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Chapter 1
Introduction
1.1 The energy challenge

Since the Stone Age development of humankind relied mainly on muscle-powered 
tools. The situation drastically changed at the turn of 19th century when coal-powered 
steam machines became the locomotive of industrialization. This substantially increased life 
standards, which, in combination with advances in hygiene and medicine, allowed human 
population to leap from 1 billion in 1816 to 7.5 billion in 2016.1,2 Over this period of time 
we complemented coal with mineral oil and natural gas, steam machines were replaced with 
more efficient internal combustion engines, electricity became ubiquitous, vacuum tubes 
gave place to semiconductor-based devices, computers collapsed in size but exploded in 
computational power. In addition to this, we developed processes for production of artificial 
fertilizers and aluminum, harnessed atomic power, invented various alloys and composites, 
sent men to space, lived through 7 generations of iPhones, and turned millions of people into 
Internet-addicts. All of these and many other technological advances come at a certain energy 
price and, as a result, our global energy consumption rocketed up from 10–15 Mtoe (Million 
Tonnes of Oil Equivalent) in the first quarter of the 19th century3 to more than 9 400 Mtoe 
in 2014.4 Most of this energy demand is covered by fossil fuels and the approach to energy 
conversion has not changed much since the pre-historic time – we burn carbon-based fuels to 
release the energy stored in chemical bonds. This way we generate heat and electricity, power 
vehicles and emit enormous amounts of CO2 in the atmosphere. This small molecule causes 
the notorious green-house effect which leads to climate change and global warming. Despite 
the adverse effects that extraction and utilization of fossil fuels has on the environment and 
Earth’s climate, the global energy consumption keeps growing. If we want to keep the situation 
under control and avoid development of pessimistic scenarios, our approach to the energy 
conversion has to change and we better hurry up with the transition toward sustainable 
technologies.

Implementation of energy saving technologies can slow down the energy consumption 
growth. However, this approach alone cannot drastically change the trends in CO2 emission 
and lower its atmospheric concentration. A qualitative change can be achieved only if global 
economy switches to alternative carbon-neutral energy sources. Some people believe that the 
widespread of wind turbines and photovoltaics (PV) guaranties a soon and smooth transition 
to the era free from fossil-fuels. However, these renewable energy sources still make up only 
a tiny fraction of the total energy supply.4 The main challenge of the transition toward wind- 
and solar-powered economy is the intermittent availability of these energy sources.5,6 Hence, 
an efficient energy storage technology is needed to bridge the mismatches between the energy 
supply and demand. Batteries may look like an obvious solution to store electricity generated 
by PV modules and wind turbines. However, the energy density (Ah/kg), efficiency, charging 
rates, lifetime and operating conditions of batteries challenge their large scale application.7 
Besides this, one should consider the availability of raw materials and the environmental risks 
related to their extraction and processing before a particular battery technology is scaled up.8
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The existing infrastructure is developed for liquid and gaseous energy carriers. Therefore, 
gradual replacement of fossil fuels with the synthetic analogs produced with the renewable 
energy input is a plausible scenario. For instance, hydrogen produced by water electrolysis has 
been considered as an alternative to fossil fuels for a long time.9 This hydrogen can be utilized 
directly in fuel cells10 and internal combustion engines.11 Alternatively, hydrogen can be used 
to produce synthetic fuels (e.g. hydrides, ammonia, methanol, formic acid or hydrocarbons) 
which are more convenient to store, transport and utilize.12–14 However, there are still 
significant technological challenges for the large-scale sustainable hydrogen production. 
First off all, industrial water electrolysis systems are designed for continuous operation under 
elevated temperatures and high current.15,16 This does not match the intermittent supply of 
solar and wind electricity. Moreover, large scale implementation of current water electrolysis 
systems would require Pt, Pd, Ru and Ir in amounts surpassing their reserves. This calls for 
robust and efficient electrocatalysts based on earth-abundant elements which are still under 
development.16 As the result, hydrogen produced by PV-powered water electrolysis is priced at 
about $11–12 kg–1. This is substantially more expensive than hydrogen produced by methane 
steam reforming - $1.4 kg–1.17 These technological and economical aspects hinder large scale 
implementation of renewable hydrogen.

1.2 Photocatalysis

Solar light is the most abundant renewable energy source on Earth. However, conversion 
of solar energy into storable and transportable form is a very challenging task. Solar energy 
conversion with PV technology is briefly discussed in the previous subsection. The rest of 
this chapter is devoted to another approach – photocatalytic water splitting. Photocatalytic 
materials (or photocatalysts) combine light absorbing and redox functionalities. This allows 
for the direct one-pot solar-to-chemical energy conversion and for a simpler design of 
the energy conversion units in comparison with the modular PV-electrolyzer systems.18–20

VB

CB

VB

CB

VB

CB

(semi)metal semiconductor insulator

Eg > 0 eVEg < 0 eV

E, eV

Figure 1.1 Band structure of (semi)metals, semiconductors and insulators.
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Besides energy conversion, photocatalysts can be used for remediation of pollutants which 
can be realized as a standalone process or in combination with solar fuels production.21,22 

1.2.1 Band structure. Many photocatalysts are inorganic semiconductors such as 
(transition) metal oxides, sulfides, phosphides, nitrides, and silicon.18,23–25 The electronic 
structure of these solid materials can be described in terms of valence and conduction bands 
(hereafter VB and CB, respectively) which are separated by the bandgap Eg (Figure 1.1). Based 
on the bandgap value, the materials are divided in (semi)metals (Eg < 0 eV), semiconductors 
(0 eV < Eg < 4.5 eV) and insulators (Eg ≥ 9 eV). The bandgap of a semiconductor determines 
which part of electromagnetic spectrum can be absorbed by the material and generate 
electron-hole pairs: hn ≥ Eg. Another important property of a semiconducting material is the 
Fermi level energy – Ef. This is the energy level at which the chance to find an electron is 50%. 
In intrinsic semiconductors Ef resides in the middle of the bandgap and the VB is completely 
filled with electrons while CB remains empty at 0 K. Impurities (e.g. substitutional dopants) 
and defects (interstitial atoms or vacancies) alter bands population and shift Ef. When the 
number of electrons (e’) in the CB exceeds that of holes (h+) in the VB the material is called an 
n-type semiconductor, if the opposite holds true it is called a p-type material. In n- and p-type 
semiconductors Ef reside closer to the CB and VB, respectively (Figure 1.2).

Band structure of semiconductors determines their optical properties.26 When the VB 
maximum and the CB minimum coordinates coincide in the k-space, the electron momentum 
is preserved during the band-to-band transition and such a material is called a direct bandgap 
semiconductor (Figure 1.3 left). If the corresponding maximum and minimum reside at 
different coordinates, absorption of a photon, which has zero rest mass, has to be coupled with  
absorption or emission of phonons in order to conserve the electron momentum (Figure 1.3 
right). Such a transition is called indirect and the material is called an indirect bandgap 
semiconductor. Direct and indirect bandgap semiconductors have different optical properties.

intrinsic n-type p-type

E, eV

VB

CB

VB

CB

VB

CB

Ef

Ef

Ef

e’

h+

e’ e’ e’ e’

h+ h+ h+ h+

Figure 1.2 Band diagram and Fermi level positions in intrinsic, n- and p-type semiconductors. 
Note: e’ and h+ represent electron and holes in the conduction and valence bands, respectively.
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kVB VB

CB CB
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phonon

Figure 1.3 Direct and indirect optical band-to-band transitions in semiconductors

The direct bandgap materials have higher absorption coefficients than indirect bandgap 
semiconductors. Besides this, absorption coefficient of indirect bandgap semiconductors 
decreases with decreasing temperature.26

When a semiconductor with the Fermi level Ef is put in contact with an electrolyte which 
has the redox potential E’ and Ef  ≠ E’, the difference between Ef  and E’ induces the charge flow 
through the semiconductor/electrolyte interface until these levels equilibrate.27–29 This work 
deals with n-type sulfide and oxide semiconductors, therefore, I would discuss only the most 
plausible situation for an n-type semiconductor in contact with an aqueous electrolyte: E' < Ef 
(Figure 1.4). In such a system Ef  and E’ equilibrate by electrons flowing from the semiconductor 
to the electrolyte. This leads to the formation of a depletion layer with thickness D at the 
semiconductor/electrolyte interface and the upward band bending Vb. Absorption of light 
with energy higher than Eg, produces e’–h+ pairs and shifts VB and CB upward. In monolithic 
films and large semiconductor particles the distance W, from which photogenerated charge 
carriers can reach the semiconductor/electrolyte interface, is determined by the diffusion 
length of the minority charge carriers L and the depletion layer width D:

 (1.1)

The electron-hole pairs, which are generated above the distance W, recombine. Hence, the 
light penetration depth x should not exceed W. The depth x can be calculated with the 
Lambert-Beers law for a given wavelength λ, when absorption coefficient α (cm–1) is known,:

 (1.2)

The condition x ≤ W can be relatively easy satisfied for the strongly absorbing semiconductors 
but it is more difficult to realize for the materials with low absorption coefficients.
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Figure 1.4 Band diagrams of a semiconductor and electrolyte: separated (a), in equilibrium in the dark (b) and 

under irradiation (c).

1.2.2 Water splitting. Photogenerated charge carriers which reach the semiconductor/
electrolyte interface can drive diff erent redox reactions depending on the relative positions 
of the semiconductor band edges and the redox potentials of the species present in the 
electrolyte. Conduction band electrons can reduce species Ox1 to Red1 when the CB edge 
is more negative (higher in energy) than the electrochemical potential E1 of the couple Ox1/
Red1. Similar to this, valence band holes can oxidize Red2 to Ox2 when the VB edge is more 
positive (lower in energy) than the redox potential E2 of the couple Ox2/Red2. Th e overall 
water splitting reaction (1.3) is used here to discuss such cathodic (1.4) and anodic (1.5) 
reactions in more detail:

 (1.3)

this brutto reaction consists of two half-reactions:

 (1.4)

 (1.5)

Th e electrochemical potentials (in V) of these half-reactions are described by the Nernst 
equation:

 (1.6)

 
 (1.7)
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Under standard conditions (T = 298 K, p(H2) = p(O2) = 1bar, pH = 0) E4 = 0 V and 
E5 = –1.23 V. Hence, thermodynamics require 1.23 eV to split one water molecule into oxygen 
and hydrogen. In theory, a semiconductor with the bandgap of 1.23 eV and the CB and VB 
edges matching E4 and E5, respectively, can facilitate overall water splitting. However, redox 
processes (4) and (5) are always associated with additional energy penalties caused by kinetics, 
charge transport, diffusion of reactants and finite resistance of the system.30 Such energy 
penalties are called overpotentials and they are electrochemical analog of activation energy. 
Due to overpotentials water splitting requires energy higher than 1.23 eV. This additional 
energy can be provided in the form of an external bias or by increasing the bandgap of 
the material. In the latter case VB and CB should shift and gain sufficient driving force to 
overcome the overpotentials. If this condition is not met, even a wide-bandgap photocatalyst 
can be inactive toward overall photocatalytic water splitting. For example, anatase TiO2 has 
the bandgap of 3.2 eV but the bare material has very low activity in the overall photocatalytic 
water splitting reaction due to high overpotentials for hydrogen and oxygen evolution 
reactions (HER and OER, respectively).

Figure 1.5 shows the band edge positions of common inorganic semiconductors relative 
to the standard electrochemical potentials of the HER and OER. There are several materials 
which are thermodynamically capable of overall water splitting. They are aTiO2, ZnO, Cu2O, 
CdS, ZnS and GaP. These materials can be divided into two categories: semiconductors with 
Eg below and above 3.1 eV (l = 400 nm). The materials from the first group (Cu2O, CdS, 
GaP) absorb visible light while semiconductors from the latter set (TiO2, ZnO, ZnS) are active 
only under UV light. This division is commonly implemented because visible and infrared 
irradiation constitute the major part of the solar spectrum reaching the Earth’s surface while 
UV component accounts for only ca. 7 % of the total insolation. Therefore, the materials with 
narrower bandgap are preferred for photocatalytic applications as they utilize solar light more 
efficiently.

Besides the bandgap and the relative band edge positions, photocatalytic water splitting 
can be strongly affected by side reactions. These reactions can compete with the HER 
and/or OER, lowering selectivity of the system, or they can lead to decomposition of the 
photocatalyst (i.e. photocorrosion). For instance, Cu2O could be an ideal material for the 
visible light-driven HER. This p-type semiconductor has the narrow bandgap of 2.1 eV and a 
negatively positioned CB. However, it is unstable in contact with an aqueous electrolyte under 
the above-bandgap irradiation because lattice Cu+ is reduced instead of water:

 (1.8)

Therefore, Cu2O-based photocathodes need a protective electron-conducting layer to prevent 
degradation of the material.31,32 Another system which suffers from photocorrosion is CdS. 
This n-type semiconductor has the 2.4 eV bandgap and energetics of its CB and VB allow for 
overall photocatalytic water splitting (Figure 1.5). However, self-oxidation prevails over the 
OER in this system:23

 (1.9)

Standard electrochemical potential of this reaction is only –0.32 V in comparison with –1.23 V 
of the OER. In general, most of non-oxide n-type semiconductors suffer from self-oxidation.
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Figure 1.5 Bandgaps and band edge position of various inorganic semiconductors and standard redox potentials of 
water reduction and oxidation half reactions under standard conditions at pH = 0.

1.2.3 Co-catalysts. Activity of a photocatalytic system can be substantially improved by 
loading suitable co-catalysts. Co-catalysts lower overpotentials and increase selectivity of the 
desired redox reactions. Besides this, co-catalyst particles form electrical junctions with the 
semiconductor which aid charge carrier separation in the system.33–35 Common co-catalysts 
for the HER are transition metals (Pt, Pd, Ru, Rh, Ni),33,36 transition metal (di)sulfides (MoS2, 
WS2, NiS),37–39 phosphides (FeP, CoP),40,41 and molecular complexes.42 In many cases active 
electrocatalysts act as efficient co-catalysts when deposited on semiconductor photocatalytsts 
and Pt is a good example. Platinum metal has the lowest overpotential for the HER43 and 
in many cases Pt-loaded semiconductor photocatalysts show the highest activities toward 
the water reduction reaction. For example, deposition of Pt on TiO2 dramatically increases 
photocatalytic performance of this material in the HER.44 Nonetheless, there are reports 
showing that inferior electrocatalysts (e.g. NiS or MoS2) loaded on CdS can outperform Pt in 
the sacrificial hydrogen production from aqueous lactic acid.38,39 The superior performance 
of these sulfide co-catalysts can be due to favorable band alignment with the semiconductor 
which improves charge carrier separation. On the other hand, the mechanism of the sacrificial 
hydrogen evolution reaction can be different for different co-catalyst/semiconductor systems 
(this is discussed in the next subsection). Besides this, performance of co-catalysts strongly 
depends on the deposition method and conditions.36 The water oxidation reaction (1.5) is 
more difficult than the HER (1.4). The OER makes up the substantial part of overpontials in 
the overall water splitting reaction. Best electrocatalysts for the OER in the acidic medium 
are RuO2 and IrO2 while Ni/Co/Fe alloys are used for the alkaline water electrolysis.15,16,45 
Scarcity and the high price of Ru and Ir stimulate the search for the earth-abundant OER 
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catalysts. Cobalt- (CoPi, CoOx),35,46,47 manganese- (MnOx)
48,49 and nickel-based (NiOOH)45 

materials are few examples of such systems. The main factor hindering implementation of 
these catalytic systems is their poor long-term stability.49,50

1.2.4 Sacrificial reagents. Although co-catalysts improve charge carrier separation in 
photocatalytic materials and increases rates of the desired redox reaction, solar-to-chemical 
energy conversion efficiency of most photocatalytic systems remains very low.51 This is due 
to the mismatch between short lifetimes of free charge carriers (fs-ns) and slow kinetics of 
the desired redox reactions (ms-min). Charge carrier recombination can be suppressed by 
introducing electron or hole acceptors. These compounds efficiently consume electrons or 
holes and substantially increase lifetimes of the other charge carriers which allows them to 
facilitate the desired redox reactions. Efficient electron or hole scavengers can also suppress 
adverse side-reactions and prevent photocorrosion of the material. A substantial part of 
this work is devoted to the sacrificial photocatalytic water reduction with the mixed Cd-Zn 
sulfides. Therefore, I would like to discuss in more detail sacrificial electron donors which are 
commonly used for such systems. They are aqueous sodium sulfide (Na2S) and sulfite (Na2SO3) 
or a mixture thereof.21,52–54 These inorganic salts efficiently scavenge photogenerated holes 
improving activity and stability of transition metal sulfides in the sacrificial photocatalytic 
water reduction reaction. This sacrificial reaction includes following processes:52,54

 (1.10)

 (1.11)

 (1.12)

 (1.13)

 (1.14)

 (1.15)

 (1.16)

 (1.17)

In pure aqueous sulfide and sulfite, hole scavenging is dominated by the reactions (1.14) 
and (1.16)-(1.17), respectively. The main drawback of the reaction (1.14) is the formation 
of polysulfides (disulfide in the simplest case). Polysulfides absorb visible light and compete 
with the photocatalyst for the incident photons. Besides this, conduction band electrons can 
reduce polysulfides back to sulfide (E0 = –0.52 V) resulting in charge carrier losses. Sulfite is 
often added to the aqueous sulfide in order to suppress accumulation of polysulfides via the 
reaction (1.15). Sometimes, organic sacrificial reagents such as lactic acid and ascorbate are 
used as sacrificial hole scavengers for the sulfide photocatalysts instead of the discussed above 
inorganic compounds.38,39,42

Organic hole scavengers such as alcohols and carboxylic acids are commonly used for 
sacrificial water reduction with oxide photocatalysts.55–59 For instance, methanol is commonly 
used for sacrificial hydrogen production with Pt-TiO2. In this reaction, methanol can be 
photocatalytically reformed to CO2 and H2:

57
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 (1.18)

 (1.19)

 (1.20)

Unlike methanol, photoreforming of higher alcohols to CO2 and H2 is more difficult 
because of the higher stability of corresponding ketones, aldehydes and carboxylic acids.58–60 
One should keep in mind, that the effect of a particular sacrificial compound on the HER rates 
is determined by both thermodynamics of the overall reaction and its mechanism. In some 
cases high apparent performance of the system can be due to a favorable mechanism of the 
HER realized for a particular photocatalyst/sacrificial reagent combination. An example of 
such a system has been recently discovered by my colleagues for photoreforming of aqueous 
lactic acid with TiO2-supported transition metal nanoparticles. The hydrogen evolution 
rates obtained with Pt-TiO2 in the aqueous lactic acid were substantially higher than those 
observed for aqueous ethanol.55 This was attributed to a concerted photodecarboxylation/
dehydrogenation mechanism realized on Pt-TiO2 for lactic acid. Hence, one should comparing 
photocatalytic activities obtained with different sacrificial reagents with care.

Irreversible consumption of the electron or hole scavengers in the sacrificial photocatalytic 
water reduction or oxidation reaction does not comply with the concept of sustainable 
production of Solar Fuels. This is because implementation of such processes would require 
enormous amounts of sacrificial reagents which in many cases are valuable chemical 
compounds. For example, methanol can be used in direct methanol fuel cells61 while lactic 
acid is a platform compound.62 Sometimes, coupling of the sacrificial hydrogen production 
with remediation of pollutants is proposed as the answer to this problem. For instance, flue 
gasses of crude oil desulfurization or oxidation of sulfide ores can be used for sacrificial 
hydrogen production with sulfide photocatlytsts.21,22 However, such a process will generate 
large amounts of S2O3

2–, S2O6
2–, and SO4

2– which still have to be utilized. Ideally, photocatalytic 
water splitting should produce no waste at all. This requires a closed redox cycle of electron 
and hole scavenging and can be achieved with the redox shuttles such as I3

–/I–, IO3
−/I−, Fe3+/

Fe2+, Br2/Br–, or MnO4
2–/MnO2.

63–67 The redox shuttles are reversible redox couples which are 
often used in the artificial z-scheme.51 Inorganic redox shuttles may look as a good alternative 
to sacrificial reagents, however, they do not offer much flexibility to match their redox 
potentials with the VB and CB of the photocatalysts. Moreover, I3

–, Fe3+, Fe2+, MnO4
2– and Br2 

absorb UV and visible light competing with the photocatalyst for the incident light. There are 
also examples of organic redox mediators,68 which have tunable properties. However, long-
term stability of these compounds can be an issue.

1.2.5 Heterojunctions. The last topic discussed in this chapter is heterojunctions in 
semiconductor photocatalysts. A heterojunction is the interface between semiconductors with 
different bandgaps. Heterojunctions can be formed between different crystal phases of the same 
material (e.g. anatase/rutile TiO2, wurtzite/zinc blende CdS, a/b Ga2O3) or different materials 
(e.g. CdS/TiO2, BiVO4/WO3, BiVO4/ZnO, Fe2O3/WO3, C3N4/SrTiO3).69–71 The difference between 
the Fermi levels of the components leads to the charge transfer across the interface and formation 
of the built-in electrical field. This field separates photogenerated charge carriers, suppressing 
electron-hole recombination and improving photocatalytic performance of the system.
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Figure 1.6 Charge carrier separation at the heterojunction in CdS/TiO2 composite system exposed to visible light. 
CBS, CBO, VBS and VBO stand for conduction and valence bands of sulfide and oxide, respectively.

Wide bandgap oxide semiconductors (i.e. TiO2 and ZnO) sensitized with narrow-bandgap 
materials such as PbS or CdS are good example of the systems with heterojunctions.72,73 In 
these systems charge carriers are generated in the narrow-bandgap sulfide semiconductors, 
and photogenerated electrons are transferred to the oxides while holes remain in the sulfide 
particles. The heterojunction between CdS and TiO2 is shown in Figure 1.6. This is an example 
of materials forming type 2 heterojunction, while other heterojunctions can be realized for 
the materials with different relative positions of the Fermi levels and band edges.

1.3 Scope of the thesis

Photocatalytic production of energy dense fuels and remediation of environmental 
pollutants have gained increased research attention over the last decades. Various inorganic 
semiconductors have been explored for these photocatalytic applications. Among them, 
transition metal chalcogenides are considered as promising class of photocatalytic materials 
due to their tunable narrow bandgap and high activity toward the water reduction reaction. 
These materials can be prepared by facile methods from readily available raw materials. Despite 
the large number of works devoted to sulfide photocatalysts, knowledge of the synthesis 
mechanisms and the influence of different parameters on the activity of the resulting material 
is often lacking. Therefore, the first part of this work is devoted to gaining understanding 
of the mixed Cd-Zn sulfides synthesis and the parameters limiting performance of their 
composites with Pt-TiO2 in the visible light driven sacrificial water reduction reaction. The 
second part of this study is focused on dynamics of photogenerated charge carriers in bare 
and co-catalyst loaded TiO2 photocatalysts. This wide bandgap oxide is used in self-cleaning 
coatings, in photocatalytic air and water purification, and water splitting. Interactions of 
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photogenerated electrons and holes with surface groups and adsorbates play the central role 
in these processes. Dynamics of photogenerated electron absorption was studied by steady 
state and sub-second time-resolved FTIR spectroscopy.

Chapter 2 provides detailed overview of the main experimental techniques used in this 
work. For the common techniques the brief overview of the operation principles and/or 
instrumental configurations are provided. Steady state and time-resolved FTIR spectroscopy 
is discussed in detail including the instrumental parameters.

Chapter 3 investigates hydrothermal synthesis of mixed Cd-Zn sulfides from the insoluble 
mixed hydroxide precursor. The influence of synthesis conditions and the presence of additives 
in the reaction medium on the photocatalytic activity of Cd-Zn sulfides were investigated in 
detail. The transformation mechanism of the insoluble Cd and Zn hydroxides into mixed Cd-
Zn sulfide was proposed. The correlation between the amount of nano-twinned particles and 
photocatalytic activity of hydrothermally prepared sulfides was investigated and compared 
with the hypothesis proposed in literature. Analysis of powder X-ray diffraction patters 
revealed the presence of compositional inhomogeneities in mixed Cd-Zn sulfides.

Chapter 4 continues exploration of mixed Cd-Zn sulfides for visible light-driven 
photocatalytic water reduction. In this chapter heterojunctions between sulfides and platinized 
TiO2 were implemented to improve charge carrier separation in the system. Precipitated 
and hydrothermally prepared CdS and mixed Cd-Zn sulfides were used to elucidate which 
parameters limit overall efficiency of such composite materials. Heterojunction formation 
improved performance of precipitated CdS which has inherently low intrinsic activity. On the 
other hand, hydrothermally prepared composites with CdS and Cd0.5Zn0.5S showed inferior 
photocatalytic activities in comparison with the corresponding standalone sulfides. The 
influence of heterojunctions and poisoning of Pt co-catalysts on photocatalytic activity of 
precipitated and hydrothermal CdS and Cd0.5Zn0.5S revealed that the water reduction reaction 
takes place predominantly on sulfide particles in Cd0.5Zn0.5S-based systems. On the other 
hand, platinum centers present on titania are important for the water reduction reaction with 
CdS-based materials.

Chapters 5 studies dynamics of photogenerated charge carrier in TiO2 P25 via IR 
absorbance of free and trapped photogenerated electrons. Steady state and sub-second time-
resolved FTIR spectroscopy was used to study how hydration of titania affects trapping and 
recombination of photogenerated charge carriers at the s-min time scale. Charge carrier 
recombination was faster in dehydrated titania in comparison with the hydrated samples. 
Temperature dependent measurements revealed low activation energies of electron absorption 
decay in the 293 - 423 K range. Charge carrier recombination was temperature-independent 
at T > 423 K and T < 273 K. The apparent activation energies were ascribed to hydrogen 
bonding between adsorbed water and the oxide surface which stabilizes surface-trapped 
holes. The experimental results were complimented by the DFT+U analysis of the migration 
of the surface trapped hole on the anatase TiO2(101) surface.

Chapter 6 continues the work of the previous chapter with the focus on shallow trapped 
electrons (STE) formation. In this chapter, above- and sub-bandgap excitation of various 
intensities was used to investigate dynamics of free and trapped charge carriers in TiO2-based 
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materials. Exposure of the untreated TiO2 P25 to sub-bandgap excitation induced formation 
of STE species. In the case of above-bandgap irradiation of untreated titania, high and low 
light intensities induced formation of CBE and STE species, respectively. When, hydration 
of TiO2 P25 increased after oxidative treatment, both above- and sub-bandgap excitation 
produced strong STE signal. Experiments performed with commercial anatase and rutile 
TiO2 suggested that STE signal arises from the anatase phase. Measurements performed at 
elevated temperatures indicated that STE formed in TiO2 upon interaction of photogenerated 
electrons with dissociatively adsorbed water.

In Chapter 7 the influence of photogenerated charge carriers on the vibrational bands 
of CO adsorbed on platinized CdS and TiO2 is investigated in detail. This molecule can be 
used to probe electrical potential at the liquid/solid interface. In this chapter we investigated 
applicability of a similar approach for the gas/solid systems. In contrast to a recent publication, 
no prominent shifts of the adsorbed CO bands was observed under the above-bandgap 
excitation. The effect of UV light on the CO bands structure and position was similar to 
that observed upon heating of the material. Besides heating, prolonged UV irradiation of 
the material induced in-situ formation of CO. The latter was ascribed to partial reduction of 
carbonates present on TiO2 by hydrogen formed upon photocatalytic reduction of adsorbed 
water.

The Summary section provides an overview of the main results of this work along with an 
outlook of the future challenges.
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Chapter 2
Experimental methods

This chapter discusses experimental methods and instrument configurations used 
throughout the project. For common characterization techniques such as XRD, N2 
physisorption, XPS, UV-Vis spectroscopy and TEM a brief description of operation principles 
and/or sample preparation is provided. A home-built photocatalytic setup and sacrificial 
photocatalytic water reduction tests are described in detail. Steady-state and time-resolve 
FTIR spectroscopy, which composes a substantial part of this work, is discussed in the second 
part of this chapter. Details about materials synthesis, post-treatment, and loading of co-
catalyts are provided in the corresponding experimental chapters.

2.1 Materials characterization

2.1.1 Powder X-ray diffraction. Powder X-ray diffraction (XRD) was used to identify and 
quantify crystal phases present in the studied materials and for the size and strain analysis of 
selected samples.1–3 This subsection discusses basic principles of this diffraction technique 
and the approaches which were used for the XRD pattern analysis. All XRD data reported in 
this work were obtained on a Bragg-Brentano Bruker Endeavour D2 powder diffractometer 
equipped with a Cu cathode and a 1D LYNXEYE detector. Ni-foil was used to filter off the 
major part (ca. 98–99%) of the Cu Kb component. Diffractograms for qualitative analysis of 
the crystal phase composition were acquired with the following parameters: 1.0 mm primary 
beam slit, 3.0 mm beam knife height, 10 – 60° 2Q range, 0.032° step, 0.5 s/point acquisition 
time, and in-plane sample rotation at 30 rpm. Full pattern refinement (Rietveld analysis)4 and 
Hall-Williamson stress analysis5 were performed on the powder diffractograms recorded in 
the 10–100° 2Q range, at 0.006° resolution and the acquisition time of 0.3 s/point. Crystal 
phases were identified in the DIFFRAC.EVA software package (version 3.1, Bruker AXS) with 
the PDF-2 database (release 2008). Full pattern refinement and quantitative analysis of the 
phase composition were performed with the TOPAS software package (version 4.2, Bruker 
AXS). Crystallographic Information Files (CIFs) were acquired from Crystallography Open 
Database.6

X-ray diffraction is based on the interaction of short-wavelength irradiation (X-rays) with 
the periodic structure of materials. For instance, Cu Ka line has the wavelength of 0.154 nm.7 
This value is of the same order of magnitude as interplanar distances in a crystal lattice. Hence, 
crystallites scatter X-rays in a manner similar to the scattering of visible light by a diffraction 
grating. Scattering of X-rays with the wavelength λ which are shone at the incident angle Θ on 
a crystal structure with the intreplanar distance d is shown in Figure 2.1. The incident X-rays 
are elastically scattered by electrons of the atoms composing the crystal structure, giving rise 
to secondary circular waves. The components scattered by two parallel planes, separated by 
the distance d, have a path lengths difference 2dsinΘ. When this difference equals an integer 
factor of λ (n = 0, 1, 2,…), scattered waves experience constructive interference resulting in 
detectable XRD reflection (Bragg’s law):

 (2.1)
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Figure 2.1 Scattering of X-rays by a periodic crystal structure. Q is the incident angle of incoming X-rays,
d is an interplanar distance of the crystal. Grey rectangulars highlight the regions of the crystal containing 

extended (right) and point (left ) defects.

Symmetry of a unit cell – the simplest structure which can be translated along basis 
vectors to yield the extended crystal – determines which crystal planes give rise to the XRD 
refl ections and their relative intensity (structure factor). For a material composed of large 
crystallites with a low amount of defects and strain (i.e. standard material),1, 9 the profi le of 
XRD refl ections closely represents instrument line shape (ILS). ILS constitutes of the emission 
profi le of the X-ray source attenuated by real optical elements present in the diff ractometer 
(i.e. slits, collimators, monochromators, fi lters, and the detector). ILS sets the high limit on 
the mean crystllite size which can be reliably assessed based on the XRD lines broadening. 
Th is analysis is oft en performed with the Scherrer equation:9

 (2.2)

where τ is the mean crystallite size, K – shape factor, and β – broadening of the line with the 
maximum at the angle Θ. Th e pitfall of the Scherrer equation is that it considers only size-
related line broadening, while other parameters such as point or extended crystal defects 
(Figure 2.1, bottom), strains, and compositional inhomogeneities lead to the XRD line 
broadening as well.1,2,5 For stoichiometric materials, size- and strain-related line broadening 
can be evaluated with the approach developed by Hall and Williamson, wchih treats total line 
broadening βtot as a sum of βτ and βε components:5

 (2.3)

these components represent line broadening due to small crystallite size τ and strain 
ε, respectively. Hall-Williamson plots (βcosΘ/λ vs. sinΘ/λ) can also be used to assess 
inhomogeneous strains, which lead to uneven broadening of the XRD refl ections along 
diff erent crystal directions.10
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Another method, which was used in this work for the size and strain analysis and 
quantification of the crystal phase composition, is the full-pattern refinement with fundamental 
parameters (i.e. Rietveld refinement).4 This approach requires primary knowledge about the 
sample phase composition and the instrument configuration. Full pattern refinement was 
successfully implemented for quantification of crystal phases in stoichiometric compounds 
(e.g. TiO2). However, reliable phase analysis of mixed Cd-Zn sulfides, which form solid 
solutions, was complicated by severe line broadening due to compositional inhomogienities. 
The latter is discussed in detail in Chapter 3 of this work.

2.1.2 X-ray photoelectron spectroscopy. In this work, X-ray photoelectron spectroscopy 
(XPS) was used to analyze oxidation state and elemental composition of various powder 
samples. All powder samples were mounted on conductive carbon tape and analyzed with a 
Thermo K-Alpha spectrometer equipped with a monochromated Al Kα X-ray source (1486.6 
eV). Survey spectra were collected with 1 eV resolution, 100 ms/point acquisition time, in 
the 0 – 1350 eV binding energy range. High resolution spectra of core-level photoelectron 
lines were acquired with the 0.1 eV resolution, by averaging 10–30 scans depending on the 
signal intensity and the desired signal-to-noise ratio. Charge correction and fitting of the 
experimental data were performed with the CasaXPS software package.

XPS relies on inelastic interactions of X-ray irradiation with the material which results in 
ejection of photoelectrons. Absorption of an X-ray photon with energy hν, can lead to ejection 
of a core level electron (Figure 2.2). By keeping the energy of X-ray irradiation (hν) fixed and 
measuring kinetic energies (Ekin) of ejected photoelectrons one can determine their binding 
energy (Eb) in the analyzed material:

 (2.4)

where, E’kin is the kinetic energy measured by the detector with the work function φ. Binding 
energies of photoelectrons are specific to the oxidation state and environment of the atoms 
from which they were ejected. The yield of photoelectrons (i.e. signal intensity) is proportional 
to the content (atomic concentration) of the element in the studied sample. Hence, XPS 
is used for non-destructive qualitative and quantitative chemical analysis of materials. 
Photoelectrons, that reach analyzer, originate from few top nm of the sample making XPS a 
surface sensitive technique.

Eb1s

2s

2p
hν

X-ray
Ekin

photoelectron

Figure 2.2 Ejection of a photoelectron from the core level of an atom upon absorption of an X-ray photon
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During XPS measurements, non-conductive samples can accumulate electrical charge 
which affects experimental binding energies and leads to artifacts complicating data analysis. 
Charge compensation systems are commonly used to prevent severe charging. Nonetheless, 
experimental binding energies can be shifted to higher or lower values. These energy shifts 
can be accounted for by calibrating experimental spectra with a reference photoelectron line. 
The C 1s core electron line of adventitious carbon is often used for this purpose. Adventitious 
carbon is found on all materials which were exposed to the ambient atmosphere. However, 
chemical nature of this contamination is ill-defined in most cases. This results in a relatively 
broad range of the binding energy proposed in literature for the hydrocarbon component of 
the adventitious C 1s spectrum: 284.5–285.0 eV.12–14 In this work, charge compensation with 
the adventitious carbon 1s core photoelectron line (Eb = 284.8 eV) was used only for bare Cd-
Zn sulfides, while the Ti 4p3/2 core photoelectron line of TiO2 (Eb = 458.6 eV)15 was used as the 
energy reference for the materials containing titania.

2.1.3 Diffuse-reflectance UV-Visible spectroscopy. Diffuse-reflectance UV-Visible (DR 
UV-Vis) spectroscopy was used to estimate the bandgaps of investigated powder semiconductor 
samples. Spectral data were obtained on a Shimadzu UV-2401PC UV-Vis spectrometer 
equipped with an integrating sphere accessory. Ba2SO4 (1st grade, Wako Chemicals) was used 
as the reference. The spectra were recorded in the 190–700 nm range with 1 nm steps and the 
slit width equivalent to the 2 nm spectral region. The diffuse reflectance UV-Vis spectra were 
converted into the Kubelka-Munk function – F(R):

 (2.5)

where R is the sample reflectance. The transformed data were used for the Tauc plots:16 
(F(R)×hν)α vs. hν. Direct allowed bandgaps of mixed Cd-Zn sulfides were determined with 
α = 2, while α = 0.5 was used to etimate indirect allowed bandgaps of TiO2 samples. The linear 
regions of the Tauc plots were fit with the linear function y = kx + b and the bandgaps were 
estimated from the intersection of the linear plots with the x-axis.

2.1.4 Transmission electron microscopy. Transmission electron microscopy (TEM) 
was used to characterize particles morphology and size distribution, as well as to quantify 
particles with particular morphological features. TEM samples were prepared by drop-
casting method. To this end, a small amount of a powder sample was dispersed in reagent 
grade absolute ethanol under sonication. Then, a small amount of this dispersion (ca. 50 mL) 
was drop-cast on the carbon-covered Cu TEM grids (Quantifoil, Agar Scientific) placed on 
filter paper. Most of the solvent was absorbed by the paper while the rest evaporated under 
ambient conditions. The resulting grids were analyzed in the bright field with a FEI Technai 
G2 (type Sphera) transmission electron microscope. The microscope was equipped with 
LaB6 source and operated at 200 kV voltage. A 1024×1024 CCD camera (Gatan) was used 
to acquire digital micrographs. Particle size distribution was analyzed with ImageJ software 
package17 using suitable selection brush tool. At least 200 particles were used to estimate the 
size distribution.

2.1.5 Photocatalytic activity tests. A home-built gas-tight setup was used to test 
photocatalytic materials in the sacrificial water reduction reaction. Schematics of this setup 



Chapter 2

21

are shown in Figure 2.3. The headspace of the system consists of two stainless-steel vessels V1 
(47 mL) and V2 (490 mL) separated by a valve. Either a side-illuminated PEEK cell or a top-
illuminated cell made of Purex glass can be connected to the system. An auxiliary port was 
used to supply calibration gasses to the system. The gas phase was analyzed with the Unicam 
610 GC unit equipped with a Shin carbon column, N2 as the carrier gas. Gaseous products of 
the photocatalytic reaction were sampled at desired time intervals by a system of automatic 4- 
and 6-way valves. Independent photocatalytic tests performed with the same material under 
similar conditions showed that the results were reproducible within ±5% margin.

Sulfide-based materials were tested in visible light-driven sacrificial water reduction 
reaction in a side-illuminated PEEK photoreactor equipped with a fused silica window. These 
tests were carried out in a mixed aqueous solution of 0.25 M Na2S (Sigma Aldrich, ≥98%) 
and 0.35 M Na2SO3 (Sigma Aldrich, 98-100%). Transition metal sulfides loading was 10 
mg/50 mL. Specifically, 10 mg of solid samples was used to test activity of pure sulfides and 
20 mg for the sulfide/TiO2 composites (1:1 by weight). These amounts of powder samples 
were dispersed in 10 mL of the mixed sacrificial solution under sonication, transferred 
into the PEEK cell and diluted with the same sacrificial solution to 50 mL. Before each 
test, dissolved air was removed from the dispersion under vacuum. The photocatalytic 
activity measurements were carried out under constant stirring and gaseous products were 
sampled at 12 min intervals. During tests the photoreactor was thermostated at 293 K with 
cooling water. A 500 W Hg(Xe) lamp (Newport, USA) was used as the light source in all 
experiments. The IR and UV components of the emission spectrum were removed with 
the combination of demineralized water and a 420 nm cut-off glass filter (OD410 nm = 5.0).

pump

GC TCD

V1 V2

side-illuminated 
PEEK cell

top-illuminated 
glass cell

4-way

6-way

H2/AUX pump
P

Figure 2.3 Schematics of the photocatalytic setup consisting of a headspace (V1 and V2), vacuum pumps, automated 
(6- and 4-way) and manual valves, a GC unit and two types of photoreactors. Solid and dashed arcs in 4- and 6-way 

valves represent interconnection of the ports in two different positions.
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A light intensity controller (model 68950, Newport, USA) was used to maintain constant light 
flux in the experiments. The amount of the produced hydrogen was determined as a function 
of time. The hydrogen production rates, obtained from the linear plots of n(H2) vs. time are 
reported in this work.

Photocatalytic activity of Pt-TiO2 (0.5 wt.% Pt on TiO2 P25) was tested similar to sulfides 
but with the following adjustments. First of all, 50 mL 10 vol.% aqueous CH3OH was used 
instead of mixed sulfide-sulfite solution. Secondly, the UV cut-off filter was not used during 
these tests and the light intensity controller was deactivated. Photoplatinization of TiO2 was 
carried out in the top-illuminated glass photoreactor. More detail about this procedure can be 
found in the experimental chapters.

2.1.6 Elemental analysis. Inductively coupled plasma optical emission spectroscopy 
(ICP-OES) was used to determine the content of Cd, Zn and Pt in the samples of interest. The 
elemental analysis was carried out on a SPECTRO BLUE ICP–OES instrument. All samples 
were measured in duplicate. Samples were dissolved in high purity 65–70% HNO3 or in a 
mixture of 65–70% HNO3 and ≥37% HCl (both are 99.999% trace metal basis). Dissolution 
was carried out at elevated temperature (333–343 K). Prior to experiments the spectrometer 
was calibrated with standard solutions.

2.1.7 Nitrogen physisorption. Nitrogen physisorption was measured on a Tristar II 
module (Micromeritics). Prior to the measurement, samples were heated to 393–473 K for 
several hours under a flow of dry nitrogen in order to remove adsorbed water. The surface 
area was calculated with the Brunauer–Emmett–Teller (BET) method from the adsorption 
branch of the isotherm.

2.1.8 Steady-state room temperature photoluminescence. Steady-state room 
temperature photoluminescence spectra of Cd-Zn sulfides and their composites with (Pt-)
TiO2 were recorded with an ANDOR Shamrock 500 UV-Vis spectrograph equipped with 
an ANDOR Newton EMCCD camera and a 150 l/mm grating. The powder samples were 
excited with the 325 nm line of a He-Cd laser (≈10 mW/cm2) under ambient conditions. The 
luminescence signal was coupled to the spectrometer with an optical fiber and the Rayleigh 
scattered irradiation was filtered off with a 325 nm steep-edge Raman filter.

2.2 FTIR spectroscopy

2.2.1 Principles. In this work, Fourier transform infrared (FTIR) spectroscopy was used 
to investigate molecular and electronic species in sulfide, oxide and composite photocatalysts. 
In this sub-section, I discuss operation principles of FTIR in detail and give a brief overview 
of dispersive IR instruments. First commercial instruments were based on dispersive optics18 
while FT spectrometers became available only with the development of mini-computer in 
the late 1960’s.19,20 Therefore, I would like to discuss dispersive instruments first. As the name 
suggests, dispersive spectrometers utilize prisms or gratings to split polychromatic light 
into a ’rainbow‘. The spectral information in dispersive instruments is obtained either by 
scanning through the desired energy range with an optical slit or by simultaneously recording 
a broad spectral region with 1D or 2D detectors. The instruments based on dispersive prisms 
and grating are shown schematically in Figure 2.4 (left). Main disadvantages of dispersive 
instruments are the slow scanning speed and the large number of moving parts which require 
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alignment in order to achieve high spectral accuracy.

FT spectrometers have several advantages over dispersive instruments. First of all, FT 
instruments collect spectral data over a broad spectral range simultaneously – the Fellgett 
advantage. This is achieved by modulating the broadband spectrum with an interferometer. 
Schematics of an FTIR spectrometer based on the Michelson interferometer are shown in 
Figure 2.4 (right). One of the main elements of such an instrument is a beam splitter which 
divides irradiation of the IR source into two components with 50/50 ratio and directs these 
components to the mirrors. One mirror is fixed in its position while the other can be precisely 
moved. The displacement of the movable mirror by Δx results in the 2Δx path difference 
between the two components of the IR beam when they recombine at the beam splitter. 
For the light with the wavelength λ this path length difference leads to the constructive 
interference when 2Δx = nλ (n = 0, 1, 2 …) while the destructive interference happens for 
2Δx = 0.5mλ (m = 1, 3, 5 …). The intensity of the light modulated in this way can be recorded 
by a suitable detector as a function of the mirror shift Dx yielding an interferogram (Figure 
2.4, bottom right). This interferogram contains information about the entire spectral range of 
the broadband light source accessible by the detector and it then can be converted into single 
channel spectrum with Fourier transform (FT). The resolution of the resulting spectrum is 
the reciprocal of the total mirror displacement L= 2Δx (i.e. for L = 0.25 cm – 4 cm–1, for L = 
10 cm – 0.1 cm–1). The sampling points of an interferogram are precisely determined by the 
wavelength of the monochromatic light source (i.e. a laser) which results in high spectral 
accuracy of FT spectrometers – the Connes advantage. In addition to this, FTIR instruments 
use circular apertures instead of slits.

grating

prism

dispersive
instruments

detector

detector

sample

fixed
mirror

moving
mirror

FT
instrument

beam
splitter

Δx
slit

sample

3500 3000 2500 2000 1500

spectrum

IFG

Figure 2.4 Schematic representation of dispersive spectrometers based on prisms and gratings (left) and an FT 
spectrometer based on the Michelson interferometer (right). Note: in both instruments the sample can, in principle, 

be placed anywhere between the source and the detector but all combination are not shown here.



Experimental methods

24

This leads to higher optical throughput of FT spectrometers in comparison with dispersive 
instruments – the Jacquinot advantage. 

The drawback of FTIR is that Fourier transform is needed to obtain descriptive spectral 
information from experimentally measured interferograms. The throughput of modern FTIR 
instruments is no longer limited by the computational capacity needed for the fast Fourier 
transform (FFT) algorithms. However, there are still several sources of artifacts which one 
should be aware of. First of all, FT instruments acquire discrete interferograms at N mirror 
positions instead of the continuous ones. When sampling points of the interferograms do not 
coincide with the frequencies of the spectral components maxima, a so-called picketing effect 
may take place. To exemplify this effect one can look at a spectrum with narrow spectral features 
through a picket-fence blocking part of the spectral information. In the worst-case scenario 
picketing can lead to 36% underestimation of the sharp spectral components intensities. In 
practice, picketing can be avoided by adding zeroes at the ends of an interferogram (i.e. zero 
filling). This procedure increases the total number of points per wavenumber in the spectrum 
but does not add any spectral information. An interpolated spectrum obtained from zero-
filled interferograms has smoother features and represents intensities of the narrow bands 
more accurately. Zero-filling factor 4 was used in this work.

Another source of artifacts in FTIR spectroscopy is the overlap between the spectrum 
and its mirror-symmetrical replicate – alias. This happens when the spectrum has non-
zero intensity above the maximum wavenumber (νmax) which is smaller than the folding 
wavenumber (νf):

 (2.6)

where dx = 1/2λ = 1/15800 cm–1 is the sampling interval for the 632.8 nm line of He-Ne laser. 
When νmax ≤ νf, the spectral region above νf will be mirror-reflected and added to the spectrum 
below the folding wavenumber. Aliasing can be prevented with optical and/or electronic 
filters. In this study a low-pass IR filter with a cutoff frequency of 3950 cm–1 was placed in 
front of the detector compartment to block stray light. Additionally, an electronic filter with 
the matching frequency was implemented for the data acquisition.

The last type of FTIR artifacts comes from the fact that experimental interferograms 
are measured up to the finite optical path difference 2Δx and not at the infinite mirror 
displacement. Such a finite interferogram can be described by an infinite interferogram 
convoluted with a boxcar function which truncates this infinite interferogram at the 
optical path difference 2Δx. FT of this convoluted interferogram returns a spectrum with 
infinite resolution (i.e. FT of the infinite interferogram) convoluted with the instrumental 
line shape (ILS – FT of the boxcar function). Although the boxcar function represents 
data acquisition rather accurately, the FT of this function returns ILS which has side lobes 
with non-zero intensity in addition to the main component. These lobes lead to ‘leakage’ 
of spectral information and appearance of artifacts. This effect can be minimized by 
using other apodization functions with suppressed intensity of the side lobes. However, 
these functions lower the resolution. In this work, we used 3-term Blakmann-Harris 
apodization function. More information regarding fundamentals of FT algorithms, 
apodization and limitations of different approaches can be found elsewhere in literature.21,22
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Figure 2.5 Intraband transition of free conduction band electrons (left) and excitation of shallow trapped electrons 
to the conduction band (right) upon absorption of light quanta. Corresponding experimental absorption spectra 

are shown at the bottom of the figure.

2.2.2 FTIR – a tool to study electronic spectra. Most common application of FTIR 
is vibrational spectroscopy. This is because most fundamental molecular vibrations have 
characteristic frequencies in the mid infra-red region (4000–400 cm−1). Those vibrations, 
which associated with dynamic dipole changes, are IR active.23 Therefore, FTIR is routinely 
used for identification and quantification of gaseous, liquid and solid organic and inorganic 
compounds in GC-FTIR and HPLC-FTIR,24 polymer analysis,25 monitoring of the exhaust 
gas composition26 and air pollution control.27 In scientific research, FTIR became an 
indispensable tool to study supported metal (nano)particles,28–31 to probe acid/base properties 
of solids,32 and to gain mechanistic insights about various chemical reactions.33–35 However, it 
is less known that IR spectroscopy can be used to probe (photogenerated) charge carriers in 
semiconducting materials. Therefore, I would like to discuss this application of FTIR in more 
detail.

Interaction of IR irradiation with free and trapped charge carriers present in a 
semiconducting material gives rise to specific absorption features.36–41 Absorption of an IR 
photon can promote free charge carriers from the bottom of the corresponding band to a 
higher energy position. Figure 2.5 (left) exemplifies this process for the CB electrons. This 
intra-band transition has to be coupled with absorption/emission of phonons or scattering 
by ionized impurities in order toconserve the electron momentum. The probability of such 
intra-band transitions is described by the following weighted sum:42

 (2.7)
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where A, B, and C are proportionality coefficients, and exponents 1.5, 2.5, 3.5 represent 
electron scattering by acoustic and optical phonons, and ionized impurities, respectively. From 
expression (2.7), one can see that optical absorption increases with increasing wavelength 
(i.e. with decreasing energy of probing irradiation). This is because absorption of light 
with higher energy is associated with the larger change of the electron momentum Δk 
(Figure 2.5, left). In extrinsic semiconductors only major charge carrier give rise to the IR 
absorbance. As this study deals with n-type oxides and sulfides, hereafter the term ‘charge 
carrier absorption’ refers to the IR absorption due to electrons.

Besides free conduction band electrons (CBE), IR irradiation interacts with shallow 
trapped electrons (STE) as well.36,37,39,40 STE states reside 0.05 – 0.2 eV below the conduction 
band minimum and manifest themselves with broad IR absorption bands (Figure 2.5, right). 
These shallow trap states can be due to the presence of defects and/or impurities in the 
material,36 or they can form upon polaronic self-trapping of the charge carriers.39,40 Optical 
excitation of electrons from the shallow donor states, residing below the conduction band 
minimum, can be described by the following function:36

 (2.8)

where, A(E) is the absorbance at energy E (eV), A0 is the proportionality coefficient, EOP is the 
energy required for the optical excitation of an electron from the trap state into the conduction 
band continuum, and Eth is the thermal ionization energy of the donor state. Recently, this 
function was adopted by Panayotov et al. to fit broad STE absorption bands observed in TiO2-
based materials.37 These authors fit experimental STE bands with a number of individual 
components described by the function (2.8). To this end, they used variable EOP and constant 
Eth. This fitting model treats a broad experimental STE absorption band as a superposition of 
individual components arising from electrons trapped by the shallow states of different depth. 
On the other hand, Sezen et al. used a hydrogenic state of the electron polaron to describe 
structured STE absorbance observed for the single crystal rutile TiO2.

39 In summary, FTIR 
can be a powerful tool to study how the majority charge carrier concentration and adsorbed 
molecular species change under above-bandgap irradiation of semiconducting materials.

2.2.3 Time-resolved FTIR. In this section I discuss two common approaches for time-
resolved FTIR (trFTIR) measurement. In FTIR spectra are not recorded directly, but obtained 
from the interferograms by means of FT. This changes the approach to the time-resolved 
measurements. Rapid scan trFTIR is discussed here first.22,34 As the name suggests, this 
approach relies on fast successive mirror sweeps at high repetition rates. One full excursion of 
the movable mirror from the position of the zero path difference to the distance Dx delivers 
an interferogram which can be converted into a broad-band spectrum with the (2Δx)–1 
resolution. Therefore, transient processes can be investigated by recording interferograms 
at high mirror velocity and short delays between forward and backward scans when the 
delay times at which every interferogram was acquired are stored together with the spectral 
data. The resulting 3D data matrix consists of the energy (wavenumber), intensity and delay 
time components. Temporal changes of the spectral intensities can be then followed at a 
wavenumber or in a region of interest (Figure 2.6). Each interferogram is acquired during 
finite time Dt and all intensities of the broadband spectrum contribute to the measured signal.



Chapter 2

27

detector

sample

Rapid scan 
trFTIR

Δx

t0 t1

t2 t3

t5 ...t4

tim
e

0 50 100 150 200 250 300

∆A
bs

.

Time

FT

3500 3000 2500 2000 1500

tim
e

00000

x

ν

Figure 2.6 Schematic representation of a rapid scan trFTIR measurement. Left  side represents fast successive 
mirror sweeps delivering individual interferograms. Right side represents processing of the data matrix to yield 

temporal profi le at wavenumber of interest.

Hence, abrupt spectral changes during the acquisition time Dt can lead to the artifacts in 
the resulting spectra. Modern FTIR spectrometers can acquire up to 100 scans per second43 
allowing to study processes at the sub-second temporal resolution. Although the temporal 
resolution of rapid scan trFTIR is limited to the sub-second time scale this techniques allows 
to study irreversible processes which challenge step scan measurements.

Processes occurring at the ns-µs time scale can be studied with step scan trFTIR. Temporal 
resolution of step scan experiment is limited by the response time of the IR detector and the 
readout rates of the transient recording device. For instance, equipment used in this work – a 
Bruker Vertex 70v spectrometer equipped with a fast MCT detector and an external 14 bit 
transient recorder board – allows for the 2.5 ns temporal resolution. In a step scan experiment 
temporal intensity profi les are recorded at N sequential fi xed mirror positions over the time 
Dt = mdt, where m is the number of points per profi le recorder at temporal resolution dt 
(Figure 2.7). Th ese N temporal profi les form the dataset from which m interferograms are 
reconstructed. Every reconstructed interferogram consists of N points and contains spectral 
information acquired during the time dt. Aft er FT, one obtains a 3D matrix similar to that 
returned by a rapid scan experiment. Th e main limitation of the rapid scan measurements 
is that the initial and fi nal states of the system must be reproducible for every individual 
data collection step (i.e. every mirror position). Moreover, recoverability of the system and 
reproducibility of individual measurement cannot be assessed on fl y. Th is may lead to the 
artifacts in the resulting data which are not easy to identify. Th erefore, reliable step scan 
experiments can be performed only with reversible systems.
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Figure 2.7 Schematic representation of a step scan trFTIR measurement. Left  side represents repetitive time-
resolved measurements at diff erent mirror positions x. Conversion of temporal profi les stacked against mirror 

positions x into interferograms stacked against each time delay is shown on the right. Further data conversion is 
identical to that for rapid scan shown in Figure 2.5 (right hand site).

2.2.4 DRIFTS setup. Steady-state and rapid scan time-resolved IR measurements presented 
in this work were carried out in diff use-refl ectance mode (DRIFT). An in-situ DRIFTS low 
temperature reaction chamber (Harrick Scientifi c) was used to pre-treat samples, expose 
them to gasses and laser irradiation, heat and cool down the material. Th e optical dome of 
this chamber was equipped with two KBr windows and one fused silica window for IR signal 
collection and sample irradiation, respectively. Th e cell was connected to a home-built gas 
delivery and vacuum system. During all experiments, the temperature of the cell exterior 
was maintained at 293 K by cooling water. A Bruker Vertex 70v FTIR spectrometer equipped 
with a Praying Mantis diff use-refl ectance accessory (Harrick Scientifi c) and a liquid-nitrogen 
cooled fast MCT detector was used for all measurements. During the experiments the sample 
compartment of the spectrometer was purged with dry nitrogen while the optical bench was 
evacuated. Spectra were recorded at 4 cm–1 resolution in the spectral range 3950–600 cm–1. 
Steady-state spectra reported in this work are averages of 100 scans. A low-pass IR fi lter (cut-
off  frequency 3950 cm–1) was placed in front of the detector compartment to block stray light 
and refl ected laser irradiation. KBr (Sigma Aldrich, IR grade) was used as reference for the 
survey DRIFT spectra. Typically, the spectrum of the sample in the dark was used as the 
reference for obtaining diff erence spectra in time-resolved measurements.

Rapid-scan trFTIR measurements were conducted with the following settings: 4 cm–1 
spectral resolution, 40 kHz scanner velocity, acquisition of single-sided interferograms at 
forward and backward mirror movement with automatic splitting of the interferograms by 
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Bruker OPUS 7.5 software. With these settings, a single scan took ca. 125 ms while the delay 
between consecutive scans was ca. 40 ms. Temporal changes of the IR intensity at particular 
wavenumbers were extracted from the 3D data blocks by Bruker OPUS 7.5 and processed in 
the Origin 9.0 software package. Start recording time (SRT) of the interferograms was used 
for the time scale. When the signal-to-noise ratio was poor, several kinetic curves extracted 
from independent measurements were averaged during data processing. O2 (≥ 99.95%), H2 
(≥ 99.999%) and Ar (≥ 99.999%) gasses were supplied by Linde and passed through moisture 
and/or oxygen filters (Agilent technologies). CO (the Linde Group, ≥ 99.99%) was used 
as delivered without further purification. Following laser lines were used for excitation of 
semiconducting materials: 325 nm emission line of a continuous-wave He-Cd laser (Kimmon 
Koha), 409 nm and 532 nm lines of diode lasers.
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Chapter 3
Mixed Cd-Zn sulfide photocatalysts from insoluble 
hydroxide precursors
Summary

The formation of Cd-Zn sulfide solid solutions from mixed hydroxides under hydrothermal 
conditions is investigated in detail. The work specifically aims to understand the formation 
and the role of nano-twinned mixed sulfide particles that have been reported to show 
excellent performance in photocatalytic water splitting (L. Guo et al. Energy Environ. Sci. 
2011, 4, 1372). The influence of additives, pH, autoclave tumbling and the state of the mixed 
hydroxide precursor on the mixed sulfides was studied by XRD, XPS, TEM, DR UV-vis and 
N2 physisorption. Cd-Zn sulfides are formed via a dissolution-precipitation mechanism. 
Agitation of the synthetic medium and the formation of soluble intermediate complexes 
during hydrothermal treatment suppress the formation of a hexagonal wurtzite crystal phase 
and improve the photocatalytic activity of the mixed sulfides. The role of additives can be 
understood in terms of complex formation, maintaining pH and adsorption on the facets 
of growing crystallites. All Cd-Zn sulfide samples exhibit compositional inhomogeneities, 
resulting in XRD line broadening and decreased bandgaps as compared with the values 
predicted by Vegard’s law. Detailed TEM analysis revealed that the samples with higher 
amounts of nano-twinned particles were significantly less active in photocatalytic water 
reduction. The presence of nano-twinned particles is discussed in terms of extended crystal 
defects and charge carrier recombination.

This chapter is published in Inorg. Chem. 2015, 54, 9491−9498
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3.1 Introduction

Materials with narrower bandgaps can achieve higher solar-to-chemical energy conversion 
efficiency because they can absorb larger part of the solar spectrum. Hence, visible light active 
photocatalysts have attracted large research attention. In this regard, metal chalcogenides 
represent a promising class of materials which can be applied for photocatalytic water 
reduction. These materials can be synthesized by means of facile techniques and different 
strategies can be implemented to adjust their properties and optimize performance.1 For 
instance, the bandgap of transition metal chalcogenides can be adjusted to a wide range 
by doping with other chalcogenides or metals.2,3 Besides this, transition metal disulfides  
(e.g. WS2, MoS2) can be combined with chalcogenides photocatalysts as co-catalysts for the 
HER in place of noble metals.4

Among chalcogenide photocatalysts, mixed cadmium-zinc sulfides are one of the most 
extensively studied systems. These sulfides can be prepared with different metal ratios, particle 
sizes and morphologies using various synthesis methods.4–6 A particularly active system based 
on these materials has been recently reported by Liu et al.5 In this work, an insoluble mixed 
Cd-Zn hydroxide was used as a precursor in a hydrothermal synthesis of mixed sulfides. 
The authors ascribed high photocatalytic activity of their samples to the presence of nano-
twinned particles. These particles contain regions of the crystal structure’mirrored‘ against 
twin planes. Liu et al. proposed that there is an electrical field at a twin plane, which drastically 
improves charge carrier separation and boosts up overall photocatalytic performance of the 
material.5,7 However, to the best of our knowledge, there are no published studies, which 
scrutinize this approach that involves insoluble mixed hydroxide as a metal precursor. In 
addition, a thorough quantification of the correlation between nano-twinned particles and 
photocatalytic activity5 is still missing.

To optimize the performance of the Cd-Zn sulfides, it is important to understand the 
mechanism of their formation so that the influence of parameters, such as polarity of the 
solvent, ionic strength and composition of the medium, the presence of capping agents can 
be better predicted. The use of insoluble hydroxides as precursors in the synthesis of mixed

 
Scheme 3.1 Mirror planes and disclocations in a mixed Cd-Zn sulfide particle
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sulfides requires knowledge about their composition, crystallinity and thermal stability to 
predict their behavior during hydrothermal synthesis. It is unclear how nano-twinned particles 
form and whether their yield can be controlled. The influence of the nano-twinned particles 
on the photocatalytic activity of Cd-Zn sulfides may be difficult to ascertain, because these 
particles contain numerous extended defects of the crystal structure (i.e. twins, stacking faults 
and dislocations) and the activity of a photocatalyst strongly depends on its crystallinity.8,9 For 
instance, surface defects of TiO2 particles can trap charge carriers and enhance photocatalytic 
performance, while bulk defects act as recombination centers compromising activity.10

In this work, we investigated the formation of mixed Cd-Zn sulfides and how synthesis 
parameters, such as tumbling, organic and inorganic additives and ionic strength of the 
reaction medium influence the photocatalytic activity of the final sulfide products. Insoluble 
mixed Cd-Zn hydroxide and thioacetamide were used as metal and sulfur precursor, 
respectively. We found that additives, which induce formation of Zn and Cd complexes, 
suppress formation of nano-twinned particles and enhance photocatalytic activity of the 
material. Based on the experimental results, an overall mechanism of the transformation of 
the insoluble mixed hydroxide precursor into the mixed sulfide is proposed.

3.2 Experimental

Mixed Cd-Zn sulfides were prepared from insoluble mixed Cd-Zn hydroxides unless 
otherwise stated. We used a single batch of dry Cd-Zn hydroxide to avoid deviation of the metal 
composition among different syntheses. We prepared one sample from freshly precipitated 
mixed hydroxide to evaluate whether the water content of the hydroxide had any influence 
on the properties of the final material. Samples of ZnS and CdS were synthesized from the 
corresponding freshly precipitated hydroxides. One sample of Cd0.5Zn0.5S was prepared by co-
precipitation with Na2S as a reference for the comparison of the photocatalytic activity with 
the reported values.10

Chemicals. Cd(NO3)2 ∙ 4H2O (Sigma Aldrich, ≥99%), Zn(NO3)2 ∙ 6H2O (Sigma Aldrich, 
≥98%), NaOH (Sigma Aldrich, ≥98%), Cd(CH3COO)2 ∙ 4H2O (Sigma Aldrich, ≥98%), 
Zn(CH3COO)2 ∙ 2H2O (Sigma Aldrich, ≥98%), thioacetamide (Sigma Aldrich, >99%), Na2SO4 
(Sigma Aldrich, ≥99%), 1,2-ethylenediamine (Sigma Aldrich, ≥99%), 1,3-propanediamine 
(Sigma Aldrich, ≥99%), HCOONa (Sigma Aldrich, ≥99%), CH3COONa (Sigma Aldrich, 
≥99%), C2H5COONa (Alfa Aesar, 99%), Na2S ∙ 9H2O (Sigma Aldrich, ≥98%), Na2SO3 (Sigma 
Aldrich, 98-100%) and ethanol absolute (VWR, technical grade) were used as received without 
further purification. In all experiments, demineralized water (resistivity >15 MW×cm at 298 
K) was used for the preparation of solutions and washing of the solid samples.

Preparation of dry mixed Cd-Zn hydroxide. A batch of mixed cadmium-zinc hydroxide 
with 1:1 metal ratio was prepared by co-precipitation from an aqueous solution of Zn(NO3)2 
and Cd(NO3)2 with NaOH: 200 mL of 4 M NaOH solution was added dropwise under 
magnetic stirring into a 1000 mL round-bottom flask containing 300 mL of a solution of 
Zn2+ and Cd2+ nitrates (0.1 mol of each salt). Alkaline addition was continued until visible 
precipitation stopped and the pH of the solution reached 12. The suspension of the mixed 
hydroxide was stirred for 30 min and then separated on a Büchner funnel, washed twice with 
demineralized water and once with absolute ethanol. The white solid product was dried in a 
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vacuum oven at 323 K until the mass did not change anymore. The dry Cd-Zn hydroxide was 
ground, transferred into an air-tight glass jar and used as the precursor for the synthesis of 
mixed sulfide.

Synthesis of mixed Cd-Zn sulfide from dry hydroxide. Unless otherwise stated, samples 
of mixed Cd-Zn sulfide were prepared from mixed hydroxide using the following procedure. 
0.92 g (n(Cd + Zn) = 7 × 10–3 mol) of dry mixed hydroxide was dispersed for 15 min under 
magnetic stirring in 35 mL demineralized water. Then 7.7 × 10–3 mol thioacetamide was 
added to the dispersion and the mixture was stirred for 10 min. Afterwards, the mixture was 
transferred into a PTFE-lined stainless steel autoclave (45 mL capacity), sealed and heated at 
453 K for 24 h under tumbling. After the hydrothermal treatment, the autoclave was rapidly 
cooled to room temperature. The insoluble yellow product was separated from the mother 
solution by means of centrifugation, washed twice with demineralized water and once with 
absolute ethanol. The resulting solid was dried under vacuum at room temperature, ground, 
weighed and used for further characterization and tests.

Preparation of samples in the presence of additives was identical to the method described 
above except that an aqueous solution of the respective additive was used instead of 
demineralized water. The following additive concentrations were used: 0.1 M, 1.0 M, 1.5 M 
CH3CHOONa; 0.1 M and 1.0 M HCOONa, C2H5COONa, KCl or Na2SO4; 0.1 M, 0.2 M, 0.5 
M 1,2-ethylenediamine (en); 0.1 M and 0.2 M 1,3-propylenediamine (pn), and 0.1 M NaOH.

Synthesis of mixed Cd-Zn sulfides from freshly precipitated mixed hydroxide. 50 mL 
of an aqueous solution containing 2 × 10–3 mol NaOH was added dropwise under stirring 
into 50 mL of a solution containing Zn(NO3)2 and Cd(NO3)2 (5 × 10–3 mol of each). The 
white precipitate was separated from the supernatant, washed twice with demineralized 
water and dispersed in 35 mL of a 1.0 M CH3COONa aqueous solution. Then 1.1 × 10–3 mol 
thioacetamide was added and the mixture was stirred for 10 min before being transferred 
into a PTFE-lined stainless steel autoclave and subjected to the hydrothermal treatment. 
The synthetic conditions and the product collection were identical to those described in the 
previous section.

Synthesis of ZnS and CdS from insoluble pure hydroxides. Samples of ZnS and CdS 
were synthesized from freshly precipitated Zn(OH)2 and Cd(OH)2, respectively. First, 
the insoluble hydroxides were obtained by adding 20 mL of 1 M NaOH into 50 mL of an 
aqueous solution containing 1 × 10–3 mol zinc or cadmium nitrate. The alkali was added 
dropwise under vigorous stirring. The precipitate was separated by means of centrifugation 
and washed twice with deionized water. Then the insoluble hydroxide was dispersed in 35 mL 
of a 1.0 M sodium acetate aqueous solution, or demineralized water. After that, 1.1 × 10–3 mol 
thioacetamide was added into the dispersion. The mixture was left for 10 min under magnetic 
stirring and underwent the hydrothermal treatment and product collection as described for 
mixed Cd-Zn sulfide.

Synthesis of Zn0.5Cd0.5S by co-precipitation. A reference sample was prepared by co-
precipitation from a zinc and cadmium acetate mixed solution (40 mL, 1 × 10–3 mol of each 
metal) with sodium sulfide (40 mL, 1.1 × 10–3 mol Na2S). The precipitate was separated by 
means of centrifugation, washed twice with demineralized water and once with ethanol and 
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dried under vacuum at room temperature.

Photoplatinization of mixed Cd-Zn sulfides. Photodeposition of Pt on mixed Cd-
Zn sulfides was carried out in the same equipment as used for the photocatalytic activity 
measurements. An amount of 57 µL H2PtCl6 solution (0.87 mgPt/mL) was added to a dispersion 
of 10 mg mixed Cd-Zn sulfides in 50 mL sacrificial solution (0.25 M Na2S and 0.35 M Na2SO3). 
After evacuation, the mixture was illuminated by visible light (λ > 420 nm) under constant 
stirring. Gaseous products were sampled at 4 min intervals. Hydrogen evolution rates of three 
consecutive runs (the head space was evacuated in between runs) were averaged to estimate 
photocatalytic activity of platinized samples.

Characterization. Samples were characterized by TEM, XRD, XPS, diffuse-reflectance 
UV-Vis, liquid N2 physisorption, ICP-OES, and photocatalytic activity tests. Instrumentation, 
settings and data processing are described in detail in Chapter 2. Thermogravimetric analysis 
was performed on a DSC 1 module (Mettler Toledo) in the range 323–973 K employing a 
heating rate of 10 K/min.

Figure 3.1 Thermal gravimetric analysis and XRD patterns of the mixed Cd-Zn hydroxide and products of thermal 
decomposition. (a) – TGA mass loss and heat flow curves; (b) – the XRD patterns of the dry mixed hydroxide 

before (293 K) and after heating to 383 K and 483 K. Reference patterns of Cd(OH)2 (PDF 01-073-6989),  
CdO (PDF 00-005-0640) and ZnO (PDF 00-036-1451).
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3.3 Results and discussion

Composition of the mixed hydroxide precursor. In order to understand the 
transformation of insoluble mixed Cd-Zn hydroxide under hydrothermal conditions and its 
role in the synthesis of mixed sulfides, we studied its crystal phase composition and thermal 
stability. The XRD pattern of the dry mixed hydroxide is shown in the Figure 1b. Reflections 
in the diffractogram can be assigned to trigonal Cd(OH)2, while the broad feature in the 
15-45° 2Q region is related to the formation of amorphous Zn(OH)2.

11 Cd(OH)2 reflections 
in mixed hydroxide precursor did not shift in comparison with those of pure Cd(OH)2. 
Thus, we can conclude that no solid solution of Zn in Cd(OH)2 was formed in the hydroxide 
precursor, but rather a physical mixture of crystalline Cd(OH)2 and amorphous Zn(OH)2. 
This was confirmed by TGA which revealed two major mass losses at ca. 373 K and 473 K 
(Figure 3.1a). These mass losses can be attributed to decomposition of Zn(OH)2 and Cd(OH)2 
to the corresponding oxides. Formation of ZnO and CdO was evident by XRD analysis of the 
mixed hydroxide samples heated to 383 K and 483 K (Figure 3.1b).

Influence of mechanical agitation and additives on the photocatalytic activity 
of mixed Cd-Zn sulfides. We first studied the influence of mechanical agitation of the 
hydrothermal synthesis solution and the presence of additives on the photocatalytic 
properties of the resulting mixed sulfides. In the reference work, the insoluble hydroxide 
was not separated from the supernatant, so that the final solution contained a substantial 
amount of sodium acetate (about 0.8 M).5 To investigate how the presence of sodium acetate  

Figure 3.2 Cd-Zn sulfides prepared in demineralized water (i.e. no additives) or 1.0 M CH3COONa in a tumbled or 
in a static autoclave. (a) – XRD patterns; (b) – hydrogen evolution rates, bandgaps and BET surface areas.
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and tumbling influence the photocatalytic properties of the resulting mixed sulfides,  we 
prepared two samples in 1.0 M CH3COONa, one in a tumbled and the other in a static 
autoclave, and one sample in demineralized water under tumbling. XRD patterns, surface 
areas, band gaps and photocatalytic activities of these samples are reported in Figure 3.2. 
Comparison of experimental XRD patterns with the reference peak positions reveals that solid 
solutions of Cd-Zn sulfide were formed in all cases. The crystal phase of the samples prepared 
in a tumbling autoclave can be assigned as cubic zincblende, while the sample prepared in a 
static autoclave contained a substantial amount of the hexagonal phase (wurtzite) along with 
the cubic zincblende phase. The XRD lines of the sample prepared in demineralized water 
were broader than those of the samples prepared in 1.0 M CH3COONa. The diffractograms 
contained no reflections due to impurity phases (e.g. ZnO, CdO or Cd(OH)2) indicating 
complete conversion of the insoluble hydroxide into a sulfide phase (Figure 3.2a).

Samples prepared in 1.0 M CH3COONa were substantially more active than sulfides 
prepared in demineralized water (Figure 3.2b). This means that the presence of sodium 
acetate in the synthesis medium influences the photocatalytic activity of Cd0.5Zn0.5S. 
Mechanical agitation of the synthesis mixture suppressed formation of the hexagonal crystal 
phase and had a positive effect on the photocatalytic activity (Figure 3.2b). It is known from 
literature that CdS forms the hexagonal phase at low chemical potential of S2– whereas the 
cubic phase is formed at high S2– potential.12 Thus, when the mixture is not agitated, insoluble 
hydroxide settled at the bottom of the static autoclave will form the hexagonal phase due to 
mass transport limitations of the sulfur species.

Figure 3.3 Cd-Zn sulfides prepared with tumbling in 0.1 M, 1.0M or 1.5 M CH3COONa solutions. (a) – XRD 
patterns of the samples; (b) – hydrogen evolution rates, bandgaps and BET surface areas.
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We found that the influence of sodium acetate on the photocatalytic activity of the mixed 
sulfide was concentration dependent. The samples prepared in 0.1, 1.0 and 1.5 M CH3COONa 
were about 1.3, 2.0 and 2.1 times more active than the sulfide prepared in demineralized 
water, while the surface areas, XRD patterns and bandgaps of the samples were comparable 
(Figure 3.3). This means that the difference in photocatalytic activity relates to properties of 
the material (crystal defects, trapping states, charge carrier mobility etc.), which cannot be 
probed by these bulk characterization techniques.

The discovered positive effect of sodium acetate on the photocatalytic activity of Cd0.5Zn0.5S 
can in principle can be the result of a specific chemical interaction of acetate with the reacting 
species or due to the change in the ionic strength of the reaction medium. To determine 
the possible role of the ionic strength, we synthesized Cd-Zn sulfide in 0.1 M and 1.0 M 
Na2SO4 or KCl solutions. Chlorides and sulfates of zinc and cadmium are commonly used 
in the synthesis of mixed sulfides.13–16 When precipitation of the insoluble precursor and the 
hydrothermal treatment are carried out in the same vessel without removal of the salts, as 
was performed by Liu et al.5, the resulting Na2SO4 or KCl can influence the properties of the 
material. For instance, there are publications indicating that the type of anion in precursors 
strongly influences photocatalytic activity of mixed sulfides.15,16

The XRD patterns and photocatalytic activities of samples prepared in the presence 
of chloride or sulfate are shown in Figure 3.4. XRD reflections of these samples 
were typically sharper than those of the samples prepared in demineralized water.

Figure 3.4 Cd-Zn sulfides prepared in a tumbled autoclave in 0.1 M or 1.0 M aqueous solutions of KCl or Na2SO4. 
(a) – XRD patterns; (b) – hydrogen evolution rates, bandgaps and BET surface areas. The sample prepared in 

demineralized water (i.e. no additives) is included as a reference.
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The main diffraction peaks of all sulfides can be assigned to the cubic Cd0.5Zn0.5S phase. Samples 
prepared in KCl solution had shoulders next to the main peak and two weak reflections at 
38 and 49° 2Θ, indicating the formation of the hexagonal Cd0.5Zn0.5S phase (Figure 3.4a). 
The photocatalytic activities of the samples prepared in the presence of chloride were the 
lowest (Figure 3.4b). This effect is unlikely to originate from the incorporation of KCl into the 
product, as neither potassium nor chloride was detected by means of XPS. The main reason 
for the decreased activity could be the formation of the hexagonal phase, as in the case of the 
static autoclave (Figure 3.2). The effect of sodium acetate cannot be assigned solely to the 
ionic strength of the reaction medium. Solutions with 0.1 M KCl and CH3COONa have the 
same ionic strength (this also applies to the corresponding 1.0 M solutions) but these salts had 
an opposite effect on the photocatalytic activity (Figures 3.4b and 3.3b). The ionic strength of 
the Na2SO4 solution is three times higher than the ionic strength of either KCl or CH3COONa 
solutions of the same concentration; this difference had, however, negligible effect on the 
photocatalytic activity.

Thus, the role of sodium acetate is of chemical nature. Either, it acts as a surfactant 
related to the hydrophobic –CH3 or hydrophilic –COO– groups, or it maintains pH of the 
medium above 8.0 throughout the hydrothermal treatment. To discriminate between these 
two effects we prepared mixed Cd-Zn sulfide in the presence of sodium formate, sodium 
acetate and sodium propionate. The properties of the samples prepared in 1.0 M solutions 
of these carboxylates were very similar (Figure 3.5). The difference of the photocatalytic 
activity was within the experimental error, which has been estimated to be about 5%.

Figure 3.5. Cd-Zn sulfides prepared in a tumbled autoclave in 1.0 M solutions of sodium formate, acetate and 
propionate. (a) – XRD patterns; (b) – hydrogen evolution rates, bandgaps and BET surface areas.
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Table 3.1. pK values of organic acids and bases at 298 K17

pK
Formic acid pKa=3.75
Acetic acid pKa =4.756

Propionic acid pKa =4.87
1,2-ethylenediamine pKb1=4.18; pKb2=7.14

1,3-propylenediamine pKb1=3.45; pKb2=5.12

Similar to acetate, the mixed sulfides prepared in 0.1 M propionate and formate were 30–
40% less active than their counterparts prepared in 1.0 M solutions. These findings rule out a 
‘surfactant-related’ role, as these salts are expected to behave differently as surfactants. At the 
same time, they have similar pKa values (Table 3.1), which suggests that relatively high pH of 
the synthesis medium is important for the formation of highly active Cd-Zn sulfides from the 
mixed insoluble hydroxide.

Higher pH of the solution favors formation of zinc and cadmium hydroxo complexes 
(Table 3.2), which can act as solution intermediates in the transformation of the insoluble 
hydroxides into the sulfide. However, we found that a highly basic medium (0.1 M NaOH) 
resulted in the formation of two separate Zn- or Cd-rich phases with no positive effect on the 
photocatalytic activity of the sample (Figure 3.6). This can be explained by the fact that OH–

Figure 3.6 Cd-Zn sulfides prepared in demineralized water or 0.1 M NaOH solution. (a) – XRD patterns of the 
samples; (b) – hydrogen evolution rates, bandgaps and BET surface areas.
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Table 3.2. Cumulative formation constants of Zn2+ and Cd2+ complexes at 298 K.18

Ligand Zn2+ Cd2+

OH–

logK1 4.4 5.77
logK2 11.3 10.83
logK3 14.14 14.11
logK4 17.66 n.a.

en

logK1 4.17 5.47
logK2 8.33 10.09
logK3 9.02 12.09
logK4 8.67 n.a.

coordinates much stronger to Zn2+ than to Cd2+, which will result in a substantial difference 
of the concentration of zinc and cadmium hydroxo complexes in the solution at high pH. 
This difference may lead to the sequential precipitation of Zn- and Cd-rich sulfides, which in 
turn can explain why the moderate pH values of the 1.0 M sodium carboxylates solutions are 
preferred for the formation of the highly active mixed sulfide.

To prove the hypothesis that transition metal complexes are involved in the formation 
of active Cd-Zn sulfide we prepared several samples in the presence of 1,2-ethylenediamine 
(en). Like OH–, this ligand forms stronger complexes with Zn2+ than with Cd2+ (Table 3.2). 

Figure 3.7 Cd-Zn sulfides prepared with tumbling in 0.1 M, 0.2 M and 0.5 M en solutions. (a) – XRD patterns; (b) 
– hydrogen evolution rates, bandgaps and BET surface areas.
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Figure 3.8 XRD patterns, photocatalytic activities, bandgaps and BET surface areas of CdS (a) and ZnS (b) 
prepared from the corresponding insoluble hydroxides in demineralized water and 1.0 M CH3COONa.

Figure 3.7 shows the XRD patterns and the results of the photocatalytic tests of the samples 
prepared in 0.1 M, 0.2 M and 0.5 M en. The effect of en on the photocatalytic activity is 
concentration dependent and the most active sample was obtained in 0.2 M en. We surmise 
that this optimum concentration relates to the chelating properties of 1,2-ethylenediamine 
rather than to the high pH of the medium. First, when the en concentration was increased 
from 0.1 M to 0.2 M, the activity increased by more than 20%, while this only led to a small 
change of the pH of the solution from 11.9 to 12.1. Second, we have shown before that high 
pH alone does not have a positive effect on the activity (Figure 3.6). Related to this, we found 
that an increase of the en concentration to 0.5 M had a detrimental effect on the activity of 
the samples because Zn- and Cd-rich phases formed (Figure 3.7). The mixed Cd-Zn sulfide 
samples prepared in 0.1 M and 0.2 M 1,3-propylenediamine were very similar to those 
prepared in en of the same concentrations (data are not shown).

In summary, we conclude that the formation of Zn2+ and Cd2+ complexes plays a central 
role in the synthesis of highly active mixed sulfides from the suspension of insoluble Zn and 
Cd hydroxides. Comparing the solubility products, one can establish that the conversion of 
the hydroxide into the sulfide is more favorable for Cd than for Zn (Table 3.3). Thus, it is 
important to use ligands in the solution that form stronger complexes with Zn than with Cd 
– OH– and en are examples of such ligands. Their presence will result in higher concentration 
of Zn2+ species in the reaction medium and favor precipitation of the mixed sulfide.

As we suggested that soluble complexes of Zn2+ and Cd2+ are important intermediates in 
the conversion of the mixed insoluble hydroxides into the sulfide, we investigated whether 
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additives like CH3COONa have a similar effect on the formation of ZnS and CdS from the 
corresponding pure hydroxides. However, we found that the properties of ZnS and CdS 
prepared in demineralized water or in 1.0 M CH3COONa were identical (Figure 3.8). This 
means that the formation of metal complexes during synthesis has a synergetic effect only for 
the mixed system but not for the separate metal sulfides. It is consistent with our hypothesis 
that maintaining a particular ratio of soluble Zn and Cd precursors throughout synthesis is 
important for the formation of the active mixed sulfide.

Table 3.3 Solubility product of Zn(II) and Cd(II) sulfides and hydroxides17

Ksp(hydroxide)22 Ksp(sulfide)23

Zn(II) 3.0×10-17 1.6×10-24

Cd(II) 7.2×10-15 8.0×10-27

XRD pattern analysis – compositional deviation in the solid solution. One can see 
that the XRD reflections of all mixed sulfides were substantially broader than those of the 
pure ZnS and CdS materials (Figure 3.8). Such line broadening is often attributed to the 
small size of the coherently scattering domains19 while other factors such as stresses in the 
crystal lattice, compositional inhomogeneities and a large number of extended defects in 
crystallites (i.e., twins, stacking faults or dislocations) can also induce line broadening.20–22

Figure 3.9 Hall-Williamson plots, mean particle sizes, and strain values extracted from the linear fits. CdS (a) and 
ZnS (b) prepared in demineralized water and 1.0M CH3COONa, respectively. Mixed Cd-Zn sulfides prepared in 
demineralized water (c) and 1.0 M CH3COONa (d). Note: plots for CdS prepared in 1.0 M CH3COONa and ZnS 

prepared in demineralized water coincide with those shown in tiles (a) and (b) and, therefore, are omitted.
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In order to elucidate which factors account for line broadening in our samples, we carried out 
a detailed XRD pattern analysis, which is complemented by analysis of the particle size and 
the fraction of nano-twinned crystals observed in TEM images.

To determine the contribution of size and stress into line broadening, we used the 
Hall-Williamson plot21 and Rietveld refinement.23 Both methods yielded consistent results 
for ZnS and CdS. The Williamson-Hall plot showed no prominent anisotropy of the strain 
distribution, which would manifest as a linear trend of the line broadening along a particular 
crystal orientation (Figures 3.9 a and b). The mean particle sizes extracted from the XRD 
data were smaller than those obtained from TEM analysis (ca. 100 nm and 70 nm for CdS 
and ZnS, respectively). This discrepancy most likely arises from the fact that XRD probes the 
mean size of the coherently scattering domains, while TEM probes only pico- to nanograms 
of a sample and yields 2D projections of particles of unknown morphology.

On the contrary, XRD pattern analysis of the mixed sulfides yielded no meaningful results. 
Both the Williamson-Hall plot (Figure 3.9 c and d) and full pattern refinement returned very 
small crystallite sizes (10 – 20 nm) and high strain values (0.9 – 5.0%). The results were least 
realistic for the samples with the broadest diffraction lines: samples prepared in demineralized 
water and with the en-containing solution. Extended crystal defects (i.e. nano-twins, stacking 
faults and dislocations) cannot explain these results, because the fraction of nano-twinned 
particles was always less than 10%, (Table 3.4). Moreover, high magnification TEM images 
indicate that the non-twinned particles are single crystals (Figure 3.10). Crystallite sizes 
consistent with the values estimated from TEM and microstrains close to the values obtained 
for pure ZnS and CdS were obtained from the full pattern refinement only when we assumed 

 
Figure 3.10 TEM images representing nano-twinned (a) and non-twinned (c – d) particles of Cd-Zn sulfides.
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Table 3.4 Number fraction of the twinned particles in different samples:

Cd0.5Zn0.5S prepared 
in

Number of analyzed 
TEM images

Number of 
analyzed 
particles

Number fraction 
of the twinned 

particles

1.0M KCl 77 548 10%
no add. 77 557 7.0%

1.0M CH3COONa 71 461 6.0%
1.0M C2H5COONa 72 446 6.0%

0.2M en 73 529 6.5%

that a range of cubic crystal phases were present (Figure 3.11). The lattice constants of these 
phases deviated from the value predicted for Cd0.5Zn0.5S by Vegard’s law.24 In the model these 
phases represent Zn-rich, Cd-rich and stoichiometric sulfides and, accordingly, we attribute 
the XRD line broadening to the compositional inhomogeneities of the mixed sulfide.20

This interpretation helps to explain several observations. The presence of a Cd-rich 
phase can explain why samples with broader XRD lines exhibit smaller bandgaps (Figures 
3.6 and 3.7). This is consistent with the finding that the bandgaps of physical mixtures of 
pure ZnS and CdS were strongly determined by the CdS component (Figure 3.12). XRD lines 
of all mixed sulfides were significantly broader than those of ZnS or CdS and the apparent 
bandgaps were smaller than he value predicted by Vegard’s law for Cd0.5Zn0.5S (≈3.0 eV).24

Figure 3.11 Rietveld refinement of the XRD pattern of mixed Cd-Zn sulfide prepared in demineralized water. (a) – 
refinement with one stoichiometric cubic phase,(b) – refinement with a range of cubic phases.
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Figure 3.12 UV-Vis diffuse-reflectance spectra of CdS, ZnS, physical mixtures thereof, and Cd0.5Zn0.5S.

Thus, all samples exhibited compositional inhomogeneities in terms of the Zn/Cd ratio. This 
effect was more prominent for the samples prepared in en solutions or demineralized water. In 
contrast to XRD and UV-Vis measurements which point to compositional heterogeneities, the 
bulk Zn/Cd ratio as determined by ICP-OES was similar for all samples. This implies that the 
Cd/Zn ratio varies on a particle basis, but the bulk composition is the same as to be expected 
since all Cd and Zn have been incorporated into the sulfides. The origin of these compositional 
inhomogeneities can be understood from the substantial differences in solubility products of 
Zn and Cd hydroxides and the corresponding sulfides (Table 3.3). While Cd hydroxide is 
more soluble than Zn hydroxide, the reverse applies to the sulfides. This means that there will 
always be different driving forces for solubilization and precipitation of the hydroxides and 
sulfides of Zn and Cd, respectively. Accordingly, one expects the formation of particles with 
different Cd/Zn ratios at different stages of the synthesis as the amounts of hydroxides change. 
This is in keeping with the conclusions drawn from the XRD and UV-Vis data. Thus, it is very 
difficult to obtain a truly homogeneous sample in terms of Cd/Zn distribution.

Influence of nano-twinned particles on photocatalytic activity. Liu et al. ascribed the 
enhanced photocatalytic activity of Cd-Zn sulfides prepared from the insoluble hydroxide 
to the presence of nano-twinned particles.5 Hence, a higher amount of such nano-twinned 
crystallites in a sample should result in higher photocatalytic activity. To check this hypothesis, 
we carried out a thorough TEM analysis of five Cd-Zn sulfide samples. The samples were 
divided into three groups based on their activity: (a) the least active sample (prepared in 
1.0 M KCl), (b) a medium active sample (prepared in demineralized water) and (c) three 
most active samples (prepared in 1.0 M CH3COONa, 1.0 M C2H5COONa and 0.2 M en).
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Figure 3.13 Number fraction of the twinned particles in Cd-Zn sulfides prepared in the presence of different 
additives and their photocatalytic activity.

We acquired at least 70 TEM images and analyzed more than 450 particles per sample (Table 
3.4). The results of this statistically sound analysis along with the activity of the samples 
are shown in Figure 3.13. As one can see the least active sample had the largest fraction of 
nano-twinned particles, while more active samples contained fewer. This shows that high 
photocatalytic activity cannot be linked to the occurrence of nano-twinned particles opposing 
reference 5.

We note that Liu et al. reported that the fraction of twinned particles in their samples 
was about 50%, which is five times higher than the highest amount observed in our study. 
Despite this difference, the activities of our samples are similar to the values reported by Liu 
et al., when the hydrogen production rates are normalized to the reference co-precipitated 
mixed sulfide: i.e. 4.0-times difference in the work of Liu et al., 4.1-times difference found 
in this work. In addition to this, we observed that the freshly precipitated Cd-Zn hydroxide 
did not affect the nature of the resulting sulfide nor its performance compared with dry 
hydroxides used throughout this study. Liu et al. proposed that the nano-twinned particles 
have a built-in electrical potential that improves charge carrier separation and results in 
enhanced photocatalytic activity. First, we note that the particles which can be denoted 
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‘nano-twinned’, contain stacking faults and dislocations along with twin planes (Figure 3.10a). 
These extended defects are known to act as centers for non-radiative recombination of charge 
carriers.25 Hence, a smaller number of nano-twinned particles in a sample may indicate that 
the synthesis condition favored formation of crystallites with fewer defects. This can explain 
the higher photocatalytic activity for samples with fewer nano-twinned particles as found 
in our study. Taking this into account, the deposition of Pt particles in between twin planes 
observed by Liu et al. can be a result of the fact that electrons can reach the surface of a particle 
only in the defect-free regions between twin planes, dislocations or stacking faults.

We also evaluated the influence of platinization of the mixed sulfides. Although twinning is 
thought to enhance charge carrier separation, one can expect that not all of the photogenerated 
electrons will be involved in water reduction due to kinetic limitations. Adding Pt, a common 
and very efficient co-catalyst for the hydrogen evolution reaction, would then significantly 
increase the photocatalytic activity of samples containing more nanotwinned particles. 
Contrary to this, we found that the reverse holds: the sample prepared in 1.0 M KCl with more 
nano-twinned particles remains much less active after Pt photodepoistion than the sample 
prepared in 1.0 M CH3COONa (ca. 90 μmol/h and 210 μmol/h, respectively). This adds 
further support to our conclusion that the photocatalytic activity of mixed Cd-Zn sulfides 
cannot be directly linked to nano-twinned particles.

Formation mechanism of mixed Cd-Zn sulfides. Based on our findings, we sketch an 
overall mechanism of the formation of mixed Cd-Zn sulfides from a mixture of insoluble 
hydroxides (Scheme 3.2). This scheme is based on a dissolution-precipitation mechanism and 
not on direct ion exchange of OH– by  S2−.13 A direct ion exchange mechanism is unlikely 
to take place in the investigated system for the following reasons: first, direct ion exchange 
would convert the mixture of amorphous Zn(OH)2 and trigonal Cd(OH)2 into ZnS and CdS, 
rather than into a solid solution. Second, one may expect at least partial preservation of the 
morphology of the precursor particles upon conversion into sulfides if direct ion exchange 
dominates. This is certainly not the case as can be seen from the comparison of TEM 
micrographs of mixed sulfides and hydroxide (Figure 3.14). Third, direct ion exchange cannot 
explain the influence of different additives on the activity.

 
Figure 3.14 TEM images of the mixed Cd-Zn hydroxide (a) and the corresponding sulfide (b).
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Scheme 3.2 Dissolution-precipitation mechanism of the formation of mixed Cd-Zn sulfide from the mixed 
hydroxide precursor in which L represents a ligand that helps to dissolve the metal hydroxides.

In our mechanism proposal, the insoluble hydroxides are first dissolved in the form 
of transition metal complexes. These complexes undergo ligand exchange for S2– or 
thioacetamide and, eventually, precipitate in the form of sulfides (Scheme 3.2). We suppose 
that the formation of coordination compounds plays a central role in the conversion of the 
mixture of insoluble hydroxides into mixed sulfides; the exact way the mixed sulfides are 
formed will strongly affect their photocatalytic activity.

The influence of additives can be further understood by discussing literature data.26–28 
Complexing agents are known to reduce nucleation rates and, in this way, to retard 
precipitation of sulfides.26 This can lead to oversaturation and concomitant precipitation of 
both metals in the form of a solid solution. Inorganic salts influence the precipitation of CdS 
as well. For instance, sulfate was found to increase the rate of precipitation, whereas chloride 
extended the induction period.27 These effects can be discussed in terms of surface-diffusion 
controlled growth of crystallites.27,28 Thus, we surmise that additives adsorb on the facets 
of the growing crystallites and, depending on their nature, either hinder incorporation of 
new ions into the structure, which causes a larger number of twin planes, dislocations and 
stacking faults, or they promote uniform growth of crystals with less defects (e.g. chloride and 
carboxylates respectively).

Conclusion

The influence of mechanical agitation and organic and inorganic additives on the 
photocatalytic activity of mixed Cd-Zn sulfide, prepared from the corresponding insoluble 
hydroxide, has been systematically studied. Based on the experimental results, we formulate a 
mechanism that describes the transformation of the hydroxide precursor, which was found to 
be a mixture of Zn(OH)2 and Cd(OH)2, into a Cd-Zn sulfide solid solution. The mechanism 
involves the dissolution of Zn and Cd hydroxides in the form of complexes, followed 
by ligand exchange and concomitant precipitation of the sulfides. Formation of soluble 
intermediate complexes (e.g., hydroxo, diamino) is important for the formation of highly 
active photocatalysts. Mechanical agitation of the reaction medium during the hydrothermal 
synthesis suppresses the formation of the hexagonal phase of Cd-Zn sulfides; the cubic Cd-
Zn sulfide phase shows higher photocatalytic activity than the hexagonal phase does. The 
sample with the lowest photocatalytic activity contained the highest number of nano-twinned 
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particles. This trend can be understood in terms of extended defects of the crystal structure 
(i.e., twins, stacking faults and dislocations) and recombination of charge carrier at their 
boundaries. All samples of the mixed Cd-Zn sulfide displayed substantial compositional 
inhomogeneity which induced XRD line broadening and decrease of their apparent bandgaps 
due to the presence of Cd-rich phase.
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 Chapter 4
 Photocatalytic water reduction with mixed Cd-Zn 
sulfi des / TiO₂ composites
Summary

Visible-light driven photocatalytic water reduction on composite materials consisting 
of platinized titania (Pt-TiO2) and transition metal sulfi des (CdS or Cd0.5Zn0.5S) was 
investigated in detail. Sulfi des were prepared by hydrothermal synthesis and room-
temperature precipitation. Th e parameters limiting performance of these composite systems 
were elucidated. All composites with Pt-TiO2 demonstrated similar hydrogen evolution 
rates independent from their textural properties, bandgaps, electron transfer between 
components and intrinsic activities of the sulfi des. Moreover, all platinized sulfi des, except 
for the precipitated CdS, were more active than the corresponding composites with Pt-
TiO2. Th is behavior – counterintuitive to the improved charge carrier separation found in 
the materials with heterojunctions – was rationalized by the low mobility of the conduction 
band electrons in TiO2. Slow electron transport severely limits effi  ciency of the investigated 
composite materials in the photocatalytic water reduction. Th is eff ect is especially apparent 
for highly active sulfi des but less so for materials with inherently low activity. Th e low driving 
force of bare CdS toward water reduction results in an apparent synergy with Pt-TiO2 and 
makes the corresponding composites sensitive to Pt poisoning as the hydrogen evolution 
reaction predominantly takes place on Pt-TiO2. On the other hand, mixed sulfi des, being 
more active water reduction photocatalysts, compete with Pt particles in this process making 
corresponding composites less sensitive to the state of Pt. Th ese fi ndings are discussed in terms 
of the intrinsic photocatalytic activity of sulfi des, electron transfer from sulfi des to titania, 
electrochemical potentials of conduction band electrons, poisoning of Pt nanoparticles, and 
charge carrier mobility.

Th is chapter is published in Appl. Cat. B: Environmental 2016, 198, 16–24
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4.1 Introduction

The activity of a photocatalytic system depends on its light utilization properties (i.e. 
bandgap, absorbance) and how efficiently photogenerated charge carriers are separated 
and utilized in the desired redox reactions. Different approaches are available to optimize 
performance of photocatalytic systems. Among them are post-synthesis thermal treatment,1 
surface modification,2 alloying or doping with different elements,1,3–5 loading of co-catalysts6,7 
and introduction of hetero- or homojunctions.8–11 The combination of the latter two, which 
will be the topic of this chapter, offers vast opportunities for system optimization, as co-
catalysts increase the rate of surface redox reactions with the built-in electric field at the 
junctions enhancing electron-hole separation.12–14 Among promising visible-light responsive 
composite photocatalytic systems such as BiVO4/WO3, BiVO4/ZnO, Fe2O3/WO3, C3N4/SrTiO3 
and others,11 we herein focus on composites of transition metal chalcogenides, viz. Cd-Zn 
sulfides, and TiO2. Such composite systems have already been investigated for photocatalytic 
and photovoltaic applications over the last decades.8,9,12–14 Our interest in sulfides arises from 
their tunable narrow bandgaps, which allow to utilize the visible (e.g. CdS) and even near-IR 
(e.g. PbS) parts of the solar spectrum.

For CdS-TiO2 composites it has been shown that photo-generated electrons are 
transferred from sulfide particles to the lower lying conduction band of titania 15. This charge 
carrier separation increases their photocatalytic activity in comparison to the individual 
components.8,16,17 Up to now, CdS-based composite photocatalysts have gained much more 
attention9,14,17–19 than systems containing mixed Cd-Zn sulfides.16,20 Mixed Cd-Zn sulfides, 
on the other hand, have higher activity toward photocatalytic water reduction than pure 
CdS. Although well studied, the origin of the higher activity of these mixed sulfides is not 
unequivocally established. In part, the upshift of the conduction band edge upon incorporation 
of Zn into the crystal lattice of CdS contributes to better performance. Overall, mixed Cd-
Zn sulfides offer high flexibility for the development of photocatalytic materials because the 
positions of the valence and conduction bands with respect to H2 and O2 evolution levels, the 
bandgap (typically between 2.4 eV and 3.7 eV), and accordingly, the overall photocatalytic 
performance of the system can be adjusted by varying the Cd/Zn ratio.21–23

Park and co-workers reported that the location of Pt co-catalyst particles in CdS-TiO2 
composites strongly influences the photocatalytic performance of the material. When Pt 
was solely present on TiO2, the system was 3–30 times more active in photocatalytic water 
reduction than platinized CdS or when platinum was present on both components of the CdS-
TiO2 composite.24 This approach has only been investigated for composites with CdS prepared 
by precipitation at room temperature.24,25 We started our study from the premise that using 
more active mixed Cd-Zn sulfides instead of CdS should yield more active photocatalytic 
systems. The activity of a composite photocatalyst will depend on parameters such as light 
harvesting properties (bandgaps) and the intrinsic charge carrier separation efficiency of the 
semiconductors, the efficiency of charge carrier transfer between the two components, the 
electrochemical potentials of electrons and holes, the presence of co-catalysts, and the kinetics 
of the surface redox reactions.10 Scheme 4.1 highlights these parameters for the envisioned 
CdxZn1–xS@Pt-TiO2 (0 ≤ x ≤ 1) photocatalyst system.
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Scheme 4.1 Visible light-driven photocatalytic water reduction on CdxZn1–xS@Pt-TiO2 (0 ≤ x ≤ 1) composites in 
a mixed sulfide/sulfite sacrificial solution. Elementary steps include charge carrier generation and recombination 
in metal sulfide particles (I), oxidation of the sacrificial reagent (II) and water reduction (III) on sulfide particles, 
transfer of photo-generated electrons from the sulfide to TiO2 (IV), diffusion of electrons in the TiO2 particle to 

Pt (V), and water reduction on Pt (VI). Notations: e' and h+ – electrons and holes, Eg – bandgap; 
CBs, CBo, VBs and VBo – conduction bands and valence bands of sulfide and oxide, respectively.

Herein, we investigated to what extent the efficiency of the visible-light driven photocatalytic 
water reduction on CdS- and Cd0.5Zn0.5S-based materials can be improved in a heterojunction 
with platinized TiO2 (Aeroxide P25) and which parameters limit the overall efficiency of the 
resulting composite systems. For this purpose, CdS and Cd0.5Zn0.5S were loaded on Pt-TiO2 
using either precipitation or a two-step hydrothermal synthesis approach. The photocatalytic 
activities of all composites with Pt-TiO2 were very similar, counterintuitive to the notion of 
superior photocatalytic activity of the hydrothermally prepared sulfides, the efficient sulfide-
to-titania electron transfer and the difference in optical and textural properties of materials. 
The photocatalytic activities of the composites with Pt-TiO2 were significantly lower than 
those of the corresponding platinized sulfides for all materials, except for precipitated CdS. 
That is to say, the synergy earlier noted by Park and co-workers is not a generic feature of 
transition metal sulfides in composite with titania. Detailed characterization and comparison 
of different model systems points out that the locus of the hydrogen evolution is different in 
the various composites. These salient differences also manifest themselves in higher sensitivity 
of the CdS-based systems to sulfur poisoning of the Pt co-catalyst.

4.2. Experimental

CdS and Cd0.5Zn0.5S sulfides were prepared by either hydrothermal synthesis from 
insoluble hydroxides and thioacetamide in 1.0 M CH3COONa or by precipitation from an 
aqueous Na2S solution at room temperature. Commercial TiO2 (Evonik, Aeroxide P25) was 
used in all experiments.
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Chemicals. Cd(NO3)2 ∙ 4H2O (Sigma Aldrich, ≥99%), Zn(NO3)2 ∙ 6H2O (Sigma Aldrich, 
≥98%), NaOH (Sigma Aldrich, ≥98%), Cd(CH3COO)2 ∙ 2H2O (Sigma Aldrich, ≥98%), 
Zn(CH3COO)2 ∙ 2H2O (Sigma Aldrich, ≥98%), thioacetamide (Sigma Aldrich, >99%), 
CH3COONa (Sigma Aldrich, ≥99%), Na2S ∙ 9H2O (Sigma Aldrich, ≥98%), Na2SO3 (Sigma 
Aldrich, 98 – 100%), H2PtCl6 ∙ nH2O (Sigma-Aldrich, ³ 38% Pt basis), CO gas (The Linde 
Group, ≥99.995%) and absolute ethanol (VWR, technical grade) were used as received 
without further purification. Demineralized water (>15 MW×cm at 25 °C) was used for the 
preparation of solutions, as a solvent for synthesis and to wash the samples.

Hydrothermal synthesis of Cd and Cd-Zn sulfides. CdS and Cd0.5Zn0.5S were prepared 
according to a modified procedure described in literature.26 First, insoluble hydroxides 
were precipitated by adding aqueous NaOH (15 mL, 8.2 × 10–3 mol) to aqueous solutions of 
either Cd(NO3)2 ∙ 4H2O (30 mL, 4.1 × 10–3 mol) or Cd(NO3)2 ∙ 4H2O and Zn(NO3)2 ∙ 6H2O 
(30 mL, 2.05 × 10–3 mol each salt). The white suspension was stirred for 15 min and the 
precipitate was separated by centrifugation, washed three times with demineralized water 
and re-dispersed in 35 mL 1.0 M CH3COONa in a PTFE-lined stainless steel autoclave (45 
mL capacity). Then 4.51 × 10–3 mol thioacetamide (10% sulfur excess) was added to this 
dispersion under stirring, the autoclave was sealed, placed in an oven and heated to 453 
K under continuous tumbling. After 24 hours the autoclave was rapidly cooled to room 
temperature and the solid product was collected by centrifugation, washed three times with 
demineralized water, once with ethanol and dried under vacuum at room temperature. The 
dried material was ground, weighed and stored in a glass vial. The samples prepared via this 
method are denoted as h-CdS and h-Cd0.5Zn0.5S.

Precipitation of Cd and Cd-Zn sulfides. CdS and Cd0.5Zn0.5S were prepared by 
simple precipitation at room temperature according to the following procedure. For CdS, 
4.1 × 10–3 mol Cd(CH3COO)2 ∙ 2H2O was dissolved in 30 mL demineralized water, then 41 
mL 0.1 M Na2S was added dropwise to this solution under vigorous stirring. The suspension 
was stirred for 30 min. The solid was collected by centrifugation, washed three times with 
demineralized water, once with ethanol and dried under vacuum at room temperature. 
Preparation of Cd0.5Zn0.5S was done similarly from a solution containing Cd(CH3COO)2 ∙ 2H2O 
and Zn(CH3COO)2 ∙ 2H2O (2.05 × 10–3 mol each salt). These samples are denoted as p-CdS 
and p-Cd0.5Zn0.5S.

Pt photodeposition on metal sulfides. p-CdS, p-Cd0.5Zn0.5S, h-CdS and h-Cd0.5Zn0.5S were 
loaded with 0.5 wt.% Pt (nominal loading) using a method described in literature.6 Briefly, 100 
mg of the sulfide sample was dispersed under sonication in 50 mL 1.0 M NaOH containing 
0.5 mg Pt (in the form of H2PtCl6). The dispersion was transferred into a side-illuminated 
PEEK photocatalytic cell, degassed and irradiated for 3 h under continuous stirring. A 500 W 
Hg(Xe) lamp (Newport) equipped with an IR-filter (demineralized water) and a 420 nm cut-
off filter (OD410 = 5.0, Newport) was used as the light source. After irradiation, the solid was 
separated by centrifugation, washed three times with demineralized water and dried at room 
temperature under vacuum.

Hydrothermal synthesis of Cd and Cd-Zn sulfide-titania composites. Composites were 
prepared according to the following procedure. First, 4.1 × 10–3 mol Cd(NO3)2 ∙ 4H2O or a 
mixture of 2.05 × 10–3 mol Cd(NO3)2 ∙ 4H2O and 2.05 × 10–3 mol Zn(NO3)2 ∙ 6H2O was dissolved 
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in 30 mL demineralized water. Then TiO2 or Pt-TiO2 (0.59 g of CdS or 0.5 g of Cd0.5Zn0.5S) 
was dispersed in this solution under sonication and 25 mL aqueous NaOH (8.2 × 10–3 mol) 
was added dropwise under continuous stirring. The mixture was stirred for 15 min and then 
separated by centrifugation, washed twice with demineralized water and redispersed in 
35 mL 1.0 M CH3COONa in a PTFE-lined stainless steel autoclave (45 mL capacity). Finally, 
4.51 × 10–3 mol thioacetamide (10% sulfur excess) was added to this dispersion under stirring. 
The autoclave was then sealed and subjected to hydrothermal treatment at 453 K for 24 h. 
Product collection was identical to the procedure used in hydrothermal synthesis of sulfides. 
The resulting samples are denoted as h-CdS@TiO2, h-CdS@Pt-TiO2, h-Cd0.5Zn0.5S@TiO2 and 
h-Cd0.5Zn0.5S@Pt-TiO2.

Precipitation of Cd and Cd-Zn sulfide-titania composites. First, 4.1 × 10–3 mol 
Cd(NO3)2 ∙ 4H2O or a mixture of 2.05 × 10–3 mol Cd(NO3)2 ∙ 4H2O and 2.05 × 10–3 mol 
Zn(NO3)2 ∙ 6H2O was dissolved in 30 mL demineralized water. Then TiO2, Pt-TiO2 or  
s-Pt-TiO2 (0.59 g for CdS or 0.5 g for Cd0.5Zn0.5S) was dispersed in this solution under 
sonication and 41 mL of an aqueous 0.1 M Na2S solution was added dropwise under vigorous 
stirring to the suspensions. The obtained slurry was stirred for 15 min and separated by 
centrifugation, washed three times with demineralized water, once with ethanol and dried 
at room temperature under vacuum. The samples obtained with this method are denoted as 
p-CdS@TiO2, p-Cd0.5Zn0.5S@TiO2, p-CdS@Pt-TiO2 and p-Cd0.5Zn0.5S@Pt-TiO2.

Photodeposition of Pt on TiO2. TiO2 was loaded with 0.5 wt.% Pt according to the 
following procedure. 0.5 g of titania was dispersed in 90 mL of an aqueous solution containing 
10 vol.% CH3OH and 2.5 mg Pt (in the form of H2PtCl6). The dispersion was transferred and 
degassed in a double-walled glass photocatalytic reactor with top-mounted quartz window. 
During photodeposition the mixture was kept at 293 K using a thermostated bath. A 500 W 
Hg(Xe) lamp (Newport) equipped with an IR-filter (demineralized water) and a full spectrum 
turning mirror (200 nm – 30 µm spectral range) was used as the light source. After 1 h 
irradiation a grey product was separated from the mother solution by centrifugation, washed 
three times with demineralized water and dried under vacuum at room temperature.

Poisoning of Pt-TiO2. Model poisoning was carried out by subjecting Pt-TiO2 to 
hydrothermal treatment in the presence of H2S. First, 0.5 g Pt-TiO2 (0.5 wt.% nominal Pt 
content) was dispersed in 35 mL 1.0 M CH3COONa in a PTFE-lined autoclave. Then 
4.5 × 10–4 mol thioacetamide (represents 10% sulfur excess used in hydrothermal synthesis 
of sulfides and composites) was added to the dispersion and the autoclave was sealed and 
kept at 453 K in the oven under tumbling. After 24 hours the autoclave was cooled to room 
temperature. The resulting solid was collected by centrifugation, washed three times with 
demineralized water and dried under vacuum at room temperature. The sample is denoted 
as s-Pt-TiO2.

Characterization. Samples were characterized by means of TEM, XRD, XPS, N2 
physisorption, ICP-OES, room-temperature steady-state photoluminescence, UV-Vis, FTIR 
spectroscopy and photocatalytic activity tests. Instrumentation, settings and data processing 
are described in detail in Chapter 2.
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4.3 Results and discussion

The photocatalytic activity of the composite prepared by hydrothermal deposition of 
mixed Cd-Zn sulfide on Pt-TiO2 (0.5 wt. % Pt on TiO2) was found to be half of that of the 
standalone sulfide prepared by the same method (Table 4.1). This result is different from 
the substantial increase of the photocatalytic activity reported for the CdS-containing 
system prepared by room-temperature precipitation.24,25 The lower performance of  
h-Cd0.5Zn0.5S@Pt-TiO2 cannot be attributed to light scattering or shading by grey Pt-TiO2 as 
the activities of h-Cd0.5Zn0.5S and its physical mixture with Pt-TiO2 were the same (Figure 4.1). 
In order to understand the reason for this substantial difference, we systematically studied 
how the activity of composite photocatalysts correlates with the properties of the sulfide 
component. To this end, standalone CdS, Cd0.5Zn0.5S and their composites with (Pt-)
TiO2 were prepared using two different methods, namely hydrothermal synthesis26 and 
room-temperature precipitation,24 denoted by prefixes h- and p-, respectively. Results of 
photocatalytic activity tests, bandgaps and BET surface areas of these samples are summarized 
in Table 4.1. Figure 4.2 represents powder XRD patterns of these materials.

 
Figure 4.1 Photocatalytic activity of standalone sulfides (10 mg) and their physical mixtures 

with TiO2 or Pt-TiO2 (10 mg each).
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Table 4.1 Properties of Cd and Cd-Zn sulfides and their composites with (Pt-)TiO2

Sample Photocatalytic activity,a 
µmol(H2) / h

SBET, 
m2 / g

Eg,
b 

eV
h-Cd0.5Zn0.5S 130 26 2.59

h-Cd0.5Zn0.5S@TiO2 105 38 2.55
h-Cd0.5Zn0.5S@Pt-TiO2 70 39 2.58

h-CdS 8 12 2.41
h-CdS@TiO2 6 32 2.38

h-CdS@Pt-TiO2 20 37 2.35
p-Cd0.5Zn0.5S 40 145 2.67

p-Cd0.5Zn0.5S@TiO2 40 123 2.67
p-Cd0.5Zn0.5S@Pt-TiO2 50 124 2.62

p-CdS 15 140 2.38
p-CdS@TiO2 28 102 2.47

p-CdS@Pt-TiO2 52 89 2.43
TiO2 N.A. 53 3.21

Pt-TiO2 N.A. 52 3.04
s-Pt-TiO2 N.A. 49 2.98

a – hydrogen evolution rates under visible light irradiation (l > 420 nm); 10 mg of sulfides or 20 mg of composites in 
50 mL 0.25 M Na2S + 0.35 M Na2SO3 sacrificial solution.
b – bandgaps of composites correspond to direct allowed bandgaps of the sulfide phases; values reported for 
(Pt-)TiO2 correspond to indirect allowed transitions.

One can see that the material properties depended significantly on the preparation method. 
The precipitated samples showed much broader XRD reflections and higher BET surface areas 
than the hydrothermally prepared samples. As expected, h-Cd0.5Zn0.5S and p-Cd0.5Zn0.5S had 
larger bandgaps (Table 4.1) and their XRD reflections were shifted toward higher 2Q values 
compared with CdS (Figure 4.2). These differences evidence the incorporation of Zn into the 
CdS lattice and formation of solid solutions.27 The XRD patterns of h-CdS and h-Cd0.5Zn0.5S 
(Figure 4.2 a and c) agreed well with the results of our previous work.26 In brief, h-CdS is 
composed of the hexagonal crystal phase and has a well-defined XRD pattern. This CdS phase 
is known to have higher photocatalytic activity than the other polymorph.28,29 h-Cd0.5Zn0.5S 
is obtained with cubic crystal structure and its XRD pattern contains broader reflections due 
to the compositional inhomogeneities in mixed Cd-Zn sulfides.26 Very broad diffraction 
lines hampered accurate assignment of the crystal phases present in p-CdS and p-Cd0.5Zn0.5S. 
The main reason for this line broadening is the small size of coherently scattering domains 
in precipitated sulfides. The crystallite sizes estimated with of the Scherrer equation30 were 
2.2 and 2.5 nm for p-CdS and p-Cd0.5Zn0.5S, respectively. These values are in good agreement 
with TEM data (Figure 4.3b) and the consistently larger BET surface areas of the precipitated 
samples (Table 4.1). In principle, other phenomena like distortion of the unit cell due to the 
presence of crystal defects or compositional inhomogeneities can also contribute to this 
line broadening,26,31–33 but this cannot be properly assessed on the basis of the present data. 
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Figure 4.2 X-ray diffractograms of bare sulfides and composite photocatalysts based on h-Cd0.5Zn0.5S (a), 
p-Cd0.5Zn0.5S (b), h-CdS (c), and p-CdS (d) and the reference XRD patterns.
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Figure 4.3 TEM images of p-CdS@TiO2. p-CdS particles (white circles) anchored on TiO2 (a); 

an aggregate of p-CdS crystallites (b).

The composites with (Pt-)TiO2 exhibited complex XRD patterns of mixed-phase TiO2 P25 
and sulfide components (Figure 4.2). The crystal phase composition of sulfides in composite 
materials was the same as in standalone materials. The only apparent difference was the 
intensity change observed for the main XRD reflections of hexagonal h-CdS in the composite 
materials compared to the bare sulfide (Figure 4.2c).

Relationship between activities of sulfides and composite photocatalysts. Among the 
bare sulfides, the hydrogen evolution rates increase in the order h-CdS < p-CdS < p-Cd0.5Zn0.5S 
< h-Cd0.5Zn0.5S (Table 4.1). It is usually found that photocatalytic activity is higher for samples 
of increasing crystallinity.9 This holds true for mixed metal sulfides but not for CdS samples. 
However, when hydrogen evolution rates of the bare sulfides were normalized to their BET 
surface areas, the superior photocatalytic activity of hydrothermal samples became apparent 
revealing the anticipated trend of p-CdS < p-Cd0.5Zn0.5S < h-CdS << h-Cd0.5Zn0.5S (Table 4.2).

Another approach to appraise the difference between bare sulfides prepared by different 
methods is to improve charge carrier separation and increase the rate of hydrogen production 
using an efficient co-catalyst such as Pt.6,34 Loading of Pt on bare sulfides can compensate for the 
difference in electrochemical potential of the conduction band electrons in CdS and Cd0.5Zn0.5S, 
which then allows for direct comparison of their intrinsic efficiencies based on the hydrogen 
evolution rates. It has been demonstrated that the photocatalytic activity of platinized CdS 
strongly depends on the Pt deposition method.6 Therefore, we adopted an optimized procedure 
reported in literature in order to load 0.5 wt.% Pt on precipitated and hydrothermal sulfides. 
Photocatalytic activities of these samples are summarized in Table 4.2. The activity trend of 
platinized sulfides agrees with the normalized hydrogen evolution rates and confirms the superior 
activity of the hydrothermally prepared sulfides. Nonetheless, these trends do not correlate 
with the fact that h-CdS@Pt-TiO2 was the least active composite in the series with 2.5-times 
lower performance than p-CdS@Pt-TiO2. Moreover, the performance of p-CdS@ Pt-TiO2 
and p-Cd0.5Zn0.5S@Pt-TiO2 were identical despite the difference in their bandgaps (Table 4.1) 
and the intrinsic activities of sulfides (Table 4.2). Thus, we surmise that neither the intrinsic 
efficiency of sulfides nor their optical properties determine photocatalytic activity of the 
composites with Pt-TiO2.
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Table 4.2. Comparison of the intrinsic photocatalytic activities of transition metal sulfides. 

Sample Normalized photocatalytic activity,a 
µmol(H2) / (h × m2)

Photocatalytic activity,b 
µmol(H2) / h

h-Cd0.5Zn0.5S 500 125
h-CdS 66.7 113

p-Cd0.5Zn0.5S 27.6 80
p-CdS 10.7 40

a – activities of bare sulfides normalized to BET surface areas.
b – activities of sulfides loaded with 0.5 wt.% Pt (nominal amount).

  Electron transfer from sulfides to TiO2. Besides light harvesting properties and activities 
of sulfides, the performance of the composite photocatalysts depends on electron transfer 
from the conduction band of sulfide to titania (process IV, Scheme 4.1). This parameter can 
be assessed by comparing activities of sulfides and composites with bare and platinized TiO2. 
From Table 4.1 one observes that both h-CdS@TiO2 and h-Cd0.5Zn0.5S@TiO2 were less active 
than the corresponding bare sulfides. This activity decrease indicates that there is a good 
contact between sulfide and TiO2 particles in these composites and an appreciable part of 
the electrons generated by above-bandgap excitation of the sulfide is transferred to TiO2.

15 
As bare titania has low activity toward the water reduction reaction, this electron transfer 
lowers the photocatalytic activity of the composite. The improved charge carrier separation in 
hydrothermal composites was further confirmed by quenched photoluminescence of sulfides7 
in the composite samples (Figure 4.4). The observed efficient electron transfer agrees with 
h-CdS@Pt-TiO2 being 2.5-times more active than h-CdS, but it fails to explain the deteriorated 
activity of h-Cd0.5Zn0.5S@Pt-TiO2 (Table 4.1).

Precipitated samples showed different behavior. p-CdS@TiO2 was almost twice as active 
as p-CdS, whereas activities of p-Cd0.5Zn0.5S and p-Cd0.5Zn0.5S@TiO2 were the same. The 
higher activity of p-CdS@TiO2 can be rationalized as follows. First of all, hydrogen evolution 
rates of p-CdS and its physical mixture with TiO2 were identical (Figure 4.1), which excludes 
light scattering on TiO2 as the reason for the enhanced activity of p-CdS@TiO2. Secondly, as 
discussed above, efficient transfer of electrons from sulfides to bare TiO2 is not expected to 
increase photocatalytic activity of this composite. On the other hand, the apparent activity 
of bare CdS strongly depends on the exposed surface area, which is most evident for bare 
h-CdS and p-CdS (Table 4.1). From the TEM images of p-CdS@TiO2 one can see that sulfide 
crystallites were deposited on TiO2 particles, which prevented their aggregation (Figure 4.3). 
Therefore, higher activity of this sample is attributed to the improved dispersion of the sulfide.

In contrast to p-CdS, loading of sulfide on titania does not have a positive effect on 
p-Cd0.5Zn0.5S (Table 4.1). This distinct behavior of mixed Cd-Zn sulfides and pure CdS loaded 
on TiO2 can be understood from the difference of the conduction band potentials and kinetics 
of the water reduction reaction on these materials. Bare CdS exhibits low driving force toward 
water reduction and its activity strongly depends on the exposed surface area. On the other 
hand, the mixed Cd-Zn sulfides have higher photocatalytic activity due to the higher energy 
of the conduction band.21,22 Faster kinetics of water reduction reaction on Cd0.5Zn0.5S make 
them less sensitive to the dispersion of sulfide particles on titania, resulting in similar activities 
of p-Cd0.5Zn0.5S and p-Cd0.5Zn0.5S@TiO2.
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Figure 4.4 Steady-state photoluminescence spectra (325 nm excitation) of precipitated and hydrothermal sulfides, 
their composites with bare and platinized TiO2 (a)–(d) and standalone TiO2 and Pt-TiO2 samples. under 325 nm 

excitation. Note: the sharp component at ca. 660 nm arise from the luminescence of fused silica optical fiber35, the 
fluctuation of the signal intensity above 750 nm results from the Etaloning effect of the thin, 

back-illuminated EM-CCD sensor in the NIR range 36
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When p-CdS@Pt-TiO2 and p-Cd0.5Zn0.5S@Pt-TiO2 are included in this comparison, one 
can see that the activity increases in the order sulfide ≤ composite with TiO2 < composite 
with Pt-TiO2 (Table 4.1). The difference in activity is much higher for the p-CdS-based 
system (three-fold increase) than for the mixed sulfide (25% improvement). Similar to the 
previous case, this discrepancy can be explained by the low energy of the conduction band 
electrons in CdS.37 The heterojunction with Pt-TiO2 opens a pathway for efficient utilization 
of photogenerated electrons by transferring them from p-CdS to TiO2 and further to Pt sites 
where they can facilitate the hydrogen evolution reaction with low overpotentials.24,34 This 
leads to a three-fold increase of photocatalytic activity (Table 4.1) consistent with the findings 
of Park et al.24 Mixed sulfide particles, having a more negatively positioned conduction 
band,21,22 compete with Pt centers in the water reduction reaction. Thus, under visible light 
irradiation, most of the hydrogen is produced on the sulfide component of p-Cd0.5Zn0.5S@Pt-
TiO2 and not on Pt-TiO2 which results in a less prominent activity increase. More evidence 
supporting this hypothesis is provided further in the text.

 
Figure 4.5 Pt 4f core-level X-ray photoelectron spectra of 0.5 wt.% Pt-TiO2 samples: 

as-prepared (a) and poisoned (b).
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Table 4.3 XPS analysis of the binding energies of main elements composing samples

Sample BE ref.
Binding energy of the core-level lines / eV

Cd 
3d5/2

Zn 2p3/2 S 2p3/2
Ti 

2p3/2
O 1s* C 1s

p-CdS C 1s 405.1 – 161.3 – – 284.8
p-CdS@TiO2 Ti 2p3/2 405.0 – 161.2 458.6 529.8 284.7

p-CdS@Pt-TiO2 Ti 2p3/2 405.0 – 161.2 458.6 529.9 284.2
h-CdS C 1s 405.3 – 161.6 – – 284.8

h-CdS@TiO2 Ti 2p3/2 404.9 – 161.2 458.6 529.8 284.4
h-CdS@Pt-TiO2 Ti 2p3/2 404.8 – 161.2 458.6 529.9 284.6

p-Cd0.5Zn0.5S C 1s 405.1 1021.9 161.6 – – 284.8
p-Cd0.5Zn0.5S@

TiO2
Ti 2p3/2 404.9 1021.7 161.3 458.6 529.9 284.5

p-Cd0.5Zn0.5S@
Pt-TiO2

Ti 2p3/2 404.9 1021.6 161.1 458.6 529.8 284.6

h-Cd0.5Zn0.5S C 1s 404.8 1021.7 161.3 – – 284.8
h-Cd0.5Zn0.5S@

TiO2
Ti 2p3/2 404.9 1021.8 161.4 458.6 529.8 284.6

h-Cd0.5Zn0.5S@
Pt-TiO2

Ti 2p3/2 404.8 1021.7 161.3 458.6 529.8 284.4

TiO2 P25 Ti 2p3/2 – – – 458.6 529.9 284.5
* Binding energy of the lattice oxygen component of O 1s spectrum
Underlined values – binding energies(BE) used for charge compensation

Poisoning of Pt co-catalyst. The electron transfer from sulfides to TiO2 was indirectly 
found to be more efficient in hydrothermally prepared composites than in the precipitated 
counterparts. However, this cannot explain why the activity of h-Cd0.5Zn0.5S@Pt-TiO2 was 
just half of the h-Cd0.5Zn0.5S activity and why h-CdS@Pt-TiO2 was the least active composite 
containing Pt-TiO2 (Table  4.1). Taking into account the observed discrepancies one can 
suggest that the Pt co-catalyst was affected by the hydrothermal treatment.

The core level binding energies of Zn, Cd, S, Ti and O were similar for all composites 
irrespective of the preparation method (Table 4.3). Reliable analysis of the Pt state in the 
composites was complicated by the low metal content (ca. 0.25 wt.% Pt, Table 4.4) and the 
overlap of Pt 4f and Cd 4p core level lines.38 To evaluate the influence of the hydrothermal 
treatment on the Pt co-catalyst, we analyzed and compared two Pt-TiO2 samples. One sample 
was used as prepared (Pt-TiO2), while the other (s-Pt-TiO2) was subjected to a hydrothermal 
treatment resembling the synthesis of composites: 24 h, 453 K, 1.0 M CH3COONa in the 
presence of 4.1 × 10–4 mol thioacetamide. This amount of thioacetamide represents 10% 
excess of sulfur used in synthesis, which is expected to be in contact with Pt particles over 
a long period of time while the rest forms insoluble sulfides. The Pt 4f XPS spectra of Pt-
TiO2 and s-Pt-TiO2 are shown in Figure 4.5. The asymmetric line shapes and low binding 



Photocatalytic water reduction with mixed Cd-Zn sulfides / TiO₂ composites

68

energies evidence the presence of metallic Pt. The binding energy of Pt 4f7/2 line was slightly 
higher for the sample subjected to the hydrothermal treatment (70.3 and 70.6 eV for Pt-TiO2 
and s-Pt-TiO2, respectively). Both values were lower than the binding energy of the Pt 4f7/2 
line in polycrystalline metal samples (ca. 71.0 eV),39 yet agreed well with the values reported 
for supported Pt nanoparticles.40,41 The presence of small Pt nanoparticles in these samples 
was confirmed by TEM analysis, which returned 2.2 nm and 2.3 nm for the mean size of 
Pt particles in Pt-TiO2 and s-Pt-TiO2 samples, respectively (Figure 4.6). This difference in 
particle sizes could account for the observed differences in binding energies. The atomic Pt-
to-Ti ratio, as extracted from the normalized areas of Ti 2p3/2 and Pt 4f7/2+5/2 lines, was similar 
in both samples, i.e. 0.0074 for Pt-TiO2 and 0.0071 for s-Pt-TiO2. This agreed well with the 
results of the ICP-OES elemental analysis (Table 4.4) and confirmed that the hydrothermal 
treatment did not cause leaching of platinum. Moreover, no sulfur was detected by XPS in 
either of the samples, setting its amount to below the detection limit of the instrument, which 
is expected to be around 1.0 wt.% for light elements.

Given the probing depth of XPS and the mean Pt particle size of 2.2–2.3 nm (Figure 4.6), 
XPS data shown in Figure 4.5 reflect the bulk of the Pt particles rather than only their surface. 
Thus, we explored CO adsorption in an FTIR analysis to selectively probe the surface of the 
co-catalysts before and after the hydrothermal treatment (Figure 4.7). At room temperature 
carbon monoxide strongly adsorbs on metallic Pt42,43 but not on TiO2.

44 The CO adsorption on 
Pt results in the appearance of a distinctive IR band in the 2100-2050 cm–1 spectral region 42,43. 
When Pt-TiO2 was exposed to 0.13 mbar CO, three bands emerged in the IR spectrum: main 
bands at 2063 cm–1 and 1830 cm–1 along with a small sharp band at 2115 cm–1 (Figure 4.7a). 
The bands at 2063 cm–1 and 1830 cm–1 correspond to linear and bridged adsorption

Table 4.4 ICP-OES elemental analysis of the photocatalyst samples

Sample Zn/Cd by mol sulfide wt.% Pt wt.%

p-Cd0.5Zn0.5S 1.01 N.A. N.A.
h-Cd0.5Zn0.5S 0.99 N.A. N.A.
p-CdS@TiO2 N.A. 47.3 N.A.

p-CdS@Pt-TiO2 N.A. 47.9 0.250
p-CdS@s-Pt-TiO2 N.A. 48.6 0.245

h-CdS@TiO2 N.A. 50.4 N.A.
h-CdS@Pt-TiO2 N.A. 50.3 0.261

p-Cd0.5Zn0.5S@TiO2 1.02 48.2 N.A.
p-Cd0.5Zn0.5S@Pt-TiO2 1.01 49.0 0.254

p-Cd0.5Zn0.5S@s-Pt-TiO2 1.01 49.9 0.253
h-Cd0.5Zn0.5S@TiO2 1.01 50.4 N.A.

h-Cd0.5Zn0.5S@Pt-TiO2 0.99 50.6 0.287
Pt-TiO2 N.A. N.A. 0.548

s-Pt-TiO2 N.A. N.A. 0.534
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Figure 4.6 TEM nanalysis of the Pt particles sizes distribution in Pt-TiO2 (a) and s-Pt-TiO2 (b) samples.

of CO on Pt0.42,43 The band at 2115 cm–1 can be assigned to CO adsorbed on isolated Pt atoms.45 
The behavior of s-Pt-TiO2 in response to CO exposure was different. No bands were observed 
at 0.1 mbar CO and only a very weak band appeared at 2104 cm–1 when the partial pressure 
of CO was increased to 1.0 mbar (Figure 4.7b). The band position and its low intensity 
indicate that the surface of Pt particles was no longer metallic after hydrothermal treatment. 
It might be that a PtS surface layer formed.46 Similar to s-Pt-TiO2, no bands of CO adsorbed 
on metallic Pt were detected for h-Cd0.5Zn0.5S@Pt-TiO2. Hence, poisoning of hydrogen 
evolution sites (i.e. Pt nanoparticles) can explain why h-CdS@Pt-TiO2 was less active than  
p-CdS@Pt-TiO2 and why the activity of h-Cd0.5Zn0.5S@Pt-TiO2 was significantly lower than 
that of the corresponding bare sulfide (Table 4.1).

Effect of Pt poisoning on the activities of composite photocatalysts. In order to evaluate 
how Pt poisoning influenced the performance of different composite photocatalysts, we reduced  
h-CdS@Pt-TiO2 and h-Cd0.5Zn0.5S@Pt-TiO2 in a mixed flow of H2 (5 mL/min) and He 
(25 mL/min) for 3 h at 573 K. In addition, p-CdS@s-Pt-TiO2 and p-Cd0.5Zn0.5S@s-Pt-TiO2 
(composite photocatalysts with poisoned s-Pt-TiO2) were prepared by room temperature 
precipitation to further evaluate the electron transfer efficiency in these composites and to 
elucidate whether the hydrogen evolution reaction predominantly takes place on Pt-TiO2 
or on sulfide particles. Photocatalytic activities, BET surface areas and bandgaps of these 
samples are shown in Figure 4.8. XRD patterns of the samples were similar to those shown in 
Figure 4.2. Pt poisoning influenced the performance of composites with CdS and Cd0.5Zn0.5S 
in different ways. p-CdS@s-Pt-TiO2 was 25% less active than p-CdS@Pt-TiO2, while the 
activities of p-Cd0.5Zn0.5S@s-Pt-TiO2 and p-Cd0.5Zn0.5S@Pt-TiO2 were identical (Figure 4.8a).
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Figure 4.7 DRIFT spectra of Pt-TiO2 (a) and s-Pt-TiO2 (b) in the presence of CO. Notations of the platinum 

species: Pt0
np – metallic nanoparticles, Pt1 – isolated atoms, Ptd+ – oxidized species.

Hydrothermally prepared samples behaved similar. Reduction of Pt increased 
activity of h-CdS@Pt-TiO2 from 20 to 50 mmol(H2)/h, but had only a minor effect on  
h-Cd0.5Zn0.5S@Pt-TiO2 (Figure 4.8b) despite the fact that the presence of metallic Pt in this 
sample was confirmed by CO adsorption with FTIR analysis.

These results are in line with the earlier formulated conclusions. First of all, the presence of 
active hydrogen evolution sites is important for photocatalytic water reduction on CdS-based 
composites, which makes them more sensitive to S poisoning of Pt. The minor influence of 
Pt-poisoning on the activity of the composites containing Cd0.5Zn0.5S supports the hypothesis 
that on these composite photocatalysts hydrogen production predominantly takes place on 
sulfide particles rather than on Pt-TiO2. Secondly, Pt poisoning had a more prominent effect on 
the activities of hydrothermally prepared composites than on their precipitated counterparts 
(Figure 4.8). This agrees with the fact that in hydrothermally prepared composites a large 
fraction of photogenerated electrons is transferred from the sulfide to titania. These electrons 
can only facilitate the water reduction reaction on Pt particles due to the low activity of bare 
TiO2 towards the hydrogen evolution reaction. Therefore, the more efficient the electron 
transfer is, the more sensitive the system becomes to co-catalyst poisoning.
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Figure 4.8 Results of the photocatalytic activity tests, bandgaps and BET surface areas of the composites containing 
poisoned (patterned bars) or metallic (solid bars) Pt nanoparticles. Materials prepared by co-precipitation (a) and 

by the hydrothermal synthesis (b).

Parameters limiting photocatalytic activity of the composite materials. Figure 4.8 
shows that photocatalytic activities of p-CdS@Pt-TiO2, p-Cd0.5Zn0.5S@Pt-TiO2 and reduced 
h-CdS@Pt-TiO2 were almost identical (ca. 50 mmol/h), and only h-Cd0.5Zn0.5S@Pt-TiO2 
showed better performance. The activity trends did not correlate with the light harvesting 
properties of the materials (Table 4.1), the intrinsic activities of the sulfide components 
(Table 4.2) nor the efficiency of electron transfer from sulfides to TiO2. This rules out that 
these parameters limit the overall performance of the composite systems. Moreover, the 
influence of the sulfide present in the sacrificial solution on the kinetics of the hydrogen 
evolution reaction on Pt particles or the reduction of holes in the valence band of sulfide 
can be excluded as well. This is because platinized sulfides, except for p-CdS, were more 
active than the composites in the same sacrificial solution (Table 4.2). Moreover S2– did 
not affect the photocatalytic activity of Pt-TiO2 which showed similar activity in 10 vol.% 
CH3OH with and without 0.25 M Na2S (230 mmol(H2)/h and 224 mmol(H2)/h, respectively).

Another parameter that influences the photocatalytic activity of the composite system is  
the transport of the electrons injected in TiO2 to Pt centers (Scheme 4.1, process v). All studied 
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composite materials share the use of TiO2 P25 independent of the sulfide composition and 
preparation method. It is known that the mobility of conduction band electrons in TiO2 is low 
due to the trapping/detrapping transport mechanism,47 which limits the performance of, for 
instance, TiO2-based dye-sensitized solar cells.48 The conclusion that the performance of the 
studied composites is limited by slow electron transport in TiO2 may seem contradictory to 
the high activity of Pt-TiO2 photocatalysts under UV irradiation (230 mmol(H2)/h for 0.2 g/L 
loading in the PEEK cell). However, one should take into account that in these two instances 
conduction band electrons are generated in a different way. Excitation of Pt-TiO2 with UV 
light (l < 400 nm) leads to the formation of electron-hole pairs close to the surface of a particle 
where electrons can reach nearby Pt clusters and facilitate water reduction reaction and holes 
oxidize the sacrificial reagents. On the contrary, for composite photocatalysts (Scheme 4.1) 
visible light excitation (l > 420 nm) generates charge carriers in sulfides particles and not in 
TiO2. Then the holes oxidize sacrificial reagents and part of electrons facilitate reduction of 
water on the sulfide surface, while the rest is transferred to the conduction band of TiO2.

15 
If the sulfide-oxide interface is far from the Pt centers, then the low mobility of electrons 
hampers their diffusion to hydrogen evolution centers and limits photocatalytic activity of 
the material.

The detrimental effect of the low electron mobility in TiO2 was most evident for the 
h-Cd0.5Zn0.5S@Pt-TiO2 due to the high photocatalytic activity of bare h-Cd0.5Zn0.5S (Table 4.1). 
However, the deteriorating effect of Pt-TiO2 on h-CdS or p-Cd0.5Zn0.5S becomes apparent 
only when the activities of these platinized sulfides are taken into account (Table  4.2). 
p-CdS was the only sample, for which formation of the composite with Pt-TiO2 had a 
positive effect (Table 4.1). The intrinsic activity of this sulfide was the lowest (Table 4.2). 
Thus, the heterojunction with Pt-TiO2 substantially improved charge separation and overall 
photocatalytic activity of the material in correspondence with literature.24,25 Yet, we argue that 
this positive effect for this particular sample veils the limitations of the studied approach for 
the optimization of the activity of the transition sulfide-based composite photocatalyst in the 
water reduction reaction.

4.4 Conclusion

The visible-light driven photocatalytic reduction of water with composite materials 
consisting of transition metal sulfides and Pt-TiO2 was investigated in detail. All composites 
with Pt-TiO2 demonstrated similar activities despite the differences in their bandgaps, 
BET surface areas, transfer of conduction band electrons and intrinsic activities of sulfides. 
Moreover, in all cases, except for precipitated CdS, sulfide/Pt-TiO2 composite photocatalysts 
were substantially less active than the corresponding standalone platinized sulfides. The 
systematic study revealed that efficiency of the composite materials was hampered by the 
low mobility of the conduction band electrons in TiO2. In addition to this, we found that 
the mechanism of photocatalytic water reduction on CdS- and Cd0.5Zn0.5S-based materials 
was different. The CdS/Pt-TiO2 system is sensitive to Pt poisoning, because the conduction 
band electrons in CdS have a low driving force toward water reduction and substantial part 
of hydrogen is produced on the Pt-TiO2 component rather than on sulfide particles. Bare Cd-
Zn sulfides have substantially higher photocatalytic activity toward the hydrogen evolution 
reaction. Therefore, in Cd0.5Zn0.5S-based composites sulfide particles compete with Pt-TiO2 in 
water reduction making these photocatalysts less sensitive to the state of Pt.
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Chapter 5
Influence of adsorbed water on charge carrier dynamics 
in photoexcited TiO₂
Summary

Overall photocatalytic water splitting is one of the most sought after processes for sustainable 
solar-to-chemical energy conversion. The efficiency of this process strongly depends on charge 
carrier recombination and interaction with surface adsorbates at different time scales. Here, 
we investigated how hydration of TiO2 P25 affects dynamics of photogenerated electrons 
at the s–min time scale characteristic for chemical reactions. We used rapid-scan diffuse-
reflectance infrared Fourier transform spectroscopy (DRIFTS). The decay of photogenerated 
electron absorption was substantially slower in the presence of associated water. For hydrated 
samples, the charge carrier recombination rates followed an Arrhenius-type behavior in 
the temperature range of 273–423 K; these became temperature-independent when the 
material was dehydrated at temperatures above 423 K or cooled below 273 K. A DFT+U 
analysis revealed that hydrogen bonding with adsorbed water stabilizes surface-trapped holes 
at anatase TiO2(101) facet and lowers the barriers for hole migration. Hence, hole mobility 
should be higher in the hydrated material than in the dehydrated system. This demonstrates 
that adsorbed associated water can efficiently stabilize photogenerated charge carriers in 
nanocrystalline TiO2 and suppress their recombination at the time scale up to min.

This chapter is published in J. Phys. Chem. C 2017 DOI: 10.1021/acs.jpcc.7b00472
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5.1. Introduction

Production of liquid or gaseous fuels (e.g. H2, formic acid, alcohols or light hydrocarbons) 
by solar energy driven water splitting and carbon dioxide reduction can be a promising 
alternative to fossil fuels.1,2 Conceptually, production of solar fuels requires only a suitable 
photocatalytic material that combines light harvesting and redox functions, sun light and 
the raw material (i.e. H2O and CO2). However, the energy conversion efficiency of most 
semiconductor-based systems remains low (in most cases < 1 %) due to a mismatch between 
the lifetime of photogenerated charge carriers (fs–ns) and slow kinetics of the redox reaction 
(ms–min), resulting in severe electron-hole recombination. Typical photocatalysts are 
inorganic semiconductors and titanium dioxide is the most widely studied material.3,4 This 
wide-bandgap (3.0 – 3.2 eV) oxide finds application in water splitting,4 dye-sensitized solar 
cells,5 and photocatalytic remediation of pollutants.6 This chapter is devoted to investigation 
of the charge carrier dynamics in this material at the s–min time scale and how they couple 
to surface redox processes. Over the last decades, titania has become a 'guinea pig' of 
photocatalytic research and the mixed-phase nanocrystalline Aeroxide P25 consisting of ca. 
75–80% anatase and 25–20% rutile is an example of a TiO2-based material which has attracted 
substantial attention of researchers and is frequently used as benchmark photocatalyst.7–13

The charge carrier dynamics in TiO2-based materials have been investigated by 
different spectroscopic techniques such as transient microwave conductivity (trMC),14 
photoluminescence (PL),15 transient absorption spectroscopy (TAS),16 electronic paramagnetic 
resonance (EPR),17 and stimulated desorption.18 These methods provide information about 
charge carrier trapping and recombination (trMC, TAS, stimulated desorption) as well as the 
nature (EPR) and depth (PL) of the trap states. This work utilizes infrared spectroscopy as a 
versatile tool which can simultaneously assess light-induced changes of surface groups and 
adsorbates,19–21 and probe the excess of major charge carrier generated in semiconducting 
materials.8–10,22,23 As discussed in Chapter 2, both free conduction band and shallow trapped 
electrons (CBE and STE, respectively) interact with electromagnetic irradiation and give rise 
to specific electronic absorption in the IR region. Absorbance due to CBE is featureless and 
its intensity exponentially increases with the decrease of the probing light energy (2.7) while 
STE manifest themselves by broad structured bands (2.8).24 

Even though charge carrier dynamics in TiO2-based materials have been extensively 
studied over the last decades,8–13,23,25,26 there are still some discrepancies regarding the role 
of surface hydroxyls and adsorbed water in trapping and recombination of photogenerated 
charge carriers. For instance, it has been reported that dehydroxylation of TiO2 at elevated 
temperatures slows down the decay of photogenerated electron absorption from minutes to 
hours.8 On the contrary, a recent time-resolved IR study revealed that water adsorbed on 
nanocrystalline anatase increases the yield of photogenerated electrons and slows down their 
recombination at the ps–ns time scale due to trapping of photogenerated holes by adsorbed 
water.26 In keeping with this, Panarelli et al. showed that surface-trapped holes in TiO2 only 
exist in the presence of adsorbed water.17

In this work we investigated how hydration of TiO2 P25 affects the dynamics of 
photogenerated electrons at the s–min time scale in order to better understand its effect on 
charge carrier trapping and recombination. To this end, we used rapid scan time-resolved 
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diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS). We found that 
dehydration of TiO2 at T > 423 K accelerates charge carrier recombination and leads to the 
reversible hysteresis of charge carrier dynamics. Oxidative treatment altered hydration state 
of TiO2 P25 and induced formation of a prominent STE signal  and slowed down its decay 
rates. Temperature-dependent measurements revealed low activation energies of the electron 
absorption decay rates in hydrated samples. Ab initio DFT+U analysis of the holes trapped 
on anatase TiO2(101) revealed that they are more stable and mobile on hydrated surface 
then in the dehydrated system. These findings demonstrate that adsorbed associated water 
stabilizes surface-trapped photogenerated holes in TiO2 P25 and suppresses charge carrier 
recombination at the s–min time scale characteristic for chemical reactions.

5.2. Experimental and computational methods

Materials, characterization and FTIR spectroscopy. Commercial mixed-phase 
TiO2 (Aeroxide P25, Evonik Industries) was used in all experiments. The material was 
characterized by bright field TEM, powder XRD, diffuse-reflectance UV-Vis, and liquid 
nitrogen physisorption. Instrumentation, settings and data processing are described in detail 
in Chapter 2. Steady-state and time-resolved rapid scan diffuse-reflectance Fourier transform 
infrared spectroscopy (DRIFTS) measurements were carried out on the setup described in 
Chapter 2.2.3. For rapid scan measurements, temporal profiles of the IR signal at particular 
wavenumbers were extracted by Bruker OPUS 7.5 from the 3D data blocks consisting of 
transient spectra stacked against the delay time. Resulting temporal profiles were processed 
in Origin 9.0. In case the signal-to-noise ratio was poor, results of several independent 
measurements were averaged during data processing. O2 (≥ 99.95%), H2 (≥ 99.999%) and 
Ar (≥ 99.999%) gasses were supplied by Linde and passed through moisture and/or oxygen 
filters (Agilent technologies). The 325 nm emission line of a continuous-wave He-Cd laser 
(Kimmon Koha) was used to irradiate samples. The light intensity at the fused silica window was  
ca. 10 mW/cm2 in all experiments. Exposure of the sample (60 s for time-resolved 
measurements) was controlled by a software script and an optical shutter (Thorlabs). The 
spectrometer was used as the master in all experiments.

Sample treatment. Titania samples were pretreated in five different ways. Untreated 
TiO2 (sample i) was prepared by keeping as-delivered TiO2 P25 in the spectroscopic cell 
under dynamic vacuum (p < 10–3 mbar) for 4–5 h at 293 K prior to the experiments. Room-
temperature dehydrated TiO2 (sample ii) was prepared by keeping as-delivered TiO2 P25 
at 293 K under dynamic vacuum for 36 h. Dehydrated titania (sample iii) was prepared by 
heating TiO2 to 623 K for 1–2 hours under dynamic vacuum followed by cooling to room 
temperature under static vacuum. Rehydrated sample (sample iv) was prepared with the same 
procedure as sample iii but the sample was kept for 16 h in 300 mbar dry Ar after cooling 
down to 293 K. Residual water in the Ar stream (< 0.1 ppm) and water desorbed from the 
cell interior rehydrated the sample during this hold time. The oxidized sample (sample v) was 
prepared by heating titania to 523 K under dynamic vacuum, followed by irradiation with a 
325 nm laser (10 mW/cm2) under static vacuum for 1 h. Subsequently, the reaction chamber 
was filled with 50 mbar O2 and the sample was irradiated with the UV light again until a 
stable spectrum was obtained. After this, the reaction chamber was evacuated, refilled with 
50 mbar O2, cooled to room temperature, and then the sample was exposed to UV light for 30 
min in the presence of oxygen. The resulting material (sample v) was stored in 300 mbar O2 
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overnight in dark prior to further spectroscopic experiments. The color of TiO2 samples did 
not turn blue or grey upon prolonged evacuation and/or heating, which indicated that no 
substantial reduction of the studied materials took place during treatment.

Computational analysis. All calculations were performed using the Vienna ab initio 
simulation package (VASP).27 The ion-electron interactions were represented by the projector-
augmented wave (PAW) method28 and the electron exchange-correlation by the generalized 
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional.29 We carried out spin-polarized calculations. The Kohn-Sham valence 
states were expanded in a plane-wave basis set with a cut off energy of 400 eV. We have used 
the DFT+U approach, in which U is a Hubbard-like term describing the on-site Coulombic 
interactions.30 This approach improves the description of localized states in titania, where 
standard LDA and GGA functionals fail. The values of U (Ti) = 4.2 eV and U (O) = 5.25 eV 
were applied to the Ti 3d and O 2p states, which have been used previously to successfully 
localize the electrons and holes in n- and p-type defect states in titania, in agreement with 
experimental EPR data.31

Сalculated GGA + U lattice parameters for anatase titania were a = 3.907 Å and 
c = 9.724  Å.32 The anatase TiO2 (101) surface – the most abundant and most stable facet 
exposed in TiO2 P25 – was modeled by a periodic slab using a 3×3 supercell consisting of 
seven layers of in total 63 TiO2 units. The vacuum gap was set to 15 Å. The bottom three layers 
were frozen to their bulk position and the four top Ti–O–Ti layers were allowed to relax. 
Twelve water molecules were adsorbed on anatase TiO2 (101) surface to simulate the hydrated 
interface (Figure 5.9). Due to the large cell size, k-point sampling was restricted to the Γ-point. 
The climbing image nudged-elastic band (CI-NEB) algorithm33,34 was used to identify the 
transition states for the trapped hole migration on the anatase TiO2 (101) surface.

5.3 Results and discussion

Dynamics of photogenerated electrons in untreated TiO2 P25. The dark survey spectrum 
of untreated P25 TiO2 (sample i) is shown in Figure 5.1. The most prominent bands at 
ca. 3400 cm–1 and 1622 cm–1 correspond to the stretching and bending vibrations of 
adsorbed associated water, respectively.35–37 The presence of hydroxyls on the anatase and 
rutile phases was evident from the bands at 3716 cm–1, 3693 cm–1, 3680 cm–1, 3658 cm–1, 
and 3631 cm–1. The bands in the 2980–2840 cm–1 region indicate the presence of hydrocarbon 
moieties while those at 1554 cm–1 and 1439 cm–1 can be attributed to oxygenates and/or 
carbonates. These organic compounds resulted from adsorption of ambient contaminants on 
as-delivered TiO2 P25.38,39

When the untreated sample i was exposed to 325 nm irradiation, a broad featureless 
absorption band developed in the 2900–1000 cm–1 region while the IR bands of adsorbed 
water and surface hydroxyls decreased in intensity (Figure 5.2). These spectral changes 
reversed in the dark. Intensity of the featureless absorption band increased toward lower 
wavenumber and could be reliably fit with function (2.7) characteristic for CBE. The best fit 
was achieved with n = 1.6 ± 0.1 in good agreement with previous reports.8–12,23 This band was 
hardly affected by addition of Ar, while molecular oxygen substantially quenched its intensity, 
which further confirms its assignment to photogenerated electron.
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Figure 5.1 Left – room-temperature dark DRIFT spectra of untreated sample i, dehydrated sample iii, oxidized 
sample v in static vacuum. Right – zoomed in O–H stretching region. 

Note: the spectra are vertically offset for convenience.

Similar to previous reports,8–12 the decay rates of the photogenerated electron absorption 
band were wavenumber-independent in the 2900–1000 cm–1 range. Therefore, we monitored 
its transient behavior at 1205 cm–1, where no molecular bands were present (Figure 5.3, black 
curve). The electron absorption decay in the dark showed a complex behavior. Within the first 
minute the signal intensity decreased to ca. 30% of its initial value and then decayed to zero 
at much slower rates. A reliable fit of the initial part of the kinetic curve was achieved with 
either a second-order decay or a sum of two exponents. Both models gave similar R2 values 
and half-life times of the signal decay: (11.8 ± 0.3) s (Table 5.1). The slow signal decay from 
ca. 1 min onward followed first-order kinetics with the half-life time of 2 min. No reliable fit 
of the kinetic curves in the broad time range (≥ 5 min) could be achieved when only a second 
order or a two-exponential model was used but a sum of first and second order decays or a 
three-exponential model was needed.

Such a complex decay of the photogenerated electron absorption may stem from different 
phenomena. First, if the observed signal originates from well-defined single species (i.e. CBE), 
then faster and slower decay components can correspond to at least two different charge 
carrier recombination channels. For instance, a faster second order decay can correspond 
to bimolecular recombination of trapped electrons and holes, while a slower first order 
component may be due to defect-assisted recombination.8 Second, both CBE and STE may 
contribute to the broad absorption band formed in the low-wavenumber region under UV 
irradiation (Figure 5.2).24 In this case, faster and slower decay components may arise from the 
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Figure 5.2 Room-temperature DRIFT difference spectrum of untreated TiO2 P25 (sample i) in a static vacuum 
under 325 nm irradiation (black curve) and the exponential fit of the experimental data (grey curve). 

Inset – zoomed in O–H stretching region.

recombination of photogenerated holes with CBE and STE, respectively. Finally, a combination 
of both situations cannot be excluded, which severely complicates the development of a 
reliable analytical model. In this study we opted for the sum of first and second order decays 
to fit the data over a broad time range while the second order decay kinetics was used to fit 
fast initial decay of the signal.

Faster charge carrier recombination in dehydrated TiO2 P25. Szczepankiewicz et al. have 
previously reported that dehydroxylation of TiO2 P25 slows down the decay of photogenerated 
electrons from minutes to hours.8 On the other hand, a recent study of photogenerated 
electron dynamics at the ps–ns time scale shows that adsorbed water suppresses charge 
carrier recombination in anatase TiO2.

26 In order to evaluate whether adsorbed water has a

Table 5.1 Half-life time of the second-order signal decay at 1205 cm–1 (293 K, vacuum).

Sample TiO2 Treatmenta τ1 / s τ2 / min

i untreated 11.8 ± 0.3 1.8 ± 0.5
ii room-temperature dehydrated 4.0 ± 0.2 N.A.
iii dehydrated at 623 K 2.9 ± 0.5 N.A.
iv rehydrated 13.2 ± 0.8 2.0 ± 0.6
v oxidized 61.5 ± 2.0 3.6 ± 0.5

a – for details on sample treatment see experimental section
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Figure 5.3 Decay profiles of the photogenerated electron absorption at 1205 cm–1. TiO2 P25 samples subjected to 
different treatments: untreated sample i, sample iii dehydrated at 623 K, rehydrated sample iv, oxidized sample v. 
Inset – normalized decay curves of untreated and rehydrated samples. Temporal profiles were recorded after 60 s 

exposure to 325 nm irradiation at 293 K under static vacuum.

positive or an adverse effect on the charge carrier recombination at the s–min time scale, we 
studied photogenerated electron absorption dynamics in the material which was dehydrated 
under dynamic vacuum (p < 10–3 mbar) at 623 K (sample iii). The room temperature dark 
DRIFT spectrum of this sample is shown in Figure 5.1. As expected, for this sample the 
intensities of adsorbed water and surface hydroxyls bands were substantially lower than for 
untreated TiO2. The O–H stretching region of sample iii contained two well-resolved bands at 
3716 cm–1 and 3673 cm–1, while the bands at 3680 cm–1, 3658 cm–1 and 3631 cm–1 were almost 
absent (Figure 5.1). The bending vibration band of adsorbed water at 1620 cm–1, which was 
absent in the spectrum recorded at 623 K (Figure 5.4), reappeared upon cooling, but with 
lower intensity than before the treatment. The broad band of hydrogen-bonded hydroxyls and 
associated water (3400 cm–1) was diminished to a weaker well-resolved feature at 3460 cm–1. 
This band can be assigned to the asymmetric stretching mode of water molecules present in 
the form of small clusters (Table 5.2).48

The difference spectrum formed in sample iii under 325 nm irradiation is shown in 
Figure 5.5, black curve. UV excitation decreased intensities of the bands at 3618 cm–1, 
3460 cm–1, 3090 cm–1 and 1621 cm–1, while a well-resolved band at 3690 cm–1 and a broad feature 
in the 1600–900 cm–1 region emerged. The band at 3618 cm–1 was due to surface hydroxyls of 
rutile TiO2 while the 3460 cm–1 and 1621 cm–1 bands corresponded to stretching and bending 
vibrations of adsorbed water, respectively. The band at 3690 cm–1 can be ascribed to water 
dissociatively adsorbed on anatase and/or rutile TiO2 (Table 5.2).43,44 The broad absorption
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Figure 5.4 Dark DRIFT spectra of untreated TiO2 P25 upon stepwise heating to 723 K under vacuum, 
temperatures are indicated in the plot.

Figure 5.5 Difference room-temperature DRIFT spectra of dehydrated sample iii (black) 
and rehydrated sample iv (grey) TiO2 P25 in static vacuum under 325 nm irradiation.



Chapter 5

85

feature formed in the region below 1600 cm–1 could be fit with function (2.7) and its intensity 
was quenched in the presence of O2, confirming its CBE origin. Compared with sample i 
(Figure 5.2), this band had lower intensity, its onset shifted toward lower wavenumbers, and 
it decayed at substantially faster rates. The half-life decay time decreased from (11.8 ± 0.3) s 
to (2.9 ± 0.5) s upon TiO2 dehydration (Table 5.1). Moreover, in the dehydrated sample CBE 
absorption decayed to zero after already 30 s in the dark without a prominent slow component 
(Figure 5.3). Contrary to the work of Szczepankiewicz et al.,8 our results demonstrate the 
adverse effect of dehydration on the charge carrier lifetime in TiO2 P25.

When sample iii was left in the in situ DRIFTS low temperature reaction chamber in 300 mbar 
Ar for 16 h, it was partially rehydrated by residual water in Ar (< 0.1 ppm) and water desorbed 
from the internal cell walls (sample iv). This was evident by the bands at 3675 cm–1, 3655 cm–1, 
3630 cm–1 and 3400 cm–1 which reappeared in the IR spectrum but with lower intensities 
than before . Both the difference spectrum produced in sample iv by 325 nm irradiation 
(Figure 5.5) and the decay rates of the photogenerated electron absorption (Figure 5.3, inset) 
were similar to those of the untreated material (Figure 5.2), except for the intensities

Table 5.2 Characteristic IR bands and their assignment

This work, 
cm–1 Band assignment Literature 

values, cm–1 Ref.

3734 terminal O–H, anatase 3734 40,41
3715–3720 terminal O–H, anatase 3715 36,40,42

3690–3695 dissociatively adsorbed water on rutile and 
anatase TiO2

3693–3695 43,44

3683–3680 surface O–H, rutile 3680–3685 36,42
3673 terminal or bridged O–H, anatase 3675 36,41

3658 hydrogen-bonded or isolated surface  
O–H, rutile 3655 42,45

3631 dissociatively adsorbed water on 
nanocrystalline anatase 3630 40,46,47

3618 surface O–H, rutile 3615, 3610 35,45

3460 antisymmetric stretching of water in 
multimeric species 3455 48

3400 (broad) hydrogen-bonded adsorbed water 3400 35,49
2980–2840 –CH3, –CH2– stretching 2985–2840 38

2349 gaseous CO2 2349 38
1640–1620 water bending 1630–1605 36,37

1554 carboxylate antisymmetric stretching 1610–1550 38,39

1439 carboxylate symmetric stretching,  
–CH2– scissoring

1420–1300 
and 1480–

1440
38, 41



Influence of adsorbed water on charge carrier dynamics in photoexcited TiO₂

86

of these spectral features. This suggests that the amount of water adsorbed on titania strongly 
affects the apparent electron absorption intensity but not the room-temperature charge carrier 
dynamics. The reversible effect of dehydration and slower charge carrier recombination rates 
found for the hydrated samples (Table 5.1) demonstrate that adsorbed water substantially 
slows down electron-hole recombination in TiO2 at the s–min time scale.

Influence of adventitious organic adsorbates on charge carrier dynamics. The 
above discussed experimental results show that dehydration of TiO2 adversely affects both 
the intensity of photogenerated electron absorption and its lifetime. On the other hand, 
adventitious organic adsorbates can influence photogenerated charge carrier dynamics 
as well.8,9,50,51 The untreated TiO2 P25 exhibited vibrational bands at 2980–2840 cm–1, 
1554 cm–1 and 1439 cm–1 (Figure 5.1) due to hydrocarbons, organic oxygenates and/or 
carbonates (Table 5.2). In order to remove these adventitious adsorbates we oxidized the 
material at 523 K in 100 mbar O2. When the sample was heated in the dark, the intensities 
of the bands at 2980–2840 cm–1 decreased, a new band emerged at 2349 cm–1 and the bands 
at 1554 cm–1 and 1439 cm–1 became stronger. These spectral changes evidenced oxidation of 
adsorbates containing hydrocarbon moieties to gas phase CO2 and carboxylates (Table 5.2). 
After about 1 h, the intensities of these changes became stable and were not affected by 
the addition of oxygen or increase of the treatment time. The remaining hydrocarbons 
and formed carboxylates were further oxidized to CO2 when the material was irradiated 
with 325 nm light at 523 K in 100 mbar O2. When the resulting sample was cooled to room 
temperature either under static vacuum or in dry Ar, its behavior under UV irradiation did 
not differ from the dehydrated sample iii. This suggests that adventitious organic adsorbates 
had no significant effect on photogenerated electron dynamics at the s–min time scale.

Influence of oxidative post-treatment on TiO2 hydration and photogenerated electron 
absorption. Unlike adventitious organic adsorbates, changes of TiO2 hydration had a very 
prominent effect on the photogenerated electron absorption intensity, spectral appearance, 
and decay rates. When the oxidized sample was cooled to room temperature in 50 mbar 
O2 instead of Ar or vacuum (see previous section), exposed to 325 nm irradiation for 
30 min and stored overnight under the same O2 atmosphere (sample v), the survey DRIFT 
spectrum exhibited stronger bands of surface hydroxyls and adsorbed water compared with 
untreated titania (Figure 5.1). The O–H stretching region of sample v showed a prominent 
band at 3693 cm–1 of water dissociatively adsorbed on TiO2.

43,44 This band was also 
present in untreated titania but only as a shoulder (Figure 5.1). Other differences between 
samples i and v included a decreased intensity of the 3631 cm–1 band and appearance of 
the band at 3670 cm–1. The latter band was rather broad and could include superimposed 
3680   cm–1 and 3658 cm–1 bands. These changes agreed well with the notion that water 
adsorbs more easily on anatase TiO2 under UV irradiation in the presence of O2 than 
in an inert atmosphere.52

When sample v was exposed to 325 nm irradiation the bands of adsorbed water 
(3400 cm–1, 1631 cm–1) and surface hydroxyls (3693 cm–1, 3681 cm–1, 3670 cm–1,  and 3634 cm–1)  
decreased in intensity (Figure 5.6). This was accompanied by the appearance of the band at 
3734 cm–1 which was attributed to terminal hydroxyls of the anatase TiO2

40,41 and was not 
observed in the untreated sample (Figure 5.2). Another difference between samples i and v was
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Figure 5.6. Difference room-temperature DRIFT spectrum of oxidized P25 TiO2 (sample v) in static vacuum under 
325 nm irradiation and the fit of the experimental data with a set of STE bands and CBE absorbance.  

Inset – zoomed in O-H stretching region.

the rearrangement of the O–H bands under 325 nm irradiation. In sample i the 
bands at 3633 cm–1, 3667 cm–1 were affected the most, while in sample v the most 
prominent intensity change was observed for the 3671 cm–1 and 3693 cm–1 bands 
(insets in Figures 5.2 and 5.6, respectively). Yet the most striking difference between these 
two samples was the intensity and the structure of photogenerated electron absorption bands. 
Compared with the untreated material, the band formed in sample v had higher intensity 
and did not follow exponential function (2.7) but almost linearly increased toward lower 
wavenumbers evidencing formation of species other than CBE.

Shallow trapped electrons (STE) in oxidized TiO2 P25. The electron absorption formed 
in oxidized sample v under UV irradiation (Figures 5.6) was similar to the bands previously 
observed by Panayotov et al.24 The authors ascribed such bands to the overlapping absorption 
of the CBE and STE components – functions (2.7) and (2.8) respectively. Here, we adopted 
the model developed by Panayotov et al.24 to fit our experimental spectra (Figure 5.6). From 
this fitting, one can see that a substantial part of the signal corresponds to STE. This accounted 
for the stronger photogenerated electron absorption signal observed in sample v and may 
explain its slower decay rates in comparison with untreated titania (Table 5.1). Despite the 
substantially different decay rates, the absorption signal decay profiles of sample v exhibited a 
complex behavior similar to that of the untreated and rehydrated samples (Figure 5.3). First, 
the signal decayed to ca. 25 % of its initial value following the apparent second order decay 
kinetics with τ0.5 = (62 ± 2) s. Then, the remaining absorption relaxed to zero in an apparent 
first order process with τ0.5 = (3.6 ± 0.5) min (Table 5.1).
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Influence of hydration on the charge carrier recombination. Previous sections show 
that both the intensity of photogenerated electron absorption and its decay rates depend 
on TiO2 hydration. However, room-temperature measurements alone are insufficient 
to derive a reliable conclusion about the role of adsorbed water in the photogenerated 
charge carrier dynamics. This is because both CBE and STE can contribute to the apparent 
electron absorption (Figure 5.6). Moreover, the studied samples exhibited a number of 
stretching O–H bands whose positions and intensities were obscured by hydrogen bonding 
(Table  5.1). In order to understand how adsorbed water affects photogenerated charge 
carrier dynamics we studied the electron absorption decay rates as a function of temperature 
and pre-treatment (Figure 5.7).

Independent from the treatment, all hydrated samples showed two distinct regimes 
of the electron absorption decay. In the 293 – 423 K temperature range, the apparent 
decay rates exhibited Arrhenius-type behavior, while they did not vary with temperature 
above 423 K (Figure 5.7 a–d). It is worthwhile to mention that above 423 K the bands of 
associated water at 3400 cm–1 and 1622 cm–1, as well as the O–H bands at 3632 cm–1 and 3683 cm–1 
substantially decreased in intensity in comparison with lower temperatures (Figure  5.4). 
The dehydrated sample iii showed no apparent temperature-dependence of the charge carrier 
recombination rates in the temperature range 323 – 723 K. (Figure 5.7e). Above 523 K the 
DRIFT spectra of sample iii exhibited mainly the bands of terminal hydroxyls at 3720 cm–1 and 
3670 cm–1. Below this temperature the 3460 cm–1 band emerged in the survey DRIFT spectra.  

Figure 5.7 Temperature dependence of the characteristic electron absorption decay times found for the TiO2 P25 
samples subjected to different treatments: untreated sample i (a), rehydrated sample iv (b), oxidized sample v (c), 

sample ii dehydrated at room temperature for 36 h (d), sample iii dehydrated at 623 K (e), and untreated sample i at 
T < 273 K (f). Values in eV represent apparent activation energies derived from the linear regions of the plots.
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This band was attributed to stretching vibrations of water adsorbed in the form of small 
clusters48 and it was stable for at least 3–4 h after cooling to 293 K (Figure 5.1). Eventually, 
the broad absorption feature of associated water with the maximum at 3400 cm–1 and the 
bands at 3693 cm–1, 3670 cm–1 and 3630 cm–1 re-appeared in the survey DRIFT spectra 
evidencing rehydration of titania. Rehydration restored properties of the material under 
325 nm irradiation both at 293 K and elevated temperatures (Figure 5.7b). Hence, we surmise 
that the hysteresis of the photogenerated charge carrier dynamics observed in TiO2 upon its 
heating above 423 K related to the association of adsorbed water. This is because sample iii 
exhibited fast temperature-independent charge carrier recombination (Figure 5.7e) while its 
survey DRIFT spectra evidenced the presence of terminal hydroxyls and small clusters of 
adsorbed water  but not the associated water band. The latter indicates that neither terminal 
hydroxyls nor small water clusters can efficiently suppress electron-hole recombination in 
TiO2 P25 at the s–min time scale. These findings agree with a recent EPR study showing that 
surface-trapping of photogenerated holes is inefficient in anatase TiO2 dehydrated at 423 K.17 

From Figure 5.7, one can see that the apparent activation energies of the photogenerated 
electron absorption decay were almost identical for the untreated and rehydrated samples 
(0.08–0.09 eV) and slightly lower for the sample dehydrated at room temperature (0.06 eV). 
Although oxidized titania exhibited the slowest electron absorption decay rates and the 
highest apparent activation energy of 0.17 eV in the 293 – 423 K temperature range, charge 
carrier recombination was temperature-independent above 423 K (Figure 6c) similar to other 
hydrated samples. Consequently, differences in apparent activation energies and the electron 
absorption decay rates can be attributed to different hydration of the materials rather than 
their intrinsic properties.

Temperature-independent charge carrier recombination at 153 – 263 K. From the 
temperature-dependent plots (Figure 5.7 a–d) one can expect that cooling of the hydrated 
samples below 293 K can further slow charge carrier recombination. Contrary to this, we 
found that the photogenerated electron absorption decay rates were temperature-independent 
between 263 K and 153 K, yet slightly faster than at 293 K (Figure 5.7f). The intensity of 
electron absorption at these temperatures was substantially lower than at 293 K. Besides this, 
steady state spectra of untreated TiO2 changed when it was cooled below 273 K. The absorption 
bands at 3400 cm–1 and 1620 cm–1 became weaker, the shoulder at 3695 cm–1 disappeared 
and the 3720 cm–1 band grew in intensity compared with the sample at 293 K (Figure 5.8). 
As water could not desorb from titania under these conditions, the aforementioned spectral 
changes can be explained by perturbed interaction between the oxide surface and adsorbed 
water. For instance, the increase of the terminal hydroxyls band intensity at 3720 cm–1 can be 
interpreted as weakened hydrogen bonding between adsorbed water and surface hydroxyls.37

The origin of the apparent activation energy. Even though the apparent activation 
energies obtained in this work are difficult to assign to a specific process, these values, 
when combined with the effect of dehydration and low temperature, provide valuable 
phenomenological insights about the interplay of surface hydration and charge carrier 
dynamics in TiO2 P25 at the s–min timescale. First of all, these apparent activation energies 
are unlikely to directly correspond to water desorption. This is because the desorption energy 
is at least 0.6 eV and increases with decreasing water coverage (i.e. hydration)53 which does 
not agree with our findings. The hysteresis of the charge carrier dynamics observed upon
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Figure 5.8 Dark drift spectra of untreated TiO2 P25 under static vacuum at 293 K, 263 K and 153 K. 
Inset – zoomed O–H stretching spectral region.

dehydration/rehydration of titania and rather low apparent activation energies suggest that 
association of the oxide with adsorbed water can account for these phenomena. When 
temperature increases, hydrogen bonding among adsorbed water molecules54 and between 
water and oxide becomes weaker. This destabilizes trapped charge carriers, increases their 
recombination rates and results in the apparent activation energy. When association of 
adsorbed water is perturbed above 423 K, electron-hole recombination becomes temperature-
independent. The absence of apparent activation energy for the electron absorption decay 
at temperatures below 273 K (Figure 5.7f) can be understood by assessing the strength of 
hydrogen bonding through the shifts of the stretching O–H frequencies.54 As the O–H bands 
positions and intensities of sample i were almost identical at 153 K and 263 K (Figure 5.8), 
hydrogen bonding is expected to be similar in both cases. When association does not change 
with temperature the electron-hole recombination rates remain constant. 

Computational analysis of the surface-trapped hole migration on anatase TiO2 (101). 
Our experimental results showed that the rates of the photogenerated electron 
absorption decay in TiO2 P25 strongly depend on the hydration of titania and hydrogen 
bonding between the oxide and adsorbed water. These findings suggest that slowed 
down charge carrier recombination rates in hydrated n-type TiO2 originate from the 
interaction of adsorbed water with surface-trapped holes rather than with electrons. 
This is because all TiO2 samples exhibited hysteresis of the electron absorption 
dynamics at temperatures above 423 K irrespective of the nature of photogenerated 
electrons (Figure 5.7). For instance, the photogenerated electron absorption signal in
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Figure 5.9 Simulation model of the anatase TiO2 (101) surface with one aqueous layer including  
12 water molecules (a). Top view illustration of the anatase TiO2(101) surface and the pathway of  

the surface-trapped hole migration (b).

the oxidized sample v was dominated by STE up to 523 K. Nonetheless, the electron absorption 
decay rates in this sample were temperature independent above 423 K. This hysteresis can be 
understood by taking into account the recent finding of Panarelli et al., who observed that 
the surface-trapped holes disappear from the EPR spectra when water was desorbed from 
TiO2 at 423 K. 17 This was interpreted in terms of stabilization of surface-trapped holes by 
adsorbed water present on the oxide. Suppressed charge carrier recombination at the ps time 
scale due to trapping of photogenerated holes by water adsorbed on anatase nanoparticles 
has also been reported by Shirai et al. recently.26 These observations agree with the expected 
interaction of adsorbed water molecules with photogenerated holes that are driven to the 
surface in hydrated TiO2.

3

In order to better understand how associated adsorbed water interacts with photogenerated 
holes in the studied titania samples and suppresses charge carrier recombination, we 
complimented our experimental results with computational methods. To this end, we 
studied the migration of a photogenerated hole trapped on the anatase TiO2 (101) surface by 
an ab initio DFT+U analysis. This model was chosen because the anatase phase constitutes 
ca. 84 wt.% of used TiO2 P25 and (101) is the most stable and abundant anatase facet. The 
dehydrated sample was represented by a clean TiO2 (101) surface while the hydrated material 
was modeled by adding 12 associated water molecules to the system. Some of these water 
molecules adsorbed dissociatively forming surface hydroxyls (Figure 5.9a). The (101) surface 
exhibits three types of oxygen atoms – two-fold coordinated bridge oxygen (O2c), three-fold 
coordinated surface (O3c(a)) and three-fold coordinated subsurface (O3c(b)) atoms – as well as 
six- (Ti6c) and five-fold (Ti5c) coordinated titanium (Figure 5.9). 

The surface-trapped hole (h+) was constructed by removing an electron from the TiO2 slab. 
The formed charge was compensated with a uniform background of charge of the opposite 
sign and then the system was allowed to relax. In the dehydrated system the hole localized on 
O2c had 0.28 eV lower energy than on a O3c(b) site, while no stable configuration was found for 
the hole trapped on the O3c(a) atom. For the hydrated system the situation was substantially 
different. Namely, the most energetically favorable localizations of the hole were O2c and O3c(b) 
atoms (the latter was only 0.03 eV lower in energy), while the hole localized on O3c(a) was 
ca. 0.5 eV higher in energy than either of these two sites. When the hole was localized on the 
O3c(b) atom, the corresponding Ti5c–O bond broke which resulted in formation the four-fold 
coordinated Ti atom. In the dehydrated system this atom was thermodynamically unstable.  
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(a) h+–O2c

(d) h+–O2c

(f)

(c) h+–O3c(b)

(e) h+–O3c(b)

(b) TS

Figure 5.10 The hole polaron (h+) migration process. Spin density of h+ localized on the O2c and O3c(b) sites (a, c). 
Spin density of the transition state for h+ migration from O2c to O3c(b) site (b). Configurations of h+ localized on the 

O2c and O3c(b) sites (d, e). Potential energy surfaces of h+ migration in vacuum and in the presence of water (f).



Chapter 5

93

On the other hand, water adsorbed on the Ti5c site stabilized this under-coordinated Ti atom 
in the hydrated system. The bond rearrangement upon migration of h+ from the O2c site to 
O3c(b) site in the hydrated system is shown in Figure 7 d and e. The Ti5c–O3c(b) bond length 
was 2.08 Å and 2.31 Å when the hole localized on the O2c and O3c(b) sites, respectively. These 
differences in hole localization on clean and hydrated anatase TiO2 (101) agreed well with the 
works of Selloni et al.55,56 

In order to evaluate whether adsorbed water affects mobility of the hole trapped on the 
anatase TiO2 (101) surface, we investigated its migration along the O2c–O3c(b)–O2c pathway 
(Figure 5.9). We chose this trajectory because the alternative path would involve the O3c(a) 
atom which was substantially less favorable energetically for the h+ localization on both clean 
and hydrated surfaces. The results of this analysis are shown in Figure 5.10. First of all, we 
found that the transition state was shared between O2c and O3c(b) atoms (Figure 5.10b) which 
agreed well with a previous study of the hole transfer from anatase TiO2 (101) to a surface 
hydroxyl.55 The barriers for the hole migration from O2c to O3c(b) in dehydrated and hydrated 
systems were 0.31 eV and 0.17 eV, respectively. Beside the higher barrier, hole migration on 
the clean TiO2 (101) surface involved the unfavorable O3c(b) site (Figure 5.10f). From this, one 
can expect a substantially higher mobility of the surface-trapped holes in hydrated titania 
compared with dehydrated samples. This higher mobility can also account for lower charge 
carrier recombination rates observed for hydrated TiO2.

57 Besides this, the difference between 
the theoretical barriers of the hole migration in dehydrated and hydrated systems was 
ca. 0.1–0.2 eV (Figure 7f) in keeping with the experimental apparent activation energies 
(Figure 5.7). These results support our hypothesis that the apparent activation energies 
obtained in the present work for the hydrated samples originate from the hydrogen-bond 
interaction between the adsorbed water and titania. Moreover, the difference between the 
surface-trapped hole mobility in dehydrated and hydrated systems can account for the 
hysteresis of the charge carrier dynamics upon dehydration of TiO2 (Figure 5.7).

5.4. Conclusion

The influence of TiO2 P25 hydration on the decay rates of photogenerated electron 
absorption at the s–min time scale was investigated by rapid scan time-resolved DRIFT 
spectroscopy. Dehydrated titania exhibited a weaker electron absorption signal which 
decayed at higher rates compared with hydrated samples. The slowest electron absorption 
decay was found for TiO2 after an oxidation treatment. The photogenerated electron 
absorption feature formed under 325 nm UV laser irradiation in untreated and oxidized 
TiO2 was dominated by contributions from conduction band electrons (CBE) and shallow 
trapped electrons (STE), respectively. Charge carrier recombination rates in hydrated samples 
increased with temperature in the 293–423 K range with low apparent activation energies 
between 0.06–0.17 eV. Higher values were found for samples containing more water. The 
electron absorption decay rates became temperature independent at T > 423 K and T < 273 K. 
At high temperature a perturbed interaction between adsorbed water and the oxide surface 
resulted in the temperature independent charge carrier recombination while below 273 K this 
was due to constant strength of hydrogen-bonding between titania and adsorbed water. The 
experimental results were complemented by an ab initio DFT+U analysis of surface-trapped 
hole migration on dehydrated and hydrated anatase TiO2 (101). This analysis revealed that 
adsorption of water stabilizes holes localized on surface oxygen atoms and lowers hole 
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migration barriers. These effects are expected to increase charge carrier mobility and with that 
suppress electron-hole recombination. Based on our experimental and theoretical findings 
we conclude that the apparent activation energies obtained in this study originate from 
hydrogen-bonding interactions between adsorbed water and TiO2 which in turn are involved 
in the stabilization of surface-trapped holes leading to the observed prolonged life-time of 
photogenerated electrons.
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 Chapter 6
 Shallow trapped electrons in TiO₂ photocatalysts: the 
role of dissociatively adsorbed water
Summary

Th e mismatch between short lifetimes of free charge carriers and slow kinetics of surface 
redox reactions substantially limits the effi  ciency of most photocatalytic systems. Hence, the 
knowledge of trapping and recombination of photogenerated electrons and holes at diff erent 
time scales is key for a rational optimization of photocatalytic materials. In this study, we used 
subsecond time-resolved diff use-refl ectance FTIR spectroscopy to investigate how energy 
and intensity of the incident irradiation aff ect the dynamics of photogenerated charge carriers 
in TiO2 P25 photocatalysts subjected to diff erent pre-treatments and how shallow trapped 
electrons (STE) are formed under these conditions. Intensity dependent measurements 
demonstrated that electrons and holes generated by 325 nm and 409 nm irradiation undergo 
bimolecular and trap-assisted recombination, respectively. Analysis of characteristic times of 
photogenerated electron absorption rise and decay indicated that the apparent charge carrier 
dynamics at the time scale of seconds to minutes relate to chemical trapping of photogenerated 
electrons and holes. Th e presence of dissociatively adsorbed water on the oxide surface was 
required for effi  cient STE formation. Th is suggests that STE form at s–min time scale upon 
surface-mediated self-trapping of electrons.
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6.1 Introduction

Solar-to-chemical energy conversion efficiency of most photocatalytic systems is low 
due to severe charge carrier recombination. Trapping of photogenerated electrons and holes 
plays an important role in this process. Trap states can either act as recombination centers 
increasing electron-hole recombination rates,1–3 or they can aid charge carrier separation, 
increasing their lifetimes and enabling slow redox reactions.4,5 Therefore, understanding of 
charge carrier trapping and recombination at different time scales as well as the role of surface 
species in these processes is key for optimization of photocatalytic materials. Dynamics of 
photogenerated electrons and holes can be accessed by means of different spectroscopic 
techniques such as electron paramagnetic resonance, time-resolved photoluminescence, 
microwave conductivity, and transient absorption spectroscopy.6–15 Often, a combination of 
several methods is needed to obtain information about the charge carrier lifetimes and the 
related interfacial chemical processes. In this regard, time-resolved mid-infrared spectroscopy 
(trIR) is a versatile tool that can access both the majority charge carriers through their 
characteristic absorption, and interfacial chemical reactions via the changes of molecular 
vibrational bands.15–20

Over the last decades, steady-state and time-resolved IR spectroscopies have been used to 
study trapping and recombination of photogenerated electron in TiO2-based materials.15–18,20 
This wide-bandgap n-type oxide semiconductor is used for photocatalytic degradation of 
pollutants,21 self-cleaning surfaces22 and as the anode material in dye-sensitized solar cells.23,24 
Photogenerated electrons exist in titania in the form of free conduction band (CBE) and 
shallow trapped electrons (STE).15–18,20 These species give rise to distinct absorption in mid IR 
spectral region (see Chapter 2.2.2). Trapping of photogenerated electrons affects the efficiency 
of photocatalytic systems,4,5,24 but the mechanism of STE formation in TiO2 and the nature of 
the trap states remain unclear. Some works attributed them to oxygen vacancies,4 while other 
studies advocate polaronic self-trapping of photogenerated charge carriers.16–19

In this work, we used sub-second time-resolved diffuse-reflectance Fourier transform 
infrared spectroscopy (DRIFTS) to investigate CBE and STE formation in commercial 
Aeroxide P25 (Eg = 3.2 eV), anatase (Eg = 3.2 eV) and rutile (Eg = 3.0 eV) TiO2. We used 
409 nm (3.03 eV) and 325 nm (3.81 eV) laser irradiation to study how excitation energy 
and intensity influence the dynamics of mid-IR photogenerated electron absorption. Above-
bandgap excitation (i.e. 325 nm) is expected to yield CBE which can then be trapped and form 
STE species, while sub-bandgap excitation with a 409 nm laser can lead to direct population 
of shallow trap states (Scheme 1). Formation of a prominent STE signal was observed in 
oxidized TiO2 P25 under both 325 nm and 409 nm excitation. In untreated titania, STE were 
formed under a broad range of 409 nm light intensities and under low-intensity 325 nm 
irradiation (≤ 3.0 mW/cm2). Intensity-dependent measurements revealed that for 325 nm 
and 409 nm excitation the steady-state concentration of free photogenerated charge carriers 
is controlled by bimolecular and trap-assisted recombination, respectively. The apparent 
electron absorption rise and decay kinetics at the s–min time scale, on the other hand, relate to 
chemical trapping of free charge carriers and their concomitant recombination. The presence 
of dissociatively adsorbed water on the oxide was found to be crucial for the formation of 
STE. This suggests that STE form in a surface-mediated physicochemical process involving 
hydroxyl groups rather than upon trapping in the bulk of titania particles.
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Scheme 6.1 Excitation of a semiconductor with the bandgap Eg by above- (hν1) and sub-bandgap (hν2) irradiation, 

free conduction band electrons (CBE) and shallow trapped electrons (STE). For hn2 two possible situations are 
shown: valence band-donor STE states (left) and acceptor states-valence band (right) transition.

6.2. Experimental

Materials, characterization and FTIR spectroscopy. Commercial mixed phase 
Aeroxide P25 (Evonik Industries), anatase (Sigma-Aldrich) and rutile (Sigma-Aldrich) were 
used as TiO2 sources. These materials were characterized by bright field TEM, powder XRD, 
diffuse-reflectance UV-Vis, and liquid nitrogen physisorption. Instrumentation, settings and 
data processing are described in detail in Chapter 2. Steady-state and time-resolved rapid scan 
diffuse-reflectance Fourier transform infrared spectroscopy (DRIFTS) measurements were 
carried out on the setup described in Chapter 2.2.3. For rapid scan measurements, temporal 
profiles of the IR signal at particular wavenumbers were extracted by Bruker OPUS 7.5 from 
the 3D data blocks consisting of transient spectra stacked against the delay time. Resulting 
temporal profiles were processed in Origin 9.0. In case the signal-to-noise ratio was poor, 
results of several independent measurements were averaged during data processing. 
O2 (≥ 99.95%), H2 (≥ 99.999%) and Ar (≥ 99.999%) gasses were supplied by Linde and 
passed through moisture and/or oxygen filters (Agilent technologies). The 325 nm and  
409 nm emission lines of a continuous-wave He-Cd (Kimmon Koha) and diode (GaN) lasers, 
respectively were used to irradiate the samples. Intensity of the incident light was adjusted with 
reflective neutral-density filters. The area of the circular laser beam at the fused silica window 
was about (1.0 ± 0.1) cm2 in all experiments. Exposure of the sample during measurements 
was controlled with an optical shutter (Thorlabs) and a software script.

Sample treatment. In this work, we used TiO2 P25 either as delivered (untreated sample) 
or after a pre-treatment in O2 atmosphere at elevated temperatures (oxidized sample). For 
untreated TiO2, the oxide was placed in the low temperature reaction chamber, evacuated to 
the lowest stable pressure (p < 10–3 mbar) at 293 K and kept under dynamic vacuum for several 
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hours prior to the experiments. The oxidized TiO2 was prepared as follows. First, the oxide was 
evacuated in the low temperature reaction chamber (Harrick Scientific). Then, the sample was 
heated to 523 K under static vacuum, exposed to 36 mW/cm2 409 nm irradiation for 30 min. 
Over this time, intensities of CHx bands decreased and bands of carboxylates became more 
prominent. After this, 100 mbar O2 was admitted to the cell and irradiation continued until 
no spectral changes were observed anymore (i.e. bands of CO2 gas, hydrocarbons and organic 
oxygenates did not change in intensity anymore). Then, the reaction chamber was evacuated, 
refilled with 50 mbar O2, and the sample was cooled to room temperature, irradiated with 
409 nm light for 1 h and then kept in 300 mbar O2 overnight in dark prior to spectroscopic 
experiments. This treatment was found to increase hydration of the material and the STE 
signal intensity in comparison with untreated TiO2 P25.

6.3 Results and discussion

In Chapter 5 the dynamics of electrons generated in TiO2 P25 by above-bandgap 
325 nm irradiation were found to strongly depend on the hydration state of the oxide. 
The material subjected to an oxidative treatment exhibited a strong STE signal, while 
photogenerated electron absorption in untreated titania was dominated by CBE. In this 
chapter, we investigated the formation mechanism of STE by studying photogenerated 
electron absorption dynamics in untreated and oxidized mixed-phase TiO2 P25 as well as in 
commercial anatase and rutile under variable intensity of 325 nm (3.81 eV, above bandgap) 
and 409 nm (3.03 eV, below bandgap) excitation at different temperatures.

Figure 6.1 Dark room-temperature DRIFT spectra of untreated and oxidized TiO2 P25 in static vacuum. 
Insert – zoomed in O–H stretching region.
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Figure 6.2 Difference room temperature DRIFT spectra of untreated (a) and oxidized (b) TiO2 P25 in static 

vacuum under 325 nm irradiation of different intensity. Note: the spectra are vertically offset to match the baseline 
in the 3950–3700 cm–1 region to zero absorbance.

6.3.1 Above-bandgap 325 nm excitation of untreated and oxidized TiO2

Intensity-dependent steady-state difference spectra. Survey DRIFT spectra of untreated 
and oxidized TiO2 P25 are shown in Figure 6.1. In oxidized titania, the 3693 cm–1 band of 
dissociatively adsorbed water25–27 was more prominent than in the untreated material and 
so was the broad band of molecular associated water. When these samples were exposed 
to 325 nm light, a broad absorption feature emerged in the low wavenumber region 
(Figure 6.2). The behavior of untreated and oxidized TiO2 P25 was very similar under  
ca. 0.5–3.0 mW/cm2 325 nm irradiation except for the intensity of the photogenerated 
electron absorption feature, which was higher for the oxidized material (Figure 6.2). These 
broad absorption bands formed in the low-wavenumber region were ascribed to STE.17,18 
When the intensity of 325 nm light exceeded 3.0 mW/cm2, the stretching (3400 cm–1) 
and bending (1622 cm–1) vibrational bands of associated adsorbed water and the 
stretching vibrational bands of surface O–H groups at 3695 cm–1, 3660 cm–1 and 3632 cm–1 
decreased in intensity.25–27
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Besides this, the difference between the photogenerated absorption bands developed in the 
untreated and oxidized samples became apparent. The onset of the absorption feature formed 
in the untreated material under 6.0–15.6 mW/cm2 325 nm occurred at lower wavenumber, 
appeared narrower and could be fit by the exponential function (2.7) characteristic for CBE.28,29 
Contrary to this, the photogenerated electron absorption band formed in the oxidized sample 
under the same light intensities was broader and its signal almost linearly increased toward 
lower wavenumbers. This band, and similar bands formed under lower light intensities 
could be fit with a complex function consisting of a sum of function (2.7) and a number of 
components described by function (2.8), similar to that shown in Figure 5.6. Such a combined 
function has been previously used in literature to fit similar broad absorption bands due to 
the contribution of CBE and STE species.18 Addition of oxygen quenched intensities of the 
low-wavenumber absorption features developed under 325 nm excitation in both oxidized 
and untreated TiO2 P25, thereby confirming their assignment to photogenerated electron.

 
Figure 6.3 Normalized experimental kinetic curves of photogenerated electron absorption rise (a) and decay (b). 
Oxidized sample, 293 K, static vacuum, 325 nm excitation. The dashed line shows the time when the exposure to 

UV light started (a) and ended (b).
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Figure 6.4 Dependence of the half-life rise (left) and decay (right) times of photogenerated electron absorption in 
the untreated (a, b) and oxidized (c, d) TiO2 P25 from the square root of 325 nm light intensity. 

Experimetns were carried out at 293 K under static vacuum.

Intensity-dependent time-resolved measurements: above-bandgap excitation. Rise 
and decay profiles of the electron absorption generated in the oxidized TiO2 P25 under 
325 nm irradiation of high and low intensity are shown in Figure 6.3. From this figure one 
can see that the increase of the light intensity had a more prominent effect on the electron 
absorption signal rise than on its decay. The dependencies of the electron absorption rise 
and decay times from the 325 nm light intensity are shown in Figure 6.4. Both the untreated 
and oxidized TiO2 P25 demonstrated a linear correlation between characteristic times 
of the electron absorption rise and decay and the square root of the UV light intensity. 
Besides this, the decay was significantly slower than the rise. Intensity-dependent plots 
obtained for untreated TiO2 P25 exhibited two distinct linear regions intersecting at  
ca. 3.0 mW/cm2. Up until this value, the electron absorption rise and decay rates increased with 
increasing 325 nm light intensity but showed much weaker intensity independence at higher 
light fluxes (Figure 6.4 a and b). On the other hand, the oxidized sample showed no such 
behavior and the electron absorption rise and decay rates decreased with increasing UV light 
intensity throughout the entire range (Figure 6.4 c and d). Besides this, the electron absorption 
dynamics were slower in the oxidized material than in untreated TiO2 P25.

The substantial difference between the electron absorption rise and decay rates (Figure 6.4) 
suggests that accumulation and recombination of photogenerated charge carriers in TiO2 P25 at 
the s–min time scale did not reflect the dynamics of free photogenerated charge carriers directly.  
This can be understood by considering a simple kinetic model describing generation and 
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recombination of free electrons and holes in a semiconductor under above-bandgap excitation:

 (6.1)

 (6.2)

When process (6.2) is the primary pathway of charge carrier recombination, the 
concentrations of electrons and holes in the system under irradiation is determined by the 
charge carriers generation (i.e. light intensity I) and recombination rates, while relaxation 
of the system to the ground state in the dark (I = 0) is described solely by the latter process:

 (6.3)

where α is the effective absorption coefficient, I is the incident light flux in photons/s, and k2 is 
the rate constant of electron-hole recombination. For such a system, steady state concentrations 
of photogenerated charge carriers ([e–]0, [h+]0) under irradiation, and characteristic times of 
their accumulation and recombination (i.e. signal rise and decay half-life times) are:

 (6.4)

 (6.5)

 (6.6)

From expressions (6.5) and (6.6), one can see that for each light intensity I the rise half-life 
time should be about half of the decay half-life time, while we observed a 3-10× difference 
(Figure 6.4). Therefore, the photogenerated electron absorption dynamics at the s–min time 
scale could relate to the following interfacial processes instead:17,30,31

 (6.7)

 (6.8)

 (6.9)

 (6.10)

Reactions (6.7) and (6.8) represent trapping of photogenerated electrons and holes by 
adsorbed water and/or surface hydroxyls, respectively. Processes (6.9) and (6.10) exemplify 
the recombination of trapped species. The rates of reactions (6.7) and (6.8) are proportional to 
the concentrations of free charge carriers which increase with the square root of light intensity 
for the systems with predominant bimolecular recombination – equation (6.4). This manifests 
itself in the linear correlation between τ0.5 and I0.5 as observed for above-bandgap excitation 
(Figure 6.4). Hence, the intensity-dependent plots provide information about faster dynamics 
of photogenerated charge carriers even though individual measurements performed at the 
s–min time scale reflect rather slow chemical reaction.32
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Slower electron absorption rise and decay rates have been observed for the 
oxidized TiO2  P25 and could be due to different charge recombination pathways – 
reactions (6.9) and (6.10) – as compared to untreated TiO2 P25. The electron absorption 
bands formed under 6.0–15.6 mW/cm2 325 nm in these samples had a different spectral 
shape  (Figure 6.2). While the absorption in the untreated sample had a prominent CBE 
character and the charge carriers recombine with trapped holes via the process (6.10), 
the absorption in the oxidized material was dominated by STE, which can form upon 
interaction of photogenerated electrons with hydroxyls and/or protons as described 
by the reaction (6.8).17,33 Recombination of such species (i.e. H•) with trapped holes can then 
be represented by the process (6.9). The rate constant k9 is expected to be lower than k10 due 
to a lower reactivity of trapped in comparison with free charge carriers.14 This can explain 
different apparent rise and decay rates for untreated and oxidized TiO2 P25.

6.3.2 Sub-bandgap 409 nm excitation of untreated and oxidized TiO2 P25

Although the concept of STE has been put forward in a number of publications,17–19 the 
mechanism of their formation in TiO2 remains unclear. STE observed in this study are unlikely 
to originate from in-gap states due to oxygen vacancies4 because STE absorbance was stronger 
in the oxidized sample. On the other hand, STE can form upon polaronic self-trapping of 
photogenerated electrons in TiO2.

16–18 However, it is unclear whether an electron polaron 
forms in the bulk or at the surface of titania particles. Hence, we studied photogenerated 
electron absorption dynamics under 409 nm (3.02 eV) sub-bandgap excitation in untreated 
and oxidized TiO2 at the s–min time scale. The energy of this light is ca. 0.2 eV lower than the 
apparent bandgap of TiO2 P25 (Figure 6.5) matching the 0.05–0.2 eV depth of the STE states.

Figure 6.5 XRD patterns (a) and Tauc plots (b) of commercial P25, anatase and rutile TiO2 along with crystal phase 
composition (estimated by full pattern refinement), surface areas and apparent indirect allowed bandgaps.
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Intensity-dependent steady-state difference spectra. The difference spectra developed 
in untreated and oxidized TiO2 P25 under 409 nm light of various intensities are shown 
in Figure 6.6. For low light intensities (< 6.0 mW/cm2) difference spectra were dominated 
by a broad STE absorption. When 409 nm light intensity was increased, the STE band 
became more prominent, while stretching (3400 cm–1) and bending (1622 cm–1) vibrational 
bands of adsorbed water decreased in intensity. Similar to the above-bandgap excitation 
(Figure 6.2) the photogenerated electron absorption signal was stronger in the oxidized 
material than in untreated TiO2 P25. For both samples, the photogenerated electron 
absorption band was dominated by STE for the broad range of studied 409 nm light 
intensities (2.0 – 128.0 mW/cm2). This suggests that sub-bandgap irradiation favors formation 
of trapped electrons in TiO2 P25. However, this material is composed of ca. 84 wt.% anatase 
and 16 wt.% rutile phases (Figure 6.5a). Hence, the spectral changes shown in Figure 6.6 may 
arise from the excitation of the rutile phase (Eg = 3.0 eV) by 409 nm light (3.03 eV) and not 
from the sub-bandgap excitation of anatase (Eg = 3.2 eV).

 
Figure 6.6 Difference room temperature DRIFT spectra of untreated (a) and oxidized (b) TiO2 P25 in static 

vacuum under 409 nm irradiation of different intensity. Note: the spectra are vertically offset to match the baseline 
in the 3950–3700 cm–1 region to zero absorbance.
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Figure 6.7 Room-temperature difference DRIFT spectra of commercial anatase (a) and rutile (b) TiO2  
under 409 nm irradiation of different intensity.

In order to evaluate this hypothesis, we studied commercial anatase (> 98 wt.%) and rutile 
(> 96 wt.%) TiO2 under 409 nm light. The difference spectra formed in these materials under 
409 nm excitation were substantially different (Figure 6.7). Anatase developed a prominent 
broad absorption feature in the 2500–1000 cm–1 region already at 4.0 mW/cm2 409 nm light 
and its intensity increased with increasing light intensity (Figure 6.7a). In contrast to this, 
rutile TiO2 developed a prominent photogenerated electron absorption band only at light 
intensities ≥ 16.0 mW/cm2. Moreover, the bands formed in anatase and rutile polymorphs 
under 409 nm excitation had different spectroscopic signatures. The electron absorption 
formed in rutile TiO2 could be fit with exponential function (2.7) characteristic for CBE, 
while the band observed in anatase TiO2 was similar to the STE absorbance observed in 
TiO2 P25 (Figure 6.6). Therefore, we conclude that the spectral changes induced in untreated 
and oxidized TiO2 P25 by 409 nm irradiation arise from the sub-bandgap excitation of the 
major anatase TiO2 phase.

Intensity-dependent time-resolved measurements: sub-bandgap excitation. The 
dependencies of electron absorption rise and decay times in untreated and oxidized 
TiO2 P25 from the 409 nm light intensity are shown in Figure 6.8 The electron absorption 
rise was slower in the oxidized TiO2 P25 in comparison with the untreated sample, while 
the decay rates were comparable. The latter suggests that recombination of trapped charged 
carriers in both samples involved similar processes such as reactions (6.7)–(6.9). The main 
difference between above- (Figure 6.4) and sub-bandgap (Figure 6.8) excitation was the linear 
correlation between characteristic times of photogeneratedelectron absorption rise and decay
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Figure 6.8 Dependence of the half-life rise (left) and decay (right) times of photogenerated electron absorption in 
the untreated (a, b) and oxidized (c, d) TiO2 P25 from the 409 nm light intensity. 

Experimetns were carried out at 293 K under static vacuum.

with square root ( ) and intensity (I409nm) of the incident light, respectively. Hence, 
the steady-state concentration of the charge carriers generated by sub-bandgap excitation was 
governed by processes different from bimolecular recombination (6.2).

Intensity-dependent time-resolved measurements: sub-bandgap excitation. The 
dependencies of electron absorption rise and decay times in untreated and oxidized TiO2 
P25 from the 409 nm light intensity are shown in Figure 6.8 The electron absorption rise 
was slower in the oxidized TiO2 P25 in comparison with the untreated sample, while the 
decay rates were comparable. The latter suggests that recombination of trapped charged 
carriers in both samples involved similar processes such as reactions (6.7)–(6.9). The main 
difference between above- (Figure 6.4) and sub-bandgap (Figure 6.8) excitation was the linear 
correlation between characteristic times of photogeneratedelectron absorption rise and decay 
with square root ( ) and intensity (I409nm) of the incident light, respectively. Hence, 
the steady-state concentration of the charge carriers generated by sub-bandgap excitation was 
governed by processes different from bimolecular recombination (6.2).

The linear correlation between characteristic times of the electron absorption rise and 
decay and intensity of the sub-bandgap excitation can be explained by the Shockley-Read-
Hall model.1,2,32 This model describes systems in which charge carrier recombination is 
dominated by a trap-assisted process:
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 (6.11)

 (6.12)

 (6.13)

where t, t* are empty and filled traps, and [t], [t*] are their concentrations, respectively. In 
such a system, steady state concentrations of photogenerated charge carriers ([e–]0, [h+]0) 
linearly increases with the light intensity, which results in the apparent intensity dependencies 
shown in Figure 6.8.

The distinct behavior of TiO2 P25 under above- and sub-bandgap excitation can be due 
to several reasons. First of all, absorbance of this material at 409 nm is much lower than 
at 325 nm (Figure 6.5b). This means that charge carrier generation under 409 nm irradiation is 
less efficient than under UV light. Therefore, the concentration of the charge carriers generated 
under 409 nm light can be comparable with that of the trap states, which enables the Shockley-
Read-Hall recombination mechanism. On the other hand, even rather low intensities of 325 
nm light can generate amounts of electron-hole pairs substantially exceeding the number 
of available trap states. This would lead to different recombination pathways and distinct 
apparent intensity dependencies in these cases. Besides this, electronic transitions induced 
by UV and visible light can proceed via different initial and/or final states (Scheme 6.1). For 
instance, excitation of anatase TiO2 (Eg = 3.2 eV) by 409 nm light can involve surface states 
as has been previously shown for the rutile phase active under visible light.34 This, arguably, 
would lead to different energetics and spatial distribution of charge carriers generated 
by 325 nm and 409 nm light.

On the mechanism of STE formation. Experiments performed with Aeroxide P25 
(Figures 6.2 and 6.6), anatase and rutile (Figure 6.7) TiO2 at room temperature indicate that 
the STE signal arises from photogenerated electron trapped in the anatase phase. Stronger 
STE absorption observed in the oxidized TiO2 P25 suggests that this trapping involves 
adsorbed water and/or surface hydroxyls rather than crystal defects such as oxygen vacancies. 
This is due to several reasons. First of all, dark DRIFT spectra of oxidized titania showed 
stronger bands of molecularly and dissociatively adsorbed water in comparison with the 
untreated material (Figure 6.1). Secondly, the amount of oxygen vacancies in the oxidized 
material should be lower or at least the same as in the untreated titania. Thus, the signal of the 
charge carriers trapped by crystal defects should become weaker after the oxidative treatment, 
which contradicts our observations. On the other hand, STE absorption can arise from 
large polarons formed upon self-trapping of photogenerated electrons in semiconducting 
materials.17–19,33,35 This process can happen either in the bulk of a crystal or at its surface.35 
The observed correlation between hydration of TiO2 P25 and the STE signal intensity favors 
the surface-mediated mechanism. In order to verify this hypothesis and to better understand 
the role of surface species (i.e. adsorbed water, terminal hydroxyls) in the STE formation, we 
studied oxidized and untreated TiO2 P25 at 163 K and temperatures above 373 K. The results 
obtained with both samples were similar and, therefore, we discuss here only oxidized titania.
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Figure 6.9 Dark DRIFT spectra of oxidized TiO2 P25 at 293 K and 163 K under static vacuum.

STE formation in oxidized TiO2 P25 at 163 K. Survey DRIFT spectra of the oxidized 
TiO2 P25 at 293 K and 163 K are shown in Figure 6.9. Cooling of the material below 273 K 
decreased intensity of dissociatively (3693 cm–1) and molecularly (3400 cm–1, 1624 cm–1) 
adsorbed water bands. Exposure of this sample to 325 nm or 409 nm ligh at 163 K led to the 
formation of the difference spectra shown in Figure 6.10. Absorption features developed under 
above- and sub-bandgap excitation in the low-wavenumber region had different spectroscopic 
signatures. In the case of 325 nm excitation, they could be described by function  (2.7) 
characteristic for CBE. The CBE absorbance increased with increasing light intensities, while 
the bands of associated adsorbed water became weaker (Figure 6.10a). In contrast to 325 nm 
light, photogenerated electron absorption produced by 409 nm irradiation was dominated by 
STE for light intensities ≤ 32.0 mW/cm2 (Figure 6.10b). At higher 409 nm light intensities, 
the low-wavenumber region of the difference IR spectra developed a prominent CBE signal 
similar to that formed under 325 nm irradiation (Figure 6.10).

Spectral changes developed under 0.5–15.6 mW/cm2 325 nm or 4.0–50 mW/cm2 409 nm 
irradiation relaxed within several minutes in the dark and could be reproduced upon repeated 
exposure to the same light intensities. Contrary to this, when the oxidized TiO2  P25 was 
exposed to 64.0–128 mW/cm2 409 nm light at 163 K we observed some permanent spectral 
changes. First of all, the intensity loss of associated adsorbed water bands and surface 
hydroxyls (3700–2400 cm–1, 1623 cm–1) did not recover in the dark at 163 K (Figure 6.11). 
The intensity loss in the 3700–2400 cm–1 region was attributed to perturbed hydrogen-
bonding among adsorbed water molecules and between adsorbed water and oxide, as well 
as to partial removal of dissociatively adsorbed water. Secondly, when a sample, exhibiting 
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the above described permanent spectral changes, was irradiated with 409 nm light of 
intensities ≥ 32.0 mW/cm2, we observed a weak photogenerated electron absorption signal 
dominated by CBE (Figure 6.11) and not prominent STE bands (Figure 6.10b). This effect of 
high intensity 409 nm irradiation was partially recovered at 233 K, but overnight storing at 
room temperature in Ar or O2 was needed to fully restore its properties. This suggests that 
association of the oxide with adsorbed water and/or the presence of dissociatively adsorbed 
water on titania play an important role in STE formation at low temperatures.

STE formation at elevated temperatures. The role of surface hydroxyls, molecularly 
and dissociatively adsorbed water in STE formation was further investigated by exposing 
oxidized TiO2 P25 to 325 nm and 409 nm irradiation at temperatures above 373 K. For 
both wavelengths, the STE signal was observed in a broad temperature range but it 
disappeared completely when the bands of dissociatively adsorbed water substantially 
decreased in intensity. In the case of above-bandgap excitation, the STE signal intensity 
rapidly decreased with increasing temperature and desorption of molecular water.

 
Figure 6.10 Difference DRIFT spectra of oxidized TiO2 P25 in static vacuum at 163 K under 325 nm (a) and 

409 nm (b) irradiation of different intensity. Note: the spectra are vertically offset to match  
the baseline at 3800–3900 cm–1.
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Figure 6.11 Difference DRIFT spectra of oxidized TiO2 P25 exposed to 16.0 mW/cm2 and 32.0 mW/cm2 409 nm 
light at 163 K under static vacuum before and after exposure to 128.0 mW/cm2 409 nm. Inset – dark difference 

spectrum of the sample after exposure to 128.0 mW/cm2 409 nm 
(the spectrum before exposure was used as the reference).

Almost no detectable STE signal was observed under 325 nm irradiation at T > 523 K. On the 
other hand, 409 nm light produced a rather strong STE signal (ca. 0.05 a.u.) up to 573 K but 
no STE absorbance was observed at 623 K. At this temperature, most of the molecularly and 
dissociatively adsorbed water desorbed from the oxide as was evident from the intensity losses 
at 3693 cm–1, 3632 cm–1, 3400 cm–1 and 1624 cm–1.25–27 When such a dehydrated sample was 
cooled to 293 K, no STE signal was produced by 409 nm light for several hours even though 
molecularly adsorbed water re-appeared on titania upon cooling down. Only when the bands 
of dissociatively adsorbed water (i.e. 3693 cm–1 and 3632 cm–1) emerged in the survey DRIFT 
spectra, the STE signal emerged under sub-bandgap excitation again. This correlation between 
the STE formation and the presence of dissociatively adsorbed water on TiO2 P25 further 
confirms that these surface species are involved in trapping of photogenerated electron in 
titania. The absence of the STE signal in dehydrated TiO2 P25 suggests that bulk electron 
trapping (i.e. by the crystal defects) did not have any significant contribution to the apparent 
STE absorbance. Based on these experimental results, we conclude that STE in anatase 
TiO2 form in a surface-mediated process involving species formed upon dissociative water 
adsorption. These findings agree with a recent theoretical study which showed that the excess 
of electrons in anatase TiO2 can trigger water dissociation on (101) surface and form polarons 
with the resulting surface hydroxyls.33 This surface-mediated trapping of photogenerated 
electrons can play an important role in photocatalytic processes by slowing down charge 
carrier recombination. This improves their accessibility to the reactants when photocatalytic 
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reactions are carried out either on a hydrated oxide or on TiO2 particles suspended in aqueous 
media.

6.4 Conclusion

The s–min dynamics of photogenerated electron absorption in untreated and oxidized 
TiO2 P25 under 325 nm and 409 nm irradiation were investigated in detail in a broad 
range of temperatures. Intensity-dependent measurements evidenced that the steady-state 
concentrations of free charge carriers were governed by a bimolecular and trap-assisted 
recombination in the case of above- and sub-bandgap excitation, respectively. STE formation 
in TiO2 P25 was observed in a broad range of temperatures under 325 nm and 409 nm 
irradiation both in mixed-phase TiO2 P25 and anatase titania but not in the rutile phase. 
At 163 K, the STE signal substantially decreased when high intensity 409 nm irradiation 
perturbed hydrogen-bonding between the oxide and adsorbed water and lowered content 
of dissociatively adsorbed water. In keeping with this, almost no STE signal was detected 
at room- or elevated temperatures when dissociatively adsorbed water was removed from 
titania. Characteristic rise and decay times of the STE signal suggest that formation of these 
species is coupled with a rather slow interfacial chemical process. The prominent correlation 
between the STE absorbance, crystal phase composition and the presence of certain hydroxyls 
in the material showed that shallow trapping of photogenerated electrons occurs is a surface-
mediated process involving water dissociatively adsorbed on anatase TiO2.
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Chapter 7
Influence of above-bandgap excitation on CO adsorbed 
on platinized TiO₂ and CdS
Summary

Loading of inorganic semiconductors with metal co-catalysts is commonly used to improve 
activity of photocatalytic systems. Performance of such systems depends on charge carrier 
trapping and utilization by co-catalyst particles. The electrochemical potential at the interface 
between an electrolyte and a metal-loaded semiconducting photocatalyst can be monitored 
in-situ via the shifts of the vibrational frequencis of adsorbed CO bands. This shifts can be 
used to investigate charge carrier dynamics and interfacial redox reaction in metal co-catalyst 
loaded photoctalytic systems. Here, we explored a similar approach to probe the gas/solid 
interface of photoplatinized TiO2 and CdS photocatalysts. Contrary to a recent report, we did 
not observe any prominent shifts of the adsorbed CO bands which can be unambiguously 
attributed to charging of Pt nanoparticles. The most prominent blue shift of ca. 0.5 cm–1 
was observed for the 2114-2112 cm–1 band of CO adsorbed on atomic Pt species. However, 
heating of the system to 383 K resulted in a similar band shift. This demonstrates that the 
difference in dielectric properties between aqueous electrolytes and vacuum are critical for 
the development of prominent shifts of adsorbed CO bands upon trapping of photogenerated 
charge carriers on co-catalyst particles. Prolonged 325 nm irradiation of Pt-TiO2, which was 
not previously exposed to CO, resulted in the formation of the bands at 2114–2115 cm-1 
and 2056 cm–1. These bands evidenced in-situ formation of CO and hydrogen upon 
photocatalytic reduction of adsorbed water and adventitious carbon-containing compounds 
adsorbed on Pt-TiO2. Such chemical processes can obscure experimental results calling 
for proper control over material contamination. The experimental results of this study are 
discussed in terms of an electrostatic Stark effect, charge screening, co-adsorption, coverage-
dependent shifts of the vibrational bands of adsorbed CO and photocatalytic reactions.
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7.1 Introduction

Development and large sale implementation of systems for solar-to-chemical energy 
conversion is the main challenge of the transition toward solar-powered economy. In this 
regard, production of energy dense fuels (e.g. H2, CH4, alcohols) by means of photocatalytic 
water splitting and CO2 reduction is a promising technology for the direct solar energy 
conversion.1–6 However, most photocatalytic systems have rather low energy conversion 
efficiencies. Performance of a photocatalytic system can be improved by loading suitable 
co-catalysts, which improve charge carrier separation, increasing selectivity and lower 
overpotentials of the desired redox reactions.7,8 Understanding of these elemental processes is 
key for the rational optimization of co-catalyst loaded photocatalytic systems. IR spectroscopy 
can be a useful tool for investigation of photogenerated charge carrier dynamics and interfacial 
redox reactions at different time scales.9–14

Small probe molecules (e.g. CO) are sensitive to the electronic structure of adsorption 
sites15 and, therefore, are widely used to probe Lewis and Brønsted acid sites in solid materials16 
and to study oxidation state and distribution of supported metal nanoparticles by means of 
vibrational spectroscopy.17 Moreover, light-induced changes of the electrochemical potential at 
the semiconductor/liquid interface can be monitored in-situ via the shifts of vibrational bands 
of CO adsorbed on metal co-catalyst particles.18,19 Although being informative, experiments 
with the liquid/solid systems require specialized accessories for attenuated total reflection or 
external reflection and accurate correction for the solvent absorption, which complicates data 
collection and processing.14 On the other hand, Shen et al. recently reported an 11 cm–1 red 
shift of the vibrational band of CO adsorbed at the gas/solid interface, when platinized TiO2 
was exposed to UV irradiation.20 The shift was ascribed to the transfer of photogenerated 
electrons from titania to Pt nanoparticles. Hemce, this effect can be used to understand how 
loading, dispersion, and oxidation state of the metal co-catalyst affect charge carrier transfer 
and utilization in co-catalyst loaded photocatalytic systems.

To the best of our knowledge, the work of Shen et al.20 is the only study reporting such 
prominent light-induced shifts of the adsorbed CO band for gas/solid systems. In the present 
work, we systematically studied this effect for platinized TiO2 and CdS photocatalysts by 
steady-stated and time-resolved diffuse reflection FTIR spectroscopy (DRIFTS). Contrary 
to literature, we did not observe any prominent shifts of the vibrational bands of CO 
adsorbed on platinized photocatalysts at the time scale ranging from sub-seconds to minutes. 
The largest light-induced blue shift of ca. 0.5 cm–1 was observed for the 2112–2114 cm–1 
band of CO adsorbed on isolated Pt atoms present in Pt-TiO2 sample. However, a similar 
band rearrangement was observed when this sample was heated to 383 K in the dark. 
Apart from this, we found that prolonged UV irradiation of Pt-TiO2 (> 10 min) led to the 
in-situ formation of CO and development of IR bands at 2114–2115 cm–1 and 2057 cm–1. The 
development of these bands was substantially slower in the oxidized sample as compared 
to the untreated material. Oxidized Pt-TiO2 also exhibited a lower content of carbonated 
and organic adsorbates. In summary, our results show that the above-bandgap excitation 
of Pt-loaded inorganic semiconductors does not induce any prominent shifts of the IR bands 
of CO adsorbed at the gas/solid interface which can be unambiguously attributed to charging 
of the co-catalyst particles. This can be due to inefficient charge carrier transfer under 
these experimental conditions, screening of the transferred charges by the d-band of the Pt 
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nanoparticles or the low dielectric permittivity of the medium. These outcomes are discussed 
in terms of the electrostatic Stark effect, surface photovoltage, charge screening and coverage-
dependent vibrational frequencies of CO adsorbed on Pt.

7.2 Experimental

Chemicals. Aeroxide P25 TiO2 (Evonik Industries), NaOH (Sigma Aldrich, ≥98%), 
Cd(CH3COO)2 ∙ 2H2O (Sigma Aldrich, ≥98%), Na2S ∙ 9H2O (Sigma Aldrich, ≥98%), 
Na2SO3 (Sigma Aldrich, 98 – 100%), H2PtCl6 ∙ nH2O (Sigma-Aldrich, ≥ 38% Pt basis), 
D2O (Cambridge Isotope Laboratories, 99.90% D), methanol (VWR, technical grade) and 
ethanol absolute (VWR, technical grade) were used as received without further purification. 
Demineralized water (>15 MW×cm at 298 K) was used for preparation of solutions, synthesis 
and washing of the samples. CO (the Linde Group, ≥ 99.99%) and D2 (Sigma-Aldrich, 99.96 
at.%) were used as delivered without further purification. O2 (≥ 99.95%), H2 (≥ 99.999%) 
and He (≥ 99.999%) supplied by Linde were passed through moisture and/or oxygen 
filters (Agilent technologies).

Pt-CdS synthesis. CdS was prepared from the corresponding insoluble hydroxide 
using a hydrothermal method described in literature.21 Briefly, the insoluble 
hydroxide was precipitated by adding 15 mL aqueous NaOH (8.2 × 10–3 mol) to 30 mL 
aqueous Cd(NO3)2 ∙ 4H2O (4.1 × 10–3 mol). The white dispersion was stirred for 15 min and 
the solid product was separated by centrifugation, washed three times with demineralized 
water and re-dispersed in 35 mL 1.0 M CH3COONa in a PTFE-lined stainless steel autoclave 
(45 mL capacity). Then, 4.51 × 10–3 mol thioacetamide (10% sulfur excess) was added to this 
dispersion under stirring. The autoclave was sealed, placed in an oven at 453 K and kept under 
continuous tumbling for 24 h. After this, the autoclave was cooled down to room temperature 
and the yellow-orange solid product was collected by centrifugation, washed three times with 
demineralized water and dried under vacuum at room temperature.

The resulting CdS was loaded with 0.5 wt.% Pt according to the modified procedure 
described in literature.22 To this end, 100 mg CdS was dispersed in 50 mL 1.0 M NaOH 
containing H2PtCl6 in the amount equivalent to 0.5 mg Pt and transferred into a side-
illuminated PEEK cell equipped with the quartz optical window. The dispersion was degassed 
under vacuum and illuminated under continuous stirring for 3 h. The 500 W Hg(Xe) lamp 
equipped with an IR water filter and a 420 nm UV cut-off glass filter (OD410 = 5.0) was used as 
the light source. The solid product was separated by centrifugation, washed three times with 
demineralized water and dried under vacuum at room temperature. This sample is denoted 
Pt-CdS.

Pt-TiO2 synthesis. 0.5 wt.% Pt was photodeposited on commercial Aeroxide P25. 
Briefly, 500 mg TiO2 were dispersed under continuous stirring in 90 mL 10 vol.% aqueous 
CH3OH containing 2.5 mg Pt in the form of H2PtCl6. The dispersion was transferred in a 
double-walled glass reactor with a top-mounted quartz window, degassed and irradiated with 
the full spectrum of the 500 W Hg(Xe) lamp (Newport, USA). The lamp was equipped with 
an IR water filter and a full spectrum turning mirror. The suspension was irradiated for 1 h 
and a grey-brownish solid was separated by centrifugation, washed twice with demineralized 
water and dried under vacuum at room temperature.
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Oxidative treatment of Pt-TiO2. In order to remove organic adsorbates present 
on Pt-TiO2 the sample was pre-treated as follows. The material was placed in an in-situ 
low-temperature chamber (Harrick Scientific), evacuated to the lowest stable pressure 
(ca. < 10–3 mbar) and kept under dynamic vacuum for 0.5 h. Then we added 100 mbar 
O2, heated the sample to 523 K and irradiated with the 325 nm line of continuous-wave 
He-Cd laser (Kimmon Koha). The light intensity at the optical window of the DRIFTS cell 
was 10 mW/cm2. The sample subjected to this treatment exhibited a substantially lower 
amount of adsorbed hydrocarbons and oxygenates compared with the untreated material.

Characterization and FTIR spectroscopy. The samples were characterized by bright 
field TEM, powder XRD, diffuse-reflectance UV-Vis, and liquid nitrogen physisorption. 
Instrumentation, settings and data processing are described in detail in Chapter 2. Steady-
state and time-resolved rapid scan diffuse-reflectance Fourier transform infrared spectroscopy 
(DRIFTS) measurements were carried out on the setup described in Chapter 2.2.3. For 
rapid scan measurements, temporal profiles of the IR signal at particular wavenumbers 
were extracted by Bruker OPUS 7.5 from the 3D data blocks consisting of transient spectra 
stacked against the delay time. Resulting temporal profiles were processed in Origin 9.0. In 
case the signal-to-noise ratio was poor, results of several independent measurements were 
averaged during data processing. The 325 nm emission line of a continuous-wave He-Cd 
laser (Kimmon Koha) was used to irradiate samples. The light intensity at the fused silica 
window was ca. 10 mW/cm2 in all experiments. Exposure of the sample was controlled by a 
software script and an optical shutter (Thorlabs). The spectrometer was used as the master in 
all experiments.

Figure 7.1 Dark room-temperature DRIFT spectra of untreated and oxidized Pt-TiO2 under static vacuum. 
Note the difference in carboxylate bands intensities (1535 cm–1, 1438 cm–1) before and after the oxidative treatment.
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7.3 Results and discussion

The DRIFT spectrum of as-prepared Pt-TiO2 which was kept under dynamic 
vacuum (p < 10–3 mbar) for 0.5 h in the low-temperature reaction chamber (Harrick Scientific) 
without any additional treatment is shown in Figure 7.1. This spectrum exhibits IR bands of 
surface hydroxyls of anatase (3725 cm–1, 3632 cm–1) and rutile (3680 cm–1, 3414 cm–1) TiO2, 
hydrocarbon moieties (multiple bands in the 3000–2900 cm–1 region), molecularly adsorbed 
water (3400 cm–1, 1624 cm–1), carboxylates and/or carbonates (1535 cm–1, 1438 cm–1).23–29

When untreated Pt-TiO2 was exposed to 325 nm irradiation under static vacuum, the 
bands of molecularly (3400 cm–1, 1624 cm–1) and dissociatively (3695 cm–1, 3632 cm–1) 
adsorbed water decreased in intensity while the bands of terminal hydroxyls (3734 cm–1 and 
3720 cm–1) became more prominent (Figure 7.2). Besides this, a broad absorption feature 
emerged in the region below 2000 cm–1. Its intensity increased toward lower wavenumbers 
and could be fit with the exponential function (2.7) characteristic for free conduction band 
electrons.9–12 After several minutes under UV light, bands at 2115 cm–1 and 2057 cm–1 
emerged in the DRIFT spectrum. Intensities of these bands slowly increased over time under 
irradiation. In the dark, the 2115 cm–1 band was stable for several hours while the 2057 cm–1 

componentlost ca. 70% of intensity within the first 10–15 min and then decayed further at 
slower rates (Figure 7.3). These bands can be ascribed to CO adsorbed on isolated Pt atoms 
and metallic Pt nanoparticles, respectively.30–33

Figure 7.2 Difference DRIFT spectrum of untreated Pt-TiO2 under 325 nm irradiation. 293 K, static vacuum.
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Figure 7.3 The n(CO) region of the difference DRIFT spectra of untreated Pt-TiO2 at 293 K under static vacuum. 
The sample exposed to 325 nm light for 10 min and the same sample kept in the dark for 10 min and 40 min.

Effect of 325 nm irradiation on CO adsorbed on untreated Pt-TiO2. When 
untreated Pt-TiO2 was exposed to 2.0 mbar CO, bands at 2114 cm–1, 2087 cm–1, 2067 cm–1 

and 1836 cm–1 formed (Figure 7.4a). The narrow band at 2114 cm–1 corresponds to CO 
adsorbed on isolated Pt atoms.30 The components at 2087 cm–1 and 2063 cm–1 were ascribed 
to CO linearly adsorbed on metallic Pt particles while the band at 1836 cm–1 is characteristic 
for CO adsorbed on Pt metal in bridged configuration.31–33 Exposure of this sample to 
325 nm light induced no apparent shift of the adsorbed CO bands even under prolonged 
irradiation (Figure 7.4a). When the spectra recorded under UV irradiation were referenced 
to the dark spectrum, minor intensity losses at 2099 cm–1, 2054 cm–1 and 1860 cm–1 became 
apparent (Figure 7.4b). These spectral changes did not relax in the dark completely and some 
intensity loss at 2114 cm–1 was permanent. Repetitive exposure to UV light did not result 
in accumulation of these effects. Similar spectral changes were observed when Pt-TiO2 with 
adsorbed CO was heated from 293 K to 323 K (Figure 7.4b, black line).

Oxidized Pt-TiO2 under 325 nm irradiation. In order to remove organic adsorbates 
present on untreated Pt-TiO2, the material was subjected to an oxidative treatment  
(cf. experimental section). The DRIFT spectrum of the oxidized material is shown 
in Figure 7.1, grey curve. Intensities of the CHx (3000–2900 cm–1) and carboxylates (1535 cm–1,  
1438 cm–1) bands became substantially lower after the treatment.25,29 When oxidized Pt-TiO2 
was exposed to UV light, the bands of adsorbed water and surface hydroxyls decreased in 
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Figure 7.4 The n(CO) region of the difference DRIFT spectra of untreated Pt-TiO2 in contact with 2.0 mbar CO. 
(a) - the sample in the dark and under 325 nm irradiation referenced to the sample under vacuum ; (b) - spectra 

under and after UV irradiation referenced to the sample before irradiation (thick lines) and the sample in the dark 
at 323 K referenced to the dark spectrum at 293 K (thin black line).

intensity and the broad CBE absorption feature appeared in the spectrum below 2000 cm–1. 
Prolonged irradiation of oxidized Pt-TiO2 led to the formation of bands at 2114 cm–1 and 
2057 cm–1 (Figure 7.5). Compared to the untreated sample, these bands developed slower 
and had lower intensities, suggesting that carbon-containing adsorbates present on TiO2 were 
involved in formation of these CO bands.

Effect of 325 nm irradiation on CO adsorbed on oxidized Pt-TiO2. When oxidized Pt-
TiO2 was exposed to 2.0 mbar CO, several bands appeared in the carbonyl region (Figure 7.6a). 
Positions and structure of the bands arising from CO adsorbed on metallic Pt particles in the 
linear (2087 cm–1, 2067 cm–1) and bridged (1836 cm–1) configuration were similar to those 
observed in the untreated sample (Figure 7.4a). This suggests that the oxidative treatment 
did not cause any prominent sintering, reconstruction or oxidation of the Pt nanoparticles. 
The main difference between the untreated and oxidized samples was the shift of the 2114 
cm–1 band to 2112 cm–1 after the treatment. No apparent shift of the adsorbed CO bands 
was observed when oxidized Pt-TiO2 was exposed to 325 nm irradiation (Figure 7.6b). First 
exposure of oxidized Pt-TiO2 to UV light led to a loss of intensity at 2114 cm–1 and 2099 cm–1 
while the components at 2028 cm–1 and 1840 cm–1 became more prominent. Most of these 
spectral changes did not recover in the dark (Figure 7.6b). Repeated exposure to 325 nm 
irradiation did not lead to any further spectral changes.
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Figure 7.5 Difference DRIFT spectrum of oxidized Pt-TiO2 exposed to 325 nm irradiation for 1h 20 min under 
static vacuum (p = 10-2 mbar) at 293 K.

Figure 7.6 The n(CO) region of the difference DRIFT spectra of oxidized Pt-TiO2 in contact with 2.0 mbar CO. (a) 
– the sample in the dark and under 325 nm irradiation referenced to the sample under vacuum;  

(b) – spectra under and after UV irradiation referenced to the sample before irradiation (black spectrum).
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Figure 7.7 The n(CO) region of the DRIFT spectra of oxidized Pt-TiO2 under static vacuum at 293 K. (a) - the 
sample in the dark and under the 325 nm irradiation along with the difference spectrum (reference to the dark 

spectrum). (b) - difference spectra developed upon heating of the samples in static vacuum 
(spectra are referenced to the sample state at 293 K).

Shift of the 2112 cm–1 band. The 2120–2100 cm–1 spectral region exhibited complex 
band rearrangements, when untreated or oxidized Pt-TiO2 with adsorbed CO was exposed  
to 325 nm irradiation (Figures 7.4b and 7.6b). Overlapping bands of CO adsorbed on isolated 
Pt atoms and metal nanoparticles complicated analysis of these light-induced effects. Hence, 
we separately studied the effect of UV irradiation on CO adsorbed on isolated Pt atoms. 
To this end, oxidized Pt-TiO2 was equilibrated with 2.0 mbar CO for one hour and then 
evacuated and kept under dynamic vacuum at room temperature for another hour. In this 
way, CO desorbed from Pt nanoparticles (i.e. 2087–2067 cm–1 and 1836 cm–1 bands almost 
completely disappeared) and the sample exhibited the well-resolved band at 2112 cm–1 with 
only a minor component at 2084 cm–1 (Figure 7.7a). The 2112 cm–1 band was stable under 
dynamic vacuum for hours which agrees with its assignment to CO adsorbed on atomically 
dispersed Pt.30

When this sample was exposed to 325 nm irradiation, the apparent band maximum 
shifted from 2112.3 cm–1 to 2112.9 cm–1 and its full width at half maximum increased 
from 8.3 cm–1 to 8.5 cm–1 (Figure 7.7a). These spectral changes reversed in the dark and could 
originate either from charging of Pt atoms or from the light-induced heating of the material. 
To test the latter hypothesis, we heated this material under static vacuum in the dark. The 
2112 cm–1 band experienced a red shift, when the temperature increased from 273 K to 353 K. 
However, a blue shift was observed at temperatures above 353 K (Figure 7.7b). At 383 K, 
the position and full width at half maximum of the 2112 cm–1 carbonyl band were similar
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Figure 7.8 Dynamics of photogenerated electron absorption at 1300 cm-1 in oxidized Pt-TiO2 under 325 nm 
irradiation and in the dark after the time when the optical shutter was closed is marked with vertical dashed line.

Figure 7.9 The n(CO) region of the DRIFT spectra of oxidized Pt-TiO2 during evacuation of the gas phase CO 
from the spectroscopic cell at 293 K. The spectra are referenced to the sample before exposure to CO.
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to those observed under 325 nm irradiation. Hence, the shift of the 2112 cm–1 observed under 
UV irradiation cannot be unambiguously attributed to the interaction of adsorbed CO with

photogenerated charge carriers. Moreover, the changes of carbonyl bands induced by the 
above-bandgap irradiation of Pt-TiO2 took place at the time scale of minutes while dynamics 
of photogenerated electron absorption happened at a shorter time scale (Figure 7.8). This 
discrepancy further supports the conclusion that the rearrangements of the adsorbed CO 
bands observed under above-bandgap irradiation were not caused by the charge carrier 
transfer between titania and Pt species.

2056 cm–1 band: CO co-adsorbed with hydrogen. Both untreated (Figure 7.3) and 
oxidized (Figure 7.5) Pt-TiO2 developed bands at 2114–2112 cm–1 and 2056 cm–1 when they 
were exposed to 325 nm irradiation. The 2114–2112 cm–1 component originated from CO 
adsorbed on isolated Pt atoms, while the nature of the 2056 cm–1 band was unclear. This 
band was not observed as a separate component when Pt-TiO2 equilibrated with gaseous CO 
(Figure 7.4) neither it appeared upon desorption of CO from the sample under dynamic 
vacuum (Figure 7.9). In the latter case one can expect a red shift of the 2087–2063 cm–1 carbonyl 
bands with decreasing CO coverage due to weakened dipole coupling among adsorbed CO 
molecules.34 Therefore, the 2056 cm–1 band cannot be attributed solely to CO adsorbed on Pt 
nanoparticles at low coverage. On the other hand, the CO band position can be affected by 
co-adsorption of other species on Pt nanoparticles. For example hydrogen can be produced 
on Pt-TiO2 upon photocatalytic reduction of adsorbed water at temperatures below 373 K.35

Figure 7.10 The n(CO) region of the difference DRIFT spectra of oxidized Pt-TiO2 exposed to H2 at 293 K in the 
dark. The sample equilibrated with the gas phase and upon evacuation of the hydrogen gas.
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In order to evaluate whether in-situ formation of hydrogen could result in formation 
of the n(CO) band at 2056 cm-1, we exposed oxidized Pt-TiO2 to molecular H2. Admission 
of 1.0 mbar H2 led to the formation of an asymmetric band with the apparent maximum 
at 2045 cm–1 (Figure 7.10a). A similar band (2037 cm–1) was observed when a deuterium-
exchanged sample was exposed to D2 gas (Figure 7.10b). The intensities of these bands did 
not increase with increasing pressure of H2 or D2. This means that they are unlikely to be 
due to CO impurities present in the gas feed. On the other hand, they cannot be ascribed to 
hydride species, because n(Pt-D) appears in the 1470-1420 cm–1 region.38,39 When hydrogen 
was evacuated from the cell, the 2045 cm–1 band became narrower and more symmetric. 
Prolonged evacuation decreased the intensity of this spectral feature while its maximum 
shifted to 2055 cm–1 (Figure 7.10a). Evacuation of D2 led to similar changes (Figure 7.10b). 
The formation of the band at 2050–2060 cm–1 was also observed when the sample with 
CO adsorbed predominantly on isolated Pt atoms (Figure 7.7a) was exposed to H2 gas 
(Figure 7.11). The intensity of this band grew at the expense of the 2112 cm–1 component.  
The latter can be explained by a displacement of CO adsorbed on isolated Pt atoms by hydrogen 
spilled over from metallic Pt nanoparticles on the oxide.38 The displaced CO then co-adsorbs 
with hydrogen on metallic Pt nanoparticles giving rise to the band at 2053-2055 cm–1.  
Summing up, we conclude that the 2056 cm–1 band, which formed under UV irradiation of Pt-
TiO2, corresponds to CO co-adsorbed with hydrogen on Pt nanoparticles. This CO can form 
in-situ upon reduction of carbonates present on TiO2 by photocatalytically formed hydrogen.39 
The red shift of n(COads) in the presence of co-adsorbed hydrogen can be explained by dilution 
of adsorbed CO molecules on Pt nanoparticles40 weakening dipole coupling among them.34

Figure 7.11 Oxidized Pt-TiO2 with CO predominantly adsorbed on isolated Pt atoms upon exposure to H2 at 
293 K. The n(CO) region of the difference DRIFT spectra referenced to the sample in static vacuum (Figure 7.7a).
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CO adsorbed on Pt-CdS. The shift of the adsorbed CO bands induced by the charge 
transfer between a semiconductor and co-catalyst should be a generic property of metal-
loaded semiconductor photocatalysts. Therefore, in addition to Pt-TiO2, we investigated 
platinized CdS under 325 nm irradiation. In comparison to TiO2, CdS has a narrower bandgap 
(2.42 eV) and its conduction band is ca. 0.2 eV higher in energy.42 Hence, one would expect 
a more prominent shift of the ν(COads) bands for Pt-CdS in comparison with Pt-TiO2. When 
Pt-CdS was exposed to CO, an asymmetric band with a maximum at 2081 cm–1 emerged. This 
band can be ascribed to CO linearly adsorbed on metallic Pt.33–35 Similarly to Pt-TiO2, the 
position of ν(COads) band was not affected by UV irradiation (Figure 7.12).

Discussion of the light-induced induced ν(COads) band shifts. Neither Pt-TiO2 nor  
Pt-CdS exhibited any prominent shifts of the adsorbed CO bands under 325 nm irradiation, 
which can be unambiguously attributed to charging of Pt particles. On the other hand, CO 
adsorbed on metal electrodes42–44 or semiconductor-supported Pt particles18,19 immersed in 
an aqueous electrolyte show shifts up to 50 cm–1/V, when they are exposed to above-bandgap 
excitation or when an external electric bias is applied to the system. In order to understand 
this discrepancy one should consider that, in general, the effect of the applied electric field on 
the CO band is more prominent at the liquid/solid18,19,42,43 interface than for the gas/solid45–47 
systems. In the liquid/solid systems the electrical bias induces shifts of the CO band position 
in the order of 28-50 cm–1/V, while the effect of the applied electrical field on the vibrational 
frequency of CO adsorbed at the gas/solid interface is in the order of 10-6 cm-1/(V/cm).45–47 
For both systems, the influence of the electric field on the vibrational frequencies of adsorbed

Figure 7.12 The n(CO) region of the difference DRIFT spectra of Pt-CdS in the presence of CO in the dark and 
under 325 nm irradiation. The spectra are referenced to the sample before exposure to CO.
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CO can be described by the electrostatic Stark effect. However, different dielectric permittivity 
of vacuum and aqueous electrlytes44 and the presence of the electrochemical double layer 
at the liquid/solid interface lead to very prominent n(COads) shifts under electrochemical 
conditions. On the other hand, the intensity of the electric field in vacuum is limited by the 
break-down voltage which allows only for the band shifts in the order 10–2 cm–1.47 Interestingly, 
theoretical studies performed with CO adsorbed on small Cu and Au clusters predicted shifts 
of ν(COads) in order of tens of cm–1 upon addition or removal of one electron.48,49

By using a classical electrodynamics approach and approximating an average Pt 
nanoparticle with a solid sphere of radius R = 1 nm (Figure 7.13), one can calculate the 
electrical field strength E at the surface of such a particle, when one electron (Q = 1.6 × 10−19 C) 
is added to or removed from the system:

 (7.1)

where e0 = 8.854 × 10−12 F/m is vacuum permittivity. This rough approximation returns 
E  ≈  1.5  MV/cm which would induce a 15 cm-1 shift of the n(COads) band. However, we 
did not observe such prominent band shifts in our experiments. This can be explained 
by screening of the electrical charge by the d-band of the Pt metal50 which was not taken 
into account by equation (7.1). A Pt nanoparticle with 1 nm radius (Figure 7.13) contains 
about 250-300 atoms. Position and structure of the vibrational bands of adsorbed 
CO suggest that these particles are metallic. Therefore, the electron gas can efficiently 
screen transferred electrical charge resulting in a substantially weaker effective electrical 
field on the surface of Pt nanoparticles than that estimated with the equation (7.1).50

Figure 7.13 Pt particles size distribution (based on TEM analysis) in untreated (a) and oxidized (b) Pt-TiO2.
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On the other hand, screening cannot explain why the bands of CO adsorbed on isolated Pt 
atoms were not prominently affected by above-bandgap irradiation (Figure 7.7a). Such small 
metal clusters do not develop d-bands but can be described with the molecular orbital theory. 
Therefore, trapping of a charge carrier by these species would prominently affect interaction 
of adsorbed CO molecules with Pt clusters and, consequently, the position of n(COads). The 
absence of a prominent band shift of CO adsorbed on isolated Pt atoms can be due to high 
energy penalties of transferring one electron to an isolated metal atom which hinder such 
charge transfer.

Based on our experimental results we surmise that the 11 cm–1 red shift of the adsorbed 
CO band reported in literature20 was due to light-induced physicochemical processes other 
than accumulation of photogenerated charge carrier on Pt nanoparticles. The most probable 
explanation of this shift is dilution of adsorbed CO by hydrogen produced upon photocatalytic 
reduction of adsorbed water.

7.4 Conclusion

The influence of UV irradiation on the vibrational bands of CO adsorbed at the gas-solid 
interface of platinized TiO2 P25 and CdS was studied by DRIFT spectroscopy. No prominent 
shifts of the vibrational bands of CO adsorbed on metallic Pt nanoparticles was observed 
under 325 nm irradiation in either systems. Exposure of Pt-TiO2 to UV light caused a blue 
shift of ca. 0.5 cm–1 of the 2112–2114 cm–1 band corresponding to CO adsorbed on isolated, 
atomic Pt species. A similar rearrangement of this carbonyl band was observed upon heating 
of the material from 293 K to 383 K. Therefore, the effect of above-bandgap excitation on the 
adsorbed CO band positions cannot be unambiguously attributed to charge transfer between 
the oxide and Pt species. Prolonged UV irradiation of Pt-TiO2, which has not been exposed 
to CO, resulted in formation of carbonyl bands at 2056 cm–1 and 2114 cm–1. The 2056 cm–1 
band was not observed upon adsorption/desorption of pure CO and was ascribed to CO 
co-adsorbed with hydrogen on metallic Pt nanoparticles. Partial reduction of adventitious 
carbonates and/or carboxylates by hydrogen produced upon photocatalytic water reduction 
was proposed as the pathway of CO formation under above-bandgap irradiation of Pt-TiO2. 
Based on these experimental results we conclude that charge transfer between a semiconductor 
and a metal co-catalyst does not induce prominent band shifts of CO adsorbed at the gas/solid 
interface. This contrasts large shifts observed for liquid/solid interfaces and demonstrates that 
the dielectric properties of the medium are crucial for the formation of the electric field of the 
strength sufficient for prominent shifts of adsorbed CO bands.
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Summary
Ever increasing energy demand, which is covered mainly by fossil fuels, has already taken 

a toll on the Earth’s environment and climate. This urges us to shift from oil, gas and coal 
toward sustainable alternatives. Solar light is foreseen as the energy source of the future. 
However, intermittent nature of solar irradiation challenges current technologies for energy 
conversion, storage and transport. In this regard, direct production of solar fuels from water, 
CO2 and solar light by means of photocatalysis is a promising approach for solar-to-chemical 
energy conversion. Besides production of chemical fuels, photocatalysts can be used for 
remediation of pollutants and selective reduction and oxidation of organic compounds. 
However, large scale implementation of these processes is hindered by low efficiencies of 
photocatalytic systems. Optimization of photocatalytic materials is a complex task, because 
different parameters influence the overall performance of the material. Among them are 
optical properties of the photocatalyst, which depend on both the bandgap and textural 
properties of the material; mobility, trapping and recombination of photogenerated electrons 
and holes; thermodynamics and kinetics of the desired redox reactions. Some of these 
parameters can be reliably assessed only for the model systems (i.e. single crystal samples) 
but they are substantially more difficult to evaluate for (nano)particulate materials. Moreover, 
alteration of one parameter of the system via synthesis or post-treatment almost inevitably 
affects other properties of the material. Thus, photocatalytic research includes elements of 
material science, inorganic chemistry, electrochemistry, catalysis, solid state physics and 
engineering.

Over the last decades, various photocatalytic systems and approaches to their synthesis 
and optimization have been developed. Despite numerous reports of highly active and 
stable photocatalysts, there is still no proven champion material suitable for the large scale 
implementation. This is partially because the results of photocatalytic activity tests depend 
on the material loading, configuration of the photoreactor, intensity and spectral output of 
the light source, and sacrificial reagents which makes comparison of different photocatalytic 
systems a difficult task. Besides this, promising systems are rarely revisited which further 
complicates selection of promising candidates. In this study, two types of photocatalytic 
materials were investigated in detail: mixed Cd-Zn sulfides and TiO2. Chapters 3 and 4 are 
devoted to synthesis of mixed Cd-Zn sulfides and their composites with platinized TiO2, 
respectively. These sulfide-based photocatalysts were tested in the sacrificial visible light-
driven water reduction reaction. In Chapters 5-7 steady state and sub-second time-resolved 
FTIR spectroscopy is used to investigate dynamics of photogenerated charge carriers in  
(Pt-)TiO2. Although titania is one of the most extensively studied and widely applied 
photocatalytic materials, the role of adsorbed water on the charge carrier dynamics at different 
time scales is not entirely clear while this knowledge is crucial for optimization of TiO2-based 
photocatalytic systems.

Chapter 3 is devoted to gaining understanding of the hydrothermal synthesis of Cd-Zn 
sulfides from insoluble hydroxide precursors and how additives present in the synthesis 
medium affect the activity of the resulting sulfide and the amount of nano-twinned particles in 
it. We found that the hydroxide precursor is composed of crystalline Cd(OH)2 and amorphous 
Zn(OH)2 phases. These insoluble hydroxides are transformed into mixed Cd-Zn sulfides via 
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dissolution-precipitation mechanism under hydrothermal conditions. Highly active mixed 
Cd-Zn sulfides were obtained when hydrothermal synthesis was carried out in the presence 
of additives which favor formation of soluble Zn and Cd complexes. Analysis of the powder 
XRD patterns revealed the presence of composition inhomogeneities in mixed Cd-Zn sulfides. 
This resulted in substantial broadening of the XRD reflections and complicated analysis of 
the phase composition, mean crystallite sizes and strains in mixed sulfides. Samples with 
higher photocatalytic activity had lower amount of nano-twinned particles than the sulfides 
with inferior performance. This contradicted the hypothesis previously proposed in literature 
which ascribes high photocatalytic activity of such hydrothermal mixed Cd-Zn sulfides to the 
presence of nano-twinned particles present in the material.

Mixed Cd-Zn sulfides were further explored for the photocatalytic water reduction in 
Chapter 4 where we investigated sulfide/Pt-TiO2 composite photocatalysts. Such composite 
materials contain heterojunctions between the sulfide and oxide components which improve 
charge carrier separation and photocatalytic activity of the system. The latter was found to 
be true for room temperature precipitated CdS but not for Cd0.5Zn0.5S prepared in the same. 
Composite photocatalysts containing hydrothermal CdS or Cd0.5Zn0.5S had inferior activity 
compared with the standalone sulfides photocatalysts as well. Poisoning of Pt co-catalyst 
during the composite synthesis deteriorated activity of the CdS-based materials but had little 
to no effect on the composites with mixed sulfides. This is because the water reduction reaction 
with CdS-based materials takes place predominantly on the oxide-supported Pt particles, 
while mixed sulfides compete with platinum centers in this process. The deteriorating effect 
of Pt-TiO2 on the photocatalytic performance of highly active sulfides was attributed to the 
low mobility of the conduction band electrons in the oxide.

In Chapter 5 the influence of sample hydration on photogenerated electron absorption 
signal intensity and dynamics was studied by steady state and time-resolved FTIR spectroscopy. 
In contrast to previous reports, we found that dehydration of TiO2 P25 increases rates of 
charge carrier recombination at the s-min time scale. Temperature-dependent measurements 
revealed low activation energies (ca. 0.06-0.17 eV) of the electron absorption decay in the 
293 - 423 K temperature range. At temperatures above 423 K and below 273 K charge carrier 
recombination was temperature-independent. Dehydration of titania samples at elevated 
temperatures led to the hysteresis of the photogenerated electron absorption dynamics. 
This effect disappeared when hydrogen bonding among adsorbed water molecules restored 
at room temperature. Experimental results were complimented with the ab-initio DFT+U 
analysis of the hole migration on the anatase TiO2(101) surface. These calculations showed 
that water adsorbed on the oxide surface stabilizes surface-trapped holes and lowers barriers 
of their migration. Based on experimental and theoretical findings, we conclude that the 
observed activation energies and hysteresis of the electron absorption dynamics originate 
from hydrogen bonding between adsorbed water and titania.

Chapter 6 continues investigating dynamics of photogenerated electron absorption with 
the focus on the shallow trapped electrons (STE) formation under above- and sub-bandgap 
excitation. The intensity dependent measurements revealed that under above-bandgap 
excitation steady-state concentrations of free charge carriers were governed by bimolecular 
recombination. On the other hand, recombination of the electron-hole pairs produced by 
sub-bandgap excitation was dominated by a trap-assisted process. In untreated TiO2 P25 
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sub-bandgap excitation favored formation of STE while above-band irradiation of high and 
low intensities induced formation of CBE and STE, respectively. When hydration of TiO2 
P25 increased after oxidative treatment, both above- and sub-bandgap excitation produced 
strong STE absorption bands. Experiments performed with commercial anatase and rutile 
TiO2 indicated that STE form in the anatase TiO2 and not in the rutile phase. Measurements 
carried out at 163 K and T > 373 K demonstrated that interaction of photogenerated electrons 
with dissociatively adsorbed water is crucial for the STE formation.

In Chapter 7 we studied the influence of the above-bandgap excitation on the vibrational 
frequencies of CO adsorbed on platinized TiO2 and CdS. The shift of the adsorbed CO bands 
can be used to monitor in-situ the electrical field at the semiconductor/electrolyte interface. 
Recently, a similar light-induced band shift was reported for CO adsorbed on Pt-TiO2 at the 
gas/solid interface. We explored this effect to study charge carrier transfer in Pt-loaded CdS 
and TiO2 photocatalysts. In contrast to literature, no prominent light-induced shifts of the 
vibrational frequencies were observed for CO adsorbed at the gas/solid interface in either of 
the systems. The effect of irradiation on the structure and position of CO bands was similar to 
that observed upon sample heating. Hence, they cannot be unambiguously attributed to the 
charge transfer between TiO2 and Pt particles. Prolonged irradiation of Pt-TiO2, which was not 
previously exposed to CO, induced formation of the carbonyl bands in the 2112-2114 cm-1 
and 2050-2060 cm-1 spectral regions. The former component is characteristic for CO 
adsorbed on isolated Pt nanoparticles while the latter band was attributed to CO co-adsorbed 
with hydrogen on Pt nanoparticles. Formation of CO under the above-bandgap excitation 
was attributed to photocatalytic reduction of water and carbonates/carboxylates adsorbed on 
titania.

Sustainable production of chemical fuels and remediation of pollutants by means 
of photocatalytic processes require efficient and robust systems. Rational design and 
optimization of such systems is impossible without understanding of the material synthesis, 
charge carrier dynamics, and kinetic of the interfacial redox processes. Maximum efficiency, 
which a given photocatalytic system can achieve, depends on light absorbing properties of the 
material and it is higher for semiconductors with narrower bandgap. Therefore, photocatalytic 
materials active under visible light have been in focus of photocatalytic research for long time. 
Examples of such materials include (transition) metal phosphides, oxides, chalcogenides, and 
silicon. Some of these systems demonstrate high energy conversion efficiencies (e.g. Ga-In 
phosphides and arsenides) but their large-scale implementation is severely limited by scarcity 
of the used elements. On the other hand, hematite is composed of earth-abundant element 
but suffers from intrinsically low mobility of charge carriers, which limits its performance. 
In this regard, transition metal chalcogenides, and sulfides in particular, are considered as a 
promising class of materials. Transition metal sulfides can be prepared with different metal and 
chalcogenide composition allowing fine tuning of their optical and photocatalytic properties. 
Besides this, sulfides can be prepared by a variety of methods under relatively mild conditions. 
These vast opportunities have been used for development and optimization of the transition 
metal sulfides-based photocatalytic systems over the last decades. Despite the above listed 
advantages, long-term stability of the transition metal chalcogenides is challenging because 
of photocorrosion. Self-oxidation of chalcogenides is commonly suppressed by introducing 
sacrificial hole scavengers. However, this approach is feasible only for the laboratory tests 
but not for the large scale production of solar fuels. This calls for other strategies for the 
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material stabilization. For instance, deposition of protective layers has not been explored 
very extensively for sulfide systems. On the other hand, artificial z-scheme – a promising 
alternative for sacrificial water splitting – has been implemented mainly for wide-bandgap 
semiconductors but less so for the visible light-active photocatalytic materials. Realization 
of this approach, however, requires development of new robust and tunable redox mediators 
which can be matched with different pohotocathode-photoanode pairs.

Exploration of new photocatalytic systems and development of new synthesis methods 
attract substantial research effort. However, correlations between synthesis parameters, nature 
of precursors, reagent and additives present in the synthesis medium and the photocatalytic 
performance of the resulting materials are often left out of the scope of photocatalytic works 
and rarely revisited. This complicates selection of promising systems and their further 
optimization. The affinity for simple explanations and apparent structure-activity correlations 
sometimes leads researcher to superficial conclusions, while the photocatalytic performance of 
the material is governed by an interplay between its macroscopic and microscopic properties 
which in not always apparent. For instance, different photocatalytic processes can proceed 
via different reaction mechanisms on the same material. Because of this, a particular system 
design or preparation strategy may work well for one reaction but cripple the performance 
in another process. Thus, understanding of intrinsic properties of photocatalytic systems and 
mechanisms of the interfacial redox reactions is of high importance. Every photocatalytic 
reaction includes a large number of elemental steps such as electron-hole pair generation, 
charge carrier transfer, trapping and recombination, interaction of photogenerated electrons 
and holes with surface groups and adsorbates, transport of the reagents to the reaction centers, 
desorption and removal of the products. These processes can be accessed under steady-state 
and time-resolved conditions by different spectroscopic techniques. Despite the development 
of spectroscopic methods, direct investigation of photocatalytic reactions under operation 
conditions is still a challenging task due to the large number of components and parallel 
processes. Therefore, photocatalytic systems are usually studied under model conditions. 
Although this is approach is not ideal, model experiments provide valuable insights about 
reaction mechanisms and their rate-limiting steps. As there is no universal technique which 
can probe all properties of the system simultaneously, a combination of several complimentary 
methods is often required to solve the ‘scientific puzzle’. For instance, a combination of UV-
Vis and vibrational spectroscopy can be used to investigate charge carrier generation, transfer 
and recombination in the semiconducting material along with rearrangement of chemical 
bonds, formation of reactive intermediates and products. Such experiments, performed 
under controlled conditions, form a foundation for more complex materials and systems 
bringing researchers closer to understanding of complete reaction mechanisms and intrinsic 
limitations of different photocatalytic systems.
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