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Chapter 1
Introduction
1.1 The Energy challenge
Mankind is becoming increasingly aware of problems associated with its dependence on fossil
resources. The global energy demand is largely met by combustion burning non-renewable fossil
feedstock such as coal, oil and natural gas [1]. For instance, oil, coal and natural gas accounted
for 33%, 30% and 24%, respectively, of the global primary energy consumption in 2013. The
rest comes from nuclear, hydroelectric and renewable energy resources [2]. Crude oil upgrading
is done in petroleum refineries to produce transportation fuels for mobility. The scale of
operations is very large and it is likely to remain important for several decades. Electricity and
heating power is usually generated by combustion of natural gas and coal. Electricity generation
is done centralized in power plants, while heating is often done in a distributed manner with
natural gas, where available. Despite the dominance of fossil resource use, the energy scene is
subject to changes. Changes in feedstock use in one part of the world may affect the use of
energy resources in other parts of the world. For instance, the current shale gas boom in the U.S.
is leading to a shift from coal to gas for power generation in this region. Although the increasing
use of natural gas would be expected to decrease CO 2 emissions [3], it has also led to lower coal
prices and, consequently, increasing use of this most polluting of fossil feedstock at the global
scale. These changes also affect the chemical industry: the U.S. chemical industry benefits from
cheap energy (methane) and feedstock (ethane), but needs to find alternative sources of
aromatics, because naphtha cracking is increasingly being replaced by ethane cracking. The
current use of fossil fuels causes serious environmental issues, including global warming and
water, air and land pollution [4]. The global energy demand grows rapidly, due to the growth of
the world population and the fast economic growth of developing countries. The global energy
consumption is projected to increase from 13.5 terawatt (TW) to 40.8 TW in 2050 [5]. These
trends together with the finite stock of fossil resources cause great concern. Therefore, it is
important to identify sustainable energy resources that can contribute to the replacement of fossil
fuels with renewable ones. Renewable energy sources are derived from natural processes that are
abundant and also reformed at a higher rate than they are consumed, much unlike fossil fuel
sources. Solar, wind, geothermal, hydro and biomass are commonly regarded as renewable
sources of energy [6]. Among these, solar energy is argued to be the only source that has the
potential to meet all of our future energy needs [7]. One of the approaches is to convert solar
energy to electricity by solar cells using the electronic properties of a class of material known as
1
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semiconductors. The photovoltaic effect was first observed in 1839 by Becquerel. It has
ultimately led to the development of solar cells. The silicon solar cell was first announced in
1954 with an initial efficiency of 6% for converting light into electricity [8], and its performance
has been steadily improved. The thermodynamic efficiency of single junction solar cells is 40%.
With currently technology, crystalline silicon solar cells are mass produced with efficiencies of
around 18-20% [9], while lab scale results report on efficiency values as high as 24%. Each
absorbed photon of sufficient energy creates one electron-hole pair, but many of the electrons
and holes quickly relax back to the band edges of the respective carrier bands. As a result, a
considerable part of the solar energy is wasted and dissipated as heat [8]. Assuming the
efficiency of solar cell is 15%, an area of 816.000 km2 (equals to the total area of combining
Germany and France) needs to be covered by solar cells in order to generate 20 TW power from
the sunlight, enough to cover the projected global energy demand in 2020 [7]. Therefore,
utilization of solar energy is a long-term challenge at the global scale. However, due to the
intermittent nature of sunlight, it is necessary to store solar energy. This has led to tremendous
efforts to directly convert solar energy into fuels, for example, to produce H 2 as a carrier of solar
energy [10].
1.2 Energy carriers
H 2 has been discussed as one of the preferred energy carriers because of its high energy
content and clean combustion properties [11, 12]. The gravimetric energy density of H 2 of 143
MJ/kg is much higher than that of carbon-based energy vectors such as natural gas and electrical
energy stored in, e.g. batteries. For a lightweight gas such as H 2 , however, energy density per
volume is the main criterion. The value of H 2 is less than that of fossil or renewable sources (Fig.
1.1). Because of this, H 2 needs to be stored under high pressure and/or extremely low
temperatures. It urges the developments in storage materials for H 2 for the future’s practical
large-scale use [13].
H 2 does not occur free in nature and, instead, is usually found chemically bonded to other
atoms in the form of water, methane and organic material, whether fresh or fossilized. Currently,
the preferred method to produce H 2 from fossil fuels is by steam reforming of natural gas [12].
In the U.S. nearly all H 2 (~95%) is produced by this process [14]. The main hydrocarbon
component in natural gas is methane. Steam naphtha reforming is also employed when naphtha
is available at less cost derived via oil refinery.

2
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Fig. 1.1. Energy density per weight vs. per volume for liquid and gaseous fuels (from fossil
sources or renewables such as ethanol and DMF), H 2 (liquid, gas, compressed at 700 bar, and
stored in advanced nanomaterial) and electrical energy (Li batteries, conventional and advanced).
(NG: natural gas, DMF: dimethylfuran, LPG: liquefied petroleum gas) [13].
The overall methane steam reforming reaction is
CH 4 + 2H 2 O  CO 2 + 4H 2

(Equation 1.1)

which actually consists of two reactions, the methane reforming reaction and the water-gas shift
reaction [12].
Methane reforming
CH 4 + H 2 O  CO + 3H 2

(Equation 1.2)

Water gas shift
CO + H 2 O  CO 2 + H 2

(Equation 1.3)
3
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As fossil methane and also naphtha are non-renewable feedstocks, their conversion into H 2 is
associated with the emission of large amount of CO 2 . Steam naphtha reforming produces
roughly 10.5 tons of CO 2 per ton of H 2 production. Despite being highly optimized, the steam
methane reforming process is energy-intensive. Using other fossil feedstocks such as oil or coal
(with gasification as the preferred technology) for producing H 2 results in higher CO 2 emissions
per mole of H 2 produced [14].
Accordingly, the use of renewable feedstocks such as biomass is generally considered as a
viable option for the production of energy carriers. Producing H 2 from biomass involves
gasification or reforming of renewable liquid biofuels (e.g. ethanol, bio-oils). This route
generates less CO 2 but produces large amounts of by-products and suffers from low thermal
efficiency [12, 14, 15]. Besides, the use of biomass as an energy source to produce energy
carriers is subject to its own problems. For instance, the use of biomass is not carbon-neutral and
also often competes with food production directly or indirectly through land use. Therefore, one
currently witnesses an increasing trend to produce target chemicals from biomass waste rather
than large-scale production of fuels from biomass.
Despite the use of biofuels can help to reduce our fossil fuel dependence, artificial conversion
of solar energy to energy carriers has great potential. The natural photosynthesis processes by
plants, which harvest solar energy and convert it to chemically useful forms, fill most of our food,
energy and raw materials needs [16]. In natural photosynthesis water is split to produce
molecular O and H atoms. The former is released to the atmosphere, the latter is used in a
complex set of reactions to reduce CO 2 to sugars and other organic molecules.
In artificial photosynthesis schemes, production of H 2 from water is favoured because (i) they
are clean processes with O 2 as the only by-product, and (ii) an abundant and convenient raw
material, namely water, is used [17, 18]. Other processes of producing H 2 indirectly using solar
energy include thermolysis and electrolysis of water, in which sunlight should be converted to
heat and electricity first [15], which are then used to split water.
The water splitting reaction is
1

H2 O → H2 + O2
2

(Equation 1.4)

There are substantial efforts to design artificial photosynthesis systems that mimic the natural
photosynthesis. It should be realized that the efficiency of photosynthesis in nature is quite low.
These bio-inspired systems employ chromophores or antenna to absorb light, which are
analogous with the photosynthetic pigments [19]. The use of homogeneous catalysts that can act
as light absorbers and, at the same time, carry out relevant oxidation and reduction reactions is
closely related to this field. Despite the appeal of such methods, it is more likely that cheap and
4
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less complex inorganic systems will be developed to produce energy on large-scale by solar
energy conversion. Several approaches may be distinguished. An obvious option based on
available technology is to use solar cells to generate electricity. The problem of storing these
electrons can be overcome by electrolysis of water, which can be done with high efficiency. The
overall efficiency of this combined process is 18% at the lab scale [20, 28], but is expected to be
considerably lower (~10%) in commercial settings [21]. Despite the promise of electrolysis, a
major challenge for commercial implementation is the high demand of critical metal
electrocatalysts (such as Ir) and their scarcity on Earth. Another challenge is the stability of
electrocatalysts, with the lifetime of an electrolyser being significantly shorter (~5 years) than
that of solar cells (~20 years) [22]. When the light-absorbing material and catalytic centers (cocatalysts) are in one material (photocatalyst), one often speaks of photocatalysis. Usually, these
consist of inorganic oxides or sulfides with at their surface metal or metal oxides nanoparticles as
co-catalysts for driving the oxidation and reduction reactions [23]. A variation is to place the
different components in a configuration akin of an electrochemical cell with either the cathode or
anode being illuminated. Configurations of photocatalysis and photoelectrocatalysis for water
splitting are shown in Fig. 1.2.
The wired photoelectrocatalytic cell typically has a double compartment configuration, in
which the working electrode and counter electrode are separately placed in two compartments.
As shown in Fig. 1.2 (b), for an n-type semiconductor (e.g. TiO 2 ) as the working electrode, the
photogenerated electrons are transported to the counter cathode (e.g. Pt) where H 2 is produced.
The holes that remain in the valence band migrate to the surface of the semiconductor to oxidize
water [24]. This approach is specifically useful to investigate the physico-chemical properties
related to light-excitation and quantum-efficiency in new materials.

Fig. 1.2. Configurations
photoelectrocatalysis.

of

water

splitting
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Using bulk heterogeneous catalysts to promote water splitting (i.e. photocatalytic water
splitting) brings several advantages. First, the reaction can be carried out at room temperature,
i.e. there is no need for large-scale solar concentrators that would limit its application to large
central facilities in sunny regions of the world. Second, inorganic materials offer a degree of
chemical robustness and durability that is difficult to achieve for organic or biological systems.
Third, the setup is simple and cheap. Using heterogeneous catalysts as electrode (i.e.
photoelectrocatalytic water splitting) adds one extra advantage, as mentioned above, that H 2 and
O 2 are produced on separate electrodes so that it saves the post-separation cost [7]. In the present
study, we focused on heterogeneous catalysts both at the photo-electrode surface and as bulk
materials so that we use the term “photo(electro)chemical” or “photo(electro)catalysis” in this
thesis, the general designation of photocatalysis and photoelectrochemistry.
1.3 Photo(electro)catalytic water splitting
Three basic steps are involved in the photo(electro)catalytic water splitting process: (i) light
absorption, (ii) charge separation and (iii) charge removal by surface redox reactions. Details of
the processes will be elucidated in Chapter 2. Photo(electro)catalytic water splitting proceeds by
the basic steps shown in Fig. 1.3.

Fig. 1.3. Main processes in photo(electro)catalytic water splitting [25].
Honda and Fujishima first reported on photo(electro)catalytic waters splitting using a TiO 2
electrode in 1972, the generation of electrons and holes and reduction of H+ and oxidation of
water are generated. Specifically, the photogenerated electrons reduce water to form H 2 on a Pt
counter electrode, while holes oxidize water to form O 2 on the TiO 2 electrode with an external

6
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bias of 840 mV by a power supply or the pH difference between the catholyte and the anolyte
[26].
The combination of solar cells with water electrolysis can be performed with integrated,
monolithic, or tandem PV-electrolytic devices. In 1998, Khaselev et al. reported a monolithic
device with the cathode containing p-GaInP 2 and n-p-GaAs junction for H 2 production via water
splitting to achieve the solar-to-hydrogen efficiency 12.4% [27]. Peharz et al. reported the
highest efficiency of H 2 production by water splitting 18%, by combining a GaInP-GaInAs
tandem solar cell and a polymer electrolyte membrane electrolyser to form a multi-junction cell
[28]. Despite high efficiency, these inorganic materials are very expensive and unstable, which
precludes their use for large-scale energy production.
Photo(electro)catalytic water splitting technology combines the harvesting of solar energy by
semiconductor and the electrolysis of water into a single device. A light-absorbing
semiconductor is either the anode or cathode (or both) in an electrochemical cell [29]. When an
appropriate semiconductor is immersed in an aqueous electrolyte and irradiated with sunlight,
the photon energy drives the excitation of an electron of the valence band (VB) to the conduction
band (CB) in the semiconductor. At the interface solid/liquid electrolyte, the electrons and hols
are able to catalyze the redox reactions of water involved in water splitting [17]. An appreciate
semiconductor as photo(electro)catalyst should meet several criteria, namely proper band
positions relevant to the potentials for H+/H 2 reduction and O 2 /H 2 O oxidation reactions, proper
energies at the interface between semiconductor and electrolyte, and stability in aqueous
electrolyte. Most metal oxide, sulfide and nitride as photo(electro)catalysts consist of metal
cations with d0 or d10 configurations. The CBs of these materials containing d0 (Ti4+, Zr4+, Nb5+,
Ta5+ and W6+) or d10 (Zn2+, In3+, Ga3+, Ge4+, Sn4+ and Sb5+) metal oxide are usually composed of
d and sp orbitals, respectively, their VBs consist of O 2p orbitals. The VBs of metal sulfide and
nitride are composed of S 3p and N 2p orbitals. Besides, orbitals of Cu 3d in Cu+, Ag 4d in Ag+,
Pb 6s in Pb2+, Bi 6s in Bi5+ and Sn 5s in Sn2+ can also form VBs in these oxide and sulfide
compounds [25]. Typically, metal oxides such as TiO 2 , ZnO [30], Ga 2 O 3 [31], ZrO [25], WO 3
[32], Cu 2 O [33], Fe 2 O 3 [34], BiVO 4 [35], metal nitrides such as GaN [36] and Ge 3 N 4 [37], and
metal sulfides such as CdS [38] are excellent catalysts for overall water splitting, or one of the
half reactions H 2 or O 2 evolution. TiO 2 , ZnO, ZrO and Ga 2 O 3 are with proper band gap
positions so that they are suitable for water splitting. However, due to the wide band gap, these
materials are only responsive to UV light and their overall efficiency will be too low compared
to for instance the combination of solar cells and electrolysis. Especially, TiO 2 is promising
since it is inexpensive, environmentally benign and widely available as a low-cost material.
However, the band gap of TiO 2 is large (anatase, E g = 3.2 eV, E g is the value of band gap) so
that modification of the band position is necessary. CdS and ZnO are considered easily to be
7
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corroded [25]. Nevertheless, Yang et al. reported a quantum efficient of photocatalytic H 2
production up to 93% with Pt loaded PdS/CdS system [38]. Fe 2 O 3 , WO 3 , BiVO 4 are perfect for
O 2 production but inactive to produce H 2 due to their CB positions are not more negative than
H+/H 2 redox level [25].
Since UV light makes up only 4% of the solar spectrum, the development of
photo(electro)catalysts able to drive water splitting under visible light is strongly considered.
Materials of metal oxide, (oxy)nitride and oxysulfide are reported active for overall water
splitting under visible light, such as Cu 2 O [36], GaN [36], Ge 3 N 4 [37], (Zn1+x Ge)(N 2 O x ) [39]
and (Ga 1-x Zn x )(N 1-x O x ) [40]. In 2005, Maeda et al. firstly reported (Ga 1-x Znx )(N 1-x O x ) loaded
with RuO 2 as co-catalyst gave simultaneous evolution of H 2 and O 2 with a stoichiometric ratio
(2:1) under visible light with an average apparent quantum yield of 0.14% [40]. The highest H 2
production rate with (Ga 1-x Znx )(N 1-x O x ) loaded with Cr 2 O 3 /Rh core/shell nanoparticles as cocatalyst (2.5 wt% Rh) reached 426 µmol h-1 [41]. Beside, graphitic carbon nitride with a
composition of C 3 N 4 (g-C 3 N 4 ) also attracts much attentions as a non-metal visible light active
material for overall water splitting [42].
Another design route to create a visible-light-sensitive water splitting system is based on the
combination of two metal oxides as catalysts with visible light absorbance. Compared with the
above mentioned “one-step” water splitting process, the so-called “Z-scheme” includes two steps
of charge separation and transfer: the first catalyst (Photocatalyst A) is visible-light-active to
catalyze O 2 evolution, but the energy level of water reduction is not high enough to promote H 2
formation, so that the second catalyst (Photocatalyst B) is also excited by the visible light,
leading to H 2 generation (Fig. 1.4). The generated hole is not able to catalyze O 2 evolution. The
energy levels of the CB electrons of the O 2 photocatalyst and VB holes of the H 2 photocatalyst
are such that recombination is feasible through mediation of the couple [43]. Sasaki et al.
reported photocatalyitic activity of water splitting under visible light with a Z-scheme system
consisting of SrTiO 3 :Rh for H 2 evolution, BiVO 4 for O 2 evolution and a Fe2+/Fe3+ couple as
redox mediator [44]. Another example is TaON with Pt and RuO 2 as H 2 and O 2 evolution, and
with the mediator IO3-/I- [45].
Noble metal/metal oxide as co-catalysts can extract photogenerated electrons and holes from
semiconductor and provide active sites for redox reactions. Pt, Pd, Rh, Ru/RuO 2 , Au, Ag,
Ni/NiO, Cu, Ir/IrO 2 [47], CoPi [48], MnO x , Co 3 O 4 [43, 49] are widely used co-catalysts in
photocatalytic water splitting. CoPi, MnO x , Co 3 O 4 promote O 2 production. Pt, Pd, Rh RuO 2 as
promissing co-catalysts for H 2 production. However, the co-catalysts also promote the reverse
reaction. Maeda et al. developed Cr 2 O 3 /Rh core/shell structure to prevent the formation of water
by the Cr 2 O 3 shell selectively permeating H 2 and O 2 but not water molecules [42].
8
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Fig. 1.4. Conceptual diagram of overall water splitting using a Z-scheme photocatalytic system
(modified from [46]).
1.4 Scope of the thesis
Photo(electro)catalytic water splitting attracts much attention due to its clean nature and usage
of abundant and sustainable sources. Semiconductors materials used as photo(electro)catalysts,
however, suffer from low efficiency. Strategies to improve semiconductor materials include
decreasing the band gap of the semiconductor to absorb sufficient sunlight, and enhancing the
transportation of photogenerated electron and holes. The aim of this thesis is to implement these
two strategies by anion doping (such as N) into a wide band gap material and load co-catalysts
on the resulting semiconductor. The scheme includes (i) systematic investigations of the
influence of the type and extent of N-doping and (ii) studies of nanoparticle co-catalyst structure
sensitivity on photo(electro)catalytic performance of semiconductor materials. Various
semiconductors were used in this work, namely TiO 2 , g-C 3 N 4 and (Ga 1-x Zn x )(N 1-x O x ). Chapter
2 covers the principles of photocatalysis and photoelectrochemistry and the methods employed to
prepare semiconductor materials and characterization techniques employed in chapters 3-6.
In chapter 3, the effect of N-doping brought about by NH 3 thermal treatment at different
temperatures on the photocurrent of nanotubular TiO 2 arrays has been investigated.
Physicochemical characterization and photocurrent results indicate that especially interstitial Ndoping contributes to the improvement of photocurrent density of N doped samples. As it is very
difficult to control the substitution of O for N in the lattice (substitutional N doping), a
significant number of O vacancies are formed in TiO 2 lattice. This leads to the reduction of Ti4+
to Ti3+. The combinations of Ti3+ and O vacancies act as recombination centers. The data suggest
9
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that the recombination rate of separated electrons and holes is so high that the positive effect of
the presence of interstitial N on electron-hole separation is not observed in the photocurrent
measurements.
In chapter 4, Plasma-Assisted Atomic Layer Deposition (Plasma-Assisted ALD) was utilized
to deposit a highly conformal TiO 2-x N x layer on nanotubular TiO 2 arrays. The Plasma-Assisted
ALD formation of TiO 2-x N x layers was systematically investigated on Si wafers, calcined Ti
foils and nanotubular TiO 2 arrays. The Si wafer was used to optimize the Plasma-Assisted ALD
recipe. For a flat calcined Ti foil, the photocurrent is found to increase after deposition of a layer
of TiO 2-x N x with N content ca. 1 at%. Physicochemical characterization suggests that more
favourable photoelectrochemical properties are due to the presence of interstitial N dopants.
However, the photocurrent decreases because of the substitutional N dopants when substantial
amounts of N are inserted into the material. Using nanotubular array as the substrate, variation of
the N content and the photocurrent density in terms of deposition condition exhibit different
trends from those of Ti foil. Both surface N content and N configuration barely change compared
to the pristine material when the N content is low in the TiO 2-x N x layer. No additional N-doping
occurred during Plasma-Assisted ALD processing, given the relatively high N concentration
present already in the pristine ones. The unchanged N content and N configuration lead to the
nearly constant photocurrent density, unchanged compared to that of the pristine sample. In the
case of high N content in the layer of TiO 2-x N x , substantial amounts of both interstitial and
substitutional N are observed. The presence of substitutional N at high N content results in a
decrease of photocurrent density.
Chapter 5 and 6 are focusing on modification of the semiconductors with co-catalysts in order
to improve their visible light photoactivity. In Chapter 5, noble metal (Rh) modified g-C 3 N 4
were prepared. The Rh nanoparticle size was controlled between 4.1 to 9.1 nm. The dependence
of photocatalystic H 2 production on metal nanoparticle size has been investigated. It was
generally found that smaller particles show higher activity in water splitting reaction. The most
important criterion appears to be to have sufficient metallic Rh nanoparticles to remove the
photogenerated electrons from the surface of g-C 3 N 4 .
In Chapter 6, an attempt was made to study the particle size dependence of Rh nanoparticles
in the water splitting reaction when supported on a (Ga 1-x Zn x )(N 1-x O x ) semiconductor. The
synthesis of (Ga 1-x Zn x )(N 1-x O x ) by three different methods was investigated. The Rh particle size
was varied between 2.3 and 9.3 nm. The Rh nanoparticles were also coated by a Cr 2 O 3 shell
using photodeposition. The Cr 2 O 3 /Rh/(Ga 1-x Zn x )(N 1-x O x ) exhibite negligible catalytic activity in
the water splitting reaction, despite favourable physicochemical properties. The catalysts show
strong structure dependence in catalytic CO oxidation, small particles being significantly more
active than large ones. By use of Rh K-edge near-edge spectroscopy, this could be related to the
10
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more facile oxidation of the small particles under reaction conditions. For H 2 oxidation, metallic
Rh particles are more active than the oxidic ones.
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Chapter 2
Methods
Summary
This chapter introduces the principles of photocatalysis and photoelectrochemistry and the
methods used to prepare and characterize the semiconductor materials employed in chapters 3-6.
TiO 2 was prepared in the form of nanotubular arrays by oxidative anodization. Modification of
the nanotubular arrays with N-doping was done by NH 3 thermal treatment and deposition of a
TiO 2-x N x layer by Plasma-Assisted Atomic Layer Deposition (Plasma-Assisted ALD),
respectively. This thesis also describes two other photocatalytic systems, namely small Rh
nanoparticles dispersed on graphitic carbon nitride and (Ga 1-x Znx )(N 1-x O x ) semiconductor
supports. The materials were characterized by X-ray Photoelectron Spectroscopy (XPS), X-ray
Absorption Spectroscopy (XAS), Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM) and photoelectrochemical measurements. The methods and their underlying
working principles are introduced in this chapter.
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2.1 Photocatalysis
2.1.1 Introduction of photocatalytic water splitting
The water splitting reaction produces H 2 and O 2 from water via redox reactions in which
photogenerated electrons and holes are involved. Different from photo-assisted degradation of
organic pollutants for which the Gibbs free energy is negative, the free energy change for the
overall water splitting reaction is strongly positive, i.e. +237 kJ/mol [1]. Therefore, to make
efficiently use of the H 2 produced by the water splitting reaction, the energy should be supplied
by solar photons. Photocatalysis typically involves a light-harvesting material that converts
incident photons into electron-hole pairs. Typically, inorganic semiconductor materials are used
for this purpose. The electron-hole pairs are separated due to the optical excitation of electrons
after absorption of photon energy, which should be sufficient for the electrons to overcome the
band gap. The photogenerated electrons and holes migrate to the solid-liquid interface and
participate there in redox reactions (Fig. 2.1). The electronic structure of the semiconductor and
its interface with the electrolyte are important aspects in photocatalysis. Amongst others, they
influence the processes of charge generation, transfer and recombination. The underlying
principles that govern these processes will be briefly discussed in sections 2.1.2 and 2.2.2.

Fig. 2.1. Energy diagram of TiO 2 as light harvest material and redox reactions for overall water
splitting.
2.1.2 Energy levels, bands and types of semiconductors
Semiconductors form broad energy bands instead of the discrete molecular orbital energy
levels because of their dense energy levels. In the case of a semiconductor containing atoms
whose number of valence electrons is odd, the frontier band is partially occupied and is usually
termed the conduction band (CB). The frontier band which is fully occupied with paired
electrons is termed the valence band (VB). In semiconductors, the electron can be excited across
the energy band gap (E g ) between the VB and CB. This excitation process gives rise to a free
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electron in the CB and a hole in VB. The Fermi level (E F ) is defined as the energy level at which
the probability of finding an electron is ½. For intrinsic semiconductors (a perfect crystal such as
single crystal Si serves as example), the numbers of electrons and holes are equal, and the Fermi
level is approximately in the middle of the energy band gap. However, in most cases
semiconductors are extrinsic, which means the semiconductor contains defects and impurities, i.e.
dopants in its structure. Since the carrier concentrations in intrinsic semiconductor are very low
(below parts per trillion), even additions of dopants in parts per billion levels can have a
profound electrical effect [2]. Therefore, in extrinsic semiconductors the Fermi level is either
shifted towards the VB or the CB. The direction of Fermi level shift depends on the type of
dopant atoms. For Si, if the dopant is an electron acceptor (e.g. B, Al, Ga), one of the electrons in
Si valence band can be easily excited to that of the acceptor atom and leave a negatively charged
atom behind. The negatively charged acceptor atoms are immobile but the created holes by
excitation of electrons are mobile and contribute to the conduction. In such case, the major
charge carriers are positive charges, resulting in p-type behaviour. The concentration of holes
generated by doping is much higher than that of electrons, so the Fermi level shifts towards VB.
On contrary, if the dopant is an electron donor (e.g. P, As, Sb), the reverse applies and excited
electrons in the CB contribute to the overall conduction as the major charge carriers (n-type
behaviour), and the Fermi level of n-type semiconductor is located closer to CB [3]. For metal
oxide semiconductors, the native point defects in their crystal structures can also lead to
differences in conductivity [4]. TiO 2 , which is part of the focus in the present work is an n-type
semiconductor due to intrinsic defects, namely O vacancies in its crystal lattice that give rise to
partial reduction of Ti4+ to Ti3+ [5-7].
2.1.3 Semiconductor/electrolyte interface in dark
To convert solar energy to electricity, an electric field is necessary to induce charge transfer.
Photogenerated electron and hole transfer occurs at the semiconductor/electrolyte interface.
Therefore, it is important to investigate the intrinsic property of semiconductors of transferring
charges from the semiconductor (solid) bulk to the electrolyte (liquid) across the interface.
Redox reactions occur at the interface of solid and liquid, and the electrochemical potential of
electrons in the redox electrolyte E redox follows the Nernst expression
E redox = E0redox +

𝑅𝑅𝑅𝑅
n𝐹𝐹

C

ln[𝐶𝐶 𝑜𝑜𝑜𝑜 ]
𝑟𝑟𝑟𝑟𝑟𝑟

(Equation 2.1)

in which C ox and C red are the concentrations of the oxidized and reduced species. E redox is
usually given in reference to the Standard Hydrogen Electrode (SHE), which lies at -4.5 eV with
respect to the vacuum level. The Fermi level in the electrolyte (E F , redox) which uses vacuum as
the reference can be correlated with E redox in the electrolyte as follows
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E F,

= ̶ 4.5 eV – e0 E redox

redox

(Equation 2.2)

When a semiconductor contacts the redox electrolyte, E F ,

and E F become aligned by
charge transfer. Besides, a “built-in” voltage V sc develops within the semiconductor.
Consequently, charges in a certain region within semiconductor nearby the surface are removed
to achieve E F , redox = E F . This region with depletion of charges is called space charge region or
depletion layer [2, 8]. In the case of n-type semiconductor, E F > E F, redox applies, so that during
the equilibration process electrons flow from the semiconductor to the electrolyte. As a result,
the positive charges accumulate at the interface of the semiconductor side. For a p-type
semiconductor, the electrons are accumulated in the space charge region. The positions of CB
and VB in space charge region also shift, which is called band bending. The bands bend upward
toward the interface in the case of n-type and downward in the case of p-type semiconductor (Fig.
2.2). Based on the Poisson equation, V sc can be written as
𝑒𝑒𝑜𝑜𝑁𝑁𝐷𝐷

Vsc = ̶ (

2𝜀𝜀𝑠𝑠

) W2

redox

(Equation 2.3)

in which e o is the electronic charge, ε s the static dielectric constant of the semiconductor, W the
depletion layer width, N D a semiconductor parameter, representing the doping level, which is
1016 cm-3 (lightly doped) or 1018 cm-3 (heavily doped) [2]. W typically ranges from 10-1000 nm,
which is much wider than the Helmholtz layer width (see the latter sections, typically 0.4-0.6
nm). Therefore, the width of semiconductor space charge layer determines the total capacity of
the interface.

Fig. 2.2. Energy levels in a (a) n-type or (b) p-type semiconductor at semiconductor/electrolyte
interface before (left column) and after (right column) equilibration [2].
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In the electrolyte near the interface, the solution is made up of layers. For a n-type
semiconductor immersed in aqueous solution, solvent (H 2 O) molecules, H+ and OH- are
specifically adsorbed at the surface at the solution side. The ions in the solution are solvated
preventing their approach to the surface closer than a few Å (see Fig. 2.3). In the electric double
layer theory, the layer containing specifically adsorbed ions and molecules, and the nearest
solvated ions in the solution is called the compact layer or the Helmholtz layer. Within the
Helmholtz layer, the location of electrical centers of the specifically adsorbed ions is called the
inner Helmholtz plane (ihp), and that of the nearest solvated ions is called the outer Helmholtz
plane (ohp). From the ohp to the bulk of solution, the solvated ions are distributed in a threedimensional region which is called the diffuse layer, or Gouy layer [1, 9].

Fig. 2.3. Schematic model of the semiconductor/electrolyte interface and the Helmholtz and
diffusion layer (modified from [1]).
The space charge layer within semiconductor and double layer in electrolyte affect the charge
transfer across the interface. The total capacity of the interface can be experimentally determined
by photoelectrochemical measurements of the impedance of the system, so that the flat band
position (at which applied potential can flat the bended bands) can be derived based on the MottSchottky relation
1

2
𝐶𝐶𝑆𝑆𝑆𝑆

=

2

𝑁𝑁𝐷𝐷 𝑒𝑒𝑜𝑜 𝜀𝜀𝑠𝑠

[�𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑓𝑓 � −

𝑘𝑘𝑘𝑘
𝑒𝑒𝑜𝑜

]

(Equation 2.4)

in which V fb is the flat band potential, which is the applied potential V at which the
semiconductor energy bands are flat and C SC capacitance of the space charge layer. The Fermi
level can be determined when V fb is known from the measurement, so that it is simple to fix the
band positions if the relevant doping levels (n- or p-type) and band gap energy E g are known [2].
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Fig. 2.4 shows the energy diagrams of some commonly used semiconductors. The charge
transfer behavior at the interface differs in terms of the energy level overlap between CB, VB
and the surface states of semiconductor and the redox energy levels in the electrolyte.

Fig. 2.4. Relative dispositions of various semiconductor band edge positions shown both on the
vacuum scale and with respect to the SHE reference. These band edge positions are for an
aqueous medium of pH ~1[2].
2.1.4 Light absorption and carrier collection of semiconductor
Generation of electron-hole pairs is due to the absorption of a photon of energy hv so that the
delocalized electron is excited to the CB and a delocalized hole is left in the VB. The absorption
edge of semiconductor and band gap follows the relation
𝜆𝜆0 =

1.24

𝐸𝐸𝑔𝑔 (𝑒𝑒𝑒𝑒)

(𝜇𝜇𝜇𝜇)

(Equation 2.5)

The transition of electrons can be direct or indirect. For direct transition, the top of VB and
bottom of CB are both located at the same electron wave vector. The absorption depths can be
expressed by 1/α, with α being the absorption coefficient given by
𝛼𝛼 = 𝐴𝐴′ (ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔 )1/2

(Equation 2.6)

𝐴𝐴′ is a proportionality constant. For indirect transition, the equation becomes
𝛼𝛼 = 𝐴𝐴′ (ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔 )2
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The type of transition depends on the crystal structure of materials [2]. The number of carriers
collected versus those optically generated defines quantum yield (ϕ). Charge separation and
recombination at the interface are illustrated in Fig. 2.5. The charge carriers generated in region I
and II within a distance of L D + W from the surface contribute to the photocurrent,whereas all
carriers generated in region III recombine [1, 2].

Fig. 2.5. Photo-generation of electron-hole pairs in the field-free region and depletion layer for a
n-type semiconductor-electrolyte interface. The characteristic regions define by the (I) depletion
layer (W), (II) Debye length (L D ), and (III) the light absorption depth (1/α) [1].
The interfacial charge transfer should be fast enough so that less accumulation of charges
occurs at the interface of semiconductor, otherwise it will lead to a decrease of the electric field
and a concomitant increase in electron-hole recombination [1]. Therefore, catalytically active
surface species such as Pt, Rh, RuO 2 , NiO x are necessary. However, the trade-off lies on the
tendency of catalytically active surface sites to also act as recombination centers for charge
carriers. Co-catalysts for H 2 or O 2 production may also enhance the back-reaction to form H 2 O
[1, 11]
2.2 Photoelectrochemistry
2.2.1. Charge transfer semiconductor with bias in the dark
The conductivity of semiconductor will change if an external bias potential is applied. In the
dark, the current-potential behavior at the semiconductor/electrolyte interface in a state of
dynamic equilibrium can be expressed as following
𝑖𝑖𝑐𝑐 = −𝑒𝑒𝑜𝑜 𝐴𝐴𝑘𝑘𝑒𝑒𝑒𝑒 𝑐𝑐𝑜𝑜𝑜𝑜 (𝑛𝑛𝑠𝑠 − 𝑛𝑛𝑠𝑠𝑠𝑠 )

(Equation 2.8)
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in which k et is the rate constant for electron transfer, c ox the concentration of empty state in the
redox electrolyte, n s and n so are the surface concentrations of electrons, with the subscript “o”
denoting the equilibrium situation [2]. n s/n so reflects the voltage-current relation. When there is
no bias (equilibrium), n s and n so are equal so the current will be zero. When a bias is applied to
the semiconductor, if it is a reduction current (V < 0) n s will be larger than n so, so that the
oxidized redox species are converted to reduced species. For an oxidation current, the reduced
species are oxidized. The expression of current ic derived from Boltzmann expression is
𝑖𝑖𝑐𝑐 = −𝑒𝑒𝑜𝑜 𝐴𝐴𝑘𝑘𝑒𝑒𝑒𝑒 𝑐𝑐𝑜𝑜𝑜𝑜 𝑛𝑛𝑠𝑠𝑠𝑠 × �𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑒𝑒𝑜𝑜 𝑉𝑉
𝑘𝑘𝑘𝑘

� − 1�

(Equation 2.9)

The expression is modulated only based on the majority carrier population at the surface of
semiconductor.
2.2.2 Photocurrent-potential behavior
From measurements on the illuminated semiconductor (with an external bias) in contact with
the redox electrolyte, the photocurrent-potential curve can be acquired. The expression of
photocurrent also contains the current caused by the minority charges (iph ), in addition to the
majority charge carriers, which cause the dark current (see Eq. 2.9). The net photocurrent is
modified based on Eq. 2.9 to
𝑖𝑖 = 𝑖𝑖𝑝𝑝ℎ − 𝑖𝑖𝑜𝑜 �𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑒𝑒𝑜𝑜 𝑉𝑉
𝑘𝑘𝑘𝑘

� − 1�

(Equation 2.10)

Photocurrent and dark current densities vs. applied potential are shown in Fig. 2.6.
Photocurrent density is much higher than the dark current because of the addition of photogenerated charges. Both photocurrent and dark current exhibit a plateau at higher voltage. This is
because for n-type semiconductors (such as TiO 2 , both in the dark and under light) the value of
current under bias V > 0 will be limited by the lack of minority charge carriers (holes for TiO 2 as
n-type semiconductor).
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Fig. 2.6. Current-potential curves for an n-type semiconductor in the dark and under band gap
illumination (under irradiation I 1 and I 2 ) [2].
2.3 Preparation of nanotubular TiO 2 array
Photogeneration of electron-hole pairs and charge separation are significant steps in
photo(electro)catalytic water splitting. To enhance charge separation efficiency, semiconductors
can be made as high-aspect-ratio materials such as non-aligned [12-15] or vertically-aligned [1618] nanofibers (e.g. nanorobs, nanopillars, nanocables). High-aspect-ratio materials with
vertically-aligned nanotubular array structure can not only provide short migration paths for the
photogenerated electrons and holes, but their surface area is usually also higher than for
conventional systems [19-21]. For the preparation of nanotubular TiO 2 arrays, etching of a Ti
metal substrate has been commonly employed. The etching can be done by focused-ion beam
etching [22] and electrochemical etching [19-21, 23, 24]. For the latter, oxidative anodization
can be used. The etching target (i.e. the Ti substrate) is used as the anode under an applied
voltage. In this study, oxidative anodization following the procedures reported by the group of
Schmuki was used to prepare nanotubular TiO 2 arrays [21, 25, 26]. The evolution of the
nanotubular array morphology during its growth are shown in Figs. 2.7.
Anodization using a Ti metal foil as the anode, a Pt meshed plate as the cathode and a Fcontaining aqueous solution as the electrolyte. A voltage of 20 V was applied between the anode
and cathode. In the initial stages of the oxidative anodization, a compact oxide layer forms on the
Ti metal surface (Fig. 2.7 (a)), according to the reaction
Ti + 2H 2 O → TiO 2 + 4H+ + 4e-

(Equation 2.11)

TiO 2 + 6F- → TiF6 2-

(Equation 2.12)

Besides, chemical dissolution of the oxide as soluble F- complexes occurs due to
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The growth of the nanotubes is the result of the competition between formation of the
compact oxide layer and its chemical dissolution as TiF6 - complexes. The growth of the compact
TiO 2 layer on the surface of Ti metal is controlled by field-aided ion transport of O2- and Ti4+
ions through the growing oxide. As a constant voltage is applied, the field within the oxide is
progressively reduced by the increasing oxide thickness, so the process is self-limited. However,
in the presence of F-, TiF 6 2- forms and is solved in water. The F- ion radius is so small that the
ions can easily enter the growing TiO 2 lattice and be transported through the oxide by the
applied field. Therefore, the rates of the two chemical processes can continue until a steady state
is reached (v 1 = v 2 in Fig. 2.7 (c)). The growth of nanotubular arrays proceeds in different stages
(Fig 2.7): first the TiO 2 layer forms (Fig. 2.7 (a)), then the surface is locally activated and pores
start to grow randomly, resulting in an increase of the active surface area (Fig. 2.7 (b)). After
some time, many pores have initiated and a tree-like growth takes place. Fig. 2.7 (c) shows that
formation of TiO 2 layer which occurs at the inner interface and the dissolution at the outer
interface of the tubes reaches an equilibrium so that the tube grows along the flow of ions O2-,
Ti4+ and F- that are transported in the applied field [21, 25].

Fig. 2.7. Morphology evolution of nanotubular TiO 2 arrays during their formation [21].
2.4 Plasma-Assisted Atomic Layer Deposition (Plasma-Assisted ALD)
2.4.1 ALD technique
The concept of ALD was first reported in 1960’s and applied as deposition technology since
1970 [27]. Such technique alternately pulses the precursor gases/vapours onto a substrate which
leads to chemisorption of the precursors at the surface of the substrate [28]. Typically, ALD
consists of several steps [29] (Fig. 2.8)
1) Precursor exposure.
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2) Evacuation or purging of the unreacted precursor and any by-products from the
chamber.
3) Exposure of the other reactant species (non-metal precursor).
4) Evacuation or purging of the reactant and by-products from the chamber.
One cycle of ALD includes two separate self-limiting surface reactions (1st half-reaction i.e.
1st haft-cycle: step (1) and (2); 2nd half-reaction i.e. 2nd half-cycle: step (3) and (4)). These
reactions are alternated so that after one cycle of two half-reactions one layer of the material has
been deposited. In the first half-reaction, usually a metal precursor is deposited through
chemisorption, the second half-reaction is the exposure of an non-metal reactant.

Fig 2.8. Schematic view of thermal and Plasma-Assisted ALD. The first half-cycle consists of an
exposure to a precursor gas that is followed by a purge. In this half-cycle adsorption of precursor
molecules take place. In the second half-cycle the surface is exposed to a reactant gas or to
species generated by plasma and is again followed by a purge. The two half-cycles together form
one (Plasma-Assisted) ALD cycle [31].
1) Precursor exposure
During the first ALD half-cycle a gaseous precursor is introduced and allows to be transported
to and react on the reaction surface. This precursor consists of a metallic centre surrounded by
ligands having a specific affinity with the surface. The precursor usually bonds to the surface
through precursor adsorption which is achieved by the chemical groups on the surface bonding to
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the metal atoms (via covalent bond or chemisorption) in the precursors with one of the ligands in
the precursors being eliminated. Therefore, the reaction is self-limiting after one layer of
precursor molecules is bonded to the surface. Using Chemical Vapour Deposition (CVD, by
which the growth rate of the deposition is not constant by “self-limiting reaction” but depends on
the flux of the precursor) one cannot control the film conformity and the thickness. For most
metal precursor delivery systems, a carrier gas, such as N 2 or Ar is used to transport of the metal
precursor vapour. In step (1), most solid (and liquid) precursors require to be heated to produce
an adequate vapour pressure to ensure its delivery [30].
2) Evacuation or purging of the precursor and any by-products from the chamber.
After each half-cycle, the reactor is purged by an inert gas in order to remove the residual
precursor gas and reactant species/by-products. A purging gas such as Ar or N 2 can be used. In
some cases there is a continuous flow of purging gas even during steps (1) and (3) is used to
assure fast removal of these gases. The use of purging gas also makes sure that no CVD-like
reactions take place, which can occur when the reactant gas is introduced in the presence of the
precursor in the gas phase. This disturbs the ALD growth process and might lead to by-products
in the film as well as the loss of conformity and, in general, control in film growth [30, 31].
3) Exposure of the other reactant species (non-metal precursor).
The second half-cycle replaces the precursor ligands in a self-limiting way with non-metal
molecules that are required in the film composition. During this, the surface experienced steps 1)
and 2) is exposed to a co-reactant such as O 2, H 2 , N 2, NH 3 or a vapour such as H 2 O. In this step,
the co-reactants react with the adsorbed precursor by removing ligands as well as generating new
chemical bonds [30, 31].
4) Evacuation or purging of the reactant and by-products from the chamber.
The purge step ensures the complete removal of reaction by-products and excesses of coreactant from the reactor. Hereafter, one cycle is completed and the surface groups are equal to
those with which the cycle started. The total duration of the cycle is the sum of the precursor
dosing, precursor purging, reactant dosing and reactant purging times [31].
Steps (1)-(4) complete a reaction cycle [27, 31]. When sufficient precursor and reactant species
are dosed, the ALD film growth rate is not flux-dependent, which is the case with deposition
techniques such as CVD and Physical Vapour Deposition (PVD) [31]. Due to the self-limiting
reaction on the substrate/layer surface, one cycle of ALD produces virtually one monolayer,
making it possible to control thickness of growth at the Å scale with ALD [32]. However,
hindrance from the ligands of the chemisorbed species can shield part of the surface from being
accessible to the reactants. As a result, less bonding sites are available although space remains
available on the surface. Such effect, namely, steric hindrance effect is considered as a factor to
cause the saturation of the surface with adsorbed species in a self-limiting gas-solid reaction.
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Therefore, influenced by the steric hindrance effect, less than one monolayer of deposition
compound is formed at each ALD cycle [27]. Moreover, compared to other deposition
techniques, ALD is suitable to coat a uniform layer over substrates with complex surfaces [27].
Those make ALD widely used in semiconductor industry [28, 33, 34], catalyst manufacturing
[35], solar cells and other fields of nanotechnology [36, 37]. ALD is one of the major
technologies to fabricate micro-electronics because of the requirements of shrinking device
dimensions and high aspect ratios in integrated circuits [38, 39]. It is also used to prepare thin
films of high dielectric constant materials such as TiO 2 , ZrO 2 , Al2 O 3, ZnS, and GaN [40], and
deposit metals in the form of nanoparticles to be used as electrodes [30].
2.4.2 Plasma-Assisted ALD technique
To allow ALD processing also at low temperatures, i.e. compatible with thermosensitive
substrates such as polymers, plasmas replace the reactant step. Because plasmas are nonequilibrium systems where the electron temperature is much higher that the gas/ion temperature,
reactivity is said to be developed at low thermal budget. Plasma is a collection of electrically
neutral particles which move in random directions, next to ions and electrons, which densities are
orders of magnitude lower than the neutral density. Typically, plasmas are produced by an
electrical field which lead to acceleration and heating of the electrons. The hot electrons are able
to ionize, dissociate and excite the reactant gas species through electron-induced collisions.
Consequently, the reactive atomic and molecular neutrals act as “plasma radicals”. Ions (i.e. ion
bombardment) and photons can contribute to surface reactions which can lead either to an
improvement of the layer quality or not, depending on the photon flux and ion energy and flux
[41, 42]. Besides low temperature operation, Plasma-Assisted ALD offers several advantages
compared to thermal ALD. Because it is possible to tune the composition of the feed gas for the
plasma, it is possible to vary the stoichiometry of the layer with more freedom compared to the
thermal ALD process [42]. Also, the Plasma-Assisted ALD cycles are typically shorter than
ALD cycles (e.g. the purge time can be shortened because it takes less time to purge a chamber
from an O 2 plasma exposure than from H 2 O exposure) and growth rates are usually found higher
than the thermal counterpart [42, 43].
Fig. 2.8 refers to a classical example of ALD, the deposition of Al2 O 3 by means of thermal
ALD (reactant: H 2 O) and Plasma-Assisted ALD (reactant: O 2 plasma) [44]. The first paper of
Plasma-Assisted ALD was published in 1991 by De Keijser et al. [45]. With the following
research works of Kim et al. [30, 46] and Rossnagel et al. [47], Plasma-Assisted ALD has
attracted more attention by the semiconductor industry. The reported materials prepared by
Plasma-Assisted ALD range from metals (Ti, Ta, Al, Ru, Cu etc.), nitrides (TiN, TaN, RuTiN
etc.) to oxides (Al2 O 3 , Ta 2 O 5 , ZrO 2 , ZnO etc.) [43].
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2.4.3 Setup and reaction mechanism of Plasma-Assisted ALD
The possible setup configurations for Plasma-Assisted ALD include radical Plasma-Assisted
ALD, direct Plasma-Assisted ALD and remote Plasma-Assisted ALD. For radical PlasmaAssisted ALD, the plasma is generated far away from where the ALD reaction occurs. The
disadvantage of this method is that the ion and electrons start to recombine in the gas phase
before they reach the surface of substrate, so that the flux of plasma arrival at the surface of
substrate is reduced. For direct Plasma-Assisted ALD, the plasma is introduced into the reactor
chamber through a showerhead, then reaches the surface of the substrate which is parallel to the
showerhead, so that the flux of plasma radicals and ions towards the surface can be very high.
The high flux of plasma can improve the uniformity of the deposition with short plasma
exposure step, but it can also lead to plasma damage due to the generation of plasma close to the
substrate [31, 39]. In the present study we focus on the remote Plasma-Assisted ALD, in which
the plasma source is located remotely from the substrate stage so that the substrate and plasma
conditions can be varied quite independently from each other [42]. Typically, remote PlasmaAssisted ALD makes use of an Inductively Coupled Plasma (ICP) and a wide range of pressures
(10-3-1 mbar) can be applied [39]. The schematic illustration of remote Plasma-Assisted ALD
reactor are given in Fig 2.9.

Fig. 2.9. Schematic configuration of an Oxford Instuments FlexALTM remote Plasma-Assisted
ALD reactor [48].
Fig 2.9 shows a typical schematic configuration of a remote Plasma-Assisted ALD reactor
using TiCl4 as precursor and H 2 and N 2 as plasma sources to deposit TiN thin film. Ar is used to
bubble the chamber before precursor delivery, transport the precursor vapour into the chamber,
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and purge the unreacted precursor and stable by-products [48]. The flows of the precursor and
carrier gases are typically controlled by Mass Flow Controllers (MFC) or leak valves. A series in
situ characterization techniques are equipped with the reactor for process monitoring, i.e. to
follow in situ the growth of the layer. For example, Spectroscopic Ellipsometry (SE) is applied to
detect the change in polarization of light upon reflection from a surface to study film growth;
transmission infrared spectroscopy is employed to detect the surface species created in the ALD
half-reaction, by obtaining the changes in transmission of the infrared light as caused by
absorption of chemical bonds in the film; Mass Spectrometry (MS) is used to detect the gas
phase composition prior, during and after exposure of the sample to the precursor and reactant.
Optical Emission Spectroscopy (OES) is used to record the spectra that originate from the decay
of electronically excited states of various plasma species [49].
2.4.4 Plasma-Assisted ALD of TiO 2 thin films
TiO 2 is an interesting semiconductor material and is also used in a wider catalysis setting as a
support. It has a high dielectric constant. Synthesis of TiO 2 thin film by Plasma-Assisted ALD
has been widely reported [47, 50-54]. Besides on silica wafers [47, 51, 55], TiO 2 has been
deposited on such substrates as stainless steel [56], galvanized iron [57], alumina [58], and
polymers [59, 60]. Traditionally, Ti precursors for (Plasma-Assisted) ALD include TiCl4 [61],
TiI 4 [62], Ti(OC 2 H 5 ) 4 [63] and Ti(OCH(CH 3 ) 2 ) 4 (TTIP) [64]. Recently, other precursors have
been used for Plasma-Assisted ALD such as Ti(OiPr) 4 , Ti(CpMe)(OiPr) 3 , Ti(Cp*)(OMe) 3 and
Ti(CpMe)(NMe 2 ) 3 [53]. Plasma sources include O 2 , water, N 2 O or a mixture of O 2 and N 2 [65,
66]. Many parameters have been adjusted to optimize the deposition conditions such as the
applied bias [67-71], the plasma composition [50, 64] and the plasma exposure time [72].
For the TiO 2 thin films prepared by Plasma-Assisted ALD [48, 50–55], many efforts have
been made to improve the conformity, optical and electric quality of the thin films, but only a
few studies focused on N-doped TiO 2 thin film. In these cases, however, the resultant
photoelectrochemical properties have been not reported. Lim et al. prepared TiO x N y film by
using TTIP as Ti precursor and N 2 plasma as N source, such thin film was used as a stacked
insulator for electroluminescent devices [73]. Rao et al. have reported the synthesis of N-doped
TiO 2 thin film by Plasma-Assisted ALD on Si wafer. They demonstrated that the N content and
oxidation states can be controlled by adjusting plasma power, and the N-doped TiO 2 thin film
shows higher activity for photocatalytic degradation of methylene blue and orange under visible
light, however no photocatalytic H 2 production have been further studied [74, 75]. On the other
hand, since high-aspect-ratio semiconductor materials such as nanotubular arrays can provide
better light absorption and more efficient electron-hole separation than the planar ones [76],
Plasma-Assisted ALD thin film being deposited on high-aspect-ratio substrates receives
increasing attention. So far, the investigations in this field still focus on obtaining such three27
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dimensional TiO 2 nanostructured materials by ALD [77-80]. The research of N-doped TiO 2 thin
film prepared by Plasma-Assisted ALD on high-aspect-ratio substrates for photocatalytic H 2
production has been carried out in the present study, which is elucidated in chapter 4 of this
thesis.
2.5 Electron Microscopy
Electron Microscope technique is used to characterize samples to acquire surface and spatial
information such as the topographical nature of the surface, the crystal structure, the chemical
composition and the electron distribution. A focused beam of electrons bombards a solid sample.
Electromagnetic or electrostatic lenses are used to focus the incident electrons to prevent them
from diverging. Interaction of incident electrons with atoms of sample produces a number of
particles which carry different signals (Fig. 2.10). The commonly used Electron Microscope
techniques are Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM). The visual inspection of SEM of a material surface utilizes signals of two types,
secondary electrons (SE) and backscattered electrons (BSE). SEs are a result of the inelastic
collision and scattering of incident electrons with sample electrons. Typically, SEs possess
energies of less than 50 eV so that the image resolution derived from SEs is ~10 nm or better.
BSEs are a result of an elastic collision and scattering event between incident electrons and
sample nuclei or electrons. Images of SEM are formed by rastering the electron beam across the
sample with the help of scanning coils. Each point on the sample that is struck by the accelerated
electrons emits signal in the form of electromagnetic radiation. Selected portions of the radiation
are collected by the detector and the resulting signal is amplified and displayed on the monitor
[81]. TEM is in a sense similar to an optical microscope, if optical lenses are replaced by
electromagnetic ones. In TEM measurements, a thin sample is bathed with the collimated beam
of accelerating electrons with small wavelength (0.03 Å) uniformly over the illuminated area. As
the electrons travel through the sample, they are either scattered or transmitted unaffected
through the sample (Fig. 2.10). This results in a non-uniform distribution of electrons in the
beam that comes out of the sample to form a two-dimensional projection of the sample mass,
which contains all the structural information of the sample, with a typical resolution of 0.5 nm
[82, 83].
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Fig. 2.10. Schematic view of interaction between the incident beam of electrons and the emitted
particles: secondary electron (SE), backscattered electron (BSE), cathodoluminescence (CL),
Auger electron (AE) and transmission electron (TE) (modified from [81]).
Quality and resolution of the microscope images are function of instrument performance,
selection of imaging parameters and nature of the sample. Since the first electron microscope
invented by Ruska and Knoll in 1931, the resolution of electron microscope has been developed
from 10 nm to 0.05 nm (2009) [84].

2.6 X-ray Photoelectron Spectroscopy (XPS)
XPS is based on the photoelectric effect: a sample which is irradiated with X-rays of
appropriate energy will emit electrons. The number of photoelectrons depends on the X-ray
intensity, and their energy on the wavelength of the incident X-rays as well as the origin of the
electrons [85]. In 1899 Thomson was the first to identify the photoelectric effect [86] and later
Einstein postulated that light is quantized in photons of energy hv with h being Planck’s constant
and v the frequency of the photons [87].
The principle of XPS is shown in Fig. 2.11. The ejection of an electron from a core level is
caused by absorption of an X-ray photon of energy hv. The kinetic energy E k of the emitted
photoelectrons is analyzed by the spectrometer and the X-ray photoelectron spectrum is
presented in the form of the intensity of emitted electrons vs. the binding energy [88]. The
binding energy E b can be derived by the expression
E b = hv – E k – φ

(Equation 2.13)

in which φ is the spectrometer work function.
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Fig. 2.11 (b) also shows another process which accompanies photoemission. The empty core
created by the photoelectron is filled by an electron from a higher energy level (L 1 ), and the
relaxation energy excites another electron from an energy level L 23 , which is then emitted with a
specific kinetic energy. Such electrons are called Auger electrons [85, 89].
Since a set of binding energies is characteristic for an element, XPS yields information of the
elemental composition of samples and oxidation state of the elements. The mean free path of an
electron is only 1-2 nm for kinetic energies in the range of 15-1000 eV. The consequence is that
XPS is a surface sensitive technique. Only the atoms located within a few nanometer can
contribute to the signal of XPS [85, 89]. As X-ray sources, often Al Kα (1486.6 eV) or Mg Kα
(1253.6 eV) lines are used.

Fig. 2.11. (a) Schematic diagram of the XPS process, showing photoionization of an atom by the
ejection of a 1s electron [88], and (b) the principle of XPS: photoemission and the Auger process
(modified from [85]).
2.7 X-ray Absorption Spectroscopy (XAS)
XAS is closely related to XPS. XAS makes also use of absorption of incident X-ray photons,
resulting in the production of photoelectrons [90]. The absorption of the X-rays depends on the
absorption coefficient µ and follows Beer’s Law
I = I 0 e-µt

(Equation 2.14)

in which I 0 is the X-ray intensity incident on a sample, t the sample thickness, I the intensity
transmitted through the sample [91]. X-ray absorption leads to spectra similar to Fig. 2.12.
X-ray absorption is element-specific and when modulated to especially focus on the
absorption coefficient at the energies near and above an X-ray absorption edge of a particular
element, it is termed X-ray Absorption Fine Structure Spectroscopy (XAFS). XAFS can be
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divided into Extended X-ray Absorption Fine Structure (EXAFS) and X-ray Absorption NearEdge Spectroscopy (XANES). The XANES region provides information of the electronic
structure of the element under investigation and it is widely used to assess the oxidation state of
transition metals. For instance, the exact location of the absorption edge depends on the
oxidation state. The region just above the edge serves as a fingerprint and contains information
on the coordination chemistry of the absorption atom [91]. Unfortunately, the theory to describe
the XANES region quantitatively is far from developed so that exact interpretation of such
spectra is cumbersome [92].
The oscillatory nature of the X-ray absorption intensity above the edge was theoretically
explained by Kronig in 1932: it is due to the influence of neighboring atoms in the matrix [93].
The efforts of Kronig have been validated in 1971 by Sayer et al. [94], who developed a
quantitative parameterization of EXAFS which has become the standard tool for analysis of
EXAFS spectra. After Fourier Transformation of parameterization, quantitative information can
be derived from EXAFS spectra, such as the distance to and number of neighbor atoms relative
to the source atom. By fitting procedures one can also distinguish between various neighboring
atoms.
With the availability of synchrotrons delivering high brilliant X-rays, XAS has become a
standard tool for the investigation of materials [94]. It is element-specific, able to probe
composition, oxidation state and local structure and, as hard X-rays are used, it is possible to
carry out such measurements in in situ reaction cells, important to the study of catalysts.
Compared to X-ray Diffraction which depends on long-range order in inorganic structures and,
consequently, imposes a minimum size of the structures under investigation, EXAFS is able to
resolve the local structure of nanometer-sized particles, even to the scale of clusters of few atoms.

Fig. 2.12. XAFS spectrum for FeO [91].
Currently, EXAFS and XANES are mostly used as synchrotron-based XAFS techniques. An
example XAFS spectrum for FeO is shown in Fig. 2.12, in which the regions of EXAFS and
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XANES are identified. EXAFS covers the range past the Fe K-edge absorption edge and extends
typically 1000 eV further. The range covered by XANES is between the threshold and the point
at which the EXAFS begins, typically, within 30 eV of the main absorption edge [92].
The oscillatory EXAFS pattern above the edge is caused by the interference of the outgoing
and backscattered waves, which are respectively caused by the excited electron (by absorption of
photon) and the surrounding atom. In the case of a point-like obstacle, e.g. a surrounding atom
that encounters the outgoing wave, a backscattered wave is produced (Fig. 2.13). Such
phenomenon results in superposition of these two waves. Once the two waves cancel each other
at the source point, the electron exhibits no wave-like excited state and photon absorption
becomes unlikely and the absorption coefficient approaches to minimum EXAFS oscillations
(Fig. 2.12).

Fig. 2.13. (a) X-ray absorption through the photoelectric process. When an X-ray has the energy
of a tightly bound core electron level, E 0 , the probability of absorption has a sharp rise. The
tightly bound core-level is destroyed, and a photo-electron is created and (b) XAFS occurs
because the photo-electron can scatter from a neighboring atom. The scattered photo-electron
can return to the absorbing atom, modulating the amplitude of the photo-electron wave-function
at the absorbing atom. This in turn modulates the absorption coefficient μ(E), causing the
EXAFS [91].
The EXAFS function, χ(k), is extracted from X-ray absorption spectra such as shown in Fig.
2.12 by removing first the approximately parabolic background. χ(k) is expressed as a function
of the wave number of photoelectron k, which is expressed with the relation
𝑘𝑘 =

2𝜋𝜋
ℎ

�2𝑚𝑚𝑒𝑒 𝐸𝐸𝑘𝑘 =

2𝜋𝜋
ℎ

�2𝑚𝑚𝑒𝑒 (ℎ𝑣𝑣 − 𝐸𝐸𝑏𝑏 )

(Equation 2.15)
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in which h is Planck’s constant, m e the mass of an electron, E k the kinetic energy of the
photoelectron, v the X-ray frequency, E b the binding energy of the photoemitted electron.
In a monoatomic solid, the EXAFS function χ(k) is the sum of the scattering contributions of
all atoms in neighboring coordination shells
𝜒𝜒(𝑘𝑘) = ∑𝑗𝑗 𝐴𝐴𝑗𝑗 (𝑘𝑘) sin(2𝑘𝑘𝑟𝑟𝑗𝑗 + 𝜙𝜙𝑗𝑗 (𝑘𝑘))

(Equation 2.16)

in which j is the label of the coordination shells around the electron-emitting atom, A j (k) is the
amplitude, the scattering intensity due to the jth coordination shell, r j is the distance between the
central atom and atoms in the jth shell, ϕ(k) is the total phase shift, equal to the phase shift of the
backscattering atom plus twice that of the absorbing atom [85]. Simulation of EXAFS spectrum
using the above equation is required to extract the structural information.
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Chapter 3
Preparation and photoelectrochemical property of nitrogen-doped
nanotubular TiO 2 arrays
Summary
The effect of N-doping by NH 3 thermal treatment at different temperatures on the
photoelectrochemical properties of nanotubular TiO 2 arrays has been investigated. Nanotubular
TiO 2 arrays were prepared by anodization of titanium foil. TiO 2 was doped with N by NH 3
thermal treatment. Pristine and nitrided nanotubular TiO 2 arrays were characterized by X-ray
Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS) and photocurrent measurements
under visible light. Two characteristic N 1s peaks are ascribed to interstitial and substitutional Ndoping, which are respectively the dominant states at low and high nitridation temperatures.
Photocurrent results suggest that at low nitridation temperature the O vacancies and interstitial N
contribute to the improvement of the photocurrent density of N-doped samples. However, at high
nitridiation temperature, the substitution of an O atom by a N atom produces a proton, which
attracts a photogenerated electron that is trapped by an O vacancy to form a recombination center.
Consequently, the photocurrent decreases. At the highest nitridation temperature TiN is formed
whose presence results in very low photocurrents. The optimum condition of N-doping with
respect to the photocurrent density appears to be nitridation at 500 oC resulting in a surface N
content of 0.4 at%.

This chapter is published in Appl. Surf. Sci. 282 (2013) 174-180.
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3.1 Introduction
TiO 2 is generally regarded as a promising material for photocatalytic applications because of
its relatively high reactivity, low cost, considerable corrosion resistance and non-hazardous
properties [1]. Fujishima and Honda were the first to report photoelectrochemical water splitting
with TiO 2 electrode in 1972 [2]. Over the last decades, many investigators have focused on
nanostructured TiO 2 because of its high surface area, which facilitates light harvesting [3].
However, the efficiency of three-dimensional nanostructured material is limited by the poor
electron transport through the network [4]. More ordered and interconnected nanostructures such
as nanotubular arrays are preferred because of the controllable pore size, good uniformity,
comformability over large area [5]. Use of nanotubular architectures offers excellent electrons
percolation pathways for vectorial charge transfer between interfaces so that the mobility of free
electrons is enhanced [6, 7]. Anodization of Ti foils or thin deposited Ti films are convenient
methods to prepare high-aspect-ratio nanotubular TiO 2 arrays [6, 8-11]. Such nanotubular arrays
have potential in various applications such as dye-sensitized solar cells, photodegradation of
organics, H 2 generation by water splitting and CO 2 reduction [6, 8, 10, 11].
The photocatalytic efficiency of TiO 2 is limited by its large intrinsic band gap (anatase, E g =
3.2 eV), which means that it mainly adsorbs the UV part of the solar spectrum. This amounts to
only 4% of the solar spectrum. A common strategy to improve the light harvesting properties of
TiO 2 towards visible light is to narrow its band gap by metal doping [12-14]. In general, this
method does not give good results because doped TiO 2 exhibits lower stability and the
recombination of electrons and holes is increased [15]. An alternative approach is to dope TiO 2
with elements of lower electronegativity than O such as C, N, S and P [15-17]. Their presence
results in p-states above the valence band. N is considered as a favorable element for doping
TiO 2 , since the atomic radii of N and O are similar. Sato et al. reported that materials prepared
from a mixture of Ti(OH) 4 with ammonium salts have enhanced visible light absorption [18].
Asahi et al. prepared TiO 2-x N x film by sputtering TiO 2 target in an N 2 /Ar gas mixture and
demonstrated that the TiO 2-x N x film could absorb photons with wavelengths longer than 400 nm.
They also treated anatase powder in an NH 3 /Ar atmosphere at 600 oC and found that the TiO 2x N x powder has a higher photocatalytic activity in acetaldehyde decomposition than pure TiO 2 at
436 nm and 351 nm irradiation [15]. Following these pioneering works, many protocols were
developed to form N-doped TiO 2 by adding N into aqueous solutions containing the titanium
precursor [19-25], nitrifying TiO 2 under an NH 3 atmosphere [15, 26-30], or combining oxidation
and nitridation [31].
N-doping methods for TiO 2 thin films and nanotubular arrays include sputtering [32, 33], ionimplantation [34, 35], and nitrogen-plasma [36], amongst others. Besides, several researchers
reported that N is already doped in nanotubular TiO 2 arrays during the anodization step by using
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an ammonium-containing electrolyte [11, 38]. Nevertheless, gaseous NH 3 thermal treatment is
still preferred as a facile and inexpensive procedure [37, 39]. By NH 3 thermal treatment,
Schumki and co-workers succeeded in enhancing the photoelectrochemical property of
nanotubular TiO 2 in the visible light region. They further reported the effects of nitridation
temperature, crystal structure and morphology on photoelectrochemical properties of nanotubular
TiO 2 arrays [37, 39, 40].
There is an intensive debate on the nature of the N species in N-doped TiO 2 solids, the
modification of the electronic structure and the contribution of N-doping to photoactivity
enhancement [19]. It is clear that the exact preparation methods of TiO 2 and the doping methods
significantly affect the nature of the N species and the photocatalytic activity. In the present work,
the correlation between the nitridation temperature, the oxidation state of doped N, and the
effects of N state on photocurrent density was systematically investigated. Nanotubular TiO 2
arrays were prepared by anodization of titanium foils. N-doping was achieved by thermal
treatment in gaseous NH 3 . The crystal structure, optical properties, N oxidation state and visible
light photocurrent densities of pristine and N-doped TiO 2 nanotubes were investigated.
3.2 Experimental methods
3.2.1 Fabrication of nanotubular TiO 2 array
Titanium foils (> 99.6% purity, thickness 0.25 mm) were cut into 2⨉1 cm pieces. Prior to
anodization, the titanium foils were ultrasonically cleaned with acetone, ethanol, distilled water
and then dried by flowing N 2 . Then the foil was immersed in the electrolyte containing NH 4 F (>
98%, Merck) with a volumetric ratio 1:1 of glycerol (≥ 99.0%, Sigma-Aldrich) added to distilled
water [40]. Anodization was conducted in a 2-electrode cell with a Pt mesh as the counter
electrode and the cleaned titanium foil as the working electrode. The distance between them was
2 cm. The anodization was performed for 3 h under 20 V. The anodized foils were annealed in
the air with a flow oven (Heraeus) controlled by an Elite Eurotherm 2404 controller (ramping
rate 5 oC/min) at 450 oC for 3 h, followed by natural cooling.
3.2.2 N-doping
N-doping was carried out by leading NH 3 gas (NH 3 99.8%, Linde) over the sample placed in
a quartz tube in a pipe furnace (Carbolite Type 3508). The NH 3 flow rate was 200 cm3/min. The
nitridation temperature was varied from 450 to 600 oC. The heating rate was 5 oC/min followed
by an isothermal dwell of 3 h. These conditions are similar to those described in literature [37].
N-doped nanotubular TiO 2 obtained in this manner at NH 3 treatment temperatures of 450, 500,
525, 550, and 600 oC are denoted as N450, N500, N525, N550 and N600.
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3.2.3 Characterization of the nanotubular TiO 2 arrays
X-ray Diffraction (XRD) patterns were performed with a Bruker D4 Endeavor Diffractometer
using Cu Kα-irradiation. X-ray Photoelectron Spectroscopy (XPS) measurements were carried
out using a VG CLAM II hemispherical analyzer equipped with a channeltron detector. XP
spectra were obtained using the aluminium anode (Al Kα = 1486.6 eV) operating at 150 W. For
survey scans a constant pass energy of 100 eV was used and for region scans a constant pass
energy of 50 eV. The background pressure of the analyzer was 2 ⨉ 10-9 mbar. The morphology
of the samples was investigated by Scanning electron microscope (SEM, Quanta 3D FEG, FEI).
The nanotubular TiO 2 array was mechanically scraped to obtain the cracked samples for crosssectional observation. UV-Vis absorption spectra were recorded by a Shimadzu UV-2401 PC
spectrophotometer in a diffusion reflectance mode with BaSO 4 as a reference.
3.2.4 Photocurrent measurement
Photocurrent spectra were performed in a three-electrode cell with 0.1 M Na 2 SO 4 as
electrolyte at a potential of 0.2 V. A Pt ring was used as the counter electrode, a saturated
calomel electrode (SCE) as the reference electrode and the nanotubular TiO 2 array as the
working electrode with a quartz window at the bottom of the electrolytic cell chamber. As a light
source a 300 W Xe Arc lamp (Oriel Instrument) was used with a wavelength range 420-630 nm.
3.3 Results and Discussions
3.3.1 Crystal structure, morphology and optical properties
Fig. 3.1 shows the XRD patterns of the pure titanium foil, and pristine and N-doped
nanotubular TiO 2 arrays (N500, N550 and N600). The pattern of the titanium foil only contains
reflections from titanium metal. The titania phase in pristine nanotubular TiO 2 as well as N500
and N550 is mainly anatase. In the pattern of N600, a peak ascribed to rutile appears, indicating
that the phase slightly transforms from anatase to rutile at high nitridation temperatures. Also, in
the pattern of N600 a small peak at 2θ 43.27o corresponding to TiN can be discerned [41]. This
indicates the formation of TiN in the nanotubular TiO 2 array at the highest nitridation
temperatures. XRD patterns of N450 and N525 are not shown since they contain only anatase
reflections similar to N500.
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Fig. 3.1. XRD patterns of (a) titanium foil, (b) pristine nanotubular TiO 2 , (c-e) N-doped
nanotubular TiO 2 array: (c) N500, (d) N550, and (e) N600 (T: titanium, A: anatase TiO 2 , R:
rutile TiO 2 ).
Fig. 3.2 shows SEM images of the top and cross-sectional profiles of the pristine and N-doped
nanotubes. The tubes have an average length of 1.2 µm and their inner and outer diameters at the
open-to-air part are 85 and 100 nm, respectively. Fig. 3.2 (c) illustrates that the morphology is
not significantly affected by nitridation, even at highest temperature employed in this study
(600 oC). Visual inspection shows that the pristine sample is gray. The surface colors of the Ndoped samples vary from blue-greenish (N450), light green (N500), dark green (N550) to black
(N600). These colors changes are associated with the formation of intermediate phases and
finally TiN which is black. Apparently, the change of composition does not significantly
influence the morphology of the nanotubes.
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Fig. 3.2. SEM images of the (a) side and (b) top view of pristine nanotubular TiO 2 array, and (c)
top view of N-doped nanotubular TiO 2 array N600.
Fig. 3.3 shows the UV-Vis absorbance spectra of pristine and N-doped nanotubular TiO 2 at
various nitridation temperatures. The band gaps of pristine nanotubular TiO 2 is the same as that
of N450 and N500 (3.2 eV). The band gap of N525 decreases to 3.0 eV as a result of N-doping.
However, no absorption edge in the UV-Vis region can be observed in the spectra of N550 and
N600. It is because of the formation of TiN on the surface of nanotubular TiO 2 structure. In the
XRD pattern of N600, the presence of TiN is observed. In case of N550, although TiN is not
seen in XRD pattern due to its low content, in the XP spectrum (Fig. 3.4) a pronounced N peak at
396 eV can be seen as compared to N525. This feature is assigned to N in covalent Ti-N bonds
[26, 42, 45]. Compared to the Ti 2p 3/2 peak from pristine TiO 2 located at around 459 eV [42], the
Ti 2p 3/2 peak in N550 is shifted to 458.3 eV (Table. 3.1). According to previous studies [43, 44],
the Ti 2p 3/2 peak of Ti2 O 3 is located at 458.0 eV. Accordingly, the shift of Ti 2p 3/2 of N550 to
458.3 eV represents a state close to Ti3+. Therefore, we conclude that N550 also contains Ti-N
bonds. TiN is a conducting compound, which is detrimental to the photocatalytic properties as a
result of photogenerated electron-holes in bulk TiO 2 .
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Fig. 3.3. UV-Vis absorption spectra of (a) pristine and (b-f) N-doped nanotubular TiO 2 array: (b)
N450, (c) N500, (d) N525, (e) N550, and (f) N600.

Fig. 3.4. N 1s XPS spectra of (a) pristine and (b-f) N-doped nanotubular TiO 2 array: (b) N450, (c)
N500, (d) N525, (e) N550, and (f) N600.
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Table. 3.1. Surface N content, oxidation state and photocurrent density of pristine and N-doped
nanotubular TiO 2 .
Sample
pristine
N450
N500
N525
N550
N600

Surface N
content (at%)
0.14
0.32
0.35
1.9
8.1
18

Ti 2p3/2 peak
position (eV)
458.9
458.5
458.4
458.4
458.3
456.9/458.5

N 1s position (eV)
400.2
399.6
399.6
395.7/397.5/399.7
395.8/398.1/399.6
396.3/398.0

N interst /N total
(%)
100
100
100
68.9
50.9
0

Photocurrent
density (mA/cm2)
0.001
0.016
0.050
0.002
0.001
0

3.3.2 Surface composition and oxidation state
The XP spectra in Fig. 3.4 display the changes to the N 1s envelope following nitridation of
pristine nanotubular TiO 2 . Typically, the peak around 400 eV (N 400 ) is assigned to chemisorbed
molecules as N 2 [15, 28, 35, 42] or nitrogen oxides such as NO x [1, 22, 27, 45, 46] or interstitial
N, denoted as N interst . The species with the N 1s binding energy at 396 eV (N 396 ) is ascribed to
substitutional N (N subst ). It has been mentioned that if N were to assume anionic states the
binding energy of the 1s state should be around 394 eV. Since in its cationic state it is around
400 eV, it is reasonable to state that the N 396 feature points to Ti-N bonds with a covalent
character. As to the pristine samples, only N interst can be observed. For the N-doped samples, the
presence of N interst dominates the total surface N states at low temperatures, i.e. below 500 oC,
and the intensity of N interst increases with the nitridation temperature. The N subst species start to
appear at 525 oC and their content increases rapidly with increasing nitridation temperature. At
600 oC, the surface contains more N subst than N interst . Besides this shift in the dominant N species,
Fig. 3.5 (a) shows that increased nitridation temperature results in a strong increase of the total
surface N content (N total ). The surface N content increases from 0.14 to 18 at% going from the
parent pristine sample to N600. Fig. 3.5 (b) indicates that the ratio of N interst /N total decreases with
the surface N content for temperatures above 500 oC. N-doping also leads to a decreased binding
energy of Ti 2p 3/2 (Table. 3.1), which is in accordance with previous findings [42]. This is due to
the reduction of Ti4+ to lower valency because of the increasing amount of N in the surface, the
possibility to form anionic N states and O vacancies (the formation mechanism is given in
discussion part). In Fig. 3.4 (d-f), a N 1s peak located at 398 eV is observed ascribed to N-Ti-O
[47].
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Fig. 3.5. Relation of (a) surface N content and (b) N interst fraction of the total N as a function of
the nitridation temperature.
3.3.3 Photoelectrochemical properties
Fig. 3.6 shows the photocurrent density under visible light irradiation of the nanotubular TiO 2
arrays. It illustrates that the photocurrent dramatically increases when light is on and is very low
when the light is off. This sensitivity of the photocurrent towards irradiation is an intrinsic
feature of n-type TiO 2. The low current during light off generally termed as “dark current”
represents lack of photogenerated holes in the valence band, while the “light current” depends on
the separation rate of electron-hole pairs and the recombination rate. Photocurrent values are
taken by “light current” subtracted by “dark current”.
Table 3.1 shows the variation of the photocurrent density versus elevated nitridation
temperature. N450 and N500 with low surface N content both display enhanced photocurrent
density compared to that of the pristine one. N500 shows the largest improvement of
photocurrent density. However, the photocurrent density significantly decreases if the nitridation
temperature is higher than 500 oC. N550 and N600 with higher surface N content show almost
no photocurrent. It implies that surface N content and N oxidation state significantly influence
the photoelectrochemical property.

45

Chapter 3

Fig. 3.6. Photocurrent density of pristine and N-doped nanotubular TiO 2 array under irradiation
of visible light (420-630 nm).
3.3.4 Discussions
Vitiello et al. have also studied the photoelechemical properties of N-doped nanotubular TiO 2
prepared by anodization followed by NH 3 treatment [37]. These authors focused on the
dependence of the photocurrent on the crystalline structure (anatase vs. rutile) and the nitridation
temperature. Vitiello et al. reported that the optimum nitridation temperature with respect to
photocurrent is 600 oC, which is substantially higher than the optimum shown in the present
study. It may be due to the morphological differences of nanotubular arrays: the average length
of nanotubes in Vitiello’s study is 500 nm, which is smaller than that in ours (1.2 μm). Other
researchers have also reported on the influence of the geometry of nanotubular TiO 2 on the
photoresponse [48, 49]. Vitiello et al. related the positive influence of the nitridaton temperature
on the photorepsonse to the increasing presence of N subst species. However, the study did not
explore in detail the changes in the surface N oxidation state during nitridation.
In the present study, we show that the photocurrent correlates strongly to the presence of N interst .
The concentration of the N interst species increases with nitridation temperature. At relatively low
temperature, the concentration of N subst species is very low. In this regime, the photocurrent
increases with the concentration of N interst . However, above 500 oC, the rate of nitridation
becomes significant so that the concentrations of both N interst and N subst species increase. In the
presence of N subst species the photocurrent is found to decrease substantially, e.g. N525. At
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550 oC and above, N subst becomes the dominant oxidation state of N and the photocurrent is
negligible.
Oxidation state of N depends on the nitridation temperature. Prior to nitridation, the
nanotubular arrays have been calcined in air. This leads to the formation of native bulk TiO 2 .
However, the reductive atmosphere during nitridation leads to O depletion and, consequently, O
vacancies on TiO 2 surface [26, 45]. A similar result has been reported by Takeda et al., namely
that the number of O vacancies associated with N-doping by DC magnetron sputtering is
strongly dependent on the treatment atmosphere [52]. Formation of O vacancy (O υ ) under
reducing atmosphere can be described as following equations [51, 52]
2NH 3 + heat → N 2 + 3H 2

(Equation 3.1)

O2- �� O 2 + O υ + 2e-

(Equation 3.2)

H2 1
2

where O υ is an O vacancy generated from lattice O2-. TiO 2 can be reduced by O vacancy to
TiO 2-x , so that the Ti 2p 3/2 peak shifts to lower binding energy (Table 3.1) [26, 53, 54]. At
relatively low nitridation temperatures (below 500 oC), the N dopants react with TiO 2-x and O υ as
follows [27]
NH3

TiO 2-x (O υ ) x �⎯� TiO 2-x- y (O υ ) x + (NO) y

(Equation 3.3)

The N-O species can be at interstitial positions and have been described by many researchers
[1, 22, 27, 45, 46]. The amount of O vacancies associated with N-doping is increased with
increasing nitridation temperature [55]. Typically, the presence of O vacancies improves the
photocurrent density following excitation by visible light because of band gap narrowing and the
presence of n-type donor states [56]. N interst contributes to formation of impurity levels by
hybridization of O 2p and Ti 3d states. These impurity levels are located just above the valence
band maximum, so that excitation of photo-induced electrons from these impurity levels towards
the conduction band requires a lower energy [26]. On the other hand, the O vacancies as electron
traps improve separation of electron-hole pairs [27, 41, 44, 54, 57]. The amount of O vacancies
increases with N-doping due to the reduced energy of O vacancy formation as predicted by DFT
calculations [26, 53, 58]. As the nitridation temperature increases from 450 to 500 oC, the
concentration of N interst species and the amount of O vacancies increase [26]. Therefore, under
light illumination more electron-hole pairs are generated, which contribute to the photocurrent
increase. Serpone reported that the O vacancies and reduced Ti4+ both give rise to color centers
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but the band gap is not narrowed by them [59]. Therefore, the UV-Vis absorption spectra of
N450 and N500 have similar band gaps to the pristine one, but their photocurrents are higher.
At higher nitridiation temperature (525 and 550 oC), a N atom substitutes an O atom (N o 3-),
the substitution reaction can be expressed as following
N3−

O2- �⎯� N o3- + h+

(Equation 3.4)

P

in which N o 3- represents a N atom which substitutes an O atom. The substitution of an O atom by
a N atom produces a proton, which can attract an excited electron which is trapped by an O
vacancy, so that recombination occurs. The process of recombination has been proposed by
many researchers [26, 45, 50, 57, 60, 61], that the electrons in the O υ state and conduction band
may recombine with the holes in the N impurity levels. It accords with our observations that the
photocurrent density of N525 decreases compared to that of N500. From the UV-Vis absorption
spectrum, a decreased band gap of N525 can be observed (3.0 eV, compared to 3.2 eV of the
pristine sample). The narrowing of the band gap is due to the high concentration of dopant and O
vacancies [26, 59].
TiN forms at high nitridation temperature 600 oC according to [51, 62]
1

2TiO 2 + 2NH 3 → 2TiN + 3H 2 O + O 2

(Equation 3.5)

2

Visual observation of TiN containing sample shows a black surface color. TiN as a conductor
exhibits no band gap structure due to the partial filled conduction band so that rarely
photogenerated electrons and holes can be separated [63], which explains why there is no
photocurrent anymore. The optimum condition of N-doping with respect to photocurrent density
appears to involve nitridation at 500 oC leading to a surface N content of 0.4 at%, predominantly
involving interstitial N.
In literature, there is clearly no consensus on the nature of the N species that affect
photocatalytic performance. Asahi et al. used sputtering to prepare N-doped TiO 2 films and
claimed that the photocatalytic activity increases with the concentration of N species with a
spectral feature at 396 eV (N subst ), interstitial N-doping, however, not affecting the activity [15].
Di Valenti et al., who employed a sol-gel method to prepare N-doped TiO 2 powder, reported that
both types of N account for the optical absorption edge shift toward the lower energies in the
visible light region [53]. Part of this controversy may be due to the differences in preparation
method and morphology and geometry of the titania nanostructure. Our study specifically
investigated the combination of nanotubular TiO 2 arrays prepared by anodization and subsequent
48

Chapter 3

NH 3 thermal treatment. The results presented herein agree with those presented by Wang et al.
for nitridation of TiO 2 nanobelts via a hydrothermal process [26] and Feng et al. for nitridation
of TiO 2 nanotubes by treating nanotubular titanic acid in NH 3 flow [64].
3.4 Conclusions
Nanotubular TiO 2 arrays were prepared by a titanium foil anodization in electrolyte
containing glycerol and NH 4 F. The anatase structure was formed by a post-treatment annealing
step. The TiO 2 nanotubes have an average length of 1.2 µm, the inner and outer diameters of the
tubes at the open-to-air part are 85 and 100 nm, respectively. TiO 2 lattice was doped with N by
thermal treatment with NH 3 gas in the temperature range 450-600 oC. The samples nitrided at
450-550 oC have the anatase structure. A small diffraction peak corresponding to TiN is
observed for the sample nitrided at 600 oC, indicating the onset of formation of TiN in the
nanotubular TiO 2 array. The nitridiation treatment does not influence the morphology of the
nanotubes. Two characteristic N 1s peaks were observed at 400 and 396 eV, which are ascribed
to interstitial and substitutional N-doping. The interstitial N species are predominant at lower
nitridation temperatures (below 500 oC). The substitutional N species appear at 525 oC and
become the dominant N species at higher nitridation temperature. The photocurrent density of Ndoped nanotubular TiO 2 increases with the increase of nitridation temperature in the range below
500 oC. It significantly decreases at higher nitridation temperatures. The improved photocurrent
at relatively low nitridation temperatures is explained by the presence of interstitial N species in
combination with O vacancies. At high nitridiation temperature (525 and 550 oC), the
substitution of an O atom by a N atom produces a proton, which can attract an excited electron
which is trapped by an O vacancy, so that the electrons in the O υ state and conduction band may
recombine with the holes in the N impurity levels. At higher nitridation temperature 600 oC TiN
forms. TiN is a conductor and therefore does not exhibit a band gap structure due to the partial
filled conduction band. As a consequence, only very few photogenerated electrons and holes can
be separated. This leads to a loss of photocurrent for the nanotubular TiO 2 arrays treated at high
nitridation temperatures. The optimum condition of N-doping with respect to the photocurrent
density appears to be nitridation at 500 oC resulting in a surface N content of 0.4 at%.
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Chapter 4
Nitrogen-doping of bulk and nanotubular TiO 2 photocatalysts by PlasmaAssisted Atomic Layer Deposition
Summary
Plasma-Assisted Atomic Layer Deposition (Plasma-Assisted ALD) was adopted to deposit TiO 2x N x ultra-thin layers on Si wafers, calcined Ti foils and nanotubular TiO 2 arrays. A range of N
content and chemical bond configurations were obtained by varying the background gas (O 2 or
N 2 ) during the Ti precursor exposure, while the N 2 /H 2 -fed inductively coupled plasma exposure
time was varied between 2 and 20 s. On calcined Ti foils, a positive effect from N-doping on
photocurrent density was observed when O 2 was the background gases with a short plasma
exposure time (5 and 10 s). This correlated with the presence of interstitial N states in the TiO 2
with a binding energy of 400 eV (denoted as N 400 or N interst ). A longer plasma time or the use of
N 2 as background gas resulted in the formation of a N state with a binding energy of 396 eV
(deonted as N 396 or N subst ) and very low photocurrents. These N subst are linked to the presence of
Ti3+, which act as detrimental recombination centers for photogenerated electron-hole pairs.
Contrary, Plasma-Assisted ALD treated nanotubular TiO 2 arrays show no variation of the
photocurrent density (with respect to the pristine nanotubes) upon different plasma exposure
times and when the O 2 recipe was adopted. This is attributed to constant N content in the
Plasma-Assisted ALD TiO 2-x N x , regardless of the adopted recipe.
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4.1 Introduction
Titania (TiO 2 ) has attracted enormous attention in recent decades as a potential material for
photocatalytic applications, because it is inexpensive, safe and exhibits high chemical stability
[1]. The photocatalytic efficiency of TiO 2 is limited by its large band gap (anatase, E g = 3.2 eV).
One strategy towards improvement of visible light absorption of TiO 2 is the narrowing of its
band gap, for instance by cation [2-5] or anion doping [2, 6-8]. The former involves doping
transition metal ions into the TiO 2 lattice. The metal dopants provide new energy levels as
electron donors or acceptors [2]. Typically, cation-doped TiO 2 exhibits lower thermal stability
than pristine TiO 2 because the rate of electron-hole recombination increases [6]. Anion doping
involves introduction of elements such as C, N, S, P or F in the lattice to modify the valence
band position [2, 7, 8]. N is the preferred element, because the atomic radii of N and O are very
similar so that N atoms can easily substitute O in the TiO 2 crystal structure [6]. Asahi et al.
reported that TiO 2-x N x films can absorb photons with wavelengths longer than 400 nm. These
authors also found that the TiO 2-x N x powder has a higher photocatalytic activity towards
acetaldehyde decomposition than pure TiO 2 upon visible light excitation [6]. Sato et al.
synthesized NO x -doped TiO 2 by calcination of commercial titanium hydroxide and the resulting
material showed higher photocatalytic activity towards oxidation of CO and ethane under visible
light than conventional TiO 2 [9]. Livraghi et al. combined experimental and theoretical
approaches to investigate the role of N in TiO 2 and reported that the N impurities are responsible
for visible light absorption with promotion of charge separation [10].
Compared to bulk films, nanostructured TiO 2 facilitates light harvesting, therefore promoting
charge carrier generation as well as their collection at the liquid/solid junction because of the
higher surface area. [11]. However, the efficiency of three-dimensional nanostructured materials
is limited by the poor electron transport through the titania network [12]. One-dimensional
nanostructured materials such as nanotubular architectures have been proposed to offer excellent
electrons percolation pathways for vectorial charge transfer between interfaces so that the
mobility of free electrons is enhanced [13-15].
The influence of N-doping on the enhancement of photocatalytic activity was attributed by
Asahi et al. to N 2p-states, which contribute to the band gap narrowing by mixing with O 2p
states [6]. Many protocols have been developed for N-doping of powdered and nanotubular
TiO 2 , for instance by using N compounds in aqueous solutions containing an appropriate Ti
precursor [9, 10, 16-21], nitridation of TiO 2 in an NH 3 atmosphere i.e. NH 3 treatment [6, 22-29],
and by combining oxidation and nitridation approaches [30]. In a very recent study, we also
investigated nanotubular TiO 2 arrays prepared by anodization and subsequent gaseous NH 3
thermal treatment [28]. It was found that nitridation had a positive effect on the photocurrent
density, related to the introduction of interstitial N with a binding energy of 400 eV (N 400 or
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N interst ) in the surface. The effect was optimum upon introduction of a very small amount of N,
typically 0.4 at%, which was achieved at a NH 3 nitridation temperature of 500 oC. It should be
mentioned, however, that it is difficult to control the N content by thermal NH 3 treatment and,
typically, only N interst can be introduced on the TiO 2 surface. When the temperature of NH 3
treatment is too high, the film becomes fully covered with TiN, resulting in loss of the
photocatalytic performance. Also, it has been observed that high temperature nitridation resulted
in undesired morphological and textural changes of the nanostructured substrate [28, 29]. To
minimize such effects, modification of the surface of nanotubular arrays surface with N under
milder conditions leading to a tunable content of N are sought.
In order to prepare ultra-thin TiO 2-x N x layers in a more controlled manner in terms of
thickness and N content, several groups have employed gas-phase deposition techniques such as
Chemical Vapor Deposition (CVD) [31-33], Radio-Frequency Reactive Magnetron Sputtering
[34-36], Pulsed Laser Deposition [37], and, very recently, Atomic Layer Deposition (ALD) [3840]. In this work, Plasma-Assisted ALD has been explored because it is possible to control the
chemical composition, as well as other (e.g. opto-electrical, crystallographic and mechanical)
properties of the deposited layer [41-43] by tuning the composition of the gas feeding the plasma.
Other parameters which contribute to control the properties of the layers are the plasma power,
the plasma exposure time and the applied bias at the substrate where deposition occurs [44-49],
As an example, Profijt et al. have shown that the crystal structure of TiO 2 can be tuned from
anatase to rutile by varying the bias applied on the substrate holder [45]. Besides, Deng et al.
tuned the N content in TiO 2 films by alternating thermal ALD and Plasma-Assisted ALD of TiN
[50].
To the best of our knowledge, the deposition of thin TiO 2-x N x layers by Plasma-Assisted ALD
on calcined Ti foil and nanotubular TiO 2 arrays has not been reported in literature. In the present
study, Plasma-Assisted ALD is applied to develop ultra-thin TiO 2-x N x layers on planar and
nanotubular TiO 2 substrates. A systematic study was undertaken to optimize the parameters of
the Plasma-Assisted ALD process. For this purpose, the process has been initially investigated
on crystalline Si substrates. The nature of the dopant N species and the resulting
photoelectrochemical properties of deposited TiO 2-x N x /substrate systems are investigated in
detail. As a comparison to Plasma-Assisted ALD, NH 3 treatment was also reported on planar
TiO 2 substrates. Optimized Plasma-Assisted ALD procedures were then applied to nanotubular
TiO 2 substrates and its effect on the photocatalytic properties were investigated.
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4.2 Experimental methods
4.2.1 Substrates and nanotubular TiO2 synthesis
Si wafers (CZ Prime, Si(100) orientation) with diameters of 100 and 200 mm and a 2 nm
thick native oxide were purchased from Siegert Wafer. The wafers were washed by isopropanol
before further use. Ti metal foils were purchased from Advent (> 99.6 % purity, thickness 0.25
mm). The foils were cut into pieces of 2⨉1 cm2 and then ultrasonically cleaned in acetone,
ethanol and distilled water. To develop thin TiO 2 films on these foils, they were calcined in a
flow oven, under heating with a rate of 5 °C/min to 450 °C and subsequent dwelling for 3 h in
artificial air (80/20 v/v ratio of He/O 2 ). Besides Plasma-Assisted ALD, also thermal nitridation
by exposure to NH 3 gas was carried out on these samples. For this purpose, NH 3 gas (NH 3
99.8%, Linde) was led with a flow rate of 200 cm3/min over the sample, which was placed in a
quartz tube in a pipe furnace (Carbolite Type 3508). The nitridation temperature was 500 or
600 oC. The heating rate was 5 oC/min followed by an isothermal dwell of 3 h.
Nanotubular TiO 2 arrays were prepared via electrochemical anodization of a cleaned Ti foil.
The Ti foil was immersed in an electrolyte solution containing NH 4 F (Merck, > 98 %) 0.27 M
with a volumetric ratio 1:1 of glycerol (Sigma Aldrich, ≥ 99.0 %) to deionized water at 20 V for
3 h [51]. The as-anodized nanotubular arrays were calcined using the similar procedure as the
one discussed for the Ti foil procedure.
4.2.2 Plasma-Assisted ALD processing
All depositions were carried out in an Oxford Instruments FlexALTM reactor, which is a load
locked remote plasma system with an inductively coupled plasma (ICP) source, placed 31 cm
above the substrate holder. The reactor consists of a stainless-steel reaction chamber, which is
continuously pumped by a turbo pump for maintaining a base pressure of 10-6 mbar. The plasma
was generated by a radiofrequency (13.56 MHz) generator with a maximum power of 600 W.
The substrate holder with a size of 200 mm was located in the centre of the deposition chamber.
The substrate holder could be heated up to 400 °C. For the nitridation procedure as employed
here, the used temperatures were 250 °C for the O 2 recipe and 350 °C for the N 2 recipe.
The two ALD half cycles are the exposure of the above-mentioned samples to the Ti
precursor, i.e. methylcyclopentadiene titanium tris(dimethylamine) [Ti(CpMe) (NMe 2 ) 3 ] (SAFC
Hitech Ltd) [43] and a reactive N 2 /H 2 -fed ICP generated at a constant power of 400 W. Before
deposition, the reactor chamber was pumped to a pressure of 10-6 mbar. Fig. 4.1 reports the O 2
and N 2 recipes for the Plasma-Assisted ALD process. The O 2 recipe started with bubbling Ar
for 1 s through the precursor delivery system to enhance the Ti precursor delivery, followed by 3
s exposure of the substrate to the precursor, in a background of O 2 gas injected through the ICP
dosing line (gas was injected in the ICP dosing line during the Ti precursor exposure to keep the
gas line flushed and prevent any contamination from the outside): the pressure in this first half56
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cycle is constant at 0.13 mbar. This step was followed by a purge with Ar for 4 s. The reactor
chamber was preconditioned for 3 s with the gas feed of H 2 and N 2 at a pressure of 7⋅10-2 mbar.
Next, the substrate was exposed to the plasma for times ranging from 2 to 20 s. This step was
followed by purging the reactor for 3 s. For the N 2 and combined recipes, all process parameters
were the same except for the background gases and the number of total cycles (see Table 4.1).

Fig. 4.1. Flowchart of the Plasma-Assisted ALD process.
Table 4.1. Operational parameters for the Plasma-Assisted ALD process.
Recipe

Gas feed
(cm3/min)

Background gases
(cm3/min)

Plasma time
(s)

N2

H2

O2
N2

8
8

60
60

2,5,10,15,20
5,15

combined

8

60

10

O2

N2

Ar

50
-50
--

-10
10

100
100
100
100

No.
cycles

Pressure
(mbar)

250
500
601
301

7⋅10-2

1

N 2 +O 2 cycles repeated for 5 times.

4.2.3 Characterization
The morphology of the samples was investigated by Scanning Electron Microscopy (SEM,
Quanta 3D FEG, FEI) and Transmission Electron Microscopy (TEM, JEM ARM 200). Crosssectional TEM samples were prepared using Focused Ion Beam (FIB) lift-out preparation. UVVis absorption spectra were recorded by a Shimadzu UV-2401 PC spectrophotometer in
diffusion reflectance mode with BaSO 4 as a reference. X-ray Diffraction (XRD) patterns were
recorded by a Bruker D4 Endeavor diffractometer using Cu Kα radiation. The thickness and
refractive index of the samples were determined by means of a Woollam Inc. M2000U
Spectroscopic Ellipsometer (SE), ex situ on a goniometric stage as well as in situ during the
Plasma-Assisted ALD process. The Si wafer with its SiO 2 native oxide layer were measured by
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SE before TiO 2-x N x layer deposition to provide a good base for fitting. For the fitting of the SE
data of Plasma-Assisted ALD on Si wafer, an optical model (Complete-EASE software)
consisting of the Si substrate, the SiO 2 native oxide layer (ca. 2 nm) and the deposited TiO 2-x N x
layer was used. Both SiO 2 layer and the deposited TiO 2-x N x layer were modelled with the
Cauchy dispersion formula. The surface composition and oxidation states of the constituent
elements were determined by X-ray Photoelectron Spectroscopy (XPS). XP spectra were taken
using a Thermo Scientific K-Alpha spectrometer with monochromatic Al Kα sources. Spectra
were recorded at normal emission background pressure of 1⋅10-8 mbar and all the binding
energies were corrected with respect to the reference peak, i.e. the C 1s peak at 284.5 eV of
adventitious C. Depth profiling was carried out by applying an Ar ion beam sputtering with an
ion energy of 500 eV. For the Si wafer, the surface was sputtered 15 times, with a constant
sputter time of 30 s. For the Ti foils and nanotubular TiO 2 arrays, 4 short sputtering cycles of 30
s each were employed followed by 20 longer sputtering cycles of 180 s.
Photoelectrochemical activity measurements were performed in a 3-electrode cell using 0.1 M
Na 2 SO 4 as the electrolyte solution with a Pt ring counter electrode, a saturated calomel electrode
(SCE) as the reference electrode and the (surface modified) TiO 2 as the working electrode. A Xe
arc lamp (Oriel Instruments) was used as the light source with a power supply of 200-500 W.
The irradiation power in this study was set at 300 W. The photocurrents were reported after
subtraction of the dark current.
4.3 Results and discussions
4.3.1 Plasma-Assisted ALD on Si wafers
The layer characterization was first carried out on crystalline Si substrates. As an example,
Fig. 4.2 shows the XPS depth profiles for the Plasma-Assisted ALD deposited layer using the O 2
and N 2 recipes with different plasma exposure times as a function of the sputtering time. The
thickness of the deposited layer, the composition at the surface and the composition averaged for
the whole layer thickness for the O 2 , N 2 and combined recipes are collected in Table 4.2. For the
O 2 recipe, the O/Ti ratio at the surface is close to 2 and remains constant as a function of the
depth up to a sputtering time of 200 s, corresponding to the depth at which the TiO 2 /Si interface
is reached. The thickness of the deposited TiO 2-x N x layer as determined by SE is 17.3 ± 1.6 nm.
The growth per cycle (GPC) is 0.07 nm/cycle, in agreement with the value reported by Profijt et
al. [41]. The N content remains < 1 at% at the surface and in the bulk, suggesting that the source
of N in the layer is only the N in the precursor molecule. Table 4.2 shows that the surface N
content in TiO 2-x N x layer increases with increasing the plasma exposure time.
Using the N 2 recipe, a TiO 2-x N x layer is deposited with higher N content. This can be
primarily attributed to the presence of adsorbed N 2 on the walls of the ICP tube, upon N 2
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flushing of the ICP dosing line and subsequent plasma ignition. The average N content with a
plasma exposure time of 5 s is approximately 10 at% at the surface. The thickness of this layer
measured with SE is 17.0 ± 3.0 nm, which is similar to the layer thickness obtained using the O 2
recipe. The GPC is 0.034 nm/cycle, a factor two lower than found for the O 2 recipe. From the
sputtering profile (Fig. 4.2 (c)), it follows that for the TiO 2-x N x layer with higher N content a
shorter etching time was required to reach the interface between Plasma-Assisted ALD layer and
substrate than the one with low N content (prepared by the O 2 recipe). As the thicknesses of the
two layers are similar, this suggests that the material density of TiO 2-x N x layer with higher N
content is lower than that of the one with low N content prepared by the O 2 recipe. The
combined recipe results in an average N content of 9 at%. The N content at the surface is around
5 at%. Table 4.2 also shows that films developed under N 2 and combined recipes contain C in
the bulk, which most likely derives from incomplete combustion of the organic fragments
originating from the organometallic Ti precursor. Fig. 4.2 shows that the C content at the surface
region is typically higher than in the bulk, in agreement with the presence of surface
contamination.

Fig. 4.2. Concentration profiles of the TiO 2-x N x thin layer prepared by Plasma-Assisted ALD on
Si wafers using (a) the O 2 recipe with plasma time of 5 s, (b) the N 2 recipe with plasma time of 5
s and (c) the combined recipe with plasma time of 10 s.
Fig. 4.3 shows the N 1s XP spectra of the films deposited by various recipes. For the films
deposited using the O 2 recipe the N content is low for all plasma exposure times. The N content
increases with the plasma exposure time as evidenced by the increasing intensity of the weak
feature around 400 eV. A plasma exposure time of 20 s leads to appearance of an additional
feature at lower binding energy. For the TiO 2-x N x layer deposited with the N 2 recipe, the feature
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around 396 eV largely increases in the XP spectrum and a shoulder at 400 eV is also visible. The
peak at 396 eV is also visible in the XP spectrum of the film deposited by the combined recipe,
albeit with lower intensity.
Table 4.2. Surface and bulk composition of Plasma-Assisted ALD TiO 2- x N x layers on various
substrates.
Plasma
Layer
Film composition (at%)
exposure
thickness
Ti
O
Si
N
time (s)
(nm)
1
2
2
15.2
31 (27)
61 (61)
1.5 (0) 0.3 (0.3)
5
17.0
31 (25)
60 (58) 2.5 (0.6) 0.2 (0.3)
10
17.8
29 (25)
64 (60)
0 (0)
0.2 (0.6)
O2
15
17.8
30 (24)
63 (58)
1.2 (0) 0.6 (0.7)
Si wafer
20
18.5
30 (25)
63 (60)
1.5 (0) 1.1 (1.1)
5
14.8
27 (18)
34 (38)
2.0 (0)
18 (11)
N2
15
18.3
27 (19)
33 (37)
0.8 (0)
22 (13)
combined
10
17.2
32 (26)
50 (48)
0 (0)
9.3 (5.4)
pristine
-29 (20)
63 (60)
-0.8 (0.7)
2
-28 (19)
61 (55)
-0.7 (0.8)
5
18
-- (25)
-- (58)
--- (1.3)
O2
10
-25 (18)
68 (67)
-0.8 (1.1)
TiO 2 /
20
-34 (25)
62 (61)
-0.6 (1.1)
Ti foil
5
16
27 (11)
36 (33)
-5.3 (7.4)
N2
15
--- (26)
-- (44)
--- (13)
combined
10
18
31 (22)
51 (49)
-3.0 (4.6)
pristine
-27 (23)
62 (56)
-0.5 (0.8)
2
-27 (23)
62 (57)
-0.3 (0.6)
O2
5
-28 (24)
64 (60)
-0.5 (0.9)
TiO 2
10
-33 (30)
61 (59)
-0.5 (0.7)
nanotubes
20
-27 (23)
61 (56)
-0.4 (0.4)
N2
5
-25 (20)
41 (43)
-14 (7.4)
combined
10
-27 (19)
52 (54)
-5.4 (4.6)
1
value before brackets is the average bulk composition between the etching time of 0-270
between brackets is composition at surface.
Substrate

Recipe

C
5.9 (12)
5.6 (16)
5.7 (14)
5.7 (17)
4.7 (14)
19 (33)
16 (31)
8.1 (21)
7.2 (19)
9.8 (25)
-- (14)
6.0 (14)
3.5 (13)
31 (49)
-- (17)
15 (24)
11 (20)
10 (19)
18 (15)
5.4 (9.9)
12 (21)
20 (29)
16 (22)
s; 2value

Results of the deconvolution of these XP spectra are given in Table 4.3. The N 1s feature with
a binding energy around 400 eV can be assigned to chemisorbed molecules as N 2 [6, 24, 26, 52],
nitrogen oxides such as NO x [18, 32, 53] or N interst . As discussed earlier [28], the most likely
origin of this N feature is N interst . Theoretical calculations [54] examined possible locations for
the N atom in the interstices of TiO 2 and found its most stable site to be in coordination to one
lattice O anion. The species with N 1s binding energy of 396 eV is usually ascribed to
substitutional N (N 396 or N subst ). It implies the formation of Ti-N bonds with a covalent
character, which is usually argued to be accompanied by reduction of Ti4+ to Ti3+.
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Fig. 4.3. Surface N 1s XP spectra of (a) pristine Si wafer and TiO 2-x N x thin layer prepared by
Plasma-Assisted ALD on Si wafers using the O 2 recipe with plasma times of (b) 5 s, (c) 20 s,
and (d) the N 2 recipe with plasma times of 5 s.
Table 4.3. Analysis of N 1s XP spectra of Si substrate before and after Plasma-Assisted ALD of
TiO x N 2- x layers.
Recipe
Si wafer
O2
N2
combined

Plasma exposure
time (s)
-2
5
15
20
5
10

Fraction (%)
N interst
-100
100
100
80
50
95

Fraction (%)
N subst
----20
50
5

Total N surface
content (at%)
0
0.3
0.3
0.7
1.1
11
5.4

4.3.2 Plasma-Assisted ALD on calcined Ti foils
As the films are very thin, XRD patterns of the calcined Ti foil prior and after the PlasmaAssisted ALD process only show diffraction peaks of Ti metal (Fig. 4.4). From XPS depth
profiling the thickness of the TiO 2 layer of the calcined starting foil was estimated to be 36 nm.
Table 4.2 contains the thickness of the layer deposited on the starting foils by Plasma-Assisted
ALD and their composition obtained by XPS depth profiling. The corresponding depth profiles
are given in Fig. 4.5. It is seen that the calcined Ti foil already contains a small amount of N. The
thickness of the Plasma-Assisted ALD layer deposited by the O 2 recipe is estimated to be 18 nm
on the basis of the etching time and assuming that the density of this Plasma-Assisted ALD layer
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is similar to the one deposited for the TiO 2 layer on the Si wafer. In the same way, the thickness
of the layers deposited by the N 2 and combined recipes are 16 and 18 nm, respectively.

Fig. 4.4. XRD patterns of (a) the pristine calcined Ti foil, TiO 2-x N x thin layer prepared by
Plasma-Assisted ALD on calcined Ti foils using O 2 recipe with plasma times of (b) 5 s and (c)
20 s, (d) the N 2 recipe with plasma time of 5 s and (e) the combined recipe with plasma time of
10 s (Ti: titanium).
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Fig. 4.5. Concentration profiles of (a) the pristine calcined Ti foil and TiO 2-x N x thin layers prepared by Plasma-Assisted ALD on
calcined Ti foils using (b) the O 2 recipe with plasma time of 5 s, (c) the N 2 recipe with plasma time of 5 s, and (d) the combined recipe
with plasma time of 10 s.
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Fig. 4.6 shows N 1s XP spectra of the various foils prior and after the Plasma-Assisted ALD
treatment. The results of the deconvolution of the N 1s peak are collected in Table 4.4. It is
observed that for deposition using the O 2 recipe with plasma times between 2 to 10 s, only N interst
is present. When the plasma exposure time increased to 20 s, a small additional small feature of
N subst is observed in the XP spectrum. This trend is consistent with the Plasma-Assisted ALD
series for the Si substrate. For the N 2 and combined recipes, the N subst feature dominates the N
1s XP spectra. For the N 2 recipe, the surface N content is seen to increase with increasing plasma
exposure time (7.4 at% for 5 s and 12.8 at% for 15 s), showing that the N content can be tuned
by varying the plasma exposure time in N 2 atmosphere. The surface N content is higher than that
found for the layers obtained by the O 2 recipe. Consistent with the results for the Si substrate, the
combined recipe gives intermediate N content, again with predominantly N subst at the surface.
Thus, the trends in the N content for the various Plasma-Assisted ALD recipes are qualitatively
similar for the Si wafer and the calcined Ti foil, although careful comparison shows that for the
N 2 and mixed recipes less Nis incorporated for the Ti foil and, also, lower N interst /N total ratios are
found when compared to the Si wafer.

Fig. 4.6. Surface N 1s XP spectra of (a) pristine calcined Ti foil and TiO 2-x N x thin layers
prepared by Plasma-Assisted ALD on calcined Ti foils using the O 2 recipe with different plasma
time of (b) 5 s, (e) 20 s, and (d) the N 2 recipe with plasma time of 5 s.
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Table 4.4. N content and configuration and photocurrent density of ultra-thin TiO 2- x N x layers on
the calcined Ti foil substrate by Plasma-Assisted ALD.
Recipe
pristine
O2

N2
combined

Plasma exposure
time (s)
-2
5
10
20
5
15
10

Fraction (%)
N interst
100
100
100
100
76
39
27
29

Fraction (%)
N subst
0
0
0
0
24
61
73
71

Total N surface
content (at%)
0.7 ± 0.2
0.8 ± 0.2
1.3 ± 0.7
1.1 ± 0.4
1.1 ± 0.2
7.4 ± 0.5
13 ± 0.6
4.6 ± 1.1

Photocurrent
density (µA/cm2)
9±2
9±1
15 ± 6
18 ± 4
5±1
2±1
1±1
1±1

Fig. 4.7 and Table 4.5 report specific information on the composition of the layer as a
function of the thickness/etching time for several recipes. For the pristine calcined Ti foil and the
O 2 recipe with plasma time of 10 s the N content remains below 1 at% throughout the film. It is
seen that the dominant N species at the surface is of the interstitial type while deeper into the
film a small amount of N subst appears. For the N 2 (plasma time 5 s) and the combined recipe
(plasma time 10 s) the N content below the surface decreases stronger and similar to the above
observations there is less N interst and more N subst . It is also seen that there is C in all the layers,
decreasing in amount deeper into the film.
Table 4.5. N content and configuration as a function of depth of ultra-thin TiO 2- x N x layers on
the calcined Ti foil substrate by Plasma-Assisted ALD.
Recipe
pristine

Plasma exposure
time (s)
--

O2

10

N2

5

combined

10

Etching time (s)

Ti
20
31
-48
18
32
35
49
11
32
36
54
22
-34
40

0
270
991
1712
0
270
991
1712
0
270
991
1712
0
270
991
1712
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Film composition (at%)
O
N
60
0.7
61
1.1
--43
0.6
67
1.1
66
0.7
61
0.8
43
0.8
33
7.4
62
3.0
59
1.0
37
0.8
49
4.6
--61
1.5
50
1.2

C
19
6.5
-8.5
14
1.4
3.2
7.1
49
3.1
3.9
8.0
24
-3.5
8.7
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Fig. 4.7. N 1s XP spectra as a function of depth of (a) pristine calcined Ti foil and (b-d) TiO 2-x N x thin layers prepared by PlasmaAssisted ALD on calcined Ti foils using the (b) O 2 recipe with plasma time of 10 s, (c) N 2 recipe with plasma time of 5 s, and (d) the
combined recipe with plasma time of 10 s.
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Photocurrent densities of these Ti foil derived materials are shown in Fig. 4.8. The stable
photocurrents under visible light illumination are given in Table 4.4. The photocurrent of the
calcined Ti foil is 9 μA/cm2. Deposition of a thin layer using the O 2 recipe with a plasma
exposure time of 2 s does not result in an increase of the photocurrent, consistent with the nearly
similar amount of N interst . Increasing plasma exposure time to 5 and 10 s results in a significant
increase of the photocurrent density to 15 and 18 μA/cm2, respectively. This increase correlates
well with the increase in the amount of N interst . A plasma exposure time of 20 s results in a strong
decrease of the photocurrent density to 5 μA/cm2. Table 4.4 shows that the N content is similar to
the one in the layers prepared at plasma exposure times of 5 and 10 s. The longer exposure time
has led to the formation of N subst , which has before been reported as detrimental to current
evolution [28]. Consistent with this, Table 4.4 shows that the much higher amounts of N subst in
the films prepared by Plasma-Assisted ALD with the N 2 and combined recipes results in very
low photocurrent densities.

Fig. 4.8. Photocurrent density under visible light irradiation of pristine and TiO 2-x N x thin layers
prepared by Plasma-Assisted ALD on calcined Ti foils using the O 2 recipe with plasma time of
2-20 s, the N 2 recipe with plasma time of 5 and 15 s, and the combined recipe with plasma time
of 10 s.
According to earlier studies [23, 28, 31, 55], N interst contributes to formation of impurity levels
above the valence band of TiO 2 by hybridization of O 2p state. Therefore, the photo-induced
excitation of electrons from these impurity levels towards the conduction band of TiO 2 becomes
favourable. Thus, the presence of N interst improves the photocurrent. On the other hand, the
presence of N subst causes a decrease of the photocurrent, because substitution of an O atom by a
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N atom produces a Ti3+, which can act as electron-hole recombination center. Therefore, we
conclude that the influence of the titania film composition in terms of N interst and N subst content in
Plasma-Assisted ALD TiO 2-x N x /TiO 2 /Ti foil on the photocurrent density is qualitatively similar
to what we have discussed earlier [28]. Chen et al. have reported that N 2 plasma treatment of
TiO 2 results in N-doping and increased photocatalytic activity towards isopropyl alcohol
decomposition [56], although these authors did not provide clear evidence about the nature of the
N species that affect photocatalytic activity. Romero-Gomez et al. prepared N-containing TiO 2
thin films by Plasma Enhanced (PE)-CVD and reported about formation of N interst species with a
binding energy around 400 eV (assigned as Ti-NO species) for low N content and Ti-N (N subst )
for high N content [57]. They reported that N subst species contribute to band gap narrowing,
whereas the N interst species have no effect on the band gap. Also in the study of Romero-Gomez
et al., no photocatalytic activities were determined.
In view of our earlier results on nitridation by thermal treatment in NH 3 , the calcined Ti foils
were also treated by NH 3 at 500 and 600 oC, respectively. The N 1s XP spectra of the pristine
and NH 3 treated foils are shown in Fig. 4.9. The N content of the calcined Ti foil is 0.5 at%. It
increases to 3.2 and 15.1 at% after calcination in NH 3 at 500 and 600 oC, respectively The N 1s
spectra show that the calcined foil only contains N interst , whereas the films were found to contain
also N subst after NH 3 treatment. The N 1s peak at 398 eV is ascribed to N-Ti-O species [58].
Such state was also observed in NH 3 treated TiO 2 nanotubes after nitridation above 525 oC [28].
The fraction of N subst increases from ca. 11 at% after NH 3 treatment at 500 oC to 48 at% after
NH 3 treatment at 600 oC. Together with the increase of the N subst content the Ti 2p 3/2 feature is
seen to shift to lower binding energy, indicative of the formation of Ti3+ [28, 52]. Compared to
the calcined foil (9 μA/cm2), the photocurrent densities of the films are 1 and ~0 μA/cm2 after
NH 3 treatment at 500 and 600 oC, respectively. This is caused by the high N subst content and the
presence of associated Ti3+ centers, which are known to act as recombination centers [22, 53].
Earlier, we have established that NH 3 treatment of nanotubular TiO 2 arrays at 500 oC only
resulted in N interst and increased the photocurrent density as compared to the pristine nanotubes.
These results indicate that the surface chemical properties of the nanotubular TiO 2 arrays and the
TiO 2 on the calcined Ti foil are different.
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Fig. 4.9. Surface N 1s XP spectra of (a) pristine calcined Ti foil and the NH 3 heat treated foils at
(b) 500 oC and (c) 600 oC.
4.3.3 Plasma-Assisted ALD on nanotubular TiO2 arrays
XRD patterns of the nanotubular TiO 2 arrays prior and after Plasma-Assisted ALD are shown
in Fig. 4.10. The pristine nanotubular TiO 2 arrays have the anatase structure. The PlasmaAssisted ALD treatment has no effect on this structure. The SEM images in Fig. 4.11 show the
vertically aligned nanotubular TiO 2 arrays with their open tip and closed bottom structures. Fig.
4.11 (a) specifically shows the top of the surface of the arrays. It allows to estimate the inner and
outer diameters of the nanotubes to be 85 and 100 nm, respectively. The inset in Fig. 4.11 (a)
shows that the length of the pristine nanotubular TiO 2 arrays is longer than 1 µm. The surface
view by SEM of nanotubular TiO 2 arrays after Plasma-Assisted ALD using the O 2 recipe with
plasma exposure time of 10 s is given in Fig. 4.11 (c). It shows that a layer has been deposited on
its surface as the inner and outer diameters are 35 and 120 nm, respectively. It is difficult to
estimate the length of the tubes from these images, as they seem to be broken in the middle (see
insert Fig. 4.11 (c)). Fig. 4.11 (e) shows the inner and outer diameters of nanotubular TiO 2 arrays
after Plasma-Assisted ALD using the O 2 recipe with longer plasma exposure time (20 s). The
morphology of this sample is very similar to the sample obtained using a plasma exposure time
of 10 s. The SEM images clearly demonstrate that the surface morphology is affected by the
Plasma-Assisted ALD processing. The deposition of a layer has resulted in much smaller pores
of the nanotubes. It is expected that the plasma exposure time hardly affects the nanotube wall
thickness, as this latter is controlled by the number of the ALD cycles. With the same number of
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Plasma-Assisted ALD cycles, the GPC of the TiO 2-x N x thin layer on the open part of the
nanotubular TiO 2 arrays is similar to the one of the calcined Ti foil, based on the deposited
thickness on the outer wall of the NTs. It should be noticed that the GPC will be influenced by
the roughness of the nanotube wall, which is expected to vary for individual nanotube samples.

Fig. 4.10. XRD patterns of (a) pristine nanotubular TiO 2 arrays, TiO 2-x N x thin layers prepared by
Plasma-Assisted ALD on nanotubular TiO 2 arrays using the O 2 recipe with plasma time of (b) 2
s and (c) 20 s, the N 2 recipe with plasma time of (d) 15 s, and (e) the combined recipe with
plasma time of 10 s (Ti: titanium, A: anatase TiO 2 ).
The bright field TEM images in Fig. 4.11 (b), (d) and (f) show corresponding cross-sectional
views of the three samples shown in Fig. 4.11 (a), (b) and (c), respectively. The white areas
represent porosity in between the nanotubes. The TEM sample thickness is of the same order of
magnitude as the distance between the tubes. The TEM image is a projection of all features
within the slice of material, implying overlap of features. As a result, not all pores appear clearly
in the image. The contrast in these images has several contributions, namely (i) diffraction
contrast, in this case TiO x crystals present in strongly diffracting orientations will look black in
the image, (ii) materials density contrast, providing different grey scales for the different
materials, and (iii) reduction in brightness if more material is present, i.e. in case a pore is partly
filled. The latter can be observed by the variation in average grey-level in the vertical direction.
The darker grey ‘layer’ close to the surface points to the deposition of the TiO 2-x N x thin layer in
the upper part of the nanotubular arrays. The lighter part beneath it represents areas with a
thinner Plasma-Assisted ALD TiO 2-x N x layer. Fig. 4.12 visualizes the brightness profiles in the
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TEM images along the nanotube length. It clearly shows reduced brightness close to the surface
of the plasma-treated samples, pointing out the deposition effect of the ALD processes. The
length of pristine nanotubular TiO 2 is 1.2-2 µm, consistent with the data shown in Fig. 4.11 (a).
The shorter length of the pristine nanotubular TiO 2 arrays as compared to the treated samples is a
consequence of the difficulty in reproducing nanotubular arrays of similar length.

Fig. 4.11. SEM (a, c, e) and TEM images (b, d, f): (a, b) pristine nanotubular TiO 2 arrays, and (c,
d) TiO 2-x N x thin layer prepared by Plasma-Assisted ALD on nanotubular TiO 2 arrays using the
O 2 recipe with short plasma time (plasma time of 10 s) and (e, f) longer plasma time (plasma
time of 20 s).
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Fig. 4.12. Material density of pristine nanotubular TiO 2 arrays and TiO 2-x N x thin layer prepared
by Plasma-Assisted ALD on nanotubular TiO 2 arrays using O 2 recipe with short plasma time
(plasma time of 10 s) and longer plasma time (plasma time of 20 s).
Fig. 4.13 shows the N 1s XP spectra of the nanotubular TiO 2 arrays before and after PlasmaAssisted ALD. After Plasma-Assisted ALD with the O 2 recipe, a small feature around 400 eV
due to N interst is observed. The surface N content is not higher than that in the pristine material. It
is also seen that the N content and the N configuration do not change with variation in plasma
exposure time. In contrast, after Plasma-Assisted ALD with the N 2 and combined recipes,
substantial amounts of N interst and N subst are seen in the XP spectra. The composition of the
surface of the TiO 2-x N x layers deposited on nanotubular TiO 2 arrays using different recipes and
plasma exposure times are listed in Table 4.6.
The photocurrent densities of these films are reported in Table 4.6 and Fig. 4.14. Several
important observations can be made. The photocurrent density of the pristine nanotubular TiO 2
arrays is much higher than that of the thin conformal layers deposited on calcined Ti foil
substrates. As mentioned earlier, nanotubular arrays possess higher surface area and facilitate
charge transfer at the solid/liquid junction [17, 18]. Furthermore, the photocurrent density does
not depend strongly on the plasma exposure time for the O 2 recipe as compared to its influence
determined for the TiO 2 calcined foil. The N content does not increase with respect to the
pristine nanotube composition and stays below 1 at%. These appear to be the main reasons for
the nearly constant and comparable to the pristine sample photocurrent density. Furthermore, in
agreement with the earlier observation on the effect of substantial amounts of N subst in the layer
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using the N 2 and combined recipes, we confirm that N subst results in a strong decrease of the
photocurrent.

Fig. 4.13. Surface N 1s XP spectra of (a) pristine and TiO 2-x N x thin layers prepared by PlasmaAssisted ALD on nanotubular TiO 2 arrays using the O 2 recipe with plasma time of (b) 2 s, (c)
20 s, and using the N 2 recipe with plasma time of (d) 5 s.
Table 4.6. N content and configuration from XPS and photocurrent density of TiO 2- x N x layers
deposited on the nanotubular TiO 2 arrays by Plasma-Assisted ALD.
Recipe
pristine
O2
N2
combined

Plasma exposure
time (s)
-2
5
10
20
5
10

Fraction
N interst (%)
100
100
100
100
100
39
29

Fraction
N subst (%)
0
0
0
0
0
61
71

73

Total N surface
content (at%)
0.8 ± 0.5
0.6 ± 0.2
0.9 ± 0.5
0.7 ± 0.4
0.4 ± 0.3
7.4 ± 0.5
4.6 ± 1.1

Photocurrent
density (µA/cm2)
190 ± 14
180 ± 4
200 ± 30
150 ± 14
180 ± 30
10
6
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Fig. 4.14. Photocurrent density under visible light irradiation of pristine and TiO 2-x N x thin layers
prepared by Plasma-Assisted ALD on nanotubular TiO 2 arrays using the O 2 recipe with plasma
time of 2-20 s, the N 2 recipe with plasma time of 5 s, and the combined recipe with plasma time
of 10 s.
We should also point out that the photocurrent density of the pristine TiO 2 nanotubular arrays
in the present study differ from the one reported in our earlier publication [28]. Besides
variations from batch to batch in nanotube synthesis, the slightly different equipment used for
anodization and calcination, especially the use of different lamps for the photoelectrochemical
characterization (a Xe lamp was used in earlier work [28] vs. the Hg + Xe lamp in the present
study) is expected to contribute to the different photocurrent densities. Although in all
measurements the output power of the lamp was set to 300 W, the irradiation energy density
below 500 nm was found to be very different. The energy in the 420-630 nm wavelength range
of the Hg + Xe lamp is much higher than that of the Xe lamp (Fig. 4.15). This is the main reason
why the photocurrent densities in our present work are substantially higher than those in our
previous work.
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Fig. 4.15. Comparison of the intensity of Xe lamp (black line) and Xe + Hg lamp (red line) as a
function of the wavelength (inset: irradiance of Xe lamp, which was used in [28]).
4.4 General discussions
The present study focuses on the impact of thin TiO 2-x N x layers in terms of N content, N
oxidation state and homogeneity in Plasma-Assisted ALD treatment, when the layers are
deposited on calcined Ti foil and NT TiO 2 , with the final aim of improving their photocatalytic
performance. As our previous study [28] as well as other literature studies [22] pointed out the
beneficial role of N interst on the photocurrent, the Plasma-Assisted ALD layers have been
characterized in order to determine the efficiency of the N-doping and the presence of N interst .
The characterization has been first carried out on layers deposited on Si wafers, as reference
substrate. By varying the background gas injected through the ICP dosing line and the plasma
exposure time, it is possible to control to some extent the N content in the deposited TiO 2-x N x
thin layer on the Si substrate. The use of O 2 as background gas results in a very low N content in
the deposited film, i.e. up to 1.1 at% for a 20 s plasma exposure. The use of N 2 results in TiO 2x N x layers with a N content of above 11 at%. Intermediate N contents can be achieved by
alternating cycles using O 2 and N 2 gases, up to 5 at%. It is noticed that the N 2 recipe leads to
TiO 2-x N x instead of TiN because of sample oxidation upon exposure to the ambient.
Next to the relative N content, this study has focused on the oxidation state of N. Typically,
two N 1s states are observed. The one with a binding energy around 400 eV is attributed to
N interst and the other one with binding energy around 396 eV corresponds to N subst . For the O 2
recipe, it is found that the N content has always an interstitial character up to a plasma exposure
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time of 10 s, while for longer plasma times as well as in the case of the N 2 and combined recipes,
a contribution of N subst appears in the XP spectra (see Table 4.3).
The three deposition recipes were then first employed to deposit a conformal TiO 2-x N x layer
on a planar TiO 2 substrate, i.e. a calcined Ti foil. The composition of the deposited layers is
found very similar to the one of the layers deposited on Si substrate. However, it should be
mentioned that an initial N content of 0.8 at% (0.7 at% at the surface) was detected in the pristine
calcined Ti foil. The TiO 2-x N x /TiO 2 /Ti substrates were also tested for their photoelectrochemical
response using visible light. It was found that introduction of N interst using the O 2 recipe
improved the photocurrent density. The increase in photocurrent density correlated with the
amount of N interst , i.e. an improvement from 9 to 18 µA/cm2 was observed for a plasma exposure
time of 10 s corresponding to 1.1 at% N content. These results are consistent with parallel
literature studies where Plasma-Assisted ALD and thermal ALD of N-doped TiO 2 are
investigated: a concentration of N around 1 at% exhibiting a major contribution of 400 eV is
responsible for more efficient degradation of methylene blue [59, 60], whereas a higher N
concentration inevitably leads to a high defect concentration resulting in a fast decrease of the
photo-activity [61]. Consistent with our previous work [28], the photocurrent density strongly
decreased when N subst was present. Accordingly, all substrates prepared by Plasma-Assisted
ALD using the N 2 or combined recipe exhibited negligible photoresponse.
The same Plasma-Assisted ALD recipes were applied for the deposition of TiO 2-x N x layers on
nanotubular TiO 2 arrays. Characterization of the resulting materials shows that all PlasmaAssisted ALD processes results in an inhomogeneous layer along the length of the nanotubes.
SEM images point out, based on the changes of the outer diameter of tubes, a growth per cycle
similar to the cases of Si and calcined Ti foil substrates. TEM analysis of cross-sections
perpendicular to the nanotube length axes reveals that the deposition has mainly occurred along
the top part of the nanotubes. The bottom of the tubes appears hardly affected. There are several
reasons for a lack of homogeneity in the Plasma-Assisted ALD process. One of them is the mass
transfer limitation of the bulk Ti precursor along the length of the nanotubular arrays [62, 63].
Adsorption processes are also of key importance of a conformal film growth: the Ti precursor
adopted in this study has been subject of investigation of DFT calculations summarized in [64],
demonstrating that its adsorption at the surface is favourable only when occurring from the side
of the amino-ligands, due to their polarity (with respect to the Cp ligand) and therefore affinity
with OH-terminated surfaces. Furthermore, the same calculations have shown that, differently
from the classical scheme of ALD surface reactions, there is lack of a full condensation reaction
between the Ti precursor and the OH-terminated surface, i.e. no direct bond occurs with the
surface O accompanied by loss of one or more Me 2 NH molecules, due to steric crowding and
reduced electrophilicity imposed by the Cp ligand on the Ti centre. This is also the main reason
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why this precursor does not lead to TiO 2 deposition when a thermal ALD process is setup (i.e. in
the presence of H 2 O) but only when plasma is applied. Therefore, it is plausible to conclude that
if the surface of the internal and external walls of the nanotubular arrays is not homogeneous in
terms of OH-termination, this would lead to a heterogeneous deposition process. Furthermore,
plasma activation is essential in promoting film growth because it induces surface reactivity in
the form of C removal and insertion of OH groups for the subsequent Ti precursor exposure and
adsorption. However, the radicals produced in a H 2 /N 2 -fed plasma (e.g. N, H, NH, NH 2 ) exhibit
a high reactivity in terms of functionalization of the surface as well as C removal in the form of
HCN [65] and such reactivity is not compatible with a long radical diffusion path/long life time
along the nanotube length necessary to deliver a conformal deposition.
In terms of film composition, similar observations to the cases of Si and calcined Ti foil
substrates can be drawn: the N content is found to be the lowest for the O 2 recipe and highest for
the N 2 recipe. Also, the incorporated N is always present in the interstitial state and
substitutional N develops only for the N 2 and combined recipes. For nanotubular array as
substrate, however, the N content of the layers deposited by the O 2 recipe hardly varies with the
plasma exposure time and it is always below 1 at%. Furthermore, also the N 2 and combined
recipes deliver lower N concentration when compared to the depositions on Si and calcined Ti
foil. Finally, the N content in the pristine nanotubular TiO 2 arrays is higher than in the other
pristine substrates, i.e. 0.8 at%. As already pointed out during the discussion on the NH 3
treatment, the nitridation process on calcined TiO 2 and nanotubular TiO 2 had led to different
results in terms of N content and N oxidation state. This was attributed to the different surface
properties of the two substrates, which can definitely apply also to the case of the PlasmaAssisted ALD process here under investigation. As earlier mentioned, the surface properties of
the substrate seriously affect the adsorption of the Ti precursor.
The photocurrent density of the pristine TiO 2 NTs is about 20 times higher than the one of
calcined TiO 2 , which is due to its higher surface area. Given the absorption coefficient of TiO 2
[66], light absorption will take place at the top 1 µm along the length axis of the nanotubes. After
Plasma-Assisted ALD processing with the O 2 recipe, there is no noticeable change in the
photocurrent density, which we relate to the fact that, under the O 2 recipe, no additional Ndoping takes place, given the relatively high N concentration present already in the pristine ones.
The detrimental effect of N subst is once again experienced, as in the case of the nanotubular
arrays treated according to the N 2 or the combined recipe, where a strong decrease in
photocurrent is observed, from 190 down to 10 µA/cm2. It is worthy to note that, although the
relative N content as well as of the N subst content are similar in both N 2 and combined recipes
carried out on bulk TiO 2 and TiO 2 nanotubes, only the latter is characterized by a massive
reduction of current density, while the current density for the former decreases just of a factor 4.
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This is to be attributed to the increased surface area in the case of the nanotubular arrays. This
result further suggests that, although the Plasma-Assisted ALD process does not lead to a
homogeneous growth along the whole length of the nanotubes, the extent of the treatment along
the length of the nanotubes (i.e. approx. 1/3 of the length of the nanotubes) is sufficient to
experience the detrimental effect of the incorporation of N subst on the photocurrent. In
comparison, literature [67] has shown that it is possible to develop a uniform and conformal
ultra-thin N-containing C layer on the walls of nanotubular TiO 2 arrays by means of molecular
layer deposition (MLD) of PMDA/EDA, leading to an increase in photocurrent density of factor
5 with respect to the pristine sample.
4.5 Conclusions
To develop a Plasma-Assisted ALD procedure for N-doping on calcined TiO 2 and
nanotubular TiO 2 arrays, TiO 2-x N x layers were first deposited and characterized in terms of N
content and oxidation state on Si wafers. Two characteristic N1s peaks are observed at 400 and
396 eV, which are ascribed to interstitial and substitutional N-doping (N interst and N subst ). The
N interst doping is dominant when O 2 flow is used as background gas (lower N content) and N subst
is dominant when the N 2 recipe is used, combined recipe as well as using O 2 recipe with longer
plasma time (20 s). In the case of the O 2 recipe, the photocurrent density of the calcined Ti foil
upon Plasma-Assisted ALD treatment increases of a factor 2 with respect to the pristine foil, for
a plasma exposure time up to 5-10 s. When the N 2 recipe is used, the photocurrent density
decreases. The enhancement in photocurrent density of calcined Ti foil after Plasma-Assisted
ALD is ascribed to N interst which develop when the O 2 recipe is adopted. In the case of the N 2
recipe, an increased N content leads to the development of N subst , detrimental to the photocurrent
density.
The nanotubular TiO 2 arrays exhibit a photocurrent density about 20 times higher than the
one of calcined TiO 2 , due to the increased surface area. When modified by a Plasma-Assisted
ALD deposited TiO 2-x N x thin layer no improvement in terms of photocurrent density is observed,
regardless the plasma exposure time under the O 2 recipe condition. This is attributed to the fact
that no additional N-doping occurs, given the relatively high N concentration present already in
the pristine samples. TEM analysis of cross-sections perpendicular to the nanotube length axes
reveals that the deposition has mainly occurred along the top part of the nanotubes. The bottom
of the tubes appears hardly affected. The detrimental effect of N subst is once again experienced,
as in the case of the nanotubes treated according to the N 2 or the combined recipe, where a
massive decrease in photocurrent is observed, from 190 down to 10 µA/cm2. This result further
suggests that, although the Plasma-Assisted ALD process does not lead to an homogeneous
growth along the whole length of the nanotubes, the extent of the treatment along the length of
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the nanotubes (i.e. approx. 1/3 of the length of the nanotubes) is sufficient to experience any
beneficial or detrimental effect of the Plasma-Assisted ALD treatment, e.g. in this case the effect
of the incorporation of N subst on the photocurrent.
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Chapter 5
Influence of Rh nanoparticle size and composition on the photocatalytic water
splitting performance of Rh/graphitic carbon nitride
Summary
The effect of Rh co-catalyst nanoparticle size for photocatalytic water splitting using graphitic
carbon nitride (g-C 3 N 4 ) as light absorber was investigated. Rh nanoparticles with sizes in the 4-9
nm range were synthesized and deposited on g-C 3 N 4 . The light-absorption properties of the gC 3 N 4 and the particle size of Rh supported on g-C 3 N 4 were also not influenced by the catalyst
synthesis procedures. Rh/C 3 N 4 is active in photocatalytic splitting water using visible light. The
activity for H 2 generation does not depend on Rh particle size. The results obtained point to two
important design criteria for a successful photocatalyst: firstly, the surface of the semiconductor
should support a sufficient number of Rh nanoparticles to remove the photogenerated electrons
before their recombination with holes; secondly, the nanoparticles should be metallic in nature to
catalyze the proton-electron transfer reaction to generate adsorbed H atoms. Surface oxidation of
the Rh nanoparticles substantially lowers their photocatalytic activity.

This chapter is published in Int. J. Hydrogen Energ. 39 (2014) 11537-11546.
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5.1 Introduction
H 2 generation by photocatalytic splitting of water is seen as a desirable technology in the
transition towards a more sustainable society in which much less use is made of fossil resources.
Inorganic photocatalysts usually consist of light absorbers to generate electron-hole pairs and cocatalysts dispersed on their surface to lower the overpotential for the reactions that reduce and
oxidize water to H 2 and O 2 , respectively. Cheap inorganic metal oxides, oxynitrides and (oxy)
sulfides are important candidate materials for heterogeneous photocatalysts [1]. Examples of
promising materials are CdS (for H 2 evolution) [2], WO 3 (for O 2 evolution) [3],
(Zn 1+x Ge)(N 2 O x ) (for overall water splitting) [4] and (Ga 1-x Zn x )(N 1-x O x ) (for overall water
splitting) [5-7]. Their use for overall water splitting or one of the involved half reactions depends
on the positions of the conduction and valence bands compared to the potentials for water
reduction and oxidation, respectively. These band positions can be tuned by cationic or anionic
doping [8-12].
Recently, layered graphitic carbon nitride (g-C 3 N 4 ) has attracted attention as a potential
photocatalyst [13-16]. This metal-free material is very cheap and its composition and structure
can be easily modified to enhance photocatalytic activity [14, 17-20]. g-C 3 N 4 also possesses
high thermal stability as compared with high-temperature polymers and carbon nitrides
allotropes [14, 21]. A fairly established method to synthesize g-C 3 N 4 involves thermal treatment
of precursors that contain pre-bonded triple or double C–N units, such as cyanamide,
dicyandiamide and urea [22-24]. Yan et al. reported its synthesis by heating melamine in a semiclosed system as an inexpensive and facile route [15].
In general, (precious) metals and metal oxides can display very high activity as co-catalysts
for the extraction of photogenerated electrons and holes from the semiconductors into H 2 and O 2
[25]. Pt, Pd, Rh, Ru/RuO 2 , Au, Ag, Ni/NiO and Cu are the preferred systems [26]. Optimum
activity for O 2 evolution is determined by optimum O binding energy, with RuO 2 considered to
be the most efficient material [27]. For the H 2 evolution reaction, the optimum co-catalyst should
exhibit low adsorption energy for H [28]. Consequently, Rh is one of the most active metals for
H 2 evolution [16, 25, 29-32]. Many studies have focused on the relation between the physicochemical properties of the co-catalyst phase and its photocatalytic performance [25, 30-32]. In
the pioneering work of the group of Domen, metallic Rh nanoparticles covered by Cr 2 O 3 on
(Ga 1-x Znx )(N 1-x O x ) were found to be indispensable for achieving high overall water splitting
activity [33]. It was therein found that the preparation method (photodeposition, impregnation
and chemical absorption) strongly affected the homogeneity of the supported Rh nanoparticles
[32]. Very recently, this group investigated the effect of the size of polyvinylpyrrolidone (PVP)
stabilized Rh/Cr 2 O 3 core/shell nanoparticles supported on (Ga 1-x Znx )(N 1-x O x ) [25]. The
photocatalytic activity increased with decreasing particle size for three systems with average
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particle sizes in the 2-7 nm range. Shimura et al. demonstrated that metallic Rh nanoparticles
(typically around 9 nm) were preferred for the H 2 evolution reaction, whereas larger (typically in
the range of 25-50 nm) oxidic Rh particles were preferred as catalysts for the oxidative reaction
(CH 4 + 2H 2 O  CO 2 + 8H+) by using Rh/K 2 Ti6 O 13 materials prepared by photodeposition [30,
31].
Photodeposition has been commonly used to deposit noble metal particles on the
semiconducting supports and it has been suggested that metal deposition occurs preferentially
close to photocatalytic sites [34]. Recently, other methods aiming at synthesis of uniformly sized
particles have also been explored. Such particle assemblies can be prepared by reduction of
metal ions in the presence of capping agents, which limit the growth of the nanoparticles. In
general, the metal ions are reduced in the solution to metal atoms leading to nucleation of small
clusters, which grow by addition of new metal atoms [35]. Typically, the particle size can be
adjusted by synthesis parameters such as the precursor, capping agent, reducing agent, pH value
of the liquid phase and reaction temperature [25, 36-38]. The main advantage of using a polymer
capping agent, which is often PVP, is to restrict particle “aggregation or isolation” [36, 37, 39,
40]. Once the nanoparticles are synthesized and loaded onto a support, the capping agent may be
removed by high temperature heat treatments [41-43]. Alternatively, a UV-ozone treatment at
rather room temperature conditions is suggested to be effective [44-46].
The objective of this study is to investigate the influence of the size of Rh nanoparticles
supported on g-C 3 N 4 for the photocatalytic water splitting reaction. The Rh nanoparticles were
prepared by the polyol reduction method. Use of an organic capping agent allowed controlling
their size in the range 4-9 nm. These nanoparticles were dispersed on the semiconducting carbon
nitride support. To the best of our knowledge, the investigation of the size-dependent properties
of Rh nanoparticles supported on a metal-free photocatalyst such as g-C 3 N 4 has not been
reported yet. The set of catalysts was characterized by various techniques, in particular
Transmission Electron Microscopy (TEM) and X-ray Photoelectron Spectroscopy (XPS) to
investigate the influence of Rh particle size and its oxidation state on photocatalytic activity.
5.2 Experimental methods
5.2.1 Catalyst preparation
g-C 3 N 4 was prepared by heating melamine (99 %, Aldrich) at 500 oC for 2 h in a static oven
[15]. The yellow material was sieved into particles smaller than 125 μm.
Uniformly-sized PVP stabilized Rh nanoparticles were prepared according to a procedure
described by Grass et al. [36]. In brief, a Rh precursor salt was reduced in the presence of PVP at
different temperatures in an appropriate solvent. Very small nanoparticles were obtained by
dissolving 10 mg rhodium (III) chloride hydrate (RhCl3 ·nH 2 O, Aldrich) and 0.11 g PVP (Mn =
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10,000, Sigma-Aldrich) in 2 ml of water and 3 ml of 1, 4-butanediol (Sigma-Aldrich). The
mixture was then added to 17 ml of 1, 4-butanediol, which was preheated at 120 or 160 oC. To
obtain larger nanoparticles, 20 mg rhodium (III) acetylacetonate (Rh(acac) 3 , Aldrich) was
dissolved in 2 ml tetrahydrofuran (THF, Sigma-Aldrich) and 3 ml 1, 4-butanediol, which was
preheated at 160 or 220 oC. Each mixture was subsequently refluxed under a N 2 flow for 6 h and
cooled to room temperature.
The g-C 3 N 4 -supported catalysts were prepared by dropwise addition of a suspension of Rh
nanoparticles to a suspension of 1 g g-C 3 N 4 in 20 ml glycerol (≥99 %, Aldrich). The slurry was
filtered and the resulting powder was dried at 110 oC overnight. The catalysts are denoted as
Rh(PVP)/C 3 N 4 -x with x denoting the average Rh nanoparticle size.
For comparison, additional catalysts were prepared by in situ photodeposition of Rh
nanoparticles. Typically, 1 g g-C 3 N 4 was added to a 36 ml aqueous solution containing 13 mg
RhCl3 ·nH 2 O under stirring. Then, 4 ml methanol was added as sacrificial reagent. The mixture
was transferred into a glass vessel and the air in the vessel was removed. After evacuation for 1.5
h, the suspension was irradiated with visible light (420-630 nm) for 4 h. The evolution of H 2 was
followed in time. These systems are denoted as Rh/C 3 N 4 -PD.
The effect of PVP removal by a UV-ozone treatment was tested on one sample. To this
purpose, 500 mg of Rh(PVP)/C 3 N 4 -7.8 was dispersed on a Al foil in a UV-ozone chamber (PR100, Ultra Violet Products. Inc.) and irradiated for a period of 20 h. This UV-ozone treated
sample is denoted as Rh(PVP-UVO)/C 3 N 4 -7.8. This Rh(PVP-UVO)/C 3 N 4 -7.8 sample was
further reduced in H 2 at 300 oC for 1 h.
5.2.2 Catalyst characterization
The metal loading of the supported catalysts was determined by Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) on a Goffin Meyvis SpectroCirusccd apparatus by
dissolving ca. 40 mg of the material in a 10% H 2 SO 4 (98%, Merck) solution under heating. Then,
2 ml H 2 O 2 (30%, Sigma-Aldrich) was added while stirring to obtain a clear solution. Surface
areas were measured on a Micromeritics ASAP 2020 by N 2 physisorption at liquid N 2
temperature after outgassing the sample at 150 oC for 3 h. The morphology was investigated by
Scanning Electron Microscopy (SEM) on a FEI Quanta 3D FEG system in high-vacuum mode at
low voltage. UV-Vis Absorption spectra were measured with a UV-2401 PC spectrophotometer
(Shimadzu) in diffusion reflectance mode with BaSO 4 as a reference. X-ray Diffraction (XRD)
was carried out on a Bruker D4 Endeavor diffractometer. The scan speed was set to 0.36 o/min
and the range was from 10 to 40 o. Attenuated Total Reflection Infrared (ATR-IR) spectra were
measured on a Shimadzu IR spectrometer with a MIRacle-10 single reflection ATR accessory.
Spectra were recorded at room temperature (20 oC), a spectral resolution of 4 cm-1 (16 scans) and
in the range of 650-4000 cm-1. TEM measurements were performed on a FEI Tecnai 20 electron
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microscope at an electron acceleration voltage of 200 kV with a LaB6 filament. Typically, a
small amount of sample was suspended in pure ethanol, ultra-sonicated and dispersed over a
carbon coated Cu grid. The average particle size and particle size distribution was determined by
measuring at least 150 metal particles. XP spectra were collected with a Thermo Scientific Kalpha spectrometer with an Al Kα monochromatic source. The spectra were recorded at an
emission background pressure of 1×10-8 mbar, and all the binding energies were referenced to
the C 1s peak at 284.5 eV due to surface adventitious carbon. Analysis and quantification of the
measurements was performed using Casa-XPS software and Wagner sensitivity factors.
5.2.3 Catalytic activity measurements
Photocatalytic water splitting measurements were performed in a double-walled glass vessel
with a quartz window on top and circulating coolant to maintain at a constant reaction
temperature of 10 oC. The reaction vessel was connected to a closed glass system to collect
product H 2 . Prior to reaction, 0.1 g catalyst was added into the reactor vessel containing a
solution of 36 ml water and 4 ml methanol as sacrificial reagent. While stirring this mixture, the
glass vessel and the closed system were evacuated several times to remove air. The vessel was
then irradiated for 4 h with a Xe Arc Lamp (Oriel Instruments, Newport) through the quartz
window. The light was filtered to obtain visible light irradiation with a wavelength between 420
and 630 nm. The intensity was 320 mW/cm2. Each experiment was carried out at least three
times. The gaseous products were analyzed by an online gas chromatograph (GC610 series, ATI
UNICAM) equipped with a ShinCarbon column and a thermal conductivity detector. The
reaction rate was calculated from the amount of H 2 . The activities were expressed in a variety of
manners (per mass of catalyst, per mass of Rh and per particles). Turnover frequencies (TOF)
were calculated via
TOF =

moles reacted

(Equation 5.1)

mol Rh𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 × reaction time

with mol Rhsurface = mol Rh × D,
in which D is the Rh nanoparticle dispersion using the formula given by Scholten et al. [47]
under the assumption that the nanoparticles are spherical
𝐷𝐷 = 1021 ×

6 ×M ×ρ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(Equation 5.2)

dp ×NAV × ρ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

with M being the atomic weight (102.91 mol/g Rh), ρ site the surface density (11.7 Rh atom/nm2),

ρ metal the metal density (12.5 g/cm3) and N Av Avogadro’s number.
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5.3 Results and discussions
5.3.1 Catalyst characterization
Results of the basic characterization of the yellow material derived from melamine
decomposition are given in Fig. 5.1. Its XRD pattern shows the typical reflections of the
graphitic planes of g-C 3 N 4 , which are made up from tri-s-triazine building blocks connected by
planar amino groups [13]. The two peaks at 13.0 and 27.4 o are typical for graphitic materials and
correspond to the distance between tri-s-triazine units and the stacking interplanar distance of
carbon nitride sheets in the planar graphitic structure, respectively [13, 15, 48]. The surface area
of g-C 3 N 4 as determined by N 2 physisorption is 10 m2/g. The UV-Vis spectrum shows an
absorption edge at 470 nm, corresponding to a band gap of 2.6 eV in good agreement with the
literature [15]. SEM images show layer-like structures similar to what has also been reported
[17].

Fig. 5.1. (a) XRD pattern, (b) UV-Vis absorption spectrum and (c, d) SEM images of g-C 3 N 4 .
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Table 5.1. Details of Rh nanoparticle (NP) synthesis and properties of the g-C 3 N 4 supported Rh photocatalysts.
Rh NPs synthesis conditions
Catalyst
Rh(PVP)/C 3 N 4 -4.1
Rh(PVP)/C 3 N 4 -5.9
Rh(PVP)/C 3 N 4 -7.8
Rh(PVP)/C 3 N 4 -9.1
1

Precursor

Solvent

RhCl 3 ·nH 2 O

H2 O

RhCl 3 ·nH 2 O
Rh(acac) 3
Rh(acac) 3
2

H2 O
THF
THF

T reduction
(oC)
120
160
160
220

Rh(PVP)/C 3 N 4
Rh loading
(wt%)1
0.25
0.23

d Rh (nm)2
4.1±0.8
5.9±1.1

0.34

7.8±1.4

0.27

9.1±1.7

3

Rh NPs content and number
Surface Rh
atoms (mol)
6.5.10-7
-7

4.2.10

-7

4.7.10

-7

3.2.10

Surface Rh
atoms (-)
3.93.1017
17

2.51.10

17

2.81.10

17

1.91.10

determined by ICP-AES; average Rh NP size estimated from TEM; surface fraction of metallic Rh by XPS analysis.
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Number Rh
NPs (-)
11.5.105

Rh0/Rh total
(at%)3
61

5

71

5

75

5

80

5.1.10
4.3.10
2.5.10
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Fig. 5.2. Representative TEM images and particle size distributions of (a) Rh(PVP)/C 3 N 4 -4.1, (b) Rh(PVP)/C 3 N 4 -5.9, (c)
Rh(PVP)/C 3 N 4 -7.8 and (d) Rh(PVP)/C 3 N 4 -9.1.
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The synthesis conditions of PVP stabilized Rh nanoparticles are listed in Table 5.1. The
average particle size and distribution for some of the unsupported systems were verified against
literature by analyzing TEM images (not shown). These data demonstrate that the average
particle size and distribution of the unsupported Rh particles in our study are similar to data
reported by Quek et al. [38]. Fig. 5.2 shows representative TEM images and the corresponding
particle size distributions for the set of g-C 3 N 4 -supported Rh(PVP) nanoparticles. Typically, the
Rh nanoparticles are spherical in shape and have similar sizes as the parent unsupported ones.
The average particle size of the nanoparticles prepared from RhCl3 reduced at 120 and 160 oC
are 4.1 ± 0.8 and 5.9 ± 1.1 nm, respectively. Using Rh(acac) 3 as the Rh source, larger particles
can be obtained with average sizes of 7.8 ± 1.4 and 9.1 ± 1.7 nm after reduction at 160 and 220
oC, respectively. The particle size distributions are narrow as a result of metal particle growth
suppression by the PVP capping agent.
The targeted Rh loading for the support was 0.25 wt%. Table 5.1 shows the Rh loading as
determined by ICP-AES elemental analysis and shows that only the Rh content of
Rh(PVP)/C 3 N 4 -7.8 is slightly higher than the targeted loading. As a result of the presence of a
small amount of Rh metal, the samples are colored grayish-yellow. UV-Vis spectra of the Rhcontaining carbon nitride catalysts (not shown) evidence that the loading with PVP stabilized Rh
nanoparticles does not influence the light absorption. The band gap is between 2.6 and 2.7 eV for
all catalysts, similar to the band gap of the parent material.

Fig. 5.3. Rh 3d XP spectra of (a) pure g-C 3 N 4 , (b) Rh(PVP)/C 3 N 4 -4.1, (c) Rh(PVP)/C 3 N 4 -5.9,
(d) Rh(PVP)/C 3 N 4 -7.8, (e) Rh(PVP)/C 3 N 4 -9.1, (f) Rh(PVP)/C 3 N 4 -7.8 and (g) Rh(PVPUVO)/C 3 N 4 -7.8. The calculated surface fractions of oxidic and metallic Rh are included.
91

Chapter 5

The Rh 3d XP spectra of the Rh(PVP)/C 3 N 4 set are displayed in Fig. 5.3. The peaks were
deconvoluted into two contributions of Rh0 and Rh3+ located at binding energies of 306.8 eV and
309.1 eV, respectively [49]. The relative contributions of these two states are given in Table 5.1.
The metallic Rh fraction increases from 67 to 80 at%, when the particle size increases from 4 to
9 nm. This trend is in line with recent XPS results for unsupported Rh nanoparticles [36] and Xray Absorption Spectroscopy (XAS) results of Rh nanoparticles supported on (Ga 1-x Zn x ) (N 1x O x ) [25], ZrO 2 -, CeO 2 -, CeZrO 2 - and SiO 2 [50, 51].
1) Photodeposition of Rh
To further study the effect of catalyst preparation, several catalysts were prepared by in situ
photodeposition of Rh under anaerobic conditions. Fig. 5.4 shows representative TEM images of
a photodeposited catalyst (Rh/C 3 N 4 -PD) with a Rh loading of 0.25 wt%, similar to the
Rh(PVP)/C 3 N 4 set. The average Rh particle size of the photodeposited Rh nanoparticles is
around 3.1 ± 1.4 nm, smaller than the average size of Rh(PVP)/C 3 N 4 -4.1. Also, much less
particles are visible for this sample in the TEM images than for the PVP stabilized catalysts,
which may suggest that the photodeposited catalyst contains a fraction of very small particles,
too small to be detected by standard TEM. The particle size distribution of the photodeposited
Rh nanoparticles is broader than for the PVP stabilized Rh nanoparticle catalyst systems and
includes particle sizes ranging from 1 to 5 nm. In addition, some agglomerates of primary Rh
nanoparticles were observed for the photodeposited catalyst, which were not seen in the TEM
images of the Rh(PVP)/C 3 N 4 samples. The inhomogeneity of Rh nanoparticles prepared by
photodeposition is in line with earlier literature data [25, 52].

Fig. 5.4. Representative TEM images and particle size distribution of the Rh/C 3 N 4 -PD catalyst
prepared by photodeposition of Rh (0.25 wt% Rh).
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2) UV-ozone treatment
The effect of PVP removal by UV-ozone treatment was investigated on a catalyst sample with
an average Rh nanoparticle size of 7.8 nm. The oxidation state before and after UV-ozone
treatment was determined by Rh 3d XPS analysis. The results are illustrated in Fig. 5.3. The
fraction of metallic Rh slightly decreased from 75 at% for the fresh sample to 67 at% after UVozone treatment. To verify possible changes in the particle size, TEM analysis of the ozonetreated Rh(PVP-UVO)/C 3 N 4 -7.8 was carried out. It shows that the average size is rather similar,
i.e. 8.4 ± 1.4 nm, with the parent sample. Ikeda et al. removed PVP by calcination at 400 oC for 3
h and found that the Rh nanoparticles became larger (i.e. 2.7 ± 0.3 and 5.1 ± 0.5 nm
nanoparticles grew to 3.8 ± 0.8 and 6.6 ± 1.1 nm, respectively) after thermal oxidation [25].
Consequently, we argue that the UV-ozone treatment results in smaller changes of the
nanoparticle size and the oxidation state as compared with thermal oxidation at higher
temperatures.
Attempts to determine the extent of removal of PVP by studying the C and N 1s XP spectra
were not successful, because the spectra are dominated by the C–(N) 3 and C–C types of carbon
of g-C 3 N 4 and adventitious carbon. Also, the changes following UV-ozone treatment were
negligible. Fig. 5.5 shows the ATR-IR spectra of the Rh(PVP)/C 3 N 4 -7.8 catalyst before and after
UV-ozone treatment. Those of PVP and g-C 3 N 4 are also included. The IR spectra of the two
photocatalysts do not provide evidence for the presence of PVP in the original photocatalyst.
Most notably, the C=O stretching band around 1654 cm-1 of PVP is completely absent in the
parent as well as ozonated catalysts. This suggests that the PVP is already not present anymore
after loading the g-C 3 N 4 with the PVP stabilized Rh nanoparticles and washing. We should keep
however in mind that the loading of Rh and thus also that of PVP is low.

Fig. 5.5. ATR-IR spectra of (a) g-C 3 N 4 , (b) PVP, (c) Rh(PVP)/C 3 N 4 -7.8 and (d) Rh(PVPUVO)/C 3 N 4 -7.8.
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5.3.2 Catalytic activity measurements
The photocatalytic H 2 production rate from water splitting under visible light irradiation over
the set of Rh(PVP)/C 3 N 4 catalysts as a function of reaction time are displayed in Fig. 5.6. It is
seen that the bare support does not catalyze water splitting. Addition of Rh nanoparticles results
in active catalysts for water splitting to H 2 in the presence of methanol as sacrificial agent. The
most active catalyst is Rh(PVP)/C 3 N 4 -4.1, which produces 60 µmol H 2 /g cat during a reaction
time of 4 h. The other catalysts exhibit lower reaction rates. As we expect that the weak physical
interaction between a PVP stabilized Rh nanoparticle and the g-C 3 N 4 support is not conducive to
electron transfer, we surmise that most of the PVP has been removed already during washing
after nanoparticle deposition and a direct interaction between the Rh nanoparticles and the
carbon nitride semiconductor has developed. The ATR-IR measurements are consistent with this
supposition, yet not conclusive.
Fig. 5.6 shows that the H 2 production rate decreases when the Rh particles become larger.
This trend agrees with recent results of Ikeda et al. for three different-sized Rh/Cr 2 O 3 core/shell
nanoparticles supported on (Ga 1-x Znx )(N 1-x O x ) [25]. They ascribed the higher water splitting
activity of smaller particles to the larger surface area of smaller metallic nanoparticles [25]. To
verify the relation between activity and the total number of surface atoms in the Rh(PVP)/C 3 N 4
catalyst set, surface-Rh-atom normalized and Rh-particle-number normalized activities were
determined. The assumption of the first calculation is that all surface Rh atoms are active sites
(TOF), while the second in essence gives the rate per Rh particle (TOF particle number ). These
normalized activities are shown against the average Rh particle size in Fig. 5.7 (a). The
corresponding values are listed in Table 5.2. Both normalized activities show an optimum for the
catalyst with the on average 5.9 nm Rh nanoparticles. This optimum does not change when we
plot the normalized activity as a function of the surface fraction of metallic Rh (Fig. 5.7 (b)). The
normalized activity of Rh(PVP)/C 3 N 4 -4.1 (Rh0/Rh total = 67 at%) is lower than that of
Rh(PVP)/C 3 N 4 -5.9 (Rh0/Rh total = 71 at%), despite its higher H 2 production rate. Thus, although
the metallic Rh content of the nanoparticles varies with their size, this does not appear to provide
an adequate explanation for the size-dependent performance. The finding of optimum Rh particle
size for photocatalytic water reduction is in line with recent findings of Xing et al. for Pt/TiO 2
[53].
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Fig. 5.6. Photocatalytic H 2 production rates as a function of time for (a) pure g-C 3 N 4 , (b) Rh(PVP)/C 3 N 4 -4.1, (c) Rh(PVP)/C 3 N 4 -5.9,
(d) Rh(PVP)/C 3 N 4 -7.8 and (e) Rh(PVP)/C 3 N 4 -9.1.

Fig. 5.7. Photocatalytic H 2 production rates of the Rh(PVP)/C 3 N 4 set: (a) the turnover frequency (TOF, left axis) and particle-number
based turnover frequency (TOF particle number ) as a function of the average Rh nanoparticle size and (b) the TOF (left axis) and TOF particle
number as a function of the Rh metal content in the catalysts.
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Table 5.2. Photocatalytic H 2 production rates during water splitting for Rh(PVP)/C 3 N 4
catalysts.1,2
Rate
Rate
TOF particle number
TOF (h-1)
(μmol h-1 g cat -1)
(10-3 μmol h-1 g Rh -1)
(10-12 μmol h-1 Rh NP-1)
Rh(PVP)/C 3 N 4 -4.1
14.9 ± 1.8
6.0 ± 0.74
2.4 ± 0.28
1.30 ± 0.16
Rh(PVP)/C 3 N 4 -5.9
13.3 ± 1.7
5.8 ± 0.76
3.2 ± 0.41
2.61 ± 0.33
Rh(PVP)/C 3 N 4 -7.8
10.7 ± 3.9
3.1 ± 0.12
2.3 ± 0.84
2.48 ± 0.91
Rh(PVP)/C 3 N 4 -9.1
3.8 ± 2.1
1.4 ± 0.80
1.2 ± 0.66
1.51 ± 0.84
1
o
100 mg of catalyst in 36 ml water and 4 ml methanol at 10 C under visible light irradiation; 2H 2
production rate determined after 4 h of reaction.
Catalyst

We then argued that it is important to remove the photogenerated charge carriers from the gC 3 N 4 semiconductor before electron-hole recombination can occur. The removal of
photogenerated electrons occurs via the Rh nanoparticles on the surface. In the absence of Rh, no
H 2 was produced. We hypothesized that the water splitting rate may depend on the number of Rh
nanoparticles. Indeed, one does not a priori expect a substantial effect of particle size on the
adsorption energy of H atoms on metallic Rh nanoparticles. These H atoms originate from
proton-electron coupling reactions at the metal surface and they proceed recombinative H 2
desorption. It is also known that proton transfer to the surface is faster for metallic Rh than for
oxidic Rh [30, 54]. These suppositions are supported by the recent finding that the rate of
photocatalytic water reduction for Pt/TiO 2 is not dependent on the size of the Pt particles [53].
Accordingly, we plotted in Fig. 5.8 the weight-based H 2 production rate as a function of the
number of Rh nanoparticles estimated from their average size as determined by TEM. It can be
seen that photocatalysts containing a small number of Rh nanoparticles display lower H 2
production rates than catalysts with a larger number of Rh nanoparticles. For the catalyst with the
largest number of nanoparticles, the H 2 production rate tends to level off. The dashed line in Fig.
5.8 is the H 2 production rate of the photodeposited catalyst, which contains smaller and most
likely much more particles.
Fig. 5.9 also includes the photocatalytic activities of two photodeposited catalysts, namely
Rh/C 3 N 4 -PD containing 0.1 and 0.25 wt% Rh, with that of Rh(PVP)/C 3 N 4 -4.1. The weightbased activities of the photodeposited samples are slightly higher than that of Rh(PVP)/C 3 N 4 -4.1.
These data strongly suggest the need to optimize the particle density of the metal nanoparticle
co-catalyst for H 2 production. Accordingly, photodeposition is the preferred method in this case
because it deposits very small particles on the surface of the semiconducting carbon nitride
support.
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Fig. 5.8. Photocatalytic H 2 production rate as a function of the number of Rh particles.

Fig. 5.9. Photocatalytic H 2 production rate as a function of time for (left, a) Rh(PVP)\C 3 N 4 -4.1,
Rh/C 3 N 4 -PD with (b) 0.25 wt% and (c) 0.1 wt% Rh, and (right, d) Rh(PVP)/C 3 N 4 -7.8, (e)
Rh(PVP-UVO)/C 3 N 4 -7.8 and (f) reduced Rh(PVP-UVO)/C 3 N 4 -7.8 (1 h in H 2 at 300 °C).
A few other aspects are worth mentioning. Firstly, the finding that the Rh(PVP)/C 3 N 4 -4.1
catalyst has almost similar activity as the photodeposited photocatalysts, which does not contain
PVP, supports our surmise that most of the PVP has already been removed during the
nanoparticle loading procedure. This suggests a relatively strong bonding between the Rh
nanoparticles and the graphitic carbon nitride surface. The TEM images also support the direct
interaction between the Rh particles and the support. Expectedly, the UV-ozone treatment of
Rh(PVP)/C 3 N 4 -7.8 does not improve the photocatalytic performance. In fact, the treated
Rh(PVP-UVO)/C 3 N 4 -7.8 catalyst displayed much lower H 2 production rate (Fig. 5.9). As TEM
analysis evidenced that the nanoparticles did not agglomerate and its XPS spectrum showed a
slightly higher oxidation degree, we conclude that the UV-ozone treatment has oxidized the
surface of the Rh nanoparticles slightly, which negatively affects the proton reduction ability of
the photocatalyst. This surmise is underpinned by the recovery of the performance after
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reduction in flowing H 2 at 300 °C for 1 h. Secondly, the best performance observed for the
photodeposited Rh phase may be in part related to preferred deposition of Rh nanoparticles close
to redox sites at the g-C 3 N 4 surface. This hypothesis has earlier been put forward by Xing et al.
[53] and it has been suggested that this may result in more efficient charge transfer than in the
case where PVP is present [34]. Such an effect was also claimed by Wang et al., who reported
higher quantum yield in photocatalytic oxidation of methanol for Pt nanoparticles deposited on
TiO 2 by photodeposition compared with photocatalysts prepared from colloidal Pt particles,
although the size dependence of the Pt particles was not investigated [55]. However that may be,
the catalytic performance of the photodeposited Rh co-catalysts is only marginally higher than
that of the optimum Rh(PVP)/C 3 N 4 catalyst.
Summarizing, our results indicate that the main design criterion for Rh nanoparticle cocatalysts for H 2 generation is to have a sufficiently large number of nanoparticles or clusters in
the metallic form on the semiconductor surface. The catalytic activity for the H 2 generation
reaction does not depend on the particle size, which is expected because of the nature of the
involved important elementary reaction steps, i.e. the Volmer reaction H 3 O+(aq) + e- + *  H* +
H 2 O(l) followed by the Heyrovsky reaction H* + H 3 O+(aq) + e-  H 2 (g) + H 2 O(l) + * or the
Tafel reaction 2 H*  H 2 (g) + 2*. However, as it is well known that very small Rh nanoparticles
are prone to surface oxidation [36, 50, 51], there will in practice be a lower limit to avoid surface
oxidation of the Rh nanoparticles. The exact optimum loading will also strongly depend on the
rate of photogeneration of electrons and holes.
5.4 Conclusions
Rh nanoparticles with controlled sizes in the 4-9 nm range were synthesized by using PVP as
the capping agent. The nanoparticles were deposited on a g-C 3 N 4 semiconducting support
prepared by thermal decomposition of melamine. The size and size distribution of these
nanoparticles were not affected by their deposition on g-C 3 N 4 . The light-absorption properties of
the graphitic carbon nitride were also not influenced by the presence of Rh. Most of PVP was
already removed during the nanoparticle loading procedure. In accordance with this, the
Rh/C 3 N 4 materials were active water splitting catalysts under visible light irradiation. The most
active photocatalyst is almost as active as a photocatalyst prepared by photodeposition of small
Rh nanoparticles on g-C 3 N 4 . There is a small variation in the oxidation degree of these
nanoparticles with their size and no clear Rh nanoparticle size dependence for the H 2 production
rate. The most important criterion appears to be to have sufficient metallic Rh nanoparticles to
remove the photogenerated electrons from the surface of the graphitic carbon nitride. The
importance of the metallic state of the nanoparticles is stressed.
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Chapter 6
Size dependence of (photo)catalytic oxidation reactions of Rh nanoparticles
dispersed on (Ga 1-x Zn x )(N 1-x O x ) support
Summary
Mixed Ga-Zn oxynitrides were synthesized using co-precipitation, wet-precipitation and solid
solution methods. The oxynitrides were used as supports for Rh nanoparticle catalysts in
photocatalytic water splitting, CO oxidation, and H 2 oxidation. Mixed Ga-Zn oxynitrides
produced by wet-precipitation and nitridation has good visible light absorption properties and
high surface areas, so they were used to support uniformly sized polyvinylpyrrolidone (PVP)
stabilized Rh nanoparticles. The nanoparticle size range was 2-9 nm. These catalysts had
negligible activity in photocatalytic H 2 production by water splitting, with methanol as a
sacrificial agent. Other mixed Ga-Zn oxynitrides were also inactive. A reference sample
provided by Domen also showed very low activity. The influence of particle size on Rhcatalyzed oxidation of CO and H 2 was investigated. For CO oxidation, the activities of small
particles were higher for particles with higher Rh oxidation degree. The opposite holds for the
H 2 oxidation reaction.

This chapter is accepted in Chin. J. Catal. (2014), in press.
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6.1 Introduction
Among the many systems explored for photocatalytic overall water splitting, mixed galliumzinc oxynitrides ((Ga 1-x Znx )(N 1-x O x )) modified with chromia (Cr 2 O 3 )-encapsulated noble metal
co-catalysts constitutes a very promising and appealing catalyst system [1-3]. Maeda et al. were
the first to report the good performance of (Ga 1-x Znx )(N 1-x O x ) solid solutions as light harvesting
semiconductors for overall water splitting under visible light irradiation [1-3]. (Ga 1-x Zn x )(N 1x O x ) were synthesized by mixing Ga 2 O 3 and ZnO powders followed by heating in NH 3 (i.e.
nitridation) from low to high temperatures [1]. The resulting solid solution has a narrowed band
gap (2.4-2.8 eV) compared to GaN (3.4 eV) and ZnO (3.2 eV) reference materials. Afterwards,
the same authors performed a series of investigations on the influence of the starting materials,
nitridation conditions and post-calcination treatment on the photocatalytic activity. The
crystallinity and composition of (Ga 1-x Znx )(N 1-x O x ) are important factors for displaying good
catalytic performance [2, 4-10]. However, the solid state reaction is laborious and results in low
surface area (<10 m2/g), bulk defects and low ZnO content [11-13]. Moriya et al. suggested that
the Zn content in (Ga 1-x Znx )(N 1-x O x ) cannot exceed x = 0.4, because Zn2+ is easily reduced to
metallic Zn, which evaporates at high temperatures in reducing atmosphere [14]. This limits the
visible light absorption of thus prepared solids. Consistent with this, an increase of the Zn
content in the crystalline structure results in a shift of the absorption edge to higher wavelengths
[15-18]. Han et al. used a sol-gel method to synthesize (Ga 1-x Znx )(N 1-x O x ) (x = 0.482) with the
absorption edge at 560 nm [16]. Lee et al. synthesized (Ga 1-x Zn x )(N 1-x O x ) by nitridation of a
mixture of ZnGa 2 O 4 and ZnO nanocrystals to tune the Zn content from x = 0.30-0.87, which
leads to absorption edge values ranging from 460 to 565 nm [17]. Li et al. also prepared (Ga 1x Zn x )(N 1-x O x ) by the same method as Lee et al., but used ZnGa 2 O 4 and ZnO nanofibers, to
obtain nanostructured (Ga 1-x Znx )(N 1-x O x ) with high surface area and high Zn ratio (x = 0.5) by
nitriding at low temperature (650 oC) [19]. Accordingly, it would be desirable to develop novel
and more facile methods to synthesize (Ga 1-x Znx )(N 1-x O x ) at lower temperatures with improved
photocatalytic activity.
Recently, soft chemical methods to prepare (Ga 1-x Znx )(N 1-x O x ) from layered double
hydroxides (LDHs) precursors have been explored [20, 21]. Materials derived from LDHs
possess large surface area (100-300 m2/g) [20]. Zou et al. reported the synthesis of (Ga 1x Zn x )(N 1-x O x ) from ZnGa 2 O 4 as precursor by nitridation to obtain products with higher Zn and
lower N content and larger surface area than the original materials reported by the group of
Domen. Such ZnGa 2 O 4 phosphors with the spinel structure were obtained by calcining singlephase Zn3 Ga-based LDHs of relatively small size [13]. However, this route is less facile since it
requires two calcination steps from LDHs to (Ga 1-x Zn x )(N 1-x O x ). Wang et al. used a simple
method based on direct nitridation of LDHs containing Zn2+, Ga3+ and CO 3 2- [21]. Compared to
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the conventional solid solution method involving nitridation for 15 h, this synthetic method
requires shorter nitridation time (0.5 h). Zn-rich (Ga 1-x Zn x )(N 1-x O x ) can be obtained because Zn
is stabilized in the interlayer region of the LDHs precursors [20]. Besides, Mapa et al. reported a
simple way to synthesize (Ga 1-x Zn x )(N 1-x O x ) by fast combustion of an aqueous solutions of
Ga(NO 3 ) 3 and Zn(NO 3 ) 2 with urea in a furnace at 500 °C [22].
(Ga 1-x Znx )(N 1-x O x ) materials do not show photocatalytic activity without co-catalysts. It was
found that Rh/Cr 2 O 3 core-shell structures make optimal co-catalysts for H 2 production. The
group of Domen investigated the effect of Rh particle size supported on (Ga 1-x Znx )(N 1-x O x ) and
compared photodeposition, impregnation and adsorption as methods for introduction of Rh and
also explored the promoting effect of Cr 2 O 3 . The dispersion of Rh nanoparticles (NPs) was
found to be important to the rate of H 2 production, which was attributed to the need for high Rh
surface area [23]. Ikeda et al. reported that polyvinylpyrrolidone (PVP) stabilized Rh NPs can
result in highly dispersed co-catalysts on semiconductors [24]. Our recent work shows that,
instead of the particle size, the density of the Rh NPs is more important because a high rate of
removal of charge carriers from the semiconductor is significant [27]. It is worthwhile to
mention that smaller supported Rh particles are more prone to oxidation than larger ones [25,
26].
In the present study, we deemed that it is with great value to systematically study the relation
between the preparation, the structure and catalytic activity of (Ga 1-x Znx )(N 1-x O x ) materials.
Following our earlier work [27], we were also interested to investigate the influence of the Rh
co-catalyst NP size on the oxidation state of Rh NPs and the rate of photocatalytic H 2 production
by water splitting. Besides, we evaluated these catalysts for the oxidation of CO and H 2 to
understand the influence of NP size dependence and oxidation state on these elementary
reactions.
6.2 Experimental methods
6.2.1 Synthesis of (Ga 1-x Zn x )(N 1-x O x )
For the synthesis of mixed zinc oxide/gallium nitrides, we followed literature methods [1, 13,
21]. For co-precipitation (samples denoted by ‘C’), 11.9 g Zn(NO 3 ) 2 ·6H 2 O (≥99.0%, SigmaAldrich) and 6.6 g Ga(NO 3 ) 3 ·xH 2 O (99.9%, Alfa Aesar) were dissolved in 60 ml deionized
water (solution A), 4.8 g NaOH (≥97%, Merck) in 60 ml deionized water (2 M NaOH, solution
B) and 3.2 g Na 2 CO 3 (anhydrous for analysis, Merck) in 60 ml deionized water (0.03 M
Na 2 CO 3 , solution C). Solutions A and B were added dropwise to solution C while controlling the
pH to a value of 10. The mixture was stirred and aged for 20 h at 65 oC in a water bath. Then, the
suspension was filtered and the obtained powder was dried at 110 oC for 12 h and calcined in a
20% O 2 /He flow at 900 oC (5 oC/min) for 6 h. The calcined material was transferred into a 10 M
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NaOH solution and stirred at 65 oC for 20 h, followed by filtering and washing with deionized
water. It was then dried overnight to form the ZnGa 2 O 4 spinel. The ZnGa 2 O 4 spinel powder was
finally heated at temperatures in the range of 500-900 oC in a pure NH 3 flow of 200 ml/min for
10 h. The second wet-precipitation method (denoted by W’) involved dissolution of 35.7 g
Zn(NO 3 ) 2 ·6H 2 O and 21.8 g Ga(NO 3 ) 3 ·xH 2 O in 100 ml deionized water (solution D), 14.4 g
NaOH in 100 ml deionized water (0.6 M NaOH, solution E) and 6.36 g Na 2 CO 3 in 100 ml
deionized water (3.8 M Na 2 CO 3 , solution F). Solution D and E were added dropwise to solution
F while maintaining pH = 8. The mixture was stirred and aged for 20 h at 90 oC with the use of
an oil bath. Then, the suspension was filtered, washed with deionized water and dried at 110 oC
overnight to form the LDHs precursor. This material was sieved into a fraction of 125-250 µm
and subsequently loaded into a quartz tube reactor between two quartz wool plugs. The material
was exposed to a 200 ml/min pure NH 3 flow for nitridation and heated from room temperature to
800 oC (5 oC/min) for 1 h. The third solid solution method solution (denoted by ‘S’, method of
Domen’s group) is described in literature by mixing stoichiometric amounts of ZnO (Kanto
Chemicals, 99%) and Ga 2 O 3 (High Purity Chemicals, 99.9%) under NH 3 flow at 800 oC for 5-20
h [1, 2, 4]. In the present study, we used similar materials from different suppliers, i.e. ZnO
(99.5%, AnalaR Normapur) and Ga 2 O 3 (≥99.99%, Aldrich). The raw materials were mixed and
placed in a quartz tube with the molar ratio of Zn to Ga ca. 1. The mixed powder was heated at
800 oC for 15 h in 200 ml/min NH 3 resulting in a yellow powder. After the 15 h of nitridation,
the sample was cooled to room temperature in the NH 3 flow [4]. Typically, from 1.08 g Ga 2 O 3
and 0.94 g ZnO, approximately 1 g (Ga 1-x Zn x )(N 1-x O x ) material was obtained. Besides, we were
kindly provided (Ga 1-x Zn x )(N 1-x O x ) by the group of Domen prepared according to reference [23]
for Rh loading, Cr 2 O 3 modification and photocatalytic evaluation.
The resulting (Ga 1-x Znx )(N 1-x O x ) materials are denoted as ZGON(x-y), with x denoting the
synthesis method (‘C’, ‘W’ or ‘S’) and y the temperature (oC) of the nitridation treatment. For
example, ZGON(W-800) is (Ga 1-x Znx )(N 1-x O x ) synthesized by wet-precipitation and
subsequently heated in NH 3 at 800 oC.
6.2.2 Synthesis of Rh NPs and photocatalysts
Uniformly-sized PVP stabilized Rh NPs were prepared according to a literature procedure
[28]. A Rh precursor salt was reduced in the presence of PVP at different temperatures in an
appropriate solvent. Small NPs were obtained by dissolving 10 mg rhodium (III) chloride
hydrate (RhCl3 ·nH 2 O, Aldrich) and 0.11 g PVP (M n = 10,000, Sigma-Aldrich) in 2 ml of water
and 3 ml of 1,4-butanediol (Sigma-Aldrich). The mixture was then added to 17 ml of 1,4butanediol, which was preheated at 120 or 160 oC. To obtain larger NPs, 20 mg rhodium (III)
acetylacetonate (Rh(acac) 3 , Aldrich) and 0.11 g PVP was dissolved in 2 ml tetrahydrofuran
(THF, Sigma-Aldrich) and 3 ml 1,4-butanediol, which was preheated at 160 or 220 oC. Each
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mixture was subsequently refluxed under a N 2 flow for 6 h and cooled to room temperature. A
modified method was used to obtain very small (< 3.5 nm) Rh particles. A solution consisting of
10 mg RhCl3 ·nH 2 O, 0.11 g PVP, 2 ml water and 3 ml of 1,4-butanediol was added to a
suspension of 0.25 g ZGON in 17 ml of preheated 1,4-butanediol. Then the mixture was
preheated at 120 oC, refluxed under a N 2 flow for 6 h and then cooled to room temperature. The
loading of the support materials was carried out by dropwise addition of the Rh NPs suspension
to a suspension of 0.25 g ZGON in 10 ml glycerol (≥99 %, Aldrich). The slurry was filtered and
the resulting powder was dried at 110 oC overnight. The catalysts are denoted as
Rh(PVP)/ZGON(x-y)-z with z denoting the average Rh NP size.
A portion of the catalysts was exposed to a UV-ozone (UVO) treatment to remove the organic
capping agent. Recent literature reported that such treatment removes PVP from the Rh NPs
[29]. To this purpose, 0.5 g of sample was dispersed on Al foil in a UVO chamber (PR 100, Ultra
Violet Products. Inc.) and exposed to UV light and ozonated air at room temperature for 20 h
[27]. The catalysts are denoted by Rh(PVP-UVO)/ZGON(x-y)-z.
A Cr 2 O 3 shell was deposited on the Rh NPs [23, 24, 30]. Typically, 0.15 g Rh(PVPUVO)/ZGON was dispersed in 80 ml of an aqueous 0.2 mM K 2 CrO 4 , solution in a doublewalled glass vessel (held at a constant temperature of 10 oC) with a quartz window on top. The
reaction vessel was connected to a closed glass system to collect product H 2 . Prior to
photodeposition, the air in the vessel was completely removed by evacuation using a turbo drag
pump. After evacuation, the solution was irradiated by visible light (λ = 420-630 nm) to reduce
CrO 4 2- into Cr 2 O 3 . The irradiation was performed for 8 h. The final product was washed with
deionized water and dried overnight at 110 oC. These samples are denoted as Cr-Rh(PVPUVO)/ZGON(x-y)-z, with Cr indicating Cr 2 O 3 addition.
For comparison, a few reference samples were prepared with RhCl3 ·nH 2 O and K2 CrO 4 as
precursors according to a photodeposition method used by the group of Domen and others [3133]. Typically, 0.25 g ZGON was added to a 36 ml aqueous solution containing 13 mg
RhCl3 ·nH 2 O under stirring. Then, 4 ml methanol was added as sacrificial reagent. The mixture
was transferred into a glass vessel and the air in the vessel was removed. After evacuation for 1.5
h, the suspension was irradiated with visible light (420-630 nm) for 4 h. The evolution of H 2 was
followed in time. The material was isolated from the solution and filtered. After an overnight
drying period at 110 oC, it was dispersed in a 80 ml aqueous K 2 CrO 4 , solution (0.2 mM) for
Cr 2 O 3 photodeposition, following the same procedure as used for Cr-Rh(PVP-UVO)/ZGON.
These catalysts are denoted as Cr-Rh/ZGON(S). The same procedures of Cr 2 O 3 and Rh loading
were applied to the (Ga 1-x Zn x )(N 1-x O x ) sample provided by the group of Domen, the resulting
catalysts are denoted as Cr-Rh/ZGON(D).
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6.2.3 Catalyst characterization
The metal was determined by Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) on a Goffin Meyvis SpectroCirus CCD apparatus. The sample was dissolved under
stirring and heating in a melt of K 2 S 2 O 7 in H 2 SO 4 until a clear solution was obtained. The
surface area of the support materials was determined with a Micromeritics TriStar 3000
apparatus by N 2 physisorption at liquid N 2 temperature after outgassing the sample at 150 oC for
3 h. UV-Vis Absorption spectra were measured with a Shimadzu UV-2401 PC spectrometer in
diffusion-reflectance mode with BaSO 4 as reference. X-Ray Diffraction (XRD) patterns were
recorded on a D4 Endeavor diffractometer (Bruker) with a scan speed of 0.36 o/min in order to
verify the support structure(s). The morphology of the support materials was studied by Scanning
Electron Microscopy (SEM) on FEI Quanta 3D FEG in high-vacuum mode at low voltage
(typically, 1×10-4 mbar and 10 kV). Energy-Dispersive X-ray spectroscopy (EDX) was
performed on EDAX from AMETEK with Genesis 700 software. Transmission Electron
Microscopy (TEM) was performed on a FEI Tecnai 20 transmission electron microscope.
Typically, grinded sample was suspended in pure ethanol, sonicated and dispersed over a
conventional carbon coated Cu grid. The average particle size and particle size distribution was
determined by measuring at least 150 metal particles.
X-ray Photoelectron (XP) spectra were recorded with a Thermo Scientific spectrometer with a
Al Kα monochromatic source. The spectra were recorded at an emission background pressure of
1×10-8 mbar. All the binding energies were referenced to the C 1s peak at 284.5 eV related to
surface adventitious carbon. Analysis and quantification of the measurements was performed
using Casa-XPS software and Wagner’s sensitivity factors.
X-ray Absorption Spectroscopy (XAS) measurements were carried out at the Dutch-Belgian
Beamline (Dubble) at the European Synchrotron Radiation Facility, Grenoble, France (storage
ring 6.0 GeV, ring current 200 mA). Data were collected at the Rh K-edge in fluorescence mode
with a solid-state detector. Energy selection was done by a double crystal Si(111)
monochromator. Background removal was carried out by standard procedures. Extend X-ray
Absorption Fine Structure (EXAFS) analysis was then performed with EXCURVE931 on k3weighted unfiltered raw data using the curved wave theory. Phase shifts were derived from ab
initio calculations using Hedin-Lundqvist exchange potentials and Von Barth ground states.
Energy calibration was carried out with Rh foil. The amplitude reduction factor S 02 associated
with central atom shake-up and shake-off effects was set at 1.0 by calibration of the first- and
second shell Rh–Rh coordination numbers to 12 and 6, respectively, for the k3-weighted EXAFS
fits of the Rh foil [25]. The structure of the Rh metal foil and the first two shells of the Fourier
Transform (FT) EXAFS spectrum of Rh 2 O 3 correspond well to literature data [34]. The near106
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edge region of the absorption spectra of these reference compounds were used to fit the nearedge region of the catalysts. Spectra at the Rh K-edge were recorded in a stainless-steel
controlled atmosphere cell. Typically, an amount of 80 mg of sample was pressed in a holder and
placed in the cell. Carbon foils were held between two high-purity carbon spacers. High-purity
gases (He and O 2 ) were delivered by thermal mass flow controllers. The total gas flow was kept
at 50 ml/min [26]. After recording two EXAFS spectra of the sample at room temperature under
a He flow, the sample was heated in a 3% O 2 /He flow to a final temperature of 300 ºC whilst
recording X-ray Absorption Near Edge Structure (XANES) spectra.
6.2.4 Catalytic activity measurements
1) Photocatalytic H 2 production
Photocatalytic H 2 production by water splitting measurements were performed in a setup
described in detail elsewhere [27]. Typically, 0.1 g catalyst was added into the closed reactor
vessel containing a solution of 36 ml deionized water and 4 ml methanol (sacrificial electron
donor) while stirring. After complete removal of air from the vessel by evacuation for 30 min,
the light source (Xe Arc Lamp, Oriel) was switched on to irradiate the suspension with visible
light (420-630 nm, 320 mW/cm2) for at least 4 h. Tests were repeated for at least three times.
The setup performance was regularly checked using a 0.3 wt% Pt/TiO 2 reference photocatalyst.
H 2 gas evolved from water splitting was analyzed by an online Gas Chromatograph (GC, ATI
UNICAM GC-610, Shincarbon, thermal conductivity detector).
2) Oxidation reactions
Catalytic activity measurements of the oxidation of CO and H 2 with molecular O 2 were
performed in a parallel ten-flow microreactor system equipped with thermal mass flow
controllers and an online GC (Interscience, Porapak Q, Molecular sieve 5A, thermal conductivity
detector). Typically, the SiC diluted catalysts were loaded in quartz reactor tubes [25]. Prior to
catalytic activity measurements, the samples were dried in a He flow (10 oC/min) from room
temperature to 110 oC for 1 h. The reactor was cooled in He to the reaction temperature. At each
reaction temperature rates were determined for 1.5 h, during which no deactivation was
observed. For CO (H 2 ) oxidation, the feed contained 2 vol% CO (H 2 ) and O 2 with O 2 /CO = 1
(O 2 /H 2 = 1) balanced by He at gas hourly space velocities between 7×104 and 1×105 h-1 in the
temperature range 40-210 oC (30-230 oC). The activation energy was determined on the basis of
measurements in which conversion was below 20%.
6.3 Results and discussions
6.3.1 Catalyst synthesis and characterization
1) Support materials
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Basic characterization results of the precursor and ZGON(C) samples are shown in Fig. 6.1.
XRD pattern shows that the precursor mainly consists of crystalline ZnGa 2 O 4 spinel. It is
converted into the ZGON phase upon nitridation. Nitridation takes place at temperatures higher
than 600 oC and the XRD patterns of the spinel precursor and the ZGON materials agree with
literature data [13, 19]. UV-Vis spectra show increasing visible light absorption of nitrided
samples. In the case of ZGON phase being fully formed, the absorption edge decreases with the
nitridation temperature. Treatment at 700 oC shows the highest visible light response with an
absorption edge at ca. 600 nm, the trend of which is consistent with that reported by Ward et al.
[18]. The SEM images show that the particle size of the spinel precursor is in the range 100-200
nm. The size and shape did not change after nitridation at 700 oC.

Fig. 6.1. (a) XRD patterns (Z: ZGON, S: spinel), (b) UV-Vis spectra and (c, d) SEM images of
the spinel precursor and ZGON(C) at different nitridation temperatures.
The synthesis conditions and the composition of the samples are listed in Table 6.1. Both the
starting solid solution and the ZnGa 2 O 4 spinel have a Zn/Ga ratio of 2.7. No Zn was lost during
spinel formation by this method. The Zn/Ga ratio decreases with increasing nitridation
temperature due to Zn loss by evaporation. The N content of the spinel precursors is very low
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and remains almost constant following nitridation at 500 oC and 600 oC. At higher temperatures,
it increases substantially up to almost 29 at% at 900 oC. The surface area of the ZnGa-LDHs,
ZnGa 2 O 4 spinel precursors and nitrated ZGON materials are 42, 13 and 12-14 m2/g, respectively.
Thus, the surface area decreases during thermal conversion of the LDHs precursor into the
ZnGa 2 O 4 spinel, while nitridation has little effect. This is consistent with the SEM results.
Table 6.1. Synthesis details, surface area and EDX results of ZGON support materials.
Surface atomic ratio
T1
t2
Surface area.
( C)
(h)
(m2/g)
Zn/Ga3
N/Ga4
ZnGa-LDHs
-43
--ZnGa 2 O 4 spinel
-13
2.7
0.23
500
10
14
0.93
0.14
C
600
10
12
0.30
0.32
700
10
-0.09
0.43
800
10
13
0.06
0.55
900
10
12
0.02
0.55
LDHs precursor
-83
2.1
0.58
W
800
1
19
2.0
1.00
S
800
15
10
0.13
0.79
1, 2
3, 4
temperature and duration of nitridation; determined by EDX.
Synthesis
method

o

N surface
content (at%)
-6.2
5.8
6.8
15.6
24.4
28.5
13.2
12.5
37.9

In Fig. 6.2 the results of basic characterization of ZGON(S-800) and ZGON(W-800) samples
are shown. The XRD patterns of these samples are very similar to the one recorded for
ZGON(C-800). The UV-Vis absorption edge around 470 nm for ZGON(S-800) is lower than the
one located at ca. 590 nm for ZGON(W-800). ZGON(C-800) has an absorption edge at ca. 520
nm. SEM images show that ZGON(S) consists of long rods with an irregular surface, whereas
ZGON(W-800) mainly contains hexagonal nanoplates of similar morphology as those described
by Wang et al. [21]. The surface area of ZGON(S) is 10 m2/g, similar to ZGON(C-800).
ZGON(W-800) has a slightly higher surface area of 19 m2/g, which originates from the higher
surface area of the LDHs precursor (83 m2/g). Zn/Ga and N/Ga ratios of 0.13 and 0.79,
respectively, for ZGON(S) are consistent with the values reported by Maeda et al. [1, 2]. These
ratios are slightly higher than for ZGON(C-800). Both are substantially lower than the Zn/Ga
ratio of 2.0 for ZGON(W-800). The reasons for the high Zn content of the latter sample are the
short nitridation time and the different synthetic procedure, which does not include calcination
and washing steps.
2) PVP stabilized Rh NPs
The synthetic conditions of PVP stabilized Rh NPs are listed in Table 6.2. The average
particle size and distribution of the unsupported systems are similar to those reported earlier [27,
35]. ZGON(W-800) was used to support these Rh(PVP) NPs due to its favorable absorption edge
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and relatively high surface area. No noticeable changes in Rh NP shape and size were observed
by TEM for the supported systems (Fig. 6.3).

Fig. 6.2. (a) XRD patterns, (b) UV-Vis spectra and (c, d) SEM images of ZGON(S-800) and
ZGON(W-800).
Table 6.2. Details of Rh NP synthesis and properties of ZGON(W-800) supported Rh catalysts.
Catalyst

Rh NPs synthesis conditions
T reduction
Precursor
Solvent
(oC)
RhCl 3 ·nH 2 O
H2 O
120
RhCl 3 ·nH 2 O
H2 O
120
RhCl 3 ·nH 2 O
H2 O
160
Rh(acac) 3
THF
160
Rh(acac) 3
THF
220

ZGON-supported catalysts
Rh1
Cr2
d Rh 3
(wt%)
(wt%)
(nm)
1.25
-2.3 ± 0.5
1.28
-3.7 ± 0.6
1.16
-5.4 ± 2.0
0.64
-7.5 ± 1.2
1.78
-9.3 ± 2.0

Rh(PVP)/ZGON(W-800)-2.34
Rh(PVP)/ZGON(W-800)-3.7
Rh(PVP)/ZGON(W-800)-5.4
Rh(PVP)/ZGON(W-800)-7.5
Rh(PVP)/ZGON(W-800)-9.3
Cr-Rh(PVP-UVO)/ZGON(W---0.64
0.03
-800)-7.5
1, 2
3
4
determined by ICP-AES; estimated average Rh NP size from TEM; RhCl 3 solution was reduced in
presence of ZGON.
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Fig. 6.3. Representative TEM images and particle size distributions of Rh(PVP)/ZGON(W-800)
with (a) 2.3, (b) 3.7, (c) 5.4, (d) 7.5 and (e) 9.3 nm Rh NPs.
3) UVO treatment and Cr 2 O 3 photodeposition
Instead of calcination which may negatively affect the size distribution and the semiconductor
N content, UVO treatment was carried out on a portion of each catalyst to remove PVP from the
Rh NPs [36]. After this treatment, the Rh NPs were coated with Cr 2 O 3 by photodeposition.
Typically, such low-temperature treatments will not affect the NP size [29]. EXAFS data shown
below indicate that the Rh NPs do not sinter, although some further oxidation takes place
depending on their initial size. Elemental analysis shows that the samples do not contain much
Cr after photodeposition (Table 6.2). Maeda et al. reported a Cr content of 0.75 wt% for a
catalyst containing 0.31 wt% Rh [33, 37]. The finding that no Cr 2 O 3 was deposited may be
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explained by the absence of photogeneration of electron-hole pairs required for the reduction of
chromate on the Rh NPs. The Ga and Zn oxidation states of several samples including one
provided by the group of Domen were determined by XPS. Fig. 6.4 shows the Ga 2p 3/2 and Zn
2p 3/2 spectral regions with main features at 1118.8 eV and 1022.2 eV, respectively, in agreement
with results of Maeda et al. [2, 33, 38]. The binding energies of Ga 2p 3/2 and Zn 2p 3/2 of the
reference GaN and ZnO materials are 1118.8 and 1022.7 eV, respectively [2]. Therefore, the
oxidation state of Ga and Zn in the mixed oxides are therefore similar to those of Ga3+ and Zn2+
in the form of GaN and ZnO, respectively. XP spectra confirm that no Cr is present in CrRh(PVP-UVO)/ZGON(W-800) sample after photodeposition (not shown). Surface atomic ratios
of the support elements derived from XPS analysis are listed in Table 6.3. The corresponding
Zn/Ga ratios and N contents for ZGON(S) and ZGON(W-800) are in reasonable agreement with
EDX data (Table 6.1). The Zn/Ga ratio of ZGON(D) matches with that reported by Maeda et al.
[2]. Overall, the surface results of ZGON(S) are rather similar to those of ZGON(D), whereas
those of ZGON(W) are very different with exception of the N/Ga ratio.

Fig. 6.4. XP spectral regions of Ga 2p 3/2 , and Zn 2p 3/2 of (a) ZGON(D), (b) ZGON(S), (c)
ZGON(W-800), (d) Rh(PVP-UVO)/ZGON(W-800)-2.3, (e) Rh(PVP-UVO)/ZGON(W-800)-7.5
and (f) Cr-Rh(PVP-UVO)/ZGON(W-800)-7.5.
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Table 6.3. Surface compositions1 of ZGON-based catalysts.
Surface atomic ratio
Zn/Ga
O/Ga
N/Ga
ZGON(D)
0.10
1.6
2.6
ZGON(S)
0.07
2.8
2.8
ZGON(W-800)
2.0
4.9
2.5
Rh(PVP-UVO)/ZGON(W-800)-2.3
1.8
6.1
2.5
Rh(PVP-UVO)/ZGON(W-800)-7.5
1.5
4.0
2.4
Cr-Rh(PVP-UVO)/ZGON(W-800)-7.5
1.5
5.0
2.5
1
derived from XPS Ga 2p 3/2 , Zn 2p 3/2 , O 1s, N 1s, and Rh 3d peak areas.
Catalyst

Rh
(at%)
---1.1
0.4
0.5

N
(at%)
49.0
41.5
24.0
21.8
26.6
24.7

Fig. 6.5 shows the experimental and fitted FT EXAFS spectra and k3-weighted χ(k) EXFAS
functions of Rh/ZGON(W-800) samples with 2.3, 5.4 and 9.3 nm Rh NPs. The fitted parameters
are summarized in Table 6.4. In He at room temperature, the FT EXAFS spectra show first RhRh shells at a coordination distance (R) of 2.69 Å, which is close to that in bulk Rh in a reference
Rh foil [25]. The coordination number (N) of this shell increases with increasing average Rh
particle size. The spectrum of the fresh Rh(PVP)/ZGON(W-800)-2.3 and Rh(PVP)/ZGON(W800)-5.4 contain a Rh-O shell at a distance of ca. 2 Å. This contribution is more distinct in the
spectra of the UVO treated samples, especially if the Rh particle size becomes smaller. The
quantitative parameters listed in Table 6.4 support these observations. Overall, smaller particles
are more prone to oxidation than larger ones consistent with literature reports [25, 26]. It is also
seen that the Rh-Rh coordination shell typically decreases, indicating that oxidation only took
place during the UVO treatment without extensive sintering of the particles.
Fig. 6.6 shows the near-edge spectra of the Rh(PVP-UVO)/ZGON(W-800) set during
oxidation at 140 oC. The whiteline feature of the Rh catalysts increases with decreasing Rh NP
size. The near-edge region of the catalyst containing small Rh NPs shows great similarity to the
reference Rh2 O 3 , while the near-edge region of the large Rh NPs resembles that of the foil [25,
26]. Table 6.5 lists the fraction of oxidic Rh (f Rh3+ ) before and during oxidation with increasing
temperatures. The fraction of oxidic Rh increases with decreasing Rh NP size and UVO
treatment for the fresh samples, which is consistent with the EXAFS results. However, at higher
oxidation temperatures, the fraction did not increase anymore. This seems to be related to the
properties of the support [25]. The oxidation degree of Rh of the sample prepared by Rh
photodeposition is slightly larger than the oxidation degree of the Rh particles prepared by the
PVP method.
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Fig. 6.5. Experimental (solid line) and fitted (open points) (left) FT EXAFS functions and (right)
k3-weighted EXAFS oscillations of fresh (in pure He at room temperature) (I, II)
Rh(PVP)/ZGON(W-800), (III, IV) Rh(PVP-UVO)/ZGON(W-800) with (a) 2.3, (b) 5.4 and (c)
9.3 nm Rh NPs.
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Table 6.4. Fitted parameters of k3-weighted EXAFS spectra at Rh K-edge of fresh ZGON-based
catalysts.
Catalyst

Shell
Rh-O
Rh(PVP)/ZGON(W-800)-2.3
Rh-Rh
Rh-O
Rh(PVP)/ZGON(W-800)-5.4
Rh-Rh
Rh(PVP)/ZGON(W-800)-9.3
Rh-Rh
Rh-O
Rh(PVP-UVO)/ZGON(W-800)-2.3
Rh-Rh
Rh-O
Rh(PVP-UVO)/ZGON(W-800)-3.7
Rh-Rh
Rh-O
Rh(PVP-UVO)/ZGON(W-800)-5.4
Rh-Rh
Rh-O
Rh(PVP-UVO)/ZGON(W-800)-7.5
Rh-Rh
Rh-O
Rh(PVP-UVO)/ZGON(W-800)-9.3
Rh-Rh
1
only the first Rh-O and Rh-Rh shells were fitted;
20%, Δσ2 ± 10%; the R-factor was below 30%.

EXAFS analysis1
R (Ǻ)
N
Δσ2 (Ǻ2)
∆E o (eV)
2.019
2.33
0.007
2.684
3.81
0.007
0.7
1.992
0.88
0.005
2.690
7.16
0.005
-0.3
2.690
8.78
0.005
0.1
2.043
4.14
0.006
2.697
0.92
0.005
0.2
2.041
2.89
0.006
2.695
3.19
0.005
-0.6
2.013
1.89
0.002
2.697
5.69
0.005
-0.6
2.002
1.18
0.005
2.690
6.37
0.004
-0.1
2.014
1.09
0.007
2.687
7.36
0.005
-0.2
-1
Δk = 2.5-12 Ǻ ; estimated error in R ± 0.01 Å, N ±

Fig. 6.6. Rh K-edge XANES spectra recorded during oxidation at 140 oC of Rh(PVPUVO)/ZGON(W-800) with (a) 2.3, (b) 3.7, (c) 5.4, (d) 7.5, (e) 9.3 nm Rh NPs. Rh2 O 3 and Rh
foil references are included for comparison. The dots represent the results of XANES fitting by
linear combinations of the two references.
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Table 6.5. Rh K-edge XANES spectra fitting results; fraction of oxidic Rh (f Rh3+ ) in ZGONsupported Rh catalysts in fresh state and during oxidation from room temperature to 300 oC.
Catalyst
Rh(PVP)/ZGON(W-800)-2.3
Rh(PVP)/ZGON(W-800)-5.4
Rh(PVP)/ZGON(W-800)-9.3
Rh(PVP-UVO)/ZGON(W-800)-2.3
Rh(PVP-UVO)/ZGON(W-800)-3.7
Rh(PVP-UVO)/ZGON(W-800)-5.4
Rh(PVP-UVO)/ZGON(W-800)-7.5
Rh(PVP-UVO)/ZGON(W-800)-9.3
1
estimated error in f ± 5%.

He
RT
44
19
10
89
60
39
27
24

RT
---92
60
40
27
23

60
---92
63
40
27
23

f Rh3+ (%)1
T (oC) in O 2 /He
110
140
200
---------92
93
93
64
64
64
41
41
42
27
28
28
23
23
25

300
---95
64
42
28
25

6.3.2 Catalyst activity measurements
1) Photocatalytic H 2 production
Photocatalytic H 2 production by water splitting was performed using the (Cr-) Rh(PVPUVO)/ZGON(W-800) materials and reference materials. The setup was regularly tested using a
reference catalyst [25 mg of TiO 2 (P25) containing 0.3 wt% Pt loaded by photodeposition],
which gave H 2 production rates around 2100 µmol h-1 g cat -1 in good agreement with other studies
[39, 40]. The sample provided by the group of Domen to which 1 wt% Rh was added by
photodeposition gave a H 2 production rate of only 0.3 µmol h-1 g cat -1, which is in line with
results of Maeda et al. [23]. After photodeposition using a K 2 CrO 4 solution the activity of CrRh/ZGON(D) increased to 3.7 µmol h-1 g cat -1. This confirms that Cr 2 O 3 deposition improves the
water splitting efficiency of the Rh/ZGON sample. However, the activity is almost two orders of
magnitude lower than values reported by Maeda et al. [23]. The reason for this is unclear. Our
ZGON(S)- and ZGON(W)-based catalysts, namely Cr-Rh/ZGON(S), Cr-Rh/ZGON(W) and CrRh(PVP-UVO)/ZGON(W) did not show any photocatalytic activity and these results were found
to be reproducible. The absence of Cr 2 O 3 deposition as probed by ICP analysis is consistent with
the absence of photocatalytic activity of the parent ZGON materials. The reason for the absence
of photocatalytic activity is unclear. Our synthesis methods were verified in detail against the
methods employed by the group of Domen [41]. ZGON(S) was prepared in the same way but the
Zn content and surface N content are slightly different. ZGON(W) contains much more Zn than
the sample prepared by the solid state method. Although we cannot conclude firmly at this
moment, we speculate that the slight differences in the bulk and surface composition explain the
absence of activity for our samples. Despite a large number of literature employing ZGON-type
materials only those of the group of Domen cited earlier, Hahn et al. [42], Busser et al. [43] and
the group of Chorkendorff in collaboration with the Domen group [44] reported good
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photocatalytic water splitting activities. It stresses the tight control need to prepare active ZGON
semiconductor materials. In the next section, we explored the oxidation of H 2 as a model for the
reverse water splitting to produce H 2 . We first evaluated the activity of these samples in CO
oxidation, given recent literature on size and oxidation state dependence of supported Rh NPs
[25].
2) CO oxidation
CO oxidation was carried out for the Rh(PVP-UVO)/ZGON(W-800) catalysts (Fig. 6.7, Table
6.6). The reaction rate strongly decreases with increasing particle size. When corrected for
dispersion, the turnover frequencies (TOFs) are much less dependent on the particle size,
although the two catalysts with the largest average particle size are significantly less active than
the ones containing smaller particles. The activity of Rh(PVP)/ZGON(W-800)-2.3 before UVO
treatment is higher than after UVO treatment. The particle size dependence for the present
Rh/ZGON set is less prominent than the dependence observed for Rh/CeO 2 catalysts [25]. Song
et al. have shown that the rate of CO oxidation for a surface Rh oxide film on ceria is much
higher than that of metallic Rh NPs [45]. The reaction involves the ceria support which oxidizes
partially reduced Rh oxide clusters. In the present study, the support is likely not involved in the
catalytic CO oxidation reaction, because ZnO will not reduce at the relatively low reaction
temperatures. Grass et al. also concluded that the active phase for CO oxidation of unsupported
Rh NPs is the surface Rh oxide [28]. Smaller particles are more prone to form a surface oxide
under reaction conditions than larger particles. Assuming that the ZGON support is not involved
in the CO oxidation reaction, the decreasing TOF with increasing Rh particle size for the
Rh/ZGON set is in line with these results [25, 28]. It is also consistent with the higher oxidation
degree of smaller particles derived from XAS. The activation energy for CO oxidation is seen to
decrease with increasing particle size. The activities of the present catalysts are lower than for
dried Rh(PVP)/SBA-15 catalysts [46]. Consistent with our analysis, we observe little influence
of the particle size on the activation energy [46, 47]. The activity of the Rh(PVPUVO)/ZGON(W-800)-2.3 sample is about two times lower than before the UVO treatment. This
is in contrast to the activity enhancement due to UVO treatment of Pt NPs systems stabilized
with various organic molecules [48]. A difference is likely that Pt oxidation is less important
than Rh oxidation, so that for Pt the presence of capping agents is decreasing the performance
more than for Rh.
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Fig. 6.7. Arrhenius plot for CO oxidation (O 2 /CO = 1) over dried Rh(PVP)/ZGON(W-800)
(diamonds), Rh(PVP-UVO)/ZGON(W-800) (circles) with 2.3 (orange), 3.7 (green), 5.4 (cyan),
7.5 (blue), 9.3 (violet) nm Rh NPs.
Table 6.6. CO oxidation activity and activation energies for selected set of ZGON-based
catalysts (O 2 /CO ratio = 1; T = 160 °C).
Catalyst
Rh(PVP)/ZGON(W-800)-2.3
Rh(PVP-UVO)/ZGON(W-800)-2.3
Rh(PVP-UVO)/ZGON(W-800)-3.7
Rh(PVP-UVO)/ZGON(W-800)-5.4
Rh(PVP-UVO)/ZGON(W-800)-7.5
Rh(PVP-UVO)/ZGON(W-800)-9.3

r
(mol/mol-Rh.h)
292
151
85
67
32
26

TOF
(h-1)
611
315
287
329
217
218

E app
(kJ/mol)
93
90
77
81
80
82

3) H 2 oxidation
We then investigated the catalytic activity in the oxidation of H 2 for these Rh NPs samples
(Fig. 6.8). The Rh(PVP-UVO) samples with smaller Rh particles have lower reaction rates than
catalysts containing larger Rh particles. At low temperature, the Rh(PVP) catalysts display
higher catalytic activity than the Rh(PVP-UVO) ones, but the differences tend to become smaller
with increasing temperature. For instance, the activities of the on average 2.3 nm particle
catalysts before and after UVO treatment are similar at temperatures higher than 165 oC. The
lower activity of the UVO-treated samples is likely due to the more extensive oxidation of the
NPs (Table 6.5). All catalysts with an average Rh size smaller than ca. 7 nm attained similar high
reaction rates at temperatures above 165 oC. For Rh NPs larger than 7 nm, the rate increased with
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increasing particle size. Hence, it is concluded that the preferred active phase of these catalysts in
H 2 oxidation is the metallic phase. This explains the higher activity of the larger Rh NPs. The
strong increase in activity for the small particles during oxidation above 165 oC is due to the
reduction of the Rh oxide phase. It is reasonable to assume that metallic NPs would also be the
active sites in H 2 generation during photocatalytic water splitting. Shimura et al. have
investigated the effects of the oxidation state of Rh NPs supported on Sr 2 Ti6 O 13 in the
photocatalytic water splitting reaction and found that metallic Rh catalyzes photocatalytic H 2
production better than Rh oxide [49, 50]. Our earlier research of Rh particle supported on gC 3 N 4 also demonstrated that metallic Rh particles are preferred for the H 2 production reaction
[27]. Summarizing, for H 2 oxidation and its reverse reaction, the metallic Rh phase is more
active than the Rh oxide in NPs.

Fig. 6.8. H 2 oxidation (O 2 /H 2 = 1) rates as function of reaction temperature over dried
Rh(PVP)/ZGON(W-800) (diamonds) and Rh(PVP-UVO)/ZGON(W-800) (circles) with 2.3
(orange), 3.7 (green), 5.4 (cyan), 7.5 (blue), 9.3 (violet) nm Rh NPs. The data point at 165 oC
(dashed line) was determined after reaction at 230 oC (T max).
6.4 General discussions
We synthesized ZGON(W) catalysts with higher surface areas and Zn/Ga ratios than those
reported by the group of Domen. Despite their favorable light-absorbing properties, shown by
UV-Vis spectroscopy, ZGON(W-800) and ZGON(S) loaded with Rh NPs via the PVP method
and photodeposition of Rh, respectively, are not active in photocatalytic H 2 production under
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visible light irradiation. The most likely reason is the differences in the bulk and surface
composition of the final ZGON materials. For ZGON(W-800), we obtained a similar crystalline
structure (Fig. 6.2 (a)), UV-Vis absorption spectra (Fig. 6.2 (b)), Zn/Ga ratio and N surface
content (Table 6.1) as Wang et al. [21]. Wang et al. did not report photocatalytic activity
measurements for their samples. For ZGON(S), we found that its structure, surface area and
Zn/Ga and N/Ga ratios are close to the materials reported by the Domen group. A notable
difference from the XP spectra (Fig. 6.4) was a slight shift of the Ga and Zn 2p 3/2 peaks of the
sample provided by the Domen group, ZGON(D), to lower binding energies compared to
ZGON(S). It is consistent with the slightly different bulk and surface composition. While
ZGON(S) did not show any photocatalytic activity, the Domen sample was able to produce a
small amount of H 2 after loading with Rh and further enhanced H 2 production after Cr 2 O 3
photodeposition. Nonetheless, its activity is much lower than data reported by the Domen group.
From the absence of Cr 2 O 3 deposition on Rh/ZGON(W-800) and other ZGON(S)-based
samples, we infer that the photogenerated electron-holes are not able to reduce the chromate.
This is consistent with the absence of photocatalytic H 2 production before Cr 2 O 3 deposition and
it points to a problem with the electron transfer from the ZGON light absorber to the co-catalyst.
In our study we employed PVP stabilized Rh nanoparticles. Although the use of PVP might
cause the absence of electron transfer from the support to the co-catalyst, we found that
conventional photodeposition of Rh on the semiconductor also did not result in active
photocatalysts. In the studies by groups other than the Domen group that achieved photocatalytic
H 2 production by water splitting using these materials, the synthetic procedures and/or
photocatalytic performances were different from those reported by the Domen group. For
instance, Maeda et al. used pure NH 3 [1, 2], but Busser et al. reported that they used 10%
NH 3 /He for nitridation and their product is also photo-active [43]. Hahn et al. used the same
procedures as Maeda et al [1, 2] and obtained a photocatalytic H 2 production of ca. 13 µmol h-1
g cat -1 [42], which is only slightly higher than the activity of our Cr-Rh/ZGON(D) (3.7 µmol h-1
g cat -1). The activity reported by Hahn et al. is also two orders of magnitude lower than the
activity reported by the Domen group [23]. Maeda et al. also contended that the pressure during
nitridation and structure of the starting materials can influence the photocatalytic performance of
the ZGON product [41]. Thus, we speculate that tight control of the synthesis of ZGON is crucial
to obtain photo-active materials that can be used for photocatalytic water splitting. From the
above analysis, we infer that it is most likely the sometimes small difference in surface
composition that inhibits good photocatalytic performance. Besides the exact composition of
ZGON, the contact with the Rh NPs may also affect the final performance.
The CO oxidation results demonstrate that smaller Rh particles are easier oxidized than larger
ones. The catalytic activity increases with the oxidation degree of the Rh phase in accordance
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with previous works [25, 28]. It confirms that the Rh oxide phase is more active for CO
oxidation than Rh NPs [25, 28, 46]. The difference with the work of Ligthart et al. [25] is that
the ZGON is not reducible. This results in less pronounced dependence of the reaction rate on
the Rh particle size. For H 2 oxidation, we observe the reverse trend. Metallic Rh particles are
more active than the oxidic ones. Thus, small particles which are oxidic show low reaction rate
and larger ones with at most a thin oxide layer which can be easily removed by H 2 show high
reaction rate. This is consistent with the common notion that metal NPs catalyze H 2 combustion
best. Nilekar et al. suggested that removal of adsorbed O from the surface is a significant step in
the reaction mechanism: O* + H*  OH* + * or O 2 H* + *  O* + OH* followed by OH* + H*
 H 2 O + 2 *. Among these elementary reactions, hydrogenation of OH (OH*+ H*  H 2 O + 2 *)
is expected to be facile [51]. Also dissociation of H 2 and O 2 on metallic Rh surface should be
easy. O* hydrogenation (O* + H*  OH* + *) represents a difficult step on metallic Rh. The
Rh-O bond in Rh-oxide is stronger than the Rh-O bond of an O adatom on metallic Rh,
consistent with the higher activity of metallic Rh NPs in H 2 combustion. Clearly, above ca.
165 °C the activity of the smaller particles strongly increases because the particles become
metallic in line with typical reduction temperatures of Rh oxide around this temperature [26].
Although H 2 formation occurs also in photocatalytic water splitting, there are some differences
to be noted. The photogenerated electron reduce proton at the surface of the metallic NPs.
Shimura et al. [49, 50] and Maeda et al. [37] suggested that electron extraction from the
conduction band of ZGON by Rh oxide is less efficient than that achieved by metallic Rh. It may
suggest the need for reduction of the Rh oxide co-catalyst for obtaining active photocatalysts.
6.5. Conclusions
Mixed (Ga 1-x Znx )(N 1-x O x ) materials were synthesized by co-precipitation, wet-precipitation,
and solid solution methods. The textural and light absorption properties and chemical
compositions of these materials were compared. PVP stabilized Rh NPs with sizes in the 2-9 nm
range were loaded onto wet-precipitated (Ga 1-x Znx )(N 1-x O x ). Small Rh particles were more
prone to oxidation than larger ones. UVO treatment was used to remove PVP, and enhanced
oxidation. All the samples were inactive for photocatalytic H 2 production. The lower activity
than a reference sample provided by the Domen group is explained for some samples by subtle
differences in the bulk and surface compositions, stressing the need for tight control of the
synthesis of (Ga 1-x Znx )(N 1-x O x ). Small, more oxidic Rh NPs are more active in CO oxidation
than larger metal ones, whereas the reverse holds for the H 2 oxidation reaction. Under H 2
oxidation conditions, smaller particles become very active at elevated temperatures when the
surface is reduced.
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Synthesis and modification of semiconductor/co-catalyst systems for
photo(electro)chemical reactions
The rapid increase of the global energy demand urges humanity to look for new renewable
energy sources in an effort to reduce our dependence on coal, oil and natural gas. Renewable
energy sources are derived from natural processes that are abundant and also reformed at a
higher rate than they are consumed, such as solar, wind and biomass. H 2 is considered as an
important energy carrier due to its clean combustion properties and high energy density.
Production of H 2 by current methods is not a viable option because they are based on fossil fuels.
Accordingly, considerable efforts are being made to directly convert solar energy into fuels, for
example, to produce H 2 as a carrier of solar energy. Approaches under consideration include the
thermolysis of water by solar heat and electrolysis of water using electricity of solar cells. A
direct route which mimics natural photosynthesis is to photo(electro)catalytically split water to
produce H 2 and O 2 . Metal oxide, sulphide and (oxy)nitride semiconductor materials are
commonly used as photo(electro)catalysts. Progress of H 2 generation by semiconductor
photocatalyst approaches is hampered by many factors such as poor utilization of sunlight, and
insufficient transportation of photogenerated electrons and holes to the active redox sites. In the
present work, modification of semiconductor materials in order to improve the visible light
absorption and enhance the transportation of photo-generated electrons and holes was
investigated. Chapter 2 introduces the principles of photo(electro)chemistry. The methods of
preparing and modifying semiconductor materials and the characterization techniques which
were used in the Chapter 3-6 are also introduced in Chapter 2, including electrochemical
anodization, Plasma-Assisted Atomic Layer Deposition (Plasma-Assisted ALD), X-ray
Photoelectron Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS) and Electron
Microscopy (EM).
Chapter 3 and Chapter 4 focus on preparation, modification and characterization of
nanotubular TiO 2 array as photo(electro)catalyst. The low cost, corrosion-resistant and nonhazardous nature make TiO 2 a promising photo(electro)catalyst for water splitting. However, the
band gap of TiO 2 is large (rutile, 3.0 eV) so that only UV light (290-400 nm) can photoactivate
this material. Modification of the band positions was performed by introducing N dopants into
TiO 2 . TiO 2 nanotube array prepared by electrochemical anodization possesses highly ordered
structure and easy-tailored morphology.
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In Chapter 3, TiO 2 was doped with N by NH 3 thermal treatment range from 450 to 600 oC.
Two characteristic N 1s peaks were observed which are ascribed to interstitial and substitutional
N doping, respectively. The interstitial N species are dominant at lower nitridation temperatures
(below 500 oC) and the substitutional N species appear at 525 oC and become predominant at
higher temperature. The presence of interstitial N species improves photocurrent density because
interstitial N species form impurity levels which are located just above the valence band
maximum. Therefore, excitation of photo-induced electrons from these impurity levels towards
the conduction band requires a lower energy. On the other hand, substitution of O for N in the
lattice (to form substitutional N) results in the reduction of Ti4+ to Ti3+. The combinations of Ti3+
and O vacancies act as recombination centers. The optimum condition of N-doping with respect
to the photocurrent density appears to be nitridation at 500 oC with a surface N content of 0.4
at%.
It is difficult to control the N content by NH 3 thermal treatment. Also, it has been observed
that the high temperatures needed to do nitridation by NH 3 result in undesired morphological and
textural changes of the nanostructured substrate. To minimize such effects, modifications of the
surface of nanotubular arrays under milder conditions were sought. Chapter 4 reports on the
deposition of thin TiO 2-x N x layers with a tunable content of N on Si wafer, calcined Ti foil and
nanotubular arrays by Plasma-Assisted ALD, and investigates the impact of thin TiO 2-x N x layers
in terms of N content, N oxidation state and homogeneity in Plasma-Assisted ALD treatment,
with the final aim of improving the photoelectrochemical performance of nanotubular TiO 2
arrays. Interstitial N is dominant when O 2 was used as background gas (denoted as O 2 recipe,
resulted in lower N content) and substitutional N largely increases when N 2 was instead used
(denoted as N 2 recipe, resulted in higher N content). A combined approach involving alternating
cycles using O 2 and N 2 as background gases (denoted as combined recipe) led to intermediate N
content and substitutional N ratio. Enhancement of a factor two in photocurrent density of
calcined Ti foil after Plasma-Assisted ALD is found when more interstitial N is present. For N 2
recipe, the substitutional N turns out to be detrimental to the photocurrent density. These
findings are consistent with those reported in Chapter 3. For nanotubular arrays, the deposition
mainly occurred along the top part whereas the bottom part was hardly affected. Reasons for a
lack of homogeneity in the Plasma-Assisted ALD process could be: heterogeneous deposition
processes at internal and external walls of nanotubes, and mass transfer limitation of the bulk Ti
precursor along the length of the nanotubes. The photocurrent density of the pristine nanotubular
TiO 2 arrays is much higher than that of the thin conformal layers deposited on calcined Ti foil
substrates. It is because of the higher surface area of nanotubular arrays which facilitates charge
transfer at the solid/liquid junction. After Plasma-Assisted ALD with O 2 recipe, interstitial N is
observed, but the surface N content is not higher than that in the pristine material. Neither N
126

Summary

content nor the N configuration differs with variation in plasma exposure time. In contrast,
Plasma-Assisted ALD with the N 2 and combined recipes produce substantial amounts of both
interstitial and substitutional N. For the O 2 recipe, the photocurrent density does not depend
strongly on the plasma exposure time as compared to its influence determined for the TiO 2
calcined foil. The unchanged N content and N configuration for O 2 recipe lead to the nearly
constant and comparable to the pristine sample photocurrent density. Furthermore, in agreement
with the earlier observation, we confirm that substitutional N results in a strong decrease of the
photocurrent.
Co-catalysts in photocatalysts act as active sites for H 2 or O 2 production from water redox
reactions. Without co-catalyst, the photogenerated electrons and holes easily recombine. Chapter
5 and Chapter 6 discuss the particle size effects of Rh nanoparticles (NPs) as co-catalysts for H 2
production, loaded on visible light active semiconductor materials. In Chapter 5, g-C 3 N 4 was
used as photocatalyst whose absorption edge is at 470 nm. Size-controlled Rh NPs (4-9 nm) were
homogenously dispersed on g-C 3 N 4 . While catalysts with Rh loaded on g-C 3 N 4 by in situ
photodeposition were also prepared as reference (particle size ranging from 1 to 5 nm). All the
Rh modified g-C 3 N 4 catalysts exhibit good visible light photoactivity to produce H 2 . The most
active one among the size-controlled group is that with the smallest particle size 4 nm, which is
almost as active as a photocatalyst prepared by photodeposition. Despite the metallic Rh content
of these NPs slightly varies with their size, however, this does not appear to provide an adequate
explanation for the size-dependent performance. The metallic state of Rh NPs is favorable for H 2
production because proton transfer to the surface is faster for metallic Rh than for oxidic Rh. The
most important criterion towards high photoactivity of H 2 production is to have sufficient
metallic Rh NPs to remove the photogenerated electrons from the surface of g-C 3 N 4 .
Chapter 6 deals with the Rh NPs loaded on another visible light active photocatalyst (Ga 1x Zn x )(N 1-x O x ), which were synthesized by three different methods. Sample prepared by wetprecipitation was selected for further investigation due to its high surface area and high Zn
content. The Rh particle size was controlled in the range of 2-9 nm. The Rh NPs were capped by
Cr 2 O 3 shells and the Cr 2 O 3 /Rh NPs were loaded on (Ga 1-x Zn x )(N 1-x O x ). The Cr 2 O 3 /Rh/(Ga 1x Zn x )(N 1-x O x )

exhibit negligible catalytic activity in the water splitting reaction. It stresses the
tight control needed to prepare active (Ga 1-x Znx )(N 1-x O x ) materials. Instead, we explored the
oxidation of CO and H 2 as models for the reverse water splitting to produce H 2 . First, the CO
oxidation results demonstrate that smaller Rh particles are easier oxidized than larger ones. The
smaller Rh particles are more active in CO oxidation than larger metal ones due to their higher
oxidic Rh content. The trend is opposite for H 2 oxidation, that the preferred active phase of these
catalysts is the metallic Rh. It confirms the conclusions of Chapter 5 that the metallic Rh cocatalyst is needed for obtaining active photocatalysts of H 2 production.
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The research described in this thesis mainly focuses on improving visible light utilization and
enhancing the removal of photogenerated electrons and holes from the surface of semiconductor.
Different methods were explored for TiO 2 to be doped with N. The use of Plasma-Assisted ALD
to grow conformal TiO 2-x N x layers was optimized. The works provides insight into the relation
between operational parameters, the chemical nature of samples, and the optical and
photo(electro)chemical properties of several semiconductors. The work also made an effort to
understand the transportation of photogenerated charges across the interface of the
semiconductor with the co-catalyst. A design criterion for the co-catalysts has been formulated.
This approach calls for a more detailed study of the interface between the semiconductor and the
co-catalyst. The attempts and understanding of band gap engineering and charge transportation
will provide constructive suggestions for the design of novel photo(electro)catalytic systems and
modification of the present materials in the future.
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