2, which causes efficient 

light absorption. Indeed, it is reported that either heating TiO2 in a reducing atmosphere 

(Ar, H2 etc.) under vacuum or using electrochemical/chemical reduction treatments leads 

to a colour change from yellow to black material as well as formation of Ti3+ or/and 

oxygen vacancies.  

Based on above discussion different type of defect are created after reduction of TiO2. 

Generally, defects in semiconductors play important role in mechanical, optical and 

magnetic properties as well as can affect on carrier concentration and interface reaction. 

Therefore, defect engineering as a most frequently investigated scenario is vital for 

activation of catalyst for photocatalytic reactions [122,123]. Defects can be categorized 

into four main divisions based on their dimensionality of the defect (Figure 2.11). Firstly, 

zero dimensional (0D) defects or point defects are associated to the single or few atomic 

positions.  For instance, Ti3+, oxygen vacancy, Ti interstitial, Ti vacancy (can be seen as 

results of prolonged oxidation of TiO2) and substantial impurities such as non-metal and 

Figure 2.10 A) Optical absorption of spectra of (a) white TiO2 and (b) black TiO2. Inset shows 

the extended absorption of black TiO2 nanoparticles, B) Schematic illustration of structure and 

density of state (DOS) of fabricated black TiO2, C) pictures of white and black TiO2, HRTEM 

images of D) white and D) black TiO2 [121].  
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metal dopants belong to this type of the defect. The formed defect can be accommodated 

at different level of semiconductor such as surface which is first atomic layer of 

semiconductor. The second level could be subsurface from atomic surface up to few 

nanometre in depth, and finally bulk of semiconductor may encounter defect as well 

[124]. It is reported that the incorporation of metal ions into TiO2 crystal lattice can form 

additional 3d state below the CB of TiO2 [125]. Similarity, oxygen vacancy with the 

mutual formation of Ti3+ yields electronic states (0.8−1.2 eV) below the CB. In contrast, 

non-metal dopant such as C, N, S presents the electronic state above a defective TiO2 

[125,126]. Line defects (1D defect) or dislocations stem from plastic deformation of 

crystal lattice which can move if the atoms from one of the surrounding planes break their 

bonds and rebond with the atoms at the terminating edge. Planar defects (2D defects) such 

as grain boundary is a kind of defect that separates regions of different crystalline 

orientation within a polycrystalline solid. Interphases (two-phase boundaries) like 

creation of rutile/anatase nanojunctions in TiO2 nanoparticles also can be defined as a 2D 

defects. However, this kind of defect for TiO2 photocatalyst determines efficient charge 

carrier transport and separation as well as surface reactivity [127,128]. Volume defects 

(3D defect) are very similar to the point defects consist of voids, crack, existing either 

bulk or surface of material [129,130]. 

 

Figure 2.11 Schematic illustration of various defects with local atomic structures in the 

photocatalysts [124]. 

https://www.nuclear-power.com/nuclear-engineering/materials-science/crystal-structures/polycrystalline-structure-polycrystalline-materials/
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Research on black TiO2 has attracted attention of scientists working in different 

fields, ranging from H2 production through the water splitting to removal of either 

pollution or contaminants from environmental media. As far, the black TiO2 is 

investigated in many research works, various methods have been uncovered for the 

synthesis of it, to reveal the enhanced performance of photocatalyst in comparison with 

pristine one. It is believed that, the photoactivity of the composite structure of black TiO2 

with other components will be enhanced due to the synergy between the beneficial effects 

provided by all the materials. In this section, some of these approaches will be briefly 

reviewed. 

2.3.3.1 Reduction treatment under high temperature 

H2 thermal treatment of TiO2 is the straightforward and facile technique, which can 

reduce TiO2 into other chemical species. By doing this, the chemical or physical 

properties is changed for fabricated black TiO2 accordingly. Oxygen vacancy/Ti3+ is 

formed in high temperature treatment under reductive atmosphere such as H2 treatment 

in high/low pressure, H2/Ar, H2/N2 and Ar treatment. Schmuki et al. [131] reported that 

the hydrogenation treatment of anodic TiO2 nanotube in a high pressure H2 at high 

temperature (20 bar, 500˚C for 1h) can turn the colour of anatase TiO2 into light blue. In 

addition, hydrogenation conditions played a decisive role in its optical properties, 

showing a high H2 evolution rate in photocatalytic experiments compared to the classic 

reduction treatment such as reduction in H2/Ar. 
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2.3.3.2 Electrochemical reduction 

Totally, in this method for the self-doping of Ti3+ into TiO2, a three-electrode 

configuration is utilized by applying negative potential. For the electrochemical 

reduction, TiO2 samples which can be either as a anodized TiO2 nanotubes or thin film 

TiO2 nanoparticles on the FTO is used as the working electrode; Pt and saturated Ag/AgCl 

(3 M KCl) as counter and reference electrodes, respectively [132–136]. Li et al. [136] 

reported the synthesis of black TiO2 nanotubes using anodization method followed by 

electrochemical reduction as presented in Figure 2.13. After synthesizing TiO2 nanotubes 

in an ethylene glycol, 0.2 M HF and 0.12 M H2O2 solution as an electrolyte under 60 V 

for 12 h, they were annealed at 450˚C for 4 h.  The fabricated TiO2 undergoes 

electrochemical reduction in an ethylene glycol solution containing 0.27 wt% NH4F under 

40 V for 200 s. Consequently, black TiO2 nanotubes with lower resistivity and narrower 

bandgap than pristine ones were synthesized. 

 

Figure 2.12 a) Images and hydrogen evolution of TiO2 nanoparticles treated under different 

conditions and b) UV-DRS measurement of TiO2 nanotubes annealed in various reductive 

atmospheres [131]. 
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2.3.3.3 Chemical reduction 

The chemical reduction technique include the reduction of TiO2 with metals such as 

aluminium (Al) [137,138], zinc (Zn) [139], and in solution with NaBH4 [140] can 

effectively change the colour of TiO2 into black. For instance, grey rutile TiO2 

nanoparticles through the zinc reduction has been synthesized by Zhao et al. [139]. 

Presence of Zn powder in the solution hamper the fully oxidation of Ti3+ in the reaction 

thereby changing the colour of synthesized TiO2. Based on the amount of Zn inside the 

solution the colour change from grey to black, which leads to band gap narrowing and its 

photocatalytic activity in visible light region (Figure 2.14).  

 

 

 

 

 

 

 

Figure 2.13 Schematics of the synthesizing black TiO2 nanotube via electrochemical reduction 

method [136]. 
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Wang et al. [137] synthesized oxygen-deficient TiO2-x in an evacuated two-zone 

vacuum furnace at 300–500˚C utilizing Al as an excellent reductant. For this reason, Al 

and TiO2 nanoparticles were separately placed in an evacuated two-zone tube furnace 

with pressure lower than 0.5 Pa (Figure 2.15a). The Al and TiO2 samples were heated at 

800˚C for 6 h and 300–600˚C for 20 h, respectively.  As shown in Figure 2.15b using Al-

reduction route has gained a lot of importance due to could produce in huge quantities 

(one batch). The synthesized black TiO2 photocatalyst can absorb more solar light in the 

visible-light and near-infrared regions (Figure 2.15c). 

 

Figure 2.14 a) Images of reduced TiO2 nanoparticles treated with 2.5 (top), 1.5 (middle) and 0.5 

(bottom) mmol of Zn powder, b) UV-visible absorbance spectra and c) H2 evolution 

measurement of reduced TiO2 nanoparticles obtained from different amounts of Zn powder in 

visible light region [139]. 

Figure 2.15 a) Schematic illustration reduction of TiO2 in a two-zone tube furnace, b) images of 

black and white TiO2 using Al-reduction method and c) UV-visible absorption spectra of pristine 

TiO2, hydrogenated black TiO2 with high pressure (HP-TiO2) and TiO2 nanoparticles reduced at 

different temperatures (300˚C, 400˚C, 500˚C) [137]. 
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2.3.3.4 H2 plasma 

H2 plasma as highly ionized H2 gas using an electromagnetic field in a thermal 

plasma furnace can be employed to produce black TiO2 nanoparticles [141–143].The 

core/shell structure of black TiO2 nanoparticles using H2 plasma for 4–8 h at 500˚C has 

reported by Wang et al. [142]. The hydrogenated black TiO2 nanoparticles enhanced solar 

light absorption in the visible and near infrared light (Figure 2.16). 

 

2.3.3.5 Ion bombardment 

Oxidation state of surface cations could be lowered during the ion bombardment in 

an inert atmosphere such as argon (Ar) by partially removing oxygen. The ion-bombarded 

surface of TiO2 has been investigated in some literatures which the fractions of the 

reduced state (Ti2+ and Ti3+) in TiO2 can be formed. Schmuki et al. [144] reported that Ar 

ion bombardment of TiO2 for modification of synthesized TiO2 nanotubes. Sub-surface 

lattice defects in the TiO2 nanotubes can be observed through the X-ray photoelectron 

spectroscopy and show higher photocatalytic H2 evolution rate of reduced sample 

compared to the pristine one (Figure 2.17). 

 

 

Figure 2.16 a) UV-visible-IR absorption spectra of pristine and plasma-reduced and high 

presurer hydrogenated TiO2 and b) images of pristine and plasma-reduced TiO2 [142]. 



Chapter 2: TiO2 for water splitting application 

 

37 

 

 

2.3.3.6 Sonication 

It is reported that ultrasonication can be used in the aqueous media at ambient 

temperature to make black TiO2 via a gentle reduction method [145,146]. The other 

approaches such as hydrogenation at high temperature has brought some disadvantages 

including phase transformation, sintering and introducing impurities owing to the harsh 

reaction conditions. Generally, waves of ultrasound could produce acoustic cavitation 

along with simultaneous high temperature (> 5000˚C) and high pressure (> 100 MPa). In 

addition, explosion of cavitation bubbles occurs due to prompt cooling rate (> 1010˚C/s) 

in a spot at the interface of solid-solution [146–148]. Osorio et. al [145] in 2012, shown 

changes in the optical, morphological, and surface of commercial P25 using ultrasonic 

irradiation. They confirmed the presence oxygen vacancy defects in the structure of P25 

TiO2, which is responsible for visible-light absorption by utilizing electron paramagnetic 

resonance (EPR) measurements. They suggested that oxygen vacancy defects formation 

can be attributed to the high-speed inter-particle collisions as well as shock waves 

Figure 2.17 HRXPS of Ti2p peaks pristine TiO2 (a) and after 50 min (b), 5 h (c) Ion 

bombardment [144].  
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generated by sonication. Later, Fan and co-workers [149] in 2015, reported that beside 

traditional methods for reduction of TiO2, ultrasonic technique could be utilized to 

enhance the photocatalytic activity of TiO2. Based on their investigation, ultrasonication 

introduce hydroxyls injection into TiO2 crystal lattice, obtaining disrobed TiO2 

nanoparticle with various degrees of blackness depends on the time of ultrasonication 

[149]. As a result, the changes in the structure and density of state (DOS) of sonicated 

TiO2 nanoparticle could regulate the energy band structure of TiO2 and increasing in 

visible light absorption for its better photocatalytic activity. In another study, Whang and 

his group [146] has employed ultrasonication technique to boost solar-driven 

photocatalytic activity by 2.33 times in comparison with the pristine P25 by introduction 

of defects into the TiO2 crystal lattice and band gap narrowing (Figure 2.18). 

2.4 The aim of this work 

As previously discussed, TiO2 has found extensive utility in photocatalysis due to its 

unique properties. However, the rapid recombination rate of photogenerated electron-hole 

pairs limits the potential of pure TiO2 in significant hydrogen (H2) production via 

photocatalysis. This observation has led to the exploration of decorating TiO2 with noble 

metals and carbonaceous nanomaterials, capable of acting as electron transfer mediators, 

thereby considerably enhancing H2 production. Consequently, the objective of this 

doctoral thesis was to identify optimized conditions that would elevate the photocatalytic 

Figure 2.18 UV-vis absorbance spectra and b) valence band XPS spectra of pristine and sonicated 

TiO2 nanoparticles for different h [146]. 
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and photoelectrochemical performance of TiO2 nanostructures. To achieve this, the initial 

step involved the synthesis of both compact and discrete one-dimensional (1D) TiO2 

nanotubes. These structures offer the advantages associated with nanoparticles, while 

simultaneously possessing unique properties, such as a direct pathway for expedited 

electron transportation. Subsequently, efforts were directed towards creating a discrete 

TiO2 nanotubes/platinized cyanographene heterojunction to examine its potential for 

enhancing photoelectrochemical water splitting performance. 

Furthermore, attention was devoted to investigating the controlled single atom 

decoration of noble metals, such as platinum (Pt), onto TiO2 nanotubes for photocatalytic 

H2 production. Given the scarcity and expense of noble metals, this approach presents a 

practical avenue for utilizing such precious materials, while concurrently amplifying the 

catalyst's photolytic activity.
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Chapter 3:  Materials and method 

3.1 Fabrication of different morphology of TiO2 nanotubes 

3.1.1 Compact TiO2 nanotubes (TNTs) 

Ti foils (0.25 mm, 99.5% purity) were purchased from Sigma-Aldrich and were used 

in all experiment. As shown in Figure 3.1, the electrochemical anodization experiments 

were carried out in a two-electrode configuration, with a Ti foil as the working electrode 

and a Pt as a counter electrode, respectively. The anodization cell was made of polyvinyl 

chloride (PVC) or Teflon. The Pt electrode was placed on the top, parallel and 

approximately 2 cm away from the working electrode. The copper plate was also pressed 

against an elastic O-ring due to complete circuit in our experiment by ensuring the 

backside contact of the Ti foil. Prior to anodization, the Ti foils were cut on pieces with 

area 1.5×1.5 cm2 and were cleaned ultrasonically in acetone, ethanol and deionized water 

(DI) in sequence for 15 min, and then dried in nitrogen (N2) stream. After drying, the 

reaction was driven by a DC power source at room temperature for 30 min by using a 

constant voltage of 70 V and an electrolyte solution containing of 94.65 wt% of ethylene 

glycol (99.5%, Sigma-Aldrich), 0.68 wt% HF (38-40%, Lachner) and 4.67 wt% DI water 

(Sigma-Aldrich). After the anodization, the synthesized TNTs were washed in DI water 

and then were calcined at 450°C in air for 2 h (heating and cooling rate of 2°C/min). 
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3.1.2 Multi-leg TiO2 nanotubes (MLTNTs) 

 MLTNTs were synthesized via electrochemical anodization of Ti foil. This 

synthesis approach bears quite to the synthesis of TNTs.  The anodization system consists 

of Ti foils served as a working electrode and Pt sheet as the counter electrode, 

respectively, keeping the distance of 2 cm. The anodization was carried out at 35°C 

temperature for 2-6 h. the voltage was applied by using a constant voltage of 30-120 V. 

Ti foils were anodized in electrolyte consisting of 0.6 wt.% ammonium bi-fluoride salt 

(NH4F.HF), 96 ml diethylene glycol (DEG, Sigma-Aldrich) and 4 ml deionized (DI) 

water. 

3.2 Modification of TiO2 nanostructures 

3.2.1 Thermal treatment 

The as-synthesized TNTs and MLTNTs are amorphous in structure. Therefore, 

thermal treatment in the air was performed due to crystallization in TiO2 materials. TNTs 

and MLTNTs were calcined (RTA, Jipelec JetFirst100) at 450°C in air for 2 h with heating 

and cooling rate of 2°C /min. 

Figure 3.1 Schematic illustration of the a) the whole experimental set-up with an its real image 

(inset) and b) cross-section of the O-ring, Ti foil as a working electrode (anode) , Pt as counter 

electrode (cathode). 
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H2 annealing of samples were carried out in a quartz chamber in a tubular furnace. 

The heating and cooling rate of the tubular furnace was 10°C min-1 in N2 flow rate 10 mL 

min-1 as well as 1 h dwell in H2 flow rate 10 mL min-1 at predefined temperature. Prior to 

the heat treatment, in order to eliminate the residual contamination such as carbon inside 

the furnace, the tube furnace was cleaned up increasing the temperature up to 1000°C in 

the air.  

3.2.2 Preparation of the cyanographene and platinized cyanographene composite 

The cyanographene (G-CN) and platinized cyanographene (G-Pt-CN) were 

coated over the MLTNTs via the electrodeposition method. Experiment was performed 

at room temperature using a standard two-electrode, in which MLTNTs on the Ti foil and 

the Pt foil served as the working and the counter electrodes, respectively. The deposition 

was conducted under constant applied voltage in the 100 V for 1 min. The resulting TiO2 

composite were then rinsed with DI water and ethanol, respectively. The samples were 

then dried with nitrogen stream (Figure 3.2). For the sake of simplicity, pristine TiO2 

nanotubes, G-CN-TiO2 nanotubes and platinized cyanographene TiO2 nanotubes are 

hereafter referred to as P-NTs, G-NTs, and G-Pt NTs, respectively. 

Figure 3.2 Schamatic illustration of the preperation of G-Pt NTs and G-NTs composite. 
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3.2.3 Preparation of Pt-SA 

Reduced TNTs were fabricated through sonicating the pristine TNTs in the beaker 

filled with 100 ml DI water and in Ar atmosphere which was kept 2 cm away from the 

sonication at different sonication time (30, 40, 50, 60, 70 and 80 min). The aqueous 

solution of the deposition bath contained 100 µM of chloroplatinic acid (H2PtCl6, Safina 

Ltd.) in volume of 50 ml of DI water. Before soaking the sample in the chloroplatinic 

acid, the solution was purged 30 min in Ar gas to remove oxygen. Immediately after 

reduction using the tip sonication, in order to decorate Pt-SA, without any further 

purification, reduced TNTs were immersed in solution for the different time rangong from 

1 to 60 min (schematic 1). For the sake of simplicity, pristine TiO2 nanotubes arrays, 

reduced TiO2 nanotubes and Pt-decorated TiO2 nanotubes are hereafter referred to as P-

NT, USx-NT (x:30 ,40, 50, 60, 70 and 80) and US50/Pt-NTy (y:1, 10, 15, 30 and 60), 

respectively. 

 

 

3.3 Material characterization 

3.3.1 Scanning electron microscopy (SEM) 

The first SEM image from the surface of solid was obtain by Max Knoll in 1930s. 

Then, Manfred von Ardenne has manufactured his electron microscope for explaining the 

Figure 3.3 Schamatic illustration of Pt-SA catalyst process. 
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principle of the SEM machine such as electron probe, detector position and so on [150]. 

The SEM microscope consists of an electron gun, electron sources (the cold field and 

thermionic source), lenses vacuum system, software and electronics. In SEM analysis, a 

high-energy electron (0.2–30 keV) beam is focused on the surface of a specimen. The 

interaction between the sample and the electron primary electrons results in either elastic 

or inelastic scattering, producing back-scattered electrons (BSEs) and secondary electrons 

(SEs), respectively. Qualitative information regarding the specimen elemental 

composition can be obtained from the BSEs. SEs are produced by inelastic scattering if 

the energy transferred is adequate. These electrons require higher energy than the material 

work function to transfer the detector, achieving topographic contrast (Figure 3.4) [151]. 

The morphology of fabricated samples were characterized using a scanning electron 

microscopy (SEM, Hitachi SU 6600). 

 

3.3.2 Energy-dispersive X-ray spectroscopy (EDS) 

EDS is an powerful technique, which can be utilized to analyze the elemental 

composition of fabricated samples. It is based on the interaction of some source of X-ray 

excitation and a sample to eject core electrons from an atom. By removing these electrons 

Figure 3.4 Schematic illustration of a) SEM microscope and b) the interaction of electron beam 

with sample [151]. 
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from the inner shell of atom, leave behind a hole that a higher energy electron from the 

outer shell can fill in, and it can release energy (X-ray). This energy can be attributed to 

the energy difference of the outer and inner shell of an electron. However, during this 

relaxation phenomenon, the released energy is unique to each element. The main parts of 

EDS are an emitter, a collector, and an analyzer, which can be additionally equipped on 

an electron microscope such as TEM and SEM. In this work, an EDS in the chamber of 

Transmission electron microscopy was employed to determine the chemical composition 

of fabricated samples.   

 

 

3.3.3 Transmission electron microscopy (TEM) 

TEM is another useful technique of characterization of nanomaterials that uses an 

electron beam to image a nanoparticle sample, while having much higher resolution than 

SEM. TEM is the preferred method to directly measure size of nanoparticle, size 

distribution, grain size, and morphology of samples. Electron gun at the top of the 

microscope emits electrons that travel through a vacuum in the column of the microscope 

and are accelerated in high velocity. Due to control the intensity and convergence angle 

of the electron beam, several electromagnetic lenses are used to focus the electrons into 

a very thin beam. The electrons passing through the sample and the objective lens. The 

thickness of specimen should be less than 200 nm thick to allow transmission of incident 

electron beam (Figure 3.6) [152]. Our synthesized samples were investigate using a TEM 

Figure 3.5 Schematic illustration of X-ray generation through the incident electron beam. 
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JEOL 2010 with LaB6 type emission gun, operating at 160 kV and high-resolution 

transmission electron microscopy (HRTEM) images and elemental maps were acquired 

with a FEI TITAN G2 60-300. 

3.3.4 X-ray photoelectron spectroscopy (XPS) 

XPS known as electron spectroscopy is quantitative spectroscopic technique for 

analyzing a material’s surface chemistry.  XPS analysis can be used for detection of all 

elements through the detection of the binding energies of the photoelectrons, with the 

exception of H2 and helium (He). XPS analysis is a non-destructive and informative 

technique, which can be applied to any metal alloys, semiconductors, polymers, and 

catalysts. The principle of the XPS technique is the photoemission of electrons ejected 

from both core and valence levels of surface atoms into the vacuum when the atom 

absorbs a monochromatic beam of X-ray upon a solid surface having sufficient energy. 

However, core level of atoms (without participation in chemical bonding) is defined as 

the inner shells, while the valence level of atoms (partially filled outer shells) consist of  

Figure 3.6 Different component of TEM set-up [152]. 
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electrons that more weakly bound. The energy beam of incident aluminium (1486.6 eV) 

or magnesium (1253.6 eV) X-rays is known and by applying the principle of energy 

conservation, the binding energy (EB) of each of the emitted photoelectrons is estimated 

based on the equation below:  

𝐸𝐵 = ℎ𝜗 − (𝐸𝑘𝐼𝑁 + ∅)  (3.1) 

where 𝐸𝐵  is the binding energy of the electron, ℎ𝜗 is the energy of the X-ray being used, 

𝐸𝑘𝐼𝑁 is the kinetic energy of the emitted electron, and ∅ is the work function of the 

spectroscope. However, it is worthy to mentioned that XPS can only detect those emitted 

electrons reach to the vacuum, originating from less than top 10 nm of material (Figure 

3.7) [153]. In our work, XPS was obtained by a PHI VersaProbe II (Physical Electronics) 

spectrometer using an Al Kα source (15 kV, 50 W) at room temperature (23°C), under a 

partial vacuum (1.4×10–7 Pa). All of the achieved data were analyzed using the Multipack 

(Ulvac-PHI, Inc.) software package. 

 

 

 

 

Figure 3.7 Schematic illustration of  XPS instrument [153]. 
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3.3.5 X-ray diffraction pattern (XRD) 

XRD is one of the powerful non-destructive technique employed to analyze different 

phases present in the fabricated sample, crystal structure. The X-ray source is produced 

through the bombardment of target metal. When an atom is interacted by an incident X-

ray, results in an oscillation of surrounded electron with the frequency as same as electron 

beam. The XRD diffraction of a crystal can be determined by means of Bragg’s law as 

follows [154]: 

2𝑑𝑠𝑖𝑛𝛩 = 𝑛ƛ  (3.2) 

Where ƛ is the wavelength of the X-rays, 𝑑 is the distance between crystal planes of Miller 

indices (h,k,l) and 𝛩 is the incident angle which is the angle between the planes and the 

incident X-ray beam (Figure 3.8). In our work, X-ray diffractometer studies (XRD, 

PANalytical) with Co-Kα (λ = 1.54 Å) radiation source were carried out within the range 

of 20° ≤2θ≤70° to investigate the crystalline structure of the synthesized samples. 

 

3.3.6 Ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) 

UV-Vis DRS as surface analytical and basic spectrophotometric technique is widely 

used for metals, alloys, and semiconductors. The interaction of light consists of ultraviolet 

(UV), visible, or infrared (IR) as a probing medium with absorbing surface of material 

Figure 3.8 representation of Bragg’s law [154]. 
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occurs in the first 10–20 nm. UV-Vis DRS of the synthesized samples were taken using 

Specord 250 plus (Analytik Jena, Jena, Germany) spectrophotometer. To collect the 

spectrum and a Spectralon reference sample, an integrating sphere was employed to 

measure the background. Moreover, diffuse reflectance spectra in combination with the 

Tauc plot is most widely used to determine the band gap energy (Eg) of materials. The 

idea was originated from Kubelka-Munk theory, which explain the scattering of incident 

light from the sample when travelling inside of it. The Tauc technique can be defined as 

a relationship between Eg and the optical absorption coefficient α, according to equation 

3.3 [155]: 

∝ ℎ𝜗 = 𝐴 (ℎ𝜗 − 𝐸𝑔)𝑛    (3.3) 

Where ∝ is linear absorption coefficient, A is a proportionality constant, ℎ𝜗 is the energy 

of the incident photon and n is a coefficient that depends on the kind of electronic 

transition in which is taken equal to the 1/2 for direct band gap materials. The band gap 

can be obtained by extending the straight line from the straight segment of optical 

absorption edge of the graph touching the ℎ𝜗 axis [155,156]. 

3.3.7 Raman Spectroscopy 

Indian physicist C. V. Raman which is known for his work in the field of light 

scattering, observe Raman scattering in 1928. Raman spectroscopy is a non-destructive 

analytical technique based on inelastic scattering of monochromatic light (laser source), 

where scattered light is used to measure the vibrational energy modes in molecules or 

crystals. As a result of the inelastic scattering, laser photon’s energy is shifted up and 

down and it provides many information about the vibrational, rotational and phonon 

modes in the system. In this study, Raman spectra were obtained using a DXR Raman 

spectrometer (Thermo Scientific, Massachusetts, USA). The excitation laser operated at 

the wavelength of 455 nm with the laser power and exposure time of 0.1 mW cm-2 and 

3s, respectively. 

https://www.google.com/search?client=firefox-b-d&sxsrf=ALeKk01GSnyM4tfwZTPa-TKYiKi1qojV-w:1605084531922&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKd7AyAgC_w9ZWYAAAAA&sa=X&ved=2ahUKEwjJ6e_qjfrsAhXIMewKHVxxDNEQmxMoATAaegQIHBAD
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3.4 Photoelectrocatalytic and electrochemical characterization 

3.4.1 Photoelectrochemistry measurement 

The main principles of the PEC have been explained in Chapter 1. Therefore, in this 

section only some details related to the photoelectrochemical experiments for this thesis 

will be presented. 

The electrochemical impedance spectra (EIS) in a frequency range of 0.1 Hz to 100 

KHz was analyzed under the Xe lamp (P=150 W AM 1.5 G) for illumination as the light 

source in 1 M NaOH solution (pH= 13.6). A standard three-electrode configuration using a 

Gamry potentiostat (series G300-Warmiste, PA, USA) was used consisting of the 0.28 cm2 

TNTs samples as working electrode, Pt wire as counter electrode, and an Ag/AgCl (3 M 

KCl) as reference electrode. The incident photon-to-current efficiency (IPCE) can be 

obtained using the Xe light source combined with a monochromator (Newport Oriel 1/8 

Cornerstone). To evaluate photocurrent spectra of the fabricated samples, linear sweep 

voltammetry (LSV) measurement under stimulated solar spectrum (1 sun, 1.5 AM G and 

100 mW cm-2) were performed. The applied potential has been converted from V vs. 

Ag/AgCl to RHE scale using the following formula due to the theoretical thermodynamic 

cell voltage for water splitting is 1.23 V vs. reversible H2 electrode (RHE) at 25°C: 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔 𝐴𝑔𝐶𝑙⁄
0 + 𝐸𝐴𝑔 𝐴𝑔𝐶𝑙⁄ + 0.059𝑝𝐻 (3.4)) 

where the pH is 13.6, E0
Ag/AgCl = 0.197 V at 298 K, and EAg/AgCl is the measured potential 

vs Ag/AgCl. 

3.4.2 Open-circuit hydrogen-evolution 

The open-circuit photocatalytic H2 generation was measured in a quartz tube with 10 

mL solution of DI water and methanol (volume ratio 1:1) in front of the solar simulator 

(1 sun, 1.5 AM G and 100 mW cm-2), sealed with a rubber septum. The anodizes TiO2 

nanotubes on the Ti foil was directly soaked in the solution. Afterwards, unwanted gasses 
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and dissolved O2 inside of solution has been gone through bubbling in Ar gas for 30 min. 

To ensure about the accuracy of irradiation (1 sun), a calibrated reference solar cell 

(Newport, California, USA) was used two times, before and after reaction. After a certain 

time of illumination, 200 µL gas was withdrawn using the syringe through the septum of 

quartz tube. The photocatalytic H2 was detected with a gas chromatograph GCMS-

QP2010 SE (Shimadzu, Kyoto, Japan ) and a TCD (Thermal conductivity detector). 

 

https://www.google.com/search?sxsrf=ALeKk002VanXz9kFkucd-tGCF5twTPJszw:1605086722688&q=Kyoto&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDczNjFV4gAxLVNM4rW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYWb0r80vyd7AyAgD6oJuUTgAAAA&sa=X&ved=2ahUKEwiN4sH_lfrsAhVjQkEAHUgGDisQmxMoATAfegQIIxAD
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Chapter 4:  Results and discussions 

4.1 Fabrication of MLTNTs and influence of process parameters 

Highly self–ordered electrochemical anodization of Ti foil can provide a high degree 

of control over the diameter, length of nanotubes and etc. A new class of TNTs arrays 

consist of tube-to-tube of spacing TNTs and very well-defined MLTNTs arrays are 

presented [7]. These discrete MLTNTs can be synthesized under specific anodization 

conditions and by using either Dimethyl sulfoxide (DMSO) or di-ethylene glycol (DEG), 

hydrofluoric acid (HF) and DI water as an electrolyte solution. In the next sections, the 

effects of some key parameters such as applied voltage, electrolyte temperature, 

anodization time on the morphology of synthesized MLTNTs are briefly presented.  

4.1.1 Effect of anodization temperature 

One of the most important parameters affecting the fabrication of MLTNTs arrays is 

the temperature of electrolyte. The formation of MLTNTs morphology has been 

investigated under controlled temperature of electrolyte in order to keep the uniform 

distribution of the temperature on the Ti substrate. Figure 4.1 shows that the temperature 

of electrolyte can highly influence the homogeneity of the spaced MLTNTs. From these 

SEM images it can be clearly seen that anodization at room temperature (RT) results in 

formation of more sponge area and less non-uniform nanotubes on Ti substrate. This can 

be attributed to the local heat generation such as breakdown voltages, causing the high 

growth rates of local sponge oxide. The uniformity of fabricated MLTNTs is improved 
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by increasing the temperature to the 35°C.  In addition, by the further temperature increase 

(50°C), some nanotubes were removed from the substrate and the uniformity of nanotubes 

has changed relatively little. 

4.1.2 Effect of anodization voltage 

The morphology of fabricated nanotube arrays highly depends on the applied 

voltage. Thus, the diameter and length of MLTNTs increased with increasing voltage 

(Figure 4.2 a-c).  At 30 and 40 V, the diameter and the length of nanotube are about 130 

nm and 1.3 μm, respectively. However, at 60 V, the diameter and length of synthesized 

nanotubes increase to approximately 300 nm and 3.3 μm, respectively. Anodization at 

higher voltages (80 and 100 V) results in an isolated bunch of MLTNTs, which arbitrarily 

scattered. Therefore, in these two voltages (80 and 100 V), MLTNTs could not be existed 

on the whole surface of substrate (Figure 4.2 d,e). 

Figure 4.1 SEM images of MLTNTs obtained at a) RT, b) 35°C, and c) 50°C (the anodization was 

carried out for 2 h by using a constant voltage of 60 V and an electrolyte consisting of 0.6 wt.% 

ammonium bi-fluoride salt (NH4F.HF), 96 ml diethylene glycol and 4 ml DI water. 
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4.1.3 Effect of anodization time 

In this section, the effect of anodization time on the MLTNTs at 35°C and 60 V was 

investigated. As shown in Figure 4.3, the homogeneity and uniformity of MLTNTs 

enhanced by increasing the time of anodization. After 1h anodization, only some isolated 

bunch of MLTNTs was observed. However, with longer anodization time, the length and 

diameter of MLTNTs have not significantly altered. For example, the diameter and the 

length of MLTNTs reaches 330 nm and 4.2 μm after 6 h anodization, respectively. 

Figure 4.2 Top and cross section SEM images of synthesized MLNTs for various anodization 

voltage a) 30 V, b) 40 V and c) 60 V. Top SEM images of MLTNTs for d) 80 V and e) 100 V. 

(the anodization was performed in 0.6 wt.% ammonium bi-fluoride salt (NH4F.HF), 96 ml 

diethylene glycol and 4 ml DI water at 35°C for 2h). 
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4.1.4 Anodization in dimethyl sulfoxide (DMSO) electrolyte 

In order to synthesize MLTNTs, DMSO instead of DEG and under similar optimized 

process at 60 V (for 2 h and 35°C) was used. The SEM images show that the density of 

nanotubes increases while the diameter and length of nanotubes decreases to about 60 nm 

and 2.7 μm, respectively, compared to use the DEG (Figure 4.4). Regarding the obtained 

various morphologies of MLTNTs, anodization in presence of DEG and  was performed 

at 35 °C for 2 h by using a constant voltage of 60 V as an optimum situation. 

Figure 4.3 Top and cross section (inset) SEM images of MLTNTs for different anodization time 

a) 1h, b) 4h, and c) 6h (the anodization was conducted in 0.6 wt.% ammonium bi-fluoride salt 

(NH4F.HF), 96 ml DEG and 4 ml DI water at 60 V and temperature of 35°C). 

Figure 4.4 Top and inset cross-section SEM images of nanotubes obtained in 0.6 wt.% ammonium 

bi-fluoride salt (NH4F.HF), 96 ml DMSO and 4 ml DI water at 35°C for 2h. 
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With the optimum anodization conditions for MLTNTs (i.e., temperature, time and 

voltage), long spaced TiO2 nanotubes with appropriate diameter in DEG are obtained 

within 2 h. 

4.2 MLTNTs photoelectrodes modified by platinized cyanographene 

As we mentioned earlier (chapter 2), among various types of metal oxide 

semiconductors, TiO2 as core component of PEC cell has been widely used owing to its 

many beneficial properties. During the last decade, 1D TNTs have been widely utilized 

because they can behave quite differently to the bulk counterparts in photocatalytic 

activity. As an example, not only do they provide a high aspect ratio that considerably 

increases the surface area available for catalytic reaction but also the light harvesting 

efficiency as well. The fast and directional pathway of photogenerated charge carriers is 

another advantage of 1D TNTs in which the drawback of the electron–hole recombination 

rate can be significantly suppressed. The new class of TiO2 nanotube arrays consist of 

very well- defined and discrete MLTNTs has been reported when using DEG, HF, and 

DI water as an electrolyte solution under specific appropriate anodization conditions. 

However, in spite of favourable band edge positions i.e., for H2 evolution, TiO2 suffers 

from low solar light absorption and high recombination rate of photoexcited charge 

carriers to provide appropriate corresponding redox half-reactions. Considerable effort 

has been made to introduce new approaches to overcoming its main disadvantages as well 

as improving the PEC activity of TiO2 using various methods such as either doping of 

a foreign elements into TiO2 or establishing different heterojunctions. Over the past 

decade, hundreds of articles have been published on the combination of TiO2 

nanostructures with carbon-based allotropes, such as carbon dots, graphitic carbon nitride 

(C3N4), graphene and its derivatives. The charge separation and absorption of light could 

be enhanced based on various heterojunctions owing to obtain the highly active hybrid 

photocatalysts. Graphene oxide (GO) and other derivatives of GO, such as reduced 
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graphene oxide (rGO), which are cost-effective is used to make a composites with TiO2 

because of its unique physicochemical properties.  

In the following section, we demonstrate that, platinized cyanographene (G-CN/Pt) 

MLTNTs and cyanographene (G-CN) MLTNTs composites (hereafter referred as G-NTs 

and G-Pt-NTs, respectively) have been successfully synthesized using a simple 

electrodeposition approach. The unique structure of highly ordered MLTNTs 

functionalized with G-CN and G-CN/Pt provide the morphology for formation of proper 

heterojunction, which can access to the top surface as well as space between the nanotubes 

walls. Compared to the pristine TiO2 nanotubes (P-NTs), G-CN and G-CN/Pt 

functionalized MLTNTs enhanced the PEC-WS activity response as well as declined the 

recombination rate of the charge carrier.  

4.2.1 Synthesis and characterization 

Pristine and platinized cyanographene sheets have been synthetized successfully. 

Then, the fabricated material were characterized as shown in Figure 4.5. Cyanographene 

(G-CN) demonstrated the typical layered structure of fluorographene‑derived (the 

reaction of NaCN with fluorographene) functionalized graphene [157,158] (Figure 4.5a).  

The G-CN decorated with homogeneous deposition of single Pt2+ ions using microwave 

has also been previously confirmed in detail by HRTEM, chemical mapping with EDS, 

and XPS spectroscopy [159]. After the reduction with NaBH4, ultra-small Pt 

nanoparticles (nearly 98%) with diameter ranging from 0.5 to 2 nm have clearly appeared. 

The full spectrum of G-CN and G-CN/Pt are displayed in Figure 4.5e, showing the 

characteristic peak of Pt. Figure 4.5f shows the deconvoluted high-resolution XPS spectra 

of the Pt4f region for the atomic scale decorated G-CN/Pt sample. The peaks with binding 

energy for around 73.2 eV and 76.5 eV is higher than the typical binding energies for 

bulk metallic Pt. In addition, for the ultra‑small size of Pt [159], such positive shifts could 
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be detected. The exact amount of Pt in the G-CN/Pt contained 2.3 wt.% determined by 

atomic absorption spectroscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the following step, we synthesized MLTNTs at 60 V (35°C) for 2 h and combined 

them with G-CN and G-CN/Pt sheets. Figure 4.6a–f shows SEM images of the G-NTs 

and G-Pt-NTs composite that the G-CN and G-CN/Pt sheets electrodeposited onto TiO2 

Figure 4.5 TEM images of a) the pristine cyanographene (G‑CN) and b-d) after the formation and 

decoration with Pt nanoparticles (G-CN/Pt), (e) full XPS survey of G‑CN and G-CN/Pt. The inset 

shows the atomic composition of G‑CN/Pt. (f) HRXPS of the G-CN/Pt sample, showing the Pt 4f 

region. 
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nanotubes not only randomly cover the top surface of the TiO2 nanotubes but also 

accommodate deep inside the nanostructure, thus also covering the walls of the TiO2 

nanotubes. This would not be happen in typical close-packed arrays of TNTs, where the 

G-CN sheets would only be deposited on the top of the TiO2 nanotubes arrays. 

Raman spectroscopy was employed to confirm the existence of G-CN and G-CN/Pt 

on the surface of MLTNTs arrays. For those three samples (P-NTs, G-NTS, G-Pt-NTs), 

Figure 4.7a demonstrate the Raman peak at about 148, 396, 516 and 636 cm-1 which is 

ascribed to the Eg, B1g, B1g or A1g and Eg vibration modes of anatase phase, respectively 

[160]. In addition, the two main peaks placed at 1365 and 1569 cm-1 for the G-NTs and 

G-Pt-NTs composite samples, are attributed to the characteristic D band and G band of 

G-CN sample [161]. However, the D peaks is related to the structural disorder/defects 

and the G peaks stem from the bond stretching of all sp2 carbon atoms (C-C) in G-CN 

sample [161,162]. Therefore, the presence of the G-CN on the MLTNTs was confirmed. 

Figure 4.6 Top SEM images with different magnification of: a-b) G-NTs, c-d) G-Pt-NTS.  
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The amorphous as-prepared TiO2 nanotubes were annealed at 450°C for 180 min in 

air due to transformation them into crystalline structure. After the calcination, 

the crystal phase structures of the synthesized TiO2 nanotubes were examined by XRD. 

As shown in Figure 4.7b, the XRD analysis showed that the formation of crystalline 

anatase phase with a very little contribution of rutile phase. The position of peaks is 

slightly shifted because of using Co source (instead of the commonly used Cu source) X-

rays. Also, the oxidation of Ti metal beneath the TiO2 nanotubes arrays at the interface of 

Ti/TiO2 nanotubes during the annealing the sample results in the formation of very little 

rutile phase [163]. UV-vis DRS of pristine and composite samples (P-NTS, G-NTs, and 

G-Pt-NTs) were measured from 320 to 700 nm (Figure 4.7c). Further, the optical 

absorption enhancement phenomenon has also been investigated in a massive number of 

scientific works such as functionalization of semiconductors with nanocarbons (e.g., CNT 

and rGO) [164–166]. However, we found that there is a red-shift of absorption edge about 

10-20 nm as well as a higher absorption of composite samples compared to pristine TiO2 

nanotubes (P-NTS) in the visible range of light spectrum. This could be ascribed to the 

electronic interactions between deposited cyanographene and TiO2 nanotubes. The 

HRXPS C1s, Ti2P and Pt4f spectra of the G-Pt-NTs composite are shown in Figure 4.7d–

f. The C1s peak for the G-Pt-NTs sample can be deconvoluted into four peaks. The peaks 

at 284.5, 286.0, 287 and 288.8 eV correspond to C-C, C-N, C=O and O=C-O, 

respectively, are related to the G-CN sample [161]. It means that the chemical structures 

of cynographene has not changed during the electrodeposition process onto TiO2 

nanotubes. As shown in Figure 4.7e, the peaks at 459 and 464.7 belong to titanium (Ti4+). 

Moreover, as depicted in Figure 4.7f, the presence of Pt in metallic state (i.e., Pt0) in G-

Pt-NTs sample is confirmed by the two peaks at 71.4 and 42.9 eV. 
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4.2.2 Photoelectrochemical performance of the structures 

The electrochemical behaviour of the fabricated photoanode was investigated using 

LSV measurement under the simulated solar light illumination. Thermodynamically, the 

minimum voltage needed for water splitting is 1.23 V vs. reversible H2 electrode (RHE). 
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Figure 4.7 a) Raman spectra of P-NTs, G-NTs and G-Pt-NTs samples (the inset shows the 

magnified Raman spectra), b) XRD analysis of TiO2 nanotubes using cobalt X-ray source calcined 

at 450°C in air, c) UV-vis DRS measurement of P-NTs, G-NTs, and G-Pt-NTs samples, and d–f) 

HRXPS spectra of d) C1s, e) Ti2p (e), and f) Pt4f of G-Pt-NTs sample. 
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Firstly, as shown in Figure 4.8 and Figure 4.9 , the concentration of cyanographene 

was optimized (10 mg/L) and then has been coated onto the MLTNTs using the 

electrodeposition method. The MLTNTs on the titanium foils served as counter electrode, 

and the platinum sheet was used as the working electrode. The deposition was performed 

by applying a constant voltage of 100 V for 1 min, in which the G-CN solution was 

employed as an electrolyte. Finally, the fabricated composite sample was rinsed with DI  

water and ethanol respectively, and then dried using N2 stream.The photocurrent density 

of P-NTs, G-NTs and G-Pt-NTs versus applied voltage (J-V curve) were measured in 1 

M NaOH solution under AM 1.5 G illumination (100 mW/cm2). From the Figure 4.10a, 

it is evident that for the composite samples compared to the P-NTs the photocurrent 

density is enhanced. For the G-Pt-NTs sample, the photocurrent density of 121 µA/cm2 

Figure 4.8 Photoelectrochemical response of composite samples obtained under 1 sun 

illumination (100 mW/cm2 - AM1.5 G) in 1 M NaOH solution at different a) concentration of 

cyanographene and (b) electrodeposition time. 

Figure 4.9 The effect of (a) G-CN concentration and (b) electrodeposition time on the PEC-WS. 
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(hereafter at 1.3 V vs. RHE) was achieved. In addition, for the G-NTs sample the 

photocurrent density was 91 µA/cm2, showing higher than P-NTs (91 µA/cm2). Thus, the 

photocurrent of the G-Pt-NTs sample is about 66% and 25% higher than that of P-NTs 

and G-NTs, respectively. This can be attributed to the efficient charge separation, as a 

direct result of using cyanographene and Pt in the composite sample. Moreover, the high 

work function of Pt metal could suppress the electron–hole recombination rate due to 

electron trapping in the metal.  

Figure 4.10b shows the incident photon to current efficiency (IPCE) spectra of P-

NTs, G-NTs and G-Pt-NTs samples in a 1 M NaOH solution at +1.5 V vs. RHE. The 

same trend was observed in the photoactivity among all three tested samples. Also, based 

on our experiment, all three photoanodes samples (P-NTs, G-NTs and G-Pt-NTs) show 

significantly enhanced photoactivity in the UV region. Furthermore, the G-Pt-NTs sample 

shows, in comparison with the other samples, the highest IPCE value which was 

approximately 58% at 300 nm. There are good agreement between the results of the PEC 

activity of the synthesized samples and their corresponding IPCE. The 

chronoamperometry test was carried out on the most active G-Pt-NTs sample to examine 

its photostability over the time (Figure 4.10c). The test was performed with the fixed bias 

voltage +1.5 V vs. RHE and continuous light irradiation for 7 h in 1 sun. After this certain 

time, the PEC test of the photoanode (G-Pt-NTs) has represented acceptable stability and 

reached about 90% of initiating current.  
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We assumed that the enhanced PEC activity of the composite samples could be 

ascribed to the increased charge separation efficiency. In order to prove this, we measured 

the electrochemical impedance spectroscopy (EIS) under 1 sun illumination in the 

frequency range of 0.1 Hz to 100 kHz at the bias potential +1.5 V vs RHE. The Nyquist 

plots obtained for P-NTs, G-NTs and G-Pt-NTs samples are shown in Figure 4.11a. 

Furthermore, we have fitted the impedance spectra of photoelectrodes shown as an inset 

of Figure 4.10a under illumination to an equivalent circuit using Z-View software (see 

Table 4.1). The Rs representing as the overall resistance between the electrode and 

electrolyte. This value was determined from the X-intercept of Nyquist plot. 
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Figure 4.10 a) Photoelectrochemical response of fabricated samples measured under 1 sun 

illumination (100 W/m2- AM1.5 G) in 1 M NaOH solution, b) corresponding IPCE spectra, and 

c) chronoamperometry test of G-Pt-NTs in 1 M NaOH solution, potential 1.5 V vs RHE for 7 h 

where the pH is 13.6 (E0
Ag/AgCl = 0.197 V at 298 K, and E0

Ag/AgCl is the measured potential vs. 

Ag/AgCl). 
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Table 4.1 Equivalent circuit components calculated by fitting the experimental electrochemical 

impedance spectroscopy data. 

Sample Rs (Ω) Rsc (Ω) Rct (Ω) CPE-1 (µF) CPE-2 (µF) 
τ = Rct × 

CPE2 (s) 

P-NTs 11.46 ± 0.11 95.7 ± 11.1 105,940 ± 2828 2.61 ± 0.15 70.20 ± 0.7 7.43 

G-NTs 10.22 ± 0.09 88.28 ± 9.2 38,442 ± 992 27.2 ± 0.9 102.99 ± 0.5 3.95 

G-Pt-NTs 11.01 ± 0.09 106 ± 19.1 27,954 ± 625 187 ± 11  78.10 ± 0.9 2.18 

 

The Rs value for P-NTs, G-NTs, and G-Pt-NTs composite was determined to be 

11.46 Ω, 10.22 Ω and 11.01 Ω, respectively. Similarly, the RSC value, which is 

corresponding to the bulk charge transport, was also determined; however, the difference 

is negligible. In addition, the radius of semicircle for the G-Pt-NTs sample is smaller than 

P-NTs and G-NTs ones, and it decreases in the following order: P-NTs > G-NTs > G-Pt-

NTs, showing fastest interfacial hole transfer and efficient separation of electron-hole 

pairs. The Rct is assigned to the interfacial charge transfer resistance. The fitting these 

parameters (Rct) yield a value of 105940 Ω for P-NTs, which is much higher than 38442 

Ω, and 27954 Ω for G-NTs, and G-Pt-NTs composite sample, respectively. Several 

insights can be deduced from this data; i) when compared to the pristine nanotubes 

(MLTNTs), the pristine G-CN greatly enhanced the charge transfer kinetics to TiO2 

nanotubes, reducing by approximately 63.7% Rct; ii) the presence of Pt in G-CN/Pt 

sample could be the key point in further enhancing composite performance by an 

additional ~27%, attributed to the  positive influence of Pt on charge separation. The 

constant phase elements (CPE) reflects capacitance of space charge layer (Csc) as well as 

the semiconductor electrolyte interface (CSE), calculated by CPE-1 and CPE-2 

respectively [167,168]. The value of CPE-1 follows the trend of P-NTs < G-NTs < G-Pt-

NTs, indicating the considerable improvement in e--h+ pair separation of G-Pt-NTs in 

comparison with two other samples (P-NTs and G-NTs). Interestingly, the value of CPE1 

is greatly increased for G-Pt-NTs (approximately 72 times) than P-NTs. It can be 
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concluded that the efficient role of G-CN/Pt as a charge carrier separator across the space 

charge region compare to Pt and G alone of the composite photoanodes, which is indeed 

the beneficial role of platinized G-CN, acting as a charge storage reservoir that can 

improve overall photocurrent enhancement. Further, the obtained value of CPE-2 

represents the charge transferability of photoanode to the electrolyte, which is higher for 

G-Pt-NTs compared to Pt-NTs, but lower compared to G-NTs. 

The rate constant (τ) of the charge transfer process across the photoanode/electrolyte 

interface (Table 4.1) is determined to get the correlation between charge transfer 

efficiency and corresponding photocurrent enhancement [168]. The lower value of τ, the 

higher the charge transfer efficiency, following the order P-NTs > G-NTs > G-Pt-NTs, 

and is well in accordance with the trend for photocurrent enhancement. Therefore, the 

higher photocurrent of G-Pt-NTs than two others (P-NTs and G-NTs) could be attributed 

to two issues. Firstly, the improvement of charge separation (CPE1). Secondly, reduction 

of charge transfer resistance (Rct) of photoanodes, and the same is reflected in time 

constant corresponding to charge transfer process. This trend can be ascribed to the 

presence of G-CN/Pt and G-CN in the fabricated composite samples. Indeed, to test the 

transport time of photo-generated electron, the intensity-modulated photocurrent 

spectroscopy (IMPS) was conducted at different intensity of light. Furthermore, the 

transform time of photo-generated electron can be calculated using the formula below 

[169]: 

𝜏𝑡𝑟𝑎𝑛𝑠 =
1

2𝜋𝑓𝑚𝑖𝑛
 

(4.1) 

Where τtrans means the electron transform time to the back layer and fmin is the minimum 

frequency of IMPS plot. A comparison between IMPS results of P-NTs and the TiO2 

composite samples (G-NTs and G-Pt-NTs) is shown in Figure 4.11b. The G-Pt-NTs and 

G-NTs shown the fastest electron–transfer time, respectively (see Table 4.2). Based on 
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this observation, using cyanographene and platinized cyanographene can provide better 

charge separation, thereby increasing the photocurrent which is in correlation with τ 

obtained from EIS measurements discussed above. The open-circuit voltage decay (VOCD) 

measurement was examined according the investigation reported by Zaban et al. [170] to 

access the recombination properties of fabricated samples. A photogenerated potential is 

built up by illumination of photoelectrode at open-circuit potential. Then, the illumination 

is interrupted and the exponential decay of VOCD (t) from the illuminated quasi-

equilibrium state to darkness is monitored while the cell is kept at open circuit potential. 

According to the VOCD curve, the electron lifetime could be obtained through the equation 

below [170]: 

𝜏𝑛 = −
𝑘𝐵𝑇

𝑒
(

𝑑𝑉𝑂𝐶

𝑑𝑡
)

−1
  

(4.2) 

Where kB is the Boltzmann constant, T is a temperature (K) and e is a charge of electron. 

The open-circuit voltage decay curves for the three samples and the electron lifetime (τn) 

as a function of VOCD plot are shown in Figure 4.11c and d, respectively. It can be seen, 

the G-Pt-NTs composite sample shows the slowest voltage decay rate in comparison with 

the other samples, while the pristine TiO2 shows a much faster. Therefore, at the equal 

potential and by applying the equation (4.2) to the data in Figure 4.11c, the electron 

lifetime was observed in the following order G-Pt-NTs > G-NTs > P-NTs (Figure 4.11d). 

For instance, at voltage of 1.6 V the electron lifetime for pristine and composite samples 

i.e.; P-NTs, G-NTs, and G-Pt-NTs was 1.3 s, 2.21 s, and 11.25 s, respectively. The 

obtained results showed that the photo–electrodes recombination rate in the 

cyanographene composite samples are slower than of pristine TiO2 nanotubes. 
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Table 4.2 The electron transfer time (τtrans) of photogenerated electrons for the pristine and 

composite samples calculated through IMPS data analysis. 

Sample 
τtrans (ms) at light power 

80 W 

τtrans (ms) at lightpower  

25 W 

τtrans (ms) at lightpower 

8 W 

P-NTs 1.5 2 5 

G-NTs 1 1.3 2.5 

G-Pt-NTs 0.5 1 2.1 

 

Figure 4.11 a) The Nyquist plots demonstrating EIS spectra of P-NTs, G-NTs, and G-Pt-NTs 

samples obtained in 1 M NaOH solution at 1.5 V vs. RHE. The EIS at high frequency and the 

equivalent circuits used to fit the impedance spectra has shown in inset. b) Comparison of 𝜏𝑡𝑟𝑎𝑛𝑠  

of photogenerated electron for the pristine nanotube (P-NTs) and composite samples (G-NTs, and 

G-Pt-NTs) as a function of incident photon flux at 369 nm (monochromatic light). c) VOCD decay 

measurement of P-NTs, G-NTs, and G-Pt-NTs samples under 1 sun (100 W/m2 –AM 1.5 G) 

illumination, and d) corresponding 𝜏𝑛. 
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4.2.3 Conclusion 

In conclusion, we applied a simple electrodeposition technique to successfully make 

the (platinized) cyanographene MLTNTs composites. The unique structure of MLTNTs 

with combination of G-CN and G-CN/Pt provides the special morphology, to 

functionalize not only the top surface of the nanotubes but also the space between the 

synthesized TiO2. In Comparison with P-NTs (pristine TiO2 nanotubes), it has been 

observed that the G-Pt-NTs and G-NTs samples improved the photocurrent density by 

66% and 25% under 1 sun illumination, respectively. This can be as a consequence of the 

efficient charge separation and transfer. Based on EIS and IMPS analysis, cyanographene 

as well as the small Pt nanocrystals deposited on it can play an important role in enhancing 

the photoelectrochemical performances in the composites materials.  

4.3 Fabrication of compact TiO2 nanotubes (TNTs) 

To investigate the feasibility of employing post-treatment on TiO2 nanotubes grown 

on Ti sheet with two different electrolytes (NH4F and HF) with the aim of synthesizing 

open nanotubes without initiation layer, we applied the two different strategies. 

4.3.1 Mechanical treatment 

The TNTs used in Figure 4.12 are formed by double-anodization of Ti sheet in NH4F 

(0.15 M), ethylene glycol and DI water (3 wt. %) at 20V for 10 min. Then, we increased 

the anodization voltage to 70 V for 10 min. The results showed the formation of two 

various shape of TiO2 nanotubes: (i) short nanotubes on the top and (ii) long nanotubes 

with the length of 6 µm on the beneath of short nanotubes. After synthesizing TNTs, the 

initiation layer covered the top surface of nanotubes. The sonication in water and dilute 

HF solution was used for removing the short nanotubes as well as the inanition layer. 
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4.3.2 Chemical treatment 

As shown in Figure 4.13, TNTs were prepared by anodizing of Ti sheet in an 

electrochemical bath consisting of HF (0.2 M), ethylene glycol and distilled water (4 wt. 

%) at room temperature for 30 min by using a constant voltage of 70 V. To remove the 

initiation layer from top of synthesized nanotubes, the sonication in water and dilute HF 

solution was employed. After sonication of fabricated TNTs, the initiation layer was 

removed and only completely open TNTs appear. 

 

 

 

Figure 4.12 a) Schematic illustration of synthesized TNTs. Top SEM images of b) as-synthesized 

TNTs and c) after post-treatment. (Anodization was performed in 0.15 M NH4F ethylene glycol 

and 3 wt. % DI water at 20V for 10 min, followed by 70 V for 10 min). 
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4.4  Controlled loading of Pt single atoms as a co-catalyst on reduced TiO2 

Because of environmental crisis and energy shortage [7,171–173], the chemical 

conversion of molecular pollutants into added-value products by chemical reactions is 

one of the significant strategy to tackle these urgent issues. In this scenario, appropriate 

catalysts with high active surface area have been designed in order to increase the rate of 

desirable reactions with higher products selectivity and catalyst efficiency. 

 Single-atom catalysts (SACs) have recently shown to provide higher selectivity and 

excellent catalytic behaviour in a variety of chemical reactions, which provide the 

opportunity to the 100% of atomic utilization in catalytic reactions [174,175]. Compared 

to nanoparticles catalysts (NPCs), SACs performing the construction of an affordable 

catalyst by thrifting the use of precious metals such as Pt, Au, Rh and Pd [176,177] 

because of their remarkable reactivity and utmost atom efficiency.  

Figure 4.13 a) Schematic representation of synthesized TNTs. Top SEM images of b) as-

synthesized TNTs and c) after post-treatment. (Anodization was performed in 0.2 M HF ethylene 

glycol and 4 wt. % DI water at 70 V for 30 min) 
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Control of synthesis parameters along with supporting material play crucial role to 

tune interaction between atoms and thereby providing highly active SA catalysts. TiO2 

among various types of metal oxide as a model supporting material, has been the focus 

of high interest due to its unique properties, mentioned before as well as formation of 

various defects [70,124,178–180]. Decoration of TiO2 surface with noble metals like Pt, 

which has the lowest overpotential and largest work function (from the electronic and 

catalytic point of view), is one of the promising approach to improve the photocatalytic 

H2 production [181]. Since, Pt is scarce and expensive, with reducing the particle size of 

catalyst to the atomic-scale, not only the efficiency of catalyst is reached to the highest 

level but also makes it cost-effective [108,182]. For the sake of simplicity, pristine TNTs 

arrays, sonicated TNTs and Pt-decorated TNTs are hereafter referred to as P-NT, Rx-NT 

(x=30, 40, 50, 60, 70 and 80 min) and R50/Pt-NTy (y=1, 10, 15, 30 and 60 min), 

respectively. 

4.4.1 Characterization of fabricated nanostructures 

The TNTs were synthesized through the electrochemical anodization of Ti foil. The 

as-synthesized nanotubes have amorphous phase, while, as shown in Figure 4.14, the 

XRD pattern of the calcined P-NT sample shows the anatase phase at 450˚C for 2h. Then, 

in order to form structural and electronic defects on the TNTs surface, the fabricated 

samples have been subjected to the ultrasound post-treatment (140 W with a frequency 

of 18.1 KHz) for different sonication time (30, 40, 50, 60, 70 and 80 min) in Ar 

atmosphere. All the TNTs sonicated samples maintained only the anatase crystalline 

phase without any phase changes. 
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Figure 4.15a shows SEM images of the P-NT sample featuring a morphology with the 

open top. We report the SEM image of sample sonicated for 50 min (R50-NT), as an 

example morphology of sonicated TNTs for different time. The quite similar morphology 

and completely open TNTs can be seen for sonicated sample (Figure 4.15b). The mean 

diameter and the length of P-NT sample were 100 nm and 6.1 µm, respectively (Figure 

4.15a,c).   

To gain some information in regard to the band gap narrowing phenomenon and 

improvement of photophysical properties of the sonicated sample (R50-NT), the occupied 

density of state (DOS) through the valence band (VB) XPS spectra and UV-DRS 

Figure 4.14 XRD patterns of pristine and sonicated TNTs using a cobalt X-ray source. 
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reflectance results (Figure 4.16a-d) has been measured. Valence band maxima is 

determined by linear extrapolation of the peaks to the baseline. The P-NT sample showed 

the maximum energy of VB in DOS at +2.8 eV. However, as shown in Figure 4.16d for 

the sonicated sample (R50-NT), the maximum level of VB energy was calculated at +2.9 

eV, following by a band tail extending up to +1.5 eV. The optical band gap energy of P-

NT and R50-NT sample based on UV-Vis DRS measurements are 3.2 eV and 3.1 eV, 

respectively. As a result, the conduction band minimum of sonicated sample for 50 min 

and pristine nanotubes (R50-NT and P-NT) could be located at -0.2 and -0.4 eV, 

respectively. Thus, the observed band gap narrowing of the sonicated sample (R50-NT) 

can be ascribed to the small tailing of valence band. A combination of these results 

(valence band XPS along with the optical band gap measurement) confirms that using the 

sonication to reduce TNTs could form structural disorder and defects thereby inducing a 

shift of the valence band maxima and conduction band minima [183]. 

Figure 4.15 SEM image of samples: a) pristine synthesized TiO2 (P-NT), b) sonicated sample for 

50 min (R50-NT), and c) demonstrating cross section of P-NT. 
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In addition, as demonstrated in Figure 4.16c,d, these results represent the formation 

of localized states above the valence band upon TNTs reduction. From the Figure 4.16e, 

the influence of sonication on the chemical composition and the surface characterization 

of R50-NT sample was further investigated by XPS analysis. The Ti2p spectrum of the 

pristine and sonicated samples (P-NT and R50-NT, respectively) contains two broad 

peaks at 458.6 eV and 464.4 eV are related to the Ti2p3/2 and Ti2p1/2 orbitals of Ti4+ in 

TNTs lattice, respectively [138,184]. The two more small peaks appear at lower binding 

energies for the R50-NT sample can be assigned to Ti3+ species [185,186]. 

4.4.2 Photoelectrochemical performance of TiO2 as a substrate 

The PEC-WS activity of sonicated samples with different time of sonication has been 

carried out owing to select the most efficient sample for decoration with SA-trapping of 

Pt. Current density-voltage (J-V) behaviour of sonicated samples were obtained in the 

dark and light using AM 1.5 G illumination (100 mW cm-2). As shown in Figure 4.17a, 

Figure 4.16 a) UV-Vis DRS measurement of P-NT, R50-NT samples, b) bandgap energies 

calculation for P-NT and R50-NT, c) XPS valence band spectra of P-NT and R50-NT, d) 

schematic illustraion of DOS for P-NT and R50-NT, and e) HRXPS spectra in the Ti2p region 

for P-NT and R50-NT. 
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b, PEC activity shows that all sonicated samples possess higher PEC activity compared 

to the pristine one (P-NT) because of the defect formation, which may enhance donor 

density and charge carrier transport [187,188]. The R50-NT sample demonstrated highest 

anodic photocurrent density of 100 µA cm-2 at 1.23 V under solar light irradiation. 

Sonicated TNTs (i.e., R50-NT) has shown about two times higher PEC activity in 

comparison with non-sonicated TNTs (P-NT). Consequently, R50-NT as main sample for 

decoration with Pt-SA, Pt-NP has been selected.  

As seen in Figure 4.17c, the Mott-Schottky plots has shown a positive slopes for both 

samples (P-NT and R50-NT electrodes), presenting n-type semiconductor behaviour 

[189]. In addition, the carrier density is determined by the following equation: 

𝑁𝐷 = − (
2

eɛɛ0
) (

d(
1

𝐶2)

d(𝐸𝑆)
)−1  

(4.3) 

Where ND is the carrier density of electrons, the C is the space charge capacitance for the 

semiconductor, e is the electrical charge, ɛ0 is the permittivity of the vacuum, KB is the 

Boltzmann constant, ɛ is the relative permittivity of semiconductor, Es is the applied 

potential, EFB is flat potential and T is the absolute temperature. Here, e = −1.6 × 10−19, 

ɛ0 = 8.86 × 10−12 Fm−1, and ɛ = 48 for TiO2 in anatase phase [190]. The carrier density 

values obtained for R50-NT and P-NT were 1.43×1016 cm-3 and 0.92×1016 cm-3, 

respectively. It can be deduced that the sonication reduction process boosted the electron 

density of sonicated sample (R50-NT). This is because of the insertion of defects such as 

oxygen vacancy and Ti3+ states [191]. To understand the contribution of each wavelength 

to the photocurrent density, incident photon to current efficiency (IPCE) spectra of P-

NTs, R50-NT photoanode were carried out at +1.5 V vs. RHE in a 1 M NaOH solution. 

The IPCE can be calculated according to the following formula below [173]: 

𝐼𝑃𝐶𝐸 (%) =
𝐼𝑠𝑐(𝐴)

𝑃 (𝑊)
 ×  

1240

ƛ (nm)
 × 100  (4.4) 
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Where I is the obtained photocurrent density (µA cm-2), ƛ is the incident light wavelength 

(nm) and P is the irradiated incident light at specific wavelengths. The R50-NT 

demonstrated the greatly enhanced IPCE value in the UV region and reached to the 

approximately 70% at 380 nm, whereas for the P-NT sample was about 50%. (Figure 

4.17d). From this observation, we can see that the efficient charge separation and transfer 

is mainly improved for UV-promoted electronic transitions (i.e. associated to VB to CB 

transitions) [138]. In particular, a relatively small increased photocurrent of R50-NT is 

observed over the visible region (inset Figure 4.17d), which can ascribed to the higher 

absorption of light in this region [192,193]. 

EIS was conducted under 1 sun illumination at the bias voltage +1.5 vs. RHE in the 

range of 0.1 Hz to 100 KHz (100 mW cm-2). It revealed that the lower resistance to charge 

transfer at the electrode/electrolyte interface due to the obtained semicircle radius from 

Figure 4.17 a) Photoelectrochemical measurement of TNTs samples sonicated for different time 

(from 30 to 80 min) under 1 sun illumination (100 mW cm-2 - AM1.5 G) in 1 M NaOH solution, 

b) comparison of photocurrent density at 1.23 V for the corresponding samples, c) The Mott–

Schottky plots of P-NT and R50-NT samples obtained at a frequency of 5KHz in the dark and d) 

corresponding IPCE spectra. 
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Nyquist diagram of EIS data, for the R50-NT sample is smaller than that of P-NT (Figure 

4.18) [7]. Therefore, the sonicated TNTs for 50 min (R50-NT) because of lower resistivity 

(promotion of faster charge transfer) as well as higher concentration of electron donor 

(ND) have shown higher PEC activity than pristine nanotubes. 

4.4.3 Deposition of Pt single atom and material characterization 

To decorate with Pt SA-trapping, we soaked the fabricated substrate in very dilute Pt 

containing solution. TEM images of samples sonicated for 50 min and decorated with 

different amount of Pt is shown in Figure 4.19. The impregnation process was carried out 

in 100 µM hexachloroplatinic acid solution for various time, including 1, 10, 15, 30 and 

60 min. The results of energy dispersive spectrometry (EDS) analysis shows that Pt is not 

detectable in the final composition of elements for the impregnation time less than 15 

min, which is in agreement with the TEM observation (Figure 4.20a). However, Pt can 

be clearly visualized for the 30 and 60 min impregnation time (R50/Pt-NT30 and R50/Pt-

NT60). Moreover, the Figure 4.20b shows very narrow Pt nanoparticles on sonicated 

TNTs (R50/Pt-NT60) with an average diameter of about 1.5 nm. As shown in Figure 

4.19b, the presence of Pt-SA on the surface of TNTs has been confirmed by carrying out 

the high-angle-annular-dark-field scanning transmission electron microscopy (HAADF-

STEM). The large number of marked bright dots, presenting highly distributed Pt-SA in 

Figure 4.18 Nyquist plots representing electrochemical impedance spectra of P-NT and R50-NT 

samples. 
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the form of the isolated single atom on the surface of R50/Pt-NT10 sample. EDS mapping 

was performed for evaluation the distribution of O, Ti and Pt of the catalyst. As shown in 

Figure 4.19c, the EDS map of Pt, Ti and O elements of the R50/Pt-NT10 sample confirms 

Figure 4.19 a) TEM images of treated samples at various soaking time ranging from 1 to 60 min 

in very dilute hexachloroplatinic acid solution, b) HAADF-STEM image and c) the corresponding 

EDS elemental mapping of R50/Pt-NT10 sample. 

Figure 4.20 a) EDS analysis of Pt-SA and Pt-NP decorated on the TNTs and b) Pt nanoparticles 

size distribution on TNTs for R50/Pt-NT60 sample. 
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the relatively uniform distribution of those elements, including Pt single atoms and no 

contamination was observed. 

To characterize the structure composition of the investigated samples, XPS analysis 

was carried out. The spectra of deposited Pt samples for different soaking time are 

illustrated in Figure 4.21a-c and Figure 4.22a-d. From the whole survey spectrum of 

treated samples, the elements of Ti, O, Pt and adventitious C can be observed (Figure 

4.21a and Figure 4.22a) and the atomic ratio of Ti:O based on atomic composition of TiO2 

is about 1:2. Deconvoluted HR-XPS spectra of the Pt4f region for the single-atoms 

(R50/Pt-NT10) and Pt nanoparticles decorated (R50/Pt-NT30) samples (emerging 

threshold of nanoparticles based on TEM image in Figure 4.19a) are shown in Figure 

4.21b,c, respectively. Figure 4.21b shows that the XPS spectrum of Pt4f for the R50/Pt-

NT10 sample (Pt-SA sample soaked 10 min in hexachloroplatinic acid solution) can be 

fitted into four peaks. The peaks appearing at 72.3 eV and 75.7 eV can be attributed to 

Pt2+4f7/2 and Pt2+4f5/2, respectively, whereas the peaks at 73.2 eV and 76.5 eV assigned to 

Pt4+4f7/2 and Pt4+4f5/2 signals, correspondingly. By contrast, it can be observed from XPS 

in Figure 4.21c, for the sample by 30 min impregnation time in hexachloroplatinic acid 

solution (R50/Pt-NT30), the region corresponding to the Pt peak may be deconvoluted 

into three components (Pt2+, Pt4+ and Pt0). However, two peaks in metallic state located 

at 71.1 eV and 74.5 eV are corresponding to Pt04f7/2 and Pt04f5/2, respectively 

[97,194,195]. These results are in good agreement with TEM results (Figure 4.19a) where 

the nanoparticles can be observed after 30 min impregnation time in hexachloroplatinic 

acid solution. The formation of Pt4+ coming from the covalent metals-support interaction  

is proof of a strong Pt-TiO2 interaction [97,196]. The Pt-4O and Pt-2O structures are the 

most stable geometric and electronic configurations of Pt with O which are stable against 

the initial states of agglomeration [197]. Therefore, the atomic-scale deposition of single 

atom Pt on the sonicated TNTs surface (R50/Pt-NT10 sample) is confirmed. The HRXPS 
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analysis of the R50/Pt1-NT and R50/Pt-NT15 samples (Figure 4.22b.c) showed the 

presence of Pt in the oxidized state (Pt2+ and P+4). Moreover, the HRXPS spectra of Pt4f 

for these two samples (R50/Pt-NT1 and R50/Pt-NT15) is quite similar to the Pt4f peaks 

of R50/Pt-NT10 sample. The results demonstrate that these three samples are in the Pt-

SA regime. In contrast, for the R50/Pt-NT60 sample, the Pt in the metallic state (Pt0) with 

peaks located at 70.2 eV and 73.5 eV are observed and can be assigned to Pt04f7/2 and 

Pt04f5/2, respectively [198,199]. The XPS results of decorated samples with Pt are in line 

with the TEM images, confirming that the concentration of stabilized surface Pt is 

adjustable by increasing the soaking time in a diluted hexachloroplatinic acid solution. 

As the ICP-mass measurement for the film sample was very challenging to clarify the 

exact amount of the Pt on the TNTs film, XPS measurement was applied [97]. It was used 

to further evaluate the surface atomic concentration of Pt in the two forms of single atom 

Figure 4.21 a) Whole  XPS survey spectra of sonicated TNTs at different impregnation time (10 

and 30 min) in in the hexachloroplatinic acid solution, b,c) HRXPS spectra of Pt4f for: b) 

sonicated TNTs for 50 min, followed by immersion in the hexachloroplatinic acid solution for 10 

min, c) for 30 min and d) quantitative comparison of surface Pt on Pt-decorated TNTs. 
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and nanoparticles, which were deposited onto the reduced TNTs successfully. The 

obtained results showed that increasing the soaking time in the hexachloroplatinic acid 

solution leads to an increase in the number of Pt deposited on the surface. As a results, 

the concentration of Pt in atomic-scale decoration for the R50/Pt-NT1, R50/Pt-NT10 and 

R50/Pt-NT15 samples is approximately 0.1, 0.2 and 0.4 at%, respectively. Whereas, 

based on XPS results, the amount of Pt in the form of nanoparticles for the R50/Pt-NT30, 

R50/Pt-NT60 samples are around 2.2 and 4.2 at%, respectively (Figure 4.21d). 

Interestingly, as shown in Figure 4.23 the peak area of Ti3+ removed after soaking the 

sonicated TNTs in the hexachloroplatinic acid solution. This can be as results of 

incorporation of Pt into the vacancies. 

 

 

Figure 4.22 a) Whole XPS survey spectra of Pt decorated samples for different impregnation 

times in dilute hexachloroplatinic acid solution; b, c, d) HRXPS spectra in the Pt4f region of TNTs 

sonicated for 50 min, followed by immersion in the Pt solution for 1, 15 and 60 min (R50/Pt-NT1, 

R50/Pt-NT15 and R50/Pt-NT60), respectively. 
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Figure 4.24 demonstrate the XRD pattern spectra for Pt-decorated samples. The results 

showed that anatase is only crystalline phase presents in the samples. Furthermore, no 

peak corresponding to Pt was detected in XRD results due to the small loading amount of 

Pt and highly dispersity of metal in catalyst sample as well.  

 

4.4.4 Photocatalytic hydrogen evolution 

To evaluate the photocatalytic H2 production on platinized TNTs, the open circuit 

H2 evolution was investigated in methanol-water solution using 1 sun solar simulator 

(AM 1.5 G-100 mW cm-2). Under light illumination, all the Pt-decorated TNTs 

demonstrated a higher amount of H2 evolution compared to the pristine and sonicated 

TNTs without Pt (nearly 0.4 µl h-1 cm-2 for P-NT and R50-NT samples). 

Figure 4.23 HRXPS spectra in the Ti2p region of sonicated TNTs for 50 min, followed by 

immersion in the Pt solution for 1, 10, 15, 30 and 60 min (R50/Pt-NT1, R50/Pt-NT10, R50/Pt-

NT15, R50/Pt-NT30 and R50/Pt-NT60). 
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In fact, the H2 evolution of Pt-decorated samples (for the lowest amount of Pt in 

R50/Pt-NT1) is at least 10 times higher than the value obtained for pristine TNTs sample 

(P-NT). Likewise, because of the higher loading Pt on the surface of sonicated TNTs by 

increasing the impregnation time of sonicated samples in the dilute hexachloroplatinic 

acid solution, the H2 evolution rate increased. The samples contain Pt-SA in shows less 

H2 evolution rate in comparison with the samples with higher loading of Pt in 

nanoparticles (Figure 4.25a). However, normalization to the surface amount of Pt has 

done to show the influence of the Pt content on the H2 evolution rate. Figure 4.25b 

compares the normalized H2 evolution of Pt-decorated samples by the surface amount of 

Pt in two forms of SA and NP. The Pt-SA TNTs (R50/Pt-NT1, R50/Pt-NT10 and R50/Pt-

NT15) demonstrated significantly higher amount of H2 compared to the decorated TNTs 

with Pt-NP (R50/Pt-NT30 and R50/Pt-NT60), indicating the high effectiveness of 

photocatalytic activity of catalyst in atomic scale. Moreover, the efficiency of the active 

Figure 4.24 XRD pattern of Pt-SA and Pt-NP decorated samples. 
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catalytic centre could be explained as the turnover frequency (TOF) number. The TOF is 

calculated using Pt single atom density from HAADF-STEM image (Figure 4.19) and the 

evolved H2, showing significant value of 2.9 × 107 h−1.  The reusability test of Pt-SA site 

on the sonicated TNTs surface demonstrated no obvious decrease of efficiency for H2 

production after five successive cycles of reuse, which indicated an impressive stability 

of synthesized catalyst. In addition, H2 evolution was measured for better comparison of 

ultrasonication with traditional reduction method under like H2 gas at high temperature. 

We compared the H2 evolution rate of the highest active Pt-SA catalyst (R50/Pt-NT10) 

with the pristine and hydrogenated one at 450°C, followed by decoration with Pt in 

hexachloroplatinic acid solution for 10 min (P/Pt-NT10 and H/Pt-NT10 respectively) 

under 1 sun. The schematic illustration of the reaction of photocatalytic H2 production 

through illumination of Pt SA-TiO2 is shown in Figure 4.26. Photogenerated electrons-

holes after absorption of the light by the TiO2 can be separated into the conduction (CB) 

and valence (VB) bands, respectively. Pt plays an important role as the reductive co-

catalyst reducing H+ to H2 while the methanol solution acts as a sacrificial reducing agent 

reacting with photo-generated holes as shown in Figure 4.26. 
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Figure 4.25 a) H2 evolution of pristine, sonicated and Pt-decorated TNTs, b) Normalized H2 

evolution of Pt decorate sample, and c) reusability test of H2 evolution of R50/Pt-NT10, sonicated 

for 50 min, followed by immersion in the hexachloroplatinic acid solution for 10 min 

Figure 4.26 The mechanism of photocatalytic hydrogen evolution using ultrasound-reduced 

TNTs with embedded Pt single-atoms co-catalysts. 
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4.4.5 Conclusion 

In conclusion, we have shown for the first time, single atomic-scale Pt site on the 

defective TNTs arrays film using state-of-the-art technique to form lattice-defect on the 

surface of the substrate. Tip sonication set-up was employed under Ar atmosphere to form 

oxygen vacancy/Ti3+ state on the surface of TNTs, which were confirmed by HRXPS, 

UV-DRS measurement, and Mott-Schottky plot. Such defect can not only shift the 

maxima of the valence band of TiO2 upwards for band-gap narrowing but also some mid-

gap defect might be formed. The outcomes showed that the impregnation time plays an 

important role to control Pt-SA decoration on the surface of TNTs. As a result, the ideal 

immersion duration resulted in the presence of Pt-SA atoms, as confirmed by the 

existence of Pt2+ and Pt4+ species. This configuration led to an approximately 10 fold 

increase in the photocatalytic H2 evolution rate compared to TNTs decorated with Pt 

nanoparticles. These outstanding results will most probably develop highly efficient SA-

catalysts for the future. 



 

90 

 



Chapter 5: Summary and outlook 

 

91 

 

 

 

 

 

 

Chapter 5:  Summary and Outlook 

5.1 Summary 

Within the scope of this doctoral dissertation, the formation of morphological and 

properties of TiO2 NTs via anodization method on Ti foil were briefly investigated. 

Moreover, TiO2 surface modification by platinized cyanographene as well as Pt single-

atom decoration technique in order to decrease the usage of noble metal as co-catalysts 

in TiO2 nanostructure were studied. The fabricated samples were characterized by 

different methods such as SEM, HRTEM, XRD, XPS, UV-vis DRS techniques to clarify 

the effect of the various treatments on structure of TiO2 and consequently on its 

photocatalytic activity.   

Through a systematic study of anodization parameters, the investigation delved into 

the effects of key variables, such as temperature, time, voltage, and electrolyte on the 

discrete-tube growth of TiO2. Among the different factors involved in the synthesis 

process, anodization temperature stands out as a key element with the potential to 

significantly influence the uniformity of tube formation. The establishment of a 
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heterojunction between the synthesized TiO2 nanotubes and cyanographene (G-

CN)/platinized cyanographene (G-CN/Pt) has been carried out. This step is crucial in 

creating a hybrid nanostructures that facilitates charge transfer and effective charge 

separation. The G-CN/MLTNTs and G-CN/Pt/MLTNTs composite improved the PEC-

WS activity response by 1.66 and 1.25 times in comparison with pristine MLTNTs, 

respectively. Furthermore, by using various measurement techniques such as 

electrochemical impedance spectroscopy (EIS), open circuit VOC decay (VOCD), and 

intensity-modulated photocurrent spectroscopy (IMPS), the fabricated electrodes were 

investigate. The results indicate that surface functionalization of MLTNTs with G-CN 

and G-CN/Pt led to a reduction in the overall charge carrier recombination rate and 

transfer time of photogenerated electrons. Additionally, this functionalization resulted in 

an enhanced photoelectrochemical performance attributed to the decreased charge 

transfer resistance. 

As a major breakthrough on noble metal usage as well as benefit from decoration of 

TNTs with it, the combination of a novel strategy for surface defect engineering and Pt 

single atom decoration has been presented. Through the reduction of an ideal metal oxide 

support using the ultrasonication method, atomic-scale defects can be generated. These 

defects then capture and stabilize Pt single atoms, achieved by employing a highly diluted 

hexachloroplatinic acid solution. The Pt content on the sonicated TNTs was regulated by 

adjusting the impregnation time in a diluted aqueous-based Pt solution. The high-

resolution transmission electron microscopy (HRTEM) image further validates the 

presence of Pt single atoms (Pt-SA) on the surface of TNTs. 

The innovative approach facilitates achieving almost 50 fold greater normalized 

hydrogen evolution in comparison to the unmodified TiO2 nanotubes. Additionally, the 

newly established technique permits the incorporation of ultrasmall nanoparticles onto 

the TiO2 surface by extending the substrate's exposure time to an extremely diluted 
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hexachloroplatinic acid solution. A comparison reveals that platinum single atoms yield 

a 10 fold increase in normalized hydrogen production compared to nanoparticles. 

5.2 Outlook 

This thesis work has focused on the enhancement of the photocatalytic activity of 

TiO2 nanostructures. Specifically, enhancements were achieved through the introduction 

of novel materials like platinized cyanographene as well as single atom. Moreover, we 

investigated the TiO2 nanostructure decorated with noble metal co-catalysts (Pt), which 

exhibited superior efficiency for photocatalytic H2 evolution compared to nanoparticles. 

Therefore, investigating other noble metals in both single atom and nanoparticle forms 

for their photocatalytic activity is of merit. Innovatively, ultrasonication was utilized to 

introduce defect on TiO2 nanotubes for anchoring Pt-ingle atom. However, a question 

arises regarding the applicability of ultrasonication for other semiconductors. 

Furthermore, other defective semiconductors might serve as suitable single atom hosts 

for photocatalytic reactions. 

Concerning spaced TiO2 NTs, further investigation is essential, and alternative 

strategies can be explored to synthesize longer tubes with controlled spacing. This has the 

potential to affect various applications of TiO2 nanotubes, particularly in their 

photocatalytic activity. A prospective approach for discrete TiO2 nanotubes involves 

enhancing photocatalytic H2 evolution by extending the lifetime of photogenerated 

carriers. By depositing various materials on both sides of the fabricated TiO2 nanotubes 

(interior and exterior), interactions with photoexcited charge carriers' electrons and holes 

can occur. Consequently, this approach can significantly reduce recombination rates, 

thereby boosting photocatalytic activity. 
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Abstract 

The rapid decrease of non-renewable fossil fuel reserves and increase in the amount 

of carbon emission have negative environmental impacts as well as a decline in the quality 

of life in all countries. Renewable and abundant energy such as solar as harmless energy, 

has already gained massive attention due to its availability in nature. The environment 

and energy are closely related to each other and therefore environmental problem results 

from an interaction between human activity and energy consumption. Hydrogen (H2) is a 

promising alternative energy carrier for the future energy system, which can be obtained, 

for example, from the electrolysis of water and photoelectrochemical water splitting 

(PEC-Ws). The core component of a PEC cell is a semiconductor and among several of 

them, titanium dioxide (TiO2) has been the most widely investigated material for 

photocatalytic application. Various TiO2 nanostructures have been employed in 

photocatalytic applications; however, 1-D nanostructures (e.g., nanotubes) provide a high 

surface area, which is more suitable for this purpose. Because of some inherent 

weaknesses of TiO2, the presence of a co-catalyst is required for photocatalytic reactions. 

We have synthesized 1-D TiO2 nanotubes via the electrochemical anodization method. 

Then, to improve the performance of fabricated photoelectrode material for PEC-WS, the 

electrodeposition method was used to make a composite with platinized cyanographene 

(G-CN/Pt). In continuation with that, we focused on photocatalytic H2 evolution of Pt 

single-atom (Pt-SA) decorated on 1-D TiO2 nanotube surface as an advanced topic. We 

have employed a straightforward technique to form traps on TiO2 as a substrate for Pt-

SA, which could act as a co-catalyst centre, where the reduction of H+ ions to H2 occurs. 
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Introduction and the aim of this project 

1.1 Introduction 

The development of society in science, technology, and human life during the last 

century relies heavily on fossil fuels which have brought serious problems in the quality 

of life due to large consumption of energy and detrimental effects on the environment [1–

3]. H2 is a clean and sustainable fuel without toxic emissions (carbon free) which can be 

produced from a variety of resources such as natural gas, fossil fuels, and water. There 

are several methods to produce H2 including electrolysis of water, high-temperature water 

splitting, photoelectrocatalysis, and photocatalysis [4,5]. In 1972, Fujishima reported one 

of the most promising and efficient approaches for solar-to-chemical energy conversion 

using semiconductors [6,7]. Afterward, many efforts have been dedicated to improving 

the photocatalytic efficiency of semiconductors. Among the variety of semiconductors 

for photocatalysis, TiO2 is the most-investigated catalyst because of its relatively low 

cost, high chemical stability, low environmental toxicity, and superior photocatalytic 

performance [8–10]. However, the wide application of TiO2 photocatalyst is restricted by 

its large bandgap (e.g., anatase TiO2, Eg = 3.2 eV) that is only UV light-responsive, 

limiting its usage under the whole light spectrum. Moreover, the high recombination rate 

of photoinduced electron–hole (e-/h+) pairs also affects their photoactivity [11]. Many 

attempts have been made to modify TiO2 photocatalyst activity by loading the noble 

metals (i.e., Pt, Rh, and Au) [12,13], doping with non-metal elements (i.e., N, S, and C) 

[14,15], and coupling with narrow bandgap semiconductors [16]. In 1984, Assefpour-

Dezfuly and co-workers [17] reported the formation of self-organized 1-D TiO2 nanotubes 

using the anodization method. Over the last decade, One-dimensional (1D) TiO2 

nanotubes (TNTs) have been widely studied because of their magnificent properties to 
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outperform their bulk/nanoparticles counterparts in photocatalytic activity. For instance, 

the surface area and the light-harvesting efficiency considerably increase [18]. Further, 

due to the separation and recycling of solid catalysts from liquid phases often place high 

demands, this drawback has been overcome by using TNTs.  Several methods such as the 

hydrothermal method, sol-gel, and aluminum template are utilized to synthesize TNTs 

[19,20]. However, electrochemical anodization of Ti metal in the fluoride-counting 

electrolyte is the most commonly applied technique for much better control over the 

dimension and long-range order [21,22]. In general, there is also considerable research 

into the fabrication of heterojunctions between TiO2 and other partners in different hybrid 

nanostructures to improve charge separation and light absorption. Over the last decade, 

the development of TiO2 heterojunctions with carbon-based allotropes as well as doping 

with noble metals has been investigated [23]. For this purpose, TiO2 nanotubes decorated 

with platinized cyanographene (G-CN/Pt) and Pt-SA catalysts are developed to improve 

their photocatalytic performances. 

1.2 The aim of this work 

TiO2 has attracted significant for its distinctive properties, including environmentally 

friendly, chemical stability, and suitable band edge position, which makes it a widely 

explored material for applications in photocatalysis and photoelectrocatalysis. However, 

due to its wide bandgap and fast recombination rate of photogenerated electron-hole pairs, 

synthesized TiO2 demonstrates relatively low efficiency in both photocatalytic and 

photoelectrochemical performance. Therefore, many researchers have been focusing on 

developing methods to overcome these intrinsic limitations. Decoration of TiO2 with 

noble metals and carbonaceous nanomaterials, capable of serving as electron transfer 

mediators, offers a promising strategy for its photocatalytic activity for hydrogen (H2) 

production. Thus, within this work, we determined the optimal condition for decorating 

TiO2 with G-CN, G-CN/Pt, and Pt-SA, thereby amplifying the photocatalytic activity of 



Abstract of doctoral dissertation 

 

7 

 

the TiO2 nanostructure. For this reason, we have synthesized compact and discrete 1D 

TiO2 nanotubes. Subsequently, we fabricated the discrete TiO2 nanotubes/platinized 

cyanographene and cyanographene heterojunctions to get more information about their 

photoelectrochemical water splitting. Lastly, we conducted a controlled loading of Pt 

single atoms onto TiO2 nanotubes to investigate their potential for photocatalytic H2 

production. 

Results 

2.1 TiO2 Nanotube Photoelectrodes Modified by Platinized Cyanographene 

Multi-leg TiO2 nanotube (MLTNTs) is obtained by electrochemical anodization on 

Ti foil. Then, the proposal of making them functionalized with cyanographene as well as 

platinized cyanographene (G/CN and G-CN/Pt, respectively) is suggested as a hybrid 

photoelectrode to enhance PEC water splitting. Electrodeposition as a cost-efficient and 

time-saving method is used to produce a composite (Figure 1). For the sake of simplicity, 

pristine TiO2 nanotubes, cyanographene nanotubes, and platinized cyanographene TiO2 

Figure 1. Schematic illustration of the entire process of making composite using 

electrodeposition. 
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nanotubes composite are hereafter referred to as P-NTs, G-NTs, and G-Pt-NTs, 

respectively. 

SEM images in Figure 2a–f show the pristine nanotubes (P-NTs) and the synthesized 

composite samples (G-NTs and G-Pt-NTs). The morphology of multi-leg and largely 

open ends of TiO2 nanotubes can be seen with the mean length and diameter of about 3.3 

µm and 300 nm, respectively.  As shown in Figure 2c-f, the most attractive advantage is 

that not only on the top surface of the TiO2 nanotubes but also deep inside the 

nanostructure, G/CN and G-CN/Pt sheets were deposited. However, for the typical close-

packed TiO2 nanotubes, G/CN sheets would only be deposited on the top of the TiO2 

nanotubes, and closely touching the walls of the tubes are impossible. 

Raman spectra displayed bands at about 148 (Eg), 396 (B1g), 516 (B1g or A1g), and 

636 (Eg) cm–1 of the anatase phase [24] for all three samples. Further, as shown in Figure 

3a, Raman spectra of hybrids confirm the existence of G-CN and G-CN/Pt within the 

Figure 2 SEM images of fabricated samples: a) P-NTs, b) showing cross-section of P-NTs, c-d) 

GNTs, e–f) G-Pt-NTS. 
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MLTNTs arrays, in which, the two main peaks placed at 1365 and 1569 cm–1 are 

attributed to the characteristic D band and G band of cyanographene [25]. The D and G 

peaks stem from the structural disorder and bond stretching of all sp2 carbon atoms (C–

C), respectively. The crystal structures and compositions of P-NTs were further 

characterized by X-ray diffraction (XRD) pattern (Figure 3b). Due to the as-prepared 

TiO2 nanotubes being amorphous, all the prepared samples were annealed at 450°C for 

180 min in air.  

The XRD analysis of the calcined P-NTs sample shows the anatase phase and the 

formation of very little rutile phase owing to the oxidation of titanium (Ti) metal beneath 

the TiO2 nanotubes at the interface of TiO2 nanotubes and Ti metal during the annealing 

of the sample in the furnace [26]. UV-vis diffuse reflectance absorption spectra (DRS) of 

pristine nanotubes and composite samples were measured (Figure 3c). We observed a 

red-shift of absorption edge, about 10–20 nm, and a higher absorption in the visible range 

for the G-CN and G-CN/Pt in comparison with pristine P-NTs. This can be because of 

the electronic interactions between cyanographene and TiO2 nanotubes [27,28]. In 

addition, the compositions and chemical state of the G-Pt-NTs sample were analysed by 

XPS. All XPS spectra were calibrated by shifting the spectra to the binding energy of C1s 

of 258.6 eV. The high-resolution XPS spectra of Ti2P, C1s, and Pt4f of the G-Pt-NTs 

sample are shown in Figure 3d–f. As shown in Figure 3d, the four peaks at 284.5, 286.0, 

287, and 288.8 eV are assigned to C–C, C–N, C=O, and O=C–O, respectively, which is 

very well in agreement with the results of synthesized cyanographene [25]. This result 

confirms that during the electrodeposition onto TiO2 nanotubes, the chemical structure of 

cyanographene has not been changed. In Figure 3e, the broad peaks at 459 eV and 464.7 

eV are related to the Ti 2p3/2 and Ti 2p1/2 orbitals of Ti4+ in the TiO2 lattice, respectively 

[29]. Moreover, as shown in Figure 3f, the two peaks at 71.4 and 42.9 eV confirmed the 

presence of metallic Pt (i.e., Pt0) in the G-Pt-NTs sample. 
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 The PEC activity of all fabricated photoanode was evaluated using linear sweep 

voltammetry (LSV) under 1 sun illumination (Figure 4a). Current density-voltage (J-V) 

characteristics of P-NTs, G-NTs, and G-Pt-NTs were measured using a xenon lamp 

equipped with an AM1.5 G filter and with the light intensity of 1 sun (100 mW cm-2). 

From the photocurrent versus curve, it is evident that for the composite samples, 

compared to the pristine TiO2 nanotubes (P-NTs) the photocurrent density is enhanced. 

The highest photocurrent density of 121 µA cm-2 (hereafter at 1.3 V vs. RHE) was reached 
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Figure 3 a) Raman spectra of P-NTs, G-NTs and G-Pt-NTs samples (the inset shows the 

magnified Raman spectra), b) XRD analysis of TiO2 nanotubes annealed at 450˚C in air (using 

cobalt X-ray source), c) UV-vis DRS of P-NTs, G-NTs, and G-Pt-NTs, and (d–f) HRXPS spectra 

of C1s (d), Ti2p (e), and Pt4f (f) of G-Pt-NTs sample. 
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by the G-Pt-NTs sample. Whereas, the G-NTs and P-NTs samples showed less 

photocurrent densities (91 µA cm-2  and 73 µA cm-2, respectively) than G-Pt-NTs. Such 

enhancement of the photocurrent, which is nearly 66% and 33% higher than that of P-

NTs and G-NTs samples, respectively, might result from faster charge transfer, as a direct 

consequence of using G-CN and G-CN/Pt in the composite samples. Figure 5b indicates 

the incident photon-to-electron conversion efficiency (IPCE) spectra of the P-NTs, G-

NTs, and G-Pt-NTs samples at 1.5V vs. RHE in a 1 M NaOH solution. All photoanodes 

show the same trend in photoactivity as well as significantly enhanced photoactivity in 

the UV region. Based on our experiment, the G-Pt-NTs sample has the highest IPCE 

value, reaching about 58% at 300 nm, which is in line with the results of the PEC activity 

of the synthesized samples. The photostability test of the most active G-Pt-NTs sample 

over time was carried out through the chronoamperometry test with the fixed bias voltage 

+1.5 V vs RHE and continuous illumination light of nearly 25,000 s under 1 sun 

illumination (100 mW cm-2). As shown in Figure 6c, the prepared photoanode also 

demonstrated good stability for 25,000 s continuous illumination and reached 

approximately 90% of the initial current. The improvement in the PEC performance of 

composite samples was attributed to the hybridizing of TiO2 with platinized 

cyanographene, which improves the charge separation/transfer rate and the overall PEC 

performance. 

To investigate the charge transfer capability of photoanodes, electrochemical 

impedance spectroscopy (EIS) was performed under 1 sun illumination in the frequency 

range of 0.1 Hz to 100 kHz at the bias potential +1.5 V vs. RHE. Figure 5a shows the 

Nyquist plots obtained at each potential vs. RHE for PNTs, G-NTs, and G-Pt-NTs 

samples. The Inset of Figure 5a shows the equivalent circuit diagrams obtained using Z-

View software. Here Rs was the overall resistance between the electrode and electrolyte, 

which can be calculated from the X-intercept of the Nyquist plot. The value of Rs for P-
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NTs, G-NTs, and G-Pt-NTs composite was almost similar for all samples, which is 

determined around 11 Ω (Table 1). The RSC and Rct correspond to the bulk charge 

transport and the interfacial charge transfer resistance, respectively. However, no 

significant difference was observed for the RSC value and was obtained to be 95.7 Ω, 

88.28 Ω, and 106 Ω for P-NTs, G-NTs, and G-Pt-NTs composite, respectively. 

Furthermore, the radius of the semicircle for the G-Pt-NTs sample is smaller than P-NTs 

and G-NTs ones, and it declines as follows: P-NTs > G-NTs > G-Pt-NTs. Therefore, the 

addition of G-CN/Pt and G/CN into the TiO2 nanotube structure leads to the fastest 

interfacial hole transfer and efficient separation of e--h+ pairs. The Rct value was obtained 

105940 Ω, 38442 Ω, and 27954 Ω for P-NTs, G-NTs, and G-Pt-NTs composite, 

respectively. Thus, these indicate that the pristine G-CN causes improvement of charge 

transfer kinetics to TiO2 nanotubes. In addition, G-CN/Pt results in further improvement 

in the performance of the composite by an additional ~27%, and more efficient charge 
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Figure 7 a) Photocurrent spectra of fabricated samples measured in 1 M NaOH solution under 

AM 1.5  and 1 sun illumination (100 W/m2), b) corresponding IPCE spectra, c) Photostability test 

of G-Pt-NTs in 1 M NaOH solution, potential 1.5 V vs RHE for 7 h where the pH is 13.6. 
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separation may also be due to the presence of Pt in the composite sample. The constant 

phase element (CPE1) represents the space charge layer (Csc) and the constant phase 

element (CPE2) depicts the semiconductor electrolyte interface (CSE) [30,31]. 

The value of CPE-1 decreases in the following order P-NTs < G-NTs < G-Pt-NTs, 

presenting that the electron-hole pair separation of G-Pt-NTs compared to P-NTs and G-

NTs improved efficiently. Interestingly, the CPE1 value is greatly enhanced for G-Pt-

NTs and G-NTs samples in comparison with P-NTs about 72 and 10 times, respectively. 

The observation confirms the beneficial role of platinized G-CN, which can act as a 

charge storage reservoir as well as the significant role of G-CN/Pt as a charge separator 

across the space charge region for overall photocurrent enhancement. Further, the value 

of CPE-2 (charge transferability of photoanode to the electrolyte) is higher for G-Pt-NTs 

compared to Pt-NTs, while lower than G-NTs. Therefore, to understand the correlation 

between increased photocurrent density and charge transfer efficiency, the rate constant 

(τ) is determined as a charge transfer process across the photoanode/electrolyte interface 

(see Table 1) [31]. The lower τ value represents the higher charge transfer efficiency. This 

value follows the order P-NTs > G-NTs > G-Pt-NTs and is well in line with the trend of 

photocurrent enhancement. Therefore, improvement in the charge separation (CPE1) as 

well as decreased charge transfer resistance (Rct) of photoanodes cause the enhancement 

of photocurrent in the G-Pt-NTs sample. 

Table 1 Equivalent circuit components calculated by fitting the experimental electrochemical 

impedance spectroscopy data. 

Sample Rs (Ω) Rsc (Ω) Rct (Ω) CPE-1 (µF) CPE-2 (µF) 
τ = Rct × 

CPE2 (s) 

P-NTs 11.46 ± 0.11 95.7 ± 11.1 105,940 ± 2828 2.61 ± 0.15 70.20 ± 0.7 7.43 

G-NTs 10.22 ± 0.09 88.28 ± 9.2 38,442 ± 992 27.2 ± 0.9 102.99 ± 0.5 3.95 

G-Pt-NTs 11.01 ± 0.09 106 ± 19.1 27,954 ± 625 187 ± 11  78.10 ± 0.9 2.18 
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The intensity-modulated photocurrent spectroscopy (IMPS) at various intensities of 

light was obtained to analyse the transport time of photo-generated electrons. The 

transform time of photo-generated electrons (𝜏𝑡𝑟𝑎𝑛𝑠) can be valued as shown in the 

equation below [32]: 

𝜏𝑡𝑟𝑎𝑛𝑠 =
1

2𝜋𝑓𝑚𝑖𝑛

 

Where fmin is the minimum frequency of the IMPS plot and 𝜏𝑡𝑟𝑎𝑛𝑠 is the electron transfer 

time to the back contact layer. As shown in Figure 5b and Table 2, the G-Pt-NTs showed 

the fastest electron–transfer time than G-NTs and P-NTs samples. This indicates that 

platinized cyanographene promotes electron transfer, and charge separation within 

semiconductors and thus increases the photocurrent. An open-circuit voltage decay 

(VOCD) measurement was conducted to gain insight into the recombination properties of 

fabricated photoanodes. Once to turn the light off and illumination is interrupted, the 

decay of VOCD (t) can be seen due to the recombination process at the interface between 

electrons in the conduction band of TiO2 and the electrolyte or bulk recombination (Figure 

5c). Therefore, the interfacial charge recombination rate can be suppressed by introducing 

o -CN/Pt and G-CN as a conducting layer on the surface of TiO2 nanotubes. Therefore, 

based on obtained VCD results, the electron lifetime (𝜏𝑛) can be valued according to the 

equation below [33]: 

𝜏𝑛 = −
𝑘𝐵𝑇

𝑒
(

𝑑𝑉𝑂𝐶

𝑑𝑡
)

−1

 

Where e is a positive elementary charge, kB is the Boltzmann constant and t is a 

temperature (K). The electron lifetime as a function of the VOCD plot is shown in Figure 

5d, representing a higher electron lifetime of the G-Pt-NTs sample. By using electron 

lifetime (𝜏𝑛) equation at an equal potential the electron lifetimes were calculated in the 

following order G-Pt-NTs > G-NTs > P-NTs. During the voltage decay, the smaller slope 

(the smallest VOCD decay belonged to the G-Pt-NTs sample) shows a higher electron 
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lifetime. These results show the addition of cyanographene decreased the recombination 

rate into the TiO2 nanotubes, as remarked by the one-order magnitude improvement in 

the electron lifetime. 

Table 2 The electron transfer time (τtrans) of photogenerated electrons determined through IMPS 

data analysis. 

Sample 
τtrans (ms) at light power 

80 W 

τtrans (ms) at light power  

25 W 

τtrans (ms) at light 

power 8 W 

P-NTs 1.5 2 5 

G-NTs 1 1.3 2.5 

G-Pt-NTs 0.5 1 2.1 

 

Figure 8 a) Nyquist plots of as prepared P-NTs, G-NTs, and G-Pt-NTs samples obtained in 1 M 

NaOH solution at 1.5 V vs. RHE  (the inset shows EIS at high frequency and the equivalent 

circuits used to fit the impedance spectra), b) comparison of transport time constant for the P-

NTs, G-NTs, and G-Pt-NTs samples as a function of incident photon flux for monochromatic 

light at 369 nm, c) VOC decay measurement of P-NTs, G-NTs, and G-Pt-NTs under one sun (100 

W/m2 –AM 1.5 G) illumination, and d) corresponding electron life-time. 
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2.2 Pt-SA decoration 

Decreasing the catalyst size results in not only an increase in the catalyst's active 

surface area but also an improvement in the photocatalytic activity. Recently, single-atom 

catalysts (SACs) have attracted special attention as a new class of heterogeneous catalysts 

due to higher selectivity and superior catalytic activity in a variety of chemical reactions 

compared to nanoparticle catalysts (NPCs) [34]. Homogeneous loading of SA noble metal 

such as Pt as one of the most attractive metal (i.e.; for photocatalytic reactions) onto 

suitable support materials play an important role to tune the interaction between atoms 

and thereby providing highly active SA catalysts. Pt surface decoration of TiO2 is one of 

the most adopted strategies to improve its H2 production photocatalytic activity. Thus, the 

highly ordered TiO2 nanotube arrays (TNTs) were synthesized on Ti foil via the 

electrochemical anodization method. We modified their surface by reducing treatment 

using ultrasounds. The impregnation method was used as a straightforward route for 

anchoring Pt SAs on the sonicated TNTs films. The density of the Pt catalyst on the 

sonicated TNTs was controlled by varying their soaking time in a dilute aqueous Pt 

solution. As shown in Figure 6, to prepare the Pt-SA catalyst, reduced TNTs were 

fabricated through sonicating of bare TNTs for various times of sonication ranging from 

30 to 80 min. Before soaking the sonicated TNTs samples in the deposition bath 

containing 100 µM of chloroplatinic acid, the acid solution was purged for a duration of 

30 min in the Ar atmosphere to extract the dissolved oxygen (O2). Then, without any 

further purification, the sonicated samples were soaked in a very dilute chloroplatinic acid 

solution for different times (1, 10, 15, 30, and 60 min). For the sake of simplicity, pristine 

TNTs arrays, sonicated TNTs, and Pt-decorated TNTs are hereafter referred to as P-NT, 

Rx-NT (x=30, 40, 50, 60, 70, and 80 min), and R50/Pt-NTy (y=1, 10, 15, 30 and 60 min), 

respectively. 
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Firstly, the TNTs were fabricated by electrochemical anodization method at room 

temperature for 30 min by using a constant voltage of 70 V in an electrolyte solution 

containing 94.65 wt% of ethylene glycol, HF, and deionized (DI) water. Then, as prepared 

TNTs were annealed for 2 h at 450°C in air with a heating and cooling rate of 2°C/min. 

The XRD pattern of the calcined sample demonstrated the anatase phase. The ultrasound 

post-treatment (140 W with a frequency of 18.1 KHz) has been applied for various 

sonication time to introduce the defect site on the TNTs surface. Figure 7 a,b shows the 

SEM images of the TNTs (P-NT) sample featuring a morphology with the open top that 

the length and mean diameter of the P-NT sample were 6.1 µm and 100 nm, respectively. 

As an exemplary morphology of sonicated TNTs, The SEM image of the sonicated 

sample for 50 min (R50-NT) shows analogous morphology to the P-NT sample (Figure 

7c).  

 

 

 

 

 

Figure 9 Schematic illustration of preparation Pt-SA TNTs. 
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The occupied density of state (DOS) through the UV-DRS reflectance results and 

valence band (VB) XPS spectra (Figure 8a-d) is calculated for further the investigation 

of the band gap narrowing phenomenon and improvement of photophysical properties of 

the sonicated sample (R50-NT). The P-NT sample showed the maximum energy of VB 

in DOS at +2.8 eV by linear extrapolation of the peaks to the baseline, while, the 

maximum level of VB energy and band tail for the R50-NT sample was determined at 

+2.9 eV and +1.5 eV, respectively (Figure 8d). The band gap energy of P-NTs and R50-

NT samples based on UV-Vis DRS measurements are obtained at 3.2 eV and 3.1 eV, 

respectively. Therefore, the observed narrowing of the band gap in the sonicated sample 

(R50-NT) can be explained as a small band tail detected within the valence band. 

However, the conduction band minimum of P-NT and R50-NT samples is located at -0.4 

and -0.2 eV, respectively. We measure the HRXPS analysis of the sonicated sample for 

50 min (R50-NT), to gain insight into the effect of sonication on its surface and chemical 

composition (Figure 8e). The two broad peaks cantered at 458.6 eV and 464.4 eV are 

assigned to the Ti2p3/2 and Ti2p1/2 orbitals of Ti4+ in the TNTs lattice, respectively [35,36]. 

The presence of two small peaks at lower binding energies for the R50-NT sample is 

Figure 10 SEM image of samples: a) P-NT, b) showing cross section of P-NT and c) R50-

NT. 



Abstract of doctoral dissertation 

 

19 

 

related to the Ti3+ species [37,38]. Consequently, these results demonstrated that using 

the sonication to reduce TNTs could be effective to form not only defects and structural 

disorder but also localized states above the valence band, as shown in Figure 8c. 

The photoelectrochemical (PEC) water splitting performance of sonicated samples 

with different time of sonication was measured, owing to selecting the most efficient 

substrate for Pt-SA decoration. Figure 9a demonstrates the response of photocurrent 

density versus voltage (J-V) obtained for the sonicated samples with on/off cycles using 

AM 1.5 G illumination (100 mW cm-2). The R50-NT sample showed the highest 

photocurrent density (~100 µA cm−2 at 0.1.23 V vs. RHE) under solar irradiation which 

is about 2 times higher activity than that of pristine TNTs (P-NT). Based on these results, 

the sample sonicated for 50 min (R50-NT) has been selected as the main sample for Pt-

SA decoration. Figure 9c shows the results of Mott-Schottky measurements performed 

on pristine TNTs and R50-NT electrodes. Both electrodes showed a positive slope, 

corresponding to the finding that they act as an n-type semiconductor [39]. Furthermore, 

Figure 11 a) UV-Vis DRS of P-NT, R50-NT sample, b) calculated bandgap energies of P-NT and 

R50-NT, XPS VB spectra of c) P-NT and R50-NT, d) schematic diagram of the DOS of P-NT 

and R50-NT and e) high-resolution XPS spectra in the Ti2p region for P-NT and R50-NT. 



Abstract of doctoral dissertation 

 

20 

 

Mott-Schottky analysis, which correlated capacitance (C) versus applied voltage (V), was 

carried out to determine carrier concentration (ND) with the following equation; 

𝑁𝐷 = − (
2

eɛɛ0
) (

d (
1

𝐶2)

d(𝐸𝑆)
)−1 

Where the e is the electrical charge, ND is the carrier density of electrons, C is the 

space charge capacitance for the semiconductor, KB is the Boltzmann constant, Es is the 

applied potential, ɛ0 is the permittivity of the vacuum, ɛ is the relative permittivity of 

semiconductor (TNTs), EFB is flat potential and T is the absolute temperature. Here, e = 

−1.6 × 10−19, ɛ0 = 8.86 × 10−12 Fm−1, and ɛ = 48 for TNTs in anatase phase [40]. The R50-

NT sample indicated higher carrier density (1.43×1016 cm-3) compare to the P-NT 

(0.92×1016 cm-3). The increase in carrier density of the R50-NT sample shows using the 

sonication process for the reduction of the sample could enhance the electron density of 

R50-NT. This can be a result of defect formation including Ti3+ states and oxygen 

vacancy [45]. Electrochemical impedance spectroscopy (EIS) was carried out for the 

investigation of the charge transfer capability of photoanodes, under 1 sun illumination 

at the bias voltage +1.5 vs. RHE in the range of 0.1 Hz to 100 KHz (100 mW cm-2).  The 

semicircle radius for the P-NT sample is larger than that of R50-NT, indicating higher 

resistance to charge transfer at the electrode/electrolyte interface [3]. Therefore, the 

increase in carrier density of the sonicated TNTs (R50-NT) as well as lower resistivity 

(faster charge transfer) result in higher PEC performance. The Incident photon to current 

efficiency (IPCE) spectra was measured for P-NTs and R50-NT samples at +1.5 V vs. 

RHE in a 1 M NaOH solution to study the contribution of each wavelength 

photoelectrodes to convert the incident light into photocurrent. The IPCE values were 

calculated using the following formula [4]: 

𝐼𝑃𝐶𝐸 (%) =
𝐼𝑠𝑐(𝐴)

𝑃 (𝑊)
 ×  

1240

ƛ (nm)
 × 100 
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Where P is the light power at the specific wavelengths, ƛ is the wavelength of incident 

light (nm) and I is the obtained photocurrent density (µA m-2). As shown in Figure 9d, 

the measured IPCE for the R50-NT sample in the UV region is 70% at 380 nm, which 

shows greatly enhanced IPCE values. The IPCE of pristine TNTs (P-NT) is 50% at the 

same wavelength. 

 

 

 

 

 

 

 

 

 

 

Immediately after reduction using the tip sonication, to obtain Pt SA-trapping, 

fabricated substrate (sonicated TNTs) was immersed in very dilute Pt containing solution 

for different times (1, 10, 15, 30, and 60 min). Figure 10a shows TEM images of samples 

sonicated for 50 min and decorated with different loading of Pt. The Pt in the form of 

nanoparticles was observed for the R50/Pt-NT30 and R50/Pt-NT60 samples (for the 30 

and 60 min impregnation time, respectively). 

 

 

Figure 12 a) Photoelectrochemical response of TNTs samples sonicated for different time 

measured under 1 sun illumination (100 mW cm-2 - AM1.5 G) in 1 M NaOH solution; b) 

comparison of current density at 1.23 V for the investigated samples, c) Mott–Schottky plots P-

NT and R50-NT obtained at a frequency of 5KHz in the dark and d) corresponding IPCE spectra. 
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Similarly, the results of energy dispersive spectrometry (EDS) analysis show that Pt can 

be detected on the substrate in the solution only after 30 min soaking time and for the 

R50/Pt-NT30 and R50/Pt-NT60 samples. To corroborate the presence of Pt-SA on the 

surface of TNTs, the HAADF-STEM (High-Angle-Annular-Dark-Field scanning 

transmission electron microscopy) was performed (Figure 10b). The large number of 

highly distributed Pt-SA (marked bright dots) in the form of the isolated single atom is 

shown on the surface of the R50/Pt-NT10 sample. EDS mapping for the R50/Pt-NT10 

was carried out to assess the distribution of Ti, O, and Pt of the catalyst (Figure 10c). The 

result further confirms an almost uniform distribution of elements, including Pt single 

atoms; no contamination was detected. 

As shown in Figure 11a, from the whole XPS survey spectrum, the elements of Ti, 

O, Pt, and adventitious C can be observed, and based on atomic composition of TiO2, the 

atomic ratio of Ti:O is about 1:2. Deconvoluted HRXPS spectra of the Pt4f region for the 

R50/Pt-NT10 and R50/Pt-NT30 (Pt-SA and Pt-NP decorated samples, respectively) are 

shown in Figure 11b,c, respectively. Figure 11b demonstrates that the XPS spectrum of 

Figure 13 a) TEM images of treated samples at different impregnation time (ranging from 1 to 60 

min) in hexachloroplatinic acid solution, b) HAADF-STEM image and c) EDS elemental 

mapping of R50/Pt-NT10 sample.  
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Pt4f for the R50/Pt-NT10 sample can be fitted into four peaks. The peaks at 72.3 eV and 

75.7 eV can be attributed to Pt2+4f7/2 and Pt2+4f5/2, respectively, whereas the peaks at 73.2 

eV and 76.5 eV assigned to Pt4+4f7/2 and Pt4+4f5/2 signals, correspondingly. Contrary, for 

the sample R50/Pt-NT30 (emerging threshold of nanoparticles based on TEM image in 

Figure 10a) the region corresponding to the Pt4f peak may be deconvoluted into three 

components (i.e., Pt2+, Pt4+, and Pt0). However, two peaks in metallic state cantered at 

71.1 eV and 74.5 eV are related to Pt04f7/2 and Pt04f5/2, respectively [41–43]. These results 

are in line with TEM results (Figure 10a), where the nanoparticles can be observed after 

30 min soaking time in dilute Pt solution. Moreover, the HRXPS analysis of the R50/Pt1-

NT and R50/Pt-NT15 are observed to be quite similar to that of the Pt4f peaks of the 

R50/Pt-NT10 sample and showed the presence of Pt in the oxidized state (Pt2+ and P+4). 

In contrast, for the samples, R50/Pt-NT60, the Pt in the metallic state (Pt0) with peaks 

located at 70.2 eV and 73.5 eV are observed and can be assigned to Pt04f7/2 and Pt04f5/2, 

respectively [44,45]. These results show that increasing the impregnation time leads to an 

increase in the number of Pt deposited on the TNTs surface. As a result, the concentration 

of Pt in atomic-scale decoration for the R50/Pt-NT1, R50/Pt-NT10, and R50/Pt-NT15 

samples is approximately 0.1, 0.2, and 0.4 at%, respectively. Whereas, in the form of 

nanoparticles for the R50/Pt-NT30, R50/Pt-NT60 samples are about 2.2 and 4.2 at%, 

respectively (Figure 11d). 

To assess the photocatalytic activity of fabricated samples, the open circuit H2 

evolution was measured in methanol-water solution using a 1 sun solar simulator (AM 

1.5 G-100 mW cm-2).  Figure 12a demonstrate that all the Pt-decorated TNTs exhibit a 

significantly higher amount of photocatalytic H2 evolution, which is at least 10 times 

higher than that the value obtained for pristine and sonicated TNTs (~ 0.4 µl h-1 cm-2 for 

both P-NT and R50-NT). 
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Comparing the results of samples contain Pt-SA (i.e.; R50/Pt-NT1, R50/Pt-NT10 and 

R50/Pt-NT15) with Pt-NP catalysts (R50/Pt-NT30 and R50/Pt-NT60) revealed lower H2 

evolution rate. However, as depicted in Figure 12b, we normalized the data to the surface 

amount of Pt, to demonstrate the efficacy of the atomic scale Pt decoration on the H2 

evolution rate. The new method achieves almost 50 fold higher hydrogen evolution than 

pristine TiO2 nanotubes. It also enables TiO2 nanotubes decoration with ultrasmall 

nanoparticles through the impregnation, leading to 10 fold higher hydrogen production 

using platinum single atoms compared to nanoparticles. The reusability test of the Pt-SA 

site on the sonicated TNTs surface demonstrated no obvious decrease in efficiency for H2 

production after five successive cycles of reuse, which indicated the impressive stability 

of the synthesized catalyst (Figure 12c). 

Figure 14 a) Overall XPS survey spectra of sonicated TNTs at different soaking time in Pt 

solution, b,c) HRXPS spectra of Pt4f for: b) sonicated TNTs for 50 min, followed by immersion 

in the hexachloroplatinic acid solution for 10 min, c) for 30 min and d) quantitative comparison 

of surface Pt on Pt-decorated TNTs. 
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Conclusion 

This doctoral dissertation focused on optimizing the decoration of TiO2 nanotubes with 

both metal and non-metal materials to enhance their photocatalytic activity. Given global 

environmental concerns and energy shortages, TiO2 has gained significant attention for 

its energy-related applications. As a results, TiO2 nanotubes were synthesized through 

anodization on Ti foil. Surface modifications using platinized cyanographene and Pt 

single-atom decoration techniques were investigated to improve the photocatalytic 

performance of the TiO2 nanostructures. The synthesized samples were characterized by 

various methods including SEM, HRTEM, XRD, XPS, and UV-vis DRS techniques. The 

outcomes showed that surface modifications with metal and non-metal materials indeed 

enhanced the photocatalytic and photoelectrocatalytic performance of the TNTs. This 

Figure 15 a) H2 evolution of pristine, sonicated and Pt-decorated TNTs, b) Normalized H2 

evolution of Pt-SA catalysts and c) reusability test of H2 evolution of R50/Pt-NT10, sonicated for 

50 min, followed by immersion in the hexachloroplatinic acid solution for 10 min. 



Abstract of doctoral dissertation 

 

26 

 

breakthrough, particularly in the noble metal usage with exceptional stability, marks a 

significant step towards future energy applications. 
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