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ABSTRACT 

Photoelectrochemical water splitting consists in the conversion of solar energy into chemical 

energy in the form of the hydrogen bond and simultaneously overcomes the intrinsic limitation of 

the intermittent property of the sunlight, allowing to provide energy in form of electricity reliably 

and continuously. Titanium oxide-based materials (such as TiO2) and single crystal 

semiconductors (such as Si or GaAs) are among the most attractive photoanode candidates for 

efficient water oxidation. TiO2 materials unfortunately suffer from the limited absorption of the 

solar spectrum, the poor charge transfer and the slow surface kinetics, while displaying a high 

stability and low cost. Si or GaAs in contrast have an ideal bandgap to maximize light absorption, 

but cannot be directly used as photoanodes, due to their limited stability and their susceptibility to 

photocorrosion, thus requiring a protective layer to enhance its functionality.  

In the first part of the dissertation, we aim to investigate and improve the performance of titanium 

oxide nanomaterials by exploring (i) the generation of Ti3+/oxygen vacancies by ammonia 

treatment, (ii) TiO2-x sub-stoichiometries formation via extensive generation of oxygen vacancies 

and (iii) surface modification methods in order to widen the light absorption spectrum, improve 

charge transfer properties and increase interfacial water oxidation selectivity; finally efforts will 

be devoted to improve and optimize the various existing modification approaches simultaneously. 

The findings prove that there exists an optimum amount of oxygen deficiencies in TiO2-x that 

maximizes the photoelectrochemical performance in the form of a well-defined concentration of 

point defects in the anatase phase of TiO2; furthermore, surface modification with suitable water 

oxidation catalysts allows further improvement of the photoelectrochemical performance by 

accelerating the surface water oxidation kinetics, while minimizing the impact on the photo-
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transmittance; the optimization of the photoelectrochemical properties is a synergic effect of 

increasing the light absorption, reducing the surface recombination and improving the conductivity 

in the bulk. Various modification methods on TiO2 nanotube system were implemented to control 

the density of defects through oxygen removal; these include laser surface modification, 

introduction of Ti3+ by Ar/NH3 treatment, high-temperature thermal hydrogen reduction and 

electrodeposition of water oxidation catalysts. The stability of anatase TiO2 with nanotubular 

morphology is determined and various possible phase transformations of this materials are 

investigated. The density/types of the defects created were evaluated and quantified by using 

photoelectrochemical characterization, together with electrochemical analytical methods.  

In the second part of the dissertation, we focus on investigating an electrodeposition method 

showing a self-limiting growth mechanism, in order to deposit Ni ultrathin film/nanoparticles on 

GaAs substrates. In addition, we extend the method to electrodeposit binary/ternary alloys 

following the same deposition behavior. We prove that the self-limiting deposition condition can 

be achieved for not only Ni layers, but also for other Iron-group mutual alloys such as Ni-Co, Ni-

Fe and Ni-Fe-Co; the protective Ni layer allows an improved stability and surface water oxidation 

kinetics in an aqueous solution under photoelectrochemical measurements; the stability of this 

system can be further improved by adding a second or a third Iron-group element such as Co or 

Fe. Characterization methods including potential transient, XPS spectra and XPS depth profile, 

HR-TEM were applied to verify the self-limiting mechanism and to determine the thickness of the 

deposited protective layer. Photoelectrochemical and electrochemical characterization were used 

to evaluate the functionality of the metal-deposited GaAs as a photoanode candidate toward water 

oxidation and its performance.   
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Chapter 1-Introduction 

1.1 Hydrogen generation by water splitting 

Since the industrial revolution, fossil fuels have been dominating the global energy landscape 

despite the increasing concerns on the rapid depletion and the effect of the carbon dioxide emission 

on the earth’s climate.1 Since 1970s, sustainable energy, such as wind, solar and biomass, has 

increasingly attracted attention and various breakthroughs were made, stimulating scientists from 

various fields and developing novel concepts and devices, such as electrochemical energy 

conversion and solar cells.2 Energy storage and the integration into the power grid system, 

however, hinders the implementation of these intermittent energy sources, as this requires complex 

control methods, modeling and identification of suitable technological processes.3 An appealing 

way to ensure continuity of energy supply is the conversion of electrical energy to chemical bonds 

of hydrogen gas via electrochemical or photoelectrochemical water splitting by renewable 

electricity or directly sunlight, 4–6 owed to the relatively high gravimetric energy density and low 

greenhouse gas footprint of molecular hydrogen.7,8 In this scenario, many research interests focus 

on the well-known water splitting reaction. This process may be conceptually divided into two 

half-cell reactions: the oxygen evolution reaction (OER, 2H2O→4H++4e+O2↑) and the hydrogen 

evolution reaction (HER, 2H++2e→H2 ↑), either of which needs an appropriate catalyst to reduce 

the large overpotential barrier in order to accelerate the electrochemical kinetics. Compared with 

HER, catalysis of the OER requires four proton-coupled electron transfer to carry out this process 

and implement oxygen-oxygen bond formation, a more complicated and extremely more difficult 

with respect to kinetic rates.9  Conventional electrochemical cells for water splitting usually use 

electrocatalysts such as IrO2, RuO2, Ni oxides, etc., to minimize the overpotential and Tafel slope 
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in order to optimize the energy conversion efficiency.10 However, the onset potential at an 

electrocatalyst is always above the theoretical redox potential of water oxidation (1.23V vs. RHE) 

due to the thermodynamical energy barriers of this electrochemical reaction. Photoelectrochemical 

(PEC) cells on the other hand, utilizing both electrical energy and solar energy, are able to generate 

large photovoltages and significantly reduce the onset potential of water oxidation even below the 

limit of electrochemical cells, such that it lowers the electrical energy required to overcome the 

energy barrier for oxygen evolution.11  

1.2 Photoelectrochemistry for energy conversion/storage 

It has been demonstrated through many efforts that PEC water splitting is among the most 

promising approaches to generate hydrogen directly from the solar irradiation. 11–13 This reaction 

typically involves three steps: (i) light absorption in a semiconductor followed by separation of 

photo-generated electron/hole pairs; (ii) transfer of the charge carriers either to the liquid/solid 

interface or to the external circuit; (iii) water splitting reaction by the charge carriers reaching the 

interface. Semiconductors are required to perform as the photo-electrodes in order to absorb 

photons to generate electron-hole pairs that can be further separated by electric fields. The 

energetic of this process is governed by the band edge positions of the semiconductor and the redox 

potential of the solution species. For an n-type semiconductor, the valence band edge is required 

to be below the OER potential, while a p-type semiconductor should have a conduction band above 

the HER potential. An electric field generated by band bending at the interface is present at the 

solid/liquid interface at equilibrium and a depletion region is created as shown in Figure 1.1. The 

holes (or electrons) drift to the interface and inject into water molecules (or protons) to carry out 

the OER (or HER). The other type of charge carriers spontaneously transfer to the other electrode 

to complete the overall reaction. The implementation of PEC cell for water splitting was first 
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demonstrated out by Fujishima and Honda in 1972, using TiO2 as photoanode and platinum as 

cathode.14 TiO2 based materials then became one of the most extensively studied candidates for 

high-efficient PEC cells ever since.  

 

Figure 1.1 A typical PEC cell with n-semiconductor under light as the photoanode and metal as 

the cathode. Oxygen evolution occurs at the semiconductor/electrolyte interface under 

illumination.  

 

1.3 TiO2 based materials for solar water oxidation 

Since the first reported photoelectrochemical water splitting on the TiO2 surface, TiO2 has been 

extensively investigated as a potential photoanode in the past decades.14 Typically as an n-type 

semiconductor, TiO2 operates mainly as the UV-light absorber, which generates electron-hole 

pairs under irradiation and makes the photogenerated holes available at the solid/liquid interface 

to conduct water oxidation. TiO2 is a main research focus in this field thanks to its high resistance 

to photocorrosion in strong alkaline solutions, low cost as an earth-abundant metal oxide and lack 

of toxicity. TiO2 is well known to exhibit three main distinct crystal phases: anatase (tetragonal), 

rutile (tetragonal) and brookite (orthorhombic). The conventional unit cells for anatase, rutile and 



10 

 

brookite phase TiO2 are shown in figure 1.2 (a). It has been demonstrated that the first two phases, 

especially anatase, exhibit photocatalytic activity towards water oxidation.15–18  

 

Figure 1.2 A conventional unit cell for Anatase, Rutile and Brookite TiO2.  

 

The major drawback of TiO2 is the relatively wide band gap of 3.0 eV (rutile) or 3.2 eV (anatase), 

limiting the light absorption to only the UV region of the solar spectrum, such that only 3-5% of 

the available photons can be captured, leading to the maximum conversion efficiency of 1.7%, as 

shown in Figure 1.3.19 The short minority charge carrier mean free path caused by defects known 

as trap states, 20 and the slow water oxidation kinetics at the electrode/electrolyte interface 

significantly reduce the amount of photogenerated holes that can reach the surface of TiO2 to 

implement water oxidation. Furthermore, the sluggish charge transfer in the bulk material 

facilitates the recombination and leads to a short life time of the photogenerated electron/hole pairs. 

Based on these limitations, various efforts have been devoted to overcome the known limitations, 

mainly including i) fabricating nanostructures to increase the charge transfer and decrease the bulk 

recombination; ii) extrinsic metal/anion doping or introducing oxygen vacancies/Ti3+ to modify 
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the band structure to improve the optical absorption; iii) surface modification to reduce the 

interfacial recombination and improve the water oxidation kinetics. 

 

Figure 1.3 ASTM G173-03 reference spectra derived from SMARTS v.2.9.2 (global tilt, AM 1.5) 

as a function of wavelength. Anatase TiO2 only absorbs photons with a wavelength less than ~387 

nm as marked out in red.  

 

1.4 Electrochemical anodic TiO2 nanotube arrays 

Synthesis of 1D TiO2 nanotubular structures by electrochemical anodization of metal/alloy planar 

titanium foil is now considered to be one of the most cost-effective and versatile approaches to 

generate TiO2 nanostructure as it can be tailored in terms of morphology, diameter of the pore 
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sizes, and length of the nanotubes by simply controlling the anodization parameters.12 Initially, 

anodization of Ti foil in common acidic electrolyte usually only generates dense TiO2 layers on 

the surface and cannot form porous structure. An appropriate balance between Ti dissolution 

condition (Ti to Ti4+ or [TiF6]
2- ) and oxide layer growth is required in order to obtain tubular 

morphology. The growth process of TiO2 NTs often entails the following: i) initial compact layer 

of TiO2 is formed on Ti foil under high applied potential; ii) the as-formed oxide layer is attacked 

by the F- ions. [TiF6]
2- ions are generated and then injected into the electrolyte, meanwhile 

oxidation propagates further into the substrate; iii) relatively disorganized porous layer is formed 

with shadow gaps filled in due to the etching of the F- ions ; iv) with the increasing of anodization 

time, the interior of the layer is dissolved and separated tubes are formed; v) the length of the tubes 

will increase according to the reaction time until the nanotube structure collapse.21 The ordering 

of the nanotube arrays is owed to the fact that the metal-oxide interface motion is regulated by the 

ionic migration and the stress-driven interface diffusion.22,23 This process is also displayed in the 

schematics in Figure 1.4.  

 

Figure 1.4 Schematics of the formation of anodized self-ordered TiO2 nanotubes. 
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Aqueous electrolyte containing HF is able to generate TiO2 nanotubes with relatively irregular 

shapes and a maximum thickness of 500 nm,24 while KF or NaF based solution can extend the 

length of the NTs to several microns.25,26 Formation of TiO2 NTs in organic solutions such as ethyl 

glycol or glycerol with low water content and ammonia fluoride (NH4F) is now demonstrated to 

be an effective approach to generate well ordered TiO2 nanotube arrays with a thickness up to 

several hundreds of microns due to the reduced etching rate.27 In this dissertation, all the pristine 

TiO2 nanotube arrays are prepared using ethyl glycol electrolyte containing ammonia fluoride 

unless otherwise mentioned. The as-grown TiO2 NTs through anodization is typically amorphous 

and thus requires annealing to form crystalline phases such as anatase or rutile, and to increase the 

mechanical stability simultaneously. An annealing temperature of 350-400oC in air is found to be 

optimum to fabricate anatase TiO2 in terms of charge transfer.28 SEM images showing the top view 

and the cross section of the anodic TiO2 nanotubes prepared using the anodization-annealing 

method are displayed in figure 1.5. In addition to the improved 1D charge transport property, 

inherent n-type doping and large surface area geometry compared to planar TiO2 are achieved. 

Most importantly, the NTs structure also benefits from a short distance between the sites of water 

oxidation and the solution species such that all the photogenerated charge carriers are within 

diffusion length of ~100 nm.25 However, TiO2 NTs still suffer from its limitations, as previously 

mentioned.  
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Figure 1.5 SEM images of anodic nanotube arrays (a) top view; (b) cross-section and (c) top view 

after removal of surface layer by Ar+ sputtering.  

 

Ti 3d and O 2p states are the relevant energy levels that form the edges of the conduction band and 

valence band respectively, and define the bandgap for TiO2 materials.29 Electronic and optical 

properties of TiO2 strongly depend both on the bulk and most importantly to surface defects, and 

particularly on the formation, presence and concentration of bulk or surface Ti3+ states and oxygen 

vacancies (Vo).
30 The large bandgap of TiO2-based materials could be narrowed by introducing 

intrinsic defects such as oxygen vacancies and Ti3+. These defects are usually present in small 

amount in the nanotube structures due to slightly Ti rich stoichiometry caused by the anodization 

condition while relatively large amount of these defects can be generated via proper 

chemical/electrochemical reduction methods.31,32 These defects are critical in understanding and 

enhancing the electrical/optical properties of TiO2. The typical point defects that commonly exist 

in TiO2 based materials are summarized and the corresponding energy levels with respect to the 

conduction band or valence band of TiO2 are displayed schematically in Figure 1.6. The 

unsaturated surface species such as Ti3+, Ti2+ or even Ti+ can be generated under high-vacuum, 

unreactive gases (Ar or N2) or by generating reducing atmospheres using annealing under 

condition (H2 or NH3), where TiO2 tend to split off O2 or H2O from the product and form bridge 
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oxygen and reduced Ti states.29 During relatively long time annealing, the surface reduced Ti 

species can also diffuse deep into the bulk TiO2. Similar results can be obtained by noble gas ion 

sputtering (Ar), ion-implantation (N or H) or plasma treatment. 33–35 

 

 

Figure 1.6 Energy levels of various point defects in TiO2 with respect to the conduction band 

minimum and valence band maximum of TiO2.
36–40 

 

Various defect states are generated in the bandgap by Ti3+ coupled with Vo, which generates 

isolated electronic states in the bandgap of TiO2 and minimizes recombination. Introduction of 

defects is typically followed by a color change, from white/grey to dark blue or even black as a 

result of the extension of the solar absorption.41 For comparison, doping is also capable to increase 

the photon absorption by creating electronic states close to the conduction band, using transition 
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metal cations or the valence band with main group anions. However, these external dopants may 

sometimes behave as charge carrier recombination centers, decreasing the PEC performance, or 

may act as charge transfer mediators, optimizing the photoactivity depending on the dopant 

density, energy level, d-band configuration and uniformity.42,43 

Annealing TiO2 in high vacuum or reduction atmosphere leads to a deviation from the 1:2 

stoichiometry, forming oxygen-deficient TiO2-x. Oxygen vacancies in TiO2-x can be 

accommodated as point defects with the x value up to 10-4 to 10-3, while beyond this point the 

existing crystal structure is no longer stable and the off-stoichiometry is stabilized by phase 

transformation to Magneli phases (TinO2n-1, n=3 to 10) or even lower O-content phases (Ti2O3 or 

TiO), which exhibit gradually lowering bandgap and increasing metallic property. In particular, 

Ti4O7 has been reported to exhibit a much lower bandgap of 0.6 eV at room temperature compared 

to anatase TiO2 (3.2eV), possibly broadening the absorption of TiO2 from a wavelength of 387 nm 

to the far infrared region. Ti2O3 and Ti3O5 exhibit semi-metal behavior with a relatively high 

conductivity of ~0.1 Ω cm. Efforts related to tailor the bandgap and oxygen composition of TiO2 

sub-stoichiometries including Magneli phases are summarized in Figure 1.7, proposed by 

Nowotny et al.44 This figure also implies a strong trend that an increase in the oxygen deficiency 

could effectively narrow the bandgap or introduce mid-gap states. Narrowed bandgap close to 

metal level however makes the incident radiation difficult to separate the electron/hole pairs, and 

thus it is possible to instead exhibit reduced photo-catalytic property. It is yet to be determined the 

exact amount of oxygen deficiency and reduction level that is optimum for photoelectrochemical 

water oxidation using TiO2-x as the photoanode.  
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Figure 1.7 Bandgap of TiO2 sub-stoichiometries a function of partial pressure of O2 and O/Ti ratio. 

Reprinted from Ref 44. 

1.5 Single crystal semiconductors as photoanodes 

Compared with wide-bandgap semiconductors such as TiO2, single crystal semiconductors with 

narrow bandgap such as Si, InP and GaAs have attracted more attention in the recent decade.45–47 

Photon absorption, one of the essential limitations for TiO2-based materials, no longer exists in the 

these single crystal semiconductors, as the narrow bandgaps allow the absorption of the solar 

spectrum up to the infrared region (λ =1128 nm for Si; λ = 926 nm for InP; λ = 874 nm for GaAs). 

Single crystal semiconductors, featuring no grain boundaries in the bulk and allowing precise 

control of the charge carrier concentration also enables negligible bulk recombination and 

controllable charge transfer properties. However, bare single crystal semiconductors as 

photoanodes exhibit poor photoelectrochemical performance due to the rapid decomposition 

and/or the formation of insulating oxides, preventing the charge transfer process and the redox 
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reaction, when in contact with aqueous electrolytes under light. Coating the single crystal 

semiconductor with a surface protective layer with sufficient photo transmittance, charge transfer 

and ideally high-catalytic activity is a general solution.  

Various coating/deposition methods have been developed to stabilize the single-crystal 

semiconductor photoanode, including atomic layer deposition,46,48 electron beam deposition,46  

electrodeposition,49 floating transfer,50 spin coating,51 etc.52 Deposition of metal layer is usually 

more attractive among others because of its relatively sample fabrication and the capability to tailor 

the junction behavior by interfacial engineering. This metal layer does not only protect the 

semiconductor, but also generate the photovoltage through the formation of a Schottky junction, 

while also improving the reaction rate at the electrode/electrolyte interface. This layer should also 

be ultra-thin (less than 5 nm, usually less than 2 nm) to minimize the decrease of photoabsorption. 

Si is one of the most promising candidates among single crystal semiconductors thanks to its 

narrow bandgap, abundancy and wide knowledge base. However, the narrow bandgap of 1.1 eV 

results in the limitation of photovoltage from water splitting. 53,54 By contrast, GaAs with a 

relatively ideal bandgap of 1.43 eV allows the generation of a larger photovoltage to maximize the 

photoconversion efficiency. In this context, to deposit an ultra-thin metal layer on GaAs using a 

simple and inexpensive method with improved stability and photoelectrochemical activity is 

highly desirable.  

1.6 Motivation of the study 

In the first part of the dissertation (Ch.3 to Ch.6), we aim to investigate (i) the generation of point 

defects, (ii) the formation of TiO2-x sub-stoichiometries by heavy reduction processes and (iii) 

surface modification methods in order to widen the light absorption spectrum, improve charge 

transfer properties and increase interfacial water oxidation selectivity. In addition, we seek to 
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improve and optimize the existing modification approaches simultaneously.  The underlying 

hypothesis in this work is whether exists an optimum concentration of oxygen vacancies in TiO2-

x to maximize the photoelectrochemical performance either in the form as point defects in the 

anatase phase or in the form of a crystalline disorder in the newly formed phases. Surface 

modifications with proper OER catalysts allows further improvement of the photoelectrochemical 

performance by accelerating the surface water oxidation kinetics while minimizing the impact on 

the photo-transmittance; the optimization of the photoelectrochemical properties is a synergistic 

effect of increasing the light absorption, reducing the surface recombination and improving the 

conductivity in the bulk. In this work, various modification methods at TiO2 nanotube system will 

be applied to control the density of defects through oxygen removal, including laser surface 

modification, introduction of Ti3+ by Ar/NH3 treatment, high-temperature thermal hydrogen 

reduction and electrodeposition of OER catalysts; the schematics for the modification methods on 

TiO2 NTs based on various reduction levels are shown in Figure 1.7. The stable range of anatase 

TiO2 with nanotubular morphology will be determined and the resulting possible phase 

transformation will be investigated. The density/types of the defects created will be evaluated and 

quantified by using photoelectrochemical characterization, together with electrochemical 

impedance spectroscopy. Light absorption property of the modified TiO2 NTs will be accessed by 

measuring the incident photon-to-current conversion efficiency (IPCE) change with various 

wavelength of the incident light. 
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Figure 1.7 schematics for the various modification methods applied on TiO2 nanotube arrays.  

In the second part of the dissertation (Ch.7 and Ch.8), we focus on investigating an 

electrodeposition method that presents a self-limiting growth mechanism to deposit Ni ultrathin 

film/nanoparticles on GaAs substrates, and then we extend the method to electrodeposit 

binary/ternary alloys following the same deposition behavior. The hypothesis is: the self-limiting 

deposition condition can be achieved for not only Ni layer, but also for other Iron-group mutual 

alloys such as Ni-Co, Ni-Fe and Ni-Fe-Co; the protective Ni layer affords an improved stability 

and enhanced surface water oxidation kinetics in an aqueous solution under photoelectrochemical 

measurements; the stability of this system can be further improved by adding a second or a third 

Iron-group element such as Co or Fe. Various characterization methods, including potential 

transients, XPS spectra and XPS depth profile, XRR and HR-TEM will be applied to verify the 

self-limiting mechanism and to determine the thickness of deposited layer. Photoelectrochemical 

and electrochemical characterization will be utilized to evaluate the potential of the metal-

deposited GaAs as photoanode candidate toward water oxidation.    
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Chapter 2-Materials and methods 

2.1 Anodization of TiO2 nanotube arrays 

Anodization of compact-aligned TiO2 nanotube arrays: Anatase compact-aligned TiO2 

nanotube arrays (or regular TiO2 NTs, R-TiO2) were synthesized using a double-anodization 

method followed by an annealing process.55  Briefly, Titanium foils (Alfa Aesar, annealed, 99% 

purity, 2 × 0.7 × 0.0127 cm3) were anodized in 0.3 wt% NH4F (Sigma Aldrich, 99.99%, trace 

metals basis) and 2 vol% H2O in ethylene glycol (Sigma Aldrich, 99.8%, anhydrous) before being 

sonicated in acetone, isopropanol and methanol (for 30 min each). The first anodization (Kepco 

BOP-100 voltage supply) was performed at 50V for 1 hour, using a Pt gauze as the counter 

electrode, to form the nanotubes. Successively, 1-hour sonication in DI water loosened the 

nanotubes from the substrate, allowing their removal with an adhesive tape, which uncovered a 

textured surface that template the successive growth. The second anodization was carried out under 

the same conditions, with the reaction time varying from 5 min to 1 hour to achieve a pre-

determined thickness of the NT layer. Finally, the nanotubes were annealed at 350oC for 3 hours 

in an ambient environment to crystallize the anatase phase.28 

Anodization of TiO2 nanotubes with gaps in between: The TiO2 NTs with large gaps between 

the individual short nanotubes (LG (S)-TiO2)
56 were obtained from the same Ti foil after the same 

cleaning process. The foil was anodized at an applied potential of 60V for 11 hours in a diethylene 

glycol electrolyte using the same anodization system56. These short nanotubes were grown from a 

solution containing 2 wt% HF (1.12M) and 2wt% (1.24 M) water which remained straight after 

anodization. Relatively long (0.5-1.0 µm) LG-TiO2 nanotubes with walls exposed on the surface 

were obtained from an electrolyte containing 2 wt% HF (1.12 M) and 4 wt% (2.49 M) water; these 

nanotubes collapsed on the surface in such a way that the nanotube walls were exposed on the 
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surface. Both types of as prepared NTs were annealed under 350oC in air for 3 h in order to 

crystallize the TiO2 in the anatase structure.   

2.2 Various modification approaches of TiO2 NTs 

Surface laser modification: For the surface layer modification, the nanotube samples were placed 

in a petri dish filled with 15 mL of DI water, facing upward, and irradiated with a pulsed UV laser. 

A Lambda Physik Compex 205 KrF pulsed excimer laser with a wavelength of 248 nm was used; 

the full width at half maximum (FWHM) of the pulse was 25 ns and the corresponding energy 

density was varied from 0.15 to 1 J cm-2. The beam was directed towards the immersed TiO2 

nanotube array by a mirror and focused using a set of cylindrical lenses. The spot size of the laser 

source was kept constant at 0.26 × 1.33 cm (0.35 cm2). To increase the total energy absorbed and 

area of modification on the samples, pulses were overlapped by the translation of the sample with 

a Newport linear actuator at a speed of 0.26 mm s-1. Pulses were overlapped by 90% and the total 

number of pulses across the modified area ranged from 10 to 40 pulse per area (PPA). 

 

Figure 2.1 Schematics for laser surface modification of TiO2 nanotubes in DI water under pulsed 

UV laser.  
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High-temperature hydrogen reduction: To synthesize TiO2 sub-stoichiometries, the as-prepared 

TiO2 NTs were annealed in a home-made tube furnace under a mixed gas flow of hydrogen and 

argon (5:95 by volume). Various reaction temperatures from 650oC to 850oC were held for 30 min 

before the system was naturally cooled down to room temperature in the same atmosphere. To 

further optimize the thermal reduction conditions, in another set of experiments the temperature 

was fixed at 800oC, testing the effect of reaction time from 5 min to 2 hrs. In parallel, 

electrochemical hydrogen doping (EC H-doping) was carried out in 0.5 M H2SO4 solution with an 

applied potential of -0.155 VSCE for 3 s at pristine or thermally reduced Ti-O compounds as 

working electrodes.20 The samples are labelled as H-TiO2 and EC-TiO2, referring to the thermally 

reduced and electrochemically reduced TiO2, respectively. Specifically, TiO2 reduced at various 

temperatures are denoted as H-650, H-700, H-750 and H-800, respectively, for the reduction time 

of 0.5 h.  

Argon-ammonia thermal treatment: In order to obtain Ar/NH3 modified TiO2, the as prepared 

crystallized TiO2 NTs were heated to 450°C in a tube furnace with an argon flow under the pressure 

of 500 mbar with a ramping rate of 4°C/min. When the temperature was stable at 450°C, Ar flow 

was turned off and NH3 flow started to fill in the system with a flow of 500 sccm. The time to 

switch the gas was 7.5 min. The flow rate was set to 100 sccm after the pressure reached 500 mbar. 

Ar/NH3 modified TiO2 NTs were obtained after an annealing time of 1 to 4 hours before cooling 

down to room temperature under an argon flow overnight. Ar/NH3 modified TiO2 NTs with the 

length of 7 µm that were annealed for 1 hr, 2 hrs and 4 hrs have been labelled as AN-TiO2, AN-

TiO2 (2h) and AN-TiO2 (4h), respectively. 

Electrodeposition of Ni-Fe-oxy-hydroxides on TiO2 nanotubes: The electrodeposition of Ni-Fe 

oxy-hydroxides on TiO2 nanotubes was carried out at room temperature, using a three-electrode 
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electrochemical cell comprised of a saturated calomel electrode (SCE) as the reference electrode 

and Pt mesh as the counter electrode. Ni-Fe oxy-hydroxides were deposited on various working 

electrodes, including a Au (120nm)/Si wafer, R-TiO2, LG(L)-TiO2 and LG(S)-TiO2 substrates, 

respectively. Electrodeposition was carried out at constant current density (from – 0.1 to 15 mA 

cm-2) in a nitrogen-purged aqueous solution containing 0.09 M Ni(NO3)2·6H2O and 0.01 M 

FeCl2·4H2O with a pH of 4.5 for 1 min, 2 min or 10 min.57  

2.3 Electrodeposition of metal on GaAs substrate 

Self-limiting electrodeposition of Ni: The electrodeposition of Ni metal on GaAs substrate was 

carried out on an n-type GaAs substrate ((100) orientation, Si doped, 0.8-4×1018 cm-3) at room 

temperature. Prior to deposition, the GaAs substrate was treated with acetone for 2 min and 

immersed in 10% ammonia solution for 2 min before rinsing in deionized (DI) water for 30 s to 

remove the oxide layer.58 An Ohmic back contact between the GaAs substrate and the current 

collector was prepared by eutectic GaIn, which is liquid at room temperature. The as-etched GaAs 

substrate was used as the working electrode, while a Pt mesh was used as the counter electrode 

and a saturated calomel electrode (SCE) as the reference electrode. Electrodeposition of Ni on 

GaAs (Ni/GaAs) was carried out from the self-limiting chemistry as previously discussed, 

specifically consisting in an aqueous solution containing 15 mM NiCl2·6H2O and 0.1M KCl with 

a pH of 3.0 (adjusted by HCl). Galvanostatic deposition with a current density of 10 mA cm-2 was 

performed varying deposition time from 0.2 to 120 s with an EG&G PAR Model 273A 

potentiostat. For comparison, a conventional deposition, in which the film thickness is growing 

with deposition time following Faraday’s law, was carried out under a constant current density of 

3.5 mA cm-2 in a 0.1 M NiSO4 solution with a pH of 2.5 using the same setup.  
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Electrodeposition of Iron-group mutual alloys: The electrodeposition of Iron-group mutual 

alloys was carried out in the same three-electrode electrochemical cell using Au/Si (Polycrystalline 

(111) textured on Si wafer) or GaAs (Si doped, 0.8-4×1018 cm-3
, (100) orientation) substrate as the 

working electrodes. Au substrates were immersed in 0.5s H2SO4 for 30s, rinsed with DI water and 

dried by air gun to remove impurities and oxides on the surface before deposition. GaAs substrates 

were pre-treated by immersing in 10% ammonia solution for 2 min before rinsing in deionized 

(DI) water for 30 s. Pure Ni film was electrodeposited in a solution containing 15 mM NiCl2·6H2O 

and 100 mM KCl;59 pure Co film was prepared using a solution containing 15 mM CoCl2·6H2O 

and 100 mM KCl; Ni-Co film was deposited in a solution containing NiCl2·6H2O, CoCl2·6H2O 

(total concentration of ([Ni2+] + [Co2+]) is 20 mM) and 100 mM KCl; Ni-Fe film was prepared in 

a solution containing NiCl2·6H2O, FeCl2·4H2O (total concentration of ([Fe2+] + [Co2+])  is 20 mM) 

and 100 mM KCl with N2 purging for 0.5 h prior to the deposition. Ni-Fe-Co film was prepared in 

a solution containing 15 mM NiCl2·6H2O, 5 mM FeCl2·4H2O, 5 mM CoCl2·6H2O and 100 mM 

KCl. The solution pH was adjusted to 3.0 by 1 M HCl. All the films were deposited at a constant 

current density of 10 mA cm-2 with the deposition time ranging from 0.2 s to 60 s (EG&G PAR 

Model 273A potentiostat).  

2.4 Characterization methods 

Field emission-scanning electron microscopy (FEI Quanta 650 SEM) coupled with an Energy 

dispersive X-ray spectroscopy (EDS) was used to characterize the surface morphology, thickness 

of the films and atomic composition. X-ray photoelectron spectroscopy (XPS, ScientaOmicron 

UHV with R3000 detector) was used to study the oxidation state of Ti and O in Ti-O compounds 

in Chapter 4; XPS (PHI 5000 VersaProbe III, Al Kα) equipped with an argon ion sputtering gun 

was employed to characterize the oxidation state of elements and atomic composition through 
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depth profile in all the other chapters that involve XPS measurements. Electron paramagnetic 

resonance (EPR, Bruker EMX instrument, ER 4123D dielectric resonator) was performed using 

an applied microwave field of 9.82 GHz, 2.025mW microwave power and 1G p-p modulation 

amplitude at room temperature to investigate the bulk Ti3+ species by integrating the first 20 scans 

of spectra. X-ray diffraction (XRD) was performed with a Panalytical X’PERT diffractometer 

using a Cu Kα radiation (λ=1.54Å) in the Bragg-Brentano configuration. Grazing incidence X-ray 

diffraction (GI-XRD, PANalytical Empyrean X-ray diffractometer, Cu Kα, λ=1.54Å) was used to 

estimate and compare the FWHM, and therefore the mean size of the crystallites. Due to the 

complexity of the pattern, the XRD data of the hydrogen treated Ti-O samples were analyzed with 

Rietveld refinement using GSAS-II.60 The instrumental parameters were obtained with a NIST 

standard silicon, and were precluded from refinements. The background was fitted with a 12-term 

Chebyshev function. The texture of the phases was modeled by spherical harmonics and the phase 

fraction of each phase was constrained to adding up to 1 before being refined. The peak broadening 

was modeled by refining the microstrain only. The lattice parameters of each phase and the sample 

displacement were also refined, and all the refined parameters were subjected to a simultaneous 

refinement in the final step. High resolution TEM (HR-TEM), selected area diffraction (SAED) 

and fast Fourier transform (FFT) were obtained by using a FEI Titan 80-300 operating at 300 kV. 

TEM lamellae were prepared in a TESCAN GAIA 3 2016 FIB/SEM microscope equipped with a 

monoisotopic 69Ga+ source and a Smaract nanomanipulator. Before starting the lamella 

preparation, the surface of the samples was protected first with a Pt layer deposited by electron 

beam deposition and next with a Pt layer deposited by ion beam deposition. The two-step 

deposition was required to avoid the impingement of the ion beam directly onto the sample surface. 

Indeed, Ion Beam Deposition results in damage of the surface, consisting of 
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sputtering/amorphization in a region with a thickness of tenths of nanometer. The application of a 

thin layer (< 100 nm) by electron beam deposition avoids this damage, preserving the chemical 

nature and the crystal structure of the topmost layer. The original thickness of the ion deposited Pt 

was 2 µm.  Successively, lamellas were dug, cut and soldered to the nano-manipulator W needle, 

removed and soldered to the TEM sample holder. Once on the holder, the initial thinning was 

performed at 30 kV. Final thinning and polishing was performed with an acceleration potential 

down to 2 kV. The low energy of the ion beam was required to limit the thickness of the amorphous 

layer in the lamella allowing the HRTEM imaging of the crystal structure of the coating. A 

semiconductor parameter analyzer (HP 4156B Precision) was used to measure the dark current-

potential curves. 

 

2.5 Electrochemical/photoelectrochemical analysis 

Cyclic Voltammetry/Linear Sweep Voltammetry/Chronoamperometry: Cyclic voltammetry 

(CV) is one of the most common and versatile electrochemical techniques for the study of 

electrochemical catalytic activities and is usually the initial step to understand the electrochemical 

performance of a materials system. The input signal for CV is a linear potential scan with a 

triangular waveform vs. time and the corresponding current is measured, while the potential input 

for liner sweep voltammetry (LSV) is linear, without a reversal. In this dissertation, CV and LSV 

are employed to evaluate the electrochemical/photoelectrochemical performance of the materials 

without/with standard solar illumination. Chronoamperometry measures the current of the 

electrochemical cell as a function of time at a fixed/stepped applied potential, and is utilized to 

investigate the stability of the working electrode performed in an electrochemical or 

photoelectrochemical cell.   In this work, a three-electrode system was used with a saturated 
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calomel electrode (SCE) as the reference electrode, platinum gauze as the counter electrode and 

the materials of interest as the working electrode. All the potentials were converted to the reversible 

hydrogen electrode using the Nernst equation:  

𝐸𝑅𝐻𝐸
𝑜  = 𝐸𝑎𝑝𝑝+ 0.059 × pH + 𝐸𝑆𝐶𝐸

𝑜         (2.1) 

Photoelectrochemical measurements were carried out using an Oriel Sol 1A solar simulator 

emitting AM 1.5G sunlight irradiation with an intensity of 100 mWcm-2 coupled with a Biologic 

SP-150 potentiostat. A horizontal configuration was used for the photoelectrochemical cell with 

the working electrode facing upward to the light source in a petri dish holding electrolyte. A 

vertical configuration was used for all the electrochemical measurements without standard light 

illumination. Various electrolytes were used, including 1M KOH (pH=13.6), 0.1 M phosphate 

buffer solution (0.02M KH2PO4+0.08M K2HPO4, pH=7.2) and Ferri/Ferrocyanide solution (50 

mM K3Fe(CN)6, 350 mM K4Fe(CN)6 and 1 M Na2SO4, pH=6.7), according to different properties 

of the samples which will be specified in the successive chapters.  

Incident-photon-to-charge-carrier-conversion efficiency: To measure the Incident-photo-to-

charge-carrier-conversion efficiency (IPCE) as a function of wavelength, samples were placed in 

a vertical plastic cuvette containing electrolyte, which is connected to the SCE reference by a salt 

bridge containing saturated KCl solution. The incident lights at well-controlled wavelength were 

obtained by a tungsten/halogen lamp (Princeton Instruments TS428, 250W) through a 

monochromator (Princeton Instruments Acton SP1250). The incident light power density as a 

function of wavelength was measured by a Newport Model 1931-C power meter. The IPCE is 

calculated by comparing the flux of the photogenerated charge carriers that contribute to water 

oxidation and the incident photon flux. The charge flux is calculated from the photocurrent while 
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the photon flux can be calculated from the total power shining on the sample surface. Therefore, 

the IPCE can be calculated using the following equation:  

IPCE = 
𝐽(𝜆)×ℎ𝑣

𝑃(𝜆)×𝑒
          (2.2) 

where 𝜆 is the wavelength, J (𝜆) is the photocurrent density measured at the given wavelength, h 

is the Planck constant, 𝑣 is the frequency of light, P (𝜆) is the power of incident photons at the 

given wavelength.  

Electrochemical Impedance Spectroscopy: Electrochemical impedance spectroscopy (EIS) 

allows the determination of capacitive and resistive features of heterogeneous systems by applying 

a sinusoidal voltage perturbation and measuring the corresponding current response using 

equivalent circuit models. In particular, the amplitude and phase angle of the current with respect 

to the potential at various frequencies can be measured. According to the AC electrical theory: 

V (t) = V0 + Vm sin (ωt)          (2.3)  

I (t) = I0 + Im sin (ω t + θ)          (2.4) 

Z (ω) = 
𝑉 (𝑡)

𝐼 (𝑡)
            (2.5) 

Z (ω) = Z’ + j Z’’           (2.6) 

Where V0  and Vm  are the dc bias potential and the maximum potential of the applied sinusoidal 

voltage, respectively, I0  and Im  are the steady-state current and the maximum current of the 

sinusoidal signal, θ is the phase angle.61 Under conditions of small voltage perturbations, of the 

order of 10 mV, the system of interest can be modeled by basic electrical components; Figure 2.2 
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shows the simplest equivalent RC circuit. For porous materials such as TiO2 nanotubes arrays, a 

semi-infinite series of the RC circuit can be utilized.62–65 

 

Figure 2.2 Equivalent RC circuit, RS, RCT and ZDL represents solution resistance, charge transfer 

resistance and double layer capacitance, respectively.  

Mott-Schottky Equation:  Under equilibrium conditions, the Fermi-level of the semiconductor 

and the redox couple in the solution species are equal; these energy levels can however be 

separated by an external applied potential. The potential where the band bending effect is 

eliminated is defined as the flat band potential, VFB. When the applied bias is more cathodic with 

respect to the flat band potential, electrons would accumulate at the interface and the energy bands 

bend upward; in contrast, at a more anodic potential, a depletion region is formed as the electrons 

are driven away from the interface and thus the energy bands bend downward. An inversion 

behavior as a p-type semiconductor is shown when the applied bias is sufficiently strong. The 

energy band structure changing with applied potential is shown in figure 2.3.  
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Figure 2.3 Band structure change with applied potential at the electrode/electrolyte interface for 

an n-type semiconductor.  

 

The Mott-Schottky equation can only be used when the depletion condition is fulfilled; under these 

conditions it is possible to determine the flat band potential and the density of donors in the 

semiconductor. Poisson’s equation in one dimension gives the relationship between the charge 

density and the potential difference in a phase as:  

𝑑2𝛷

𝑑𝑥2  = − 
𝜌

𝜖𝜖0
           (2.7) 

where Φ is the electrostatic potential, ρ is the charge density at the position x away from the 

interface,  is the relative permittivity, 0 is the permittivity of free space. The Mott-Schottky equation 

can be derived from the Poisson’s equation assuming a Boltzmann energy distribution for the ions 

in solution, and an energy distribution of electrons in the space charge region. By using the Gauss’s 

flux theorem the capacitance is linked to the potential at flat band: 

1

𝐶2
=

2

𝜖𝜖0𝑒𝑁𝐷
(𝐸 − 𝐸𝐹𝐵 −

𝑘𝐵𝑇

𝑒
)         (2.8) 
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where C is the semiconductor capacitance,  is the relative permittivity (~ 100 for TiO2 to estimate 

the charge carrier concentration) 66,67, e is the electron charge, ND is the density of donors, E is the 

applied potential, EFB is the flat band potential, kB is Boltzmann’s constant, and T is the absolute 

temperature. 

Capacitance values can be determined by identifing the frequency with the highest capacitance 

response, namely, the frequency with the largest imaginary impedance component. At the 

measured frequency, the capacitance is calculated from the following equation: 

−Im(Z) =
1

2𝜋𝑓𝐶
          (2.9) 

Where Im(Z) is the imaginary part of the impedance, f is the frequency and C is the capacitance. 

68 The value of charge density and flat band potential can be obtained from the linear region by 

plotting 1/C2 vs. applied potential.  

In this work, the Mott-Schottky plots were obtained in a neutral acetate buffer solution (0.2 M 

Na2SO4 + 0.1 M NaCH3COO) or in a 0.1 M neutral phosphate buffer solution (0.02M 

KH2PO4+0.08M K2HPO4, pH=7.2) with a frequency range between 11 kHz and 1 Hz and a 

potential amplitude of 20 mVRMS in dark or under 1.5G solar illumination with a power intensity 

of 100 mW cm-2. 

Low Frequency Capacitance: The Mott-Schottky method also allows the determination of 

shallow donor states at relatively high frequencies (usually ≥ 100 Hz) while the deep level trap 

states can only be detected at low frequencies in a frequency range of 1mHz. The deep level trap 

states can be estimated by measuring the frequency dependent capacitance by EIS as they induce 

additional capacitance to the space charge layer. According to the work of Oskam et al 69–71, The 

frequency dependent capacitance CP can be calculate by the equations below: 
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𝐶𝑝 = −[𝜔 ∗ 𝐼𝑚(𝑍)(1 + 𝐷2)]−1 =
𝑒2

𝑘𝑇

𝑘2𝑘1𝑛𝑠

(𝑘1𝑛𝑠+𝑘2)2
𝑁 (𝑊ℎ𝑒𝑛 𝜔 = 𝑠𝑚𝑎𝑙𝑙)   (2.10)  

𝐷 ≡
𝑅𝑒(𝑍)−𝑅𝛺

−𝐼𝑚(𝑍)
           (2.11)  

Where k1 and k2 are rate constants for the detrapping and trapping under steady state condition, 

and ns is the electron density in the conduction band. The Cp value approaches a maximum when 

k1ns=k2. In this case: 

𝐶𝑝(𝑚𝑎𝑥) =
1

4
(

𝑒2

𝑘𝑇
) 𝑁(𝑐𝑚−2); 

𝑘2𝑘1𝑛𝑠

(𝑘1𝑛𝑠+𝑘2)2 |𝑘1𝑛𝑠=𝑘2
=

1

4
     (2.12)  

Thus, the density of states N (deep level) can be derived from the above equation, when Cp is at 

its maximum. In this work, EIS was carried out in a neutral acetate buffer solution (0.2 M 

Na2SO4+0.1 M NaCH3COO) in frequencies ranging from 200 kHz to 1m Hz in the dark.  

Estimation of Water Oxidation Selectivity: The photogenerated holes reaching at the 

semiconductor/electrolyte interface may not immediately inject into the solution and react with the 

redox species; instead, significant recombination would occur with a low reaction kinetics on the 

surface as shown in Figure 2.4.  In order to determine the fraction of photogenerated holes that 

reach the surface and participate in oxygen evolution, the photocurrent was measured in a neutral 

phosphate buffer solution without and with a hole scavenger species (SO3
2-). The real photocurrent 

density reflecting the water oxidation (JOER) can be estimated as the product of the maximum 

theoretical photocurrent (JMAX), the charge separation efficiency in the bulk (𝜂SEP ) and the water 

oxidation selectivity on the surface (𝜂OER) as shown in equation 2.13-2.15.  

𝐽𝑂𝐸𝑅 = 𝐽𝑀𝐴𝑋 × 𝜂𝑆𝐸𝑃 × 𝜂𝑂𝐸𝑅          (2.13) 

𝐽𝑆𝑂3
2− = 𝐽𝑀𝐴𝑋 × 𝜂𝑆𝐸𝑃 × 100%         (2.14) 
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𝜂𝑂𝐸𝑅 =
𝐽𝑀𝐴𝑋×𝜂𝑆𝐸𝑃×𝜂𝑂𝐸𝑅

𝐽𝑀𝐴𝑋×𝜂𝑆𝐸𝑃×100%
=

𝐽𝑂𝐸𝑅

𝐽
𝑆𝑂3

2−
        (2.15) 

In the phosphate buffer solution with the hole scavenger (SO3
2-), the reaction occurring is the 

oxidation of [SO3
2-] to [SO4

2-], which is thermodynamically and kinetically more facile than the 

OER reaction and the oxidation selectivity is close to 100%,72–78 where the photocurrent density 

can be calculated using equation 2.14 Therefore, the water oxidation selectivity can be obtained 

by comparing the photocurrent density without and with the hole scavenger in the same condition 

as shown in equation 2.15, assuming the charge separation efficiency in the bulk remains the same.  

 

 

Figure 2.4 Schematics for the recombination occurring in the bulk and at the interface. 𝜂OER and 

𝜂SEP represents the water oxidation selectivity at the surface and the charge separation efficiency in the 

bulk, respectively.   



35 

 

Chapter 3-Surface laser modification of TiO2 nanotube arrays 

Defects in TiO2 include shallow donors, which enhance electronic conductivity, as well as deep 

level trap states, which in contrast facilitate recombination.67,79,80 Many efforts have been devoted 

to introduce surface defects at TiO2; most of them, however require extreme conditions of high 

temperature and pressure or long reaction time. Yang et al. used molten Al to partially reduce the 

TiO2 surface, creating a disordered TiO2−x shell.81 Leshuk et al. prepared yellow and black TiO2 

by hydrogenation under a 300 ± 5 psig pure H2 environment at 200 °C for 5 days or under flow of 

10% H2/ 90% Ar at 400-500 °C for 24-102 h.82,83 Lu et al. obtained black TiO2 after hydrogenation 

at room temperature, but only after 15 days processing.84 The development of rapid and simple 

approaches to induce surface disorder at TiO2 nanotubes would be highly desirable. In this chapter, 

modification by irradiation from a KrF excimer laser (λ = 248 nm) on NT arrays immersed in DI 

water is carried out. The procedure results in a modified surface at the mouth of the NT arrays 

while maintaining the underlying NTs structure. 85 

3.1 Morphology and crystallinity changes induced by laser 

The effect of laser energy fluence was investigated by keeping the length of the tubes constant at 

1µm and the laser pulses per area (PPA) at 20.  The secondary electron micrographs shown in 

Figure 3.1 reveal the surface morphology of the TiO2 nanotubes after laser irradiation. The TiO2 

surface appears to have been partially melted and re-solidified, with the formation of discrete 

features at the NT surface after irradiation at laser fluences of 0.3 J cm-2 or higher. The feature size 

was 1-2 µm for the lower energy densities (0.3-0.5 Jcm-2) and increased to 2-3 µm for higher 

fluences (0.5-1.0 Jcm-2), showing a more pronounced topographical variability. All of the 

irradiated surfaces maintained a porous morphology. A similar morphology, but with a smaller 

feature size (~ 500 nm) has been reported for TiO2 films grown by sol-gel methods. 86 The 
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formation mechanism was related to the decomposition of organic material during synthesis in that 

work, while in our case the pores are probably generated by the entrapment of water within the 

molten material after laser irradiation followed by evaporation.   

 

Figure 3.1 SEM images of the surface morphology for laser modified 1 μm long TiO2 nanotube 

arrays; the PPA was kept constant at 20 while the energy fluence per pulse was (a) 0.15 Jcm-2, (b) 

0.3 Jcm-2, (c) 0.4 Jcm-2, (d) 0.5 Jcm-2, (e) 0.8 Jcm-2 and (f) 1.0 Jcm-2. The scale bars in each image 

correspond all to 1 µm. 

The XRD patterns of NT arrays subjected to irradiation still show the anatase structure of the 

pristine nanotubes (Figure 3.2), while the main reflections become weaker with increasing laser 

fluence, suggesting degradation of the crystal structure. Specifically, the intensity of the (101), 

(200), (105), and (211) reflections of anatase TiO2 reduces significantly, and only a weak (101) 

peak could be observed after irradiation.  
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Figure 3.2 X-ray diffraction patterns of TiO2 before and after lase treatment with different laser 

energy densities, as reported in the figure.   

Figure 3.3 compares the photocurrent response of pristine anatase NTs with that of laser modified 

NTs at 0.15 to 0.4 J/cm2 (20 PPA) as a function of potential. All samples exhibit an increasing 

photocurrent with applied potential, approaching a plateau between 0.6 and 1.2 VRHE. The 

photocurrent at 1.23 VRHE increases from 0.23 to 0.32 mA/cm2, a ~1.5-fold enhancement, with 

increasing fluence from 0 (pristine NTs) to 0.3 J/cm2. NTs undergoing higher irradiation (0.4 J cm-

2) exhibit a current comparable with the pristine specimen, and an even higher fluence results in a 

decreased response as shown in Figure 3.4, possibly due to the morphology damage caused by the 

high-energy laser irradiation. It should be noted that the photocurrent on/off transients of the 
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pristine NTs, after the initial increase, exhibit a significant decay, suggesting significant 

recombination. The photocurrent transients of the modified samples on the other hand show a 

recombination feature that becomes less noticeable with increasing fluence, suggesting that laser 

irradiation may result in the partial annihilation of trap states.  

 

Figure 3.3 (a) The photocurrent density for laser modified TiO2 arrays undergoing irradiation at 

various fluences in 1 M KOH solution (pH=13.6). Scan rate of 10 mV/s under 100 mW/cm2 

chopped illumination with relatively lower laser energy fluence (<0.5 Jcm-2pulse-1). (b) 

Comparison of the photocurrent at 1.23 VRHE vs. energy fluence/pulse (0 to 0.5 Jcm-2pulse-1).  
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Figure 3.4 The photocurrent density for laser modified TiO2 with relatively higher laser energy 

fluence (0.5 to 1.0 Jcm-2pulse-1).   

The Mott-Schottky plots for a pristine and a modified sample (0.3 J/cm2, 30 PPA) are reported in 

Figure 3.5 (a). The donor density calculated from the slope of the linear region is 3.9x1019 cm-3 for 

the pristine sample, and is 2.66x1020 cm-3 for the modified one, suggesting an increase of shallow 

carrier density by almost one order of magnitude. As a consequence, a large negative shift of the 

flat band potential, from -0.2 to -1.28 VSCE, is observed, resulting in a significant increase of the 

Fermi level, and highlighting the vastly different electronic properties of the modified layer. The 

density and energy of trap states are calculated from the maximum of the low frequency 

capacitance measured at various applied potentials;69,70 the results are displayed in Figure 3.5 (b) 

and (c). A quasi-exponential decrease of defect density is observed for both samples starting from 

the Fermi level. The pristine sample, Figure 3.4 (b), shows a maximum in capacitance at ~0.5 

VSCE, revealing a significant trap state density of 9.3x1016 cm-3. The laser-modified TiO2 in 
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contrast did not show any obvious maximum in capacitance within the potential window 0.4-0.8 

VSCE. Assuming that the trap states are located at the same potential of 0.5 VSCE, calculation of a 

trap state density value of 2.3x1016 cm-3 is possible, which supports the notion that laser 

modification indeed decreases the density of trap states. This decrease in the density of trap states 

in laser-modified samples could be attributed to the trap state passivation by the hydrogen 

generated via water splitting occurring under laser irradiation and possibly by lattice disorder 

induced simultaneously at the TiO2 NT surface.87  

The observed maximum in photocurrent at 0.3 J/cm2 and 20 PPA can therefore be linked to the 

balance of two opposing effects: initially the photocurrent increases with the energy fluence due 

to the higher density of shallow carriers in the modified region; with higher energy fluence on the 

other hand the thickness of the modified region increases further, and the topography becomes 

more pronounced, likely leading to stronger light absorption by this layer, resulting eventually in 

a drop of the photocurrent. 

 

Figure 3.5 (a) Mott-Schottky plots of pristine and optimally laser modified TiO2 (0.3 J/cm-2, 30 

PPA). Density of donors and flat band potential were computed according to Mott-Schottky 

equation based on flat semiconductor assumption. Low frequency capacitance measured from 107 

Hz down to 1 mHz for pristine (b) and optimally laser modified TiO2 (c); the data provide an 

estimate of the defect density vs. applied potential.  
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3.2 Optimizing the laser energy fluence, PPA and length of the nanotube arrays 

towards photo water oxidation 

To investigate the influence of the number of laser PPA and of the nanotube length on the 

morphology and PEC properties, the irradiation energy was fixed at 0.3 J cm-2 while the number 

of pulses was varied. Figure 3.6 (a-d) displays the surface morphology evolution of the 1µm long 

NTs with increasing irradiation PPA from 5 to 40. Similar to the effect of laser fluence, the 

morphology becomes more prominent and roughness increases, while the porous morphology is 

retained. Figure 3.6 (b, e, and f) show the effect of nanotube length (1, 4 and 11 µm) on the surface 

layer morphology following irradiation with 0.3 J cm-2, 20 PPA. From Figure 3.6 (b), the thickness 

of the laser modified region is approximately 300 nm. The surface features are more pronounced 

in the longer tubes, and more NTs are left exposed with increasing length; the lower degree of 

damage observed on the longer nanotubes may be linked to the higher thermal conductivity of 

TiO2, about 20 times that of water, which would facilitate thermal dissipation. The cross sectional 

images in the insets further demonstrate that only a local region at the surface is affected by laser 

irradiation, with minimal to no impact along the length of the tubes.  
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Figure 3.6 SEM images of the surface morphology for TiO2 nanotube arrays irradiated at 0.3 J 

cm-2 with various pulse numbers (a-c): (a) 5 PPA, (b) 20 PPA, (c) 30 PPA, (d) 40 PPA; and (e-f) 

0.3 Jcm-2, 20 PPA with various nanotube lengths: (e) 4 µm and (f) 11 µm. Insets present the cross 

section of the corresponding specimen. The scale bars correspond to 1 µm. 

 

The effect of laser irradiation (0.3 Jcm-2, 20 PPA) on the morphology of 4 µm long TiO2 nanotubes 

was investigated in detail by high resolution TEM and electron diffraction, as shown in Figure 3.7. 

Figure 3.7 (a) displays the cross section of a nanotube array; the nanotubular morphology is 

preserved except for the boxed region, magnified in the inset, showing a ~ 300 nm thick layer, 

roughly corresponding to the region imaged by the SEM micrographs. Figure 3.7 (b) shows 

another NT array in cross section, where two boxes highlight regions at the top and the middle 

section of the NTs. The inset shows a magnified image from area 2, where the lighter contrast and 
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the fringes due to internal strains may suggest a stressed region with poorer crystallinity. Selected 

area electron diffraction (SAED) patterns of areas 1 and 2 in (b) are shown in Figure 3.7 (c) and 

(d), respectively. The first 4 rings in both SAEDs correspond to the (101), (004), (200) and (105) 

planes of anatase TiO2, the same reflections observed in the XRD patterns. Figure 3.7 (c) evidences 

a lattice spacing identical to that of bulk anatase, with the spacings being 3.51, 2.45, 1.90 and 1.71 

Å for these four planes, respectively. Figure 3.7 (d) in contrast exhibits slightly smaller d spacings, 

i.e. 3.50, 2.36, 1.88 and 1.67 Å for the same planes, respectively, confirming that this modified 

region is under significant stress. It should be noted however that the SAD pattern is actually a 

composition of the characteristic of the modified and unmodified regions since the electron beam 

penetrates a relatively thick region of the material. The TEM results are thus in good agreement 

with the XRD patterns, supporting the notion that degradation of the crystal structure is caused by 

laser irradiation.  
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Figure 3.7 High resolution TEM images (a), (b), and selected area diffraction patterns (c), (d), of 

0.3 Jcm-2, 20 PPA laser treated 4 µm TiO2 nanotube arrays.  Area 1 and area 2 in (b) correspond 

to the nanotube wall area and the surface area modified by laser treatment, respectively.  

The influence of PPA and the NT length on the photoelectrochemical performance was studied. 

As shown in figure 3.8 (a), the optimum number of pulses on 1 µm nanotube arrays is 30 PPA, 

resulting in a photocurrent of 0.36 mAcm-2 at 1.23 VRHE, about 1.6-fold that of pristine NTs. The 
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occurrence of a maximum in photoresponse is explained again through the amount of energy 

absorbed by the NTs: at low PPA the improved charge transport owed to the increased charge 

carrier density enhances the photoresponse, while above 30 PPA, the increased thickness of the 

modified layer may limit the absorption and transport of the charge carriers, degrading 

performance. Figure 3.8 (b) shows that increasing the tube length leads to a photocurrent 

enhancement at low bias, but also results in a decrease of photoresponse at 1.23 VRHE. For the 1 

µm NTs, the photocurrent increases monotonously until saturation at 1.0VRHE, whereas for the 4 

µm and 11 µm NTs, the photocurrent increases slightly only up to 0.5-0.6 VRHE, decreasing 

thereafter with increasing bias. This decrease may be due to the fact that, as the applied bias 

increases the driving force for charge transport rises, the rate of e-h recombination is enhanced and 

the mean free path is decreased.88 Electron collection at the back contact therefore decreases with 

higher NT length. As a result, the optimum laser irradiation conditions are obtained in 1 µm TiO2 

NT arrays undergoing modification with a fluence of 0.3 Jcm-2 and 30 PPA.  
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Figure 3.8 Photocurrent measurements for laser modified TiO2 nanotube arrays (a) modified with 

various pulses times, and (b) with different nanotube lengths. Figures on the right compare the 

photocurrent at 1.23 VRHE vs. (a) number of pulses per area, and (b) the nanotube length. 
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3.3 Selectivity of surface water oxidation reaction 

The measured photocurrent during PEC measurements is often considered a proxy for the rate of 

PEC water splitting; however, other sources may be responsible for this photocurrent, including 

oxidation/dissolution of the electrode constituents or of species present in the electrolyte. In order 

to determine the fraction of photocurrent used to run water oxidation, photocurrent measurements 

were performed in a neutral phosphate buffer solution. Results for a representative set of samples 

with different irradiation energy, PPA, and tube length are shown in figure 3.9 (a) without hole 

scavenger solution and in figure 3.9 (b) with the hole scavenger. The water oxidation selectivity 

could be obtained by simply dividing the photocurrent values in figure 3.9 (a) by that in figure 3.9 

(b).89 Figure 3.9 (c) displays the water oxidation selectivity for nanotubes as a function of laser 

fluence, PPA, and nanotube length. The selectivity for pristine TiO2 nanotube arrays reaches up to 

65% at 1.23VRHE. Optimally laser modified TiO2 samples on the other hand exhibit a value of 78%, 

while for samples subjected to a lower PPA, the selectivity has a slight drop to 76%. The 

photocurrent saturates between 0.6 and ~1.0VRHE while below this potential the water oxidation 

selectivity is low, suggesting that the hole injection process needed to oxidize water may be slow 

due to the small interface electric field, making this step rate-determining. By using low energy 

fluence or increasing the nanotube length, a drastic decay of the selectivity is observed; for 

example, 1µm nanotube arrays treated at 0.15 Jcm-2, 20 pulses exhibit a value of 56%, while 4 µm 

NT arrays treated at 0.3 Jcm-2, 20 pulses show water oxidation selectivity of 47% at 1.23VRHE.  
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Figure 3.9 Photocurrent from laser-modified TiO2 nanotube arrays (0.3 J cm-2, 30 PPA) in 0.1 M 

phosphate buffer solution without (a) and with (b) Na2SO3 hole scavenger solution. (c) Water 

oxidation selectivity calculated by calculating the ratio of the photocurrent values in (a) vs. (b).  

3.4 Conclusions 

In this chapter, pulsed laser irradiation of anodized TiO2 nanotube arrays was shown to be an 

effective and convenient method to enhance charge carrier density and induce crystal disorder on 

the anatase TiO2 surface.85 The process was carried out in DI water and completed in only ~ 60 s, 

resulting in the formation of a porous surface layer on top of a seemingly unaffected nanotube 

array. Optimum conditions to fabricate the laser-modified TiO2 NT have been identified. The laser 

irradiation of 1µm length nanotube arrays at an energy fluence of 0.3 Jcm-2 with 30 PPA yields 

optimal performance, showing a 1.6-fold increase in photocurrent with respect to the pristine TiO2 

NT arrays at 1.23 VRHE. Comparing the photocurrent in neutral solution with and without a sulfite 

hole scavenger revealed evidence supporting the limiting performance factor under lower bias to 

be the oxygen oxidation kinetics.  In addition, laser irradiation also increases the water oxidation 

selectivity, from 65% to 78% at 1.23 VRHE. Electrochemical analysis reveals that laser irradiation 

enhances the photoelectrochemical response through an increased charge carrier donor density and 

a reduced amount of deep trap states. The observed decrease in crystallinity and the strain induced 

by a variation in lattice constant may also contribute to the enhanced performance via an enhanced 
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catalytic activity. The process has the potential to rapidly induce crystal disorder, but only to a 

limited extent (~1.6 fold saturated photocurrent density improvement) due to the limited 

penetration of the laser beam within the TiO2 nanomaterial. It is of significance to develop other 

methods of modification which are not limited on/near the surface of TiO2 NTs. 
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Chapter 4-Formation of TiO2 sub-stoichiometries via hydrogen 

treatment 

Hydrogen treatment at ambient pressure of TiO2 is a typical approach to obtain the reduced TiO2 

with high level of defects (known as black TiO2 ), where hydrogen reduces TiO2 by fully or 

partially reducing Ti4+ to Ti3+ (or Ti2+) and creating oxygen vacancies with a corresponding change 

of physical and chemical properties.34,90–93 Wang et al.90 reported the synthesis of hydrogenated 

black TiO2 nanowires and NTs through annealing in a high purity hydrogen atmosphere at 200 to 

500oC. Chen et al.91 treated bamboo-type TiO2 in H2 atmosphere at 400oC for 1h and demonstrated 

enhanced PEC and supercapacitor properties due to the increased conductivity. Zhu et al 94 reduced 

TiO2 NTs under a gas mixture of hydrogen and argon at 400 to 550oC, resulting in a reduced work 

function and an improved conductivity. Up to now, most of the studies based on the reduction of 

TiO2 NTs have been restricted to relatively low annealing temperatures (<700oC) in order to 

maintain the nanotubular morphology. In this chapter, we perform the annealing of TiO2 nanotubes 

in H2 above 700oC, and investigate the degradation of the tubular morphology and the formation 

of a unique particle-nanowire porous structure; we also examine the corresponding phase 

transformation process and its relevance to PEC activity. Our strategy consists in inducing a 

superabundant density of oxygen vacancies, sufficient to form various Magneli phases with higher 

conductivity and lower band gap, thus enhancing both transport and radiation absorption. 

Furthermore, the density of states at the material surface is evaluated by electrochemical 

impedance spectroscopy while the interfacial recombination is studied by evaluating the hole 

transfer efficiency using a sulfite hole scavenger solution as well.95 
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4.1 Morphology and phase changes induced by thermal reduction 

The morphology of the thermally reduced Ti-O compounds was characterized by secondary 

electron micrographs. As shown in Figure 4.1, the H-650 sample (Figure 4.1 (b)) retains the same 

nanotube structure as the pristine anatase phase TiO2 NTs (Figure 4.1(a)), while small particles are 

formed on the mouths of the tubes, increasing the surface roughness. After a 700oC annealing 

(Figure 4.1 (c)), the pore sizes of the nanotube mouths are observed to shrink, while the pore size 

decreases drastically with increasing reduction temperature, up to 750oC (Figure 4.1(d)), where 

the nanotube structure started to degrade. The TiO2 NTs finally undergoes a complete morphology 

change at 800oC (Figure 4.1(e)), where the nanotube geometry is completely lost and a mixture of 

particles and nanowires form instead. Specifically, the particle size varies from 0.5 to 3 μm, with 

the aggregation caused probably by the fast adatom diffusion along high mobility direction and in 

part by internal stresses at high temperatures, while the length of the nanowires ranges from 2 to 

10 μm. The cross sectional images for the TiO2 NTs are shown in the insets, revealing that the NT 

lengths of around 4 μm remains intact for annealing temperatures lower than 800°C, while at 800oC 

(Figure 4.1(f)), the surface layer of the particle-nanowire has a thickness of ~4 µm, which is similar 

to the nanotube precursor. Therefore significant degradation of the NT morphology occurs 

between 750 and 800oC and a new microparticle-nanowire porous structure is formed.  
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Figure 4.1 Top view SEM images of pristine and thermal hydrogen reduced Ti-O compounds 

under various reduction temperatures: (a) pristine without reduction, (b) 650oC, (c) 700oC and (d) 

750oC (e) 800oC (top view) and (f) 800oC (cross section). The insets are the cross section images 

exhibiting the film thickness.  

In order to elucidate the effect of thermal reduction on the structural changes, the crystal phases 

obtained under various annealing conditions are characterized by X-ray diffraction. From Figure 

4.2 (a), the pristine TiO2 indicates only anatase phase peaks due to the annealing process at 350oC 

in air, and the α-titanium hcp phase peaks coming from the substrate. For the H-750 sample, the 
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intensity of most of the anatase phase peaks decreases drastically while the (004) peak slightly 

increases. Meanwhile, several peaks belonging to rutile TiO2 appeared as the rutile phase is 

thermodynamically preferred,96 and the formation of corundum Ti2O3 was determined by the 

diffraction peaks from the (012), (110) and (113) planes.  The phase change further progressed in 

the H-800 sample, where all the anatase peaks disappear. Intense reflections from corundum Ti2O3 

demonstrate that this is one of the dominant phases in this reduced Ti-O compounds. On the other 

hand, it is also interesting to observe some weak peaks from the Ti4O7 Magnéli phase. Furthermore, 

the peak appearing at ~43.8o exhibits the presence of the TiO compound phase, as evidenced by 

the most intense diffraction from the (2-31) and (002) planes. It should be noted that the order of 

formation of the various phases does not correspond to an increasing oxygen deficiency. We 

hypothesize instead that the energy barrier for nucleation and the enthalpy of formation (ΔHf ) for 

each phase determines the rate of nucleation and growth. The values of ΔHf for these phases 

correspond mostly to their order of appearance, supporting the hypothesis. These values can be 

found in Table 4.1.  

Table 4.1. Formation enthalpy of different Ti-O phases 

Phases Formation enthalpy(kcal./mol) ref 
Ti 3.26 [97] 

Anatase TiO2 -224.4 [97] 
Rutile TiO2 -225.6 [98] 

Ti4O7 -768.65 [97] 
Ti2O3 -339.02 [97] 
TiO -118.05 [97] 
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Figure 4.2 XRD patterns of thermal hydrogen reduced Ti-O compounds compared with pristine 

TiO2 NTs with anatase phase.  

The phase transformations occurring during the annealing process may explain the shrinking of 

the nanotubes and finally the collapse of the structure; the various phases being formed from the 

initial anatase in fact are likely nucleating both at the tube mouth and at the interface between the 

Ti and the TiO2 NTs. 99 The new phases have a different crystal structure, preferential growth 

direction and density, inducing growth at the tubes facets and internal stresses that eventually cause 

the filamentary morphology seen in Figure 4.1 (e). 

The TiO compound exhibits metallic-type conduction (σ TiO = ~105(Ω cm)-1 ) in the rock salt 

structure, 100 and therefore a much higher electrical conductivity compared with semiconducting 

TiO2. On the other hand the Ti4O7 phase, as a semiconductor, has been reported to exhibit a much 

narrower optical band gap of 0.6 eV at room temperature101 than that of the anatase TiO2 (3.2 eV), 

possibly broadening the spectral response of TiO2 from a wavelength of 387 nm to 2068 nm, in 
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the far infrared region. The presence of such a multiphase composite may thus enhance both 

absorption and the charge transfer process in a photoelectrochemical reaction.44 In order to better 

understand these properties however, it is necessary to determine the distribution and connectivity 

of such phases, and whether photoactive phases are present at the surface or in the bulk. An ideal 

configuration would consist of a low bandgap semiconductor at the surface, with metallic phases 

in the inner volume to enhance charge carrier transport. The observed color change of the sample 

from brown (before) to black after the reduction reaction is consistent with the absorption of visible 

light as expected, and is shown in Figure 4.3.  

 

Figure 4.3 Photographs of pristine TiO2 and thermal reduced Ti-O compounds.  

  

In order to assess the change in oxidation state of Ti and better determine the oxide species present 

at the surface, X-ray photoelectron spectroscopy was employed to compare the difference between 

pristine TiO2 and the reduced Ti-O composite annealed at 800°C; the measurements were 

performed without previous sputter-etching. The high resolution O 1s and Ti 2p spectra are shown 

in Figure 4.4 (a) and (b), respectively. In Figure 4.4 (a), a more intense O 1s peak is observed at 

530.2 eV. In addition, a broader shoulder is present for the H-800 sample compared to pristine 

TiO2. This shoulder is associated with Ti-OH bonding, which is 1.5 – 1.8 eV higher than the O 1s 



56 

 

binding energy, revealing that more hydroxyl groups are formed on the surface after the thermal 

reduction reaction.102 In Figure 4.4 (b), two peaks are observed, associated with the Ti 2p1/2 and 

2p3/2 centered at binding energies of 464.6 eV and 458.9 eV, which are consistent with the standard 

values of TiO2.
103 No obvious shift of binding energy, nor features related to Ti3+ are observed at 

457.0eV 104,105 for the reduced sample, suggesting a limited fraction of Ti3+ at the surface, as 

observed by others.106  Despite the large phase fraction of Ti2O3 supported by XRD, there is no 

evidence for Ti3+ at the surface according to XPS, probably due to the interior location of this 

phase and the limited penetration length (~ 2 nm). Moreover, Ti3+ is susceptible to oxidation by 

environmental oxygen, and may not be stable for a long period of time on the very surface.107  

 

Figure 4.4 (a) High resolution O 1s XPS spectra and (b) High resolution Ti 2p XPS spectra of the 

pristine TiO2 and H-800. 

 

4.2 Crystal structure and phase analysis by Rietveld refinement 

The crystal structures of rutile (TiO2), anatase (TiO2), and corundum (Ti2O3) are well known, while 

those of the Magnéli series are more complicated. To concisely describe the crystal structures of 
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the sub-stoichiometric Magnéli series (TinO2n-1) and their relationship to that of the stoichiometric 

end members (i.e. corundum (n = 2) and rutile (n → ∞)), a unified representation scheme reported 

by Schwingenschlögl et. al is adapted in the following.108 We start with a description of the crystal 

structure of rutile, whose unit cell is presented in Figure 4.5 (a). The titanium atoms form chains 

of infinite length along the c-axis. Each Ti atom is located at the inversion center of an oxygen 

octahedron. Adjacent oxygen octahedra filled with Ti atoms on the same chain are edge-sharing 

and have the same orientation; adjacent oxygen octahedra filled with Ti atoms on adjacent chains 

are corner-sharing and their orientations are related by a 90o rotation about the rutile c-axis. 

Octahedra of the same orientation form a chain along the rutile c-axis. Chains of octahedra of the 

same orientation line up along the rutile a- or b-axis to form a slab. Slabs of octahedra of different 

orientations stack alternately along the rutile a- or b-axis to form the entire oxygen sub-lattice. The 

oxygen sub-lattice of rutile can thus be envisioned as a network of oxygen octahedra, which is the 

common feature that unifies the sub-stoichiometric Magnéli series (TinO2n-1) and the 

stoichiometric end members (TiO2 and Ti2O3). To represent the crystal structure of other members 

in the series, the oxygen sub-lattice of rutile is kept intact. Crystal directions for any member in 

the series can then be defined with respect to the principle axes of a rutile unit cell, which will be 

called the pseudo-rutile axes (a’, b’, c’) in the subsequent context. The circles in Figure 4.5 (b), (c) 

and (d) show the projection of atoms along the pseudo-rutile a-axis of a slab consisting of two 

chains of octahedra. From Figure 4.5 (b), (c), and (d), one can see that different members in the 

TinO2n-1 series (n⩾2) consist of Ti chains of different lengths, being aligned with the pseudo-rutile 

c’-axis. Notice that the chain length coincides with the degree of stoichiometry (n) in the chemical 

formula: the Ti chains in rutile TiO2 (n → ∞) are not interrupted at all; the Ti chains in Magnéli 

Ti4O7 (n=4) are interrupted every four Ti atoms; the Ti chains in corundum Ti2O3 (n=2) are 
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interrupted every two Ti atoms and etc. In general, for a member in the series of lower oxygen 

content (smaller n), the Ti chains are shorter (i.e. more frequently interrupted). With the above 

description, we intend to capture the common feature of the TinO2n-1 (n⩾2) series and the 

correlation between their stoichiometries and their crystal structures. TiO (n=1) belongs to the 

monoclinic system and has a crystal structure that cannot be unified with the scheme described 

above. The crystal structure of TiO is shown in Figure 4.5 (e) using the representation proposed 

by Valeeva et al., where the atoms and vacancies are projected in the [110]C2/m direction onto the 

(21-1)C2/m plane.109 
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Figure 4.5 (a) A conventional unit cell of rutile TiO2 and the projections along a’ axis of O-Ti-O 

reflecting the crystal structures with a decreasing stoichiometry of (b) rutile TiO2, (c) Magnéli 

Ti4O7, (d) Corundum Ti2O3 and (e) Monoclinic TiO. The blue and red spheres represent Ti and O 

atoms respectively. 

 

Rietveld refinement was carried out to further confirm the presence of the phases and to evaluate 

the phase fractions, in particular those of Ti4O7 and TiO that have low symmetry, triclinic and 
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monoclinic structure, respectively. The refinement results are displayed in Figure 4.6. The phase 

fraction of Magnéli Ti4O7, monoclinic TiO, Corundum Ti2O3 and Rutile TiO2 was determined by 

Rietveld refinement to be 11.2, 64.3, 22.9 and 1.64 At%, respectively, indicating that the first three 

sub-stoichiometric phases are dominant, while the rutile phase almost disappears. Detailed 

parameters for the refinement are provided in Table 4.2. Being the only metallic phase in the Ti-

O composite, and one of the main phases, TiO should contribute most of the charge carriers. A 

rough estimate of the average charge carrier density of the compounds can be obtained by dividing 

the theoretical value of TiO (4.75×1022 cm-3)  by the overall sample volume, resulting in an average 

electronic density of ~ 3×1022 cm-3.110  

Figure 4.6 Rietveld refinements of H-800 sample. The blue line represents the XRD pattern, red 

line represents fitting of background, cyan line represents the deviation between measured and 

fitting results, and vertical bars show the positions of featured peaks of various phases.   
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Table 4.2 Detailed Rietveld refinement parameters and results from H-800 sample 

 

 

4.3 Photoelectrochemical properties of TiO2 sub-stoichiometries 

Linear sweep voltammograms collected from the samples H-650, H-750 and H-800 as a function 

of potential are shown in Figure 4.7 (a). All these photocurrents increase with applied potential 

and reach saturation values before 1.0 VRHE, while the slight increase afterwards for H-650 is 

mainly attributed to the dark current increase. The onset potential of the reduced samples and the 

pristine TiO2 are found to be almost identical at ~ 0.16VRHE. As shown in Figure 4.7 (b), a slight 
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photocurrent increase at 1.23VRHE is observed for H-650 from 0.23 mAcm-2 to 0.25 mAcm-2 

compared with pristine TiO2, while for H-750 the value increases to 0.35 mAcm-2. The optimum 

photoresponse occurs at the reduction temperature of 800°C, where the Ti-O compound exhibits a 

photocurrent of 0.54 mAcm-2, which results in a 2.4-fold enhancement compared to pristine TiO2. 

Photocurrent densities measured in a wider range of reaction temperatures is displayed in Figure 

4.8 (a) and (b). The photoresponse of thermally reduced compounds is related to the reduction 

temperature: from 650°C to 800°C, the photocurrent density increases with the annealing 

temperature, while from 800oC to 850oC the response starts to decay. To further understand the 

correlation between annealing conditions and the Ti-O stoichiometry, EDS measurements were 

carried out, and the oxygen/titanium ratio is plotted in Figure 4.7 (b). Below 750oC, the oxygen 

content decreases with increasing annealing temperature from an atomic O/Ti ratio of 1.75 at 

650oC to 1.39 at 750oC, while this same ratio rises to 1.50 at 800°C; this may be due to the 

significant morphology change. The associated EDS mapping is provided in Figure 4.9. The 

corresponding photoconversion efficiency (η) as a function of applied potential is shown in Figure 

4.7 (c); this is calculated from the equation: η=Jo(1.23-VRHE)/Plight, where Jo is the photocurrent 

density, VRHE is the applied potential vs. the reversible hydrogen reference, and Plight is the power 

density of the light source. According to this equation, best materials achieve the maximum 

photocurrent at a relatively low applied bias. From Figure 4.7 (c), the H-650 sample shows a 

maximum conversion efficiency of 0.12% at 0.48VRHE similar to the pristine TiO2 (0.12% at 

0.53VRHE), while for H-700 and H-750 the efficiency increased to 0.13% and 0.19% and occurred 

at decreasing applied potential of 0.53VRHE and 0.47VRHE, respectively. The H-800 sample 

exhibits the maximum conversion efficiency of 0.33% at 0.45VRHE.  
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Figure 4.7 (a) Linear sweep voltammograms collected from reduced Ti-O compounds at different 

annealing temperatures, in a 1 M KOH solution with a scan rate of 10mV/s under 100mW/cm2 

pulsed illumination. (b) Atomic percent ratio of oxygen/titanium measured with EDS (black dots) 

and the measured photocurrent density for reduced Ti-O compounds at 1.23VRHE (Red dots). (c) 

Calculated photoconversion efficiencies for the reduced Ti-O compounds as a function of applied 

potential.  

 

Figure 4.8 (a) Photocurrent density vs. applied potential for H-700, H-800 and H-850 in 1M KOH 

solution under pulsed AM 1.5G solar illumination. (b) Dependency of photocurrent density at 

1.23VRHE vs. reduction temperature. The optimum condition occurs at 800oC.  
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Figure 4.9 EDS mapping of (a) H-650, (b) H-700, (c) H-750 and (d) H-800 from the top view of 

Nts. The elemental distribution is uniform for the first three samples, while for H-800, the particles 

on the surface are oxygen-rich.  

Aside from the generation of oxygen deficient Ti-O compounds at higher temperature as indicated 

by XRD analysis, oxygen loss could also be associated with the incorporation of H into the TiO2 

structure; this has been reported by Amano et al. in powder rutile TiO2 annealed at 700°C in H2, 

where Ti-OH bond formation was detected.106 The incorporation of hydrogen has been known to 
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contribute to n or p-type conductivity, depending on the type of the host material.111 According to 

these authors, H-incorporation in TiO2 allows for the alignment of the energy level of hydrogen to 

be around the conduction band minimum of TiO2, possibly resulting in an increase of n-type 

conductivity in the host TiO2. This may partially explain the enhanced photocurrent response for 

the TiO2 NTs at 700°C, 750°C and 800°C.  

The dependence of photocurrent density on reduction time at 800°C has also been investigated as 

shown in Figure 4.10; the optimal reaction time is 0.5 h, with a 2h reduction process showing the 

same current response.  

Figure 4.10 (a) Linear sweeps voltammograms collected from Ti-O compounds reduced at 800oC 

for 5min, 30min and 120min. (b) Measured photocurrent density at 1.23VRHE. The photocurrent 

density increases from 0.4 mA cm-2 for 5min reduced sample to 0.54 mA cm-2 for the 30min 

reduced Ti-O compound, while the values of 30 min and 120 min are almost the same, indicating 

the reduction time of 30 to be the optimal condition.  

To investigate the dependence of PEC properties on the donor density, Mott-Schottky plots were 

measured by EIS for the pristine TiO2, H-750 and H-800; the data are presented in Figure 4.11. 

All samples exhibit a positive slope, confirming n-type doping. The density of donors for pristine 
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TiO2 is 3.92×1019 cm-3 as shown in Figure 4.11 (a), in accordance with the reported value for 

anatase TiO2.
112 An enhancement in doping level of ~1 or 2 orders of magnitudes is achieved for 

H-750 (2.48×1020cm-3) and H-800 (9.38×1021cm-3), as shown in Figure 4.11 (b) and (c). The high 

density of charge carriers for H-800 is mainly attributed to the dominance of metallic TiO, with a 

charge carrier density of ~4.75×1022 cm-3. These results imply that the increase of charge carrier 

density on the surface induced by the thermal reduction largely contributes to the modification of 

PEC properties.  

 

Figure 4.11 Mott-Schottky plots and calculated density of donors for (a) pristine TiO2, (b) H-750 

and (c) H-800 measured by EIS at a fixed frequency of 107 Hz measured.  

It should be noted that this calculation is based on the assumption that the capacitance is mainly 

contributed by the bulk space charge, neglecting the presence of surface states. However, the H-

750 and H-800 samples consist of large fractions of substoichiometric Ti-O compounds instead of 

pure TiO2, and the contribution of the capacitance from surface states may not be negligible. This 

may lead to a deviation from the linear fits of ideal Mott-Schottky plots, as shown in Figure 4.11 

(b) and (c), where varying slopes are observed. In order to investigate this effect in detail, M-S 

plots where measured using various frequencies in the range from 11 kHz to 1 Hz, as shown in 

Figure 4.12. From Figure 4.12 (a) (b) and (c), the traces collected at high frequency present similar 

slopes, while at medium and low frequencies, the slopes depend on frequency, probably due to the 
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contribution of surface states to the capacitance, leading to a higher calculated value of donor 

density. For the H-800 sample instead, the slopes measured at medium and low frequencies show 

much less deviation from linearity, as shown in Figure 4.12 (d) (e) and (f), suggesting that the main 

contribution to the overall capacitance is from the bulk space charge, and the estimated density of 

donors on this sample is closer to the real value. On the other hand, since both materials consist of 

semiconducting and metallic phases, it may be inappropriate to utilize the Mott-Schottky model. 

Despite the fact that these results may not provide an accurate value, these estimates are reasonable 

if compared to the charge carrier density obtained by the crystallographic phase composition as 

previously discussed.  

 

Figure 4.12 Mott-Schottky plots for (a) high frequency (b) medium frequency and (c) low 

frequency for H-750, and (d) high frequency (e) medium frequency and (f) low frequency for H-

800. High frequency represents the range from 11k Hz to 0.68k Hz, medium frequency represents 

the range from 191Hz to 18.7Hz, and the low frequency represents the range from 10.6Hz to 

1.03Hz. This denomination is only for the more precise discussion.   
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The observed formation of conducting and semiconducting phases could possibly increase charge 

carrier density and may enhance transport and light absorption, respectively, while the significant 

oxygen loss may facilitate formation of active Ti3+ sites, although we have not been able to detect 

such species, probably due to the limited lifetime.113 Measurements of Incident Photon to Current 

Efficiency (IPCE) and the absorption on H-800 samples in Figure 4.13 (a) and (b) however have 

shown that absorption is enhanced, but this does not result in visible light induced photocurrent, 

suggesting limited coupling between photoexcited orbitals and the electronic states responsible for 

the photocurrent. This leads us to hypothesize that a combination of enhanced transport and 

improved catalytic activity/selectivity could be responsible for the observed PEC response. 

 

Figure 4.13 (a) IPCE vs. wavelength of pristine TiO2 and H-800 sample measured by using a 

250W QTH lamp powered by Princeton Instrument TS-428 PSU. IPCE increase is only observed 

in the UV region. (b) Absorption spectrum measured by using a Cary Varian 5E UV-VIS-NIR 

spectrophotometer. H-800 sample shows absorption improvement in the visible region compared 

with pristine TiO2. 
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4.4 Water oxidation kinetics at the interface for TiO2 sub-stoichiometries 

The water oxidation selectivity can be determined by comparing the measured photocurrent in the 

electrolyte of choice to that tested in the same solution with a fast-oxidizing species with a ~ 100% 

oxidation selectivity, assuming that the charge separation yield is the same in the bulk material, as 

discussed in the previous chapters. In Figure 4.14 (a) and (b), photocurrent densities from 

thermally reduced Ti-O compounds in 0.1 M phosphate buffer solution without and with 1 M 

Na2SO3 are plotted, and from these data water oxidation selectivity is calculated by simply dividing 

the two sets of photocurrent values. In Figure 4.14 (c), the water oxidation selectivity of H-650 is 

seen to constantly increase with the applied potential, possibly due to the lifetime increase of the 

surface holes that are kept from recombination by the increasing bias.114 The water oxidation 

selectivity of all other samples reaches a saturation value between 0.6 and 1.0 VRHE, similar to the 

potential range where photocurrent saturates. This finding can be rationalized assuming that the 

interfacial recombination is the rate determining step before the saturation potential, where the 

hole injection process is limited by the small interface electric field. On the other hand, the water 

oxidation selectivity calculated at 1.23VRHE is shown in Figure 4.14 (d) as a function of reduction 

temperature; the yield of H-650 reaches 60%, close to that of a pristine TiO2 (65%). Ti-O 

compounds treated at higher temperature in contrast show a vast increase in the water oxidation 

selectivity, which reaches 85%, 87% and 92% for H-700, H-750 and H-800 respectively, 

indicating that the interface recombination no longer limits the PEC reaction at higher potential. 

Saturation of the photocurrent is associated to the maximization of the space charge layer within 

the nanotubes or in the filamentary morphology of H-800. 115 Another possibility is that saturation 

could result from the Fermi level pinning, if a sufficiently high defect density are generated.116 We 

conclude that for reduced Ti-O compounds the interfacial recombination is no longer the rate-
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determining process at high bias; the effects of space charge layer limitations or Fermi level 

pinning instead dominate. 

 

Figure 4.14 Photocurrent density from thermal reduced Ti-O compounds in 0.1 M phosphate 

buffer solution without (a) and with (b) 1M Na2SO3 hole scavenger solution. (c) Calculated water 

oxidation selectivity by comparing the photocurrent density values in (a) and (b). And (d) water 

oxidation selectivity as a function of annealing temperature at 1.23VRHE.  

4.5 Thermal reduction vs. electrochemical reduction 

In our previous work20,114, we showed that electrochemical (EC) doping with hydrogen can cause 

photocurrent increase due to trap state passivation. On the other hand, hydrogen doping has also 
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been reported as an effective modification method to improve the photoelectrochemical properties 

of transition metals.117–119 In order to compare EC vs. thermal reduction and, by combining the 

two, hopefully improve the PEC performance of the thermal reduced Ti-O compounds, pristine 

TiO2 NTs and thermally reduced Ti-O compounds were EC doped with H+ at a negative potential 

bias. EC-doping is reported not to change the structure and morphology of TiO2 NTs20, which is 

also confirmed by our results in Figure 4.15 (a) and (b). 

Figure 4.15 (a) SEM image of the top view and cross-section of the EC-doped TiO2 NTs. (b) XRD 

patterns of the pristine TiO2 and EC-doped TiO2 NTs. No obvious morphology or phase change is 

observed for the doped TiO2 compared with pristine TiO2. 

Figure 4.16 (a) compares the pulsed photo response of pristine TiO2, EC-doped TiO2 (EC-TiO2) 

and a thermally reduced Ti-O compound (H-800). The photocurrent is saturated before 1.0 VRHE 

for both the pristine TiO2 and thermally reduced Ti-O compound, while it increases gradually for 

the EC-doped TiO2, such that at 1.5 VRHE, the photocurrent in the EC-TiO2 equals that of the 

thermal reduced sample, which shows around 2.5-fold improvement compared to pristine TiO2. 

The unsaturated photocurrent of EC-doped TiO2 is attributed in part to a significant series 

resistance, and possibly with the unpinning of the Fermi level caused by the passivated trap 
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states.20,116 However, the early saturation potential makes thermally reduced Ti-O superior to EC-

doped TiO2 due to a larger photoconversion efficiency as shown in Figure 4.17. Figure 4.16 (b) 

exhibits the photocurrent density at 1.23VRHE for thermally reduced Ti-O compounds without and 

with further EC-doping. For the H-650 sample, a large photocurrent increase of 0.2 mA cm-2 is 

observed, while only a 0.04 mA cm-2 increment is found in H-700. For H-750 and H-800.  

Figure 4.16 (a) Linear sweep voltammograms of pristine TiO2 NTs, thermal reduced Ti-O 

compounds and EC reduced TiO2 NTs. (b) A comparison of photocurrent density of thermal 

reduced Ti-O compounds without and with further EC H-doping. The differences between the 

values are marked.  
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Figure 4.17 Calculated photoconversion efficiencies for the thermal-reduced Ti-O compounds and 

EC-doped TiO2. The thermal reduced sample exhibit enhanced conversion efficiency.  

 

The difference in photoresponse is quite small, and even the curves of the linear sweep 

voltammograms stay the same as shown in Figure 4.18, indicating that no obvious EC-doping 

effect occurs for Ti-O compounds under high temperature reduction. As aforementioned, low 

concentration point defects (<10-4 ) often act as trap states facilitating recombination, while Li or 

H dopants effectively fill these sites, passivating the defects and leading to a higher photocurrent 

density. On the other hand, highly reduced materials exhibit large fractions of substoichiometric 

phases, wherein trap states could be generated by line defects due to the shear planes formation;120 

the point defects passivated by H or Li in comparison are negligible with respect to the defects 

induced by annealing.  
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Figure 4.18 Linear sweeps voltammograms of thermal reduced Ti-O compounds prepared at 

various temperatures without (black curves) and with further EC-doping (red curves). For H-750 

and H-800, the curves without and with EC doping stay almost the same, proving the non-effect 

of EC-doping on the high-temperature reduced Ti-O compounds.  

 

4.6 Conclusions 

In this chapter, thermal reduction under high annealing temperature is demonstrated to be an 

effective method to induce morphology changes and to form substoichiometric phases in anatase 

TiO2 NTs.95 Despite the complete degradation of the TiO2 tubular structure at high reduction 
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temperature, TiO2 NTs serve as a promising precursor to form a microparticle-nanowire porous 

structure consisting of sub-stoichiometric Ti-O phases including corundum Ti2O3, monoclinic 

TiO, the Ti4O7 Magnéli phase and a small fraction of rutile TiO2, which exhibits enhanced 

photocurrent density and energy conversion efficiency. Specifically, the newly formed structure 

at 800oC shows a 2.5-fold increase in photocurrent at 1.23VRHE and a 2.8-fold increase in 

photoconversion efficiency at a reduced bias with respect to the pristine TiO2 NTs. This 

improvement is probably due to the increased amount of density of states at the surface measured 

with EIS as well as by reduced interfacial recombination process owing to an accelerated water 

oxidation kinetics. In particular, the density of surface defects in thermal-reduced Ti-O compounds 

is observed to increase by 2 orders of magnitude compared with pristine TiO2, and analysis of the 

water oxidation selectivity indicates an improvement from ~65% to 92% for the reduced Ti-O 

compounds at 1.23VRHE. The enhanced water oxidation selectivity implies that the hole injection 

process on the interface is no longer the rate determining step at higher bias for the reduced 

samples. Compared with laser surface modification and electrochemical reduction, the formation 

of TiO2-x sub-stoichiometries under heavy reduction environment exhibit an enhanced 

photoelectrochemical, which is attributed to an increased number of donors as well as a higher 

conductivity. However, the light absorption is only limited in the UV region and no photoresponse 

is observed when the wavelength is larger than 450 nm. This may be due to the fact that 

photogenerated electron/hole pairs cannot be effectively separated in highly conductive TiO or 

Ti2O3 such that the photoactive species in the abovementioned Ti-O compound is decreased 

despite the improved charge transfer property. Introduction of defects into the TiO2 NTs without 

significant phase/morphology change is therefore desirable, in order to better understand and 
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investigate the optimum amount of oxygen deficiencies for a maximized solar energy conversion 

efficiency.  
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Chapter 5-Introducing Ti3+/oxygen vacancies into TiO2 nanotube 

arrays 

Since the work of Asahi et al.,41 nitrogen doping has been considered to be among the most 

promising approaches to fabricate the high defective TiO2 (so-called black TiO2).
33,41,121 The 

experimentally determined energy levels of these localized oxygen vacancies are estimated at 0.75-

1.18 V below the conduction band minimum,37 while a high vacancy concentration induces a 

vacancy band just below the conduction band,32 which is proven to increase photoabsorption and 

catalytic activity.106,122 Different methods have been used to intercalate nitrogen in TiO2, resulting 

in a variety of complex species, with different contributions to absorption. Most nitrogen doping 

methods are accompanied by an increase in the density of oxygen vacancies (VO), due to the 

lowering of their formation energy.123,124 As a consequence, Ti3+ reduced species are also 

generated, thus increasing the density of the active sites, but making it difficult to identify the main 

contribution leading to the enhanced photocatalytic activity. For example, some studies consider 

the catalytic activation of NH3 treated TiO2 only from the Ti3+ reduced species and oxygen 

vacancies, while N only stabilize the generated defects.125–128 Other researches however imply a 

synergistic effect of the co-dopants, oxygen vacancies and substitutional N dopants, where the p 

states of N dopants contribute to the band-gap narrowing by mixing with O 2p states.129,130 In 

addition, N doping is often achieved by flowing NH3 at about 550-600ºC. Under these conditions 

NH3 decomposes forming hydrogen, which contributes additional reduction of TiO2 and 

introduces another source of dopants.131 In this chapter, we use a mild thermal treatment method 

involving the sequential flow of gaseous Ar-NH3-Ar (AN) at 450°C with the aim to achieve N 

doping in TiO2, and in turn inducing formation of a significant amount of Ti3+/oxygen vacancy 
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pairs, as proven by XPS, EPR and EDS. This treatment maintains the nanotubular morphology and 

the anatase phase structure of the pristine TiO2 NTs.132  

5.1 Ti3+/oxygen vacancies introduced by Ar/NH3 thermal treatment 

X-ray Photoemission Spectroscopy was used to investigate the surface composition of the TiO2 

NTs and the changes in oxidation state change of the elements. The high resolution Ti 2p spectrum 

is shown in Figure 5.1 (a); the peaks at the binding energy of 458.9 eV and 464.6 eV are assigned 

to the Ti 2p 3/2 and Ti 2p 1/2, respectively. These features are observed both for the pristine and 

the argon-ammonia treated TiO2 (AN-TiO2), and exhibit the character of Ti4+. No shifts were 

observed in the XPS peak positions following the NH3 treatment. The Ti3+ peak expected around 

457.0 eV was also absent, probably due to the rapid oxidation of the surface Ti3+ species.106 This 

indicates that Ti4+ is dominant on the surface for both pristine and AN-TiO2. The O 1s spectrum 

in Figure 5.1 (b) shows only the one peak located at 530.2 eV, which corresponds to the lattice 

oxygen of TiO2, revealing that only limited amounts of adsorbed oxygen or hydroxide species are 

present at the surface.133 Figure 5.1 (c) shows the N 1s spectrum region; the N 1s peak is located 

at ~400 eV and assigned to the molecular γ-N2 chemisorption, as well as that located at ~396 eV 

representing atomic β-N are both absent, demonstrating that the Ar/NH3 treatment 41,134 results in 

limited (or none) N insertion; we hypothesize therefore that this mild treatment leads to a weak 

adsorption of N, eventually resulting in its desorption upon the final Ar gas injection.  The absence 

of a signal from N 1s in XPS has been previously reported for N-doped TiO2.
135 Failure to observe 

a dopant in XPS is not surprising given that the XPS detection limit is 0.1-1 atom%. 136 XPS 

spectrum for pure Ar treated TiO2 NTs is present in Figure 5.1 (d) and no obvious change is shown 

after the Ar treatment as well.  
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Figure 5.1 (a) Ti 2p, (b) O 1s, (c) N 1s XPS patterns for pristine TiO2 NTs and AN-TiO2 NTs. (d) 

Ti 2p XPS patterns for pristine TiO2 and pure Ar treated TiO2.  

 

In order to further characterize the effects of the Ar-NH3-Ar treatment, EPR measurements are 

carried out and the results are shown in Figure 5.2. The absence of a g-factor of 2.02 assigned to 

the O2
- from adsorbed O2 by surface Ti3+ (Ti3+-O2) for both pristine and AN-TiO2 further verify 

the lack of Ti3+ surface species caused by oxidation.129,137 For the pristine TiO2, a weak peak at a 

g-factor of 1.996 indicates the presence of Ti3+ in the bulk material, while for the AN-TiO2, a sharp 

peak with higher intensity is found at the same position, suggesting a large amount of Ti3+ bulk 
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species introduced by the Ar/NH3 treatment.138 It should also be noted that the commonly observed 

EPR signal of g=2.005-2.003 for the paramagnetic (Nb•) bulk centers in nitrogen-doped TiO2 is 

also absent, which supports the XPS observation that only trace amounts of N are present.139,140 

 

Figure 5.2 EPR spectra for the background, pristine TiO2 and Ar/NH3 treated TiO2 NTs. 

 

The morphology of the AN-TiO2 is characterized by secondary electron micrographs as shown in 

Figure 5.3 (a). The AN-TiO2 retains the same nanotubular structure, and the tube length is fixed to 

7 µm, controlled by the anodization time. The average pore size of the nanotube mouths is ~80 nm, 

and the wall thickness is ~30nm, which is unchanged compared to pristine TiO2 NTs. XRD patterns 

are shown in Figure 5.3 (b) for the pristine anatase TiO2 NTs and AN-TiO2 treated under different 

reaction time. No shift in the peak positions or emergent new peaks were observed in the modified 

sample, confirming that the anatase phase of TiO2 is retained. However, there is a pronounced 
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increase of the anatase (004) peak for all treated samples, suggesting a preferred orientation. From 

the SEM and XRD measurements, either morphology or phase structure barely change after the 

Ar/NH3 treatment, due to the relatively low temperature of 450°C, which is in agreement with 

observations conducted at similar temperatures, as reported by other works.90,91 To investigate the 

atomic composition change due to the presence of Ti3+, XPS sputter profiling is performed with 

Ar ion milling. The composition as a function of etching depth up to 150 nm is displayed in Figure 

5.3 (c). In order to eliminate the effect of Ar ion etching on the atomic composition, a comparison 

of pristine TiO2 with AN-TiO2 is carried out. For the AN-TiO2, a decrease in O fraction and 

increase in Ti are observed compared to pristine TiO2 as shown in figure 5.3 (c), which implies the 

generation of Ti3+ and the corresponding oxygen vacancies upon the Ar/NH3 treatment. In parallel, 

the N fraction remains undetectable along the depth, confirming the absence of N insertion in the 

bulk. Average atomic compositions along a 150 nm etching depth for pristine TiO2 and three AN-

TiO2 samples treated for different times are shown in Figure 5.3 (d). Pristine TiO2 exhibits an 

excess of oxygen, probably due to a highly oxidized surface, while all the AN-TiO2 samples show 

an O/Ti ratio less than the stoichiometric value of 2. Furthermore, this ratio decreases further with 

treatment time, indicating that the concentration of Ti3+ species can be increased by lengthening 

the time of treatment. This also demonstrates that the main contribution of the Ar/NH3 treatment 

is to introduce Ti3+ into the materials, thus increasing the oxygen vacancy density.  
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Figure 5.3 (a) FE-SEM image of AN-TiO2 NTs (the inset was taken from the cross-section 

direction). (b) XRD patterns of pristine and AN-TiO2 samples annealed under different times. (c) 

XPS determined atomic composition vs. Ar ion etching depth of pristine TiO2 and AN-TiO2 (2h). 

(d) Average atomic composition calculated from the top 150 nm layer thickness of the pristine and 

AN-TiO2 NTs based on XPS intensity. 

 

5.2 photoelectrochemical properties of Ar/NH3 modified TiO2 NTs 

Linear sweep voltammograms under chopped illumination are shown in Figure 5.4 (a) for the 

pristine TiO2 and AN-TiO2 NTs. The photocurrent for the pristine TiO2 saturates at ~0.5 VRHE and 

the maximum value is ~0.23 m Acm-2, probably owed to the limited mean free path of the charge 
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carriers. In contrast, the photocurrent generated by the AN-TiO2 keeps increasing and reaches 0.93 

mAcm-2 at 1.23VRHE, a 4-fold improvement with respect to the pristine materials. The dark current 

remains zero for both measurements, suggesting that no side reaction occurs. The PEC 

performance of pure Ar-treated TiO2 is also compared in the same figure, where only a slight 

improvement of 0.08 mA/cm2 is obtained, implying the synergetic effect of Ar and NH3. In order 

to investigate this improvement, the incident photon-to-current conversion efficiency (IPCE) in 

the wavelength region of 350 to 700 nm is shown in Figure 5.4 (b). The IPCE for AN-TiO2 at 350 

nm, a wavelength close to the absorption limit of the anatase TiO2 bandgap (3.2 eV, 388 nm), is 

close to 100%, demonstrating the absorption enhancement in the UV region. The IPCE of AN-

TiO2 remains above 10% up to 500 nm while the IPCE value for pristine TiO2 remains zero above 

450 nm, which demonstrates a wider spectral response and visible light-induced photocurrent. This 

behavior is also in agreement with the color change from brown to black before and after the 

treatment.  

Figure 5.4 (a) Linear sweep voltammograms under AM 1.5G chopped illumination of the pristine 

TiO2 NTs and AN-TiO2 NTs. (b) IPCE of the incident light of AN-TiO2 NTs.  
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Linear sweep voltammograms under illumination for the AN-TiO2 treated under different 

durations are displayed in Figure 5.5 (a). At higher applied potential (>1 VRHE), the photocurrent 

density increases with the reaction time, suggesting stronger absorption and/or improved transport. 

Above 1.55 VRHE, the current density for all the three samples are above 1 mA cm-2, comparable 

with the theoretical maximum for pure TiO2 of ~1.1 mA cm-2.141 Figure 5.5 (b) summarizes the 

potential values where the photocurrent density reaches 1 mA cm-2. This value drops with 

increasing reaction time, and in particular, for AN-TiO2 (4h), the potential to reach 1 mAcm-2 is 

1.18VRHE, less than the standard potential of water oxidation, demonstrating a significant 

advantage when performing photo-induced water oxidation. It should be noted that no obvious 

change in the XPS spectra is observed with the various treatment time as shown in Figure 5.6, due 

to the fact that the surface is oxidized in air after the treatment while the informational thickness 

of XPS measurements is usually less than 10 nm.  
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Figure 5.5 (a) Linear sweep voltammetry under AM 1.5G illumination of Ar/NH3 modified TiO2 

NTs under different reaction times. (b) The potential at which the current density reaches 1 mA 

cm-2 for AN-TiO2 NTs with different reaction time. 

 

 

Figure 5.6 (a) Ti 2p, (b) O 1s of XPS spectrum of AN-TiO2 treated with different reaction times 

under NH3. 
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In order to compare the majority carrier densities and the flat band potentials, Mott-Schottky plots 

were generated for the AN-TiO2, AN-TiO2 (2h) and AN-TiO2 (4h) at various frequencies, from 

100 kHz to 1 Hz. The frequency (~100Hz) showing the maximum imaginary component in the 

impedance was used to determine the capacitance from the space charge; the corresponding Mott-

Schottkty plots are shown in Figure 5.7 (a).68 The positive slopes confirm the n-type nature of the 

modified TiO2.
142,143 The largest charge carrier density for the pristine sample, as calculated from 

the linear region is 3.92×1019 cm-3, to be compared with the values of 4.99×1020 cm-3, 7.04×1020 

cm-3, 3.61×1021 cm-3 for the TiO2 treated with Ar/NH3  for 1, 2 and 4 hrs, respectively, as shown 

in Figure 5.7 (b). This suggests an increase in carrier densities by 1-2 orders of magnitude due to 

the NH3 treatment. This result demonstrates that the charge carrier density is increased by 

extending the treatment time, which is in agreement with the trend of the photoresponse, 

confirming that the enhanced charge carrier density is an important contributor to the PEC 

performance improvement.  

 

Figure 5.7 (a) Mott-Schottky plots measured at a frequency of 100 Hz for the AN-TiO2 with 

different reaction times. (b) Calculated density of donors (black) and flat band potential (blue) as 

a function of reaction time in NH3. 
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Additionally, the Mott-Schottky plots without/with light are compared in Figure 5.8.  The fitted 

slope of the Mott-Schottky curve under illumination is similar to the slope in the dark, as the 

density of donors calculated from the capacitance of the depletion layer is an intrinsic behavior of 

the material and should not change with the incident light. However, the flat band potential, 

depending on Fermi level position, shifts anodically by ~0.3V with the photon excitation. The shift 

direction is determined by the type of the charge carriers that are stored in the depletion region and 

thus a positive shift of the potential is a good indicator that the stored charge carriers are 

photogenerated holes,144 in agreement with the n-type semiconductor nature of the AN-TiO2.  

 

 

Figure 5.8 Mott-Schottky plots of the AN-TiO2 (4h) in the dark and under 1.5G solar illumination.  

 

The flat band potentials are obtained from the X-axis intercepts of the Mott-Schottky plots. The 

pristine sample shows a flat band potential (VFB) of 0.456 VRHE, similar to the values reported by 
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previous publications.66,145 The AN-TiO2 samples instead exhibit a cathodic shift of the VFB, with 

this value dropping to 0.386 V, 0.371 V and 0.367 V for AN-TiO2, AN-TiO2 (2h) and AN-TiO2 

(4h), respectively. The more positive VFB observed in the pristine TiO2 implies that a significant 

external bias is required to neutralize the band bending, allowing minority carriers to reach the 

surface and carry out water oxidation. This is due to the large band bending generated by a large 

difference between the Fermi level of TiO2 and the redox potential of OH-/O2. In contrast, this 

energy difference in the AN-TiO2 samples is lowered, as indicated by the reduced VFB, which can 

be further reduced by extending the treatment time as shown in figure 5.7 (b). 

In order to investigate the dependence of the photo-catalytic properties on the length of the 

nanotube arrays, TiO2 NTs were then grown with lengths of 1, 3, 6 and 8 µm by varying the 

anodization time. The cross section SEM images of the AN-TiO2 with different lengths are shown 

in Figure 5.9 (a); the morphology retains the nanotube geometry, and the diameter of the nanotubes 

remains the same as pristine TiO2 NTs. The linear sweep voltammograms under AM 1.5G 

illumination of AN-TiO2 NTs with various lengths are compared in Figure 5.9 (b). The 

photocurrent densities at 1.5 VRHE are 0.68 mA cm-2, 0.91 mA cm-2, 1.10 mA cm-2 and 1.25 mA 

cm-2, respectively for the 1, 3, 6 and 8 µm nanotube lengths, indicating a clear trend of increasing 

photoresponse with the length of the nanotube arrays. Typically, longer TiO2 NT arrays capture 

more photons and thus generate larger amounts of photo-generated electron/hole pairs; these 

charge carriers however are prone to recombination during the extended travel path, such that an 

optimum thickness exists that maximizes photocurrent.114,146 For pristine TiO2 nanotubular 

structures, UV photons are mainly absorbed in the first 1-2 µm layer from the surface and the 

electron mean free path needs to be comparable with the remaining tube length for electrons to 

reach the back contact before recombination.147,148 The optimum thickness for efficient photo-



89 

 

catalysis therefore often does not exceed 3 µm.149 For the AN-TiO2 samples, this thickness is 

shown in Figure 5.9 (c) to go beyond 8 µm, probably due to the higher conductivity caused by the 

increased charge carrier density introduced by the treatment, as demonstrated by the Mott-Schottky 

method. Furthermore, the onset potential undergoes a cathodic shift from 0.243 V to 0.189 V with 

the increase in the NT length, which indicates an increased photovoltage, probably also due to the 

reduced VFB.  
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Figure 5.9 (a) Cross section FE-SEM images of AN-TiO2 NTs various tube lengths. (b) Linear 

sweep voltammograms under AM 1.5G illumination of AN-TiO2 NTs with various lengths. The 

inserted plot shows the onset potential vs. NT length. (c) Measured photocurrent density at 1.23 

VRHE as a function of NT length. (d) Stability test of NH3 TiO2 NTs at 1.23 VRHE for 3000 s. 

 

5.3 Stability of Ar/NH3 modified TiO2 NTs 

The short term stability of the various AN-TiO2 was measured for 3000 s under chopped 

illumination as shown in Figure 5.9 (d), showing no decay in the photocurrent within these time 

scales. The medium term stability are first evaluated by comparing the photocurrent density at 1.23 

VRHE of a fresh sample with the same sample placed in air for 1 week as shown in Figure 5.10 (a). 
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The photocurrent remains stable for the first 10 mins and no obvious decay was observed. The two 

photocurrent values coincide, suggesting that the Ti3+ species in the AN-TiO2 are stable after 

exposure in air for a period of one week, thus implying good stability. The photocurrent density 

however drops to half the value when stored in air for 6 months. In order to better understand the 

photocurrent decay after a long term air exposure, the composition along the length of the AN-

TiO2 NTs is shown in Figure 5.10 (b). The oxygen fraction is much higher on the top 1 µm of the 

nanotube surface, while the O atomic fraction gradually decreases to the stoichiometric 

composition (O/Ti=2.0) at 2.8 µm from the top surface; the stoichiometry at the bottom half of the 

nanotube instead was found to be below 2.0, similar to the composition of the AN-TiO2 fresh 

sample. The change of composition along the NT array reveals therefore that the top layer of up 

to ~3 µm is highly oxidized in air, while the inner layer still retains a large amount of Ti3+ reduced 

species; this surface oxidation may explain the photocurrent drop after 6-month air exposure. In 

addition, we note that the photocurrent density of AN-TiO2 after 6 months in air is still higher than 

that of pristine TiO2 NTs.  
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Figure 5.10 (a) Chronoamperometry plot at 1.23 VRHE under illumination for the same AN-TiO2 

sample placed in air for different times. (b) EDS determined atomic composition along the length 

of the nanotube array for AN-TiO2 NTs placed in air for 6 months. (The orange dots inserted in 

the SEM image indicate the locations of each EDS measurement) 

 

5.4 Conclusions 

In this chapter, TiO2 NTs have been synthesized via a sequential Ar-NH3-Ar flow at 450oC. From 

XPS and EPR, we prove that little amounts of nitrogen is incorporated in TiO2, while a large 

density of Ti3+ species is generated, both at the surface and in the bulk.132 When performing as a 

photo-catalyst in alkaline solution, the Ar/NH3 modified TiO2 NTs (AN-TiO2) exhibit a 5-fold 

enhancement in photocurrent compared with pristine TiO2 NTs, due to the broadened photon 

absorption both in the ultraviolet and visible region of the solar spectrum. Furthermore, the 

photoresponse of AN-TiO2 NTs can be optimized by increasing the reaction time. In particular, a 

photocurrent of 1 mA cm-2 is obtained at 1.18 VRHE when the reaction time in NH3 is set as 4 hrs. 

We also demonstrate that the performance improvement reflects the increased density of charge 

carriers as well as the reduced flat band potential as an effect of the treatment. An increase of the 
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AN-TiO2 layer thickness is also observed to further increase the photo-catalytic performance. In 

addition, no obvious decay in photocurrent is observed when the photoanode is operated in 1 M 

KOH under illumination at 1.23 VRHE for 10 min, or after being stored in air for 1 week, while this 

value drops by half after exposure in air for 6 months, due to the progressive oxidation of Ti3+ 

species in the first 3 µm layer from the surface. Compared with laser surface modification, 

hydrogen thermal reduction and electrochemical reduction methods, Ar/NH3 treatment on TiO2 

exhibit an superior enhancement on the TiO2 NTs with a photoreaction response increase of 4-5 

folds compared with pristine TiO2 NTs, which is close to the theoretic maximum photocurrent of 

TiO2, due to a relatively optimized introduction of the oxygen vacancies/Ti3+. To further improve 

the PEC performance of the modified TiO2 based materials, depositing electrocatalysts on the TiO2 

surface is another possibility, while the influence and effectiveness is yet to be investigated.  
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Chapter 6-Improving surface oxidation kinetics with 

electrocatalysts by electrodeposition 

Electrodeposited Ni or Ni-Fe oxy-hydroxides are among the non-noble metal catalysts with highest 

turn-over in alkaline electrolytes. For instance, metallic Ni in alkaline solutions forms 

spontaneously a variety of (double) hydroxides and oxy-hydroxides, which show a wide range of 

electrocatalytic activity.117 The catalytic performance in these materials seems however to be 

mainly related to Fe ions, sometimes introduced inadvertently as impurities, being present as Fe3+ 

in Ni-Fe hydroxide at open circuit, but oxidizing to Fe4+ at potential corresponding to oxygen 

evolution.150 Studies of loading Ni-Fe (oxy) hydroxides on anodic TiO2 nanotube arrays by 

electrodeposition methods are rarely reported and the influence of the loaded catalysts on the 

photoanode performance is not fully understood. In this chapter, we aim to combine anodized TiO2 

nanotubes and electrodeposited, highly efficient OER catalysts to investigate the effect of 

interfaces and potential synergetic effects related to charge redistribution. We first carry out the 

electrodeposition of Ni-Fe oxy-hydroxides on the surface of a Au/Si substrate to determine the 

intrinsic electrocatalytic behavior. Successively, the same procedure is applied on the anodic TiO2 

NT systems with various morphologies, including compact-aligned self-ordered TiO2 NTs (or 

regular TiO2 NTs, R-TiO2), large-gap TiO2 nanotube arrays with walls exposed (LG(L)TiO2), and 

short large-gap TiO2 individual nanotubes (LG(S)TiO2), in order to investigate the influence of the 

surface morphology on the electrodeposition. The electrochemical/photoelectrochemical 

performance will be measured using the linear sweep voltammetry without/with light in alkaline 

solution, trying to evaluate the water oxidation kinetics of the Ni-Fe-oxy-hydroxides deposited 

TiO2 NTs and the application as a photoanode candidate. 151 
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6.1 Electrodeposition of porous Ni-Fe oxy-hydroxide catalysts 

The surface morphology of Ni-Fe oxy-hydroxides (NiFeOHx) deposited on Au/Si substrates is 

shown in Figure 6.1. A nanoflake morphology was observed onto the surface of the Au/Si substrate 

at a deposition time of 2 min as shown in Figure 6.1 (a), while the amount of the nanoflakes and 

their density increase with increasing deposition time, forming pseudo-crystals in the vertical 

direction at 10 min deposition time. The results are similar to those reported in the work of 

Boettcher.152 The films were deposited under current control, with the current density varying from 

-15.0 to -0.1mA cm-2 as shown in Figure 6.1(c). The Ni fraction (Ni at%/(Ni at% + Fe at%)) 

changes slightly from 89% to 78% in the range of -15.0 to -3.0 mA cm-2, then drops from 78% to 

63% from -3.0 to 0.1 mA/cm2. At higher current density (-15.0 to -3.0 mA cm-2), Ni and Fe are 

probably depositing at their limiting current (the limiting current for Fe is calculated to be jlim= -

0.277mA cm-2; for Ni jlim= -2.45mAcm-2, assuming a 0.5 mm Nernst layer) and thus the mass 

transfer is the rate determining step, while the excess current density mainly contributes to the 

hydrogen evolution reaction, resulting in a local increase pH that contributes to the precipitation 

of oxy-hydroxides. At lower current density (-3.0 to 0.1 mA cm-2), the charge transfer process 

dominates and the deposition rate of Ni is relatively slower, leading to a decreased Ni fraction. 

During the deposition, oxygen content slightly varies with the applied current density, remaining 

at 63%~67% (O at%/(Fe at%+Ni at%+O at%) as shown in Figure 6.1 (d).  
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Figure 6.1 Surface morphology of electrodeposited NiFeOHx on Au/Si substrate for 2min (a) and 

10 min (b). Atomic fraction as a function of applied current density during the electrodeposition 

of Nickel/Iron (c) and Oxygen (d).  

The catalytic activity towards the OER was initially evaluated by performing cyclic voltammetry 

at Ni-Fe oxy-hydroxides grown for 10 min and 1 min in 1 M KOH; these data are presented in 

Figure 6.2 (a). The applied potential at a current density of 10 mA cm-2 was 1.51 V and 1.57 V vs. 

RHE for the 10 min deposited and 1 min deposited films, respectively. The cathodic shift of the 

polarization curve from 1 min to 10 min deposited oxy-hydroxides indicates an enhanced water 

oxidation kinetics for the sample grown at a longer deposition time. The enhanced OER activity 

of the thicker film is attributed in part to the increased surface area, contributed by both the vertical 
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growth and the increase of density of the ridges. The catalyst deposited for the longer time shows 

a relatively high resistivity, but under OER conditions the material becomes conductive and this 

constrain is not limiting.152 The catalyst electrodeposited for 10 min onto TiO2 NTs systems will 

be discussed later. It also needs to be noted that an oxidation peak at ~1.45 V and a reduction peak 

at ~1.36 V are observed, corresponding to the oxidation and reduction, respectively, of the NiFe 

layer, which occurs in parallel with the oxidation evolution at relatively low bias. The 

electrochemical kinetics was investigated quantitatively by constructing Tafel plots as shown in 

Figure 6.2 (b) and (c); different Tafel slopes are observed in the low overpotential region. The 

thicker film exhibits an increase in Tafel slope at around 3 mA/cm2, similar to the typical behavior 

observed at IrO2 based oxide electrodes;153 on the other hand the thinner film shows a decrease in 

Tafel slope (~29 mV/dec) above 10-3 mA/cm2, which is not yet understood. At high rates of the 

OER, about above 40 mA/cm2, the reaction rate seems to be limited by an ohmic drop, or to an 

intense bubble formation that limits the OER reaction.  

Figure 6.2 (a) Linear sweep voltammetries of 600s and 60s deposited NiFeOHx films in 1M KOH. 

Tafel plots measured in the same solution for (b) 60s-deposited and (c) 600s-deposited NiFeOHx. 
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6.2 Growth of NiFeOHx on the tops of regular anodic TiO2 nanotubes 

After the NiFeOHx film had been proven to be an efficient catalyst towards water oxidation, the 

deposition of NiFeOHx on TiO2 nanotubes was further carried out to investigate the water 

oxidation kinetics and charge transfer at the TiO2 nanotube interface. The schematics of 

electrodeposition of NiFeOHx on different TiO2 systems are shown in Figure 6.3. Three different 

nanotube structures were used as substrates for deposition, while the NiFeOHx layers were 

deposited on different parts of the nanotubes. First, regular TiO2 nanotubes (R-TiO2) were 

investigated. 

 

Figure 6.3 Schematics of electrodeposition of NiFeOHx on different TiO2 nanotube systems.  

 

The surface morphology of pristine R-TiO2 and NiFeOHx onto R-TiO2 are shown in Figure 6.4 

(a) and (b). The pristine R-TiO2 showed a relatively smooth surface with aligned pores. The 

nanotube diameters range from 50 to 100 nm. The deposition of NiFeOHx on R-TiO2 resulted in 

the nanotube mouths being covered with a relatively rough layer consisting of 10-20 nm size 

particles. From the elemental analysis shown in Figure 6.4 (c), peaks from Fe and Ni were detected, 

demonstrating the presence of a Ni-Fe-based layer on the TiO2 surface. It should be noted that the 
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EDS signals from Ni and Fe are weak compared with Ti and O, indicating a low thickness of the 

Ni-Fe coating.  

 

Figure 6.4 Top view SEM images of pristine regular TiO2 NTs(a) and NiFeOHx deposited regular 

TiO2 NTs(b). EDS spectrum of NiFeOHx deposited NTs.  

 

The linear scan voltammetry of pristine R-TiO2 and NiFeOHx/TiO2 were carried out under 

chopped light to investigate the impact of the catalyst on TiO2 NTs as shown in Figure 6.5 (a). The 

photocurrent onset for the pristine R-TiO2 was 0.1 V vs. RHE; the photocurrent increased until 

~0.5 V vs. RHE, when a plateau in the photocurrent density (0.23 mA cm-2) was observed, 

corresponding to the saturation photocurrent density. A similar photoinduced behavior was 

observed for the NiFeOHx deposited onto R-TiO2, which showed a small shift in the photocurrent 

onset, probably due to variations in charge density at the interface. The photocurrent density in the 

latter case was lower at 0.14 mA cm-2, probably as a consequence of the strong light absorption by 

the NiFeOHx, which did exhibit wide band semiconductor behavior150, causing significant 

absorption and/or inducing recombination at the NiFeOHx/TiO2 interface. The dark current of the 

NiFeOHx/R-TiO2 increased at a higher bias (>1.5V) due to the intrinsic catalytic property of the 

loaded NiFeOHx catalyst, which was not observed for pristine R-TiO2. To better understand the 

origin of the photoresponse, a current-transient was recorded in the first 300 s at an applied 
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potential of 1.23V vs. RHE as shown in Figure 6.5 (b). The current density increased to 0.11 mA 

cm-2 when the light was turned on due to the transient increased amount of electron-hole pairs 

excited by the incident photons. A photocurrent decay appeared immediately after the light was 

switched on, which is a good indicator of the accumulation of photogenerated holes on the surface. 

This is an evidence of capacitive behavior144, suggesting that the holes’ lifetime was insufficient 

to allow injection into the solution. This implies that the decreased PEC conversion after NiFeOHx 

deposition is originated from both the reduced photon absorption and the recombination of the 

trapped photogenerated holes at or near the interface.  

 

Figure 6.5 (a) Linear scanning voltammetries of pristine regular TiO2 NTs and NiFeOHx 

deposited NTs under chopped irradiation of 100mW/cm2 using AM 1.5G solar simulator. (b) 

Photocurrent transient for NiFeOHx deposited NTs in the first 300s at 1.23V vs. RHE.  

 

6.3 Deposition of NiFeOHx on the external walls of long large-gap TiO2 nanotubes 

Electrodeposition of NiFeOHx catalysts was further investigated on TiO2 nanotubes with large 

gaps in between to increase the accessibility of the deposit at the external walls, in order to assess 

the impact of a higher catalysts loading. The preparation of this type of nanotubes was carried out 
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in an electrolyte with lower polarity, which resulted in a lower density of nucleation sites, caused 

by a weaker electric field strength compared to conventional TiO2 NTs anodization.56 Figure 6.6 

(a) depicts the surface morphology of the LG (L) TiO2, where the nanotubes bend and stick to each 

other to form nanotube bundles, with a relatively high exposure of wall surfaces. The length of 

these nanotubes was 0.5~1.0 µm as shown in Figure 6.6 (b). After NiFeOHx deposition, the 

morphology of the TiO2 bundles remains unaffected while the NiFeOHx catalyst coats the walls 

of the nanotube bundle with a nano-flake like deposit as shown in Figure 6.6 (c).  

 

Figure 6.6 (a) (b) Surface morphology of regular LG(L) TiO2 from different magnitudes and (c) 

of the NiFeOHx deposited LG(L) TiO2 NTs 

 

XPS spectra of NiFeOHx deposited on LG (L)-TiO2 were collected for the elements Ni, Fe, O and 

Ti and the results are shown in Figure 6.7. Figure 6.7 (a) shows the main Ni peak appearing at a 

binding energy of ~855.6 eV, mainly resulting from the Ni (OH)2
 (855.3 eV) or/and NiOOH (855.8 

eV). Moreover, the XPS signals from metallic nickel in the range of 852.6 - 852.9 eV are absent, 

further confirming that Ni on the surface is mainly in the form of Ni(OH)2 and/or NiOOH. Peaks 

from the Fe 2p3 appear in a wide range of ~715-709 eV as shown in Figure 6.7 (b). The broad 

peak is probably generated by a convolution of FeO (709.4 eV), Fe2O3 (710.9 eV), and FeOOH 

(711.8 or 711.3 eV),154 while precise identification of the various contributions is difficult as the 
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peak intensity is quite low due to a relatively small deposit amount, making in particular the 

detection of Fe oxides or Fe oxy-hydroxides - the minority fraction in the catalyst - difficult.  No 

obvious signal from metallic Fe (707.0 eV) is shown as well.155 Furthermore, a doublet at a binding 

energy of 532.6 eV and 531.8 eV is present in Figure 6.7 (c). The former peak correspond to the 

absorbed water or possibly absorbed O2
156 while the latter is in agreement with oxygen in 

NiOOH.157 No XPS signal from the Ti 2p spectrum is shown in Figure 6.7 (d), which evidences 

that there is no TiO2 exposed on the surface, and that the NiFeOHx film has reached coalescence. 

An X-ray diffraction pattern of the catalyst is shown in Figure 6.7 (e), showing that all the main 

peaks are from the titanium substrate. One broad peak with relatively weak intensity located at 2ϴ 

= 43.58o is however observed, which is a good indicator of the presence of NiFe in the film as it 

matches very well with the diffraction of (111) plane from A1(FCC) NiFe with a corresponding 

lattice parameter of a=3.59 Å. A Ni atomic fraction of 45% is calculated using the King tables158 

which are constructed using the average atomic volume over the entire crystal. A slight deviation 

of the calculated Ni composition from the EDS measured value is probable, because the King 

tables are generated from bulk alloys while in our case the deposited NiFe is a thin film on TiO2. 
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Figure 6.7 (a) Ni 2p3, (b) Fe 2pe, (c) O 1s and (d) Ti 2p XPS spectrum for NiFeOHx deposited 

LG (L)TiO2 NTs; (e) X-ray diffraction pattern for NiFeOHx deposited LG(L) TiO2 NTs.  

 

In order to investigate the photoelectrochemical performance of the NiFeOHx deposited on LG 

(L) TiO2, a linear scan voltammetry of NiFeOHx deposited onto LG (L) TiO2 was measured. The 

catalyst film was grown for a deposition time of 2 min or 10 min using a constant deposition 
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current density of -0.1 mA cm-2, and the photocurrent was measured under chopped light; the 

results are shown in Figure 6.8 (a) and (b). The pristine LG (L) TiO2 showed a photocurrent onset 

of ~ 0.2 V and the photocurrent density was saturated at ~1.0 V vs. RHE, with a value of ~0.19 

mA cm-2. Compared to pristine R TiO2 NTs, which showed a photoinduced limiting current density 

of ~0.23 mA cm-2, the former value was slightly lower, probably as a consequence of the lower 

density and poor alignment of nanotubes on the LG (L) TiO2 substrate, which is less ordered with 

respect to the regular TiO2 nanotubes. In the voltage range from 0 to 1.0 V vs. RHE, as shown in 

Figure 6.8 (a), the photocurrent density of the NiFeOHx deposited onto LG (L) TiO2 is reduced 

compared to pristine LG (L) TiO2, similar to the results of the NiFeOHx deposited onto regular 

TiO2. The photocurrent density at saturation for the samples with a deposition time of 2 min and 

10 min were 0.15 mA cm-2 and 0.10 mA cm-2, respectively. It should be noted that the onset 

potential for the pristine LG (L) TiO2 is 0.16 V vs. RHE while the LG (L) TiO2 coated with 

NiFeOHx showed an increased value to 0.24V vs. RHE, which suggests a significant variation of 

the charge carrier density at the interface. The rapid decrease in the photocurrent density in Figure 

6.8 (a) imply that defects at the interface increases after the deposition, which facilitates the 

recombination and suppresses hole injection. The photocurrent density decreases with increasing 

reaction time owed to the fact that thicker NiFeOHx absorbs light more efficiently, reducing the 

photons that reach the TiO2 surface, thus decreasing the generation of electron/hole pairs. In the 

potential range from 1.0 to 2.0 V vs. RHE as shown in Figure 6.8 (b), the photocurrent density 

from the pristine LG (L) TiO2 remains the same, probably due to space charge layer limitations115 

or Fermi level pinning caused by the increased amount of defect states.20,116 The NiFeOHx 

deposited onto LG (L) TiO2, showed an increase of the dark current at higher bias (>1.5V vs. 

RHE), due to the intrinsic catalytic activity of the NiFeOHx. The applied potential at a current 
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density of 1.0 mA cm-2 for the 2 min and 10 min deposited LG (L)-TiO2 are 1.82V and 1.64V, 

respectively, suggesting poor catalytic activity. The increased amount of the catalyst was probably 

responsible for the enhanced electrocatalytic activity. 

 

Figure 6.8 Linear scanning voltammetries of pristine LG (L) TiO2 and NiFeOHx deposited LG(L) 

TiO2 for 2 min and 10 min in the potential range from 0.2 to 1.0V vs. RHE (a) and from 1.0 to 2.0 

vs. RHE (b) under chopped light.  

 

6.4 Growth of NiFeOHx on the short large-gap TiO2 nanotubes  

In order to investigate the effect of a different geometry on the deposition of NiFeOHx, the catalyst 

was further deposited on the entire walls of short large-gap TiO2 nanotubes (LG (S) TiO2). From 

Figure 6.9 (a), short nanotubes with a length of less than 300 nm are grown on the Ti substrate 

with relatively large gap between 0 and ~400nm. Unlike the regular anodic TiO2 or LG (L) TiO2 

with the nanotubes clustered, the nanotubes of LG (S) TiO2 are separate in such a way that the 

deposition may occur on the whole walls of each individual nanotube as shown in Figure 6.9 (b). 
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A nanoflake structure was again observed on the NiFeOHx coated on LG(S) TiO2, similar to the 

growth on Au/Si substrate. 

 

Figure 6.9 Top view morphology of pristine LG(S) TiO2 NTs (a) and NiFeOHx deposited LG(S) 

TiO2 NTs.  

 

The photoelectrochemical performance of the pristine and NiFeOHx modified onto LG (S) TiO2 

is shown in Figure 6.10 (a) and (b). The pristine LG (S) TiO2 shows a photocurrent density that 

does not saturate until the potential reaches 1.0V vs. RHE. The saturated current density (0.13mA 

cm-2) is less than the pristine regular TiO2 and LG (L) TiO2, probably owed to a limited amount of 

photogenerated holes caused by the reduced tube length and a less effective charge transfer 

efficiency due to the decreased density of the nanotube distribution. After deposition, the saturated 

photocurrent density decreases to 0.093 mA cm-2 at 1.0V vs. RHE as shown in Figure 6.10 (a), 

mainly caused by the blocking of incident photons by the NiFeOHx layer. In the potential range 

of 1.0 to 2.0 V vs. RHE as shown in Figure 6.10 (b), the dark current for the NiFeOHx deposited 

onto LG (S) TiO2 increases after 1.5V. Specifically, a current density benchmark of 1.0 mA cm-2 
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is reached at a potential of 1.57V, while a current density of 10 mA cm-2 is obtained at 1.85V, 

which indicates an improved water oxidation activity thanks to the loading of NiFeOHx catalysts.  

 

Figure 6.10 Linear scanning voltammetries of pristine LG(S) TiO2 and NiFeOHx deposited LG(S) 

TiO2 for 2min and 10min under chopped irradiation in the potential range from 0.2 to 1.0V vs. 

RHE (a) and from 1.0 to 2.0V vs. RHE (b).  

 

The photocurrent densities observed after the deposition on various TiO2 nanotube systems reflect 

the water oxidation activity; these data are summarized in Figure 6.11. At relatively low applied 

potential (at 1.23V vs. RHE) the Ni-Fe oxy-hydroxide layer plays mainly the role of reducing the 

absorption of photons that reach the TiO2 surface, negating the catalytic enhancement and leading 

to a decreased photocurrent density; instead, at relatively high bias (at 1.63V vs. RHE) the oxygen 

evolution is enhanced due to the intrinsic electrocatalytic properties of the loaded catalysts. The 

largest improvement is observed on the LG (S) TiO2 system. This is probably owed to the minimal 

amount of introduced defects at the interface during electrodeposition, which is evidenced by 

comparing the photocurrent measurements shown in Figure 6.5 (a), Figure 6.8. (a) and Figure 6.10 
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(a). The transient decay of the photocurrent when light is on reflects the amount of defects in the 

material as those defects increase capability to store the photogenerated charge carriers 144. From 

these results, the LG (S) TiO2 shows the minimum decay in terms of the current density, leading 

to an optimal performance.  

 

Figure 6.11 Comparison of current density of the three TiO2 NTs systems at the potential of 

1.23V and 1.63V vs. RHE.  

 

6.5 Conclusions 

In this Chapter, the galvanostatic electrodeposition of Ni-Fe oxy-hydroxides onto anodic TiO2 

nanotubes and the corresponding formation of supported OER catalysts is demonstrated and their 

performance is explored.151 In order to investigate the effect of deposition on different nanotube 

structures, electrolytes with different polarity were used to tailor the morphology of the anodized 

nanotube process, and different nanotube structures with large gaps in between were formed.  Ni-

Fe oxy-hydroxides are deposited on the tops, external walls and entire walls of nanotubes. At low 

applied potential (≤1.5V vs. RHE), where the water oxidation is mainly induced by the photo-
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generated holes from TiO2, the photoresponse is reduced and the onset potential is increased due 

to the introduction of defects at the interface during deposition and the reduced absorption of 

photons by the deposited layer. At high applied potential range (>1.5V vs. RHE), where the 

electrochemical water oxidation dominates, the oxygen evolution is enhanced thanks to the 

intrinsic activity of the deposited NiFe oxy-hydroxides. For all the three TiO2 systems, the trends 

are similar, while the largest improvement in terms of electrochemical activity towards water 

oxidation is observed on the short TiO2 nanotubes with large gaps in between. Even though 

integration of TiO2 with a water oxidation catalyst does not lead to enhancement in the 

photoresponse at low overpotential, the overall OER performance of the TiO2 NTs systems could 

be improved at high overpotential.  
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Chapter 7-Electrodeposition of Ni on GaAs through self-limiting 

electrodeposition 

In this chapter, the photoanode is switched to GaAs, as GaAs exhibits a direct and relatively ideal 

bandgap of 1.43 eV (at 298 K) to maximize the photoconversion efficiency by providing a visible 

light absorption (up to 867nm) of the solar spectrum compared to wide-bandgap semiconductors 

such as TiO2 (up to 388 nm), and a larger photovoltage as compared to narrower bandgap 

semiconductors such as silicon which also features an indirect band-gap.159,160 The main limitation 

that hinders the application of GaAs in solar water splitting is the intrinsic instability in aqueous 

solutions under illumination,161,162 resulting in decomposition of GaAs and/or formation of an 

insulating oxide layer which would terminate the photoelectrochemical reaction towards water 

splitting.163 Studies of photoelectrochemical water splitting at GaAs have been reported early on, 

most of them focusing on growing protective metallic layers on GaAs surface to prevent rapid 

photocorrosion.164,165 Growth of a thin metal on a semiconductor electrode affects its energetics, 

for instance by inducing band bending and forming a Schottky heterojunction. In the case of a 

continuous metal layer, the semiconductor substrate would be completely screened from the 

electrolyte. This results in a significantly improved protection, but the Schottky barrier would pin 

the Fermi level of the semiconductor to that of the deposited metal layer via surface states, 

precluding band-bending at the surface of the semiconductor, and thus usually leading to a limited 

photovoltage value.166  For a discontinuous layer (disperse nanoparticles, NPs) in contrast, the 

Fermi level is no longer pinned to the metal layer when the NPs size is much lower than the 

depletion width at the semiconductor/electrolyte interface; in this case the inhomogeneous nature 

of the NP surface results in different morphologies and a range of barrier height values at each 

metal particle.166,167 Under these circumstances the photovoltage can be tuned by controlling the 
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particle size and surface coverage due to a pinch-off effect.168,169 In the following work, the 

protective, ultrathin Ni metal film is grown by electrodeposition, using a self-limiting chemistry 

proposed by Vereecken 170, whereby the absence of a boric buffer in a Nickel electrolyte induces 

over time an increase of pH at the film surface, resulting eventually in the precipitation of Ni 

hydroxide/oxy-hydroxide and terminating growth.  Under these conditions, growth inhibition 

enhances the nucleation rate171, resulting in a high particle density and a very small coalescence 

thickness occurring within ~ 1 s, ideally suitable to achieve dense, continuous films at very low 

thickness. The self-limiting deposition mechanism of the protective layer was investigated through 

potential transients, XPS spectra and XPS depth profile using Ar+ ion milling. The Ni deposited 

on GaAs was then used as the photoanode under 1.5 G solar illumination in a 

K3Fe(CN)6/K4Fe(CN)6 aqueous solution to investigate the photoelectrochemical performance at 

both continuous and discontinuous films. The photocorrosion resistance of continuous vs. 

discontinuous Ni layers was also investigated in order to optimize layer properties towards water 

photo-oxidation.   

7.1 Self-limiting electrodeposition of continuous Ni thin film on GaAs 

A typical potential transient of the self-limiting electrodeposition of Ni on GaAs is shown in figure 

7.1 (a). After a fast rise, the potential starts to decrease after ~ 0.2 s due to the electrode charging 

and the formation of the electrochemical double layer. A bump appears from 0.4 s to 0.6 s, as 

marked in the red rectangle. This is likely caused by the self-limiting nucleation, due to the 

formation of a hydroxide layer as a local pH gradient increase in the absence of buffering 

species.172 The potential transient, and in particular the bump, are main features of the self-limiting 

electrodeposition.59 A slight increase in the potential is shown at ~ 0.8 s, which probably 

corresponds to the completion of the hydroxide formation.59 When the deposition time is longer 
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than 1 s, Ni growth is terminated by the hydroxide layer formation, and the applied current density 

mainly contributes to the hydrogen evolution reaction. Intense bubble formation at the electrolyte 

surface was indeed observed after 1 s of deposition. In order to further validate the self-limiting 

deposition mechanism, both X-Ray Reflectometry (XRR) and XPS were used to determine the 

film thickness. The Ni layer thickness was determined by fitting XRR data as shown in Figure 7.1 

(b); the average thickness was calculated to be 3 to 5 nm regardless of the deposition time, which 

varied between 10 and 30 s deposition of Ni on GaAs. 

Figure 7.1 (a) Potential transient in the first second for the self-limiting Ni deposition; (b) X-ray 

reflectometry (XRR) patterns for the ruthenium sputtered silicon substrate (Ru/Si), Ni films grown 

on the Ru/Si deposited under self-limiting conditions at various deposition time. From calculation, 

the three Ni films have similar thickness, which is 3.5 nm, 3.5 nm and 4.4 nm for a deposition time 

of 10s, 20s and 60s respectively.  

In comparison, the XPS intensity of various elements as a function of depth are shown in figure 

7.2.  Region I of the depth profile shows no major difference in the XPS Ni profiles for 10 and 30 

s deposition, confirming that the deposited Ni layer thickness is self-limiting and independent of 

deposition time. The interface between the Ni film and the GaAs substrate, as shown in the second 
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region of the depth profile, exhibit a thickness of ~12 nm, much broader than the Ni layer, 

indicating extensive intermixing. In region II, the two Ga profiles are reproducible, while the As 

fraction vs. depth shows a different trend, which we ascribed to a reaction between As and Ni, 

possibly forming a compound NiAs.173 The XPS depth profile for Ga, As and Ni are summarized 

in Figure 7.3.174  The XPS signal from Ga and As is uniform and equiatomic in the third region, 

where the milling depth is larger than 16 nm, while only a small amount of Ni can be detected.  

 

 

Figure 7.2 (a) XPS depth profile using Ar+ ion milling for Ni deposited GaAs for 10s, 30s and 

60s.  
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Figure 7.3 XPS spectrum of Ga 3d, Ni 2p3 and As 3d from 1st sputtering cycle to the 15th sputtering 

cycle, each Ar sputtering process removes ~1.4 nm of the top layer. The binding energy of the Ga 

3d shifts to a higher value with the increasing number of sputtering while that of the As 3d shifts 

to a lower binding energy, which implies that Ni is diffusing into the GaAs substrate and causes 

the chemical state change of Ga and As.  

   

The surface chemical state of the Ni/GaAs is further studied by XPS by comparing the pristine 

surface with a 6 s Ar ion milling. As shown in figure 7.4 (a), the peaks occurring at a binding 

energy of 852.9 and 870.2 eV are assigned to the Ni metal 2p3/2 and 2p1/2, while the peaks located 

at 861.4 and 856.2 eV correspond to the Ni oxyhydroxide,175 showing that the surface is mainly 

composed of metallic Ni and Ni oxy-hydroxides prior to Ar ion sputtering. The peak intensity from 

metallic Ni increases significantly, while the NiOOH peaks disappear after milling off a layer of 

~1.4 nm from the surface. The results reveal that the layer underneath the surface is mainly 

composed of Ni metal, while Ni hydroxide or oxide is present in minimal amount. The high 

resolution of the XPS spectrum of O 1s of the protective Ni film before and after Ar milling is 

shown in figure 7.4 (b), where the oxygen peak occurring at 531.6 eV is due to adsorbed water 

molecules (H-O-H bond at 532.0-532.4eV), and the peak occurring at 529.8 eV is probably a 

convolution of the hydroxide (Ni-O-H bond at 530.5-530.6eV) and an oxide peak (Ni-O-Ni bond 

at 528.7-529.1eV).176 These peaks disappear after removal of the top layer, thus confirming the 
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results extracted from the Ni spectrum. The XPS spectrum further support the self-limiting 

deposition hypothesis, since the top layer is covered with hydroxide or oxyhydroxide, while the 

layer underneath the surface is metallic Ni formed in the first stages of the electrodeposition before 

the self-limiting process is completed. 

Figure 7.4 Ni 2p XPS spectrum (a) and O 1s XPS spectrum (b) for the Ni-deposited GaAs before 

and after sputtering off a flat surface layer of ~ 1.45 nm by Ar+ ion milling.  

 

The FIB cross-section of the Ni film deposited for 1.0 s was investigated using HR-TEM. As 

shown in Figure 7.5 (a), the surface of the deposited sample is covered with an amorphous layer 

with a thickness of 1-3 nm, corresponding to the Ni oxy-hydroxides, while a metallic Ni layer with 

the thickness of ~4 nm is present underneath; both layers are continuous and no pin holes can be 

observed in the view, which further suggests that the self-limiting 1 s Ni deposition is capable of 

forming an ultra-thin continuous metallic Ni layer. The FFT analysis of the Ni film in figure 7.5 

(b) shows fringes perpendicular to the matrix, representing the (111) planes of Ni with a face-

centered-cubic structure. The d-spacing between these planes is 0.199 nm, close to the calculated 

value (0.1992 nm) for the Ni (111) planes, confirming that the electrodeposited Ni layer is 
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crystalline. From the indexed FFT pattern, the zone axis of the Ni layer is determined to have a 

[110] direction. The selected area diffraction pattern of the substrate shows the zinc blende 

structure of GaAs as displayed in figure 7.5 (c), where the zone axis is also along the [110] 

direction. Therefore, the epitaxial relationship Ni(110)[110] || GaAs(001)[110] is verified. This 

result is in good agreement with reported literature using galvanostatic electrodeposition methods 

to grow Ni thin film on GaAs.177–180 It should be noted that, with Si substrates, the formation of a 

metallic deposit on Si results spontaneously in the formation of a thin oxide layer49, thus forming 

a MIS junction. At the GaAs substrate however, no such oxide is formed due to the dissolution of 

GaAs during the deposition of Ni. We therefore suggest that the thin NiOH/NiOOH layer may take 

the place of the oxide, thus generating a MIS-like barrier. This difference may be responsible for 

the lower barrier height with respect to electroplated Co on Si.49  

 

Figure 7.5 (a) HR-TEM cross-section image of 1.0s deposited Ni/GaAs; (b) FFT and the lattice 

parameter of the metallic Ni layer; (c) Selected Area Diffraction pattern of the GaAs substrate.  
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The photoelectrochemical performance of Self-limiting deposited Ni/GaAs (SL-Ni/GaAs) was 

investigated in an aqueous solution of K3Fe(CN)6/K4Fe(CN)6 under chopped light. Linear sweep 

voltammograms at the bare GaAs substrate, as well as the SL-Ni/GaAs films deposited for 1 and 

10 s are reported in figure 7.6 (a). The onset potential of bare GaAs is ~ 0.2V and the photocurrent 

saturates at a potential of ~ 0.75V vs. RHE, with a maximum photocurrent density of less than 2 

mA cm-2; such low photoactivity is probably owed to the decomposition of GaAs in solution under 

negative bias.  The photoresponse of Ni films grown for 1 and 10 s Ni exhibits a similar onset 

potential (~ 0.77V vs. RHE), which is mainly contributed from the oxidation of Fe(CN)6
4- to 

Fe(CN)6
3-. The thin Ni film grown for at least 1 s is continuous and the Fermi level of GaAs is 

pinned to Ni, such that the onset potential no longer shifts with deposition time. SL-Ni/GaAs 

deposits grown for 1 and 10 s exhibit a photocurrent saturating at ~1.1V vs. RHE, and the 

photocurrent density at saturation is 4.9 mA cm-2 and 8.9 mA cm-2, respectively. The 

photoconversion efficiency (η) as a function of applied potential is calculated and shown in figure 

7.6 (b). The SL-Ni/GaAs film deposited for 1 s exhibits a maximum conversion efficiency of 

0.67% at 1.0 V and the 10 s-deposited SL-Ni/GaAs shows a maximum conversion efficiency of 

1.44% at the same applied potential. In comparison, conventional galvanostatic electrodeposition 

of Ni on GaAs (C-Ni/GaAs) shows a Ni film thickness that increases with deposition time 

according to the Faraday’s law. In order to electrodeposit a continuous film using the conventional 

galvanostatic method, a thickness of at least ~10 nm is needed, as the Ni islands are larger as shown 

in Figure 7.7 and require more time to form a continuous film in comparison with the self-limiting 

deposition method. The photocurrent transients generated by galvanostatic growth of C-Ni/GaAs 

with various thicknesses (10, 30 and 60 nm) are compared at a potential of 1.23V vs. RHE as 

shown in figure 7.6 (c). C-Ni/GaAs films grown to a thickness of ~30 nm and ~60 nm yield a 
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photocurrent of less than 0.5 mA cm-2, while the photocurrent density for the 10 nm C-Ni/GaAs 

reaches 6.0 mA cm-2. The linear scanning voltammetry of 60 nm-thick C-Ni/GaAs under chopped 

light is shown in figure 7.6 (d). The onset potential (~0.75V vs. RHE) is similar to that of SL 

deposited Ni/GaAs (~ 0.77V vs. RHE), which is also attributed to the Fermi level pinning effect 

at a continuous film. The results imply that the photoresponse of the SL-Ni/GaAs is superior to 

that of C-Ni/GaAs, due to the immediate coalescence and the nanoscale thickness. This layer is 

thus capable to maximize photon absorption of the protective layer, while affording the in-situ 

generation of the hydroxide/oxyhydroxides surface, resulting in a higher water oxidation catalytic 

activity.9 As a consequence, the following discussion will focus on SL-Ni/GaAs unless otherwise 

mentioned.  
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Figure 7.6 (a) Linear scanning voltammetries of GaAs substrate, Ni deposited GaAs for 1s and 

10s under AM 1.5G chopped light; (b) Solar-to-hydrogen (STH) efficiency of Ni deposited GaAs 

at various applied potentials; (c) Chronoamperometry of  Ni deposited GaAs using a conventional 

deposition method with various thickness at 1.23V vs. RHE. (d) Linear scanning voltammetries of 

Ni deposited GaAs using a conventional method with a thickness of ~60 nm under chopped 

illumination.   
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Figure 7.7 SEM images of Ni deposited GaAs with a conventional deposition method in NiSO4 

solution. The film thickness is determined to be ~10, 20, 30 and 60 nm for the 20s, 40s, 60s and 

120s deposited film respectively, from ref 181. Coalescence is almost reached for the 20s-deposited 

C-Ni/GaAs while there are still large pinholes on the surface. For the 40s-deposited C-Ni/GaAs, 

the surface roughness remains high, and for a longer deposition time (40 and 60 s), relatively 

smooth surface are obtained.  

 

The surface morphology of SL-Ni/GaAs as a function of deposition time was investigated by FE-

SEM, as shown in figure 7.8. Films deposited for 10 s exhibit a smooth surface, while small defects 

– not necessarily going through the protective film – start to show on the 30 s deposit. When the 

deposition time reaches 60 s, roughening becomes more obvious and the particle size increases. 

As mentioned above, hydrogen evolution dominates the reaction when the film is no longer 
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growing due to hydroxide termination, and the generated hydrogen bubbles would significantly 

and continuously damage the thin film.  Spherical particles start to grow as the deposition time 

increases to 120 s and surface roughness further increases. Ni particles probably grow in the area 

where the layer is peeled off by the hydrogen bubbles, and the self-limiting mechanism stops, as 

evidenced by the SEM and EDS results shown in Figure 7.9 (a) and (b).  

 

Figure 7.8 FE-SEM images of SL-Ni/GaAs with various deposition time from 10s to 120s 

 

Figure 7.9 (a) FE-SEM image and (b) EDS mapping of the self-limiting deposition Ni/GaAs for 

120s. From the mapping data, the particles on the surface shows more intense EDS signal, 

indicating that they are mainly composed of Ni.  
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The photocurrent vs. time for various films grown between 0 and 60 s was compared in aqueous 

K3Fe(CN)6/K4Fe(CN)6 solution under light at 1.23V vs. RHE as shown in figure 7.10 (a). The 

photocurrent of bare GaAs drops immediately after the light is turned on as a result of 

photocorrosion in solution. For all the SL-Ni/GaAs layers, the photocurrent density stays constant 

during the first 100 s, implying a significant improvement in stability after depositing the Ni 

protective layer. The photocurrent density vs. deposition time at the same applied potential is 

compared in figure 7.10 (b). A photocurrent density of 8.91, 7.71, 7.28, 6.37 mA cm-2 is obtained 

for the 10, 20, 30 and 60 s SL-Ni/GaAs, respectively, and the optimum photoresponse is 

determined to be 10 s. The decreased photocurrent density with a longer deposition time is the 

result of the damage of the continuous film by the hydrogen bubbles, as already mentioned. From 

the photoelectrochemical measurements, the self-limiting deposition of continuous Ni film on 

GaAs provides high photocurrent density and improved stability. However, the onset potential in 

the photo oxidation is relatively high (~0.75-0.80V) leading to a limited photovoltage (~0.09-

0.14V, calculated using the reference anode, as a result of the Fermi level pinning effect. To reduce 

this effect, GaAs coated by discontinuous Ni nanoislands is further investigated.  
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Figure 7.10 (a) FE-SEM images of SL-Ni/GaAs with various deposition time from 10s to 120s; 

(b) Chronoamperometry of SL-Ni/GaAs at 1.23V vs. RHE under illumination. (c) Photocurrent 

density at 1.23 VRHE vs. deposition time of the SL-Ni/GaAs. 

  

7.2 Self-limiting electrodeposition of discontinuous Ni nanoislands on GaAs 

A SL deposition time of less than 1 s results in a discontinuous Ni film on GaAs. The surface 

chemical states of various elements for the SL-Ni/GaAs film deposited for 0.5 s are investigated 

by XPS and are shown in figure 7.11 (a). Based on the measured Ni 2p spectrum, the surface is 

mainly composed of metallic Ni, with a binding energy at 852.8eV, and Ni hydroxide (or 

oxyhydroxide), with binding energy of 855.8eV and 861.4 eV. This result is similar to that for the 

continuous SL-Ni/GaAs, except that the relative intensity acquired from metallic Ni is higher as 

the formation of the hydroxide/oxyhydroxide layer is incomplete. XPS peaks from Ga 3d (19.0 

eV) and As 3d (41.8 eV) are shown in figure 7.11 (b) and (c), indicating that the GaAs surface is 

not fully covered by the Ni film, and a fraction of the GaAs surface is still exposed. Figure 7.11 

(d) shows the O 1s spectrum, with a result similar to that for continuous SL-Ni/GaAs. The oxygen 

peak located at 531.6 eV is due to the adsorbed water molecules (H-O-H bond at 532.0-532.4eV), 
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and the peak occurring at 529.8 eV is from the combined peak of hydroxide (Ni-O-H bond at 

530.5-530.6eV) and an oxide (Ni-O-Ni bond at 528.7-529.1eV). 

Figure 7.11 (a) Ni 2p; (b) Ga 3d; (c) As 3d and (d) O 1s XPS spectrum of 0.5s-deposited Ni on 

GaAs.  

 

Linear sweep voltammetry carried out at  SL-Ni/GaAs with a deposition time of ≤1.0s under 

chopped light are shown in Figure 7.12 (a).  As the deposition time decreases from 1.0 s to 0.5 s, 

the onset potential shifts substantially from 0.77 to 0.47V vs. RHE, leading to an increase in the 

photovoltage from 0.12 to 0.42 V. At a growth time of 0.2 s, the onset potential further decreases 
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to 0.39V vs. RHE, resulting in a photovoltage of 0.50 V. The saturated photocurrent density of the 

SL-Ni/GaAs film grown for 0.5 s is 8.0 mA cm-2 at 1.1 V vs. RHE, while 0.2 s growth results in a 

value reaching 9.2 mA cm-2 at 1.0 V vs. RHE, a higher value than the maximum photocurrent 

density (8.9 mA cm-2) obtained from continuous Ni layers. In comparison, linear sweep 

voltammetry of short-time deposited Ni on GaAs using a galvanostatic deposition method (C-

Ni/GaAs) measured in the same condition are shown in figure 7.12 (b). For the 0.2 and 0.5 s 

deposited C-Ni/GaAs, the saturated photocurrent density is respectively 1.28 mA cm-2 and 0.64 

mA cm-2. The low photocurrent density is attributed to the limited amount of Ni nanoislands being 

grown, due to the short deposition time. As the deposition time increases to 1.0 s, the saturated 

photocurrent density increases to 6.0 mA cm-2 at ~1.0 V vs. RHE. The onset potential of the 1.0 s 

C-Ni/GaAs shifts cathodically from 0.75 V to 0.53 V vs. RHE compared to the continuous film, 

probably owed to the reduced Fermi level pinning effect. The photoconversion efficiency (η) for 

the short-time deposited Ni/GaAs with a self-limiting and a conventional method are shown in 

figure 7.12 (c) and (d). For the SL deposited Ni nanoislands, a maximum photoconversion 

efficiency of 3.82% is obtained at 0.72V vs. RHE for the 0.2s deposited SL-Ni/GaAs. The 

conventional deposition of Ni nanoislands shows optimum photoconversion efficiency is 1.83% 

at 0.86 V.  
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Figure 7.12 Linear Sweep voltammetries of short time (≤1.0s) self-limiting deposited Ni on 

GaAs (a) and regular deposited Ni on GaAs (b); Solar-to-hydrogen efficiency of self-limiting 

deposited Ni on GaAs (c) and regular deposited Ni on GaAs (d).  

 

A complete comparison of the photoelectrochemical performance and photoconversion efficiency 

between SL-Ni/GaAs and C-Ni/GaAs is displayed in Table 7.1, highlighting the superior 

photoanode property of the former. The self-limiting deposition results in a lower nanoisland size 

and a higher density of nucleation sites, while the growth is inhibited. This feature is beneficial as 

the number of Ni nanoislands serving as the charge carrier transport windows is increased167 while 

simultaneously the Fermi level pinning effect is suppressed.  
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Table 7.1 Comparison of photoelectrochemical performance and energy conversion efficiency of 

SL-Ni/GaAs and C-Ni/GaAs. 

Deposition condition Saturated Photocurrent density (mA cm
-2

) Photovoltage (V) Maximum STH 
0.2s_SL 9.2 0.50 3.82% 
0.5s_SL 8.0 0.42 2.10% 
1.0s_SL 4.9 0.12 0.67% 
0.2s_C 1.28 0.66 0.32% 
0.5s_C 0.64 0.66 0.18% 
1.0s_C 6.0 0.36 1.83% 

 

Barrier heights calculated from the dark saturation current are shown in figure 7.13 (a). The 

Schottky junction barrier height of films grown for < 1 s is relatively low (0.51 eV for 0.2 s, and 

0.52 eV for 0.5 s) compared to a continuous film (0.71 eV for 10 s), which could be rationalized 

by considering that the 10-second growth results in a continuous oxyhydroxide, yielding a higher 

barrier height. (ΦNi = 5.04-5.35 eV; ΦNiOOH = 5.96 eV).182,183 For a longer deposition time, the 

barrier height decreases to 0.66 eV, probably as a result of the pinholes generated by the hydrogen 

evolution. The photocurrent transients in the first 300 s in K3Fe(CN)6/K4Fe(CN)6 at 1.23V vs. RHE 

are shown in Figure 7.13 (b). For all the three films, a rapid decrease in photocurrent density is 

shown immediately after illumination, indicating the accumulation of photogenerated holes on the 

surface, as defects at the SL-Ni/GaAs surface are able to store the charge carriers and induce 

recombination.144 For the films grown for 0.2 s and 0.5 s, a decay in photocurrent density, dropping 

to 2.3 mA cm-2 and 4.2 mA cm-2 respectively, while the decrease in photocurrent density for the 

film grown for  1.0 s is lower (~1.1 mA cm-2). These results imply that, even though the 

discontinuous Ni nanoislands improve the photocurrent density and maximize the photovoltage by 

alleviating the Fermi level pinning effect, the reduced photocorrosion is reduced compared with 

the overlay of a continuous Ni film. 
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Figure 7.13 (a) Barrier height as a function of the deposition time of self-limiting Ni deposited 

GaAs; (b) Stability test of short time deposited Ni on GaAs at 1.23V vs. RHE under light.  

 

7.3 Conclusions 

In this Chapter, the self-limiting (SL) Ni electrodeposition on GaAs is carried out to grow a bilayer 

Ni/Ni-oxyhydroxide/hydroxide, leading to a continuous ultra-thin layer or discontinuous 

nanoparticles by controlling deposition time. The SL mechanism of Ni on GaAs is validated by 

XPS spectra, XPS depth profiles, XRR and HR-TEM, as the film thickness is independent of 

deposition time once the film reaches coalescence (t > 1.0s). The deposited Ni layer acts as a 

protective layer to limit the photocorrosion behavior of n-GaAs in aqueous solution while under 

solar illumination. SL-Ni/GaAs films exhibit a photocurrent density of 8.9 mA cm-2 at an optimum 

deposition time of 10 s with a relatively low photovoltage (0.09-0.14V) as a result of the Fermi 

level pinning effect, which leads to a limited maximum photoconversion efficiency of 1.44%. In 

contrast, discontinuous Ni nanoislands generate a higher photo response of 9.2 mA cm-2 and the 

photovoltage is significantly improved to 0.50 V, leading to a vastly enhanced photoconversion 

efficiency up to 3.84%. The stability under PEC test, however, is reduced compared to a 
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continuous film and a photocurrent decay is shown in the first 300 s at an applied potential of 

1.23V vs. RHE. The reported work provides new opportunities for electrodepositing ultrathin 

metal layer or nanoscale catalytic metal particles on semiconductors for fabricating photoanodes 

and adds to the understanding of self-limiting deposition mechanism in a galvanostatic 

electrodeposition condition.   
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Chapter 8-Electrodeposition of binary/ternary Iron-group metal 

thin-film on GaAs through self-limiting electrodeposition 

In this Chapter, we applied Galvanostatic electrodeposition for two binary Iron-group mutual alloy 

films (Ni-Co, and Ni-Fe) and one ternary Iron-group mutual alloy film in a self-limiting deposition 

condition, where a local pH gradient is created in a short time by the compact 

hydroxide/oxyhydroxide layer on the surface that can further terminate the growth, leading to the 

formation of a continuous ultrathin (oxy) hydroxide/metal film. The self-limiting deposition 

mechanism is verified by potential transient, XPS spectrum and XPS depth profile, from which an 

independence of the film thickness towards deposition time is demonstrated. Adding an additional 

element during deposition is proven to introduce a slower nucleation as a result of the smaller grain 

size of the deposited nanoislands. The electrochemical catalytic activity of the Iron-group alloy 

films was investigated and the water oxidation on the trinary film exhibits significantly improved 

kinetics. Furthermore, the Iron-group mutual alloy films were deposited on GaAs, which showed 

enhanced stability in photoelectrochemical water oxidation while retained a high photoresponse 

simultaneously.   

8.1 Self-limiting deposition of binary Iron-group alloys (Ni-Co and Ni-Fe)  

Potential transients of Ni and CoNi deposition in the first second is shown in Figure 8.1 (a). 

Typically, the potential transients is an indicator of the nucleation and first stage of growth. For 

either deposition, a rapid increase in the potential occurs in the first ~0.2 s corresponding to the 

charging of the electrode and the formation of electrochemical double layer before the nucleation 

initiates. A bump in the potential appears at 0.4 s to 0.6 s for Ni deposition while a similar bump 

for Ni-Co deposition appears at 0.6 to 0.8 s, which indicates the formation of 
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hydroxide/oxyhydroxide layer induced by the local pH gradient without buffer species.172  A 

second bump is shown at ~ 0.8 s for Ni and at ~1.0 s for Ni-Co deposition, corresponding to the 

completion of the surface hydroxide/oxyhydroxide formation. This surface layer is usually 

compact and is able to terminate further growth, resulting in an ultrathin metal/ (oxy) hydroxide 

layer with full coalescence, which is a significant feature of the self-limiting deposition.59 The 

current density is mainly contributed by intense hydrogen evolution after the continuous surface 

layer is formed, as bubble formation was observed after ~1 s of deposition. It needs to be noted 

the Ni-Co deposition has a delayed nucleation (~0.2 s) at both initial state (first bump in potential 

transient curve) and the completion of the nucleation (second bump) compared to pure Ni 

deposition, as more nucleation sites with smaller sizes are formed by adding Co. The chemical 

state changes of the as-deposited Ni-Co film on Au were further investigated by XPS. The XPS 

spectrum of the Ni-Co film without/with a 6 s Ar milling (~removal of 1.5 nm surface layer) is 

compared as shown in Figure 8.1 (b-d). The peak located at a binding energy of 854.6 eV for the 

pre-sputtered Ni-Co film is assigned to the Ni 2p3/2 in NiO, indicating that the surface Ni mainly 

exists in the form of NiO. A metallic Ni peak with a binding energy of 853.0 eV appears after 

sputtering while a shoulder peak at 856.2eV next to the NiO peak is associated with NiOOH as 

shown in figure 8.1 (b). For Co spectrum, a broad peak with its maximum intensity located at 780.4 

eV is shown for both of the pre-sputtered and post-sputtered Ni-Co film in figure 8.1 (c), which is 

corresponding to Co 2p3/2 in the form of Co2O3 or Co3O4. The broad peak probably consists of 

multiple peaks from other Co oxides, hydroxides, or oxyhydroxides, which is however difficult to 

specify. The oxygen peak located at 530.0 eV before Ar sputtering is associated with the O-H bond 

from absorbed water or surface hydroxides/oxyhydroxides, while the intensity of this peak 
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decreases after sputtering and another peak located at 532.0 eV corresponding to Ni3+ or Co3+ is 

present. This result is in good agreement with the Ni 2p and Co 2p spectrum.  

Figure 8.1 (a) Potential transients of Ni and Ni-Co on Au in the first second of galvanostatic 

electrodeposition. XPS spectrum of Ni (b), Co (c) and O (d) for Ni-Co film before/after 6s Ar 

sputtering (Removed layer thickness is ~ 1.45nm). 

 

Potential transient of Ni-Fe deposition is shown in figure 8.2 (a). Similar to the case of Ni-Co, the 

first bump occurs at ~0.6 - 0.8 s while the second bump is not found in the first second of 

deposition, which indicates a similar self-liming growth and an even slower nucleation process for 
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Ni-Fe deposition compared to pure Ni deposition and Ni-Co deposition. XPS spectrums of the Ni-

Fe deposited film are shown in figure 8.2 (b) (c) and (d) without/with 6s Ar sputtering. Prior to 

sputtering, the peaks occurring at a binding energy of 852.6 eV is assigned to metallic Ni while 

the one located at 855.6 eV can be assigned to NiOOH as shown in figure 8.2 (b). The NiOOH 

peak disappears while the intensity of metallic Ni peak increases after Ar sputtering, showing Ni 

in the film underneath the surface mainly exists in the form of metallic Ni. For Fe spectrum shown 

in Figure 8.2 (c), a broad peak with the maximum intensity located at 712.2 eV is associated with 

FeOOH, while multiple overlapped peaks from other Fe oxides/hydroxides possibly contribute to 

the main peak as well. 
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Figure 8.2 (a) Potential transients of Ni and Ni-Fe on Au in the first second of galvanostatic 

electrodeposition. XPS spectrum of Ni (b), Fe (c) and O (d) for Ni-Fe film before/after 6s Ar 

sputtering. 

 

In order to further demonstrate the self-limiting mechanism for Ni-Co and Ni-Fe deposition, 

elemental composition measured by XPS along the out-of-plane depth of the film vs. different Ar 

milling depth was investigated for the films deposited with different time. As shown in Figure 8.3 

(a), for both the 10 s depostied and 60 s deposited Ni-Co, Ni and Co deposition starts to decrease 

with a corresponding increase of Au composition after the first Ar sputtering, indicating that 
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interdiffusion occurs among Ni, Co and Au substrate. When the milling depth reaches ~17 nm, the 

composition of Au becomes ~100% and stays constant while all the other elements cannot be 

detected, such that a layer thickness of ~17 nm of the surface plus the interdiffusion layer is 

determined for both 10s deposited and 60s deposited Ni-Co. The independence of layer thickness 

on different deposition time further confirms the self-limiting deposition mechanism, as once the 

compact surface hydroxide/oxyhydroxide layer is formed, the film thickness is no longer 

increasing with time. Oxygen composition for both films drops to zero at a depth of ~5 nm, 

implying a low thickness of the surface hydroxide/oxyhydroxide layer (≤ 5 nm). The depth profile 

of Ni-Fe/Au was shown in Figure 8.3 (b). Ni and Fe composition decreases after the first sputtering 

for both 10 s and 60 s deposition, as a result of the interdiffusion of Ni, Fe and Au. The composition 

variation when the Ar milling depth is less than 10 nm between the 10s and 60s deposited films is 

probably due to the anomalous electrodeposition between Ni and Fe184, in which case a slight 

change in the initial ratio of the Ni and Fe could result in a relatively larger difference in the 

products. However, the composition of Au along the depth for the 10 s Ni-Fe deposition overlaps 

with that for the 60 s Ni-Fe deposition while at ~20 nm the Au composition reaches ~100%. This 

indicates the Ni-Fe deposition is also independent of deposition time when the formation of surface 

hydroxide/oxyhydroxide layer is formed, and thus follows the self-limiting deposition mechanism. 

The grain size difference was further compared by GI-XRD as shown in figure 8.3 (d). The peak 

located at 2ϴ = 44.5o corresponds the diffraction from Ni (111) plane. The full width at high 

maximum (FWHM) becomes broader for the Ni-Fe/GaAs, demonstrating that the grain size is 

finer for the Ni-Fe according to Scherrer equation. From the previous discussion, the self-limiting 

growth during deposition occurs in Ni, Ni-Co, and Ni-Fe deposition, while both the Ni-Co and Ni-

Fe deposition have a slower nucleation process compared to Ni deposition.  
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Figure 8.3 Elemental composition vs. Ar milling depth for Ni-Co/Au (a) and Ni-Fe/Au (b) for 

different deposition time. (c) GI-XRD for Ni and Ni-Fe film.  

 

8.2 Electrochemical/photoelectrochemical water oxidation on binary Iron-group 

alloys 

The catalytic activity towards water oxidation for Co, Ni, Ni-Co and Ni-Fe were estimated by 

cyclic voltammetry measured in 1 M KOH as shown in figure 8.4 (a). The overpotential when the 

current density reaches 10 mA cm-2 is 0.644V, 0.462V, 0.428V and 0.326V for Ni, Co, Ni-Co and 

Ni-Fe film respectively as shown in figure 8.4 (b). The onset potential is significantly reduced at 

the surface of binary alloy films (Ni-Fe and Ni-Co) compared with pure metallic layer (Ni or Co). 

The Tafel plots were measured in the same condition to further estimate the electrochemical 

kinetics as shown in figure 8.4 (c), where a Tafel slope of 93 mV/dec and 49 mV/dec is obtained 

for Ni-Co and Ni-Fe film, while a Tafel slope of 137 mV/dec and 273 mV/dec is shown 

respectively for pure Ni and Co film. The enhanced OER catalytic property is owed to an optimized 

bond strength between metal site and oxygen for NiOOH185 as well as the additional active sites 

created by Fe or Co186.  
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Figure 8.4 Cyclic voltammetries (a), overpotential at a current density of 10 mA cm-2 (b) and Tafel 

plots (c) for Ni, Co, Ni-Co and Ni-Fe films on Au in 1M KOH. 

 

Photoelectrochemical performance of Ni-Co/GaAs and Ni-Fe/GaAs was investigated in an 

aqueous solution containing K3Fe(CN)6/K4Fe(CN)6 under chopped light. Linear sweep 

voltammetries for the Ni-Co/GaAs and Ni-Fe/GaAs films were shown in figure 8.5 (a). Both of 

the films show similar onset potential of 0.5V vs. RHE corresponding to a photovoltage of ~0.39V, 

while the saturated photocurrent density reaches 7.2 mA cm-2 at a ~ 1.0 V vs. RHE in either case. 

The similar photoelectrochemical performance for Ni-Co/GaAs and Ni-Fe/GaAs is attributed to 

the fact that the self-limiting deposited Ni-Co and Ni-Fe has close thickness and the junction 

created on the interface has similar behavior. The only difference is the photocurrent density for 

Ni-Fe/GaAs before saturation is higher than that of Ni-Co/GaAs with a maximum value of 0.8 mA 

cm-2, which is attributed to the superior electrochemical catalytic activity of Ni-Fe film as 

aforementioned leading to a more rapid oxidation kinetics on the surface of the photoanode. Figure 

8.5 (b) shows a comparison of stability between Ni/GaAs and Ni-Co/GaAs in the first 300s 
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potentialstatic measurements under the light at a potential of 1.23V vs. RHE with different 

deposition time of 0.2 s, 0.5 s and 1.0 s. For Ni/GaAs deposited for 0.2 s and 0.5 s, a rapid decay 

in photocurrent is shown in the first 30 seconds and a gradual decrease in photocurrent is present 

for the Ni/GaAs deposited for 1.0 s with a photocurrent retention of ~82.4 %. For Ni-Co/GaAs 

deposited for 0.2 s, an obvious photocurrent decay exhibits after 200 s, while for 0.5 s and 1.0 s 

deposited Ni-Co/GaAs, photocurrent decrease is minimum with a retention of ~ 91.8%. The 

stability of Ni-Fe/GaAs in the first 300s under the same condition is shown in figure 8.5 (c). 0.2s-

deposited Ni-Fe exhibits a gradual decreased photocurrent in the first 300s measurement, while no 

obvious photocurrent decay is present for 0.5s and 1.0s-deposited Ni-Fe/GaAs and a maximum 

retention of 93.7% for 0.5s deposited Ni-Fe/GaAs is shown. It need to be noted that the 0.5s-

deposited Ni-Fe/GaAs still retains a high photocurrent density of 7.6 mA cm-2. Ni-Co and Ni-Fe 

films exhibit improved stability towards photocorrosion compared to pure Ni film, attributed to a 

smaller particle size and thus a higher density of nanoislands on the surface. Trinary Iron-group 

film containing Ni, Co, and Fe is then investigated on Au or GaAs substrate, aiming at further 

improving the electrochemical/photoelectrochemical performance towards water oxidation.   

 

 

 



139 

 

 

Figure 8.5 (a) Linear scanning voltammetries of Ni-Co and Ni-Fe under chopped irradiation of 

100mW/cm2 using AM 1.5G solar simulator in a K3Fe(CN)6/K4Fe(CN)6 solution. (b) Photocurrent 

transient for Ni/GaAs and Ni-Co/GaAs in the first 300s at 1.23V vs. RHE with various deposition 

time. (c) Photocurrent transient for Ni/GaAs and Ni-Fe/GaAs in the first 300s at 1.23V vs. RHE 

with various deposition. 

 

8.3 Self-limiting deposition of ternary Iron-group alloys (Ni-Co-Fe) 

XPS spectra for Ni-Co-Fe deposited on Au before/after 6 s of Ar sputtering were collected for Ni, 

Co, Fe and O, and are shown in figure 8.6 (a-d). Prior to Ar sputtering, a peak from metallic Ni is 

found at a bonding energy of 852.8 eV while there are multiple peaks locating at 855-856 eV and 

861-862eV, possibly corresponding to Ni oxide/ (oxy) hydroxides. Theses peaks are hard to define 

since they show low intensity as the surface is highly oxidized in air and probably covered with 

absorbed water. After sputtering off a layer of ~ 1.5 nm, the spectrum shows a main peak located 

at a binding energy of 852.8 eV and another peak with intense counts at 870 eV associated with 

Ni 2p3/2 and Ni 2p1/2 in metallic Ni, while no other obvious peaks are shown. This implies that Ni 

mainly exists in the form of metal while no oxide/ (oxy) hydroxide is formed except on the surface, 

which further supports the self-limiting mechanism as the surface (oxy) hydroxides are not 

generated until the surface reaches coalescence. XPS spectrum of Co is shown in figure 8.6 (b), 
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where no distinguishable peak is shown prior to sputtering due to the small amount of Co and the 

highly oxidized surface. A peak located at a binding energy of 778.3 eV is present in the spectrum 

after sputtering, corresponding to metallic Co. No metallic Fe peak is shown on the surface before 

sputtering as can be seen in figure 8.6 (c), since Fe is also vulnerable to oxidation in air and the 

broad peak ranging from 711 eV to 713 eV can be probably assigned to FeOOH (711.3- 711.8 

eV). A metallic peak from Fe for the post-sputtered Ni-Fe-Co film is shown while the broad peak 

from FeOOH still exists, because of the diffusion of surface oxygen to Fe. The Oxygen spectrum 

shown in figure 8.6 (d) further confirms the fact that the surface of the pre-sputtered Ni-Fe-Co film 

is mainly covered with absorbed water molecules and oxides, as the peak occurring at 531.6 eV is 

close to H-O-H bond (532.0 to 532.4 eV) or M-O-H (531 to 532 eV) and the peak occurring at 

530.0 eV is corresponding to M-O-M bond (529.6 to 531.8 eV from common Ni oxides, Co oxides 

and Fe oxides). The peak at 531.6 eV disappears while the intensity of the peak at 530.0 eV 

decreases significantly after Ar sputtering, indicating that the film underneath the surface is mainly 

composed of metallic Ni, Co and Fe while there is still a small fraction of Fe oxyhydroxide due to 

the diffusion of oxygen.  
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Figure 8.6 XPS spectrum of Ni (a), Co (b), Fe (c) and O (d) for the Ni-Fe-Co films on Au. 

   

XPS depth profile depicting the elemental composition change along the depth of the Ni-Co-Fe 

film for different deposition time is shown in figure 8.7. Ni composition starts to decrease after the 

first sputtering and stays less than 5 At% when the milling depth is more than 18 nm as shown in 

figure 8.7 (a). The relative large thickness in the interface between Ni and Au is attributed to the 

interdiffusion similar to Ni-Co deposition. The composition profiles of films deposited for 10 to 

60 s overlaps despite negligible deviations, indicating the independence of the film thickness 

towards deposition time. Figure 8.7 (b) exhibits the Fe composition profile for the films deposited 
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for 10 s to 60 s Ni-Fe-Co film. A plateau occurs for a depth of less than ~ 8 nm, and the composition 

starts to decrease as the interdiffusion between Fe and Au occurs. With regard to the Co depth 

profile shown in figure 8.7 (c), a decrease in the film intensity does not occur until the milling 

depth becomes larger than ~10 nm. The deviation between films deposited for 10 s and 60 s is 

relatively large, due to the relatively small amount of Co (~10 At %) in the film. The Au depth 

profile for the films deposited for 10 to 60 s are shown in figure 8.7 (d); the increase in composition 

with depth is owed to the interdiffusion while the similarity between the 10 s and 60 s films further 

verifies that the film thickness is independent of deposition time. Oxygen composition is dropping 

to zero at ~5 nm depth for both films with different deposition times, as shown in Figure 8.7 (e), 

which implies a thickness of surface oxide/(oxy)hydroxide layer of ~ 5 nm. Potential transient vs. 

deposition time in the first 3 s for the Ni-Fe-Co deposition is shown in figure 8.7 (f). A potential 

bump featuring the formation of hydroxide layer occurs at 1.5 s as marked out, which is longer 

than Ni (~0.6s), Ni-Co (~0.8s), and Ni-Fe (~0.8s) deposition, as a result of a slower nucleation 

process by adding a third element.  
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Figure 8.7 Elemental composition vs. Ar milling depth for Ni (a), Fe (b), Co (c), Au (d), and O 

(e) for Ni-Fe-Co/Au. (f) Potential transient of Ni-Fe-Co deposition on Au in the first 3 seconds.  

 

8.4 Electrochemical/photoelectrochemical water oxidation on ternary Iron-group 

alloys 

In order to investigate the electrochemical performance of the ternary alloy films, we performed 

linear scanning voltammetries for various deposition times (1 s to 60 s) in 1 M KOH, the data are 

shown in figure 8.8 (a). The oscillation of the curves at higher potential (≥ 1.6V) is owed to the 

intense hydrogen bubble formation on the surface. The overpotential at 10 mA cm-2 for the Ni-Fe-

Co film is 0.314V, 0.319V, 0.316V and 0.32V for a deposition time of 1s, 10s, 30s and 60s, 

respectively, as shown in figure 8.8 (b). Tafel measurements in 1M KOH were used to study the 

electrochemical kinetics of water oxidation on the surface of Ni-Fe-Co film; Tafel plots are shown 

in figure 8.8 (c). For all the films with different deposition time, the overpotential follows a good 
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linear relationship with the logarithm of current density, verifying that water oxidation is the main 

reaction in the selected potential range. A Tafel slope of 34.7, 37.9 and 38.4 mV/dec is respectively 

observed for 1s, 10s and 60s deposited films, showing a much-enhanced electrochemical kinetics 

compared to Ni-Fe (49 mV/dec), Ni-Co (93 mV/dec) and Ni (273 mV/dec). The slightly improved 

property of 1s deposited Ni-Fe-Co film compared to 10s deposited film is probably due to an 

increased resistance in the film with increased thickness as for a deposition time of 1s, the surface 

compact (oxy) hydroxide layer is not formed and the film thickness is still dependent on the 

deposition time. For a longer deposition time of 60 s, both the onset potential and the Tafel slope 

slightly increase as more pinholes are generated on the surface caused by the intense hydrogen 

evolution during the deposition.  

 

Figure 8.8 Linear scanning voltammetries (a), overpotential at a current density of 10 mA cm-2 

(b) and Tafel plots (c) for Ni-Fe-Co with deposition time ranging from 1s to 60s.  

 

The photoelectrochemical performance of the Ni-Fe-Co deposited on GaAs with different 

deposition time is investigated in an aqueous Ferri/Ferro cyanide solution under AM 1.5G solar 

illumination with a power density of 100 mW/cm-2. Linear scanning voltammetries are shown in 

Figure 8.9 (a). The saturated photocurrent density for all the three films are similar with a value of 
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~4.7 mA cm-2. For the 1s-deposited Ni-Fe-Co/GaAs, an onset potential of 0.58 V vs. RHE is 

obtained, corresponding to a photovoltage of 0.29V, while the onset potential is 0.70 V for both 

10 s and 30 s deposited film as shown in figure 8.9 (b). The similar photoresponse for 10 s and 30 

s deposited film is owed to the similar thickness and composition of the Ni-Fe-Co film when the 

self-limiting condition is fulfilled, while the Fermi level pinning effect when coalescence is 

reached leads to a late onset potential.49 The stability of Ni-Fe-Co deposited GaAs is investigated 

by potentiostatic measurement at 1.23V vs. RHE under light and is compared with the previous 

results obtained on Ni/GaAs, Ni-Co/GaAs, Ni-Fe/GaAs. The optimal photocurrent retention of the 

different alloy-systems is shown in figure 8.9 (c), where Ni-Fe-Co/GaAs exhibits the optimum 

photocurrent retention (96.36%) compared to the binary alloy films or Ni film deposited on GaAs.  

 

Figure 8.9 (a) Linear scanning voltammetries of Ni-Fe-Co/GaAs deposited with different time 

under chopped irradiation of 100mW/cm2 using AM 1.5G solar simulator in a 

K3Fe(CN)6/K4Fe(CN)6 solution. (b) Onset potential of Ni-Fe-Co/GaAs deposited at various 

deposition time. (c) Comparison of photocurrent retention of Ni, Ni-Fe, Ni-Co and Ni-Fe-Co/GaAs 

in a 300s potentialstatic measurement under light. 
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8.5 Conclusions 

In this chapter, the self-limiting electrodeposition of two binary Iron-group mutual alloy films (Ni-

Co and Ni-Fe) and one ternary Iron-group mutual alloy film (Ni-Co-Fe) are investigated. The self-

limiting mechanism is validated by potential transient during deposition, collection of XPS spectra 

and XPS depth profile, as the formation of (oxy) hydroxide/metal layer with low thickness, high 

coalescence is independent on deposition time. We also demonstrate that by adding an external 

element leads to a slower nucleation process, probably due to a smaller grain size of the deposited 

nanoislands as suggested by GI-XRD. The various Iron-group mutual alloy films deposited on Au 

substrate were further investigated as electrochemical catalysts for water oxidation in 1M KOH. 

Both binary and ternary Iron-group mutual alloy films exhibit improved water oxidation kinetics 

compared to pure Ni or Co film. In particular, an overpotential of 0.314 V at 10 mA cm-2 and a 

Tafel slope of 34.7 mV/dec are obtained on the Ni-Fe-Co film. In addition, the Iron-group mutual 

alloys deposited on GaAs were further investigated as photoanodes in an aqueous 

Ferri/Ferrocyanide solution under light. The binary alloy films exhibit high photocurrent density 

(7.2 mA cm-2) with low onset potential (0.5 V vs. RHE) and an improved stability compared to 

pure Ni film, while the stability towards photocorrosion can be further improved by using the 

ternary alloy films with the cost of a reduced photoresponse (4.7 mA cm-2). This work provides a 

new deposition scheme to access continuous ultrathin Iron-group alloys with various composition, 

while to tailor the Ni-Fe-Co composition in the ternary alloy system it is possible to further 

improve the electrochemical/photoelectrochemical performance.  

 

  



147 

 

Chapter 9-Conclusions and future work 

9.1 Conclusions 

In the first part of the dissertation, various modification methods were thoroughly investigated to 

understand the relationship between the properties of the Ti-O based nanostructured materials and 

the photoelectrochemical performance towards water oxidation. Different reduction levels 

controlled by different synthesis methods allow the generation of various types of defects and 

doping levels. Argon-ammonia treatment provides a superior photoelectrochemical performance 

by introducing Ti3+/oxygen vacancies compared to surface laser modification, electrochemical 

doping and hydrogen treatment. Deposition of surface catalysts allows further improvement of the 

photoresponse by accelerating the oxidation kinetics only if the thickness is sufficiently low to 

maximize the absorption of the incident photons and the impact from trap states created during 

deposition is negligible.  In the second part of this dissertation, electrodeposition of Iron-group 

metals and alloys on GaAs were investigated as a photoanode. Ultrathin film/nanoparticles of 

metal/ (oxy) hydroxides are produced from self-limiting deposition with enhanced photocurrent 

and photovoltage; the stability during photoelectrochemical water oxidation is improved 

simultaneously, but to a limited extent. More detailed conclusions are provided below: 

Laser surface modification: Anodized TiO2 nanotubes have been irradiated with a pulsed UV 

laser in DI water environment to introduce lattice disorder.  As a result, the photocurrent improved 

by 1.6-fold under simulated sunlight compared with pristine TiO2 nanotube arrays at 1.23VRHE. 

For all samples the water oxidation reaction kinetics is determined to be the limiting step for the 

solar-to-current conversion at low bias (0.5-0.7 VRHE), while modified nanotube arrays display a 

78% water oxidation selectivity at 1.23 VRHE, compared to 65% for the pristine TiO2 nanotubes. 

The electronic density of states of the modified nanotubes is evaluated using electrochemical 
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impedance spectroscopy, revealing that selective laser irradiation improved the number density of 

shallow donors while reducing the density of deep trap states.  

High temperature hydrogen reduction: Thermal annealing of anatase TiO2 nanotube arrays 

under mixed hydrogen-argon atmosphere at high temperatures (>600oC) is employed to induce 

significant oxygen deficiency and phase transitions to substoichiometric structures (Magnéli 

phases), with the aim to limit interfacial recombination processes and increase the density of 

charge carriers. Particle-nanowire porous TiO2 sub-stoichiometries are formed at 800oC, which is 

quantitatively investigated via X-ray diffraction and Rietveld refinement. The photocurrent of this 

Ti-O compounds is increased by 2.4-fold at 1.23VRHE and the photoconversion efficiency is 

enhanced by 2.8-fold at a reduced bias under simulated solar illumination in comparison with 

pristine TiO2 nanotube arrays. The improved performance is owed to a slower interfacial 

recombination, resulting in the increase of water oxidation selectivity from 65% to 92%, and by 

the increase in charge carrier density up to two orders of magnitude, as evaluated via 

electrochemical impedance spectroscopy. Finally, this method is compared to electrochemical 

hydrogen doping, with the latter exhibiting a significantly lower energy conversion efficiency.  

Argon-nitrogen treatment: An Ar-NH3-Ar treatment method is capable to introduce Ti3+ species 

in anodic self-ordered TiO2 nanotube arrays for the synthesis of black TiO2 nanotube arrays. The 

presence of Ti3+ is verified by XPS, EPR and EDS measurements while no detectable N is observed 

in the material. The modified TiO2 exhibits a 5-fold enhancement in photocurrent compared to 

pristine TiO2 at 1.23V vs. RHE due to the increased absorption of the solar spectrum. For the 4-

hour treated sample, a photocurrent of 1 mA-cm-2 is obtained at 1.18V vs. RHE, owing to the 

reduced flat band potential and the increased density of charge carriers evaluated using EIS 

measurements. The photocatalytic activity can be further optimized by increasing the layer 
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thickness, leading also to a cathodic shift of onset potential. Furthermore, the modified TiO2 

remains intact in air for no less than 1 week. This enhancement in photo-catalysis is proven closely 

relevant to the Ti3+ induced by the Ar-NH3-Ar treatment. 

Electrodeposited NiFe oxy-hydroxides catalysts: Ni-Fe (oxy) hydroxides with nanoflakes-

structure are first electrodeposited on Au substrates; the as-deposited catalysts indicate enhanced 

oxygen evolution catalytic activity. The same deposition method is then applied at various TiO2 

nanotube systems. Specifically, mouths, walls and whole bodies of anodic TiO2 nanotubes are 

electrodeposited with Ni-Fe (oxy) hydroxides and the corresponding photo response to water 

oxidation are investigated. We show that at relatively low applied potential (≤1.5V vs. RHE) the 

Ni-Fe (oxy) hydroxides layer significantly reduces photon absorption and facilitates interfacial 

recombination, leading to a decreased photocurrent density. In contrast, at relatively high bias 

(>1.5V vs. RHE), the oxygen evolution is enhanced due to the intrinsic electro-catalytic properties 

of the loaded catalysts. Synergistic effect are not found in the three Ni-Fe (oxy) hydroxide films 

deposited at TiO2 nanotube systems.  

Ni deposition on GaAs: A self-limiting electrodeposition method of Ni on GaAs is developed to 

either generate ultra-thin continuous film or nanoislands with high particle density by controlling 

deposition time. The self-limiting growth mechanism is validated by potential transients, XPS 

composition and depth profile measurements. This deposition method exhibits a rapid nucleation, 

forms an initial metallic layer followed by hydroxide/oxyhydroxide on the surface and is 

independent of layer thickness vs. deposition time when coalescence is reached. A photocurrent 

up to 8.9 mA cm-2 with a photovoltage of 0.11 V is obtained for continuous ultrathin films, while 

a photocurrent density of 9.2 mA cm-2 with a photovoltage of 0.50 V is reached for the 

discontinuous nanoislands layers in an aqueous solution containing K3Fe(CN)6/K4Fe(CN)6. 
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Iron-group-mutual-alloy deposition on GaAs: two binary Iron-group mutual alloy films (Ni-Co 

and Ni-Fe) and one ternary Iron-group mutual alloy film (Ni-Co-Fe) under self-limiting deposition 

condition are investigated and continuous ultrathin films with various composition are generated. 

The film thickness is independent of electrodeposition time when the self-limiting deposition 

condition is fulfilled, as verified by XPS depth profile. Each binary and ternary Iron-group mutual 

alloy film exhibits improved water oxidation kinetics compared to pure Ni or Co film. In particular, 

an overpotential of 0.314V at 10 mA cm-2 and a Tafel slope of 34.7 mV/dec are obtained on the 

Ni-Fe-Co film. The Iron-group mutual alloy deposited on GaAs is further investigated for 

photoelectrochemical water oxidation. The stability towards photocorrosion under the light in an 

aqueous solution containing K3Fe(CN)6/K4Fe(CN)6 is significantly improved by electrodepositing 

the mutual alloy films while the optimum stability property is obtained for the ternary alloy film. 

9.2 Future work 

High-temperature hydrogen treatment on TiO2 nanotubes has been demonstrated to generate 

various sub-stoichiometries with significant morphology change and improved photoresponse. 

The improvement, however, is mainly restricted to the UV region while improvement in the visible 

region is probably due to the fact that conductive TiO or Ti2O3 is not initially photo-active. It is 

possible to conduct a more thorough investigation of the relationship between the phase fraction 

and the photoresponse by a more accurate control of the reduction temperature and the partial 

pressure of hydrogen. This method provides a unique structure (microparticle-nanowire porous) 

with various Magneli phases which could be employed as the precursor for other modifications. 

Even though it has been demonstrated that electrochemical hydrogen doping cannot improve the 

photoelectrochemical performance of the reduced TiO compounds, other types of doping typically 

applied on Ti-O based materials including non-metal elements (carbon, nitrogen, iodine, sulfur, 
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etc.), and metal elements (copper, zinc, molybdenum, niobium, etc. ) are yet to be understood.41,187–

189  

Ni-Fe oxy-hydroxide catalysts can be electrodeposited on various TiO2 nanotube system with 

different surface morphology and the surface water oxidation kinetics is improved within a high 

voltage range, while the short individual nanotubes with large gaps exhibit the maximum 

improvement compared with the other two TiO2 nanotube systems, possibly due to the minimum 

number of defects generated at the interface during electrodeposition. Nevertheless, the influence 

of the actually length of the nanotubes and the distribution density of the nanotubes on the surface 

has not been fully understood. There might exist an optimum condition for a maximized overall 

water oxidation activity, since a sparse distribution of the nanotubes leads to an improved 

electrochemical catalysis, but meanwhile limits the photoresponse and the surface area, while a 

compact alignment of the nanotubes results in a reduced electrochemical kinetics and more trap 

states that facilitate recombination. The investigation of a more accurate surface nanotube-

distribution with controlled nanotube length could be achieved by controlling the water content, 

the reaction time and the applied potential during anodization.21,56 

Iron-group mutual metals electrodeposited onto GaAs has been investigated, including Ni, Ni-Fe, 

Ni-Co and Ni-Fe-Co; an optimum electrochemical/photoelectrochemical performance was 

obtained in the Ni-Fe-Co system in terms of the activity and the stability. However, the influence 

of various composition of Ni, Fe and Co was not reported. It is possible to further improve the 

electrochemical/photoelectrochemical performance of the Ni-Fe-Co system by controlling the 

composition of the three elements while understanding the changes in the film thickness, 

nucleation time and self-limiting deposition mechanism is also of interest. Despite the improved 

stability of the ternary alloy film in an aqueous electrolyte while testing the electrochemical 
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performance, long term operation as a photoanode for water splitting is still challenging. To 

deposit an additional protective layer between the GaAs substrate and the metal/(oxy)hydroxide 

layer may help further improve the stability. This additional layer should require high photo-

transmittance, high charge transfer properties, and high resistance towards photocorrosion. An 

amorphous TiO2 layer deposited by atomic layer deposition (ALD) is among the most promising 

candidates. 160,190–192   
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