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                                                                      ABSTRACT 

TiO2/Cu2O composite based on TiO2 NTPC photoanode for photoelectrochemical (PEC) 

water splitting under visible light  

                                                                             

                                                                        Le Shi 

 

Water splitting through photoelectrochemical reaction is widely regarded as a major 

method to generate H2 , a promising source of renewable energy to deal with the energy 

crisis faced up to human being.  Efficient exploitation of visible light in practice of water 

splitting with pure TiO2 material, one of the most popular semiconductor material used 

for photoelectrochemical water splitting, is still challenging. One dimensional TiO2 

nanotubes is highly desired with its less recombination with the short distance for charge 

carrier diffusion and light-scattering properties. This work is based on TiO2 NTPC electrode 

by the optimized two-step anodization method from our group. A highly crystalized p-type 

Cu2O layer was deposited by optimized pulse potentiostatic electrochemical deposition 

onto TiO2 nanotubes to enhance the visible light absorption of a pure p-type TiO2 substrate 

and to build a p-n junction at the interface to improve the PEC performance. However, 

because of the real photocurrent of Cu2O is far away from its theoretical limit and also 

poor stability in the aqueous environment, a design of rGO medium layer was added 

between TiO2 nanotube and Cu2O layer to enhance the photogenerated electrons and 

holes separation, extend charge carrier diffusion length (in comparison with those of 

conventional pure TiO2 or Cu2O materials) which could significantly increase photocurrent 
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to 0.65 mA/cm2 under visible light illumination (>420 nm) and also largely improve the 

stability of Cu2O layer, finally lead to an enhancement of water splitting performance. 
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Chapter 1. Introduction 

The industrial revolution has introduced an exponential increase of the world’s 

population, which is accompanied with the increasing demand for energy. As of today, 

there are more than 7 billion people in the world, consuming 15 TW of energy per year. 

By 2050, it is estimated that ~ 9bilion people will populate the earth and about 30 TW of 

energy is demanded. However, at the moment, more than 80% of our energy needs are 

met by finite fossil fuel which is depleting a rapid rate. Increasing population and growing 

needs of energy source present a challenge for us to look for cost-competitive and 

environment friendly alternatives to fossil fuels.1  

Even if the fossil fuel supply could continue for centuries, the disastrous outcome of 

discharging all the earth’s carbon storage into atmosphere also calls for an urgent switch 

from fossil fuels to greener and more sustainable options. The atmospheric CO2 level has 

passed 400 ppm in early 2013, compared with 280 ppm at the beginning of the industrial 

revolution, it is rising with the rate of about 2 ppm each year. In order to suppress the 

average global temperature rise to exceed 2 ℃ compared to pre-industrial temperatures, 

global greenhouse gas emissions need to start falling and thus a transition from traditional 

fossil fuels into renewable fuel is mandatory.   

By 2050, it is expected that more than 90% of energy needs will be met by renewable 

sources and the number of greenhouse emission from consumption of energy will 

welcome 80% deduction. Solar energy stands out from various options of renewable 
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energy sources with its unique and overwhelming characteristics such as infinite 

abundance and easy access regardless of territories. Calculation shows that the energy of 

solar light arriving on earth within one hour can meet with the total energy consumption 

of the world in a whole year.2 However, full utilization of such enormous amount of 

energy requires exquisite design of an energy conversion system with elaborative 

considerations of various aspects. Firstly, the methods for solar energy conversion, 

storage, and distribution should be environmental friendly. Secondly, providing a stable 

and constant energy flux is also important goal. Thirdly, we need to consider what we 

should do with the sun when it goes down at night. Energy harvested from the sun needs 

proper storage in chemical fuels for transportation or on-demand-consumption. 

Comparison of energy density for various kinds of energy storage method could be found 

from the Table 1. 

Nature always gives us the most inspiring idea to solve some problems. Compared to 

mechanical-based storage systems and capacitors or batteries, fuels provide the most 

effective way of storing energy, with a 2-3 orders of magnitude higher energy density, 

details from Table 1. This is because the energy is stored in the smallest possible 

configuration: chemical bonds. Storing solar energy in the form of chemical fuels is 

therefore and attractive possibility. However, most of these fuels require a source of 
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carbon in their synthesis routes and also accompanied by the emission of greenhouse 

gases during the using process.  

 

Table1. Gravimetric and volumetric (at 1 bar, unless specified) energy density of various energy 

storage techniques. 

On the contrast, naturally favored chemical bonds H-H eliminates the presence of carbon 

atoms and stores energy in the simplest form of chemical bonds nature can ever present3. 

Its simplicity, in conjunction with the following properties, qualify it as an ideal energy 

carrier of fuel. Firstly, hydrogen can be produced through a water splitting reaction. This 

reaction requires 237 kJ/mol of energy, which can very well be provided by the energy of 
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a visible-light photon. Secondly, sea water in the earth could provide abundant hydrogen 

source and the product of such hydrogen utilization is pure water which can then be fully 

recycled. Thirdly, hydrogen can be stored in various phases including gas, liquid and metal 

hydrides which avails it to suit for different means of storage and transportation of 

varying scales or budget. . Hydrogen can also be converted to other forms of energy with 

relative ease. All these merits enable it to become a promising candidate for energy 

currency. 

 

Then, how to convert solar energy into H2 from water? There are mainly two possible 

pathways for the conversion of sunlight and water into H2. Direct water splitting by 

photoelectrochemical (PEC) is better than indirect way through photovoltaic (PV) 

modules, in other words, arrays of solar cells, directly connected to electrolyzers and/or 

catalytic electrodes.  Firstly, PEC needs smaller area for the same current and PV 

electrolysis needs normally at least three PV cells in series for providing enough 

photovoltage and mainly based on rare metals, even though the present work published 

on Science from Professor Gratzel’s group3, finds a new perovskite solar cell could provide 

enough photovoltage by only two cells connected in series. Secondly, the direct PEC 

requires fewer additional components than the PV electrolysis. This will avoid complexity 

of system from wiring and interconnections and will largely reduce the total cost of 

system.4. In addition, the direct contact of electrodes of PEC water splitting cells with 

liquid makes it easier to build up electric field at the electrode-liquid interface5.  The most 



15 
 

important is that, in theory, PEC costs only $ 3-5/kg, which is targeted $ 2-4/kg by 

Department of Energy (DOE), US, for future hydrogen production pathway. However, 

photovoltaic electrolysis water splitting needs at least $ 8 including the fabrication of PV 

cells.  

In summary, PEC water splitting cell takes advantage of semiconductor materials with 

proper bandgap to convert solar light into hydrogen which possesses the simplest form 

of chemical bond that can be conveniently stored and transported6. It allows direct 

contact of its electrode with liquid, thereby eliminating the necessity of complex wiring 

and integration of various components that appears in a PV module integrated water 

splitting system. 

There are two forms of PEC reactors shown in figure 1. The particle slurry systems require 

less capital investment yet are more vulnerable to issues such as cogeneration of H2 and 

O2
7. By far, electrode systems are more popular owning to their similarity with established 

photovoltaic panel technologies.  

(a) electrode system                                    (b) particle system 
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Figure 1. Two different approaches to PEC solar hydrogen production reactors: (a) 

electrode systems similar to flat-plate photovoltaic panels; and (b) particle systems 

comprised of slurries of PEC semiconductor particles.  

PEC is a system based on semiconductor materials converting incident photons to 

electron-hole pairs to split water into H2 and O2, which can be seen from the Figure 1. 

PEC watersplitting process can be mainly divided into three steps: step 1, absorption of 

photons with energy above 1.23 eV (λ< ~ 1000 nm) ; step 2, separation and transportation 

of photoexicted electrons and holes onto surface; step 3, Redox reaction of adsorbed 

water molecule  by the electrons and holes respectively and production of H2 and O2. 

The electronic structure of a semiconductor is the most important part in the whole 

processes. A semiconductor has two energy bands known as valence band (VB) and 

conduction band (CB). In between the maximum of VB and minimum of CB exists a region 

where ideally no energy state is allowed to exist. It is known as the forbidden band. The 

width of a forbidden band, or the difference in energy between CB minimum and VB 

maximum is known as band gap (Eg). Electrons and holes stay in valence band without 

excitation. Once photons carrying energy higher than Eg strike the semiconductor, the 
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electrons will be excited, meaning that it will gain enough energy to jump from 

somewhere in VB to somewhere in CB across the forbidden band. 

 

Figure 2. Band structure of an n-type photoanode water splitting device, (a)the series 

processes of photon irradiation, electron and hole pair formation, charge transport, and 

interfacial reactions, (b)the energetic requirements associated with the minimum 

thermodynamic energy to split water, catalytic overpotentials for the HER and OER half-

reactions, and photovoltage. 

However, the excited electrons and holes are unstable in their excited states from 

thermodynamic prospective and they tend to recombine if they are not separated and 

transported out of the semiconductor immediately after excited. Those who reached the 

semiconductor surface can then reduce or oxidize water molecules adsorbed on the 

surface.  Because all the reactions take place over the surface of the material, employing 

nano sized structures on the material is a key point to improve the effectiveness of the 

whole process. Surface adsorption together with photocatalytic reactions can be 

improved by nano sized semiconductors as more reactive surface area is available. 

(a)                                                                               (b) 
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Figure 3. (a) Energy diagram of a metal, a semiconductor and an insulator. CB = conduction band, 

VB = valence band, Eg = bandgap energy, EF = Fermi energy, k = Boltzmann constant, T = 

temperature; (b) Energy diagram of extrinsic semiconductors:  n-type (left)  and a  p-type (right). 

 

The free energy change for the conversion of one molecule of H2O to H2 and ½  O2 under 

standard conditions is ∆G= + 237.2 kJ/mol.According to Nernst equation (∆G=-nFE, n is 

electron number transferred in the reaction from balanced reaction, F is the Faraday 

constant 96,500 C/mol, and E is potential difference), it corresponds to ∆E° =1.23 V per 

electron transferred: 

                                       H2O + 2(h+) →½O2+2H+     (HER) 

                                       2H+ +2e- → H2                     (OER) 

                                       H2O →½O2 +H2                   ∆G=+237.2 kJ/mol 

As a consequence, there are some basic requirements for the semiconductor materials to 

be used in watersplitting. Firstly, we need to consider the band gap width and its VB and 
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CB position. Excitons (electron-hole pairs) generated from the semiconductor must have 

enough energy to initiate the watersplitting process which means the band gap should be 

at least 1.23 eV. A single semiconductor material used to split water needs to be suitably 

positioned to enable reduction and oxidation reaction of water. That means, the 

conduction band of semiconductor material should be more negative than the hydrogen 

revolution level (EH+/H2) and the valence band of semiconductor material should be more 

positive than the oxygen production level (EH2O/O2). 

 

 

Figure 4. Band positions of several semiconductors in contact with aqueous electrolyte at 

pH 1. The conduction band minimum (red color) and valence band maximum (green color) 

are presented along with the band gap energy in electron volts using both the normal 

hydrogen electrode (NHE) and the vacuum level as reference. The standard potentials of 
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several redox couples are also presented on the right hand side against the standard 

hydrogen electrode potential. 

What’s more, the charge transport within the semiconductor needs to be highly efficient, 

which is often determined by intrinsic properties of the material, such as electrons and 

holes mobility, but extrinsic properties (e.g. the presence of defects) often play important 

roles as well.  Finally, the charge transfer used for water splitting should have a long life 

time and the semiconductors should have a long term stability in the environment of 

aqueous and not be corroded for long time usage. 

Recently, several metal oxide semiconductors in designed nanostrucutres have been 

successfully fabricated and investigated as stable and efficient photoanode or 

photocathode used for watersplitting in photoelectrochemical (PEC) system. Among all of 

those semiconductor materials (e.g. TiO2
8,9 , Fe2O3

10,11 , ZnO12,13
 , WO3

14), TiO2 

distinguishes itself by its remarkable photostability, favorable band position, nontoxicity 

and low cost since its first demonstration by Honda and Fujishima15. One dimensional TiO2 

nanotubes have high surface area ratio, reduced recombination rate and light-scattering 

ability and have thus become a desired material for water splitting with its facile 

fabrication process. 16,17. However, there are a lot of methods have been studied, such as 

anionic18,19 or cationic20 doping, and either dye21 or noble metal halide22 sensitization, 

there remains two pressing challenges for pure TiO2 semiconductor electrode to become 

a highly efficient user of solar spectrum .23  The limitation of TiO2 comes from its relatively 

wide band gap (e.g. 3.2 eV for anatase and 3.0 eV for rutile ), which only allows 
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ultraviolet(UV) light to be absorbed24,25 ,26 . UV light only accounts for just ~5% of the 

incoming solar energy 27.  

 

Figure 5.  AM1.5 spectrum indicating the visible light regime.  
 

However, the visible light from 400 nm to 700 nm takes up about 45% of total solar 

spectrum energy. For full absorption of light within that range, the semiconductor needs 

a band gap between about 1.78 eV to 3.1 eV. Taking into account of the thermodynamic 

losses and overpotentials for fast reaction, band gap needs to be at least 1.9 eV, and 

together with the need for 10% solar to hydrogen (STH) efficiency target by DOE, it needs 

to be at most 2.3 eV ~ 2.4 eV. So finally, in this way, we got the optimal value of bandgap: 

1.9 ~ 2.4 eV.  

Another challenge for TiO2 is how to enhance the low photo generated electrons and 

holes separation efficiencyIf the CB electrons and VB holes cannot be immediately 

separated after excitation, they will tend to recombine and release energy in the form of 
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unproductive phonons or photons. Even if the electrons and holes are successfully 

separated and utilized to split water into hydrogen and oxygen, this energy increasing 

process tend to reverse as a result the backward reaction (recombination of hydrogen 

and oxygen into water).  

There are mainly three kinds of strategies for TiO2 based material to extend its visible light 

absorption. The first one is anion doping (such as sulfur28 and nitrogen29) by incorporating 

energy states above the VB. However, this kind of strategy resulted in worse performance 

under full solar spectrum compared with the pure TiO2 material. One of the most 

important reasons is the introduction of electron-hole recombination centers due to the 

unavoidable defects created upon the introduction of the anions into the lattice 

structure30.   

Another strategy is through the combination of TiO2 with noble metal nanoparticles, such 

as Au31, 32, Pd33, Pt34 and Ag35. Such kind of metals can serve as a sink for excited electrons 

which ultimately leads to H+ reduction. In addition, some of these metals such as Au and 

Ag, can extend absorption wavelength range due to the presence of localized surface 

plasmon resonance leading to energy transfer from the metal to the semiconductor36. 

More explanation of the exact role of the metal is still under debate. Recently, it was 

reported that noble metals at the semiconductor surface may more likely to act as 

recombination sites of hydrogen atoms (reduced at the semiconductor surface) to 

hydrogen molecules37, rather than acting as a sink for the photogenerated electrons 
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within the semiconductor, enhancing the charge separation between electron and holes 

in order to improve the reduction of hydrogen ions to hydrogen molecules.  

Another approach is to combine TiO2 with narrow band-gap semiconductor materials 

which could absorb visible light and therefore enhance the overall solar light absorption38. 

In aqueous environment, the most photochemically stable semiconductors are metal 

oxides, but usually, band gaps of these materials are either too wide for efficient visible 

light absorption or their semiconductor characteristics are poor. Cu2O is promising 

material to form hetero-junction with TiO2 in solar energy conversion due to its narrow 

band gap, which is only 2.0 eV for direct band gap and within the optimal band gap range 

1.9 eV ~ 2.4 eV. It has non-toxic nature, low costs, reasonably good electrical and optical 

properties, which is suitable for water splitting. Theoretical calculation photocurrent can 

be as high as 14.7 mA/cm2 and an optimal solar-to-hydrogen efficiency up to 18% based 

on the AM 1.5 spectrum39. 

There are three types of hetero-junctions (I, II and III in Figure 6): the Cu2O/TiO2 makes a 

hetero-junction type II-staggered whereby Ec (Cu2O) > Ec (TiO2) and Ev (Cu2O)>Ec (TiO2) 

(Ec and Ev stand for the energy level of the CB (conduction band) and VB (valence band)). 

In more details, the CB and VB of Cu2O lie above those of TiO2, which formed a suitable 

energy band alignment for transportation of electrons from the CB of Cu2O to the CB of 

TiO2, and for transportation of holes from the VB of TiO2 to the VB of Cu2O. 

 



24 
 

 

 

Figure 6. Three types of hetero-junctions (I, II and III): (a) straddling gap (type I), (b) 

staggered gap (type II) or (c) broken gap (type III). 

In this way, a p-n junction system is formed by growing cuprous oxide (Cu2O) cubic 

particles on vertically aligned TiO2 nanotube arrays. Such a system is expected to enhance 

TiO2 photocatalytic performance in visible light region, which accounts for ~45% of solar 

energy. Some similar works has been done by simply combining Cu2O and TiO2 nanotube 

together to produce a p-n junction, but without optimization of TiO2 nanotubes and Cu2O 

deposition conditions. 

Achieving a good photoelectrochemical performance requires efficient separation of 

photogenerated hole-electron pairs to prevent recombination and generate current in an 

external circuit. The most widely used approach for hole-electron separation is to create 

electric field at a junction formed between p-type and n-type semiconductor materials, 

which is known as a p-n junction. The electric field is established because of the difference 

in Fermi level of p-type and n-type materials. It forces the separation of hole-electron (h-

(a) (b) (c) 
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e) pairs by driving holes into p-type material and electrons into n-type material and 

forming a region at the interface known as depletion region. Cu2O is one of the few oxides 

in nature that originally shows p-type conductivity40,41, because of copper vacancies42,43. 

In this work, when Cu2O and TiO2 come into contact, a p-n junction forms at their interface. 

In the presence of light illumination, the excited electrons and holes generated within or 

diffused into the range of the depletion region are efficiently separated by the electric 

field .  As for the pure Cu2O, however, photogenerated holes oxidize the metal oxide itself 

rather than water resulting in no O2 evolution and photocorrosion. Thus, Cu2O 

photocatalysts cannot split water into H2 and O2 as a single photocatalysts. However, p-

type semiconductors is cathodically protected under illumination to some extent and p-

type semiconductor, therefore, is resistant to photocorrosion to some extent. What’s 

more, previous work have shown that Cu2O nanoparticles with specific (111) facet 

exposed have high stability and consequently higher activity in photocatalytic water 

splitting. So a specific facet of p-type Cu2O is expected to be produced for such a p-n 

junction.  
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Figure 7. Photogenerated hole-electron pairs separation in p-n junction structure. 

 

Figure 8. Schematic diagram for describing the band gap and electron transfer for the 

Cu2O/TiO2 system. CB, VB, and NHE are the abbreviations of conduction band, valance 

band, and normal hydrogen electrode, respectively. 

In order to further enhance visible light harvesting ability of semiconductors, photonic 

crystal44 can also be integrated into semiconductor material. A photonic crystal (PC) 

contains structure of periodically changing optical constants. It then forms a photonic 

band gap which blocks the propagation of light of certain wavelength through the 

material and that portion of light is thus localized and trapped45 with enhanced 

absorption inside the material. Previous work from our group has found an easy 

anodization method for fabrication of hierarchical TiO2 nanotube arrays26with 

periodically well-ordered porous nanostructure layer on top of uniform TiO2 nanotube 

arrays. The highly periodic porous top layer structure inspires us to convert it to a PC 
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structure for visible light absorption. The seamless and robust contact at the interface of 

top layer and the bottom tube arrays motivates us to take advantage of this special 

hieratical structure (noted as TiO2 nanotube photonic crystal orTiO2 NTPC) as a favorable 

base for synthesis of TiO2-based photoelectrode under visible light illumination, which 

featured by Cu2O/TiO2 p-n heterojunction structure as well as photonic crystals. 

However, photo-corrosion phenomenon in aqueous environment is the most significant 

obstacle limiting the performance of Cu2O semiconductor material as a PEC electrode 

because its reduction reduction into copper metal and oxidation potential into CuO lie 

within the band gap46. Although CuO is also a p-type semiconductor, it is unsuitable for 

hydrogen evolution with its conduction band edge level is positive than the H+/H2 

reduction potential level, and H2 evolution is therefore thermodynamically 

unfavorable47,48. The bottleneck for Cu2O photostablity is how fast the photoelectrons can 

be extracted from itself and transferred to H+ to prevent the self-reduction reaction. Some 

previous results39 showed the possibility of using Cu2O in water or other H+-containing 

environments iby adding a protective oxide nanostructure layer without significant loss 

in photocurrent.  Such positive results motivate us to do more investigation on this 

unstable yet ultra-low-cost semiconductor to enhance its stability and to improve its 

photoelectrochemical response in aqueous electrolytes as well. It has been reported that 

the stability of Cu2O is greatly changed by combining with other materials. For example, 

Cu2O coupled with ZnO was reported to be unstable49, however Cu2O coupled with TiO2 

are relatively stable50,. It is mainly because that combining p-type Cu2O with an 
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appropriate n-type TiO2, which has a more positive conduction band, making it possible 

for efficient transport of photoelectrons from p-type Cu2O to the n-type TiO2 conduction 

band that leads to improve photostability of Cu2O51. 

In addition, incorporation of a two-dimensional catalyst, reduced graphene oxide (rGO) 

can provide greater versatility in carrying out PEC performance. rGO has been in the 

center of attention recently because of its excellent conductivity and mechanical strength 

since the discovery of Dirac-fermions and the quantum Hall effect in graphene52,53. The 

term rGO is explicitly used with reference to reduced graphene oxide, meaning that the 

surface of GO containing various types of oxygenated surface groups (e.g. hydroxyl, epoxy, 

ether, and carboxylic acids) situated in the basal planes and edges54. graphene 

monolayers have extremely high conductivity and mobility with conductivity value 

around  (4.84-5.30) 103 W mK-1 and charge mobility  around 200,000 cm2 Vs-155,56,57. Given 

the conduction band of TiO2 at around -0.5V vs NHE, the conduction band of Cu2O at 

around -1.3V vs NHE and the Fermi level of rGO at around 0 V vs NHE, it is expected to 

have a quick and efficient electron transfer from TiO2 and Cu2O to the rGO layer. As an 

evidence, enhanced photocatalytic activities were reported for TiO2-rGO58,59, ZnO-rGO60 

and Cu2O-rGO46 composite respectively recently. 

Therefore, a stable and efficient TiO2/Cu2O composite was expected to be fabricated by 

optimized electrochemical deposition conditions. Additional rGO layer was expected to 

improve the photostability as well as the PEC performance of the whole system. It is 

expected that rGO acts as an electron acceptor to extract photogenerated electrons from 
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Cu2O and at the same time to extract photogenerated electrons from TiO2, resulting in 

efficiently charge separation within this TiO2/Cu2O system, while limiting its self-

photocorrosion process. 
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Chapter 2. Materials and Methods 

2.1 Chemicals and Materials 

A 2.0 mm thick titanium foil (Ti, 99.7%, trace metals basis, from Aldrich Chemistry) was 

divided into pieces of 20 × 10 mm2. Ethylene glycol (EG, ≥ 99 %, from Sigma - Aldrich), 

Ammonia Fluoride (NH4F, from Arcos organics), Sodium Sulfate (Na2SO4, ≥ 99.0 %, from 

Sigma - Aldrich), Cu3C12H10O14 (Copper (II) Citrate, 98.9 %, from MP Biomedicals), 

Na3C6H5O7·2H2O (Sodium Citrate, from Sigma - Aldrich) and Sodium Hydroxide (NaOH, ≥ 

98.0 % from Fluka Analytical). Sulfuric acid (H2SO4, 99.9%, from Sigma - Aldrich), graphite 

powder (< 20µm, from Sigma - Aldrich), Sodium Nitrate (NaNO3, ≥ 99.0%, from Sigma - 

Aldrich), Potassium Permanganate (KMnO4, ≥ 99.0%, from Sigma - Aldrich) and Hydrogen 

Peroxide (H2O2, 30wt% in H2O, from Sigma - Aldrich). All these chemicals are purchased 

and used as originally received. All used solutions prepared with deionized (DI) water 

produced by a Millipore system with a resistivity of 18.2 MΩ cm. 

 

2.2 Preparation of TiO2 NTPC-arrayed photoanodes 

Highly ordered TiO2 nanotube arrays have been on the top of research in the past few 

years, because of their large surface area to volume ratio, superior electron transport and 

excellent controllability. Among all the different synthesis approaches, anodization 

represents one of the most promising methods, allowing the synthesis of TiO2 nanotube 
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arrays with tunable shapes and sizes61. In my study, the TiO2  NTPC were fabricated by an 

optimized two-step anodization method based on optimized work by our group26. Prior 

to anodization, pure Ti foils were abraded with 150 grit aluminum oxide paper, 200 grit 

silicon carbide paper and 1200 grit silicon carbide paper one by one respectively to get a 

smooth surface. Then Ti foils are degreased by ultrasonication with acetone, ethanol and 

DI water, finally dried in nitrogen gas stream. Then the anodization process was 

conducted with a two-electrode system with the Ti foil and a Pt gauze (Aldrich, 100 mesh) 

as the working electrode and counter electrode respectively in the room temperature. 

The electrolyte consisted of 0.5 wt % NH4F dissolved in EG solution mixed with 2 vol % DI 

water. In the first step, the Ti working electrode was anodized at 60 V for 30 min, and 

then the Ti foil was immersed in DI water for ultrasonically removing the top grown 

nanotube layer. After this, the Ti foil was anodized at 20 V for 30 min, after that 25 V for 

30 min and finally 30 V for the final 30 min. After this two-step anodization process, TiO2 

nanotubes with Ti as substrate were cleaned with DI water and then dried up in nitrogen 

gas stream. Finally, the muffle furnace TiO2 nanotubes sample was annealed at 450℃ in 

air for 1 h with a heating rate of 5℃   /min. 

 

2.3 Deposition of reduced graphene oxide layer on TiO2 NTPC substrate 

Graphite oxide solution was synthesized based on a modified Hummers’ method62,63. 

Briefly, 1.5 g graphite powder and 1.5 g sodium nitrate was added to 75 mL concentrated 
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sulfuric acid solution in a beaker with stirring for 15 min at room temperature and then 

beaker was put in an ice bath. After that, 9 g potassium permanganate powder was slowly 

added into the mixture solution and kept for 30 min. After that, the reaction was kept 

continuing for 48 h stirred at room temperature when the ice bath was removed. The 

produced brown slurry or thick paste was added into 138 mL DI water and the suspension 

with stirring for another 10 min. 420 mL water warmed to 40℃ was added into the 

mixture and followed by a slowly adding 30 mL hydrogen peroxide. The suspension 

solution was centrifuged and followed by washing with a mixed aqueous solution 

consisting of 6 wt % H2SO4/1 wt % H2O2, and then washed by DI water and dried at 

60℃ for in vacuum 36 h to get the graphite oxide powder. 

The graphite oxide was then reduced to rGO through hydrothermal dehydration in 

autoclave and at the same time growing on the wall of TiO2 nanotube substrate. Briefly, 

37.5 mL 0.5 mg mL−1 GO aqueous solution which the pH of the solution was adjusted to 

∼10 by adding ammonia solution prepared with probe ultrasonication (160 W) for 1 h and 

was then sealed together with the TiO2 substrate in a 50 mL teflon-lined autoclave and 

kept at 180 ℃ for 6 h. Finally, it was cooled to be room temperature and washed with DI 

water and then dried up in nitrogen gas stream. 

 

2.4 Deposition of Cu2O nanocubic layer on TiO2 NTPC/rGO substrate 
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Cu2O is a semiconductor material with a direct band gap of around 2.1 eV and a cubic 

cuprite structure, which is promising for use in photoelectrochemical and photovoltaic 

devices. Cu2O can be synthesized as both n-type and p-type depending on the 

electrochemical deposition solution pH64. Cu2O is normally synthesized as a p-type 

semiconductor because of the copper vacancies in the lattice, and carrier concentration 

of Cu2O is determined by the pH value65. Electrochemical deposition of p-type Cu2O is 

preferred using an alkaline bath solution stabilized by the complexing of a high 

concentration of lactic21. Under these conditions, 40 oriented p-type Cu2O films could be 

obtained at pH 12. P-type Cu2O is often deposited in the absence of some additives that 

could modify the morphology of the growing film to get cubic crystals. The morphology, 

nanostructure and orientation of deposited Cu2O layer are important to be controlled 

because they would significantly influence performance in some materials systems such 

as TiO2
66

  by their influence in minority carrier transportation to the electrolyte.  

 

2.4.1 Deposition pH 

Based on the previous research of electronic structure engineering of Cu2O/ZnO 

heterostructure for enhanced photoelectrochemical property, the photocurrent was 

increased with the increasing of the electrodeposition pH value from 9 to 1165. From 

Figure 8, the built-in potential Vbi is the difference between the Fermi levels of ZnO and 



34 
 

Cu2O. As a result, the samples deposited in higher pH value, which with higher carrier 

concentration of Cu2O, possess larger built-in potential.  

 
 

Figure 9. Energy band diagrams for isolated ZnO and Cu2O electrodeposited at pH values 

from 9-11, and corresponding Cu2O/ZnO heterostructures65. 

 

 

And such heterostructure should perform better photoresponse, which deposited in pH 

value of 12 or 13, due to the different carrier concentrations of Cu2O in the samples. By 

complexing with citrate ion from the original solution, the copper is stabilized and pH 

value can be raised up to alkaline values without precipitation. In addition, the Cu2O layers 

of preferred orientation are deposited, with (100) deposited at pH 9 and (111) deposited 

at pH 1267, in which orientation, Cu2O shows higher stability. Finally, a higher 

electrodeposition pH value of 12 is conducted by adding sodium hydroxide because TiO2 

has better resistance to strong alkaline corrosion than ZnO.   
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The pH measurements were performed with a Thermo Scientific pH meter which was 

calibrated using pH 4.0, 7.0 and 11.0 buffers at room temperature (about 22 ℃). 

 

2.4.2 Deposition method 

Low temperature techniques used for preparing of Cu2O films is of much interest, because 

the optical and electrical properties of Cu2O thin films deposited at low temperature are 

expected to be different with those of the thermally oxidized films prepared at high 

temperature, which means as high as 1100 ℃68.  In addition, low temperature deposited 

films  are expected to have less defect formation arising from thermally induced stresses 

as compared to the high-temperature deposited films69. Low-temperature methods 

making Cu2O include chemical oxidation, anodic oxidation67,70, reactive sputter, and 

electrochemical deposition. Electrochemical deposition is a promising and inexpensive 

method for film deposition. Electrochemical deposition of Cu2O has been used a lot onto 

several substrates71-73, because it can control the driving force for the chemical reactions 

involved in deposition precisely, and control the structure and phase composition of the 

deposition films67.  

For my work, Cu2O/TiO2 heterostructure was fabricated by electrochemical deposition by 

a conventional three-electrode cell (Autolab PGSTAT302N), where TiO2 nanotube, 

Ag/AgCl and Pt were respectively used as the working electrode, reference electrode and 

counter electrode. All potentials are reported vs the Ag/AgCl and no corrections for 

temperature effects were made. The electrolyte was prepared by dissolving copper 
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citrate in DI as a precursor. By complexing with citrate ion, the copper ion is stabilized and 

the pH value can be raised to alkaline values and diffuse in the plating bath to the surface 

of working electrode on which they discharge and deposit. The concentration of copper 

citrate was fixed at 0.013M, sodium citrate was fixed at 0.13M. The electrolyte was kept 

constant in the room temperature without neither heating nor stirring. In all experiments, 

the electrolyte was freshly prepared. After the deposition process, the samples were took 

out from the electrolyte and followed by rinsed with DI water immediately. Afterwards, 

pulsed potentiotic electrochemical deposition of Cu2O with alternating on for 0.1 second 

and off for 0.3 second for 3000 and 6000 cycles were performed at a potential of -0.7 V 

vs Ag/AgCl in the electrolyte mentioned above. 

As far as I know, the electrochemical deposition of Cu2O has been studied by many 

researchers74,75,76, mainly based on potentiostatic electrochemical deposition or 

galvanostatic electrochemical deposition.  

 

In the other research, Golden et al74 have likewise shown that the resistance of the Cu2O 

layer does not limit the deposition current during potentiostatic deposition as the Cu2O 

growth rates were found to be independent of the cuprous oxide layer thickness. As no 

attempts to investigate the possibilities of varying the thicknesses of the deposition layers 

and to compare the true thickness of the deposition layers with the calculated ones from 

the deposition charge.  



37 
 

Both potentiostatic electrochemical deposition and pulsed potentiotic electrochemical 

deposition are discussed here. At the moment, I am not able to find one report on pulsed 

deposition of Cu2O onto TiO2.  

The Cu2O layer formation by electrochemical deposition on TiO2 electrode material 

substrate involves a series of subsequent steps including creation of Cu2+ from original 

copper citrate, diffusional transport of the Cu2+ to TiO2 electrode (both onto the surface 

and into the tube), Cu2+ reduction to Cu+ at an appropriate electrode potential, followed 

by Cu+ precipitated as Cu2O due to the low solubility of monovalent copper in water, and 

the Cu2O species combining to grow up to a certain thickness of film. The possible 

reactions involved here in the reduction of copper citrate are as follows: 

                                       2Cu2+ + H2O + 2e- →   Cu2O + 2H+                               (1) 

                                       Cu2O + 2e- + 2H+ →     Cu + H2O                                  (2) 

Reactions (1) and (2) are dependent on pH value and occur in a potential window decided  

by the potential-pH predominance area diagram, or Pourbaix diagram, for a given 

temperature77. Pulsed potentiotic electrochemical deposition has been developed 

according to the above processes and the diffusional concentration in front of the surface 

of electrode78. The concentration of Cu2+ ions giving from copper citrate and in the 

diffusion zone in front of TiO2 nanotube, the concentration of Cu2+ ions at surface of the 

electrode has to be high enough to allow a better diffusion of Cu2+ ions into TiO2  and the 
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potential at the surface of electrode  needs to be high enough to allow efficient electron 

transferport.  

In order to get a better understanding of the limitation steps involved in potentiostatic 

electrochemical deposition, what needs to be pay attention is the concentration profile 

of Cu2+ ions in front of the surface of TiO2 electrode. Assuming that the electron-transfer 

reactions at the surface of electrode are fast enough with respect to the scan rate of the 

deposition method, which is the mass transportation to the surface of electrode is mainly 

controlled by diffusion transport. In the case of potentiostatic electrochemical deposition 

method, the oxidation reaction of the Cu2+ occurs in the surface of the TiO2 electrode 

resulting a gradient of concentration and a mass transport in the diffusion layer in the 

surface of TiO2 electrode controlled by diffusion transport processes. After a stationary 

diffusion profile formed, the Cu2+ concentration at the surface of electrode is zero and the 

diffusion-limited current will determine the possible diffusion of primarily formed Cu2O 

towards bulk solution and will lose the formation of layer.  

As for pulsed potentiotic electrochemical deposition, at the beginning, the concentration 

of Cu2+  ions in front of the surface of electrode is the same as the concentration in bulk 

solution and independent from mass-transport limitations. Based on the rate of the 

reduction process and morphology of the electrode, which control the time needed for 

diffusion profile establishment, after a pulse duration either to an intermediate value at 

which Cu2+ reduction is possible, the potential is turned back. Within a potential rest 

phase, bulk solution concentration of Cu2+ is reformed in front of the surface of electrode 
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by diffusional transport, at the same time, soluble side products may diffuse from the 

reaction region. The current is usually recorded at the end of the pulse process to 

discriminate for the charging current of double-layer. As a result, the growth of film can 

be visualized directly during the electrochemical deposition procedure.  

 

2.4.3 Deposition potential 

Cyclic voltammetry (CV) of a pure TiO2 substrate electrode in copper citrate solution, 

which shows the information about reduction and oxidation states change of copper ion 

as a function of the given potentials. The CV curve was got by giving a potential range 

from the positive to negative (cathodic sweep) with a potential scan rate of 5 mV s-1, 

followed by the same scan rate but with a reverse sweep direction (anodic sweep). The 

first cathodic peak at -0.7 V is corresponding to the reduction of Cu (II) to Cu (I). This result 

guides the controlled deposition of copper oxide composite photocathodic throughout. 

The CV was used to investigate the suitable deposition potential range and the potential 

range obtained was at -0.7 V vs Ag/AgCl.  
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Figure 10. Cyclic voltammetry of a pure TiO2 substrate electrode in copper citrate solution, 

pH=12, at a potential scan rate of 5mV s-1. 

 

 

2.5 Characterization of TiO2 NTPC/rGO/Cu2O 

The morphologies of the hierarchical TiO2 NTPC/rGO/Cu2O was obtained by field-emission 

scanning electron microscope (FESEM, FEI Quanta 600) and transmission electron 

microscopy (TEM, Titan ST). The details of the mechanism of TiO2 nanotube arrays 

structure formation on a titanium substrate are discussed in other previous work79,80 . The 

chemical compositions of TiO2 NTPC/rGO/Cu2O were determined by energy dispersive 

spectrometer (EDS) equipped with FESEM. The crystalline structure of TiO2 

NTPC/rGO/Cu2O samples were determined by X-ray diffraction (XRD, Bruker D8 Discover 

diffractometer, with Cu Kα radiation, λ=1.540598 Å) and Raman spectra (Horiba LabRAM 

HR). A spectrophotometer (Shimadazu, UV 2550) was taken for the diffuse reflectance 

UV-vis absorption spectra, using fine BaSO4 powder as reference baseline. The different 

states of every elements in samples are obtained from X-ray photoelectron spectroscopy 

(XPS), obtained by an Axis Ultra instrument (Kratos Analytical) under ultrahigh vacuum 

(<10-8 torr) and by using a monochromatic Al Kα X-ray source operated at 150 W. The 

survey spectra and high-resolution spectra were respectively obtained at fixed analyzer 
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pass energies of 160eV and 20 eV. Floating mode was used for samples mounted in so as 

to avoid differential charging. The C 1s binding energy of adventitious carbon 

contamination set at 284.8 eV was used as binding energies reference.   

2.6 Photoelectrochemical characterization of TiO2 NTPC/rGO/Cu2O 

The photoelectrochemical performance of the TiO2 NTPC/rGO/Cu2O was evaluated using 

a three-electrode configuration (Autolab, PGSTAT302N) with the studied samples as 

working electrode, Pt mesh as counter electrode, and Ag/AgCl in 3M saturated KCl as 

reference electrode, all the three electrodes are immersed in 60 ml home-made quartz 

test tubes containing supporting electrolyte. The supporting electrolyte used in all the 

photoelectrochemical system was 1 M Na2SO4 solution otherwise specified. A 

potentiostat was used for controlling potential and the photocurrent of photoelectrodes 

and were reported as the reversible hydrogen electrode (RHE) using the equation below: 

𝐸𝑅𝐻𝐸 =  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 𝑝𝐻 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
°    𝑤𝑖𝑡ℎ 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙

° = 0.1976 𝑉 𝑎𝑡 25 ℃  

The linear sweep voltammetry (LSV) scan rate was 5 mV s-1. The photoresponse under 

visible light was analyzed using chopped light irradiation (with light off/ on cycles: 50 s) at 

a fixed electrode potential of 1.23 V vs RHE with a filter for visible light only, removing 

light with wavelength ≤ 420 nm. The photocurrent was measured under irradiation from 

a solar simulator light source (Oriel® Sol1A Class ABB Solar simulators, Newport). The light 

source intensity was measured by a Si calibrated reference cell to simulate solar light 

under the standard illumination (AM 1.5, 100 mW cm-2). The electrochemical impedance 
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spectra (EIS) was tested with PGSTA302N Autolab Potentiostat/Galvanostat (Metrohm) 

equipped which has a frequency analyzer module (FRA2) with an excitation signal of 10 

mV amplitude. The impedance vs potential was obtained at the state of open circuit 

potential of the system under the visible light illumination conditions. After that, 

impedance vs potential measurement was performed to determine the carrier density at 

a fixed frequency. The incident-photon to current efficiency (IPCE) spectra were acquired 

under visible light illumination by monochromatic system, composed of a 

monochromator (Model: 74125, Newport) and a light source (Model 73404, Newport). A 

monochromator was used for the light from a 300 W Xe lamp focusing onto the working 

electrode, and the monochromator was used to produce a photocurrent action spectrum 

incremented by the spectral range (200-800 nm) with a sampling interval of 10 nm and a 

current sampling time of 2s. The intensity of light source together with the generated 

photocurrent were measured with a Si calibrated reference cell and Autolab 

electrochemical work station. IPCE was determined using the following equation: 

IPCE (%) = [1240𝐼 (𝜆) 𝜆 𝐽𝑙𝑖𝑔ℎ𝑡 (𝜆)⁄ ]  × 100% 

where λ is the incident light wavelength, I(λ)  is the measured photocurrent density 

corresponding to the recorded intensity  𝐽𝑙𝑖𝑔ℎ𝑡  (𝜆) at the specific wavelength of λ. 

 

 

Chapter 3. Results and discussion 
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3.1 Structural identification 

First of all, Scheme 1 illustrates the design and fabrication process of the TiO2 

NTPC/rGO/Cu2O photoelectrodes. In more details, the prepared TiO2 NTPC is first used as 

a substrate onto which a thin film of rGO and copper metal is deposited respectively via 

hydrothermal reaction in an autoclave and electroreduction of Cu2+ → Cu+ at proper 

negative potentials of -0.7 V vs Ag/AgCl.  From the previous work of our group, Cu2+ could 

be reduced to Cu(s) at proper negative potential, which is -1.0 V vs Ag/AgCl for ITO 

substrate. The deposited Cu layer could both serve as a precursor for subsequent copper 

oxides fabrication, and also enhance the conductive property of the electrode. Then, the 

Cu layer undergoes anodization in basic solution (pH=12.00 by 3M NaOH) to form Cu2O 

or Cu(OH)2 both on its surface and inside the tubes.  During the anodization process, the 

oxidation states of copper oxide, Cu2O and Cu(OH)2, can be altered by changing given 

current density81. When it was applied a low electric current density, Cu0 is oxidized to 

Cu+, followed by the formation of Cu2O by combination with OH- ions. The Cu2O self-

assembles to form a Cu2O layer on the surface of substrate. When it was applied a high 

electric current density, which means an increased anodization, a higher copper valence: 

Cu2+, in the form of Cu(OH)2 nanostructure on the top of the substrate. As for pulse 

potential deposition, it is expected to keep the deposition process at a low current density, 

which could be also helpful to get the pure Cu2O which I expected. 

 

(d) TiO2 NT with hieratical structure    
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Scheme 1. Diagram of TiO2 NTPC/rGO/Cu2O synthesize process: (a) Ti foil; (b) TiO2 

nanotubes after first step anodization; (c) Ultrasonication used to remove the nanotubes 

and leaving nanoimprints on the surface of Ti foil substrate; (d) TiO2 nanotube after 

second step anodization with photonic crystal layer and followed by 450 ℃ annealing in 

GO aqueous solution 
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air; (e) rGO deposition on the surface of TiO2 NTPC by hydrothermal reaction in an 

autoclave; (f) Cu2O layer deposition on TiO2 NTPC/rGO by electrochemical deposition. 

 

Figure 11 (a) presents a scanning electron microscope (SEM) image of the top view of TiO2 

NTPC sample. A periodically porous structure on top layer is clear seen from the SEM 

figures, with an average diameter of the nanotube pores at ~ 200 nm and thickness of 

nanotube wall ~ 25nm. The thickness of the bottom TiO2 nanotube layer is around 2µm 

(from Figure 11 e). It should be noted that in our study, the length of the TiO2 nanotube 

was chosen because it was reported that the maximum penetration depth for the incident 

light in TiO2 is 2µm, otherwise, the increasing electronic resistance with longer tube length 

but without more benefit for enhancing photon capture32,82,83. Figure 11(b) presents the 

top-view SEM image of TiO2 NTPC/rGO structure, which clearly shows the very thin layer 

of well-covered reduced graphene oxide on the top porous structure of TiO2 NTPC. Figure 

11(c) presents the well dispersed Cu2O cubic crystals with average size of around 1µm. 

Figure 11(d) presents partial enlargement of one single Cu2O cubic crystals. Figure 11(e) 

presents the cross section of TiO2 / rGO/ Cu2O. Figure 11(f) presents the TiO2 NT samples 

synthesized using the conventional one-step anodization method. 

(a)                                                                           (b) 
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(c)                                                                    (d) 

                   

(e)                                                                       (f) 
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Figure 11. SEM images of (a) TiO2 NTPC; (b) reduced-graphene oxide covered on TiO2 

nanotube; (c) TiO2 / rGO/ Cu2O; (d) the partial enlargement of TiO2 / rGO/ Cu2O; (e) the 

cross section of TiO2 / rGO/ Cu2O; (f) TiO2 NT samples synthesized by conventional one-

step anodization method.  

 

The transmission electron microscope (TEM) images and high resolution transmission 

electron microscopy (HRTEM) images of TiO2 / rGO/ Cu2O are presented in Figure 12. 

Selected area diffraction patterns for TiO2 / rGO/ Cu2O composite system, diffraction rings 

of (101), (105) and (200) corresponding to anatase TiO2 can be observed. Another two 

additional diffraction rings correspond to (111) and (311) planes of Cu2O, revealing that 

the Cu2O nanoparticles are highly polycrystalline.  
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(a)                                                                            (b) 

(c)                                                                            (d) 

(e)                                                                        (f)  
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    (g)                                                                         (h)  

 

 

Figure 12. (a) and (b) show selected area diffraction patterns for TiO2/rGO/Cu2O. (c), (d), 

(e) and (f) show TEM and HRTEM images measured at different zones for the composite 

of TiO2/rGO/Cu2O. (g) STEM EDS mapping of TiO2/rGO/Cu2O, the blue and red dots 

represent the counts of titanium and copper signals in the area of green sqaure. (h) 

STEM EDS line scan of TiO2/rGO/Cu2O, the red and blue lines represent counts of copper 

and titanium signals along the solid green line. 

The crystalline structure of the samples was analyzed by the Raman (Horiba LabRAM HR) 

and X-ray diffraction (XRD, Bruker D8 Discovery diffractometer, using Cu Kα radiation, λ = 

1.540598 Å) patterns spectra and presented in Figure 13. Raman spectroscopy 

measurement is a widely used technique to characterize the structural and some 

important properties of graphene including disorder and defect structures. Figure 13(a) 

Raman spectra for TiO2/rGO/Cu2O sample shows two typical peaks corresponding to rGO. 

The peak around 1348 cm-1 (D-band) is related to the vibrations of carbon atoms with sp3 

g-1 

g-2 

g-3 
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electronic configuration of disorder graphene, while the peak around 1586 cm-1 (G-band) 

due to the in-plane vibration of sp2-banded carbon atoms in the 2D hexagonal lattice. 

Therefore, the D/G intensity ratios (ID/IG) express the atomic ratio of sp2/sp3 carbons in 

measuring the extent of disordered graphite. The ID/IG = 277.25/226.84 = 1.22 observed 

in Figure 3(a) reveals a substantial reduction in the content of sp3-banded carbon atoms 

and the oxidized molecular defects84,85. 13(b) shows there are no Cu0 or Cu2+ was found in 

the composite. There are three main peaks with 2θ values of 36.5°, 42.44° and 61.4° , 

corresponding to (111), (200)  and (220) crystal planes of pure Cu2O respective. It can be 

observed that the TiO2 synthesized successfully in our work are pure crystalline anantase 

phase and shows a strong preferential orientation of (101) and (200), which 

corresponding to the peak with 2θ values of 25.3° and 48.0°. It is worth mentioning that 

no characteristic peaks of Cu0 or Cu2+ are observed in samples, indicating that the 

heterojunction composites prepared by pulse potential electrochemical deposition 

method are composed of Cu2O and TiO2 crystalline structures. This is further 

demonstrated by the results from XPS measurement. 

Furthermore, XPS technique was used for analyzing the specific surface composition of 

the TiO2/rGO and TiO2/Cu2O 6000 samples to acquire fundamental information on the 

interaction of rGO with TiO2 and also Cu2O with TiO2. The survey spectra of the TiO2/rGO 

and TiO2/Cu2O 6000 can be found in 

(a)                                                                      (b) 
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Figure 13. (a) Raman spectra for TiO2/rGO/Cu2O. (b) XRD patterns for pure TiO2, TiO2/rGO, 

TiO2/Cu2O, and TiO2/rGO/Cu2O samples. The standard card for TiO2 is 21-1272. The 

standard card for Ti is 44-1294. The standard card for Cu2O is 78-2076. 

Figure 14(a) and (e). The high-resolution spectra of Ti 2p, C 1s and O 1s from TiO2/rGO are 

presented in Figure 14 (b) to (d) respectively. The high-resolution spectra of Ti 2p, C 1s, O 

1s and Cu 2p from TiO2/Cu2O 6000 are presented in Figure 14(f) ~ (i) respectively. The XPS 

Cu 2p region of Cu in its different oxidation states has been studied by some previous 

works86,87. Cu0 and Cu+ cannot be distinguished based on their binding energy positions; 

however, Cu2+ and Cu+ can be differentiate based on their binding energy lines as well as 

their satellite peaks. The XPS 2P3/2 of Cu0 and Cu+ is typically at 932.3-932.5 eV while that 

of Cu2+ is 1eV higher, at about 933.6 eV. XPS Cu 2P of Cu2+ has satellite peaks about 6 eV 

above their main peal.  
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(a)                                                                        (b) 

 
  

(c)                                                                        (d) 

  
 

(e)                                                                       (f) 
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(g)                                                                       (h) 

 
 

       (i) 

 

 
 

Figure 14. XPS spectra of TiO2/rGO and TiO2/Cu2O 6000 samples. (a) XPS survey of (a) 

TiO2/rGO sample and (e) TiO2/Cu2O 6000; high-resolution XPS spectra from TiO2/rGO of 

(b) Ti 2p from, (c) C 1s and (d) O 1s; high-resolution XPS spectra from TiO2/Cu2O 6000 of 

(f) Ti 2p from, (g) C 1s and (h) O 1s and (i) Cu 2p. 
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Diffuse reflectance UV-Vis absorption spectra (DRS) results of pure TiO2 NTPC, TiO2/rGO, 

and TiO2/rGO/Cu2O samples were presented respectively in Figure 15(a). Multiabsorption 

peaks around 439, 460, 494, 522, 570, 623, 684 and 776 nm are clearly obtained in visible 

light region because of the PC structure32 for the pure TiO2 NTPC sample, Figure 15(a) 

black solid line. Figure 15(b) shows actual photos of TiO2 NTPC, TiO2/rGO and 

TiO2/rGO/Cu2O samples respectively.  The digital photo has a visual color on the surface 

of TiO2 NTPC photoelectrode surface because of the PC layer, which offers an evidence 

of the successful fabrication of a PC layer and its band gap absorption edges was around 

380 nm. It is worth mentioning from our previous work, the different morphologies of the 

top layer of TiO2 NT arrays could be changed by altering voltages applied in the process 

of two-step anodization,  among nanotube with nanolayer, nanotube with nanohole-

nanocave and nanotube with nanopore26. However, among these three nanostructures, 

typical PC light absorption spectra only showed by the nanotube and nanoring structure. 

To estimate the band gap of TiO2 NTPC, the DRS measurement results were caculated by 

the Tauc function88 and plotted against the energy of light.  As for anatase type TiO2 NTPC, 

indirect band gap is determined by (αhυ) 1/2 plotted against hυ in Figure 15(c), where α is 

the absorption coefficient, hυ is the photon energy determined by the following equation: 

hυ(eV) =
1240(eV × nm)

λ(nm)
 

where h is the Planck constant (6.62606957 × 10-34 m2 kg/s ), υ is the frequency and λ is 

the wavelength from UV-Vis absorption spectra. The band gap of TiO2 NTPC sample can 
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be obtained from extrapolating the linear portions of the respective curve to (αhυ) 1/2=0. 

The band gap of TiO2 NTPC sample was found to be 3.05 eV.  

The DRS of TiO2/rGO sample in Figure 15(a) blue solid line, shows similar spectra with the 

pure TiO2 NTPC sample, which means that rGO gives little influence on the light 

absorption to my composite system. The DRS of TiO2/rGO/Cu2O sample has similar PC 

multipeaks in Figure 15(a) red solid line with band gap absorption edges was around 600 

nm. Obvious enhancement of spectra in visible region is observed due to the Cu2O 

deposition. And the Cu2O direct band gap is determined by (αhυ) 2 plotted against hυ in 

Figure 15(d). In the UV light spectrum region, the absorption intensity of TiO2/rGO/Cu2O 

was increased, because that the Cu2O deposited on TiO2 nanotube arrays have more 

sensitivity to UV light spectrum than the pure TiO2 nanotube arrays. As a result, a 

improved PEC performance of TiO2/Cu2O electrode under UV light is expected. 

(a) (b)  

 

 

b-1 b-3 b-2 
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(c) (d) 

Figure 15. (a) Diffuse reflectance UV-Vis absorption spectra for the TiO2 NTPC (black solid 

line), TiO2/rGO (blue solid line) and TiO2/rGO/Cu2O (red solid line) samples. (b)Digital 

photo of the TiO2 NTPC to give a macroscopically visual evidence for the same pattern 

and also TiO2/rGO and TiO2/rGO/Cu2O samples. (c) Band gap of pure TiO2 NTPC sample. 

(d) Band gap of TiO2/rGO/Cu2O sample. 

 

3.2 Photoelectrochemical performance 

To investigate the improved PEC performance under visible light illumination of the 

designed TiO2 /rGO/Cu2O composite, a set of PEC measurements were carried out. First, 

linear sweep photovoltammetry measurements were operated to compare the different 

photocurrent densities of different samples under dark or standard solar simulation (AM 

1.5G, 100 mW/cm2) illumination by a three-electrode electrochemical system (Autolab) 

using 1 M Na2SO4 electrolyte. Analysis of different photocurrent densities of different 
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samples under the same dark or visible light illumination environment are presented in 

Figure 16(a) and (b). All the TiO2/Cu2O samples show much higher photocurrent than pure 

TiO2 samples. TiO2/Cu2O samples prepared by pulse potentiostatic deposition show 

better performance than the ones prepared by potentiostatic deposition. All the samples 

prepared with rGO medium layer produced higher photocurrent densities than the 

samples without rGO medium layer under the same conditions, implying that rGO 

medium layer favor better PEC performances. The photocurrent density of 

TiO2/rGO/Cu2O system photoanode prepared by this study was about 0.65mA/cm2 at 

1.23 V vs RHE, which is often regarded as a standard potential to evaluate the PEC 

performance of studied photo anode because it related to the potential of O2 production. 

What needs to mention that our object is not to compare the PEC performance of our 

systems with the ones which involving other chemical addictions as co-catalysis. 

The photoconversion ( photo-to-hydrogen) efficiency of this system was calculated with 

the following equation89: 

η(%) =
I(𝐸𝑟𝑒𝑣

° − V)

𝐽𝑙𝑖𝑔ℎ𝑡
 

where η  is photoconversion efficiency, I is photocurrent density (mA/cm2), 𝐸𝑟𝑒𝑣
°  is 

standard reversible potential, 1.23 V vs RHE, V is applied bias potential vs. RHE and Jlight is 

incident light intensity (mW/cm2), which is 92.9 mW/cm2 from 420 nm to 4000 nm. The 

curves of the photoconversion efficiency vs applied bias potentials are presented in Figure 

16(b). 
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Amperometric I-t measurement was operated to evaluate the photoresponse of our 

TiO2/rGO/Cu2O system over time, which is presented in Figure 16(c). All the samples 

under the same conditions of changing light on and light off cycles for 10 minutes were 

measured and recorded for fast photorespones. 

It is necessary to mention that we observed fewer pulse deposition cycles, which means 

smaller thickness of Cu2O showing better photoresponse performance than bigger 

thickness by more pulse deposition cycles. This is because a tradeoff between the effect 

of Cu2O on the activity of TiO2 and its own inactivity. Some other works observed similar 

results that the addition phase to TiO2 has its best performance at low percent77. On the 

other hand, decreasing the Cu2O layer thickness would worse the optical absorption. As 

a result, an optimized thickness of Cu2O is still under investigation for getting better 

visible-light conversion efficiency and better photogenerated electrons and holes 

separation interface. 

(a)                                                                    (b) 
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(c)                                                                             (d) 

 

 

 

Figure 16. Photoelectrochemical properties of the pure TiO2 NTPC, TiO2/rGO, and 

TiO2/rGO/Cu2O samples: (a) LSV obtained at a scan of 5 mVs-1 in dark and visible light 

illumination for pure TiO2 and TiO2/Cu2O samples by potentiostatic deposition; (b) LSV 

obtained with a scan rate of 5 mVs-1 in dark and under visible light illumination for 

TiO2/Cu2O and TiO2/rGO/Cu2O samples by pulse potentiostatic deposition with different 

cycles; (c) photoconversion efficiency as a function of applied potential; (d) I-t curves at 

an applied potential of 1.23 V vs. RHE under visible light illumination with 50s light on and 

50s off cycles for 10 minutes. 

 

3.3 Discussion and conclusion 

TiO2  nanotube arrays has been studied a lot for great charge transfer properties90 with 

significantly extended electron lifetimes91. Annealed nanotubes wall consists of anatase 



60 
 

crystallites which provides facile pathways for electron travel92 and because the thickness 

of nanotube wall is much smaller than the diffusion length of minority carriers, the 

photogenerated holes are never generated far away from the semiconductor 

interface93,94 resulting in improved photoconversion efficiency. 

The morphology of TiO2 nanotube arrays can be modified by altering applied voltages 

using in the two-step anodization. One of our previous publication found that the 

hierarchical TiO2 nanotube arrays could be altered among nanotube with nanoring, 

nanotube with nanohole-nanocave and nanotube with nanopore26. However, among the 

three different nanostructures, only the nanotube with nanoring structure could be used 

for enhancing typical PC light absorption spectra. Specially, applied voltages for the second 

step anodization process were modified using stepwise increase potential rather than a constant 

voltage, in order to compensate for electric field intensity losses, which will improve uniformity 

and periodicity of the porous top layer of such kind of hierarchical TiO2 nanostructure for forming 

the special top PC layer. 

A p-type Cu2O layer combined with n-type TiO2 substrate could build a p-n junction at the 

interface. The CB and VB of Cu2O lie above those of TiO2, which formed a suitable energy 

band alignment for electrons transport from CB of Cu2O to CB of TiO2, and for holes 

transport from VB of TiO2 to VB of Cu2O. In the presence of visible light spectrum 

illumination, the photogenerated electrons and holes were efficiently separated by the 

built interfacial electric field.  The narrow band gap of Cu2O could also help to enhance 

the TiO2 visible light absorption. Pulsed potentiotic electrochemical deposition in pH 12 
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solution could form a uniform p-type cubic Cu2O layer covering TiO2 nanotubes. The Cu2O 

nanocrystal with specific (111) facet exposed have highly stability and consequently 

higher activity in photocatalytic water splitting. There is an optimal deposition cycle, 

which means an optimal Cu2O layer thickness for its photocatalytic performance. 

An rGO layer between TiO2 and Cu2O acts as the electron acceptor to extract 

photogenerated electrons from Cu2O and at the same time to extract photogenerated 

electrons from TiO2. RGO could also elongate charge carrier diffusion length (compared 

with those fabricated by pure TiO2 or pure Cu2O materials) based on electrochemical 

impedance analysis and first–principles calculations. As a result, rGO could increase 

charge separation efficiency within this TiO2/Cu2O system, while limiting Cu2O self-

photoreduction process, improving the photostability of the TiO2/Cu2O as well as the PEC 

performance of the whole system.  

As for the details for the role of rGO in this system to get a significantly performance 

improvement, further studies are still under investigation.  
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