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Abstract 

The dark and photoreactions of ethanol on bare and noble metal modified rutile 

TiO2(110) single crystal and TiO2 polycrystalline materials with emphasis on hydrogen 

production have been studied. Temperature programmed desorption (TPD) studies on 

TiO2(110) after annealing under vacuum at ca. 780 K and ethanol adsorption at 300 K 

indicated two main reactions: dehydration to ethylene and dehydrogenation to 

acetaldehyde. Further, it was found that annealing under molecular oxygen at similar 

temperature increases surface reactivity and favors the dehydration of ethanol to 

ethylene over other non–oxidative reaction routes. On the other hand, the monitoring 

of reaction products after predosing the surface with ethanol at 300 K under exposure 

to UV by employing online mass spectrometry indicated the formation of acetaldehyde 

and hydrogen. However, in the presence of gas phase oxygen, ethanol was mainly 

oxidized to acetaldehyde with negligible amount of hydrogen. The amount of 

acetaldehyde produced increased with increasing the gas phase oxygen pressure in the 

vacuum chamber; the order of the reaction with respect to oxygen was found close to 

0.5. Part of acetaldehyde further reacted with gas phase oxygen under UV excitation to 

give surface bound acetate species confirmed by X–ray photoelectron spectroscopy 

(XPS). A reaction mechanism for the formation of acetaldehyde and hydrogen from 

ethanol on TiO2 under photoexcitation is proposed. In order to enhance the 

semiconductor properties of TiO2, ruthenium metal particles were deposited on 

TiO2(110) under UHV conditions by metal organic chemical vapor deposition 

(MOCVD) technique using Ru3(CO)12 as a precursor  while the deposition steps were 

monitored by XPS. Ru3(CO)12 adsorbed both dissociatively and non–dissociatively 

with similar amounts at room temperature. After heating the surface to 623 K, the 

carbonyl ligands were completely removed leaving mainly pure ruthenium metal and 

some Ru–O species on the surface as detected by XPS. Photoreactions of ethanol on 

ruthenium deposited on TiO2 (Ru/TiO2) in the presence of O2 indicated that ethanol 

was mainly photooxidized into CO2 and acetaldehyde with more selectivity towards 

acetaldehyde at the investigated oxygen pressures compared to TiO2 alone.  

In case of gold supported on TiO2 nanoparticles (Au/TiO2), X–ray photoelectron 

spectroscopy of the Au4f lines indicated that in all cases Au particles were present in 
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their metallic state. Transmission electron microscopy (TEM) indicated that Au 

particles size increased with an increase in Au loading (1–8 wt. %) on both TiO2 rutile 

and anatase supports and was always greater in the case of the rutile phase when 

compared to the anatase phase. The slurry phase photocatalytic reactions of ethanol 

over Au/TiO2 nanoparticles showed that ethanol mainly undergoes dehydrogenation to 

acetaldehyde and hydrogen under UV light exposure. It was found that Au particles in 

the size range 3–30 nm on TiO2 were very active in hydrogen production from ethanol 

and Au particles on anatase nanoparticles delivered a rate two orders of magnitudes 

higher than that recorded for Au particles of similar size on rutile nanoparticles. 

Surprisingly, it was found that Au with particle size from 3–12 nm and 20–35 nm 

range does not affect the photoreaction rate for anatase and rutile phases respectively. 

The high hydrogen yield observed makes these catalysts promising materials for 

conversion of solar energy to readily storable energy carriers. In a separate work, in 

order to investigate the effect of the semiconductor particle size, photoreactions were 

conducted over Au/TiO2 anatase catalysts where Au particles were very similar (about 

5–7 nm in size), but TiO2 was in the nanosize in one case (≤10 nm) and in the 

microsize (ca. 0.15 μm) in the other. Normalized reaction rate per unit area of both 

catalysts was found similar. The reactions of ethanol on bare and Au/TiO2 anatase 

system were also conducted under dark conditions. Ethanol TPD on TiO2 alone 

showed that most reaction products desorbed in one single temperature domain with a 

maximum at ca. 660 K. The main reaction product was ethylene; other minor products 

in decreasing order were acetaldehyde, butene and crotonaldehyde. However, ethanol 

TPD over Au/TiO2 was considerably different. First, a large fraction of the reaction 

products desorbed at lower temperatures around 600 K; second the main desorption 

product was observed to be benzene. The results were supported by in situ Infra–red 

spectroscopy. A scheme for the formation of the reaction products on TiO2 and 

Au/TiO2 is proposed in which benzene is formed on Au/TiO2 by successive 

condensation reactions. 
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1 

Introduction 

1.1.   Overview 

Sunlight induced photocatalytic reactions capable of converting solar energy to 

chemical energy which can be stored in a variety of chemical fuels (hydrogen fuel), 

offer significant advantages over other nonchemical routes, such as converting solar 

energy to heat or directly to electricity, which offer limited storage potential. One way 

of carrying out these photocatalytic reactions is to use photocatalytically active metal 

oxides, such as TiO2. Because photoreactions on metal oxide surfaces involve many 

complex steps including adsorption/desorption, surface and bulk excitation, surface 

and bulk diffusion, and electron transfer, in addition to chemical potential of the 

reactant, it has been recognized that studying model surfaces of metal oxides may help 

to elucidate key parameters not possible to obtain while working under practical 

conditions. This thesis, therefore, focuses on photocatalytic reactions of ethanol over 

TiO2 single crystal surfaces to extract key information about photocatalytic reactions 

of ethanol for hydrogen production. Obtained understanding of mechanisms involved 

is then applied to real metal oxide surfaces. 

1.2.   Metal oxides as photocatalysts 

TiO2 was the first material to show photochemical activity in water–splitting. Since the 

pioneering work of Fujishima and Honda on the decomposition of H2O into H2 and O2 

using a  photoelectrochemical cell with Pt and TiO2 electrodes under a small electric 

bias (Fujishima and Honda 1972), H2 production using photocatalysis has been 

extensively studied and many photocatalysts have been developed. Until very recently, 

over 130 photocatalytically active semiconductor materials (Osterloh 2007; Kudo and 

Miseki 2009) (including oxides, sulfides, nitrides and hydroxides) with an ability to 
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split water to hydrogen have been studied. Among oxide materials, titania–based 

photocatalysts are still the most extensively studied materials due to their relatively 

high efficiency, high photostability, abundance, low cost and nontoxic qualities 

(O'Regan and Gratzel 1991). In terms of quantum efficiency, NiO/NaTaO3 (56 %) has 

shown the maximum activity (Kato, Asakura et al. 2003). However, this material is 

activated only under deep–UV irradiation, below 270 nm, and gradually deactivates 

with time (Kato and Kudo 2001). Nitrogen doped metal oxides may show 

photocatalytic activity in the visible region i.e. Cr/Rh(1–x)GaN:xZnO has recently been 

reported, with a quantum efficiency of 5.9 % (Maeda, Teramura et al. 2008). However, 

as a metal nitride this material exhibits poor photostability (Fujii and Ohkawa 2006; 

Maeda, Teramura et al. 2006).  

1.3.   Bioethanol as a renewable energy source 

The reactions of ethanol over metal oxides are receiving considerable attention because 

of their renewability (Galbe and Zacchi 2002; Dien, Cotta et al. 2003; Goltsov, 

Veziroglu et al. 2006), non toxicity, ease of handling and the potential to achieve an 

efficient production of hydrogen by oxidation and steam reforming (Diagne, Idriss et 

al. 2002; Sheng, Yee et al. 2002; Erdohelyi, Rasko et al. 2006; Ni, Leung et al. 2006). 

Ideally, a new energy source needs to be sustainable and eco–friendly. Hydrogen 

production from ethanol can meet both criteria because ethanol is a renewable energy 

resource and water is the only by–product of hydrogen combustion (Haryanto, 

Fernando et al. 2005; Ni, Leung et al. 2006; Ni, Leung et al. 2007). Ethanol can be 

obtained from biomass by fermentation or hydrolyses of celluloses, and this is not the 

case for fossil fuels. The overall reaction mechanism for hydrogen production from 

aqueous ethanol can be summarized as two competing reactions as follows (Ollis, 

Pelizzetti et al. 1989): 

 Photocatalyst

2 5 2 2 4 2C H OH H O 2H CH CO     (1.1)  

 

 Photocatalyst

2 5 2 2 2C H OH 3H O 6H 2CO    (1.2)  

Catalytic  hydrogen  production  from  bio–ethanol,  in  particular,  has  attracted  
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considerable attention during the last 25 years (Sheng, Yee et al. 2002; Cavallaro, 

Chiodo et al. 2003; Idriss 2004; Sheng, Bowmaker et al. 2004; Wanat, Venkataraman 

et al. 2004; Guil, Homs et al. 2005; Erdohelyi, Rasko et al. 2006).  

There are two distinct catalytic systems for producing hydrogen from ethanol. One of 

these systems works under dark conditions where heat is needed as a source of energy 

to convert ethanol into hydrogen and other chemicals (Freni 2001; Sheng, Yee et al. 

2002; Diagne, Idriss et al. 2004; Sheng, Bowmaker et al. 2004; Enis., Karakaya et al. 

2005; Mattos and Noronha 2005; Salge, Deluga et al. 2005). The other system works 

under photoillumination where sunlight is used as a source of energy (Blount, 

Buchholz et al. 2001). The latter is obviously more attractive because a considerable 

amount of energy in the form of sunlight reaches the earth surface from the sun; most 

of which is left unused. Idriss and co–workers have studied the dark catalytic reactions 

of ethanol over a series of catalysts based on CeO2 and have found that the bottleneck 

of the reaction is in the breaking of the carbon–carbon bond of the ethanol molecule 

(Sheng, Yee et al. 2002; Diagne, Idriss et al. 2004; Sheng, Bowmaker et al. 2004). It 

was also found that the reaction was most likely occurring at the interface between the 

metal and the support. Photocatalytic reactions, which are dependent on surface as well 

as bulk properties of a material, are inherently different from dark catalytic reactions 

which depend only on surface properties. Thus it is advantageous to compare relative 

activity of photocatalytic vs. dark catalytic reactions for the same reaction to assess 

future directions in optimizing activity. Thus far, the most attractive and energy 

efficient way to produce hydrogen from ethanol is clearly its photolysis on a 

semiconductor surface using sun light (Jitputti, Pavasupree et al. 2007). Many efforts 

have been made to optimize this process in various laboratories around the world, but 

the technology is still far from being applicable for large scale hydrogen production. 

1.4.  Hydrogen: Current challenges and future prospectus 

Because of the foreseeable depletion of fossil fuels (contributing about 80 % of the 

present world energy demand) and environmental harm caused by their 

overconsumption, hydrogen is long been viewed as an energy carrier for the future 

(J.Verne 1874; Lattin and Utgikar 2007). Moreover, there is a dire need to cut down 
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the utilization of fossil fuels because of their role in global climate change, mainly due 

to the emission of pollutants like COx, NOx, SOx, CxHx, soot, ash, droplets of tars and 

other organic compounds. Hydrogen is regarded as a clean non–polluting fuel as water 

is the only product released during its combustion. As compared to other gaseous fuels 

like natural gas or water gas (CO + H2), hydrogen combustion is quite harmless to 

humans and the environment (Bockris 1981; Suzuki 1982). Hydrogen is not a primary 

energy source, but rather serves as a medium through which primary energy sources 

(such as nuclear and/or solar energy) can be stored, transmitted and utilized to fulfill 

our energy needs. As an energy carrier, it is especially attractive due to its potential to 

be used to power chemical fuel cells (Logan 2004). Hydrogen is the most abundant 

element in the universe, contributing about three quarters of all its matter. On planet 

earth, hydrogen is mainly found in the form of its compounds with other elements 

including water and hydrocarbons being the most abundant of all compounds. Water 

forms the 70 % of total earth surface. The atmosphere contains about 0.07 % hydrogen, 

while the earth's surface consists of about 0.14 % hydrogen mainly in the form of 

chemical compounds with other elements. It is therefore advantageous to develop 

technologies based on either water or hydrocarbons for hydrogen production.  

Apart from use as an energy carrier, hydrogen has various other uses (Veziroglu 1995; 

Ramachandran and Menon 1998), which can be broadly divided into the following 

categories: 

1- As a reactant in hydrogenation processes to produce lower molecular weight 

hydrocarbons, saturated compounds; removal of sulfur and nitrogen 

compounds during cracking of hydrocarbons. 

2- As an oxygen scavenger to remove trace amounts of oxygen to prevent 

oxidation and corrosion. 

3- As a fuel in rocket engines. 

4- As a coolant in electrical generators to take advantage of its unique physical 

properties. 

Although the above stated areas of hydrogen utilization are equivalent to only 3 % of 

the total energy consumption today, they are expected to grow significantly in the 

years to come. At present hydrogen is produced mainly from fossil fuels, (Armor 
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1999) biomass and water. A summary of methods used for hydrogen production from 

different sources is given below. 

A – Methods of hydrogen production from fossil fuels include; 

1. Steam reforming of natural gas (Wang, Czernik et al. 1998; Fatsikostas, 

Kondarides et al. 2001; Rioche, Kulkarni et al. 2005) 

2. Thermal or thermo–catalytic cracking of natural gas (Callahan 1974; Pohleny 

and Scott 1966) 

3. Catalytic partial oxidation of heavier hydrocarbons (Liguras, Goundani et al. 

2004; Hohn and Lin 2009) 

4. Coal gasification, such as thermal pyrolysis(Wang, Czernik et al. 1997; 

Rapagnà, Jand et al. 1998; Turn, Kinoshita et al. 1998) and supercritical water 

gasification of biomass (Antal, Allen et al. 2000; Calzavara, Joussot–Dubien et 

al. 2005; Lu, Guo et al. 2006; Guo, Wang et al. 2010) 

B – Methods of hydrogen production from biomass include (Jalan and Srivastava 

1999): 

1. Pyrolysis  

2. Gasification 

C – Methods of hydrogen production from water include: 

1- Electrolysis (Stojic, Marceta et al. 2003) 

2- Photolysis (Fujishima and Honda 1972; Hall, Adams et al. 1980; Bolton, 

Strickler et al. 1985) 

3- Thermo–chemical processes (Rosen 2010) 

4- Direct thermal decomposition or thermolysis (Lede, Lapicque et al. 1982; 

Baykara 2004) 

5- Biological production (Hall, Adams et al. 1980), direct thermal decomposition 

or thermolysis (Lede, Lapicque et al. 1982; Baykara 2004) 

6- Biological production (Hall, Adams et al. 1980) 
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Among the processes listed above, nearly 90 % of hydrogen is produced by the steam 

reforming of natural gas or light oil fractions (Rostrup–Nielsen 2005). Coal 

gasification and electrolysis of water are among other industrial methods for hydrogen 

production. These methods mainly consume fossil fuel and sometimes hydroelectricity 

as their energy source (Casper 1978; Cox and Williamson Jr 1979; Lodhi 1987; Sastri 

1989). Biomass pyrolysis and gasification produce a mixture of gases i.e. H2, CH4, 

CO2, CO, N2. Although hydrogen production by steam reforming of natural gas is a 

mature technique it cannot provide a long–term strategy for the hydrogen economy 

because it is neither sustainable nor clean. On the other hand, hydrogen production 

through electrolysis of water is not an energy efficient process as the hydrogen 

obtained carries less energy than the energy input to produce it. The problem has 

attracted worldwide attention of many researchers to seek for new energy efficient 

methods to produce hydrogen from renewable resources, such as biomass and water 

(Zou, Ye et al. 2001; Cortright, Davda et al. 2002; Deluga, Salge et al. 2004; Turner 

2004; Maeda, Teramura et al. 2006; Holladay, Hu et al. 2009; Navarro, Sanchez–

Sanchez et al. 2009). Biomass is considered a renewable energy source because plants 

store sun energy through photosynthesis and can release this energy when subjected to 

an appropriate chemical process i.e. biomass burning. The CO2 produced will be 

reused in photosynthesis process. In this way, biomass functions as a natural energy 

reservoir for storing solar energy.  

1.5.   Sun: The biggest  resource of energy 

Solar energy, along with secondary solar–powered resources, such as wind, ocean 

surface waves, precipitation, biomass, ocean thermal gradient, tides, geothermal fossil 

fuels account for most of the available energy on earth (Hermann 2006). The sun 

provides 1.20 × 10
5 

TW of energy each year to the earth (Morton 2006). In 2006, 

Lewis and co–workers  estimated that sun provides more energy in one hour to the 

earth than annual world energy consumption (Lewis and Nocera 2006). The effective 

use of solar energy is, thus, important for the establishment of a sustainable society. 

One approach of solar energy utilization is the use of sunlight to generate energy 

carriers, such as hydrogen, from renewable energy sources (ethanol and water) using 

semiconductor photocatalysts. This is the main focus of this thesis. 

http://en.wikipedia.org/wiki/Biomass
http://en.wikipedia.org/wiki/Non-ionizing_radiation
http://en.wikipedia.org/wiki/Wind_power
http://en.wikipedia.org/wiki/Biomass
http://en.wikipedia.org/wiki/Renewable_energy
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1.6.   Photocatalysis on TiO2 

Since the pioneering work by Fujishma and Honda on photolysis of water into 

hydrogen and oxygen on TiO2 electrodes with an external bias, studies of TiO2 

photocatalysis have been rapidly gaining popularity  (Fujishima and Honda 1972; 

Frank and Bard 1975). TiO2 is the most active natural semiconductor known for 

photoreactions (Gratzel 2001; Carp, Huisman et al. 2004). The advantages of using 

TiO2, such as high resistance to photocorrosion, low cost and non–toxicity, have led to 

its wide usage in photocatalytic applications mainly focused on the degradation of 

organic pollutants in aqueous and gaseous phases and hydrogen generation from 

photocatalytic water–splitting (Zhang, Chen et al. 2009). The most actively pursued 

research on TiO2 by far, is its use as a photocatalyst for the oxidation of organic 

pollutants (Nosaka, Sasaki et al. 1984; Ollis, Hsiao et al. 1984; Al–Ekabi and Serpone 

1988; Matthews, Abdullah et al. 1990; Augugliaro, Palmisano et al. 1991; Kutsuna, 

Ebihara et al. 1993; Legrini, Oliveros et al. 1993; Anpo, Yamashita et al. 1995; Lu, 

Linsebigler et al. 1995; Naskar, Pillay et al. 1998) because its conduction and valence 

band positions are compatible with a wide range of redox reactions (Brinkley and 

Engel 1998; Brinkley and Engel 2000). In addition, TiO2 has application in various 

fields detailed discussion of which is provided in an extensive review by Diebold 

(Diebold 2003). To date, TiO2 is the most photocatalytically active natural 

semiconductor known (Gratzel 2001; Carp, Huisman et al. 2004). 

1.6.1.   Principles and mechanisms of TiO2 photocatalysis 

Like many other semiconductors, TiO2 possesses a quantum mechanical forbidden 

energy region called band gap (EBG) extending from the top of the valence band (VB) 

to the bottom of the conduction band (CB). In TiO2 the valence band has a major 

contribution from O2p orbitals while the conduction band has a major contribution 

from Ti3d orbitals. On exposing TiO2 to radiation with energy E = hv, where h is 

Plank’s constant (6.626 × 10
–34

 J. s) and v is the frequency of light (s
–1

), greater than or 

equal to the band gap the electrons can be excited from the valence band to the 

conduction band with simultaneous production of holes in the valance band. The fates 

of the resulting electrons and holes depend on several pathways, they may adopt after 
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excitation. Of particular interest are those migrating to or present at the surface, where 

they may react with an electron acceptor (A) and an electron donor (D) adsorbed on 

the surface. Because of energy transfer restrictions, the electron acceptor energy level 

needs to be lower than the conduction band energy level and the electron donor energy 

level needs to be higher than the energy level of the valence band (Idriss 2008). This 

process is schematically presented in Figure 1.1. This figure represents a simplistic 

picture of photocatalysis using TiO2. However, other aspects need to be addressed for 

efficient photocatalysis. Some of these aspects, directly related to the work presented 

in this thesis, are described below. The band gap of TiO2 is about 3.0–3.2 eV and only 

ca. 4–5 % of the solar light (below 400 nm) possess enough energy to produce electron 

and hole pairs, while the rest of visible light (400 < < 700 nm) cannot be utilized 

because it possess energy less than the band gap energy (Liu, Guo et al. 2012).  

  

Scheme 1.1. A representation of photocatalysis process on TiO2. 

In order to overcome these drawbacks, many studies on the modification of the TiO2 

semiconductor surfaces to enhance electron–hole production and extend the light 

absorption range into the visible range have appeared (Choi, Termin et al. 1994; 

Iwasaki, Hara et al. 2000; Li and Li 2001; Dvoranova, Brezova et al. 2002; Yu, Yu et 

al. 2002; Radecka, Wierzbicka et al. 2004; Sung–Suh, Choi et al. 2004; Wu and Lee 

2004). The efficient use of sunlight could be obtained by modifying TiO2 with noble 
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metals (Anpo and Takeuchi 2003), doping TiO2 with other ions (Chen and Burda 

2008), coupling with other semiconductors (Jang, Ji et al. 2007), sensitizing with dyes 

(Zhang, Chen et al. 2008) and adding sacrificial reagents to the reaction solution (Jang, 

Ji et al. 2007). It has been found that doping TiO2 with nitrogen anions decreases the 

band gap energy by creating electronic states below the conduction band while keeping 

the conduction band electronic states and level unchanged. This allows the doped 

material to absorb energy in the visible region of electromagnetic spectrum (Diwald, 

Thompson et al. 2004; Belver, Bellod et al. 2006; Belver, Bellod et al. 2006). Li and 

co–workers reported that visible light photoactive TiO2 materials can be prepared from 

a commercially available single molecular titanium precursor containing nitrogen and 

carbon, which enables anion doping during the growth of TiO2 nanocrystals (Li, Chen 

et al. 2008). This work is at present in its initial stages and only sporadic 

photoreactions have been studied (Idriss 2008). 

1.6.2.   Photocatalytic activities of rutile and anatase phases: A 

comparison 

TiO2 crystallizes in three different major crystalline phases including anatase, rutile, 

and brookite. Anatase and brookite are thermodynamically metastable phases and 

irreversibly transform to the most stable rutile form above 673 K or so (Li and Ishigaki 

2004). Other phases of TiO2 exist as well. For example, cotunnite forms under high 

pressure conditions and is one of the hardest materials known (Dubrovinsky, 

Dubrovinskaia et al. 2001). However, the most widely used form of TiO2 is the 

Degussa P–25, containing about 80 % to 20 % anatase to rutile by weight. Anatase and 

rutile phases are the most widely studied phases as photocatalyst for hydrogen 

production from water (Cotton, Wilkinson et al. 1999). Although, the rutile phase is, 

thermodynamically, more stable than the anatase phase at ambient pressure and room 

temperature (Muscat, Swamy et al. 2002), however, it has been found that, the 

synthesis of nanocrystalline TiO2 consistently resulted in anatase nanoparticles, which 

transformed to rutile upon reaching a particular size (<14 nm) (Zhang and F. Banfield 

1998; Zhang and Banfield 2000). In most studies, anatase phase has been found more 

active than rutile (Karakitsou and Verykios 1993; Jitputti, Pavasupree et al. 2007; 

Chiarello, Selli et al. 2008). One way of explaining this difference in photocatalytic 
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activity is to look at their band structure. For bulk TiO2, the band gaps of anatase and 

rutile are 3.2 and 3.0 eV corresponding to absorption thresholds at 390 and 415 nm, 

respectively (Rao, Rajeshwar et al. 1980). The valence band locations (redox potential) 

of these two phases are located at ca. 3.0 eV, but the location of their conduction bands 

is slightly different (scheme 1.2). The conduction band potential of rutile almost 

equates with the NHE potential (Normal Hydrogen Electrode), whereas anatase is 

shifted cathodically by almost 0.3 eV. Hence, the driving force for electrons present in 

the conduction band to reduce protons (H
+
) present on the TiO2 to hydrogen molecule 

is very small for rutile as compared to anatase where reduction takes place relatively 

easily.  

 

 

Scheme 1.2. A representation of band structures of anatase and rutile TiO2. 

In addition, because of the different band gap of rutile and anatase phases, the 

frequency of incoming light may affect the photocatalytic activity (Karakitsou and 

Verykios 1993; Jitputti, Pavasupree et al. 2007; Du and Li 2010).  Moreover, it is also 

generally accepted that the photocatalytic efficiency of TiO2 is related to crystal 

structure, crystal size, crystallinity, surface area, particle size distribution, porosity and 

the density of surface hydroxyl groups (Silva and Faria 2009). Furthermore, many 

studies have revealed that the anatase phase with a smaller particle size, higher 

crystallinity and larger surface area, is favorable for hydrogen production 

(Sreethawong, Suzuki et al. 2005; Sreethawong, Suzuki et al. 2005; Jitputti, 

Pavasupree et al. 2007; Korzhak, Ermokhina et al. 2008).  



Chapter 1                                                                                                                    Introduction 

 

11 
 

1.6.3.   Optimization of the photocatalytic activity of TiO2 

The photocatalytic activity of TiO2 can be increased by controlling and manipulating 

different steps involved during photocatalysis by TiO2. These steps include: generation 

of e
–
 and h

+
 followed by their separation, migration to the surface and reaction on the 

surface with adsorbed species. Optimization of these steps can be achieved by 

controlling the physical properties of TiO2 and employing other strategies as described 

below. 

1.6.3.1.   Control over physical properties of TiO2 

The photocatalytic activity of TiO2 can be tuned by controlling its physical properties 

i.e. crystallinity, crystal structure, and particle size. Extensive work by several authors 

has revealed that the crystallinity of TiO2 increases its photocatalytic activity towards 

hydrogen production from water (Sreethawong, Suzuki et al. 2005; Sreethawong, 

Suzuki et al. 2005; Jitputti, Pavasupree et al. 2007). TiO2 generally comprises 

numerous surfaces and bulk defects, such as dangling bonds and microvoids. These 

defects can behave as recombination centres for the photoinduced electron–hole pairs 

and result in a decrease of the photocatalytic activity (Ohtani, Ogawa et al. 1997). A 

highly crystalline sample with decreased number of defects suppresses electron–hole 

recombination and consequently increases their availability to react with species 

adsorbed on its surface. Moreover, the anatase phase is photocatalytically more active 

than the rutile phase. Possible reasons for this have been widely discussed earlier in 

this chapter. Hence, during synthesis, the proper control of thermal treatment 

conditions leading to high crystallinity of the anatase phase, without formation of the 

rutile phase, is very crucial to obtain high photocatalytic activity. For these reasons, it 

is preferred that anatase TiO2 is synthesized with a maximum possible surface area, on 

the premise of maximum possible crystallinity.  

Small particle size enhances the photocatalytic activity of TiO2 by providing a 

relatively small migration distance for charge carriers to reach the surface where they 

can react with the adsorbed species. The band gap and other physical and chemical 

properties also change on decreasing the particle size and shape. These studies have 

been summarized in a review by Chen and Mao (Chen and Mao 2007). Photocatalysis 
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by TiO2 is a bulk as well as a surface phenomenon. The final surface reaction depends 

on the photostability, as well as the chemical stability of the semiconductor surface and 

the quantity of active sites at which the reaction can proceed. The semiconductor 

surface must be strong enough to withstand attack by the photoinduced charges and 

also provide enough active sites for photocatalytic reaction to occur. In the case of zinc 

oxide, for example, formation of carboxylate species followed by desorption takes zinc 

metal cations with them (Idriss and Barteau 1992; Barteau 1996), thus, affecting the 

surface atomic order. This is not the case for TiO2.  

1.6.3.2.   Suppression of the photoinduced carriers recombination 

Because photocatalysis using TiO2 relies on electron and hole transfer processes, 

electrons–holes photogeneration determines the extent of reaction. It takes place at 

pico– to nanosecond time scale (Rothenberger, Moser et al. 1985). In competition with 

this process, electron–hole recombination takes place. Fast recombination rates on a 

nano– to microseconds timescale of photoinduced charge carriers before migrating to 

the surface results in decreased photocatalytic activity. Time–resolved spectroscopy 

has indicated that about 90 % of photogenerated charge carriers recombine after 

excitation (Philip Colombo, Roussel et al. 1995; Skinner, Colombo et al. 1995). The 

electron–hole pair recombination may occur during the charge transfer from the bulk 

to an active site and interfacial charge transfer from active sites to adsorbed species. 

The first process occurs on a nano– to picosecond timescale, while the second process 

is a relatively slow process and takes place in micro– to millisecond timescale 

(Hoffmann, Martin et al. 1995). The electron–hole pair recombination rate affects the 

lifetime of the charge carriers and thus directly affects the catalytic activity. The effect 

of electron hole pair recombination can be minimized either by an increase of charge 

carriers transportation rate from the bulk to the active surface or by an increase of their 

survival time on the surface. The transportation rate can be enhanced by increasing the 

crystallinity of TiO2 thus by decreasing the recombination centers. The charge carriers 

survival time on the surface can be prolonged by coupling TiO2 with other 

semiconductors or by adding sacrificial agents in the liquid phase system or by loading 

metal on the surface. The metals act as an efficient electron trap and thus decrease the 

electron–hole recombination rate upon photoexcitation (Linsebigler, Lu et al. 1995). 
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1.7.   Quantum size effect 

The electrons do not experience any localization in case of bulk semiconductor 

possessing a conduction band and a valence band. However, if a semiconductor 

particle is smaller than the characteristic de–Broglie wave length of the electron, the 

later can be imagined as a particle in a box of a given size and geometry. In this case 

electronic energy levels of the semiconductor particle are the solutions of the 

Schrödinger wave equation for the box of similar size and geometry (Stroyuk, 

Kryukov et al. 2005). In other words, the energy spectrum of these particles changes 

from a continuous density of states (DOS) into discrete energy levels. This 

phenomenon is known as quantum size effect or quantum confinement effect. For 

semiconductors such as Si and CdSe, this effect is reached at 4.9 nm and 6.1 nm 

respectively, whereas for metals, this value is even smaller (Schmid, Decker et al. 

2003). TiO2 nanoparticles exhibit this effect at much smaller size close to one 

nanometer and are discussed in detail later. Owing to this confinement, semiconductor 

nanoparticles may exhibit following two characteristics: 

1- The confinement produces a quantization of discrete electronic states and 

increases the effective band gap of the semiconductor. Such effects can 

change the colour of the material (due to the altered optical absorption 

maxima) and the photocatalytic properties.  

2- The band edge shifts to yield larger redox potentials.  

The photophysical properties of TiO2 nanoparticles displaying the quantum size effect 

have already been reported. Apno and co–workers (Anpo, Shima et al. 1987; 

Kormann, Bahnemann et al. 1988), while investigating the photocatalytic 

hydrogenation reactions of CH3CCH with H2O on TiO2 catalysts of extremely small 

particle size, found that photocatalytic activity increased as the diameter of the TiO2 

particles became smaller, especially below 100 Å. Absorption and photoluminescence 

spectra of catalysts exhibit blue shifts as the diameter of TiO2, becomes smaller, also 

especially below 100 Å particle size, suggesting that a size quantization effect is 

operating. Kormann and co–workers (Kormann, Bahnemann et al. 1988) observed the 

quantum size effects during the syntheses of transparent colloidal solutions of 
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extremely small titanium dioxide anatase particles (d < 3 nm) in water, ethanol, 2–

propanol, and acetonitrile. Although a decrease in size generally increases the band 

gap of semiconductors (Wang and Zhang 2003), the reported blue shift was found to 

be only 0.1–0.6 eV in TiO2. In another study on TiO2 anatase, the results showed no 

optical blue shifts of the absorption edges in the range of particle size from 26.7 to 2.1 

nm (Serpone, Lawless et al. 1995). They suggested that earlier reports of blue shifted 

absorption thresholds, taken as evidence for quantum size effects in very small TiO2 

anatase particles, are in fact direct Franck–Condon type transitions. Such direct 

transitions were noted for rutile TiO2 crystals over two decades ago (Ghosh, Wakim et 

al. 1969). Monticone and co–workers also examined the quantum size effect in anatase 

TiO2 nanoparticles. No shift of the band gap energy was observed for 2 and 1.5 nm 

size nanoparticles (Monticone, Tufeu et al. 2000). They concluded that care must be 

taken in the use of the variations of optical properties of many forms of TiO2 derived 

compounds as a straightforward probe of the particle size.  

These results can be rationalized with the computational studies on TiO2 anatase using 

hybrid Density Functional Theory (B3LYP), a method known to give acceptable band 

gap separation in TiO2, performed by Blagojevic and co–workers (Blagojevic, Chen et 

al. 2009). One of the main properties that have been related to electron transfer within 

TiO2 is the localisation versus delocalisation of the electronic wave function with an 

understanding that the localisation decreases the electron–hole recombination rate. 

Blagojevic and co–workers studies indicated that the electronic levels of  TiO2 anatase 

(Ti21O70H54) and rutile (Ti23O80H68) clusters remain delocalised, unless electrons are 

injected into the clusters (Blagojevic, Chen et al. 2009). Moreover, Lundqvist and 

coworkers (Lundqvist, Nilsing et al. 2006) reported, using a similar computational 

method, that electronic structures of optimized 1–2 nm nanoparticles show well 

developed band structures with essentially no electronic band–gap defect states. 

However, significant band–gap broadening due to quantum size effects is observed as 

the size of the nanocrystals is reduced from 2 nm to 1 nm in diameter. Further band–

gap widening is limited due to an increase in competing surface defect sites as the 

particles become smaller than 1 nm in diameter. Another important implication of 

decreasing the semiconductor particle size is to increase the surface to bulk ratio. Upon 

excitation electron–hole pairs are formed both in bulk and semiconductor surface. Bulk 
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electrons and holes, in addition to surface electron–hole pairs, more efficiently 

migrating to the semiconductor surface will participate in the reaction. Bulk electron–

hole recombination will, thus, decrease with increasing the surface to bulk ratio and 

this may result in the reaction rate enhancement. Femtosecond diffuse reflection 

spectroscopy experiments of 2 nm size TiO2 nanoclusters have shown that the quantum 

sized TiO2 displayed the largest fraction of long lived excited electrons as compared to 

Degussa P–25 TiO2 powders (Colombo Jr and Bowman 1995). 

1.8.   TiO2 single crystals 

1.8.1.   Importance and challenges  

One of the major achievements of surface chemistry is the understanding of 

relationships between surface atomic structure and the physical and chemical 

properties of the surface (Diebold 2003). This understanding, obtained by studying 

single crystals, is useful for the development and optimization of properties of 

polycrystalline materials used for practical purposes. For example, understanding the 

surface chemistry of TiO2 is the key to the development and optimization of many 

technologies, such as solar power, catalysis, gas sensing, medical implantation, and 

corrosion protection (Lun Pang, Lindsay et al. 2008). Furthermore, many new 

technologies utilize metal oxides (Bach, Lupo et al. 1998; Gong, Hu et al. 2006; Lun 

Pang, Lindsay et al. 2008) and an understanding of their behavior at the atomic and 

molecular level is required. In most catalytic systems the metal oxides are used as 

catalyst supports for expensive transition metals (often nanometer sized particles). The 

metal oxide surface is central to many studies in catalysis and modifications in its 

chemical and structural properties under reaction conditions have been the subject of 

many investigations (Yee, Morrison et al. 2000; Karpenko, Leppelt et al. 2007). In this 

regard, chemical reactions of different molecules on different TiO2 surfaces have been 

studied. However, more attention has been given to rutile phase surfaces, TiO2(110) in 

particular, as it is the most stable rutile surface.  

The study of metal oxide single crystals is generally more complicated than metal 

single crystals for several reasons. They are difficult to manipulate in an ultrahigh 
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vacuum (UHV) environment because they are unstable at elevated temperatures, thus, 

difficult to mount and clean. They are generally difficult to characterize by charged 

particle spectroscopic techniques due to their semiconductor nature. However, TiO2 

can be reduced easily which prevents the charging of this wide band gap 

semiconductor, thus, making it relatively easy to characterize by charged particle 

spectroscopic techniques. Because of the mixed, ionic and covalent bonding, and more 

than one type of atoms present in the metal oxide systems, the surface structure has an 

even stronger influence on surface properties, as compared to metals or elemental 

semiconductors (Bonnell 1998). The presence of two different atoms (metal and 

oxygen) increases the number and complexity of possible surface structures.  

Like many other transition metal oxides TiO2 exist in its non–stoichiometric form 

under reaction conditions. For example the electronic state of Ti atoms in titanium 

dioxide may range from the expected +4 state to +1 state depending upon the 

conditions. Idriss and co–workers by using angle resolved XPS demonstrated that 

sputtering TiO2(001) surface with 2 keV ions produced a surface containing Ti cations 

in +1, +2, +3, and +4 oxidation states. These cations were reoxidized in a roughly 

sequential fashion as the surface temperature was increased up to 750 K (Idriss and 

Barteau 1994). Even a well–annealed and oxidized TiO2(110) surface contains 5–8 % 

of oxygen vacancies (Lu, Linsebigler et al. 1994). The presence of metal atoms with 

different oxidation states has direct implication on the reactivity. The structure and 

reactivity of single–crystalline TiO2 surfaces has been studied and reviewed 

extensively elswhere (Barteau 1996; Idriss and Barteau 2000; Diebold 2003; Lun 

Pang, Lindsay et al. 2008). 

1.8.2.   TiO2 single crystal surfaces 

TiO2 exists in three polymorphic forms in nature: anatase, rutile and brookite. The 

brookite phase is not commonly found in nature, while anatase is most commonly 

found phase (Tompsett, Bowmaker et al. 1995). It can be synthesized easily with high 

surface area and, thus, is commonly found as a support material in TiO2 based 

catalysts. The rutile phase can start to form by heating anatase phase at as low 

temperature as 500 K. Because high temperatures are required to clean the surfaces for 
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chemical reactions during single crystal studies, rutile single crystals are more suitable 

than anatase single crystals. That is why most of studies involving TiO2 anatase single 

crystals have been performed by computational methods, (Lazzeri and Selloni 2001; 

Bonapasta and Filippone 2005; Czekaj, Piazzesi et al. 2006). However, more TiO2 

anatase single crystals have been available recently, mainly from natural sources and 

this has led to surface science studies of this phase, in particular, by scanning tunneling 

microscopy (STM) (Tanner, Sasahara et al. 2002; Ruzycki, Herman et al. 2003).  

Table 1.1. Computed surface energies data for rutile TiO2 surfaces calculated by 

different computation methods.  

Surface 

Surface energies of rutile TiO2 

surfaces DFT method 

meV/(a.u.)
2
 J/m

2
 

(110) 15.6 0.89 LDA 

(100) 19.6 1.12 LDA 

(011) 24.4 1.39 LDA 

(011)
a
 1 x 1 19.3 1.10 GGA 

(011)
b
 2 x 1 7.4 0.42 GGA 

(001) 28.9 1.65 LDA 

Single crystals of rutile TiO2 surfaces such as the (001), (110), (111) and (100) have 

been studied for decades as models for metal oxide. The atomic arrangements on these 

surfaces can be observed by scanning tunneling microscopy (STM) and computed by 

DFT methods (Uetsuka, Sasahara et al. 200; Gilbert and Kennedy 1988; M. D. 

Antonik and Lad 1992; Bonnell 1998; Besenbacher, Lauritsen et al. 2008; Sanchez–

Sanchez, Gonzalez et al. 2010). The surface energy is one of the important parameters 

which controls the surface stability and to some extent reactivity. The surface energy 

depends on the coordination number of surface atoms. A more stable surface means 

the coordination number of surface atoms is closer to that of the atoms present in the 

bulk. The coordination number of Ti and O atoms in both anatase and rutile phases of 

TiO2 are six and three, respectively. Table 1.1 presents the computed surface energies 
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calculated by density functional theory (DFT) for rutile TiO2 surfaces (Ramamoorthy, 

Vanderbilt et al. 1994). LDA: local density approximation; GGA generalized gradient 

approximation. Superscripts a and b represent values taken from (McGill and Idriss 

2007) and (Gong, Khorshidi et al. 2009) respectively. Figure 1.3 shows the most 

common surface structures of low Miller index rutile TiO2 surfaces. The black circles 

represent Ti atoms, while grey circles represent O atoms. The (110) rutile surface has 

alternating rows of 5–fold Ti and 2–fold bridging O atoms while the Ti atoms 

underneath the bridging O atoms are 6–fold coordinated. 

 

 

 

 

                                  

Figure 1.1. Side views of the unreconstructed (bulk terminated) low Miller index rutile 

TiO2 surfaces.  

In (100) rutile surface each of the surface Ti atom is 5–fold while each of O atom is 

two–fold coordinated, so it is less stable than (110) surface. On average the 

coordination number of surface atoms in the (110) surface is higher than in (100) 

surface, making former more stable than the later, as can be seen from their surface 

energy values. In fact, the (110) surface is the most stable TiO2 rutile surface,  

therefore, has served as an ideal surface, in terms of ease to work on it, for the study of 

many chemical reactions. The (001) rutile surface has 4–fold coordinated Ti atoms on 

the surface and is the less stable surface than the (100) surface. However, it is 

particularly interesting surface as it facets to other surfaces (011) or (114) at high 

temperature (Firment 1982). These surfaces are highly reactive and the reactivity of 

numerous small molecules, especially oxygen and nitrogen containing molecules, has 

been studied on them (Senanayake and Idriss 2006). 

(110) (100) (001)
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1.9.   Ethanol on metal oxides 

The study of reactions of alcohols on TiO2 has many important technological 

applications. Ethanol may be exploited as renewable energy resource and alcohols can 

act as simple model contaminants to test environmental cleaning strategies. One of 

these strategies is photomineralization of organic contaminants to CO2. In this section, 

the dissociative and molecular adsorption of alcohols and various decomposition 

mechanisms involved are discussed.  

1.9.1.   Ethanol adsorption on metal oxides 

Single crystal work is performed under UHV conditions to prepare and maintain clean 

surfaces over the experimental period and to allow the use of low energy electron and 

ions for surface characterization, without too much interference from gas phase 

scattering. However, even under UHV conditions, it is almost impossible to prepare 

the clean surface because some residual gas molecules, along with water molecules, 

are always present in the UHV chamber. In the case of TiO2(110) even the cleanest 

surface contains some amount of adsorbate(s) i.e. water on it. The amount of water 

increases rapidly with time. In general, a vacuum of 10
–10 

torr allows an experiment to 

be completed in 3–4 hours without appreciable contamination assuming ideally clean 

surface to start with. 

 
 

Figure 1.2. Left: STM image of stoichiometric TiO2(110) surface. Right: Ball–and 

stick model of the TiO2(110) surface.  

Figure 1.2, left, is the STM image of TiO2(110) surface (160 Å × 160 Å) which has 

been subjected to alternating sputter and anneal cycles to obtain the clean and 
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stoichiometric surface (courtesy of Dr. Stefan Wendt, iNano, Aarhus University, 

Denmark). In the image bright lines correspond to the Ti, while dark lines to the O 

atom rows. Two types of bright spots can be seen on oxygen bridging rows i.e. less 

bright spots and more bright spots. The less bright spots represent the oxygen bridging 

vacancies in the oxygen rows while the relatively brighter spots correspond to the 

hydroxyl groups formed on the O bridging rows by the dissociation of water on 

bridging oxygen sites. Figure 1.2, right, presents the ball and stick model of the same 

surface with some of its known point defects and is self–explanatory (Matthiesen, 

Wendt et al. 2009; Lira, Hansen et al. 2010). 

  

Figure 1.3. Left: Top and side views of the (110) surface of the rutile TiO2 showing 

adsorbed ethanol. Right: XPS C(1s) of ethanol adsorbed on the same surface at 300 K 

at saturation. 

At room temperature, ethanol adsorbs dissociatively on rutile TiO2(110), UO2(111) 

(Chong, Griffiths et al. 2000), and many other oxides, such as CeO2. The dissociative 

adsorption of ethanol on TiO2(110) (Jayaweera, Quah et al. 2007) and powder CeO2 

(Yee, Morrison et al. 1999) has been confirmed by XPS and IR studies, respectively.  

Figure 1.3 presents the interaction of ethanol molecule with TiO2(110) studied by 

Jayaweera and co–workers. Small (blue) circles represent Ti atoms and large (red) 

circles represent O atoms.  The interaction of the ethanol molecule with a metal oxide 

is analogous to an acid–base interaction. The hydroxide hydrogen atom of ethanol 

(acid) reacts with one surface O
2–

 (base) with a simultaneous interaction of metal 

cation (Lewis acid) with the O2p orbitals of the oxygen of the ethanol molecule (Idriss 

2004). Alternatively, according to the density functional theory (DFT) (at the B3LYP 

level with 6–331++G** basis set of the Spartan 06 code) the electrostatic potential 
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around the ethanol molecule has a contribution from the lone pair of oxygen atom and 

positive charge of the hydrogen atom of the hydroxyl functional group. The interaction 

occur between (O
δ−
–H

δ+
) group and the (M

δ+
–O

δ−
) pair on the surface as a result 

dissociation take place (Scott and Idriss 2010). 

1.9.2.   TPD studies of alcohols on TiO2 

Alcohols have widely been used to study surface sites on both single crystal and 

powder metal oxides (Carrizosa, Munuera et al. 1977; Ramis, Busca et al. 1987; Kim, 

Barteau et al. 1988; Bates, Kresse et al. 1998; Idriss and Seebauer 2000). Kim and co–

workers studied the adsorption of methanol, ethanol, n–propanol and 2–propanol on 

rutile TiO2(011) faceted surface by using XPS and temperature programmed 

desorption (TPD) technique (Kim and Barteau 1989; Kim and Barteau 1990). They 

concluded that ethanol adsorbs in the surface as ethoxide species attached to under 

coordinatively unsaturated Ti
4+

 cations while hydrogen atom of ethanol attaches itself 

with the bridging O
2–

 anion. They proposed two types of reaction sites based on the 

reaction channels observed: the low temperature reaction channel where desorption of 

the parent molecule took place coincidently with water; the high temperature reaction 

channel where the dehydration and dehydrogenation products of the parent molecule 

were observed. Gambel and co–workers (Gamble, Jung et al. 1996) studied the 

adsorption of ethanol on TiO2(110) surface to further investigate the nature of these 

sites. The same two reaction channels, with the difference being the absence of 

dehydrogenation product in high temperature channel, were observed. They proposed 

that the low temperature reaction channel results from the ethoxide species adsorbed 

on coordinatively unsaturated surface Ti
4+

 cations and protons to the bridging O
2–

 

anions while the ethoxides more strongly bound to oxygen vacancies were responsible 

for the dehydration products in the high temperature channel. Later on Farfan–Aribas 

and co–workers extended this study to investigate the role of oxygen vacancies on 

ethanol, n–propanol and 2–propanol adsorption on rutile TiO2(110) surface (Farfan–

Arribas and Madix 2002). They concluded the same two reaction channels confirming 

the previous studies with a difference of parent alcohol desorption along with both 

dehydration and dehydrogenation products in the high temperature reaction channel. 

They observed an increase in alkoxide coverage with increased defect population with 
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the shift in product distribution towards alkene production. The activation energy for 

alkene desorption decreased with increasing number of vacancies, driven by the need 

to refill these vacancies. 

1.9.3.   Ethanol photreactions on TiO2 powders and single crystals  

Ethanol photoreactions on TiO2 have been studied by various authors. Muggli and    

co–workers (Muggli, McCue et al. 1998) used ethanol as a model reactant to elucidate 

photocatalytic oxidation mechanism of ethanol by employing transient photocatalytic 

and TPD techniques. Ethanol is oxidized to acetaldehyde immediately upon UV 

illumination and at high coverage a part of it is desorbed or displaced by water 

(Muggli, Larson et al. 1996). From this point onwards, acetaldehyde oxidation took 

place via two parallel pathways as indicated in scheme 1.3 below: 

 

Scheme 1.3. Ethanol photooxidation mechanisms on TiO2 as proposed by Muggli and 

co–workers. 

The oxidation of ethanol to acetaldehyde is not the rate determining step. Acetaldehyde 

undergoes oxidation to form intermediates at approximately the same rate at which it is 

produced. However, the presence of acetaldehyde on the surface decreases the 

reactivity of other intermediates, implying that increasing the rate of acetaldehyde 

oxidation would increase the overall rate of CO2 production. Zehr and co–workers 

(Zehr and Henderson 2008) studied the photocatalytic decomposition of acetaldehyde 

on oxidized rutile TiO2(110). They found out that acetaldehyde adsorbed on oxidized 

rutile TiO2(110) undergoes a facile thermal reaction to form a photoactive 

acetaldehyde–oxygen complex. On UV illumination the complex was fragmented to 

gas phase methyl radical and surface bound formate which thermally desorbed as CO 

(Kim, Barteau et al. 1988).  

Reztsova and co–workers (Reztsova, Chang et al. 1999) investigated the 

photoreactions of ethanol and acetaldehyde on TiO2/carbon molecular sieve fibres 
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(CMSF). They proposed that the surface OH react with the h
+
 to give OH  radical 

(equation 1.4). Ethoxide of dissociatively adsorbed ethanol may react with OH  to give 

acetaldehyde radical (equation 1.5). The acetaldehyde radical may desorb after losing 

the electron to the substrate (equation 1.6) or react further with two more OH  radicals 

to yield acetic acid (equation 1.7 and 1.8) which in turn is decomposed to CO2 

(equation 1.9). 

 
2 2TiO UV e h TiO      (1.3)  

 

 
( )ah OH OH    (1.4)  

 

 
3 2 ( ) 3 ( ) 2a aOH CH CH O CH C HO H O     (1.5)  

 

 
3 ( ) 3 ( )a aCH C HO CH CHO e    (1.6)  

 

 
3 ( ) 3 ( ) 2a aCH CHO OH CH CO H O     (1.7)  

 

 
3 ( ) 3 ( )a aCH C O OH CH COOH    (1.8)  

 

 
3 ( a ) 2 2 22CH COOH O CO 4H O    (1.9)  

They related the selectivity of either acetaldehyde or acetic acid formation to the 

particle size of the support. They proposed that small particle size in case of 

TiO2/CMSF, may have a stronger binding energy than larger particles and may 

stabilize acetaldehyde enough for further decomposition. Evidence of stronger binding 

energies of adsorbates on smaller particles compared to larger ones have been reported 

on metals; for example, the binding energies of H, OH, and CO increases with 

decreasing particle size of Pt metal (Mukerjee and McBreen 1998). Furthermore, 

acetaldehyde desorption (equation 1.6) will be favored on TiO2 powder with 

micropores on the order of 400Å due to non–diffusion limited desorption, while on 
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CMSF, where the micropores are of the order of 5Å, diffusion limited desorption will 

occur enhancing the possibility of further reactions and, thus, decomposition. Later on, 

Jayaweera and co–workers (Jayaweera, Quah et al. 2007) studied the dark and 

photoreactions of ethanol on TiO2(110) single crystals employing XPS technique. 

They proposed that the formation of CH3COO
–
(a) and HCOO

–
(a) was most likely due 

to oxidation of ethanol by the photoactive O
–
 or O2

–
 radical species, formed by capture 

of the photoexcited electrons at the conduction band (Ti3d). They proposed a 

Langmuir–Hinshelwood mechanism for the photooxidation of ethanol on TiO2 in the 

presence of molecular oxygen. 

1.9.4.  Photooxidation reactions on rutile TiO2 single crystal 

surfaces 

Henderson and co–workers (Henderson 2005) studied the photooxidation of acetone 

on TiO2(110). They found that acetone photooxidation on TiO2(110) initially involves 

a thermal reaction between acetone and an adsorbed oxygen species                     

(either O
2– 

or O/O
–
) to form an acetone–oxygen complex. This complex 

photodecomposes on interaction with photogenerated charge carriers in the substrate. 

The decomposition results in a methyl radical ejection in the gase phase and a surface 

bound acetate species. A prerequisite to this reaction was the presence of surface Ti
3+

 

sites that enable oxygen adsorption.  

Zehr and co–workers (Zehr and Henderson 2008) studied the ultraviolet (UV) photon 

induced decomposition of acetaldehyde adsorbed on the oxidized and reduced rutile 

TiO2(110) surface by using photon stimulated desorption (PSD) and thermal 

programmed desorption (TPD). They found that during TPD acetaldehyde desorbs 

molecularly from TiO2(110) with minor decomposition channels yielding butene on 

the reduced TiO2 surface and acetate on the oxidized TiO2 surface. They also found 

that photooxidation of acetaldehyde on oxidized rutile TiO2(110) occurs by a two step 

process. First, acetaldehyde reacts thermally with adsorbed oxygen to form a       

photoactive acetaldehyde–oxygen complex. Secondly, the fragmentation of the 

acetaldehyde–oxygen complex occurs via substrate mediated photodecomposition 

mechanism resulting in the formation of gas phase methyl radical and surface adsorbed 
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formate. This photochemistry, for acetaldehyde, is essentially identical to that observed 

previously for acetone on TiO2(110) (Henderson 2005).  

Idriss and co–workers (Idriss, Legare et al. 2002) monitored the surface reaction of 

acetates on TiO2(110) single crystal under dark and UV reaction conditions by using 

XPS. Consistent with STM results, (Guo, Cocks et al. 1997) a surface coverage at 

saturation equal to 0.5 with respect to Ti atoms was seen. Surface coverage decreased 

steadily with surface temperature and disappeared completely at 873K. UV 

illumination at room temperature, in the absence of gas phase oxygen, did not affect 

the surface acetates. However, UV illumination in the presence of oxygen (10
–7

 to 10
–6 

torr of diatomic oxygen) resulted in a noticeable decrease of surface acetates. These 

results indicated that both the 2–fold bridging oxygen and the 3–fold lattice oxygen 

atoms are not directly involved in the photooxidation reaction of acetates on TiO2(110) 

single crystal surfaces. They proposed that physisorbed molecular oxygen stimulated 

by UV excitation was responsible for acetate depletion from the surface. 

Quah and co–workers (Quah, Wilson et al. 2010) further studied the reactions of acetic 

acid with stoichiometric and reduced rutile TiO2(011) single crystal surfaces under 

dark and UV illumination conditions. The acetic acid was believed to be dissociatively 

adsorbed in bidentate mode. Similar to TiO2(110) surface, the surface coverage of 

dissociatively adsorbed acetate on the stoichiometric surface with respect to Ti was 

found to be equal to 0.55. One fraction of this (about 0.3) is removed by recombinative 

desorption below 500 K and the remainder desorbs at higher temperature, together 

with ketene (formed by dehydration) and the decomposition products (CO2, CO, and 

methane). The former reaction was proposed to occur on the stoichiometric surface 

sites while the later on the oxygen defects. No change in the adsorbed acetate coverage 

was seen upon UV illumination in the absence of molecular oxygen. Acetate species 

were found to decrease with illumination time, and their decrease was seen to be 

dependent on the oxygen pressure. These results support the conclusion of previous 

work on TiO2(110) by Idriss and co–workers, that the surface oxygens do not take part 

in the photooxidation reactions on TiO2 single crystals. Under steady state acetic acid 

and molecular oxygen conditions, ethane was found as the main product during 

photoreactions along with other products including CO, CH4 and CO2.  
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Jayaweera and co–workers (Jayaweera, Quah et al. 2007) studied the ethanol 

photooxidation on TiO2(110) in the presence of molecular oxygen using XPS. They 

found that ethanol adsorbed dissociatively on TiO2(110) at room temperature with 

surface coverage at saturation equal to 0.5 with respect to Ti atoms. On thermal 

annealing, negligible amounts of ethoxide oxidation took place with simultaneous 

water desorption consuming bridging surface oxygen, followed by migration of 

ethoxide species into these defects in the process of healing surface oxygen vacancies. 

UV irradiation (3.2 eV) of the ethoxide covered surface in the presence of oxygen at 

room temperature resulted into the formation of carboxylates (CH3COO(a) and 

HCOO(a) species) the amount of which depended on irradiation time. The formation of 

carboxylate species most likely involved oxidation of ethoxide by the photoactive O
2–

 

or O2
2–

 species, formed by capture of photoexited electrons at the conduction band (Ti 

3d). The oxidation process followed the expected Langmuir–Hinshelwood kinetics.  

Rohmann and co–workers (Rohmann, Wang et al. 2008) studied the fate of adsorbed 

CO molecule on TiO2(110). In accordance with earlier work where only the desorbing 

products of the reaction were studied in the gas phase (Linsebigler, Lu et al. 1995), the 

design of this experimental set up allowed them to prob the direct oxidation of CO to 

CO2 on TiO2(110) surface using reflection absorption infra–red spectroscopy (RAIRS). 

They proposed a reaction mechanism involving singly charged oxygen species formed 

after capturing a photoexcited electron on TiO2 surface. They observed for the first 

time that, at 110 K, a small fraction of CO2 stays linearly bound at the surface, as 

shown by the appearance of the IR band at 2345 cm
–1

 attributed to physisorbed CO2, 

while no carboxylate or carbonate species were detected. 

1.10. Metal modified TiO2 systems for hydrogen 

generation 

1.10.1.   Principals and Mechanisms 

For efficient hydrogen production from ethanol a catalyst needs to fulfill at least three 

requirements: (1) It should be active for carbon–carbon bond breaking at reasonably 

low temperature, ideally at room temperature. (2) It should not generate carbon 
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monoxide under optimum conditions. (3) It should not produce hydrocarbons, as they 

consume hydrogen for their generation, in addition to undergoing side reactions (Scott, 

Goeffroy et al. 2008). For efficient photocatalytic hydrogen production from ethanol, 

the metal is required to possess at least three important properties. (1) The metal needs 

to act as an efficient electron trap in order to decrease the electron–hole recombination 

rate upon photoexcitation. (2) It should have a relatively lower over potential for 

hydrogen evolution from ethanol. (3) It should not be easily oxidized during the 

process. The ethanol molecule is itself a “hole” trap, where the adsorbed molecule 

becomes a radical ethoxide under UV irradiation (Reztsova, Chang et al. 1999), and is 

subsequently converted to the carbonyl compounds.  

TiO2 can be loaded with noble metals to suppress the recombination of electrons and 

holes. The work function of TiO2 (4.2 eV) is smaller than the work functions of noble 

metals Pt, Pd, Au, Rh, Ru, and Ag (5.65, 5.55, 5.10, 4.98, 4.71, and 4.64 eV, 

respectively) (Eastman 1970; Michaelson 1977; Tan, Yip et al. 2003). The Fermi level 

of semiconductor TiO2 lies above the Fermi level of the metal, depending upon their 

work function difference (Rhoderick 1988). On loading metals on the semiconductor, 

electrons flow from TiO2 into the metal with simultaneous alignment of the Fermi 

levels and formation of a Schottky barrier at the interface (Linsebigler, Lu et al. 1995; 

Wang, Yu et al. 2005). The Schottky barrier has rectifying properties and allows the 

migration of electrons from TiO2 into the metal, while preventing their migration from 

metal into the semiconductor, thus, decreasing the rate of recombination process. 

When the sample is further exposed to UV light, the Fermi level of TiO2 shifts to a 

new quasi Fermi level due to the photoinduced electrons (Bisquert, Zaban et al. 2002). 

As a result of this, the previous thermodynamic equilibrium state for electron transfer 

established at the barrier is destroyed to allow more flow of electrons to the metal 

where they can react with an adsorbed electron acceptor i.e. H
+
 to produce hydrogen 

gas in this case. The photoinduced hole is then relatively free to diffuse to the TiO2 

surface where it can react with a hole acceptor to oxidize it i.e. ethoxide in this case. 

This is further converted into carbonyl compounds on reaction with a hole (Reztsova, 

Chang et al. 1999).  

Anpo and co–workers (Anpo and Takeuchi 2003) using electron spin resonance (ESR) 
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signals, found that in the case of Pt–loaded TiO2 the photogenerated electrons quickly 

migrate from TiO2 to Pt particles, while the holes remained on the TiO2. Apparently, 

the Schottky barrier present at the noble metal/TiO2 interface decreases the 

recombination rate of electron–hole pairs (Furube, Asahi et al. 2001). A noble metal 

with a larger work function results in a stronger Schottky barrier effect, and therefore 

shows better photocatalytic activity especially for hydrogen evolution (Jang, Choi et 

al. 2008). This also partially explains why Pt–loaded TiO2 always shows the highest 

photocatalytic activity towards hydrogen production. The other most important 

parameter for this reaction could be the low over–potential for hydrogen evolution on 

Pt metal. Owing to a large over–potential for hydrogen evolution on its surface, TiO2 

alone becomes almost inactive for hydrogen evolution. It is reasonable to expect that 

loading noble metals i.e. Au, Pt, Pd, Rh, and Ag, which have low over–potential for 

hydrogen, could make the hydrogen generation easier (Leung, Fu et al. 2010). The 

lower is the over–potential of the metal, the higher is the activity (Baba, Nakabayashi 

et al. 1985). The metals can thus serve as active sites for hydrogen production on the 

TiO2 surface (scheme 1.4).  

 

Scheme 1.4. A representation of the different dark and photoreaction/photoexcitation 

processes relevant to hydrogen production from ethanol on TiO2. 
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The metals can be arranged in order of their decreasing over–potential for hydrogen 

evolution as follows; Pt > Rh > Au > W > Mo > Ni > Fe > Ta > Cu > Ag (Bockris 

1947). Among all the metals, most researchers prefer the Pt/TiO2 combination, which 

makes the most efficient material for photocatalytic hydrogen production (Jang, Ji et 

al. 2007; Jang, Choi et al. 2008). Possible reasons behind this could be the relatively 

large work function and lowest over–potential of Pt metal among the noble metals. It 

is, however, not clear why some researchers have found other metals (e.g. Pd metal) a 

better choice in some cases (Al–Mazroai, Bowker et al. 2007). The studies of 

Mizukoshi and co–workers (Mizukoshi, Makise et al. 2007), on the deposition of Pt, 

Au and Pd metals on TiO2, revealed that Pt metal was present as the smallest 

nanoparticles with narrow size distribution, as compared to the other two metals. In 

addition to the larger work function and lowest over–potential, the geometry of the Pt 

metal may also be responsible for its observed high photocatalytic activity. For a noble 

metal to act as an electron trap, it must show resistance to its own oxidation. 

RuO2 acts as hole trap instead of electron trap, and has been shown to lower the over–

potential for oxygen evolution (Kawai and Sakata 1980; Borgarello, Kiwi et al. 1982; 

Karakitsou and Verykios 1992; Zou and Arakawa 2003; Nada, Hamed et al. 2008). 

The presence of RuO2 on TiO2 could be unfavorable for hydrogen production from 

ethanol as both act as hole traps and compete with each other, thereby decreasing 

ethanol adsorption.  

1.10.2. Hydrogen generation from ethanol on TiO2 based 

photocatalysts: A literature review 

The combination of metal nanoparticles with oxide semiconductors to improve the 

properties of catalysts, has been known for several decades (Sakata and Kawai 1981). 

It is known that the immobilization of nanosized noble metal on TiO2 enhances its 

photocatalytic activity. Catalytic activity for hydrogen photoevolution over 

nanostructured TiO2 has been reported for ultra–small particles of Pt (Bamwenda, 

Tsubota et al. 1995; Fujishima, Rao et al. 2000; Miyao, Suzuki et al. 2000; Li and 

Burns 2002; Yamakata, Ishibashi et al. 2003; Lin, Lee et al. 2004; Behar and Rabani 

2006; Yang, Chang et al. 2006; Mizukoshi, Makise et al. 2007; Strataki, Boukos et al. 
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2009), Pd, Au (Bamwenda, Tsubota et al. 1995; Sreethawong and Yoshikawa 2005; 

Behar and Rabani 2006; Yang, Chang et al. 2006; Mizukoshi, Makise et al. 2007), Rh 

(Yang, Chang et al. 2006), Cu (Wu and Lee 2004; Sreethawong and Yoshikawa 2005), 

Ni (Jing, Zhang et al. 2005), Co, Rh (Yang, Chang et al. 2006), Cu (Wu and Lee 2004; 

Sreethawong and Yoshikawa 2005), Ni (Jing, Zhang et al. 2005), Co (Wu, Lu et al. 

2006) and some other metals.  

Sakata and co–workers investigated photocatalytic hydrogen evolution from water, 

methanol, carbohydrates–water (sugar, starch and cellulose), biomass–water  

(polyvinyl chloride, algae, protein, dead insects or excrements) and ethanol–water in 

the presence of solid carbon (Kawai and Sakata 1979), TiO2 mixed with Pt, Pd, RuO2, 

RuO2/TiO2/Pt photocatalyst powder (Kawai and Sakata 1980), platinized TiO2 (Kawai 

and Sakata 1981) and Pt, Pd, Rh or Ni supported on TiO2 respectively (Sakata and 

Kawai 1981). They reported that the band–gap irradiation of a TiO2 photocatalyst 

suspended in a water–ethanol mixture can produce hydrogen, methane and 

acetaldehyde at room temperature. When the surface of the photocatalyst was modified 

with various metals or metal complexes, the quantum yield of hydrogen generation 

increased remarkably, amounting to 38 % for Pt/TiO2 photocatalyst. The overall 

reaction was postulated to be the oxidation of ethanol into CO2, and reduction of water 

to hydrogen on the TiO2 surface. Besides the increase of reactivity, the surface 

modification was noted to show sensitization effects as result of which hydrogen 

evolution was noticed, even under sub–band–gap irradiation (Kawai and Sakata 1980).  

Yang and co–workers (Yang, Chang et al. 2006) investigated hydrogen production 

from ethanol over Rh/TiO2, Pd/TiO2 and Pt/TiO2 anatase catalysts. In the absence of 

the metal, TiO2 showed negligible production of molecular hydrogen. However, the 

addition of Pd or Pt metals dramatically increased the production of hydrogen and a 

quantum yield of about 10 % was reached at 350 K. The possible steps involved have 

been indicated in figure 1.4. Dissociative adsorption of ethanol occurs on the TiO2 

surface (to ethoxides and surface hydroxyls). Upon illumination with UV light, species 

at TiO2 and Pt metal interface are the most active. H atoms of surface hydroxyls are 

reduced by the electrons trapped by Pt metal particles to give H2. On the contrary, the 

Rh metal doped TiO2 showed exceptionally low photocatalytic activity. For all three 
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catalysts, TEM shows most particles with a size less than 10 nm. XPS results showed 

that while the state of Pd and Pt metal particles in the as prepared catalysts was mostly 

metallic, the Rh was composed of a non–negligible contribution of Rh cations. On the 

basis of their observations they related the low activity of Rh compared to Pd and Pt to 

the oxidation of Rh metal. It was, however, found that increasing the reaction 

temperature (up to 348K) increased the activity of Rh/TiO2 compared to Pt or Pd/TiO2. 

One possible reason is the reduction of Rh particles with increasing temperature by 

hydrogen released during the reaction. For comparison purposes, the extent of 

photocatalytic reaction of a series of alcohols was also investigated on Pt/TiO2. It was 

found that the reaction is governed by the solvation of the alcohol. In that regard, the 

production of molecular hydrogen over Pt/TiO2 showed the following trend: methanol 

≈ ethanol > propanol ≈ isopropanol > n–butanol.  

 

Figure 1.4. Diagrammatic representation of adsorption and photoreactions of ethanol 

on Pt/TiO2 surface relevant to H2 production.  

Strataki and co–workers  (Strataki, Boukos et al. 2009) studied hydrogen production 

from water–ethanol mixture on Pt supported nanocrystalline titania deposited in the 

form of a thin film. They demonstrated that the quantum yield for active electron 

generation (i.e. number of active electrons generated over the number of incident 

photons) reached 74 %. Active electrons were considered the electrons reducing 

hydrogen ions into molecular hydrogen. The corresponding energy conversion 

efficiency of the system reached 32 %. They concluded that water–ethanol mixtures 

were the best substrate for hydrogen production using the above system in line with the 



Chapter 1                                                                                                                    Introduction 

 

32 
 

previous studies carried on Pt/TiO2 photocatalyst in the form of dispersed particles 

(Patsoura, Kondarides et al. 2007; Strataki, Bekiari et al. 2007; Kondarides, Daskalaki 

et al. 2008). In the absence of alcohol, no hydrogen was detected. Thin films increase 

light absorption cross–section and facilitate catalyst recuperation and regeneration.  

Kuo and co–workers (Kuo, Kuo et al. 2007) prepared sodium titanate nanotubes 

(NaTNTs) by re–crystallization of TiO2 powder in a concentrated NaOH solution and 

transformed them into monoclinic titanium oxide nanotubes (TiO2(B) nanotubes) by 

rinsing with 0.10 M HCl and calcining at 573K. When these TiO2(B) nanotubes were 

promoted with 1.0 wt. % Pt, they became an active photocatalyst for hydrogen 

production from ethanol. Furthermore, by calcining these TiO2(B) nanotubes at 673 K, 

a bicrystalline material composed of TiO2(B) nanotubes and anatase particles was 

formed which produced 20 % more H2 from ethanol than the benchmark P–25 TiO2 

photocatalyst.  

Wu and co–workers (Wu, Lu et al. 2006) demonstrated that although the 

photocatalytic activity of Co
2+

 doped P25–TiO2 nanoparticles, for hydrogen production 

from aqueous ethanol, decreased by ca. 50 % of its original activity after 110 hours of 

photoreaction, it was still very high as compared to pure P25–TiO2 photocatalyst. This 

decrease in photocatalytic activity was attributed to the removal of an active species 

CoOx (x > 1) and simultaneous appearance of a new CoOx intermediate species (x < 1) 

on the surface of the TiO2 photocatalyst during long term photoreaction. 

Mizukoshi and co–workers (Mizukoshi, Makise et al. 2007) evaluated the 

photocatalytic activities of Pt, Pd and Au supported TiO2 photocatalysts for H2 

production from aqueous ethanol solutions. Noble metal loadings were adjusted to 1 % 

w/w in all cases. Their photocatalytic activities were dependent on the work functions 

and the dimensions of supported noble metal nanoparticles. They found that Pt/TiO2 

catalysts had a higher activity than others, and was primarily attributed to its large 

work function as compared to Pd and Au (Pt; 5.65 eV, Pd; 5.12 eV, Au; 5.10 eV) 

(Herbert and Michaelson 1977). Pd/TiO2 shows higher activities than Au/TiO2 

although Pd and Au have almost the same work function. They interpreted this 

disparity in terms of the sizes of supported nanoparticles. From TEM observations, the 

average diameters of supported Pd and Au nanoparticles were 3.6 and 14.3 nm, 
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respectively resulting in the larger number of supported Pd nanoparticles than Au. 

Since Pd particles, due to their smaller size as compared to Au particles, were 

effectively in better contact with TiO2 to trap more electrons, enhanced catalytic 

activity was observed.  

Bamwenda and co–workers (Bamwenda, Tsubota et al. 1995) studied the 

photocatalytic activity for hydrogen generation from water and ethanol solution on 

Au/TiO2 and Pt/TiO2. The main reaction products obtained from the irradiation of an 

aqueous 5 M C2H5OH suspension containing Au/TiO2 or Pt/TiO2 were H2, CH4, CO2 

and acetaldehyde. Small amounts of acetic acid were also detected. Although different 

preparation methods were found to affect the catalytic activity of the same catalyst 

composition to some extent, the overall activity of Au catalyst was generally about 30 

% lower than Pt catalyst. The maximum H2 production yield was found in the ranges 

0.3–1 wt. % Pt and 1–2 wt. % Au metal loading. The exposed surface area of gold had 

only a small influence on the rate of hydrogen generation as compared to the total 

metal loading in the above mentioned range. On the other hand, pH values in the range 

4–7 gave better yield, whereas highly acidic and basic suspensions resulted in a 

considerable decrease in the hydrogen yield. They related the higher catalytic activity 

of Pt/TiO2 to more effective trapping and pooling of photogenerated electrons by Pt 

and/or because platinum sites have a higher capability for the reduction reaction. 

1.10.3.   Photocatalysis by gold supported on metal oxides 

Several strategies have been developed to further enhance the photocatalytic 

efficiency of pure TiO2; the most widely used being the addition of metallic and 

non–metallic elements (Serpone 2006; Aprile, Corma et al. 2008; Indrakanti, 

Kubicki et al. 2009; Liu, Wang et al. 2009; Rehman, Ullah et al. 2009). One recent 

strategy, derived in part from heterogeneous catalysis, is modification of TiO2 

with gold nanoparticles (Dobosz and Sobczynski 2001; Orlov, Chan et al. 2006; 

Sonawane and Dongare 2006; Iliev, Tomova et al. 2007; Alaerts, Wahlen et al. 

2008; Rodriguez–Gonzalez, Zanella et al. 2008; Min, Heo et al. 2009; Wu, Liu et al. 

2009). Although it is somewhat surprising that an element as inactive as gold can 

show activity in photocatalysis, Au nanoparticles/clusters supported on an oxide 



Chapter 1                                                                                                                    Introduction 

 

34 
 

support has been found active for a number of catalytic reactions including low 

temperature oxidation of CO (Lin, Bollinger et al. 1993; Bollinger and Vannice 1996; 

Yuan, Asakura et al. 1996; Bamwenda, Tsubota et al. 1997; Cant and Ossipoff 1997; 

Fukushima, Takaoka et al. 1997; Iizuka, Fujiki et al. 1997; Minico, Scire et al. 1997; 

Dekkers, Lippits et al. 1998; Okumura, Nakamura et al. 1998; Tsubota, Nakamura et 

al. 1998; Park and Lee 1999) and hydrogen (Haruta, Yamada et al. 1989), NO 

reduction (Cant and Ossipoff 1997), hydrogenation and partial oxidation of 

hydrocarbons (Hayashi, Tanaka et al. 1998).  

Since the pioneering work of Haruta showed the unique catalytic activity of 

Au/TiO2 for the selective low temperature CO oxidation (Haruta 1997), the 

number of reports describing the use of Au/TiO2 as heterogeneous catalyst for 

thermal reactions has grown considerably (Hashmi and Hutchings 2006; Corma 

and Garcia 2008). These works in heterogeneous catalysis have elaborated how 

to prepare, in a reliable and reproducible way, Au nanoparticles with a narrow 

size distribution strongly fixed on the surface of TiO2 nanoparticles mainly in the 

anatase phase. Although low temperature CO oxidation obey different laws 

compared to photocatalysis, it should be noted that having stable noble metal 

nanoparticles strongly anchored onto TiO2 surface as an independent phase 

typically used in heterogeneous catalysis could in principle be very promising as 

photocatalysts. Thus, it is reasonable to develop a hypothesis that, having reliable 

procedures to develop TiO2 supported gold nanoparticles; these materials could 

also be useful as photocatalysts.  

It has already been demonstrated that the catalytic properties of Au may depend on the 

type of the oxide support used (Haruta, Tsubota et al. 1993; Lin, Bollinger et al. 1993; 

Haruta 1997), the catalyst preparation methods (Bamwenda, Tsubota et al. 1995; 

Tsubota, Cunningham et al. 1995), and in particular, the size of the Au particle/clusters 

(Haruta 1997). However, despite considerable efforts, no consensus exists regarding 

the mechanism responsible for the unique structure sensitivity of Au nanoparticles. Au 

deposited as nanometer sized clusters on reducible metal oxides, such as TiO2, exhibits 

extraordinary high activity for several reactions including low temperature oxidation of 

CO, partial oxidation of hydrocarbons, hydrogenation of unsaturated hydrocarbons, 
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and reduction of nitrogen oxides (Lin, Bollinger et al. 1993; Boccuzzi, Chiorino et al. 

1996; Bollinger and Vannice 1996; Yuan, Asakura et al. 1996; Bamwenda, Tsubota et 

al. 1997; Cant and Ossipoff 1997; Fukushima, Takaoka et al. 1997; Iizuka, Fujiki et al. 

1997; Minico, Scire et al. 1997; Dekkers, Lippits et al. 1998; Okumura, Nakamura et 

al. 1998; Tsubota, Nakamura et al. 1998; Valden, Lai et al. 1998; Grunwaldt and 

Baiker 1999; Park and Lee 1999).  

 

Figure 1.5. A comparison of CO oxidation turnover frequencies (TOFs) from two 

different studies as a function of Au cluster size supported on TiO2. 

Lai and co–workers (Lai and Goodman 2000) studied and compared the reaction 

kinetics of CO oxidation on various Au supported on TiO2 catalysts (Lai and Goodman 

2000). Figure 1.5 shows the specific activity for CO oxidation in turnover frequency, 

(TOF = product molecules per total Au atoms per second) as a function of the average 

size of Au clusters supported on TiO2. Two sets of data are shown in the figure: A. The 

Au supported on high surface area TiO2 catalysts were prepared by precipitation 

method, and the average cluster sizes were measured by TEM (Bamwenda, Tsubota et 

al. 1997). B. The Au was deposited on planar TiO2 films on Mo(100) by using vapor–

deposition. The CO/O2 mixture was 1:5 at a total pressure of 40 torr at 350 K (Valden, 

Pak et al. 1998). These results showed similarities in the structure sensitivity of CO 
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oxidation with a maximum activity exhibited by Au clusters of 3 nm size on both 

supports. The decrease in activity with an increase in the Au cluster size for both 

catalysts can clearly be observed. For catalysts, the activity and selectivity of the Au 

supported catalysts is markedly dependent on Au cluster size. The valance band 

structure of monolayer and bilayer Au films on reduced TiO2 are significantly different 

on those of bulk Au. A metal to insulator transition is observed as the size of the Au 

particle decreased below 3 nm (Maeda, Okumura et al. 2004). Meier and Co–workers 

(Meier and Goodman 2004) used infra–red reflection absorption spectroscopy (IRAS) 

to study CO adsorption on Au clusters from 1.8 to 3.1 nm size range within which a 

metal–to–nonmetal (3 nm) transition and a maximum of oxidative catalytic activity 

had been previously observed (Valden, Lai et al. 1998). They calculated isosteric heats 

of adsorption (−ΔHads) due to the resemblance of IRAS isotherms for CO adsorption to 

the Langmuir–isotherm. They observed that the heats of adsorption (−ΔHads) increase 

sharply from 12.5 to 18.3 kcal mol
–1

 with decreasing cluster size. They found that, 

within experimental error, the metal–to–nonmetal transition, the increase in CO heat of 

adsorption, and the onset of catalytic oxidation occur concomitantly with respect to 

cluster size. They concluded that excessive high binding energy of CO will prevent 

oxidation reaction below its desorption temperature, e.g., room temperature, by 

preventing oxygen adsorption. On the other hand, a higher binding energy of CO than 

that of bulk Au (10.9 kcal mol
–1

) is necessary to provide sufficient concentrations of 

CO on the surface for reaction to occur.  

Lemire and co–workers using CO as a probe molecule found that the exceptional 

activity of gold nanoparticles for the low–temperature CO oxidation reaction probably 

does not arise from quantum size effects as a result of Au particle size, but rather the 

presence of highly uncoordinated Au atoms (Lemire, Meyer et al. 2004). Chen and co–

workers proposed that low coordinated Au atoms could be regarded as to be the key 

factor for the catalytic activity of CO oxidation (Chen and Goodman 2004). However, 

later on, a lower catalytic activity was found for monolayer Au (coordination number =  

3–4) than the bilayer Au (coordination number = ~ 6) (Chen, Cai et al. 2006). Defects 

in the oxide supports have been reported to play key role in anchoring the Au to the 

surface and transferring electron charge to the Au (Valden, Lai et al. 1998; Chen and 

Goodman 2004; Chen and Goodman 2006). The electron transfer to Au has been 
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probed by photoemission spectroscopy and STM (Minato, Susaki et al. 2004). Chen 

and co–workers proposed that electron rich Au particle adsorb O2 more strongly to 

activate O–O bond via charge transfer from Au by forming a superoxo like species. 

They proposed that this superoxo species facilitate the activation of CO (Chen, 

Crawford et al. 2007).  

Weither and Co–workers  (Weiher, Beesley et al. 2007), by collecting Au L3–edge X–

ray absorption near–edge structure (XANES) data, suggested that metallic gold 

particles on TiO2 form activated gold–oxygen complexes, which might play a role in 

the mechanism of O2 activation and hence CO oxidation. They gave different opinion 

from previous results that cationic (Guzman and Gates 2004) or anionic gold (Sanchez, 

Abbet et al. 1999) species are active in CO oxidation. They suggested that 

chemisorptions of CO and O2 on the catalyst both cause a significantly depleted Au d–

band in otherwise essentially metallic gold clusters. Their results agreed with in–situ 

XPS study of a similar Au/TiO2 catalyst by other workers who suggested an 

interpretation of core–level binding energy shifts in terms of final–state screening 

variations (either relaxation and/or Coulomb effects) during the photoemission from 

metallic gold clusters (Willneff, Braun et al. 2006). Jiang and co–workers (Jiang, Gao 

et al. 2009) probed the electronic nature of Au particles by CO adsorption using infra–

red spectroscopy. The CO stretching frequency shifts to lower frequency on electron 

rich Au clusters and to higher frequency on electron deficient Au clusters relative to 

bulk Au and that the extent of the shift can be correlated with the electron charge on 

Au. From above mentioned results of various researchers, the origin of the catalytic 

activity of Au can be proposed to arise from one or more of these three factors: 1. 

presence of low coordinated Au atoms; 2. charge transfer between the Au and support; 

3. quantum size effect (Sattler 2010).  

As outlined earlier there are some limited reports about photocatalytic degradation of 

ethanol in aqueous solution using Au/TiO2 systems (Bamwenda, Tsubota et al. 1994; 

Mizukoshi, Makise et al. 2007). Bowker and co–workers (Bowker, Millard et al. 2004) 

have reported that Au/TiO2 is very effective in photoreforming of methanol to 

hydrogen production. In another study, (Bowker, Davies et al. 2009) they also reported 

photocatalytic reforming of glycerol to hydrogen over palladium and gold modified 
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TiO2 catalysts. Their results indicated that under ambient conditions, although Au 

when supported on TiO2 showed three to four times less photocatalytic activity than 

Pd, it showed similar behavior to Pd (Al–Mazroai, Bowker et al. 2007). The pictorial 

explanation of the mechanism is illustrated in figure 1.6 as a catalytic cycle.  

                     

Figure 1.6. A proposed model for the photocatalytic reforming of methanol on 

Pd/TiO2. 

The dehydrogenation of methanol takes place on the metal component (figure 1.6a). In 

the absence of light, the reaction would stop at this point, with the metal sites blocked 

by CO. CO is strongly held on precious metals (desorption temperature  ca. 450 K 

(Jones, Bennett et al. 1999), with a considerable life time at ambient temperature. It is 

generally believed that hydrogen evolution takes place due to photoreduction of a 

proton present close to the metal (Konta, Ishii et al. 2004), but they contradicted the 

assumption by proposing that as hydrogen is unstable on metals at this temperature it 

will evolve naturally without the need for photoreduction. However, they further 

proposed that light is required to activate the sample for steady state hydrogen 

evolution by band–gap excitation to produce highly activated oxygen species (possibly 

O
–
 species) on the TiO2 support (figure 1.6b). The electrophilic species attack the CO 

at the periphery of the particle and remove CO as CO2 (figure 1.6c), enabling another 
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methanol molecule to adsorb and produce hydrogen (figure 1.6d) and restart the cycle. 

They proposed that water is reduced at the TiO2 oxygen vacancy, replacing the lost 

anion. The implication of the above description is that there has to be net diffusion of 

species on the surface. It is likely that this diffusing specie is adsorbed CO, and it must 

find the active oxygen species to get oxidized to CO2. CO diffusion on TiO2 should be 

facile, since CO is very weakly held on TiO2. Although the life time of adsorbed CO 

must be short, but it is quite possible for such a weakly held specie to diffuse over a 

significant number of sites in that short lifetime, as described elsewhere (Bowker 

1994). 

Noble metals are generally used, primarily because they decrease the rate of charge 

recombination by accelerating transfer of photoexcited electrons from TiO2 to 

adsorbates, e.g. protons to evolve hydrogen (Pichat, Herrmann et al. 1981). Another 

advantage of noble metals is photocatalytic reaction driven by possible photoexcitation 

of surface plasmons (SP) of noble metal nanoparticles arising from the collective 

excitation of electrons confined in the metal nanoparticles (Barnes, Dereux et al. 2003; 

Moores and Goettmann 2006; Biju, Itoh et al. 2008; Brus 2008). Au supported on TiO2 

photocatalysts have shown activity under visible–light (>420 nm) irradiation as 

reported in several papers (Burgeth and Kisch 2002; Tian and Tatsuma 2005; 

Sonawane and Dongare 2006; Kowalska, Abe et al. 2009). In visible light 

photocatalysis by Au/TiO2 the excitation of SP of Au nanoparticles with the injection 

of electrons on the TiO2 conduction band to cause photoreduction is possible. In a 

certain way, the photocatalytic mechanism of Au/TiO2 resemble the general dye 

sensitization mechanism of TiO2 (Cahen, Hodes et al. 2000; Gratzel 2003). Depending 

on the dimensions of noble metal, there are two types of surface plasmon: localized 

surface plasmon (LSP) and propagating surface plasmon or surface plasmon polariton 

(SPP). LSP takes place in small nanoparticles (10–200 nm), in which light absorption 

(and amplification of the electric field) has been shown to be dependent strongly on 

particle size, shape and local dielectric environment, (Pissuwan, Valenzuela et al. 

2006; Wang, Brandl et al. 2006) while SPP is associated with smooth thin films of 

silver and gold with thickness in the range of 10–200 nm.  
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Since noble metal loaded TiO2 systems are robust and relatively stable even under 

photoirradiation in the presence of oxygen, they seem advantageous compared with 

other photosensitization systems using organic dyes or metal complexes (Chatterjee 

and Dasgupta 2005). As visible light induced photocatalysis is beyond the scope of this 

thesis only one latest study by Kowalska and co–workers is described below. 

Kowalska and co–workers (Kowalska, Mahaney et al. 2010) investigated visible light 

photocatalytic activity of fifteen commercial titania (titanium(IV) oxide; TiO2) 

powders modified with Au by photodeposition. It was shown that all tested powders 

could absorb visible light with an absorption maximum at localized surface plasmon 

resonance (LSPR) wavelengths from 530 to 600 nm. The photocatalytic activity of 

Au/TiO2 powders was examined both under ultraviolet and visible light irradiation 

(mainly >450 nm) for acetic acid and 2–propanol photooxidation. It was found that the 

activity depended strongly on Au and TiO2 properties, such as particle size, shape, 

surface area and crystalline form. Under visible irradiation, large rutile particles loaded 

with gold particles of a wide range of sizes showed the highest photocatalytic activity, 

possibly due to greater light absorption ability in a wide wavelength range resulting 

from transverse and longitudinal LSPR of rod like gold particles. 
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2 

Materials and Methods 

Different experimental set–ups were designed and used to carry out TiO2 single crystal 

and powder studies. X–ray photoelectron spectroscopy (XPS) and temperature 

programmed desorption spectroscopy (TPD) methods along with other supporting 

techniques were employed to carry out studies included in this thesis. General theories 

of these two main techniques and a brief description of the set–up used for both types 

of studies are provided in this chapter. The details of the experimental parameters for 

every experiment will be provided with individual case studies. 

2.1.   X–ray photoelectron spectroscopy (XPS) 

This is a technique used to study the elemental composition and atomic electronic 

states of elements present on the surface of a material. Kai Siegbahn and his group at 

Uppsala in 1954 recorded the first high energy resolution XPS spectrum of cleaved 

sodium chloride (NaCl) revealing the potential of this technique. A few years later in 

1967, Siegbahn published a comprehensive study on this technique bringing instant 

recognition of its utility (Siegbahn and Upsala 1967). Some of the advantages include 

its high information contents, capability to address wide variety of samples and it has 

sound theoretical basis. The XPS can be used to gain information about elemental 

composition of the surface (top 1–10 nm usually) except Hydrogen and Helium with a 

detection limit as low as 0.3 %, chemical or electronic state of each element in the 

surface, elemental composition across the surface (line profiling or mapping), and as a 

function of ion beam etching (depth profiling) (Briggs and Seah 1983). Figure 2.1 is a 

simplified diagram of X–ray photoelectron spectroscopy instrument and set–up [(A) 

Sample, (B) X–ray gun, (C) Focused beam of X–rays, (D) Photoemitted electrons, (E) 

Electron take–off angle, (F) Electron energy analyser, (G) Computer, (H) Vacuum 

pumps, (I) Vacuum chamber]. The process of acquiring XPS data starts from the 

http://en.wikipedia.org/wiki/Kai_Siegbahn
http://en.wikipedia.org/wiki/Sodium_chloride
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preparation of the solid samples which are then placed in a vacuum environment with a 

base pressure of ca. 10
–8 

torr. The sample surface is irradiated with X–ray photons 

which interact with an inner shell electron of the atom as a result of which the energy 

of the X–ray photon is transferred to the electron. If the electron receives enough 

energy it escapes the surface of the sample creating a photoelectron of a specific 

energy. The photoelectrons are separated and counted according to the difference in 

energy which is related to the atomic or molecular environment of their origin. 

 

Figure 2.1. A representation of an X–ray photoelectron spectroscopy set–up. 

The energy of the incident photons can be given by Einstein relation: 

 E hv  (2.1)  

Where,  

h = Planck’s constant (6.62 × 10
–34

 Js) 

v = Frequency (Hz) of the radiation 

The kinetic energy EK of emitted photoelectron is measurable, so the binding energy of 

the electron EB can be calculated from the Einstein equation: 

 B KE hv E     (2.2)  



Chapter 2                                                                                                  Material and Methods 

 

43 
 

Where,  

EB = Binding energy of the electron  

EK = Kinetic energy of the emitted photoelectron 

hv = Energy of the incident X–ray beam 

Φ = Work function of the solid 

Binding energy is unique for each element and is used to identify the sample 

composition. Also the number of photoelectrons emitted has a direct relationship to the 

concentration of the emitting atom in the sample under study. An electron energy 

analyser is used to measure the kinetic energy distribution of the emitted 

photoelectrons to give an XPS peak. Unfortunately, the data interpretation of chemical 

systems involving elements with close binding energy values or different chemical 

states of the same element or combination of both is rather difficult. Under these 

circumstances, the photoelectron kinetic energy distribution function appears as an 

ensemble of peaks rather than a single peak. As a result of this, peak fitting analysis of 

the raw data is carried out to acquire useful information. One of the problems with 

peak fitting analysis is that a good fit is always obtained by a sufficient number of 

Gaussian–Lorentzian curves without any peak parameter constraints. However, prior 

knowledge of the chemistry of the surface to be analysed helps as it could suggest the 

possible number of chemical states and therefore number of peaks, parameter 

constraints to restrict the peak widths and relative intensities of the peaks to obey the 

chemistry (Fairley, Carrick et al. 2005). 

2.2.   Temperature programmed desorption spectroscopy (TPD) 

This is a very useful and informative technique to study the reversibly adsorbed 

species on a surface (Redhead 1962; King 1975; Chan, Aris et al. 1978; Chan and 

Weinberg 1978; Ko, Benziger et al. 1980; Miller, Siddiqui et al. 1987). A typical 

temperature programmed desorption experiment involves adsorption of reactants on a 

surface and monitoring the species coming off the surface by a suitable method as a 

function of temperature. The monitoring of desorbed species may involve pressure 
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measurements by a pressure gauge, a series of quantitative measurements by gas 

chromatograph, infra–red spectrometry or monitoring the appropriately assigned mass 

fragments by using a mass spectrometer. The data obtained from such an experiment 

consists of an intensity variation of the signal corresponding to the desorbed species as 

a function of temperature.  

In each case a peak like desorption profile called a TPD spectrum is obtained. This can 

be explained theoretically as follows. The desorption rate (rdes) is usually expressed by 

a rate law of n
th 

order: 

 
n

des n

d
r k

dt


  

 

(2.3)  

Where,  

θ = Surface coverage 

Kn = Rate constant
 

If the rate constant kn is replaced by the Arrhenius equation (equation 2.4), the rate law 

is usually referred as Wigner–Polanyi equation (equation 2.5): 

 exp( )
des

a
n n

E
k v

RT
   (2.4)  

Where, 

Ea
des

 = Activation energy for desorption  

n = Pre–exponential factor and can be considered the "attempt frequency" ν to 

overcome the desorption barrier  

R = Universal gas constant 

T = Absolute temperature 

 
des

na
des n

Ed
r exp( )

dt RT


      (2.5)  
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This equation has two variable terms i.e. surface coverage (θ) and the exponential 

term des
aE RT . At the start of experiment the exponential term is small and increases 

with increasing temperature indicating an increase in the rate of desorption. The 

desorption rate is maximum when RT becomes equal to .des
aE  On the other hand the 

surface coverage remains constant at low temperature and decreases rapidly as the 

desorption temperature approaches, and reaches a zero value at some temperature 

giving the overall peak like shape of the desorption profile. As the re–adsorption of the 

desorbing molecules is unlikely to occur under UHV conditions, it is not considered in 

this work. In most cases, the TPD spectrum needs to be deconvoluted to assign a single 

peak to a single desorbing species, as signal from different desorbing species can 

overlap with each other to give an ensemble of desorption profiles.  

A well–performed TPD experiment with proper spectrum analysis gives information 

about surface states of adsorbate(s), order and activation energy of chemical reactions 

occurring on the surface. For example, desorption peaks assigned to the same 

adsorbate at different temperatures indicate its different surface states. A shift of the 

desorption maxima towards higher temperature with higher initial coverage, indicates a 

zero order desorption process (physical adsorption). An asymmetrical peak shape and a 

constant desorption rate maximum at different initial coverages, is indicative of a first 

order desorption process. Symmetrical peak shapes and lower temperature shifts of 

desorption maxima with higher different initial coverage, represent a second order 

desorption process (re–combinative desorption). The activation energy 
des
aE of a 

desorption process can be calculated by carrying out the quantitative analysis of the 

TPD data by using Wigner–Polanyi equation. There are many different ways of 

analysing experimental data quantitatively since it is more like a data fitting process. 

One can use a linear or hyperbolic heating ramp and calculate peak area under each 

peak or pick up the desorption maxima, or full width at half maximum (FWHM), or 

even full width at ¾ maximum as the experimental measurement (Chan, Aris et al. 

1978; Chan and Weinberg 1978). In this work, the linear heating rate was always 

employed and the peak area under each peak was calculated using the trapezoidal 

method which is an approximation for computing the total area under a series of data 
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points. The activation parameters (frequency factor νn, activation energy 
des

aE  and 

desorption order n) are provided by Polanyi–Wigner analysis. This method involves 

the collection of a series of spectra for the same adsorbate coverage employing 

different heating rates. From each spectrum, the temperature of the desorption rate 

maximum Tmax is determined. If we assume that the differential pumping rate is 

constant then the ion current in the mass spectrometer is proportional to the desorption 

rate for each specific desorbed species. 

The equation for linear heating rate can be written as: 

 
0T T t   (2.6)  

Where, 

T0 = Initial temperature  

β = Heating rate  

t = Time   

By using differentials 
1

dt dT


  is obtained and by substituting “dt” in the Polanyi–

Wigner equation 3.5 we will get: 

 

des
na

n

Ed 1
exp( )

dT RT


 


    (2.7)  

For the desorption maximum at T = Tmax, the condition max| 0des Tdr dT 
 
must be 

fulfilled, and because  desr d dt d dT     
 
, we can arrive at expression 2.8 by 

inserting equation 2.7 in this equation and differentiating it with respect to T: 

 

des des
n 1 ndes a a

n 2

dr E Ed
v exp( ) n

dT RT dT RT


  

   
   

(2.8)  

At T = Tmax using condition max| 0des Tdr dT  , the above equation implies:
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des
n 1 n a

2

max

Ed
n 0

dT RT


   

 
(2.9)  

Inserting equation 2.7 for d dT in equation 2.9 and solving for 

des 2

a maxE RT provides: 

 
E
a

des

RT
max

2
=
1

b
n
n
nq n-1 exp(-

E
a

des

RT
max

) (2.10)  

For 1
st
 order desorption putting (n = 1): 

 

des des

a a
12

max max

E E1
exp( )

RT RT



   (2.11)  

From the above equation, we can deduce that Tmax is independent of the coverage θ, 

but dependent on the heating rate β. Rearranging equation 2.11 and taking the 

logarithm gives: 

 

2 des des

max a a

max 1

T E E
  ln ln

RT R. 
   (2.12)  

 

Plotting of 2

max maxlnT 1 T   for a series of β–values provides 
des

aE  from the 

slope and ν1 from the intercept with the ordinate. For 2
nd

order (n = 2) desorption from 

equation 2.10 we obtain that: 

  
des des

a a
2 max2

max max

E E2
T exp( )

RT RT
 


   (2.13)  

Because desorption states of 2
nd

 order are symmetric with respect to Tmax we know that 

θ(Tmax) is half the value before desorption, i.e., θ
0
 = 2⋅θ(Tmax). After rearranging and 

taking logarithm of equation 2.13 we thus obtain: 

 

2

max

2 0 max. .

des des

a aT E E
ln ln

R RT  
   (2.14)  

Plotting of 2

max maxlnT vs.1 T for a series of heating rate (β) values provides 

des

aE  from the slope and, if θ0 is known, the frequency factor ν2 from the intercept.  For 
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zero order desorption the Wigner–Polanyi equation becomes: 

 
0.exp( )

des

aEd
v

dt RT


    (2.15)  

If the ion current Iion recorded by the mass spectrometer is proportional to the 

desorption rate, then we can change the expression 2.15 to: 

 
des

a
ion 0

E
I K.v .exp( )

RT
   (2.16)  

Where,  

K = Constant 

By taking the logarithm of equation 2.16 the expression obtained is given below: 

 
0( . )

des

a
ion

E
lnI ln K v

RT
   (2.17)  

When plotting ln(Iion) with respect to 1/T one can obtain the information about 
des

aE  

from the slope of the straight line. 

Redhead (Redhead 1962) derived a simple relation between 
des

aE , ν1  and  Tmax. He 

assumed that desorption follows 1
st 

order kinetics and that activation parameters are 

independent of surface coverage (θ). He obtained a simple approximation solution by 

reasonably assuming that the value of ν1/β is located in 10
–8

 to 10
–13 

K
–1 

range where 

relationship between
des

aE  and Tmax showed a good linearity. Solving equation 2.10 for 

des

aE  gives: 

 
des 1
a max

v
E RT [ln( ) 3.64]


   (2.18)  

This is the famous Redhead formula and the approximation essentially brings out 

around 1.5 % of the relative deviation. The Redhead method is often employed to 
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calculate activation energies from a single desorption spectrum with an approximate 

value of ν1 = 10
13 

s
–1

 a commonly chosen value. 

2.3.   Single crystal studies 

Temperature programmed desorption (TPD), XPS and UV excited reactions on rutile 

TiO2(110) single crystal were conducted on a stainless steel Phi vacuum system. 

2.3.1.   Vacuum system 

The vacuum system can be divided into two parts as shown in figure 2.2. The main 

part consisted of ultra–high vacuum (UHV) chamber to perform single crystal 

experiments. This part had a base pressure of ca. 10
–10 

torr. It was pumped via, 

titanium sublimation, ion and sorption pumps to maintain the UHV conditions. The 

sorption pump was only used before chamber baking during initial pump down at 

atmospheric pressure and was connected to the chamber by an isolation valve. This 

part was equipped with a dual anode X–ray source (Perkin Elmer, Phi model 04–548), 

a precision electron energy analyzer which had double–pass cylindrical mirror electron 

energy analyzer (DPCMA) and electron gun (Perkin Elmer, Phi model 15–255GAR), a 

quadropole mass spectrometer (Extorr 200), dosing system, sputter electron gun 

(Perkin Elmer, Phi model 02–177), ultra–violet light excitation and an x, y, z and r 

motion feed through. An experimental set–up represented by figure 2.4 below was 

developed to perform the TPD and UV reaction studies on TiO2(110) single crystal. It 

included a quadrupole mass spectrometer to monitor the gaseous products inside the 

chamber during TPD and reactions under UV irradiation. The analyzer probe of the 

mass spectrometer was enveloped by a cylindrical glass shroud. The glass shroud had 

an aperture near the end of the analyzer probe close to its ionizer to allow the 

admission of desorbed gases. The size of the aperture was smaller than the size of the 

front face of the sample crystal to minimize the admission of gases other than desorbed 

directly from the crystal surface. Two additional apertures were present near the base 

of the shroud, away from the ionizer, for differential pumping thus allowing the 

maximum no of gas molecules reaching the ionizer. The mass spectrometer was 
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interfaced with an IBM personal computer to control desired mass spectrometer 

parameters during experiment. 

 

Figure 2.2. Block diagram of Phi vacuum system to study bare TiO2(110)  and 

ruthenium supported TiO2(110) surfaces. 

 

Sample manipulator

Ethanol dosing line 

Feed through probe

Mass spectrometer

UV lamp

Sputter gun

X-ray source

Main UHV chamber

Electron energy analyzer

 

Figure 2.3. A photograph of Phi vacuum system to study bare TiO2(110) and 

ruthenium supported TiO2 (110) surfaces. 
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Figure 2.4. Experimental set up for carrying out UV reactions and TPD studies on 

single crystals. 

The other part of the vacuum system consisted of transfer probe region with a base 

pressure of ca. 1 × 10
–8 

torr. It was connected to ultra–high vacuum chamber with a 

gate valve. This part was pumped with diffusion, turbo molecular and roughening 

pumps. Roughening pump was only used before chamber baking during initial pump 

down at atmospheric pressure. This part could be used to dose different materials into 

the ultra–high vacuum chamber with minimal disturbance of the pressure of the later. 

As this part was pumped separately from the ultra–high vacuum chamber, the samples 

could be introduced into it independently from the ultra–high vacuum chamber and 

given initial treatments before dosing. It contained a long feed through probe which 

could reach very close to the crystal face inside ultrahigh vacuum chamber by passing 

through the gate valve when opened. The sample was attached on the fore end of the 

probe, which was then electronically controlled to reach close to the crystal surface. 

The temperature of the probe could be controlled electronically to degas, heat or 

evaporate the samples. 

2.3.2.   Crystal mounting 

The (110) oriented rutile TiO2 (10 × 10 × 1 mm) single crystal was obtained from MIT 

Corporation, CA, USA. It was rinsed ultrasonically in 1–propanol and acetone for one 

hour and glued (Ultra–Temp 516, a High Temperature Ceramic Adhesive & Paste 
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Properties) as well as clamped onto a Ta plate (0.1 mm width). The tantalum plate had 

two Ta wires (0.5 mm diameter) spot welded to it and attached to the insulated 

electrical wiring on the sample mount to heat the crystal with resistive heating. A      

K–type thermocouple was attached to one side of the crystal by using high temperature 

cement (Armco Ultra–Temp 516) to read the crystal temperature during experiment. 

The sample manipulator had five sample controls (x, y, z, tilt and rotation) to allow the 

crystal to be fully manoeuvred within the TPD, UV and XPS experimental set up. 

After mounting, the chamber was pumped to reach UHV conditions employing 

standard procedures. Absolute ethanol (Sigma–Aldrich, 99.5 %) was used for all 

experiments. Ethanol was kept in a glass–metal bulb connected to dosing line. Before 

using it was purified by a number of freeze–pump–thaw cycles to remove absorbed 

gasses. The dosing line was pumped via a diffusion pump and was kept at a base 

pressure of ca. 1.0 × 10
–6 

torr. During the experiment, ethanol was leaked into the 

chamber from dosing line using a leak valve which had 0.15 mm wide (ID) stainless 

steel tube on the chamber side, long enough to reach one milli–metre distance from the 

crystal face.  

2.3.3.   Crystal cleaning 

Before experimentation the crystal was cleaned by repeating sputter and annealing 

cycles. Although sputter and annealing parameters depended on the crystal history, 

however, a typical sputtering and annealing cycle involved bombardment of crystal 

with Ar
+
 ion beam of 2–3 KeV for 10 minutes at room temperature followed by 10–20 

minutes annealing at 623 K for 2–3 initial sputter cycles and finally at 773K to 

complete the cycle. A further annealing cycle, with or without, O2 was given before the 

start of each TPD or UV experiment. The emission current used was 25 mA. The Ar 

gas pressure used was 5.0 × 10
–5 

torr. The process was repeated until no desorption 

peak was detected during blank TPD and no carbon peak was detected in the XPS 

scans. The detail of XPS experimental procedure is given below. A narrow XPS 

Ti2p3/2 with full width at half maximum (FWHM) of less than 1.4 eV and near 

symmetric XPS O1s line shape indicated that the TiO2 crystal was indeed clean 

stoichiometric and ready for carrying out experiments. 
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2.3.4.  Temperature programmed desorption spectroscopy (TPD) 

A typical TPD experiment was begun by dosing TiO2 with ethanol at 300 K using 0.15 

mm wide (ID) stainless steel tube attached to the dosing line at one end extended to a 

distance of 1 mm from the crystal face. After dosing, the chamber was allowed to 

pump down to attain a stable background pressure ca. 5.0 × 10
–10 

torr. The crystal was 

then positioned in front of the mass spectrometer at 2 mm distance in line with the 

aperture and ionizer as shown in figure 2.4. The crystal temperature was ramped at a 

heating rate of 1K/s and desorption flux of different molecules coming off the surface 

was monitored by the mass spectrometer. Before the start of actual experiments a 

number of test ethanol TPD runs were performed to make sure that all the possible 

reactions products were included in actual experiment. This was achieved by 

monitoring any change in the intensity of masses between m/z = 2 to m/z = 80 by using 

quadrupole mass spectrometer in a mass sweep mode. As many as 15 masses were 

monitored in a single TPD experiment at a dwell time of about 50 ms per mass.  

Different products were identified by carefully assigning all mass fragment peaks to 

desorbed products depending on their desorption temperature, intensity and correlation 

with other mass fragment peaks. This was accomplished by identifying a peak that 

could be assigned to only one product, recording the mass fragmentation pattern of the 

same pure product on the same system and subtracting the peaks from the TPD 

spectrum of the desorbed products. More details on this method can be found in (Yee, 

Morrison et al. 1999). For quantitative analysis, the peak area under each peak was 

calculated by the Trapezoidal method. Correction factors for the individual mass 

fragment peaks was calculated using the method described by Ko and co–workers (Ko, 

Benziger et al. 1980). Normalization of the individual mass fragments was done by 

multiplying the product desorption spectrum with the respective correction factor. The 

yield of each species as a fraction of the entire products desorbed and % carbon 

selectivity as a fraction of the total carbon products desorbed were calculated by using 

the method developed by Idriss and co–workers (Idriss, Kim et al. 1993). Ethanol (2 

L) exposure was found sufficient for full coverage as monitored by repeated TPD runs 

and integration of desorption product peak areas. 



Chapter 2                                                                                                  Material and Methods 

 

54 
 

2.3.5.   X–ray photoelectron spectroscopy 

A typical XPS experiment consisted of an initial exposure of the sputtered and clean 

surface with ethanol using the procedure similar to TPD experiment. After pump 

down, the crystal was positioned under the X–ray source in front of the electron energy 

analyzer and the desired spectra were collected. XPS analyses were performed using 

an Al anode source at 14.5 KV, 20 mA current. During XPS data collection, normally 

30 scans were collected for the Ti2p, and O1s regions at 25 eV pass energy, 0.1 eV 

step energy and 300 mS response time, while 50 scans were collected for Cls regions 

at 50 eV pass energy, 0.1 eV step energy and 300 mS response time to acquire good 

quality data. For experiments in which XPS spectra were collected as a function of UV 

radiation exposure, the first set of data was collected before UV exposure as described 

above. The crystal was then exposed to UV with and without O2 pressure, and spectra 

were collected immediately after the UV light was turned off. Curve fitting of the raw 

data was performed by using XPS Peak fit software (Version4.1, 2000
63

) with 

indicated FWHM, Lorentzian/Gaussian percentage, and a Shirley background 

subtraction. 

2.3.6.   Photoreactions 

UV reactions were conducted by saturating the surface with ethanol at room 

temperature using the same set–up as described for TPD experiments above. However, 

in this case despite of increasing crystal temperature the crystal surface was irradiated 

by UV light and products coming off the surface were monitored by the mass 

spectrometer. In case of UV reactions in the presence of background oxygen pressure 

oxygen was leaked into the chamber from stainless steel tube while the crystal was 

exposed to UV photons. A 100W mercury spot lamp (Black ray, B–100AP, high 

intensity UV lamp, P/N 95–0127–02M) with a cut of filter at 360 nm was used as a 

UV radiation source. The UHV chamber size dimensions could allow 20 cm of 

minimum distance of lamp from the crystal surface. The surface temperature rise of 

less than 5 K due to lamp radiation was too small to affect the data as most of the IR 

radiation was absorbed by the Pyrex window. The flux of the lamp was measured 

using a photoradiometer (EDTM) through a Pyrex window similar to that used for the 
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UHV chamber. It was found equal to 1.0 mW cm
–2

 in the UV region at a distance of 

about 20 cm. 

2.4.   TiO2 powders 

2.4.1.   Catalyst preparation 

Gold catalysts were prepared by a deposition–precipitation method (using urea as a 

basification agent) over TiO2 anatase and rutile particles (Hugon, Delannoy et al. 

2008) prepared by the sol–gel process (Waterhouse and Waterland 2007). Briefly, 

Ti(IV) iso–propoxide (284.4 g) was dissolved in iso–propanol (1 L) at 293K. Under 

vigorous stirring, milli–Q water (1 L) was added slowly drop wise to the Ti(IV)         

iso–propoxide solution resulting in the hydrolysis of the alkoxide and precipitation of 

hydrous titanium oxides. The final molar ratio of water: Ti(IV) iso–propoxide in the 

reaction mixture was 55.5:1. The suspension was then left stirring for 24 hours. The 

particles were subsequently collected by vacuum filtration, washed repeatedly with 

isopropanol, and then air dried for two days at 293K. TiO2 anatase nanoparticles were 

obtained upon calcination of the dried powders at 673 K for two hours. The microsized 

anatase powder used in this work was obtained from BDH chemicals while 1.5 wt. % 

Au/TiO2 Degussa catalyst was purchased from World Gold Council (WGC). The 

surface area of anatase was typically 105 m
2 

g
−1

 and rutile was 170 m
2 

g
−1

. 

Transmission electron microscopy (TEM) indicated that the particle size of both 

supports was at the nanoscale i.e. anatase nanoparticles, ~ 15 nm and rutile nanofibres, 

20 × 50 nm. UV–vis measurements showed the expected plasmon resonance shift with 

Au particle size. 

Titania supported gold nanoparticle catalysts were prepared by the deposition–

precipitation with urea (DPU) method. Under vigorous stirring, titania (2.5 g) was 

added to a 250 mL aqueous solution containing HAuCl4.3H2O (1.1 mM for Au 

loadings of 2 %) and urea (0.42 M). The suspensions of TiO2 particles were then 

heated to 360 K, and kept at this temperature under continuous stirring for eight hours. 

The Au(III) impregnated titanias were collected by vacuum filtration, washed 

repeatedly with milli–Q water, dried for two days at 393K in a desiccator over silica 

gel, and then calcined at 573K for one hour to thermally reduce surface Au(III) cations 

javascript:;
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to Au metal. TEM data for the characterization of the sample was collected at ANSTO 

(Sydney, Australia) using a JEOL 2010F TEM. Specimens were supported on carbon 

coated copper grids for analysis. XRD was conducted using a Philips PW–1130 

diffractometer, equipped with a Cu anode X–ray tube and curved graphite filter 

monochromator. Scherrer equation was used to calculate TiO2 nanoparticles size which 

was compared with TEM results. 

2.4.2.   X–ray photoelectron spectroscopy 

For XPS analysis, samples were lightly pressed into thin pellets and mounted on a 

stainless–steel bar using double–sided adhesive tape. XPS spectra were collected on a 

Kratos Axis Ultra spectrometer using monochromatized Al Kα X–rays (hν = 1486.6 

eV) and with the hemispherical electron energy analyzer operated in the hybrid lens 

mode. The take–off angle with respect to the specimen surface was 90
o
, and the base 

pressure in the analytical chamber during analysis was ~ 2.0 × 10
–9 

torr. The charge–

compensating low–energy electron system was used to minimize specimen charging 

during X–ray irradiation. The binding energy scale was calibrated using adventitious 

hydrocarbon referencing (C1s = 284.7 eV). Survey spectra were collected at an 

analyser pass energy of 80 eV over the binding energy range 1200–0 eV (5 sweeps/25 

ms dwell time). Elements identified in the samples were Ti, O, C and Au. The relative 

concentration of each element in the near–surface region of samples was calculated 

using peak areas of the core–level Ti2p, O1s, C1s and Au4f signals, respectively. 

Relative sensitivity factors, based on instrument–modified Schofield cross–sections, 

were used in the quantification procedure (7.81, 2.93, 1.00 and 17.12, respectively). 

Estimated uncertainty in the atomic concentration reported for each element is  ~ 0.5 

%. The chemical state of Ti, O, C and Au in the near–surface region of each sample 

was determined from high–resolution narrow–scan spectra taken at pass energy 20 eV 

over the Ti2p, O1s, C1s and Au4f regions (30 sweeps/150 ms dwell time), 

respectively. 

2.4.3.   Temperature programmed desorption (TPD) 

Temperature programmed desorption (TPD) studies were performed using setup 

shown in figure 2.5 [(A) Quartz reactor and catalyst sample, (B) Thermocouple, (C) 
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Electric furnace, (D) Reactant vessel, (E) Quick fit joint, (F) Teflon valves, (G) Leak 

value, (H) High vacuum chamber, (I) Diffusion pump, (J) Roughing pump, (K) 

pressure gauge, (L) Quadrupole analyzer, (M) Mass spectrometer satellite, (N) Data 

acquisition computer]. On TiO2 powders, TPD studies were performed using 

appropriate amount (50 mg for anatase nanoparticles, 32.5 mg for rutile nanofibers and 

25 mg for inverse opal) of catalyst placed in quartz U–shaped fixed bed reactor 

connected to a vacuum system (figure 2.5). The vacuum system had a typical base 

pressure of 1.0 × 10
–7 

torr maintained by a diffusion pump with a liquid N2 trap. The 

whole system was connected to a Spectra Vision quadrupole mass spectrometer to 

monitor the masses of interest. The mass spectrometer had a mass range from one to 

200 a.m.u. and could monitor 12 masses at one time when run in profile mode. Linear 

temperature ramping at a rate of 20 K min
–1

 was achieved by using an accurate 

temperature ramping unit which consisted of a Kaif digital temperature controller 

integrated with a glass lined furnace and a K–type thermocouple. Prior to TPD, the 

catalysts were cleaned by heating at 673 K for four hours under either oxygen or 

hydrogen flow at atmospheric pressure. A range of different dosages of ethanol 

 

 

Figure 2.5.  Experimental set–up for TPD studied of ethanol on TiO2 powders.  

It was found that 2 to 5L of ethanol are sufficient for surface saturation. Ethanol was 

allowed to adsorb and equilibrate with the catalyst surface for ca. 15 minutes. The 
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reactor was pumped down to remove weakly adsorbed ethanol on the catalyst surface, 

as well as on the walls of the reactor, for 30 minutes. In addition, the ethanol mass 

fragment m/z = 31 (CH2OH)
+
 was monitored until the base line was reached again. 

Different mass fragments were recorded as function of temperature to monitor the 

desorption of products i.e. ethanol (m/z = 31, 29, 45, 27), acetaldehyde (m/z = 29, 44, 

15, 43), ethylene (m/z = 28, 27), methane (m/z = 16,15) water (m/z = 18,17), H2      

(m/z = 2), CO (m/z = 28, 16), CO2 (m/z = 44) as a function of temperature. Different 

products were identified and quantified by following the same procedure as described 

in section 2.3.4 above. 

2.4.4.   Infra–red spectroscopy (IR) 

Infra–red spectra of different TiO2 powders were obtained using the set–up shown in 

figure 2.6 [(A) Compressed catalyst disc, (B) Sample holder, (C) Coolant jacket, (D) 

Removable CaF2 window, (E) Insulation block, (F) Atmosphere connection (needle 

valve), (G) Connection for resistive heating, (H) Thermocouple, (I) Vacuum 

connection (needle valve), (J) Coolant inlet, (K) Coolant outlet, (L) IR Spectrometer, 

(M) Data acquisition computer, (N) Roughening pump isolation valve, (O) 

Roughening pump, (P) Vacuum line, (Q) Ethanol reservoir ( glass to metal bulb), (R) 

H2 supply, (S) O2 supply, (T), Cold cathode gauge for pressure measurement (U) 

Diffusion pump isolation valve, (V) Diffusion pump, (W) Backing pump].  

 

Figure 2.6. Experimental set–up for infra–red studies of ethanol on TiO2 powders. 
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Infra–red spectra of adsorbed species were obtained with a 256 scan per measurement 

data acquisition at a resolution of 4 cm
–1 

using a
 
Nicolet (Nexus) Fourier transform 

spectrometer. The adsorption of ethanol on sample catalysts was performed in a 

stainless steel IR cell (figure 2.6). The cell was equipped with removable CaF2 

windows (32 mm diameter, 4 mm thick) sealed with Viton O–rings. A type K 

thermocouple, welded into the centre of the cell in close proximity to the catalyst disc, 

was used to monitor the temperature. The sample catalysts was pressed into a self–

supporting disc (ca. 10 mm in diameter), and mounted into a gold plated brass sample 

holder in the centre of the cell. The cell was then connected to a conventional vacuum 

line, and maintained at a base pressure of ca. 10
–6 

torr with a diffusion pump backed by 

a roughing pump. To obtain a clean surface the TiO2 supported catalysts were annealed 

under 20 torr of oxygen at 673 K overnight followed by evacuation for one hour. After 

cleaning the surface, the cell was allowed to cool to room temperature prior to 

adsorption of ethanol. Enhanced cooling rate was achieved by passing cooled air 

through the coolant jacket around the IR tube containing the catalyst disc. Ethanol was 

injected either via a septum or vacuum line connected to the IR cell which can then be 

isolated using a valve after injection. After injection the cell was pumped down to 10
–5 

torr or below in order to remove excess and loosely adsorbed ethanol on the surface. A 

varying amount in 0.1l increments was used in case of quantitative studies. The 

surface temperature was then raised in desired increments. When the desired 

temperature was reached, the cell was allowed to cool down to 300 K before collection 

of a spectrum. Spectra presented in this work are obtained by subtracting the spectrum 

of the catalyst sample prior to adsorption, from that of the sample after ethanol 

adsorption. 

2.4.5.   Photoreactions 

The experimental set–up used to study ethanol photoreactions on Au/TiO2 is shown in 

figure 2.7 [(A) UV reactor, (B) Stirrer, (C) Rubber septum, (D) Gas inlet stopcock, (E) 

Gas outlet stopcock, (F) Air tight syringe, (G) Three way valve, (H) H2 supply, (I) N2 

supply, (J) He supply, (K) Gas chromatograph, (L) Sample injection pot, (M) 

Computer]. Catalytic reactions were conducted in a liquid slurry reactor under nitrogen 

atmosphere. Au/TiO2 catalyst (6.5 mg) was placed in a Pyrex tubular glass reactor 
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(volume 98 mL) and heated to 673 K with a H2 gas flow rate of 5 mL min
–1

 for 15 

hours. The sample was cooled to room temperature under H2 gas flow that was 

switched to N2 gas (O2 free) for ~ 30 minutes. 15 mL of ethanol was injected into the 

glass reactor prior to UV irradiation via a septum. The catalyst and ethanol mixture 

were stirred continuously during the UV irradiation by a magnetic stirrer. The UV 

reactor consists of six 15 W black light UV tubes with a wavelength of 350 nm.  

 

 Figure 2.7. Experimental set–up for photocatalytic reactions of ethanol on TiO2 

powders relevant to H2 production.  

The measured combined photon flux after a Pyrex glass of similar thickness to the 

reactor was found equal to 7 mW cm
–2

 at a distance of 4 cm. Light from the sun has a 

flux of 100 mW cm
–2

. Therefore the photoreaction is conducted at flux equivalent to 

1–2 times the sun power, assuming UV light represents about 5 % (300–400 nm) of the 

total sun flux (Liu, Guo et al. 2012). Total number of photons estimated per second per 

m
2
 from the lamp power, wavelength and lamp dimensions were equal to 1.23 × 10

19
.  

The quantum yield calculated for the most active catalyst (4 wt. % Au/TiO2) based on 

the exposed reactor area containing the catalyst was found equal to ca. 13 %. Gas 

samples were taken every 20 minutes analysed using a TCD gas chromatograph 

(Shimadzu GC–8A) equipped with a packed Porapak Q column for hydrogen, CO2, 

methane, ethylene, acetaldehyde, methanol, water, ethanol and acetone. A second TCD 
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gas chromatograph was used with a He to monitor CO. Tests were conducted to see for 

the linearity of the hydrogen production with increasing  catalyst  concentration  to  

ensure  that  all  photons  were  absorbed  by  the catalyst particles  and  that  all  

particles  were  illuminated.  The rate of reaction can be  

expressed by the rate law given below: 

 
   . .

a
rate k Catal Ethanol  (2.19)  

Because the amount of ethanol transformed is very small compared to the total amount 

the reaction order “a” can be considered = 0. This simplifies the reaction to the 

equation below: 

  .rate k Catal
 

(2.20)  

According to the above equation the rate should be proportional to the amount of 

catalyst.  

 

Figure 2.8. Test of linearity between amount of photons absorbed and amount of 

catalyst. 

Five different amounts of photocatalysts ca. 0.0031 g, 0.0063 g, 0.0127 g and 0.0252 g 

were used and optimum loading was found in the range 6–20 mg for a 100 mL reactor 



Chapter 2                                                                                                  Material and Methods 

 

62 
 

volume containing 15–30 mL ethanol as indicated in figure 2.7 and table 2.1. Catalysts 

were pre–reduced with H2 overnight at 673 K and one atmosphere.  

Table 2.1. Test of linearity between amount of photons absorbed and amount of 

catalyst. 

No 
Weight of catalyst 

(g) 

Rate of H2 produced (mol/ mL
–1

min
–1

) 

Observed Expected 

1 0.0252 7.0 x 10
–9

 16.0 x 10
–9

 

2 0.0127 7.0 x 10
–9

 8.0 x 10
–9

 

3 0.0063 4.0 x 10
–9

 – 
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3 

TPD Studies of Ethanol on Rutile TiO2(110)  

Single Crystal Surface 

3.1.   Introduction 

The reasons for carrying out single crystal studies include better understanding and 

relative simplicity of its surface structure, reproducibility of results and control on 

experimental parameters as compared to powder studies. However, single crystal work 

requires more time on months scale and effort to carry out experiments successfully, 

especially if one has to build his own equipment from bit and pieces as in case of this 

study. Although a metal oxide can have several surfaces, however, a most stable 

stoichiometric single crystal surface of a given metal oxide represents its simplest 

surface structure possible. Among various TiO2 single crystal surfaces TiO2(110) 

(1×1) is the most stable and geometrically simple surface (Lun Pang, Lindsay et al. 

2008). To gain the full advantages of TiO2 single crystal surface studies, it is important 

to understand how to obtain a stoichiometric and clean TiO2(110) surface during single 

crystal studies. Generally, ion sputtering and high temperature annealing under UHV is 

employed to obtain clean stoichiometric TiO2(110) surface. However, vacuum 

annealing above  850 K or close results in point defects created by the entropy–driven 

preferred desorption of oxygen molecules from the surface (Gopel, Rocker et al. 

1983). To obtain a completely oxidized surface, molecular oxygen was proposed to 

restore the stoichiometry of ion sputtered or vacuum–reduced TiO2 surfaces at 

moderate temperature i.e. at room temperature (Pan, Maschhoff et al. 1992) or 400 K 

(Kurtz, Stock–Bauer et al. 1989).  

However, TPD (Epling, Peden et al. 1998) and STM (Diebold, Lehman et al. 1998; Li, 

Hebenstreit et al. 1998) studies by several authors have revealed that interaction of O2 
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with reduced TiO2(110) surfaces is not as straightforward as is generally believed. 

Various adsorption and dissociation models have been proposed but complete 

understanding need more work (Lun Pang, Lindsay et al. 2008) and references therein. 

According to Epling and co–workers, on exposing TiO2(110) surface to oxygen at 

temperature <600 K, O2 dissociates on oxygen vacancies healing one vacancy per one 

O2 molecule leaving other O atom adsorbed at 5–fold Ti
+4

 site. This mechanism has 

also been supported by theoretical calculations (Wu, Selloni et al. 2003; Rasmussen, 

Molina et al. 2004). These adatoms have been found to affect the surface chemistry of 

co–adsorbed water (Epling, Peden et al. 1998) and methanol (Henderson, Otero–Tapia 

et al. 1999) by facilitating O–H bond cleavage.  

The objective of this work is to study the effect of annealing TiO2(110) surface at 

different temperatures, time durations and O2 pressure on the surface reaction of a 

prototype molecules, ethanol. Earlier studies have indicated that stoichiometric 

TiO2(110) rutile surface exposed to ethanol at 300 K or below resulted, during TPD, in 

products desorbing in two desorption domains (Gamble, Jung et al. 1996; Farfan–

Arribas and Madix 2002). It has been agreed upon by these authors that the low 

temperature desorption domain , mainly consisting of ethanol, is due to desorption of 

ethanol which was dissociatively adsorbed on 5–fold Ti
4+

 atoms while the high 

temperature desorption is due to similar species that have migrated to surface oxygen 

defects (more stable) before desorption. Alcohols have been used extensively as probes 

of reactive sites on metal oxides single crystal as well as on powder to some extent 

(Carrizosa and Munuera 1977; Ramis, Busca et al. 1987; Kim, Barteau et al. 1988; 

Bates, Kresse et al. 1998; Idriss and Seebauer 2000). This study, focuses on the effect 

of surface treatment in the presence and absence of molecular O2 on the reaction of 

ethanol using temperature programmed desorption technique.  

1.2. Materials and methods 

Temperature programmed desorption (TPD) studies after various ethanol exposure as 

well as pre–treatment conditions of TiO2(110) surface were performed using the set–up 

described in the material and method section. Before the start of actual experiments a 

number of test ethanol TPD runs were performed to make sure that all the possible 
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reactions products were included in actual experiment. This was achieved by 

monitoring any change in the intensity of masses between m/z = 2 to m/z = 80 by using 

quadrupole mass spectrometer (QMS) in a mass sweep mode. It was found that the 

intensity of the mass fragments with m/z = 2, 15, 16, 18, 26, 27, 28, 29, 31, 43, 44 and 

45 changed as a function of increasing temperature. This resulted in the identification 

of ethanol, acetaldehyde, ethylene, water and hydrogen which were quantified by 

following the method described in material and method section 2.3.4. The m/z = 31 

was used to follow ethanol desorption, because it was the most intense fragment. 

Additional m/z = 45, 29, 27, and 26 were monitored to confirm this assignment to 

ethanol. Acetaldehyde evolution was identified by following m/z = 44, 43, 42, 41, and 

29, whereas ethylene desorption was confirmed by detection of m/z = 28, 27, and 26. 

Water and hydrogen desorption was followed by following m/z = 18 and 2 

respectively. However, it was not possible to precisely quantify water and hydrogen 

due to their high background pressures. In an actual experiment high–resolution 

spectra were obtained by monitoring only 15 masses at any one time with profile 

monitoring mode of QMS.  

3.3.   Results and Discussion 

3.3.1.   Ethanol TPD on Vacuum Annealed Surface 

The TPD spectrum from TiO2(110) surface which was vacuum annealed at 788 K for 

one hour is shown in figure 3.1. After annealing and before TPD experiment, the 

surface was exposed to ethanol at room temperature. An ethanol exposure of 2.16 L 

was used. Data analysis for the TPD experiments performed afterwards indicated that 

this ethanol exposure was enough to saturate the surface (Supplementary figure S3.1). 

Two product desorption temperature domains were seen:  a low–temperature peak 

centered at  320 K and a broad peak in a temperature range from  380–560 K (figure 

3.1). Ethanol, water and hydrogen were seen to desorb at 320 K with ethanol 

contribution of only  14 % to the total products yield (table 3.1). As indicated in 

earlier studies by different authors (Gamble, Jung et al. 1996; Farfan–Arribas and 

Madix 2002) ethanol is dissociated on TiO2(110) surface at room temperature, forming 

an ethoxy species and a hydroxyl group. During TPD, ethanol in the low–temperature 
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channel is desorbed due to the recombination of these ethoxy species and hydroxyl 

groups. Water and hydrogen desorption at this temperature was attributed to 

recombination of hydroxyl groups. However, precise quantification of water and 

hydrogen was not possible due to the high back–ground pressure of water in our case.  

 

Figure 3.1. Ethanol TPD from a vacuum annealed TiO2(110) surface after saturation 

ethanol exposure of 2.16 L. 

The surface reaction associated with this desorption channel can be written as follow: 

  3 2 ( a ) ( br ) 3 2 ( br )CH CH O OH CH CH OH O                           (3.1) 

  (Ethanol desorption) 

In competition with the above reaction the reactions given below also takes place. 

  ( a ) 2 ( br ) o2OH H O O V           (3.2) 

  (Water desorption) 

Where subscripts (a), (br), (g) and Vo represent adsorbed, bridging, gas phase and 

oxygen vacancy respectively. 
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The amount of ethanol desorbed at the lower temperature channel (320 K) differs from 

the previous studies on the TiO2 single crystal surfaces. In the study by Farfan–Arribas 

and co–workers (Farfan–Arribas and Madix 2002) the relative amount of ethanol 

evolved at this channel was 56 % at the stoichiometric while 40 % of total desorption 

products on a surface with 12 % oxygen vacancies. Kim and Barteau (Kim and Barteau 

1990) in their study about reactions of aliphatic alcohols on the facetted TiO2(001) 

surface found that ethanol was the principal product desorbed at 365 K corresponding 

to 52 % of the initial ethanol coverage. One of the reasons of the low ethanol yield at 

320 K compared to previous works could be related to increased product desorption in 

a temperature range from 380–560 K as compared to previous studies. To explain this, 

desorption at 380–560 K need to be presented first. 

Table  3.1. TPD product distribution on vacuum annealed TiO2(110) surface at 788 K 

after 2.16 L of ethanol exposure at room temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Product % Yield Carbon% Yield 

Low temperature (319K)   

Ethanol (m/z = 31) 14 21 

Water (m/z = 18) 7 – 

Hydrogen (m/z = 2) 7 – 

Total 1 28 21 

High temperature (380–560 K)   

Ethanol (m/z = 31) 3 5 

Ethylene (m/z = 27) 43 64 

Acetaldehyde (m/z = 29) 7 10 

Water (m/z = 18) 13 – 

Hydrogen (m/z = 2) 5 – 

Total 2 72 79 
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The reaction channel at 380–560 K accounted for most of desorption products 

contributing ca.  72 % to total product yield and 79 % to carbon product yield after an 

initial ethanol exposure of 2.16 L (see values in bold in table 3.1). Ethylene was the 

major carbon containing product desorbed followed by ethanol and acetaldehyde. 

Water and hydrogen were also seen to desorb. Carbon % yields for ethylene, 

acetaldehyde and ethanol are as follows: ethylene = 64 %, acetaldehyde = 10 % and 

ethanol = 5 %. It has already been proposed that ethylene desorbs at this reaction 

channel by β–hydride elimination (Kim and Barteau 1990; Gamble, Jung et al. 1996). 

This eliminated hydrogen readily combines with another ethoxy group to produce gas 

phase ethanol.  

The product distribution and temperature domain of this reaction channel can be 

explained by considering the work by Farfan–Arribas and co–workers (Farfan–Arribas 

and Madix 2002). They have reported that ethylene remains the dominant product in 

the high–temperature channel above500 K which shifted to lower temperature with an 

increase in defect % age with as much shift as 110 K for a surface with 12 % Ti
3+

 

concentration as compared to stoichiometric surface. They assign this reaction channel 

to the presence of oxygen defects on the surface because ethylene desorption is the 

only process which refills oxygen vacancies. This temperature decrease can be related 

to the decrease in activation energy for ethylene reaction with increasing vacancy 

population, apparently driven by the need of the surface to refill these vacancies. On 

the basis of wide desorption temperature domain and much more amount of ethylene 

desorbed at the 380–560 K desorption temperature, the presence of long range oxygen 

defects formed by the removal of bridging oxygen atoms on slightly larger domain 

than single oxygen vacancies could be postulated. It is reasonable to expect that these 

defect sites bind ethanol more strongly as compared to ethoxide on 5–fold Ti atoms as 

a result ethanol prefers to adsorb on these reaction sites thermodynamically in line with 

the results reported by Farfan–Arribas and co–workers (Farfan–Arribas and Madix 

2002). From the XPS data collected after and before ethanol adsorption on TiO2 with 

surface defects, they concluded that ethanol adsorbs on defect sites directly. In addition 

to this, ethoxide can also adsorb on these defect sites with increase in surface 

temperature as reported by Jayaweera and co–workers (Jayaweera, Quah et al. 2007). 

These authors reported that concomitant with ethanol, water desorbs at <350 K 
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consuming bridging surface oxygen thus producing surface defect sites (equation 3.2). 

These surface defects are healed by migration of ethoxide species adsorbed on 5–fold 

Ti atoms with subsequent increase in temperature. To further confirm that 380–560 K 

reaction channel result from long range defects orders, experiments were performed to 

heal these defects by annealing the surface at 850 K for longer time durations. The 

intensity of the 380–560 K reaction channel was gradually reduced with corresponding 

increase in the ethanol desorption at 320 K with increase in annealing time indicating 

decrease in defect concentration (figure 3.2). The inset in figure 3.2 represents the 

change in intensity of 320 and 380–560 K peaks with an increase in annealing time.  

 

Figure 3.2. Effect of annealing time on ethanol (m/z = 31) desorption from TiO2(110) 

surface under vacuum at constant annealing temperature (850 K) and ethanol exposure 

(7.4 L). 

The proposed surface reaction involved at this desorption channel are summarized 

below: 

 3 2 ( a ) ( s ) 3 2 ( a ) ( a )CH CH OH O CH CH O OH                  (3.3) 
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  3 2 ( a ) ( a ) 3 ( g ) 2( g )CH CH O OH CH CHO H        (3.4) 

(β hydrogen elimination, acetaldehyde formation) 

The formation of ethylene requires the removal of the oxygen atom as represented by 

the following equation: 

  3 2 ( a ) ( s ) 2 2( g )CH CH O M CH CH M OH         (3.5) 

Ethoxy group is generally believed to be the stable intermediate on TiO2 surfaces. As a 

result of this, acetaldehyde desorption is expected due to the possibility of 

dehydrogenation mechanism. Acetaldehyde has been shown to be a more significant 

reaction product of ethanol on TiO2 powders (Kim, Barteau et al. 1988; Lusvardi, 

Barteau et al. 1996; Idriss and Seebauer 2000) and other TiO2 single crystals (Kim and 

Barteau 1990). However, in this work on TiO2(110) the acetaldehyde is desorbed in 

much less quantities as compared to ethanol and ethylene. This is possibly because of 

the presence of large number of surface oxygen defect which favor oxygen deposition. 

Ethylene formation from ethoxide gives one oxygen anion and one hydrogen ion while 

acetaldehyde formation gives only a hydrogen anion to the surface. The hydrogen ion 

obtained during ethylene formation may recombine with another ethoxy group to give 

ethanol. It may also recombine with nearby hydroxyl group to give either water or 

hydrogen. Although it is difficult to precisely quantify water because of its 

background–pressure but still its calculated yield of 13 % as compared to 3 % for 

ethanol and 5 % for hydrogen suggests that water formation is favored (table 3.1 for 

yields). 

3.3.2.   TPD on vacuum annealed surface at different ethanol 

exposures 

Exposure related studies were performed to further understand the reactions of ethanol 

and reaction sites involved on vacuum annealed TiO2(110) surface. It was dosed with 

different amounts of ethanol at room temperature. The variation in ethanol exposure 

had a significant effect on the reactivity of ethanol on the surface. To keep the 

interpretation of results obtained simple, each product will be discussed separately. As 
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discussed earlier, two product desorption domain were observed. For convenience, 

they will be named as lower temperature peak/products, and high temperature       

peak/products corresponding to their desorption at  320 K, and  380–560 K 

respectively. The desorption behavior of carbon containing products i.e. ethanol, 

ethylene and acetaldehyde corresponding to recombination, dehydration and 

dehydrogenation reactions will be discussed as these three dictate the major ethanol 

chemistry on TiO2(110) surface.   

 

Figure 3.3.  m/z = 31 desorption profile (mainly ethanol) as a function of temperature 

with different initial ethanol exposure on vacuum annealed TiO2(110) surface. 

The TPD traces for ethanol desorption are compared in figure 3.3. The amount of 

ethanol desorbed in the low temperature channel increased considerably with ethanol 

exposure and reached its maximum at 2.16 L exposure (figure 3.3 and 3.6). It can be 

followed from figure 3.3 that, initially, at low ethanol exposure the intensity of the 

high temperature peak increases with increasing exposure up to 1.54 L followed by 

intensity of the low temperature peak which started to increase from there up to an 

exposure of 2.16 L (figure 3.3 and 3.6). No change in either of these two peaks was 
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noted when exposure was increased from 2.16 to 5.04 L. This indicates that reaction 

sites responsible for 380–560 K peak saturate between 1.54 to 2.16 L followed by the 

complete surface saturation between 2.16 to 5.04 L as represented in supplementary 

figure S3.8 where amount of total desorbed products has been plotted as a function of 

ethanol exposure. Two important conclusions can be drawn from these results:  

1- The increase in the intensity of the high temperature peak at small initial exposures 

indicate that this desorption channel results from ethanol desorption from high 

energy reaction sites i.e. ethanol prefers to go into these sites at small ethanol 

exposures. This is in line with the earlier discussion where these sites were 

postulated to be the long range defects on a vacuum annealed surface. 

2- Once these sites are saturated, ethanol is adsorbed at 5–fold coordinated Ti sites to 

give the ethanol desorption at 320 K during TPD.  

The desorption of ethanol at this temperature has been agreed upon by other authors 

and discussed earlier in detail. 

 

Figure 3.4. m/z = 29 desorption profiles (mainly acetaldehyde) from vacuum annealed 

TiO2(110) surface at the indicated ethanol exposures. 



Chapter 3                 TPD Studies of Ethanol on Rutile TiO2(110) Single Crystal surface 

 

73 
 

Figure 3.4 represents the change in intensity of m/z = 29 signal as a function of surface 

temperature. The m/z = 29 signal has contribution from both ethanol and acetaldehyde 

fragmentation. However, after subtracting contribution from ethanol fragmentation, 

acetaldehyde desorption profile can be obtained. The complete analysis of m/z = 29 

signal indicates that desorption at 320 K results from the fragmentation of ethanol 

whereas acetaldehyde is only desorbed at 380–560 K desorption domain. It is desorbed 

in the least amount among all three major carbon containing products (figure 3.6). 

Another point worth noting is that acetaldehyde desorption is less sensitive to initial 

ethanol exposure whereas the amount of ethanol and ethylene desorption is more 

sensitive to initial ethanol exposure (figure 3.6). 

 

Figure 3.5. m/z = 27 desorption profile (mainly ethylene) from vacuum annealed 

TiO2(110) surface at indicated ethanol exposures. 

Figure 3.5 represents the change in intensity of m/z = 27 signal as a function of surface 

temperature. The m/z = 27 signal has contribution from both ethanol and ethylene 

fragmentation. However, after subtracting contribution from ethanol fragmentation, 

ethylene desorption profile can be obtained.  The complete analysis of m/z = 27 signal 
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indicates that desorption signal at 320 K comes from the fragmentation of ethanol 

desorbed at this temperature whereas similar to acetaldehyde desorption, ethylene is 

only desorbed at 380–560 K desorption domain. Ethylene is desorbed in relatively 

much more amounts than any other product (figure 3.6). The relative quantification of 

products desorbed from ethanol dosed saturated surface is given in table 3.1. It can be 

noted that the ethylene contribution to total carbon yield is ~ 79 %. The large amounts 

of ethylene desorbed can be attributed to the desire of vacuum annealed surface with 

long range defects to fill them back by abstracting the oxygen atom of the adsorbed 

ethoxide species (equation 3.5).  

 

Figure 3.6. Mass corrected amounts of different products desorbed at different 

temperature domains as a function of initial ethanol exposures on vacuum annealed 

TiO2(110) surface. 

Figure 3.6 is a summary of desorption product amounts versus ethanol exposure. The 

relative amount of ethanol, acetaldehyde and ethylene were calculated by using their 

representative mass fragments i.e. m/z = 31, m/z = 29 and m/z = 27 respectively. The 

m/z = 29 and m/z = 27 peak areas were corrected for the contribution from the cracking 

pattern of ethanol and scaled by the ratio of mass spectrometer sensitivities of m/z = 31 

for ethanol, m/z = 29 for acetaldehyde and m/z = 27 for ethylene. 
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3.3.3.   TPD after annealing under different oxygen pressures 

Figure 3.7 represents the results of ethanol TPD on TiO2(110) surface which was 

annealed at 788 K for 15 minutes at different O2 pressures as indicated. For all three 

TPDs, m/z = 31, m/z = 29 and m/z = 27 signals can be used to monitor desorption of 

ethanol, acetaldehyde and ethylene respectively. The analysis of 320 K peak in each 

TPD experiment indicated that ethanol is the only carbon containing product desorbed 

with concomitant water desorption as explained in case of vacuum annealed surface. 

The products desorption and distribution at other temperature domains will be 

discussed in a comparative manner to see the effect of annealing under different O2 

pressures. During TPD, the following two major trends can be noticed immediately as 

a function of increasing O2 pressure during annealing. 1. There is an increase in 480–

560 K peak intensity. 2. There is a clear product desorption at 688K in case of 

annealing under 4.2 × 10
–5

 torr O2 pressure (figure 3.7). It was expected that annealing 

under O2 will make the surface stoichiometric and remove the 480–560 K peak 

observed consistently in case of vacuum annealed surface. But quite contrary to 

expectations, it was seen that the amount of products desorbed at this temperature 

domain increased with annealing under increased O2 pressure. These results can be 

explained as follows. In general, in TiO2 single crystal studies, O2 is often used to 

oxidize vacancies resulting from high temperature annealing (Henrich and P. A. Cox 

1994). However, Henderson in his study about self–diffusion in rutile TiO2(110) have 

reported that once the bulk defect density of interstitial titanium cations (these are the 

dominant defects in vacuum reduced TiO2(110) (Henderson 1999)) and the surface 

density of vacancy sites are high, fully oxidized, well–ordered TiO2 surface is difficult 

to obtain (at least with O2).  

As the concentrations of bulk and surface reduction of TiO2 single crystal increase, the 

interaction of O2 with the TiO2(110) surface increasingly results in over oxidation and 

the formation of molecularly adsorbed O2 species. The over oxidation phenomenon 

results from bulk Ti interstitials drawn to and stabilized at the surface during annealing 

under oxidation, resulting in extremely rough surfaces as studied by STM (Li, 

Hebenstreit et al. 1998; Li, Hebenstreit et al. 1999). This process occurs above a 
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temperature of about 500 K. Below 500 K, O2 adsorption fills vacancies at a 1:1 ratio 

leaving oxygen adatoms on the surface (Epling, Peden et al. 1998).  

 

Figure 3.7. Ethanol reactions on TiO2(110) surface annealed under indicated oxygen 

pressures at 788 K for 20 minutes. 

The single crystal used in this study had a long history of high temperature vacuum 

annealing cycles. Crystal history and its dark blue color indicated high degree of bulk 

reduction. In these experiments, the single crystal was annealed at 788 K and cooled to 

room temperature under same O2 pressure. This can lead to the presence of both 

molecularly adsorbed O2 and oxygen adatoms. These oxygen species play a very 

important role on the surface chemistry of ethanol on TiO2(110) surface. This will 

become clear after the detail product distribution analysis of 480–560 K peak.  
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Table 3.2. TPD product distribution on an oxygen annealed TiO2(110) surface under 

O2 pressure of 4.2 × 10
–5

 torr after 5.4 L of ethanol exposure at room temperature. 

Product % Yield Carbon % Yield 

Low temperature (319K)   

Ethanol (m/z = 31) 1.9 2.3 

Water (m/z = 18) 0.8 – 

Hydrogen (m/z = 2) 2.3 – 

Total 5.0 2.3 

High temperature (380–550 K)   

Ethanol (m/z = 31) 10.4 12.4 

Ethylene (m/z = 27) 52.9 62.9 

Acetaldehyde (m/z 29) 9.9 11.8 

Water (m/z = 18) 4.9 – 

Hydrogen (m/z = 2) 7.9 – 

Total 86.0 87.1 

Very high temperature (688K)   

Ethanol (m/z = 31) 3.3 4.0 

Ethylene (m/z = 27) 3.7 4.4 

Acetaldehyde (m/z = 29) 1.9 2.2 

Total 8.9 10.6 

The product desorption analysis of this temperature domain indicated that three 

reaction channels including dehydration, dehydrogenation and desorption of ethanol 

prevail. The surface reactions and product distribution are explained in detail by taking 

the example of surface which was annealed under highest O2 pressure used ca. 4.2 × 

10
–5

 torr. Ethylene is the major product desorbed with product yield of 52.9 % and 3.7 
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% at 380–560 K and 688K temperature domains respectively. Ethanol is the second 

major product desorbed at all three temperature domains observed with a product yield 

of 1.9 %, 10.4 % and 4 % at 320 K, 380–560 K, 688 K respectively (table 3.2). 

Acetaldehyde was desorbed in the least amount among all the three carbon containing 

products. It was desorbed at the same temperature domain where ethylene was 

desorbed with a product yield equal to 9.9 % and 1.9 %. Water and hydrogen also 

desorbed at all these three reaction channels but are difficult to quantify for the reasons 

discussed earlier. About 87 % of carbon containing products desorbed in 380–560 K 

reaction channel (values in bold in table 3.2) while only 2.3 % and 10.6 % (see values 

in italic in table 3.2) desorbed at 320 and 688 K respectively. This indicates that on a 

bulk reduced oxygen annealed surface, adsorbed ethanol undergo most of its surface 

reactions in 350–560 K temperature range where adsorbed oxygen seems to play an 

important role indicated by the type of the products desorbed as explained below. In 

this reaction channel, the evolution of ethylene and acetaldehyde is proposed to be 

related to oxidative dehydration and dehydrogenation of ethoxide on the surface due to 

the presence of oxygen species as a result of over oxidation of the surface. The 

presence of oxidative dehydration and dehydrogenation can also be confirmed by the 

increased amount of products of these reactions (figure 3.7 and table 3.3) with 

increased O2 pressure during annealing.  

Table 3.3 indicates that annealing under increased O2 pressure not only increases the 

amount of oxidation products desorbed, it also increases the overall reactivity of the 

surface to much higher level i.e. the reactivity of surface annealed under O2 pressure of 

4.2 × 10
–5

 torr is about six times higher than the reactivity of the same surface 

annealed under O2 pressure of 2.2 × 10
–10

 torr. In case of the surface that was annealed 

under highest (4.2 × 10
–5

 torr) oxygen pressure, in addition to product desorption at 

320 and 380–560 K temperature domain, a third product desorption temperature 

domain at 688K including ethylene, ethanol and acetaldehyde with 3.7 %, 3.3 % and 

1.9 % was seen. As this reaction channel is believed to arise from oxygen defects on 

the surface, the desorption mechanisms of these products are similar to those described 

for their desorption from long range defect orders in case of vacuum annealed surface. 

Although in our study considerable amount of acetaldehyde (about 50 % of either 

ethylene or ethanol which evolved in approximately equal amounts) was noticed to 
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evolve but the results are still inconsistent with the previous studies by Kim, Gamble 

and co–workers. They have reported extremely low levels (5–6 times less than 

ethylene) of acetaldehyde desorption from faceted TiO2(001) and TiO2(110) 

respectively. However, Farfan–Arribas and co–workers have reported that the high–

temperature channel consists of equal amounts of ethanol, acetaldehyde, and ethylene 

evolving at 610, 610, and 625 K, respectively (Farfan–Arribas and Madix 2002).  

Table 3.3. Normalized peak areas representing the amount of different carbon 

containing products desorbed from TiO2(110) surface that was annealed under 

different O2 pressures as indicated. 

Product 

Corrected peak areas at different O2 annealing 
pressure of: 

 

2.2 x 10
–10

 

torr 

 

2.0 x 10
–6

 

torr 

 

4.2 x 10
–5

 

torr 

Low temperature (319K) 

Ethanol (m/z = 31) 5.9 8.5 3.2 

High temperature (380–550 K) 

Ethanol (m/z = 31) 1.4 6.0 17.3 

Ethylene (m/z = 27) 18.0 39.0 87.8 

Acetaldehyde (m/z = 29) 2.9 6.8 16.4 

Total 22.3 51.8 121.5 

Very high temperature (688K) 

Ethanol (m/z = 31) – – 5.5 

Ethylene (m/z = 27) – – 6.2 

Acetaldehyde (m/z = 29) – – 3.1 

Total – – 14.8 
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This difference can be due to three reasons: 1. Desorption of relatively small amount of 

products contributing only 8.9 % to the overall product yield (table 3.2). 2. Increase in 

the signal background noise due to high crystal temperature. Both factors make the 

precise product quantification relatively difficult thus resulting in errors. 3. Although, 

it is hard to imagine the presence of any oxygen defects after annealing under such a 

high background of O2. However, it is generally believed that even a well annealed and 

oxidized TiO2(110) surface contains 5–8 % of oxygen vacancies (Lu, Linsebigler et al. 

1994). There is a possibility for this channel to be related to the presence of some form 

of surface oxygen related to these point defects as a result of which product 

distribution will change. This assumption could be partially supported by the results 

obtained after exposing vacuum annealed surface to O2 pressure before dosing ethanol. 

It was noticed that about 20 % of the total products desorbed at 560 K during these 

studies. These results are provided in chapter 4 of this thesis due to their relevance 

with the study. Peak temperature discrepancies as compared to previous studies can be 

attributed to the different placement of the thermocouple. In our experiments 

thermocouple tip was carefully attached to lateral side of the crystal by using ceramic 

glue.  

The TPRS carbon fraction yield is given in the table 3.3 and product desorption is 

represented in figure 3.7. No other product was noticed to desorb at this reaction 

channel. Barteau’s group has reported ether formation on faceted TiO2(001) from two 

alkoxys bonded to a double coordinatively unsaturated metal cation (Kim and Barteau 

1989). However, we did not observe any other evolution. The reason is the absence of 

these sites in significant concentration on TiO2(110) where all the surface Ti atoms 

including Ti atoms of bridging oxygen defects are 5–fold coordinated. In the same 

study they also observed the involvement of bulk hydrogen impurity which can 

exchange with surface sites above 580 K and take part in the ethanol desorption at 650 

K. However, this phenomenon seems to be almost absent or present in a very small 

extent in this study as the overall amount of ethanol is less than the combined amounts 

of ethylene and acetaldehyde (evolution of one molecule of each gives one H atom to 

desorb one molecule of ethanol). 
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3.4.   Conclusions 

Ethanol can be used as a probe molecule to study the surface defect sites on TiO2(110) 

single crystal surface. The nature of the reaction sites can be predicted by the nature of 

the product distribution in addition to the desorption temperature. By using TPD 

technique and ethanol as a probe molecule, it has been demonstrated that it is not 

straightforward to obtain a TiO2(110) surface that behave in a chemical reaction as 

expected from a stoichiometric surface. It has been shown that while annealing under 

UHV conditions for shorter periods of time creates defect sites, annealing under 

oxygen changes the surface chemistry of ethanol to much larger extent. However, 

prolonged annealing at 750 K under UHV conditions help to decrease the density of 

these defects. One of the effects of annealing under oxygen is an increase in surface 

reactivity. Also the presence of any form of O2 on surface mainly favors the oxidative 

dehydration of ethanol to ethylene. 
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4 

Photooxidation of Ethanol on Rutile 

TiO2(110) Single Crystal Surface 

4.1.   Introduction 

Surface reactions of semiconductor metal oxides are receiving a great deal of attention 

in particular due to their potential as support materials for hydrogen generation from 

renewables such as water and ethanol (Fujishima and Honda 1972; Pan, Zhang et al. 

2007). Among the most studied metal oxides as photocatalysts, TiO2 is probably the 

most active binary material (Maness, Smolinski et al. 1999; Kim, Choi et al. 

2007). While there is a large number of work devoted to the study of the photocatalytic 

reactions of organic compounds on TiO2, most of the work is conducted on powder 

materials (Al–Mazroai, Bowker et al. 2007; Yu and Chuang 2007). In order to 

understand the reaction mechanism and accurately monitor the effect of surfaces on the 

reaction products more attention is now given to model surfaces including thin films 

(Chang and Thornton 2000; Herman, Gao et al. 2000) and single crystals (White, 

Szanyi et al. 2004; Henderson 2005; Henderson 2005; White and Henderson 2005; 

Jayaweera, Quah et al. 2007; Henderson 2008; Zehr and Henderson 2008).  

Ethanol has been receiving increasing attention in this last decade as it is the main 

product from biomass fermentation. The conversion of ethanol to hydrogen in the 

presence of steam or O2 has been studied thermally by many authors (Idriss, Scott et 

al. 2008; Wang, Lee et al. 2009; Dominguez, Taboada et al. 2010). The optimum 

reaction temperatures were found between 700 and 800 K. Photoreactions are largely 

non–activated processes with typical apparent activation energy between 0.1 and 0.2 

eV (Idriss and Seebauer 1998) and may therefore replace thermal processes making the 

reaction more affordable and fully renewable. The surface of the rutile TiO2(110) is 
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composed of alternating rows of Ti
4+

 5–fold coordinated and 2–fold coordinated 

oxygen atoms (known as bridging oxygen atoms). The spacing between two 

Ti
4+

 cations along the [001] direction is close to 3Å. Adsorption of a molecule such as 

ethanol occurs in a manner similar to that of acid–base reaction whereby the oxygen of 

ethanol is adsorbed on the Ti
4+

 5–fold coordinated and the H of the hydroxyl (in the 

case of dissociated adsorption) on the bridging oxygen atoms with the result being the 

formation of an ethoxide group (CH3CH2O(a) and a hydroxyl group OH(a)).  

Ethanol reaction on the surface of rutile TiO2(110) has been studied by Temperature 

programmed desorption (TPD) (Gamble, Jung et al. 1996; Farfan–Arribas and Madix 

2002) and X–ray photoelectron spectroscopy (XPS); (Jayaweera, Quah et al. 

2007) while no studies of ethanol by Scanning tunneling microscopy (STM) have been 

reported. However, other alcohols such as 2–butanol have been studied using this 

technique (Zhang, Rousseau et al. 2008). TPD indicated that ethanol reacts thermally 

to give ethylene by dehydration and acetaldehyde by dehydrogenation with the former 

product being linked to surface oxygen vacancies. STM imaging has indicated that 

alkoxides diffuse along the bridging oxygen vacancies with the alkyl chain oriented 

perpendicular to the [001] direction. This is in contrast to those found on the 

Ti
4+

 cations with their alkyl chain along the [001] direction. XPS study indicated that 

ethanol is dissociatively adsorbed at room temperature with XPS C1s signals at 285 eV 

(CH3–) and 286.5 eV (–CH2O–) of equal intensities. Based on the XPS Ti2p and O1s 

attenuations the coverage was found to be close to 0.5 ML. This was explained to be 

due to the size of ethanol (ethoxide) preventing two adjacent molecules adsorbed on 

two Ti
4+

 cations (spaced by 3Å) along the [001] direction.  

Heating the surface resulted in decreasing the contribution of the –CH2O group and 

was linked to preferential dissociation of the C–O bond to regenerate bridging oxygen 

vacancies; these latter are formed upon water desorption while heating. Monitoring the 

XPS C1s of a pre–dosed surface with ethanol that has been treated under UV 

irradiation (3.3 eV) in the presence and absence of oxygen indicated the following. In 

the absence of O2 only a minor decrease in the C1s peaks was noticed. A noticeable 

decay was seen in the presence of O2. The decay was found proportional to O2 pressure 

in the investigated range (10
−9

 to 10
−6 

torr). Associated with the decay was the 
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appearance of surface acetates; these are formed by the oxidation of ethoxide species 

under UV irradiation. Extraction of kinetic and thermodynamic parameters was 

conducted (Jayaweera, Quah et al. 2007) and the photoionization cross section was 

found equal to 2 × 10
−18

 cm
−2

 while the equilibrium constant, K, was found equal to     

2 × 10
7 

torr
−1

. In this study the adsorption geometry of ethanol on TiO2(110) was 

studied by the DFT/GGA method and the surface adsorbates were monitored using 

photoelectron spectroscopy. The gas phase reaction under UV excitation were 

monitored using online mass spectrometry. 

4.2.   Experimental and methodology 

Computations of the adsorption energies and geometry of ethanol were performed by 

way of DFT using plane–wave basis sets and the generalized gradient approximation 

(GGA) in the form of the Perdew–Burke–Ernzerhof (PBE) exchange–correlation 

functional (Perdew, Burke et al. 1996) with Ultra–soft pseudo–potentials (Vanderbilt 

1990). A kinetic cutoff of 25Ry (and charge density cutoff of 250Ry) was used. While 

TiO2 is non–conductive, Gaussian smearing with a parameter of 0.02Ry was employed 

across the Fermi level to avoid complications arising from the creation of metallic 

character during structural optimization or as a result of the creation of surface states. 

Brillouin zone sampling was undertaken using Monkhorst–Pack k–point grids (Fu and 

Ho 1983). All calculations were undertaken with the plane–wave self–consistent field 

(PWSCF) program (Monkhorst and Pack 1976). Due to the periodic cell nature of 

plane–wave calculations, calculations on gas phase ethanol were undertaken via a 

super–cell approach, where the molecule to be studied was placed in a large cell 

surrounded by vacuum space.  

A cubic super–cell with 12 Å side length was employed, and the Brillouin zone was 

solely sampled at the gamma point. Neither decreasing (or increasing) the super–cell 

size to 10Å (15Å) nor increasing the k–point sampling yielded any significant changes 

in total energy suggesting that the cell was of sufficient size to accurately model an 

isolated molecule. Structural optimization was performed until the Cartesian force 

components acting on each atom were brought below 10
−3 

Ry Bohr
−1

 and the total 

energy converged to within 10
−4 

Ry with respect to structural optimization. 
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Calculations on the bulk TiO2 unit cell were carried out under a 6 × 6 × 9 grid of k–

points. Lattice parameters that minimized the energy of the unit cell were found to be 

in reasonable agreement with other DFT studies and experimental values.  

TiO2 surfaces were also modeled using a super–cell approach. A TiO2 slab of finite 

thickness was defined with the (110) surface facing the z direction. A 15.5Å vacuum 

space was introduced in the z direction to curtail interactions between the slab and its 

repeating images. Slabs of five layer thickness were employed for this investigation, 

where a “layer” is defined as a horizontal plane containing Ti atoms, as well as those 

of the oxygen atoms directly above and below it. Four layers were relaxed whereas the 

bottom layer was fixed to simulate bulk conditions. A 3D grid of 2 × 2 × 1 k–points 

was employed for Brillouin zone sampling. Energy of adsorption was defined as 

follows: 

  Eadsorption = −(Eslab + adsorbate − Ebare slab − Eisolated adsorbate)           (4.1) 

Here Eslab + adsorbate is taken as the total energy of the relaxed five layer slab with the 

adsorbate present on the surface, Ebare slab is taken as the total energy of the isolated 

bare slab, while Eisolated adsorbate is taken as the total energy of the isolated ethanol 

species.  

The XPS and UV reaction data was collected using the set–up and procedure as given 

in material and method chapter section 2.3. Briefly, the experiments were conducted in 

an Ultrahigh Vacuum Chamber (UHV) equipped with XPS (Perkin–Elmer), sputter 

gun, dosing line and other equipments needed to heat the sample. The (110) oriented 

TiO2 (10 × 10 × 1 mm
3
) obtained from MIT Corporation (LA, USA) was glued (Ultra–

Temp 516, a High Temperature Ceramic Adhesive & Paste Properties) as well as 

clamped onto a Ta plate (0.1 mm width) and ceramic holder with Ta wires (0.5 mm 

diameter) attached to it. The crystal surface was cleaned by successive sputtering and 

annealing cycles with a typical Ar pressure of 5.0 × 10
−5 

torr, 2–3 kV beam voltage, 25 

mA emission current, followed by several flashes to  ~ 700 K with and without 

oxygen. The procedure was repeated until no carbon peak was detected in the XPS 

scans. A narrow XPS Ti2p3/2 with full width half maximum (FWHM) of less than 1.4 

eV and near symmetric XPS O1s line indicated that the TiO2 crystal was indeed 
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stoichiometric. XPS analyses were performed using an Al anode source at 14.5 KV, 20 

mA current. Ethanol was cleaned using the freeze–pump–thaw process several times to 

remove contaminants. Dosing was carried out by the back–filling method from a 

dosing line connected to the roughing pump with a base pressure of ~ 10
−3 

torr. An 

XPS C (1s) signal was collected at a pass energy (PE) of 50 eV while those of XPS 

Ti2p and XPS O1s at a PE of 25 eV.  

TPD and UV experiments were conducted in the same chamber using an ExTorr 

(XT200M) quadrupole mass spectrometer, up to 200 = m/z, enclosed in a Pyrex tube 

with a small aperture. A heating rate of 1 K s
−1

 was used during TPD experiments. UV 

reactions were conducted with a similar set to that of TPD with the exception that 

oxygen was leaked into the chamber from a 0.15 mm wide (ID) stainless steel tube at 1 

mm from the crystal face while the crystal was exposed to UV photons at about 2 mm 

from the orifice of the mass spectrometer. The lamp used was a 100W Hg lamp with a 

cut off filter allowing the 355 nm light at about 20 cm from the crystal face. The 

surface temperature rise of about 5 K was too small to affect the data as most of the IR 

radiation was absorbed by the Pyrex window. The flux of the lamp was measured 

using a photo radiometer, EDTM, through a Pyrex window similar to that used for the 

UHV chamber. It was found equal to 1.0 mW  cm
−2

 in the UV region at about 20 cm 

distances.  

During TPD experiments up to 15 masses were scanned at a dwell time of about 50 ms 

per mass. Ethanol (2 L) exposure was found sufficient for full coverage as monitored 

by repeated TPD runs and integration of desorption product peak areas. Ethanol    

m/z = 31, 45, 15 and 46; acetaldehyde m/z = 29, 15 and 44; ethylene m/z = 28, 27 and 

26 were the main observed masses. Other masses were checked for but were not found 

to include ketene (m/z = 42 and 14), butene (m/z = 56, 55), butadiene (m/z = 54, 53) in 

addition to m/z = 39 which is a fingerprint of hydrocarbons containing three or more 

carbon atoms. The peak area of each desorption profile was computed after 

background subtraction using a trapezoid method based macro (vun Chong 2001) and 

data were analysed following a previously published procedure (Yee, Morrison et al. 

1999; vun Chong 2001) which briefly consisted of subtracting the contribution of 

fragments of a compound i from a product k when both are found to desorb at the same 
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temperature. For example, in the case of acetaldehyde the m/z = 29 is the parent ion 

(CHO). The ethanol fragmentation pattern also contains a small fraction of m/z = 29 

accounting for about 10 % of the m/z = 31 signal. Therefore acetaldehyde contribution 

would be: peak area of m/z = 29 − 0.1 × peak area of m/z = 31. The peak area of each 

product was then multiplied by a mass spectrometer correction factor. The correction 

factors were based on the three main parameters affecting the quadrupole mass 

spectrometer signal: ionisation efficiency, gain of the multiplier and transport through 

the quadrupole (Ko, Benziger et al. 1980). The computed correction factors with 

respect to CO were as follows: ethanol (m/z = 31), 2.4; acetaldehyde (m/z = 29), 2.3 

and ethylene (m/z = 27), 3.1. 

4.3.   Results and discussion 

4.3.1.   Adsorption and dark reaction 

Figure 4.1 and table 4.1 present the results of a computational study over the surface of 

TiO2(110) at 0.5 ML coverage. The significantly moving Ti and O atoms are indicated 

by an arrow. 

 

 

 

The focus was on the mode of adsorption of ethanol on the stoichiometric surface. The 

adsorption at 0.5 ML was investigated because a previous study (Jayaweera, Quah et 

Ti 

O O 

C 

H a) b) c)    
 

Figure 4.1.  Adsorption geometry and energy of molecular (a) and dissociative modes 

(perpendicular along the [110]) (b) and parallel (along the [001]) (c) of ethanol on a 

rutile TiO2(110) surface computed using DFT, GGA, PBE.  

http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#fig1
http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#tab1
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al. 2007) had indicated this to be the maximum coverage; the reason being steric 

repulsion between two adsorbates. Figure 4.1 presents three modes of adsorption: 

molecular, dissociated along the [001] direction and dissociated along the [110] 

direction. The molecular adsorption was found to be stable with energy of 67 kJ mol
−1

. 

It is worth indicating that alcohols as well as carboxylic acids behave as Brønsted acids 

where they are poised to donate the H of the hydroxyl to the surface. In the case of 

ethanol on the TiO2(110) surface the dissociated form (ethoxide species) was found 

more stable than the molecular form. Computation of the adsorbed configuration along 

the [001] or along the [110] indicated little difference in the adsorption energy of the 

ethoxide species, 80 and 76 kJ mol
−1

, respectively. The surface atomic movements are 

slightly different in both cases. The bridging O atom, accommodating the H atom upon 

dissociation, adjacent to the ethoxide group moves closer when the alkyl chain is along 

the [001] direction and away when the alkyl chain is along the [110] direction (table 

4.1). These movements may simply be explained by attractive and repulsive 

interactions. The very close energy difference between the molecular and dissociative 

adsorptions indicates that both may exist on the surface depending on the surface 

temperature. 

Table 4.1. Vertical displacements of surface atoms interacting with the ethanol 

compared to a blank relaxed surface. Positive numbers indicate relaxation away from 

the bulk, negative numbers indicate relaxation towards the bulk. The numbers beside 

the symbols are the same as in figure 4.1. 

Z displacements/Å 

Molecular Perpendicular dissociated Parallel dissociated 

−0.03 0.03 0.14 

0.09 0.75 0.70 

−0.06 −0.01 0.00 

Figure 4.2 shows a representative TPD after ethanol adsorption at full saturation at 300 

K. Prior to dosing the surface was heated to 730 K for one hour then exposed to UV at 

the same temperature to further clean it, chamber pressure was 5 × 10
−10 

torr at this 

http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#tab1
http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#tab1
http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#fig2
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temperature. Once cooled, the surface was exposed to ca. 50 L of O2 at 320 K. Two 

main desorption domains are seen at 370 K and ca. 550 K. The main products consist 

of ethanol (m/z = 31), acetaldehyde (m/z = 29, 15) and ethylene (m/z = 27, 28 and 26). 

The peak areas and the corresponding % yield of these products are presented in table 

4.2. The first desorption domain contributes by about 80 % of the total desorption. At 

this domain the main desorption is that of acetaldehyde followed by ethylene and a 

small desorption of unreacted ethanol. The high temperature domain consists of the 

same desorption products with about the same distribution although a small desorption 

of CO is also seen.  

 

Figure 4.2. Temperature programmed desorption after ethanol adsorption at 300 K on 

a rutile TiO2(110) single crystal pre–exposed to ca. 50 L of O2 at 320 K. 

The weak desorption of molecular ethanol is due to re–combinative reaction. 

 
  CH3CH2O(a)  +  OH(a)    CH3CH2OH (g)                (4.2) 

http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#tab2
http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#tab2
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Most adsorbed species have reacted to give other products (>90 %). Ethylene is made 

by dehydration while acetaldehyde by dehydrogenation. 

 

CH3CH2O(a) + OH(a) → CH2CH2 + H2O+ O(s)   (Dehydration)    (4.3) 

 

CH3CH2O(a) + OH(a) → CH3CHO + H2 + O(s)  (Dehydrogenation)    (4.4) 

Table 4.2. Main reaction product peak areas and % yield observed during ethanol TPD 

over a “stoichiometric” TiO2(110) rutile single crystal surface. 

Product Corrected peak area
a
 Yield (%) 

Low temperature (380 K) 

Ethanol (m/z = 31) 11 2.5 

Ethylene (m/z = 27) 121 27 

Acetaldehyde (m/z = 29) 221 49.2 

High temperature (560 K) 

Ethanol (m/z = 31) 4 0.9 

Ethylene (m/z = 27) 25 5.5 

Acetaldehyde (m/z = 29) 61 13.5 

CO (m/z = 28) 6 1.4 

Total – 100 

Hydrogen 77
b
 – 

a
 Corrected peak areas in arbitrary unit with respect to CO as indicated in the 

experimental section.
b
 Uncorrected peak area. Water is observed but not computed. 

The presence of hydrogen can also be seen particularly at 370 K, the computed peak 

area of H2 is given in table 4.2. The correction factor with respect to CO is about 0.5 

http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#tab2fna
http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#tab2fnb
http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#tab2
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but because the background of H2 in UHV chamber is generally very high the overall 

contribution might have a large error number. In all cases non–negligible amount of 

H2 was seen. There is also a shoulder at about 420 K where contribution of m/z = 28, 

27 and 26 is the highest. It can also be seen that the m/z = 26 is higher than that of 

the m/z = 27 which may indicate some acetylene desorption but this was not 

investigated further. Desorption of ethylene at this temperature has been seen by other 

workers too (Farfan–Arribas and Madix 2002). The origin of this desorption is unclear 

although it is linked to undefined surface oxygen vacancies since it tracked the extent 

of reduction caused by electron bombardment. The absence of any contribution 

from m/z = 39, a fingerprint of higher hydrocarbons (C3H3), indicates that no other 

products with masses above those of ethanol and acetaldehyde are formed.  

 

Figure 4.3. XPS C1s from rutile TiO2(110) single crystal surface before (a), after 

ethanol adsorption (2 L) at 300 K (b) and after the UV light exposure of the later at the 

indicated time and O2 pressures (c) and (d). 
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Previous XPS C1s study of ethanol adsorbed on the TiO2(110) rutile surface indicated 

that at 300 K ethanol adsorption is mostly dissociative (Jayaweera, Quah et al. 2007). 

A similar spectrum is given here in figure 4.3b where a wide peak centred at about 286 

eV that is convoluted to two peaks at 285.0 and 286.5 eV of equal contributions is due 

to surface ethoxides. In addition the surface population as a function of temperature 

was studied by following their XPS C1s signal. It was found that increasing the 

reaction temperature from 300 K to 550 K resulted in a decrease of surface population 

by about 3/4 and that the ratio C1s at 286.5 eV attributed to C–O to that at 285 eV 

attributed to CHx decreased considerably (Jayaweera, Quah et al. 2007). These 

observations together with those of this work could be interpreted as follows. At 300 K 

most of ethanol is dissociatively adsorbed on 5–fold coordinated Ti
4+

 where the H has 

reacted with bridging oxygen vacancies. Upon heating some of surface hydroxyls 

combine and desorb as water leaving behind bridging oxygen vacancies. Ethoxide 

on 5–fold coordinated Ti
4+ 

can then migrate to these bridging oxygen vacancies. The 

small fraction of ethoxides is then more stable and requires the >550 K temperature to 

further react/desorb. Diffusion of alkoxide species from their position on the top of 5–

fold coordinated Ti
4+

 to bridging oxygen vacancies has been previously seen by STM 

for other alcohols (Zhang, Rousseau et al. 2008). Previous XPS C1s study of ethanol 

adsorbed on the TiO2(110) rutile surface indicated that at 300 K ethanol adsorption is 

mostly dissociative (Jayaweera, Quah et al. 2007).   

4.3.2.   Photoreactions 

Figure 4.4 presents results of a surface excited with UV that has been saturated with 

ethanol at 300 K in UHV condition (where the chamber pressure is ca. 5.0 × 10
−10

 

torr). In other words the O2 and water background would be in the low 10
−11

 to high 

10
−12

 torr range. Upon UV excitation a small desorption of acetaldehyde is seen 

together with hydrogen indicated by mass spectrometer signal m/z = 29 and m/z = 2 

respectively. As will be seen later this desorption is very small compared to that in the 

presence of O2. Previous study on the same surface under similar conditions indicated 

a very slow decay of the XPS C1s signal of ethoxides in UHV conditions (Jayaweera, 

Quah et al. 2007). Upon UV excitation electrons are transferred from the valence band 

to the conduction band. Ethoxides inject electrons into the valence band, yet in the 

http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#fig3
http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#fig4
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absence of an acceptance level to accommodate the excited electrons from the 

conduction band no or minor reaction occurs as most electrons return back to the 

valence band and the process is governed by the electron–hole recombination rate.  

 

Figure 4.4. Ethanol dosed rutile TiO2(110) single crystal surface at saturation (2 L) at 

300 K in the absence and presence of UV light.  

This rate has recently been measured for the rutile TiO2(001) single crystal and the 

associated rate constant, krec, was found equal to 5.0 × 10
−13

 cm
−3

 s
−1

 by sub–

nanosecond time–resolved transient absorption spectroscopy (Katoh, Murai et al. 

2008). In a separate study the same authors have estimated the life time of trapped 

holes by ethanol to be 10
−9

s on nanocrystalline TiO2 anatase particles, although it was 

not clear if this was conducted in the presence or absence of dissolved O2 in the 

alcohol solution (Tamaki, Furube et al. 2005). This number is in the range of the 

electron–hole recombination rate; see figure 4 in (Yee, Morrison et al. 1999) from 

which the rate constant was extracted. In other words to make the reaction more 

efficient the presence of electron traps is needed and this can be done by the addition 

of O2. 

Figure 4.3 presents XPS C1s collected at two different O2 pressures similar to those 

shown in Fig. 4.5. From these two figures the following points can be made. 

http://pubs.rsc.org/en/content/articlehtml/2011/CP/C0CP01896A#fig3
http://pubs.rsc.org/en/content/articlehtml/2011/CP/C0CP01896A#fig5
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1- It is clear that O2 is needed for the formation of acetaldehyde. 

2- Comparing XPS C1s (figure 4.3) to acetaldehyde desorption indicated that only 

a small amount of adsorbed ethanol/ethoxide is converted to acetaldehyde; a 

non–negligible amount of ethoxides is still present (figure 4.3c and d) after UV 

excitation. 

3- Acetaldehyde desorption is only part of the reaction as acetates are also formed 

(C1s at 289.5 eV due to acetates/formates). These are formed due to further 

oxidation of acetaldehyde with the following simplified reaction sequence: 

    CH3CHO(a) + O2
–.

  CH3COO(a) + OH(radical) + h
+
    CO2 + CH4 + O(a) (4.5) 

 

Figure 4.5. Ethanol dosed rutile TiO2(110) single crystal surface at saturation (2 L) at 

300 K in the absence and presence (arrows indicate UV on) of UV light and under 

different O2 pressures as indicated. 

http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#fig3
http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#fig3
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Equation 4.5 indicates that one adsorbed acetaldehyde reacts with an O2 radical (a 

molecular oxygen that has captured one electron from the conduction band) to give one 

acetate species and an OH radical. These may further react to give CO2 and 

CH4 injecting one electron into the valence band. The photoproduction of CO2 from 

ethanol via acetaldehyde (Idriss and Seebauer 1998; Reztsova, Chang et al. 1999) and 

from acetic acid (Wilson and Idriss 2002; Wilson and Idriss 2003; Quah, Wilson et al. 

2010) on the surfaces of TiO2 upon photoexcitation has been studied previously. These 

studies indicated that surface acetate species react via the “PhotoKolbe” type reaction 

to give CO2 and methane as the main products. It is worth noting that in the absence of 

UV acetaldehyde is not oxidised to acetates; a TiO2 surface pre–dosed with 

acetaldehyde exposed to O2 does not make acetates (Zehr and Henderson 2008).  

 

Figure 4.6. A plot of Ln([CH3CHO]) as a function of Ln([O2]) under UV excitation of 

the ethanol/ethoxide covered rutile TiO2(110) surface at 300 K. 

Figure 4.6 presents Ln[peak area of acetaldehyde] vs. LnPO2. The reaction rate for 

acetaldehyde formation under UV excitation and O2 pressure can be expressed as: 

http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#fig6
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  r = k[Ethanol]

a
[O2]

b
                (4.6) 

Because the surface is covered with ethanol/ethoxide and because the amount  

transformed is very small compared to the total surface population the reaction order 

“a” can be considered = 0. This simplifies the reaction to: 

 
  r = k[O2]

b
 or Ln(r) = Lnk + bLn[O2]                (4.7) 

The rate is proportional to the peak area of acetaldehyde formation, thus for the 

purpose of extraction of the reaction order “b” plotting Ln[peak area] vs. Ln[O2] is 

valid. From figure 4.6, “b” was found equal to 0.5. This square root dependence may 

indicate that the formation of acetaldehyde is sensitive to molecular oxygen at low 

pressures but at high pressures surface saturation occurs in line with Langmuir type 

adsorption. 

4.3.3.   Reaction Mechanism 

In scheme 4.1 the reaction sequences from ethanol to acetaldehyde are described. In 

the middle of the figure the dissociative adsorption reaction is given whereby 

ethoxides are formed together with surface hydroxyls. Upon UV excitation electrons 

are transferred from the valence band to conduction band leaving holes in the former. 

A large fraction of these electrons return back to the valence band by electron–hole 

recombination as mentioned above. In competition with this electron–hole 

recombination, electrons transfer from ethoxides to the valence band also occurs. This 

reaction occurs in two successive steps as indicated in scheme 4.1. The first step 

involves a radical formation (α–hydroxyethyl, CH3C˙HO(a)). This radical can react in 

two ways (Müller, Majoni et al. 1997) as has been previously studied on ZnS. It can 

either lose another electron and make CH3CHO that desorbs as seen in figure 4.5 or it 

can dimerise and take back the two H ions to make 2,3–butanediol: 

 
  2CH3C˙HO(a) + 2OH(s) → CH3CH(OH)–CH(OH)CH3                 (4.8) 

This reaction observed on ZnS does not occur on the TiO2(110) single crystal as the 

time lag between two successive electron injections into the valence band is faster than 

http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#fig6
http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#fig7
http://pubs.rsc.org.ezproxy.auckland.ac.nz/en/content/articlehtml/2011/cp/c0cp01896a#fig5
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the rate of recombination of the two radicals. However, it has been seen that the 

reaction is dependent on particle size with microsize particles favoring the two 

electron/hole process, as in our case, while nanoparticles (3 nm) favor the dimerisation 

reaction as in the above equation. As seen in figure 4.4 and 4.5, in the absence of gas 

phase O2 very small amounts of acetaldehyde is formed.  

 

Scheme 4.1. Schematic description of the reaction of ethanol to acetaldehyde and 

hydrogen over TiO2 under UV excitation at 300 K. 

Together with acetaldehyde formation, H2 is also formed by two successive electron 

transfers from the conduction band to H
+
 ions (of surface hydroxyls). The position of 

the conduction band of the rutile structure is at the edge of the H
+
 to 1/2 H2 reduction 

potential (Linsebigler, Lu et al. 1995; Idriss 2010). This and the fast electron–hole 

recombination rate are behind the weak reaction. In the presence of O2 considerable 

amount of acetaldehyde is formed. It has been reported (Linsebigler, Lu et al. 

1996) that the photooxidation of CO to CO2 on rutile TiO2(110) occurs with molecular 

oxygen without the involvement of lattice oxygen. Acetaldehyde has a square root 

dependence on oxygen pressure (figure 4.6). Oxygen molecules, in the presence of 

surface ethoxides and UV, are not dissociatively adsorbed but each O2 molecule reacts 

with one electron from the conduction band making O2˙
−
(radical). Because the 

formation of acetaldehyde requires two electron/hole transfers, there are two oxygen 

In absence of  O2

CH3CH2OH (a)   CH3CH2O (a)  +  OH(a)

CH3CH2O (a) + 1 h+
 CH3C

.
HO(a)  +  OH(a)

a-hydroxyethyl radical

CH3CH.O(a)  +  1 h+
 CH3CHO

2H+ +  2 e-
 H2

CH3CH2OH (a)    CH3CHO  CO2

k1K1 k2K2

VB

CB

H+ and H
.

react with 

oxygen to give water

O- .
O2

-.

In presence of O2

VB

CB
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molecules consumed per one molecule of acetaldehyde. O2˙
−
 (radical) may further 

react with the surface and with acetaldehyde to give other products as indicated 

in equation 4.5. 

4.4.   Conclusions 

The energy of dissociatively adsorbed ethanol (80 kJ mol
−1

) is close, but higher (in 

absolute number; more stable) by about 15 kJ mol
−1

, to that of the molecularly 

adsorbed ethanol on the surface of TiO2(110) rutile. XPS C1s results together with 

computational results indicate that the surface is mostly covered by ethoxide species at 

300 K. No further reaction occurs at this temperature. Heating the surface resulted in 

the formation of the two main reaction products: ethylene (dehydration) and 

acetaldehyde (dehydrogenation). Upon UV excitation in the presence of O2 the main 

reaction product observed at 300 K is acetaldehyde. This product, formed via the two 

electron transfer process, requires the presence of molecular oxygen (O2) to trap the 

excited electrons from the conduction band, and thus decreases the rate of electron–

hole recombination. The reaction order with respect to O2 at near saturation coverage 

of ethanol/ethoxide of 0.5 may indicate that two O2 molecules are needed for each 

acetaldehyde molecule formation. Not all acetaldehyde molecules are removed upon 

formation as part of them is oxidised under UV irradiation to acetates. 
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5 

Photoreactions of Ethanol on Ru/TiO2(110) 

Single Crystal Surface 

5.1.   Introduction 

The first challenge in this study is the clean deposition of metal particles on TiO2(110) 

under UHV conditions without contaminating the surface. The metal deposition can be 

obtained by physical vapor deposition (PVD) or chemical vapor deposition (CVD). 

Organo–metallic complexes and metal carbonyl compounds have been used as 

chemical vapor deposition precursors of metal clusters on a variety of substrates 

including metals, oxides and zeolites (Smith, Bernasek et al. 1986; Smith, Bernasek et 

al. 1988; Xu and Zaera 1996; Rodriguez, Dvorak et al. 2001; Philippe and Philippe 

2002; Song, Cai et al. 2003). Although the former class of compounds have widely 

been used to obtain thin films, their use to obtain metallic particles to simulate the 

supported model catalyst is rare. In the case of depositing transition metals from their 

carbonyl complexes under UHV conditions few important points need to be 

considered. Because mono metal transition metal complexes (carbonyl complexes of 

first row transition metals) are characterized by their high vapor pressure, control on 

their vapor pressure under UHV conditions might become difficult to handle without 

proper experimental set up. A narrow capillary of appropriate diameter connected to 

leak valve at one end extending as close as possible to the substrate can be used for the 

deposition of these complexes.  

In this study, ruthenium metal was deposited on the TiO2(110) by metal–organic 

chemical vapor deposition (MOCVD) using Ru3(CO)12 complex and the possibility for 

contamination was overcome by bringing and evaporating the precursor contained in 

the reservoir very close to the substrate surface. Various other researchers have used 
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Ru3(CO)12 as an organo–metallic precursor to obtain ruthenium nanoparticles and 

epitaxial thin films on variety of materials including Co(111), Co(0001) (Vaari, 

Lahtinen et al. 1996), Au(111) (Cai, Song et al. 2003), TiO2(110) (Cai, Song et al. 

2003), TiO2(110) (Rizzi, Magrin et al. 1999; Rizzi, Magrin et al. 1999; Rizzi, Magrin 

et al. 1999). Previous work by Asakura and co–workers for ruthenium deposition using 

its carbonyl compound on polycrystalline TiO2, SiO2, MgO and Al2O3 has revealed 

that the thermal decomposition process are different on different substrates (Asakura, 

Bando et al. 1990). On TiO2(110), Ru3(CO)12 adsorbs in dissociated and un–

dissociated forms depending on the prior surface pre–treatment. Figure 5.1 presents 

STM image of Ru3(CO)12/TiO2(110) after annealing in vacuum at 600 K acquired by 

Meier and co–workers (Meier, Rizzi et al. 2002). They assigned bright spots to small 

ruthenium clusters while the dark (grey) spots along [001] direction to rows of 

ruthenium atoms. In the original paper they described bright spots as “Stripes of Ru 

atoms” and according to them, due to the chemical insensitivity of STM, it could not 

be conclusively determined whether the stripes were due entirely to interstitial 

transport, ruthenium atoms, or some combination thereof. 

 

Figure 5.1. STM image of Ru3(CO)12/TiO2(110) after annealing in vacuum at 600 K.  

Rodrigues and co–workers studied its adsorption and thermal decomposition process 

on TiO2(110) single crystals using XPS and TPD techniques (Rodriguez, Dvorak et al. 

2001). Instead of conventional X–ray sources (Al Kα or Mg Kα radiations), they used 

synchrotron radiation for XPS of the adsorbed species to overcome the low 
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photoionization cross section of carbon so they could monitor the residual carbon 

species more precisely during different stages of deposition and decomposition of the 

carbonyl compound. They found that the ruthenium complex adsorbs molecularly on 

TiO2(110) at 100 K. It adsorbs mainly dissociatively at 300 K with chemical formula 

of the form Ru3COn (n ≤ 10). TPD and XPS spectra showed that the decomposition 

pathways are quite different in both cases. Meier and co–workers studied the 

Ru3(CO)12 adsorption and decomposition on TiO2(110) using infra–red reflection 

absorption spectroscopy (IRAS), temperature–programmed desorption (TPD), Auger 

electron spectroscopy (AES), and scanning tunnelling microscopy (STM). They found 

that the vapor–deposited cluster adsorbs with the Ru3 plane oriented normal to the 

surface. The clusters formed an amorphous layer at 90 K, ordered at 195 K, and begin 

to decompose in vacuum at ca. 250 K. The clusters were highly dispersed on the 

surface and decomposed cleanly to form small ruthenium clusters up to 3 nm across 

and Ru atom rows along (001) surface vector up to 20 nm long above 600 K (Meier, 

Rizzi et al. 2002). 

The purpose of ruthenium deposition was to study its effect on the photocatalytic 

activity of TiO2(110) towards ethanol photoreactions. In 1989, Sobczynski and co–

workers reported the hydrogen production from methanol and water mixture on 

polycrystalline Ru/TiO2 photocatalysts. They found that very low concentrations of 

ruthenium ca. 0.75 % was most active for hydrogen production (Sobczynski, 

Jakubowska et al. 1989). Wishwanathan and co–workers concluded the following 

order of photocatalytic activity for different metals supported on polycrystalline TiO2 

for the reduction of dinitrogen into ammonia; Ru > Rh > Pd > Pt while TiO2 showed 

no activity towards this reaction (Ranjit, Varadarajan et al. 1996). Wetchakun and co–

workers prepared a series of photocatalyst with 0.1, 0.2, 0.5, 1.0, 2.0 wt. % Ru loading 

on polycrystalline TiO2 to study the effect of ruthenium loading on the photocatalytic 

activity. They found that the TiO2 doped with 0.1 % Ru had the highest photocatalytic 

activity for photomineralization of formic acid (Wetchakun and Phanichphant 2008). 

In 2006, Sasirekha and co–workers studied the photocatalytic reduction of CO2 on 

Ru/TiO2 anatase in the presence of water. Metal loading was carried out  by incipient 

wet impregnation method with 0.1–1.0 wt. % Ru loading. They monitored 

photocatalytic activity by monitoring  possible reduction products of the reaction 
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including, formic acid, formaldehyde, methanol and methane. The study revealed that 

Ru doped TiO2 particles have higher photocatalytic activity than un–doped TiO2 with 

optimum photocatalytic activity observed for 0.5 wt. % Ru/TiO2 .The driving force for 

enhanced activity was proposed to be the separation of charges due to the formation of 

Schottky barrier (Sasirekha, Basha et al. 2006). No study of ethanol photoreactions on 

ruthenium supported on TiO2(110) has been reported so far. 

5.2.   Experimental 

The organo–metallic complex was placed in a pyrex glass reservoir of ca. 0.5 mL 

volume and was attached at the front end of feed–through probe. See experimental 

section 2.3.1 for experimental set up. The feed through probe was connected to the 

analysis chamber by a gate valve which could allow the glass vial to reach very close 

to TiO2(110) single crystal at a distance of ca. 1 mm. The glass vial had a very small 

opening and could face the center of the TiO2(110) crystal face during dosing process. 

The probe was able to ramp the temperature of glass reservoir up to 675 K. A type K 

thermocouple was attached very close to the glass vial to measure the exact 

temperature. The dosing set up was always kept in probe part of the vacuum system 

with a base pressure equal to 1.0 × 10
–8 

torr. The base pressure of the analysis chamber 

was maintained typically at 5.0 × 10
–10 

torr. Ru3(CO)12 is a relatively stable organo–

metallic compound decomposing at 150
o
C at STP (Green, Gross et al. 1985). Its vapor 

pressure is in 5 × 10
–9 

torr range so can be kept in a vacuum of less than its own vapor 

pressure for a quite long time on months scale. The precursor was adsorbed on 

TiO2(110)  due to its higher vapour pressure than the pressure of analysis chamber.  

After adsorption (at 300 K) the surface was heated up to 623 K to remove loosely 

bonded CO groups to obtain ruthenium metal on the surface.  

Although previous studies indicated the complete CO removal process at around 700 

K, however, in this case the absence of C1s peak during XPS analysis after heating the 

crystal to 623 K indicated the complete removal of CO from the surface. Before 

dosing, the crystal was cleaned by various sputtering cycles followed by annealing up 

to 773K as described in materials and method section 2.4.1 in detail. Additionally, Ar
+
 

ion beam energy of 3 keV was used for crystal sputtering after completing one run of 
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the ruthenium experiments to remove the metal atom from the surface to repeat the 

dosing experiment when needed. The process was repeated several times until no C1s 

signal from adventitious carbon was observed. Glass reservoir containing 1 g of 

Ru3(CO)12 was heated at 330 K at 1 × 10
–8 

torr vacuum to degas the precursor for 15 

minutes. After this it was brought at a distance of ca. 1 mm from the crystal face and 

held there for 1 minute. Typically, the pressure of the experimental chamber was 

increased from 8 × 10
–10 

torr to 6 × 10
–9 

torr and dropped back quickly to its base 

pressure with retraction of the probe from experimental chamber. The crystal was 

adjusted for XPS analysis. It was possible to make the required heat treatments to the 

crystal and carry UV reactions of ethanol on it without disturbing its position for XPS 

analysis to avoid any orientation effects. 

5.3.   Results and discussion 

In this section the results of typical Ru deposition has been discussed. These results 

were obtained after series of experiments in which the parameters for clean deposition 

of Ru were first identified. These parameter involve the crystal position, carbonyl 

compound reservoir temperature and its exposure. The last part of this section 

describes photoreactions of ethanol on one of the Ru loaded TiO2(110) surface. 

5.3.1.   Ruthenium deposition 

5.3.1.1.   Peak Fitting Analysis 

Figure 5.2 represents peak fitting results for the Ru3d and C1s core levels of 

Ru3(CO)12 dosed TiO2(110) surface immediately after dosing and successively 

flashing the crystal temperature up to 623 K to thermally volatilize the CO group to 

obtain Ru metal. Exposure of Ru3(CO)12 vapors was 1.8 L. Three photoemission peaks 

were obtained which were peak fitted to probe the different ruthenium carbonyl 

species present on the surface. The peak at 280.6 eV can be attributed to Ru3d5/2 

emission lines from Ru3(CO)m (where m < 12) (Rizzi, Magrin et al. 1999). Larger full 

width half maximum (FWHM = 1.7) of this peak as compared to bulk ruthenium metal 

indicates that closely related ruthenium carbonyl species differing in carbonyl group 

numbers (Zanoni, Carinci et al. 1985) may be present on the surface. The Ru3d5/2 peak 
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at 281.3 eV corresponds to the presence of un–dissociated Ru3(CO)12 species (Zhao, 

Hrbek et al. 2005). There is also small amount of ruthenium metal indicated by the 

ruthenium metal core level peak at 279.9 ± 0.2 eV for Ru3d5/2 of Ru(110) single 

crystal (Hrbek, Van Campen et al. 1995). The peak at 286.7 eV corresponds to C1s of 

carbonyl carbon of ruthenium carbonyl species present on the surface.  

 

Figure 5.2. Photoemission data for the Ru3d and C1s core levels of Ru3(CO)12 on 

rutile TiO2(110) at the indicated temperatures. 

The large full width half maximum (FWHM = 2.2 eV) of C1s peak as compared to 

C1s of adsorbed CO (1.5 eV on Rh(111) and Rh(331) surface (DeLouise and 

Winograd 1984)) indicates that CO is present in different forms i.e. in the form of 

ruthenium complex and adsorbed on TiO2 surface. Very small CO/Ru ratio of 2.16 

calculated as compared to actual CO/Ru ratio of 4 in Ru3(CO)12, can be attributed to 

the presence of its dissociated forms within experimental errors. The lower 
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photoemission cross section of carbon while analysed with conventional X–ray source 

might contribute error in estimation due to lower sensitivity and multiplication of 

slightest of error during peak fitting. Most of ruthenium is present as ruthenium 

carbonyl either in dissociated (49 %) or non–dissociated (45 %) form at room 

temperature as shown in table 5.1. 

Table 5.1. Relative atomic % age of ruthenium on TiO2(110) surface after Ru3(CO)12 

dosing at RT. 

Ruthenium 
species 

Peak 
Peak 

Position 
(eV) 

FWHM 
(eV) 

Corrected 
peak areas 

Ruthenium 
(%) 

Rumetal 
Ru3d5/2 
Ru3d3/2 

280.0 
283.9 

1.5 
1.5 

 
205.40 
84.24 

Total=289.64 

6 

Ru3(CO)m 
Ru3d5/2 
Ru3d3/2 

280.6 
284.2 

1.7 
1.5 

 
1516.94 
582.36 

Total=2099.30 

49 

Ru3(CO)12 
Ru3d5/2 
Ru3d3/2 

281.4 
285.1 

1.7 
1.5 

 
1431.67 
565.93 

Total=1997.60 

45 

CO C1s 286.7 2.2 9488.04 
CO/Ru 
= 2.16 

 

Upon heating to 623 K for ca. 30s, only two types of ruthenium species could be 

detected from the photoemission data. Low binding energy Ru3d5/2 peak at 279.9 eV is 

assigned to pure ruthenium metal formed by the complete removal of carbonyl groups. 

After peak fitting analysis higher binding energy Ru3d5/2 peak at 281.9 eV is assigned 

to Ru–O species (A. Rizzi, Magrin et al. 1999). The ratio between the Ru–O species 

and the ruthenium metal is 0.35 as calculated from their atomic % values; table 5.2. No 

C1s emission line was observed at this temperature indicating the complete removal of 

carbonyl groups. In a separate experiment it was learned that a heat treatment up to 

623 K is needed to remove the carbonyl groups completely. As the purpose of this 

study was to obtain ruthenium metal on TiO2 surface and Ru–O/Ru ratio increases 

with increasing temperature it was a trade–off between Ru–O species and carbonyl 

group.  
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Table 5.2. Relative atomic % age of ruthenium species obtained from Ru3(CO)12 

dosed TiO2(110) at RT followed by heating the crystal up to 623 K. 

Elements Peak 
Peak Position 

(eV) 
FWHM 

(eV) 
Corrected 
peak area 

Atomic % age 

Ti 
Ti2p3/2 
Ti2p1/2 

458.9 
464.5 

1.8 
2.1 

 
15293.86 
4169.548 

Total=19463.41 

32.1 

O O1s 530.7 1.8 39293.18 64.8 

Rumetal 
Ru3d5/2 

Ru3d3/2 
279.9 
284.o 

1.6 
1.6 

 
970.1568 
408.4278 

Total=1378.585 

2.3 
 

Total Ru % 
=3.1 

 

Ru(Ru–O) 
Ru3d5/2 
Ru3d3/2 

280.9 
285.0 

1.6 
1.6 

 
350.7527 
164.4488 

Total=515.2015 

0.8 

 

Comparison of the total amount of ruthenium present in different phases before and 

after heat treatment indicated that some of the ruthenium carbonyl desorbs from the 

surface during the heating process thereby lowering the total amount in later case ca. 

28 % ruthenium in this case. Other possibility of decreased amount of ruthenium after 

annealing the ruthenium carbonyl dosed surface up to 623 K could be due to the 

diffusion of Ru into the TiO2 lattice. Kim and co–workers (Kim, Gao et al. 1997) have 

reported the formation of Ti(1–x)RuxO2 alloy while depositing RuO2 layer by molecular 

beam epitaxy (MBE) at temperature higher than 698K as a consequence of the 

migration of Ru into TiO2 lattice. The quantitative analysis indicates that as a result of 

this experiment, 3.1 atom % of ruthenium was present on the TiO2(110) single crystal 

face. 

Figure 5.3 compares Ti2p and O1s (inset) peaks of clean stoichiometric TiO2(110) 

surface with that exposed to Ru3(CO)12 vapors and then subsequently heated to 623 K 

to decompose the complex in order to obtain ruthenium metal particles by the removal 

of carbonyl groups. The Ti2p and O1s peaks have been realigned and normalized in 

order to indicate the differences among them. It can be clearly noticed that the intensity 

of Ti2p peak from ruthenium dosed surface is smaller as compared to both clean 
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TiO2(110) and annealed surface due to the partial coverage of the surface with 

Ru3(CO)12 species. O1s peak in the inset follow the same trend. 

 

Figure 5.3. Comparison between the Ti2p and O1s peaks (inset) of clean and 

stoichiometric Ru3(CO)12 dosed and subsequently heated to 623 K TiO2(110) surface. 

Almost similar intensities of Ti2p3/2 peaks obtained from clean surface before 

ruthenium dosing and after annealing to 625 K indicating the decomposition of 

carbonyl complex and removal of CO groups from the surface. However, the 

intensities of the Ti2p1/2 components do not match with the trend shown by Ti2p1/2 

peaks i.e. contrary to Ti2p3/2 peak, Ti2p1/2 peak obtained from the ruthenium dosed 

surface has almost the same intensity as that of peak obtained from the clean surface. 

This can be explained by considering the fact that signal from Ru3p3/2 (462.7 ± 0.3 eV) 

(Ernst and Sloof 2008) overlaps with Ti2p1/2 and enhanced intensity of later is due to 

the contribution from the Ru3p3/2 component. The same reason may also be responsible 

for the tailing of Ti2p3/2 peak towards lower binding energy side on ruthenium 

containing surfaces (Rizzi, Magrin et al. 1999).  



Chapter 5                Photoreactions of Ethanol on Ru/TiO2(110) Single Crystal Surface 

 

108 
  

5.3.1.2.   Effect of heat treatment  

Figure 5.4 presents the effect of heat treatment on Ru3(CO)12 dosed TiO2(110) surface. 

Exposure of Ru3(CO)12 vapors was 1.8 L. 

 

Figure 5.4. Ru3d emission spectra recorded from Ru3(CO)12 dosed TiO2(110) surface 

at room temperature and after heating to 423, 523 and 623 K. Ru3(CO)12 exposure was 

1.8 L. 

A close inspection of figure 5.4 leads to at least three clear observations. Firstly, there 

is a lower binding energy shift of Ru3d5/2 and Ru3d3/2 peaks on increasing surface 

temperature with the largest shift between 423 and 523K. Secondly, peak area of 

Ru3d3/2 (with contribution from C1s of CO group from adsorbed ruthenium carbonyl 

complex) peak decreases in the same sequence. Thirdly, there is very prominent 

decrease in the peak area and FWHM of Ru3d3/2, peak while moving from 423 to 

523K. These observations indicate that most of the changes in the ruthenium carbonyl 
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complex on the surface take place in 423 to 523K temperature domain mainly 

involving the removal of CO from adsorbed ruthenium carbonyl complex. 

Table 5.3. Ru3d5/2 and Ru3d3/2 peak parameters from Ru3(CO)12 dosed TiO2(110) 

surface after heating to indicated temperatures. The crystal was allowed to cool to 

room temperature prior to collecting photoemission spectra after each heat cycle. 

Surface 
Temperature 

(K) 

Peak 
Type 

Peak 
Position 

(eV) 

FWHM 
(eV) 

Peak Area 
(a.u.) 

298 
Ru3d5/2 
Ru3d3/2 

280.0 
285.1 

2.0 
3.1 

 
1624.5 
1902.6 

Total=3527.2 

423 
Ru3d5/2 
Ru3d3/2 

280.6 
284.7 

2.0 
2.9 

 
1543.4 
1739.1 

Total=3282.4 

523 
Ru3d5/2 
Ru3d3/2 

280.1 
284.3 

1.9 
2.2 

 
1110.6 
1118.1 

Total=2228.6 

623 
Ru3d5/2 
Ru3d3/2 

280.0 
284.2 

2.0 
2.5 

 
1226.2 
1037.5 

Total=2263.7 

 

At room temperature, the large full width half maximum (FWHM = 2) of the peak 

centred at 281.0 eV as compared to bulk ruthenium metal Ru3d5/2 peak (Hrbek, Van 

Campen et al. 1995) indicates the presence of more than one ruthenium carbonyl 

species on the surface. The absence, or presence of negligible amount of ruthenium 

metal (279.9 eV) and the presence of Ru3(CO)12 (281.2) and Ru3(CO)m (280.6) is a 

farther indication that the complex was mainly intact upon adsorption at RT (Zhao, 

Hrbek et al. 2005). Very large FWHM value of 3.1 and high Ru3d3/2/Ru3d5/2 ratio is 

due to the C1s signal. A shift in binding energy from 281.0 to 280.65 eV by increasing 

temperature to 423K can be attributed to the conversion of more amount of Ru3(CO)12 

into Ru3(CO)m species. The highest decrease of Ru3d3/2 peak area and FWHM from 

423 to 523 K (table 5.3) implies that most of carbonyl groups are removed in this 

temperature domain. The binding energy shift close to the ruthenium metal binding 



Chapter 5                Photoreactions of Ethanol on Ru/TiO2(110) Single Crystal Surface 

 

110 
  

energy value of 280.1 eV suggests the presence of ruthenium metal on the surface 

along with other ruthenium compounds as indicated by the high value of FWHM. By 

increasing the temperature further up there is very small change in binding energy 

values but the FWHM increased to its maximum value. This is because of the presence 

of ruthenium metal and Ru–O species simultaneously as indicated by the peak fitting 

analysis (figure 5.2).  

  

 

 Figure 5.5. Ti2p (right) and O1s (left) emission spectra recorded from Ru3(CO)12 

dosed TiO2(110) surface at room temperature and after heating to 423, 523 and 623 K. 

Figure 5.5 and table 5.4 present the surface concentration and state of both Ti and O 

atoms during the heat treatment of Ru3(CO)12 dosed surface to remove the CO groups 

to obtain Ru metal. It can be seen from figure 5.5 that the binding energies for Ti2p3/2 

and O1s are ca. 458.9 and 530.5 eV and do not change with heat treatment. This 

indicates that the initial TiO2 surface stoichiometry is largely maintained throughout 

the heat treatment process. However, total peak area for Ti2p3/2 and Ti2p1/2 peaks 

increases with increasing temperature. This is related to decomposition of the 
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relatively large Ru carbonyl clusters from the surface which otherwise hinder the 

access of Ti2p and O1s photoelectron to the spectrometer during analysis. 

Table 5.4. Ti2p and O1s peak parameters from Ru3(CO)12 dosed TiO2(110) surface 

after heating to indicated temperatures. The crystal was allowed to cool to room 

temperature prior to collecting photoemission spectra after each heat cycle. 

For Titanium For Oxygen 

Surface 

Temperature 

(K) 

Peak 

Type 

Peak 

Position 

(eV) 

FWHM 

(eV) 
Peak Area (a.u.) 

Peak 

Position 

(O1s) 

FWHM 

(eV) 

Peak Area 

(a.u.) 

298 
Ti2p3/2 
Ti2p1/2 

458.9 
464.5 

2.02 
2.80 

 
5779.1 
3030.8 

Total= 8809.9 

530.6 2.00 8023.8 

423 
Ti2p3/2 
Ti2p1/2 

458.9 
464.5 

2.02 
2.80 

 
5743.5 
3114.0 

Total=8857.5 

530.6 1.97 7738.1 

523 
Ti2p3/2 
Ti2p1/2 

458.8 
464.4 

2.02 
2.80 

 
6669.8 
3352.8 

Total=10022.6 

530.5 2.03 9096.0 

623 
Ti2p3/2 
Ti2p1/2 

458.8 
464.4 

2.02 
2.80 

 
6816.9 
3516.6 

Total=10333.6 

530.5 2.00 9158.6 

 

As seen from the table 5.4 the maximum increase in total peak area from 423 to 523K 

is in line with the removal of most of CO in this temperature domain as discussed 

before. The O1s peak follows the same trend as for Ti. 

5.3.1.3.   Effect of Ru3(CO)12 exposure  

Figure 5.6 presents the Ru3d emission spectra of TiO2(110) surface which was 

exposed to Ru3(CO)12 vapors for increasing amounts of time at room temperature. The 

surface was exposed to the indicated Ru3(CO)12 exposure and analysed after each dose. 

As expected Ru3d5/2 and Ru3d2/3 peak were immediately seen even at the lowest 
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exposure and grew with increasing exposure. C1s peak due the CO groups of 

Ru3(CO)12 complex was seen as a shoulder of Ru3d2/3 peak which grew with increasing 

exposure as well. The changes in Ru and CO species concentration are explained 

below with the help of figure 5.8 along with the Ti and O. A binding energy value of 

280.2 eV which remains unchanged with increasing exposure indicates that Ru is 

mainly present in the form of Ru3(CO)12 and Ru3(CO)m (where m < 12) and very small 

amount of Ru metal as explained by the peak fitting analysis of results obtained after 

dosing at room temperature in figure 5.2. 

 

Figure 5.6. Ru3d emission spectra of TiO2(110) surface as a function of the indicated 

Ru3(CO)12 exposure at room temperature (Pass Energy = 20 eV).   

Figure 5.7 presents the effect of Ru3(CO)12 exposure on surface concentration and state 

of both Ti and O atoms on TiO2(110) surface. It can be seen from figure 5.7 that the 

initial binding energy for Ti2p3/2 is ca. 458.9 eV. However, total areas for Ti2p3/2 and 

Ti2p1/2 peaks decrease with increasing exposure due to surface coverage by ruthenium 

carbonyl species. The initial binding energy for O1s is 530.4 eV. There is a small but 
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non negligible shift in energy (0.2 eV) towards lower binding energy for both the Ti2p 

and O1s peaks with increase in exposure time. The reason for this shift is not clear 

though.  However a recent work on Au/TiO2(110) rutile surface using environmental 

XPS  has found similar shift upon exposure to O2 atmosphere. The reason invoked is 

due to band bending upon O2 adsorption (Porsgaard, Jiang et al. 2011). Another 

possible explanation is simply a p–type doping of the semiconductor due to the Ru 

complex which results in a shift of the Fermi level towards the valence band; thus 

lowering the binding energy. 

  

Figure 5.7. Ti2p (right) and O1s (left) emission spectra of TiO2(110) surface as a 

function of the indicated Ru3(CO)12 exposure at room temperature (Pass Energy = 20 

eV). 

Table 5.5 and figure 5.8 present the changes in atomic % of Ru, C, Ti and O with an 

increase in Ru3(CO)12 exposure based on the XPS results collected after individual 

exposure. Atomic % was calculated after correction of photoemission signal by 

multiplying it with atomic sensitivity factor (ASF) for each element. From figure 5.8 

and table 5.5, it can be noticed that the amount of Ru3(CO)12 present on the surface 
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increases with increasing exposure and reaches close to its saturation coverage at 

highest exposure of 6.6 L corresponding to total Ru atomic % age of ca.7.7.  

Table 5.5 Atomic % ages of Ru, C, Ti and O from TiO2(110) surface at indicated 

Ru3(CO)12 exposures. Photoemission signal was corrected by dividing with atomic 

sensitivity factor (ASF) for each element (C1s = 0.25, O1s=0.66, Ti2p3/2 = 1.2 Ti2p1/2 

= 1.8, Ru3d5/2 = 2.15, Ru3d3/2 = 3.6). 

Ru3(CO)12 
Exposure 

L 

Atomic % Ratio 

Ru C  Ti O Ru/C O/Ti 

0 0.00 0.00 32.35 67.65 – 2.09 

0.3 2.17 2.26 32.83 62.74 0.65 1.91 

1.5 4.19 8.05 29.67 58.08 0.52 1.96 

3.0 6.83 9.36 29.32 54.50 0.72 1.86 

6.6 7.69 9.42 27.19 55.70 0.83 2.05 

 

 

Figure 5.8. Graphical representation of the values given in table 5.6. 

These results imply that successive dosing and heat treatment processes are required to 

obtain higher Ru atomic % age  on TiO2(110) surface. The Ru/C ratio increases with 
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increasing exposure indicating that with increasing exposure dissociative adsorption of 

Ru3(CO)12 is favoured. The understanding of this needs more investigation since the 

nature of the initial interaction of the Ru complex with the surface is not clear. As the 

objective of this work was to obtain clean Ru metal on the surface and study the 

photoreactions of ethanol on it the deposition process was not further investigated. 

There is no clear trend for O/Ti ratio which remains close to 2. 

5.3.2.   Photoreactions 

Figure 5.9 represents the photoreactions on 3.1 % Ru/TiO2(110) surface that was 

exposed to ethanol (2 L) at 300 K followed by evacuation prior to UV excitation. The 

same experiment was repeated at different O2 exposures.  

 

Figure 5.9. Acetaldehyde (m/z = 29) desorption from ethanol dosed 3.1 % 

Ru/TiO2(110) single crystal surface at saturation coverage (2 L) at 300 K on UV light 

exposure ( arrows indicate UV on) and under different O2 pressures as indicated. 
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Acetaldehyde was found to be the major product desorbed. Acetaldehyde formation as 

a function of time at this different O2 pressure is displayed. It is clear from this figure 

that the rate of acetaldehyde formation increases with increasing O2 pressure.  

 

Figure 5.10. A plot of Ln[CH3CHO] as a function of Ln[O2] under UV excitation of 

the ethanol/ethoxide covered 3.1 % Ru/TiO2(110) surface at 300 K. 

The reaction rate for acetaldehyde formation under UV excitation and O2 pressure can 

be expressed as: 

   r = k[Ethanol]
a
[O2]

b
                                        (5.1) 

As discussed earlier in case of TiO2(110) alone with similar set up and experimental 

condition except Ru loading, the surface can be assumed covered with 

ethanol/ethoxide at saturation coverage and because the amount transformed is very 

small compared to the total surface population the reaction order “a” can be considered 

= 0. This simplifies the equation 5.1 to: 

  r = k[O2]
b
 or Ln(r) = Lnk + bLn[O2]     (5.2) 

The  rate  is  proportional to  the  peak  area  of  acetaldehyde  formation,  thus  for  the    
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purpose of extraction of the reaction order “b” plotting Ln[peak area] vs. Ln[O2] is 

valid. Figure 5.10 presents Ln[peak area of acetaldehyde] vs. Ln PO2. From figure 5.10 

“b” was found equal to 0.86 (~ 1.0). This may indicate that the reaction is pseudo–first 

order and formation of acetaldehyde is directly proportional to the O2 pressure within 

the investigated O2 pressure range. Figure 5.11 represents the rate of CO2 production 

during the same experiment as a function of background O2 pressure. It can be noticed 

that the rate of CO2 production increases consistently with O2 pressure while in case of 

TiO2 this trend has not been clearly observed. 

 

Figure 5.11. CO2 desorption from ethanol dosed rutile TiO2(110) single crystal surface 

at saturation (2 L) at 300 K on UV light exposure ( arrows indicate UV on) and under 

different O2 pressures as indicted. 

Making similar treatment as in the case of acetaldehyde the figure 5.12 is obtained. 

From this figure “b” was found equal to 0.89 (~ 1.0). This may indicate that similar to  

http://pubs.rsc.org/en/content/articlehtml/2011/cp/c0cp01896a#fig6
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acetaldehyde production the reaction is pseudo–first order for CO2. 

 

Figure 5.12. A plot of Ln([CO2]) as a function of Ln([O2]) under UV excitation of the 

ethanol/ethoxide covered 3.1 % Ru/TiO2(110) surface at 300 K. 

In case of acetaldehyde formation reaction on TiO2(110) (chapter 4, section 4.3.2), “b” 

was found equal to 0.5. This square root dependence indicated that the formation of 

acetaldehyde was more sensitive to molecular oxygen at low pressures but saturated 

faster. However, the rate of acetaldehyde and carbon dioxide production from Ru/TiO2 

surface increases with O2 pressures in a more linear trend. This indicates that more 

surface sites are available for the adsorption of O2 and these sites are most likely those 

of the Ru metal and or the interface between the Ru metal clusters and the 

semiconductor.  Figure 5.13 and table 5.6 compare the photooxidation of ethanol on 

TiO2(110) and Ru/TiO2(110) at the same indicated O2 pressure. By comparing the 

results it is evident that Ru/TiO2 system is more active in photooxidation of ethanol to 

acetaldehyde than TiO2. The experimental results clearly indicate that although CO2 

formation is more or less the same in both systems but the amount of acetaldehyde is 

far more in case of Ru/TiO2 system. 



Chapter 5                Photoreactions of Ethanol on Ru/TiO2(110) Single Crystal Surface 

 

119 
  

              

Figure 5.13. Comparison of photooxidation of ethanol on pre–dosed rutile TiO2(110) 

and Ru/TiO2(110) at saturation (2 L) at 300 K in the presence of UV light (arrows 

indicate UV on) at similar background O2 pressure of 1 × 10
–8 

torr.  

Table 5.6. Comparison of acetaldehyde (m/z = 29) and carbon dioxide (m/z = 44) 

amounts produced during photooxidation of ethanol on pre–dosed rutile TiO2(110) and 

Ru/TiO2(110) at saturation (2 L) at 300 K in the presence of UV light at background 

O2 pressure of 1 × 10
–8 

torr. 

m/z 44 29 44/29 

TiO2(110) 4.88 x 10
–4

 3.40 x 10
–5

 14.35 

3.1 % Ru/TiO2(110) 5.47 x 10
–4

 2.09 x 10
–4

 2.61 
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In a very recent study it has been reported that benzyl alcohol is selectively 

photooxidized to benzaldehyde on Ir/TiO2 in the presence of molecular oxygen (Feng, 

Wu et al. 2011). It was postulated that under UV irradiation the dissociatively 

adsorbed benzyl alcohol molecule on TiO2 reacts with photogenerated holes to produce 

carbon radical (C6H5C˙HO–). The reaction of this radical with chemisorbed oxygen on 

Ir results in the formation of benzaldehyde. Based on these observation and studies on 

TiO2(110) alone the following reaction mechanism can be postulated. 

  CH3CH2OH  +  Tis
4+

 – Os
2–

    CH3CH2O–Tis
4+

  +  OsH(a)   (5.3a) 

  (Ethoxide formation) 

  TiO2  +  UV    e
–
  +  h

+       
(5.3b) 

  (Electron excitation) 

  CH3CH2O–Tis
4+

  +  h
+
  +   Os     CH3C˙HOTis

3+
 +  OsH(a)       (5.3c)      

  (Electron injection) 

  CH3C˙HOTis
3+  

+   O––Ru    CH3CHO   +  Tis
3+

 +  O˙
–
(a)    (5.3d)         

  (Acetaldehyde formation) 

  2OsH (a) +  Tis
3+

 +  O˙
–
(a)   Tis

4+
+ 2Os  +  H2O     (5.3e)                                          

  (Water formation) 

 (a): adsorbed; (g): gas; (s): surface 

This can be explained as follows. As discussed in chapter 4, section 4.3.3 ethanol 

adsorbs dissociatively on TiO2 forming ethoxides and surface hydroxyls (5.3a). Upon 

UV exposure the electron and hole pairs are produced in TiO2 (5.3b). Electrons are 

excited to conduction band while holes reside in the valence band.  The electron in the 

conduction band may recombine with the holes or be trapped with Ru metal clusters 

present on the surface.  

The latter is certainly related to an increase in catalytic activity of a photocatalyst. 

Ethoxide may give an electron to the hole in valence band and convert to CH3C˙HO(a) 

(α–hydroxyethyl radical) (5.3c). Oxygen is dissociatively adsorbed on Ru cluster at 

room temperature (Madey, Albert Engelhardt et al. 1975; Mitchell, Xie et al. 1994). 

The chemisorbed oxygen thus can react with CH3C˙HO(a) present at the vicinity of the 

Ru metal to oxidize it into acetaldehyde (5.3d). The  
–
 formed can react with two OH 

groups and one Ti
3+

 to produce water while converting each of former into O
2–

(s) and 
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Ti
3+

 into Ti
4+

 (5.3e). Ethoxide radicals present away from the Ru metal react in a same 

way as on TiO2 alone to give acetaldehyde which may further oxidize to CO2 as 

discussed earlier. However, as the photocatalytic activity of chemisorbed oxygen is 

much higher than the molecular oxygen, the overall reaction activity is mainly dictated 

by the former (Feng, Wu et al. 2011).  

5.4.   Conclusions 

Ruthenium metal can be deposited on TiO2(110) by MOCVD from Ru3(CO)12 source 

under UHV conditions. With carbonyl compound reservoir at 330 K, it adsorbs both 

dissociatively and none–dissociatively with comparable amounts of both forms on the 

surface kept at room temperature indicated by overall Ru3(CO)12 to CO ratio of 2.2. 

The amount of Ru3(CO)12 reaches close to its saturation coverage at 6.6 L exposure 

corresponding to total Ru atomic % age of ca. 8 %. indicating that successive dosing 

and heat treatment processes are required to obtain higher Ru atomic % age on 

TiO2(110) surface. Increase in Ru/C ratio with increasing exposure indicates that with 

increasing exposure dissociative adsorption of Ru3(CO)12 is favoured. Most of the 

changes in the ruthenium carbonyl complex take place in 423 to 523K temperature 

domain mainly involving the removal of CO from adsorbed ruthenium carbonyl 

complex. Decarbonylation process is completed by 623 K leaving pure ruthenium 

metal and some Ru–O species on the surface. Photoreactions of ethanol on Ru/TiO2 in 

presence of O2 indicate that ethanol is mainly photooxidized into CO2 and 

acetaldehyde but far more selective towards acetaldehyde at investigated O2 pressure 

when compared to TiO2 alone. 
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6 

Photoreactions of Ethanol over Au Supported 

on TiO2 Powders 

6.1.   Introduction 

Much effort has been devoted to finding processes for storing and/or converting solar 

energy into a readily available, flexible energy source. One way to achieve this goal is 

the use of sunlight to generate energy carriers, such as hydrogen, from renewable 

sources like ethanol and water using semiconductor photocatalysts. However, no 

semiconductor material has yet been discovered that can be used for this process. This 

is mainly because our understanding of the factors affecting photocatalytic reactions is 

still very limited and many simple questions remain largely unanswered. This concept 

could lead to a progressive and potential key means of hydrogen generation, either for 

direct combustion or to power fuel cells, due to its simplicity and technical feasibility. 

Of the many semiconductor materials that have been proposed as photocatalysts, those 

involving TiO2 and a metal are currently the most likely candidates as such 

combinations have been used in conventional catalytic processes.  

The photocatalytic process involves excitation of a semiconductor with photons of 

equal or higher energy than the band gap energy, producing electron–hole pairs. These 

pairs either recombine or react with adsorbed species. An effective photocatalyst is one 

that allows efficient use of these electrons and holes (Fujishima, Zhang et al. 2008). 

Moreover, in order to reduce hydrogen ions to hydrogen molecules on TiO2, the 

presence of a metal is needed to trap the photoexcited electrons from the conduction 

band and transfer them to the hydrogen ions. The optimization of the process requires 

an understanding of the effect of at least the following interrelated components: (i) 

nature and particle size of the semiconductor, (ii) nature, amount and particle size of 
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the metal, (iii) the metal/support interface and (iv) the interaction of these with the 

chemical reactants.  

The polymorphic nature of TiO2 may affect its photoactivity due to changes in 

electron–hole recombination rates. TiO2 anatase has an indirect band gap, while rutile 

is a direct band gap material. This affects the rate of electron–hole recombination 

making anatase (slow electron–hole recombination rate) more active than the rutile 

polymorph (Rothenberger, Moser et al. 1985; Philip Colombo, Roussel et al. 1995). 

The particle size of the support may affect the reaction rate in addition to the nature of 

the support (Carp, Huisman et al. 2004). Moreover, it has been proposed that the 

particle size of the support affects the nature of its interaction with the metal loaded on 

it. This is, in part, because small support particles will have a higher % of surface 

defects that may further interact with the metal by charge transfer (Lundqvist, Nilsing 

et al. 2006; Blagojevic, Chen et al. 2009). The nature and size of the metal particles 

deposited also affects the electronic properties of the semiconductor thus its         

photoactivity. For example, noble metals have been found most active to increase the 

photocatalaytic activity of TiO2 for hydrogen production (Yamakata, Ishibashi et al. 

2003). In the case of Au metal, a shift of the Fermi level closer to the conduction band 

has been seen when decreasing its particle size from 8 to 3 nm
 
(Kamat 2008). 

Moreover, charge transfer from the metal to the support increases with decreasing 

metal particle size as seen, for example, in the case of Au on CeO2 thin films
 
(Baron, 

Bondarehuk et al. 2009). It has been reported that the photoreactions of organic 

compounds on metals impregnated on TiO2 are sensitive to metal loading. Some 

attempts were made to correlate their particle size to the photoreaction efficiency
 

(Bamwenda, Tsubota et al. 1995). 

Photoreactions, however, are more complex than thermal reactions as they not only 

involve many different electronic and geometrical properties of surface and interface 

but are also very much affected by the bulk structure of the support. It is obvious 

because not only the nature of the band gap, but also the relative positions of the 

valence and conduction band of the semiconductor with respect to donor (to the 

valence band) and acceptor (to the conduction band) matters. In very recent work, CO 

oxidation to CO2 over TiO2(110) rutile and TiO2(101) anatase has been studied in 
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order to address the effect of TiO2 bulk structure on its photocatalytic activity; the 

(110) and (101) are the dominant faces for the rutile and anatase surfaces, respectively. 

The difference in the activity was found to be about ten times (Xu, Gao et al. 2011). 

This difference is consistent with the difference in the bulk electron–hole 

recombination rates; anatase has a slower bulk electron–hole rate than rutile.  

The surface structure also affects the photoactivity. For example, work conducted on 

the surface of the rutile TiO2(001) surface has provided some results supporting this 

direction (Wilson and Idriss 2002). The rutile TiO2(001) reconstructs to the (011) 

surface once annealed at 750 K and to the (114) surface when annealed to 950 K, while 

the bulk structure remains the same. In this regard the reaction of acetic acid to 

methane and ethane was found to be about three times more active for the (011) 

reconstructed surface, as compared to the (114) reconstructed surface (Wilson and 

Idriss 2002). The reasons for these are unknown, but different dielectric constants may 

directly affect the electron surface recombination rates. Ethanol reactions over TiO2 

have been studied in some detail mainly for the photooxidation reactions (Reztsova, 

Chang et al. 1999). There has been sporadic work on hydrogen generation from 

ethanol over transition metal supported TiO2
 
photocatalysts (Korzhak, Ermokhina et 

al. 2008). Most experimental work on polycrystalline photocatalytic materials uses 

TiO2 Degusa P25: 80 % A and 20 % R (Wu, Chen et al. 2008). Some work has also 

been conducted on pure anatase or rutile phases
 
(Abe, Sayama et al. 2001). Moreover, 

many studies have focused on making TiO2 nanoparticles (Thimsen, Rastgar et al. 

2008) as novel photocatalyst materials, but with limited success.  

Among metal/TiO2 catalysts, gold catalysts with finite nanoparticle size have been 

found to be very active for specific reactions in dark conditions, such as CO oxidation 

(Lai and Goodman 2000; Chen and Burda 2008). Yet, their potential as active 

materials for photoreactions has only received sporadic attention (Bamwenda, Tsubota 

et al. 1995; Al–Mazroai, Bowker et al. 2007). Since the pioneering work of Haruta and 

co–workers (Chen and Burda 2008), it appears that over Au/TiO2, Au particles of sizes 

less than 10 nm or so are active for many catalytic reactions, including photoreaction 

for hydrogen production from ethanol (Bamwenda, Tsubota et al. 1995). In this thesis 

we further address, in a systematic way, the role of size of TiO2 as a support, its bulk 
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structure, Au loading and its particle size towards the photocatalytic activity of 

Au/TiO2 catalyst for H2 production from ethanol. Ethanol was opted as an alternative 

feedstock for two main reasons. First, it is produced from renewable sources and 

second it is a realistic prototype for larger molecules as it has a carbon–carbon bond. 

6.2.   Materials and methods 

6.2.1.   Catalyst preparation 

TiO2 anatase nanoparticles were prepared by the sol–gel hydrolysis of Ti(IV) iso–

propoxide and TiO2 supported gold nanoparticle catalysts (Au loading = 1–8 wt. %) 

were prepared by the deposition–precipitation method with urea. A detailed account of 

synthesis procedures for these materials can be found in experimental chapter section 

2.5.1.  

6.2.2.   Catalyst characterization 

The Au/TiO2 catalysts were characterized by BET, XRD, XPS, and TEM. The BET 

surface areas for all catalysts after supporting Au did not deviate from TiO2 anatase 

nanoparticles (105 m
2 

g
–1

Catal), rutile nanoparticles (170 m
2 

g
–1

Catal) and anatase 

microparticles (10 m
2 

g
–1

Catal) alone. XRD indicated that TiO2 was either in pure 

anatase or rutile phase. XPS analyses were performed on a Kratos Axis Ultra 

spectrometer. The detail of XPS parameters during data collection can be found in 

experimental chapter section 2.5.2. TEM data for the characterization of the sample 

was collected at ANSTO (Sydney, Australia) using a JEOL 2010F TEM. Details of the 

analyses are given in the experimental section 2.5.2 and will be outlined in brief below 

when needed to explain the results. 
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6.3.   Results and discussion 

6.3.1.    Photoreactions 

The photoreactions of ethanol on 2 wt. % Au/TiO2 anatase were performed and 

reaction products were monitored. It was found that the reaction is mainly a 

dehydrogenation of ethanol to acetaldehyde and H2: 

3 2 3 2CH CH OH CH CHO H                              (6.1) 

However, acetaldehyde was seen to decompose to CH4 and CO and their concentration 

was monitored during the reaction.  

 

Figure 6.1. Hydrogen formation as a function of time during the photocatalytic 

reaction of ethanol over 2 wt. % Au/TiO2 anatase nanoparticles. 

Figure 6.1 presents hydrogen formation during photocatalytic reaction of ethanol over 

2 wt. % Au/TiO2 anatase nanoparticles as a function of UV irradiation time. The inset 
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presents the change of the concentration of acetaldehyde and CH4. One can estimate 

the initial product selectivity to avoid a significant contribution due to any unknown 

secondary reactions. For example, after 100 min of irradiation time the product 

concentrations (mol mL
–1

) were as follows; H2 (4 × 10
−7

), CH3CHO (1.5 × 10
−7

), CH4 

(2.5 × 10
−7

) and CO + CO2 (5.0 × 10
−7

). The build–up of small amounts of CO2 was 

always observed. It is possible that surface oxygen atoms participate in the reaction, as 

indicated previously by other workers (Al–Mazroai, Bowker et al. 2007). This looks 

unlikely in this case as this would have resulted in catalyst deactivation. However, 

trace amounts of water over time were detected (by TCD) no matter how well the 

reactor was purged before the reaction. According to equation 6.2, one should expect 

an equimolar production of H2 and CH3CHO, however, it appears that some of 

CH3CHO is decomposed further to CH4 and CO. In other words, the combined 

production of CH3CHO and CH4 (or CO) should be close to H2. This is the case if 

CH3CHO and CH4 (4 × 10
−7

) are summed, but deviates (above experimental error) if 

the sum is calculated for CH3CHO and CO + trace CO2 (6.5 × 10
−7

). This difference in 

product concentrations could also be related to their solubility difference in the ethanol 

present in the reactor. As the main objective was to study the hydrogen production, 

further analysis of the products was not performed. The solubility of H2 in ethanol can 

be estimated equal to 2.2 × 10
–4

 mole fraction (Wainwright, Ahn et al. 1987). 

However, once ethanol is saturated with hydrogen, solubility parameters do not affect 

the rate of hydrogen production and, thus, can be ignored. 

6.3.2.   Photoreaction mechanism 

The reaction pathway is presented below;  

  CH3CH2OH    H2  +  CH3CHO      (6.2) 

  Reaction 1 is a multistep reaction: 

  CH3CH2OH  +  Tis
4+

 – Os
2–

    CH3CH2O–Tis
4+

  +  OH(a)      (6.2a)      

  (Ethoxide formation) 

  TiO2  +  UV    e
–
  +  h

+
              (6.2b)                                                

  (Electron excitation) 

  CH3CH2O–Tis
4+

  +  h
+
  Os  CH3C˙HOTis

4+
 +  OH(a)                    (6.2c) 

  (First electron injection) 
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  CH3C˙HOTis
4+

  +  h
+
    CH3CHO(g)  +  Tis

4+
            (6.2d)             

  (Second electron injection) 

  2OH (a)  +  2 e
–
    2Os

2–
  +  H2                 (6.2e)                                       

  (Hydrogen desorption) 

 

(a): adsorbed; (g): gas; (s): surface 

 

Equations 6.2a to 6.2e describe the reaction steps. In step 6.2a, ethanol is dissociatively 

adsorbed to form an ethoxide species and hydrogen ion (as a surface hydroxyl) on the 

surface, as has been established by infra–red analysis (Nadeem, Murdoch et al. 2010). 

This step is independent of light excitation. Step 6.2b involves the formation of 

electrons and holes upon ultraviolet (UV) excitation. In step 6.2c one electron injection 

generates the a–hydroxyethyl radical and releases the second hydrogen ion. In step 

6.2d the a–hydroxyethyl radical injects another electron to TiO2 and is converted to 

acetaldehyde. During the steps 6.2c and 6.2d, an ethanol molecule has injected two 

electrons into the conduction band. The time lag between the two electron injections 

from ethoxide to acetaldehyde is very fast in the case of TiO2. If this time lag is slow, 

the a–hydroxyethyl radical may combine to give 2,3–butanediol [CH3–CH(OH)–

CH(OH)–CH3] as in the case for ZnS nanoparticles (Müller, Majoni et al. 1997). This 

compound was not detected in this study.  

The role of Au is crucial as the reaction does not occur (or to a negligible extent) in its 

absence. This is because the electron–hole recombination rate in the TiO2 is too fast to 

allow for electron donation to hydrogen ions. However, in the presence of a transition 

metal (Au in this case), electrons are trapped and some are subsequently transferred to 

hydrogen ions. These H
+
 ions may have migrated there following the reaction of 

ethanol on the TiO2 surface: ethanol to ethoxide (step 6.2a) and ethoxides to a–

hydroxyethyl radical (step 6.2c). Acetaldehyde, once formed, is removed since its 

adsorption energy is smaller than ethanol (the adsorption energy of acetaldehyde 

compared to ethanol is not known on the anatase surface, however on rutile TPD 

experiments have shown that acetaldehyde desorbs at lower temperature than ethanol; 

a strong indication of its weaker adsorption energy. This might be the reason why 

acetaldehyde in the liquid slurry of ethanol and the catalyst does not further react in 

measurable amounts.  

Au 
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6.4.    Effect of TiO2 particle size  

6.4.1.   Catalyst characterization 

Figure 6.2 presents TEM images of 2 wt. % Au/TiO2 anatase microparticles (A and B) 

and of 2 wt. % Au/TiO2 nanoparticles (C and D). A and B are two different areas of the 

microparticle catalyst at two different magnifications. C and D are the same area of 

nanoparticle catalyst conducted in bright and dark field modes to highlight the 

presence of Au particles (D). The arrows indicate unambiguous Au particles in B and 

D. The rectangles in B and D are of the same size (45 × 65 nm
2
). Both catalysts 

contain the same amount of Au but the support TiO2 anatase is composed of two 

different particle sizes; one is microsized and the other one is nanosized. The microsize 

anatase particles are about 0.15 µm in diameter while the nanosized particles are 

between 5 and 10 nm in diameter. Based on their size, the larger particles can be taken 

to represent bulk material.  

 

Figure 6.2. Transmission electron microscopy TEM analysis of 2 wt. % Au/TiO2 

anatase microparticles and of 2 wt. % Au/TiO2 nanoparticles.  
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Table 6.1. Surface and bulk properties of 2 wt. % Au/TiO2 anatase nano and 

microparticles 

Catalyst 
BET 

m
2
/gcatal 

XPS Au4f/Ti2p 
Mean Au particle 

size (nm) 

TiO2 particle 

size ( nm) 

Au/TiO2 (nano) 105 0.016  ~ 7  ~ 10 

Au/TiO2 (micro) 10 0.046  ~ 5  ~ 150 

 

808284868890

XPS Au 4f

4f7/24f5/2

2 wt.% micro

2 wt.% nano

8 wt.% micro

Binding Energy (eV)

C
o
u
n
ts

 / s
 (A

rb
it. U

n
its

)

 

Figure 6.3. XPS Au4f of 2 wt. %  Au/TiO2 anatase microparticles and 2 wt. % 

Au/TiO2 anatase nanoparticles.  

The BET surface area is about an order of magnitude larger (105 m
2 

g
–1

Catal) for the 

nanosize particles compared to 10 m
2 

g
–1

Catal for the microsize particles; see table 6.1 

for more details. Au particle sizes are, however, of comparable dimension for both 

catalysts i.e. <7 nm as indicated by Au partile size histograms ‘E’ and ‘F’ in figure 6.2.  

Figure 6.3 presents XPS Au4f profiles for the two catalysts. The bottom spectrum is 

that of Au particles with large size (mean size >15 nm) as a representative of bulk Au 

materials. In addition to the Au4f the Ti2p, O1s and C1s regions were scanned (not 

shown). Table 6.1 contains the ratios of Au to Ti for the two catalysts where it can be 



Chapter 6                      Photoreactions of Ethanol over Au Supported on TiO2 Powders 

 

131 
  

seen that ratio is ca. three times lower for the Au nanosize catalyst. This is due, in part, 

to the higher amount of TiO2 analysed as the escape depth of the photoelectron is of 

the same order as the particle size in the nanosize particles, while a large proportion of 

the Ti atoms remain unseen by this method in the microsize catalyst. A secondary 

factor is the surface coverage of Au. Because in both cases the amount is 2 wt. %, the 

amount of Au covering the anatase microsize is larger than the anatase nanosize 

catalyst. 

6.4.2.   Photoreactions 

Figure 6.4 presents the reaction of ethanol to hydrogen as a function of UV irradiation 

time on 2 wt. % Au/TiO2 nanosized as well as microsized particles.  

 

Figure 6.4. Hydrogen formation as a function of time during the photocatalytic 

reaction of ethanol over 2 wt. % Au/TiO2 anatase nanoparticles and 2 wt. % Au/TiO2 

anatase microparticles at 300 K. 

Three observations are worth noting: (i) The induction period of the nanosized 

particles is shorter than the corresponding microsized particles of anatase. This could 
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be related to better light penetration in case of nanosize particles. UV light with an 

energy of 3.4 eV can absorb ca. 10 nm deep into TiO2 (Zhang and Yates 2010); (ii) 

The slope of the lines, once the induction period has elapsed, is about the same; (iii) 

The nanosized catalyst shows about one order of magnitude higher hydrogen 

production compared to the microsized catalyst. When the data are normalised to the 

surface area, both catalysts delivered a very similar reaction rate. The mean particle 

size for Au deposited over TiO2 nanoparticles is comparable; it is slightly larger (7 nm) 

for the TiO2 nanoparticles compared to the microparticles (5 nm). In both cases there 

are approximately 1.5 × 10
16

 particles per gram of catalysts (from the weight of Au, 

and the size of particles), yet as indicated in TEM images, these particles were still 

reasonably spaced on the microsized TiO2 material. These data indicate the absence of 

a contribution due to the particle size of the support in the enhancement of the reaction 

rate, which in turn indicates that the reaction rate simply tracks the number of Au 

particles on the support. From these results one would expect to observe similar 

reaction rates when normalized to the amount of Au present (Au/TiO2 ratio) on both 

supports.  

However, normalisation of the data to the Au/Ti ratio shows a deviation from these 

results for the reason invoked in the characterization section above; the escape depth 

covers Ti atoms in TiO2 nanoparticles, decreasing the analysed Au/TiO2 ratio but not 

those in the microparticles hence increasing the apparent Au/TiO2 ratio. The 

normalisation of the reaction rate by the surface area may indicate that the electron 

transfer properties of the anatase TiO2 support, within itself or across the interface with 

Au, does not change when changing the particle size from 10 to 150 nm (bulk). These 

results can be rationalized with the earlier computational studies on TiO2 anatase. One 

of the main properties that have been related to electron transfer within TiO2 is the 

localisation versus delocalisation of the electronic wave function with an 

understanding that the localisation decreases the electron–hole recombination rate. 

Computation using hybrid Density Functional Theory (B3LYP), a method known to 

give acceptable band gap separation in TiO2, of the electronic levels of the HOMO and 

LUMO of clusters of TiO2 anatase (Ti21O70H54) and rutile (Ti23O80H68) indicated their 

delocalisation, unless electrons are injected into the clusters (Blagojevic, Chen et al. 

2009). Moreover, it was reported using a similar computational method that local 
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defect states are only observed within the band gap for particles of  1 nm or less in size 

(Lundqvist, Nilsing et al. 2006). These two observations, together with our 

experimental results, indicate that nanoparticles of TiO2 would need to be of 1 nm size 

or less in order to effect any appreciable change in their electronic properties.  In this 

case Au deposition would need to be of atomic size to ensure contact.   

6.5.   Effect of Au loading, Au particle size and type of 

TiO2 phase 

6.5.1.   Catalyst characterization 

In this study Au loading was varied from 1 to 8 wt. % on both the anatase and rutile 

nanoparticles. Figure 6.5 shows a representative, high–resolution transmission electron 

microscopy (HRTEM) image of one of the catalysts used in this study (2 wt. % Au on 

TiO2 anatase).  

 

Figure 6.5. High resolution transmission electron microscopy (HRTEM) analysis of a 

typical Au/TiO2 photocatalyst.  

In figure 6.5 ‘a’ is the high–resolution transmission electron microscopy (HRTEM) 

image of the 2 wt. % Au/TiO2 anatase photocatalyst used in this study for hydrogen 

production showing strong contact between Au and the TiO2 support. The dark area (i) 

is Au and the lighter surrounding area (ii) is TiO2. This has been confirmed by Fourier 

transform analysis of these selected areas where ‘b’ indicates lattice fringes of the 
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anatase support and ‘c’ Characteristic Au(111) and (200) lattice fringes at 0.24 and 

0.20 nm. Figure 6.6 presents the Au particle size distribution for all of the catalysts 

examined. In this figure, A and R represent antase and rutile phases respectively and 

their coefficient correspond to Au wt. % loading. The mean Au particle size was 

determined by TEM analysis and was based on a count of more than 300 individual 

nanoparticles. The ordinate in figure 6.6 presents a normalized (0–100) number of Au 

particles, whereas the abscissa presents the particle size in nm. The following two 

points should be noted: (1) Au particles supported on anatase are consistently smaller 

than those supported on rutile; (2) as the Au metal content increases, Au particle size 

distribution becomes wider on both supports. It is significant that Au particles on the 

rutile support, which is characterized by a larger surface area, exhibited larger sizes. 

The dependence of Au particle size on the nature of the support has been noted 

previously and is attributed to differences in metal/support interaction (Cardenas–

Lizana, Gómez–Quero et al. 2009).  

 

Figure 6.6. Particle size distribution of Au on TiO2 on anatase (A) and rutile (R) 

photocatalysts at various Au loadings as determined by high–angle annular dark–field 

scanning TEM.  

The higher Fermi level of anatase can result in greater electronic interaction with Au 

particles, which can in turn, inhibits Au agglomeration/sintering during thermal 

activation,  leading  to  smaller  supported  Au  particles.  Other workers have reported  

http://www.nature.com/nchem/journal/v3/n6/full/nchem.1048.html#f2
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apparent Fermi levels for TiO2/Au of −250, −270 and −290 mV versus the normal  

hydrogen electrode for 8, 5 and  3 nm sized Au particles respectively (Kamat 2008). 

 

Figure 6.7. Dark–field TEM (top) and XPS Au4f (bottom) of the Au/TiO2 anatase and 

rutile photocatalysts. 

Surface Au was analysed by X–ray photoelectron spectroscopy (XPS). The XPS 

Au4f/Ti2p ratios are presented in table 6.2. We measured the Au4f binding energy for 

all catalysts (figure 6.7) and found that it is the same as Au in the zero valent state 

(84.0 eV). This demonstrates that Au particles between 3 and 30 nm (see the TEM 

dark–field images in figure 6.7 and the corresponding mean particle size in figure 6.6) 

deposited on anatase and rutile, are metallic. The main observation is the similarity of 

the electronic properties of Au despite a one order of magnitude difference in the 

Anatase Rutile 
1wt. % 2wt. % 

4wt. % 8wt. % 

1wt. % 2wt. % 

4wt. % 8wt. % 

Binding Energy (eV) Binding Energy (eV) 

XPS 
Au4f 

XPS Au4f       

Au4f 5/2 

Au4f 7/2 

        

90         88          86          84         
82 
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particle size. The XPS Au4f7/2 binding energy is consistent with zero–valent Au 

(dashed line). The nominal wt. % of Au is indicated for each spectrum.  

6.5.2.   Photoreactions 

6.5.3.1.   Effect of Au loading and Au particle size 

The results of a typical H2 production experiment are provided in figure 6.8 where the 

linearity with time is indicative of zero order kinetics. Figure 6.9 presents H2 

production rates from ethanol over each Au/TiO2 catalyst as a function of Au loading. 

 

Figure 6.8. Hydrogen production from ethanol as a function of time over 4 wt. % 

Au/TiO2 anatase under UV irradiation (350 nm). 

The rates plotted in figure 6.9 are normalized with respect to the catalyst surface area 

to facilitate a direct comparison. The left–hand y–axis presents the normalized rate per 

unit area for Au/TiO2 anatase nanoparticles and the right–hand y–axis is that for 

Au/TiO2 rutile nanoparticles. The x–axis presents the weight % of Au on the TiO2 

support. The particle size distribution of Au is shown in figure 6.6. Au/TiO2(R) shows 

a proportional increase in reaction rate with increasing Au content. Therefore, within 

the 20– 35 nm range, there does not seem to be any significant effect of particle size 

http://www.nature.com/nchem/journal/v3/n6/full/nchem.1048.html#supplementary-information
http://www.nature.com/nchem/journal/v3/n6/full/nchem.1048.html#f3
http://www.nature.com/nchem/journal/v3/n6/full/nchem.1048.html#f3
http://www.nature.com/nchem/journal/v3/n6/full/nchem.1048.html#f2
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and the increase in reaction rate is simply due to the greater availability of Au particles 

at the interface with TiO2, trapping electrons to reduce hydrogen ions to hydrogen 

molecules. Au/TiO2(A) also exhibited an increased rate with increased Au loading (up 

to 4 wt. %) with a corresponding increase in the mean Au particle size from 3 to 12 

nm. A further increase in Au loading (to 8 wt. %) leading to an increased particle size 

of  16 nm resulted in a decrease in the reaction rate. This decrease can be attributed to 

a reduction in the available metal–support sites where both metal and support are 

needed for the reaction to occur. 

 

Figure 6.9. Hydrogen photoproduction rates from ethanol over Au/TiO2 anatase (A) 

and rutile (R) as a function of Au loading. 

Table 6.2. Photocatalytic hydrogen production over Au/TiO2 anatase with different wt. 

% of Au. 

Wt. % Au XPS Au4f/Ti2p Rate in  mol m
–2

Catal min
–1

 Normalised rate 

1 0.003 4.7 x 10
–7

 1.4 x 10
–4

 

2 0.004 5.1 x 10
–7

 1.0 x 10
–4

 

4 0.008 11.0 x 10
–7

 1.4 x 10
–4
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We will focus on Au particles associated with the anatase support as size falls within 

the nanorange and the observed trend requires further analysis. Figure 6.7 presents 

XPS Au4f profiles for the all the catalysts.  In addition to the Au4f the Ti2p, O1s and 

C1s regions were scanned (not shown). Table 6.2 contains the ratios of Au to Ti for the 

anatase catalysts with Au loading from 1–4 wt. %. The values reported in column two 

of table 6.2 are corrected with respect to ionization cross section (Moulder, Stickle et 

al. 1992). From these ratios and hydrogen production rates from figure 6.9 (table 6.2, 

column 3), it is then possible to normalize the rate with respect to exposed Au atoms at 

the surface. It is clear from the last column of the table that the normalized rate is 

largely invariant over Au loadings of 1–4 wt. %. This result is in contrast with the 

accepted activity of Au particles in dark reactions where it has been established that 

Au particles larger than 10 nm are typically far less active than those smaller than 5 nm 

(Valden, Lai et al. 1998). Such a narrow dependence of reaction rate clearly does not 

apply in the photocatalytic reaction studied in this work. 

6.5.2.2.   Effect of TiO2 phase 

TiO2 alone in both forms was largely inactive for the reaction as expected. However, in 

the presence of Au the effect of the support towards photoreaction rates was found to 

be dramatic. Au/TiO2 anatase delivered a rate of H2 production two orders of 

magnitude higher than Au/TiO2 rutile. Inspection of the electron–hole recombination 

rates measured in other studies (Schindler and Kunst 1990; Yamakata, Ishibashi et al. 

2007; Katoh, Murai et al. 2008) can explain this observation as we are comparing 

anatase and rutile of similar particle size to each other. The rate of electron–hole 

recombination for anatase and rutile particles has been determined (Schindler and 

Kunst 1990; Yamakata, Ishibashi et al. 2007; Katoh, Murai et al. 2008) and was found 

to be greater for rutile in all cases, varying between one and over three orders of 

magnitude, depending on the method used. The different reaction rates observed in this 

work for hydrogen production over these two polymorphs may then simply be linked 

to the difference in electron–hole recombination rates. 

http://www.nature.com/nchem/journal/v3/n6/full/nchem.1048.html#t1
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6.6.   Effect of bulk structure 

6.6.1.   Characterization 

This study compares the photoreaction of ethanol to hydrogen production on 2 wt. % 

Au/TiO2 anatase, 2 wt. % Au/TiO2 rutile and 1.5 wt. % Au/TiO2 Degussa–P25 (ca. 80 

% anatase and ca. 20 % rutile) to see the effect of TiO2 bulk structure on photoreaction 

rates. 

 

Figure 6.10. Transmission electron microscopy (TEM) analysis of 2 wt. % Au/TiO2 

anatase nanoparticles and rutile nanofibers.  

In figure 6.10 A and B are the TEM images of of 2 wt. % Au/TiO2 anatase 

nanoparticles (dark field) and rutile nanofibers repectively. Arrows point to Au 

particles (dark spots). The inset in B is the image of same catalyst at higher resolution 

to highlight the Au particle. C and d are the Au particle size histograms of 2 wt. % 

Au/TiO2 anatase nanoparticles and rutile nanofibers respectively. TEM analysis (figure 

6.10) indicated that particle size of the TiO2 anatase and rutile support was at the 
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nanoscale range: anatase (ca. 15 nm); rutile (20 × 50 nm) with Au particles supported 

on them. The mean Au particle sizes were 7 and 22 nanometer on anatase and rutile 

supports as indicated by the Au particle size histograms ‘c’ and ‘d’ respectively. TEM 

image (figure 6.11) shows mainly small anatase particles and large rutile particles of 

25 and 85 nm respectively with Au nanoparticles supported on them. The mean Au 

particle size is ca. 3 nm as indicated by the Au particle size histogram on RHS. 

 

Figure 6.11. LHS: Transmission electron microscopy (TEM) analysis of 1.5 wt. % Au 

/ TiO2 Degussa–P25. 

6.6.2.   Photoreactions 

Figure 6.12 present activity of Au/TiO2 anatase, rutile and Degussa–P25. The region 

highlighted indicates the often observed activation time before the catalyst reaches its 

maximum activity. It was found that TiO2 Degussa–P25, which contains approximately 

20 % rutile and 80 % anatase, is more active than Au/TiO2 anatase alone. In other 

words the combined anatase and rutile phase of TiO2 is more active than the anatase 

phase alone. It is to be noted that Au concentration is very close in all three cases. 

Although the size of the Au particles and TiO2 support are different in these three 

catalysts, it has been demonstrated earlier that reaction rate does not depend on these 

factors and the rate is best presented by normalising the reaction rate to the available 

Au metal content on the surface. It must be noted that while comparing photocatalytic 

reactions reasonable comparisons must be allowed to fit the data as many parameters 

can influence the reaction rate. Once normalized the reaction rate for hydrogen 
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production in the case of Au/TiO2 rutile (6.0 × 10
–7 

mol m
–2

 min
–1

) is two orders of 

magnitude smaller than that seen over Au/TiO2 anatase (4.0 × 10
–5 

mol m
–2

 min
–1

). The 

normalised rate is obtained by dividing the rate (column 4) by the XPS Au4f/Ti2p 

(column 3). 
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Figure 6.12. Hydrogen production as a function of time from ethanol over Au/TiO2 

Degussa–P25; Au/TiO2 anatase and Au/TiO2 rutile.   

Table 6.3. Results of photoreaction activity towards H2 generation from ethanol over 

Au/TiO2 P25, Au/TiO2 anatase and Au/TiO2 rutile.  

Catalyst 
BET 
m

2
/g 

Corrected XPS 
Au4f/Ti2p 

Rate 
mol/(m

2
.min) 

Normalised 
rate 

1.5 wt. % Au/TiO2 
(P25) 

48 0.024 18 x 10
–7

 7 x 10
–5

 

2 wt. % Au/TiO2 
(anatase) 

105 0.017 7 x 10
–7

 4 x 10
–5

 

2 wt. % Au/TiO2 
(rutile) 

170 0.008 5 x 10
–9

 6 x 10
–7
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Moreover, hydrogen production rate over Au/TiO2 anatase is about two times smaller 

than that observed on Au/TiO2–P25 (7.0 × 10
–5 

mol m
–2 

min
–1

) (see table 6.3). The 

reason for the very weak activity for the rutile phase can be explained by the very fast 

electron–hole recombination rate and therefore the time needed for the electron 

transfer reaction to occur is too short to allow for the catalytic reaction. The question 

now is why a combination of rutile and anatase phases is better than the anatase alone, 

although one would expect the rate to simply scale with the amount of both 

components available. One possible explanation can be given with the help of scheme 

6.1.  

 
 

Scheme 6.1. Postulated explanation for the enhancement of the reaction rate for 

hydrogen production from ethanol over Au/TiO2 Degussa–P25.  

Because the band gap of the rutile phase is about 0.2 eV smaller than that of the 

anatase the number of charge carriers is far higher. At the interface between the 

anatase, rutile and Au particles electrons can migrate from one particle to another. An 

electron initially excited from the valence band to the conduction band in the rutile 

structure may migrate to the anatase particle and benefit from a far slower electron–

hole recombination rate. Au particles at the interface between the anatase and rutile 

phases will benefit from the higher charge carrier number (n) in rutile and the slower 

electron–hole recombination rate (Rrec(e
–
 – h

+
)) in the anatase phase. Therefore, the 

rutile is simply acting as an electron reservoir for the anatase phase at the interface. 

Another possible explanation can be given by referring to studies by Hurum and co–
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workers (Hurum, Agrios et al. 2003). They, by using electron paramagnetic 

spectroscopy (EPR) technique, proposed that electron transfer takes place from the 

rutile conduction band edge to electron trapping sites of anatase. This process is 

energetically favored since the anatase lattice trapping site is 0.6 eV lower in energy 

than rutile conduction band edge. This electron transfer will reduce the electron–hole 

recombination in anatase phase and, thus, increase the hydrogen production rate. 

It is now instructive to compare the reaction rates for the photocatalytic reaction and 

the thermal catalytic reaction. The highest observed rate for hydrogen production is 

seen for 1.5 wt. % Au/TiO2 (anatase + rutile). The rate is found to be 18 × 10
–7 

mol   

m
–2

Catal
 
min

–1
 or ca. 2.2 L kg

–1
Catal min

–1
. The rate of hydrogen production in the case 

of ethanol steam reforming at 773 K on a bimetallic catalyst is equal to 140 L Kg
–1

Catal 

min
–1

 (Scott, Nadeem et al. 2011). This is about 60 times faster. It is to be noted that 

the photoreaction of ethanol to hydrogen in this study and most likely in all other 

studies, gives only one mole of hydrogen per one mole of ethanol, while the steam 

reforming yields six moles of hydrogen (due to the release of hydrogen from water in 

addition). If a photocatalyst is capable of conducting water reforming with ethanol at 

room temperature, the hydrogen yield would be considerably higher but still around 

ten times less than that obtained by steam reforming. This activity might still be 

enough to warrant scale up of the photocatalytic process, since no heat would be 

required for the reaction to occur. 

6.7.   Conclusions 

Au/TiO2 catalysts were investigated to study the effect of various paramemeters on 

photocatalytic H2 production from ethanol. Catalysts composed of Au particles 

deposited on TiO2 anatase were found active for H2 production from ethanol under 

photoirradiation. Photoreaction rate on 2 wt. % Au/TiO2 anatase with comparable 

Au particle size and different support size, indicated that when the support s ize 

increases by two orders of magnitude (from 10 to 150 nm) the activity per unit 

weight decreases but is largely the same when normalised to the surface area. This 

observation indicates that while nanoparticles of TiO2 enhance the reaction rate this 

enhancement is merely geometrical and does not seem to indicate differences 
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attributed to intrinsic electronic properties. However, the photocatalytic production 

of H2 over Au/TiO2 anatase is found to be around two orders of magnitude higher 

than that recorded for Au/TiO2 rutile. On Au/TiO2 anatase, reaction rates increased 

with Au particle size up to around 12 nm. However, normalization of the reaction 

rates per Au atom indicates that the specific rate is independent of Au particle size 

up to 12 nm. The decrease of the normalized reaction rate at higher Au sizes is 

most likely due to a geometric rather than an electronic effect. Photoreaction rates 

of Au supported anatase and rutile were compared with TiO2 Degussa P25 (a 

combination of both) to study the effect of polymorph of TiO2. It was found that 

the photocatalytic activity of TiO2 Degussa P25 was higher as compared to the 

photocatalytic activity of the anatase or rutile phase in their pure form or their 

combined activity based on their relative  amounts. This increase in activity was 

attributed to the presence of synergistic effects among the particles of these phases. 
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7 

Dark Reactions of Ethanol on TiO2 and Au 

Supported on TiO2 Powders  

7.1.   Introduction 

The study of the reactions of alcohols on TiO2 has many important technological 

applications. Ethanol, in particular, may be exploited as a renewable energy carrier for 

generating hydrogen as well as a renewable feed for specialty chemicals. In addition, 

alcohols in general can act as simple model contaminants to test environmental 

cleaning strategies; one of them is photomineralization of organic contaminants to 

CO2. Ethanol photoreaction on M/TiO2 (where M is a transition metal) for hydrogen 

production has been studied in some detail over the last decade (Yang, Chang et al. 

2006; Korzhak, Ermokhina et al. 2008) as well as during this work (chapter 6) and it 

was found that Au/TiO2 anatase has very high activity. The aim of this work is to 

further understand the reactions of ethanol on titania supported Au nanoparticle 

catalysts. The dark catalytic and non–catalytic reactions of ethanol have been 

investigated previously over a wide range of model and real catalytic surfaces 

(Cavallaro and Freni 1996; A. Rizzi, Magrin et al. 1999; Chong, Griffiths et al. 2000; 

Idriss and Barteau 2000; Idriss and Seebauer 2000; Idriss and Seebauer 2000; Breen, 

Burch et al. 2002; Fierro, Klouz et al. 2002; Sheng, Yee et al. 2002). These studies 

indicated that ethanol adsorbs dissociatively to initially produce ethoxides and surface 

hydroxyls; the ethoxides are attached to surface metal cations while the hydrogen ions 

are attached to surface oxygen anions. These ethoxides generally undergo 

dehydrogenation and dehydration to give acetaldehyde and ethylene, respectively, 

depending on the nature of the oxide (Idriss and Barteau 2000).  
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The factors effecting these two reactions include acid/base site density (Idriss and 

Seebauer 2000), bond strength and electronegativity difference (Kyrlov 1970), 

Madelung potential of oxygen anions and metal cations (Chong, Griffiths et al. 2000), 

and the oxygen electronic polarisability of the oxides (Idriss and Seebauer 2000). In 

general, large metal cation–oxygen anion bond strength (often associated with a large 

Madelung potential of oxygen anions), will favor dehydration over dehydrogenation. 

TiO2 fits with these requirements and has been shown to produce large amounts of 

ethylene as compared to acetaldehyde. Other products mostly resulting from 

acetaldehyde have also been observed for the reaction of ethanol over metal oxides. 

These include: crotonaldehyde (formed by β–aldolisation of acetaldehyde) (Idriss, Kim 

et al. 1993), ethyl acetate (formed by dimerisation of two acetaldehyde molecules), 

acetates (formed by direct oxidation of acetaldehyde) (Idriss and Seebauer 2000), 

benzene (an intriguing reaction initially observed on Pt/CeO2 and proposed to occur 

via a series of condensation steps (β–aldolisation) to give a C6 unsaturated compounds 

that undergo dehydration followed by cyclization steps to ultimately yield the 

thermodynamically stable compound, benzene) (Luo and Falconer 1999; Yee, 

Morrison et al. 1999; Chong, Griffiths et al. 2000), furan (Idriss and Barteau 1996) and 

butenes (Idriss and Barteau 2000).  

The deposition of gold nanoparticles on TiO2 for catalytic applications has been 

pursued for over a decade (Dobosz and Sobczynski 2001; Orlov, Chan et al. 2006; 

Sonawane and Dongare 2006; Iliev, Tomova et al. 2007; Alaerts, Wahlen et al. 2008; 

Rodriguez–Gonzalez, Zanella et al. 2008; Min, Heo et al. 2009; Wu, Liu et al. 2009). 

Since the pioneering work of Haruta and co–workers which demonstrated the unique 

catalytic activity of Au/TiO2 for the selective low temperature CO oxidation (Haruta 

1997), the number of reports describing the use of Au/TiO2 as heterogeneous catalyst 

for thermal reactions has grown considerably. These works have elaborated how to 

prepare Au nanoparticles with a narrow size distribution strongly anchored on the 

surface of TiO2 nanoparticles. Au/TiO2 materials also have enormous promise as UV 

light driven photocatalysts. Owing to the extensive research that has been conducted 

relating to Au nanoparticles supported on different metal oxides, a general consensus 

now exists on several aspects of the Au–oxide system. The size of the gold particles 

substantially affects the catalytic activity, and the gold clusters must be smaller than 5 
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nm for high catalytic activity to occur. However, during this study presented in chapter 

6 it has been observed that 5 nm limit is not needed for photocatalytic hydrogen 

production from ethanol over Au/TiO2. The work presented in this chapter explores the 

effect of added Au nanoparticles on the decomposition mechanisms of ethanol on TiO2 

under dark conditions in order to further probe into the specific chemical reaction 

pathways. 

7.2.   Experimental 

7.2.1.   Catalyst preparation  

TiO2 anatase nanoparticles and rutile nanofibers were prepared by the sol–gel 

hydrolysis of Ti(IV) iso–propoxide and TiO2 supported gold nanoparticle catalysts (Au 

loading = 1, 2, 4 and 8 wt. %) were prepared by the deposition–precipitation method 

with urea. A detailed account of synthesis procedures for these materials can be found 

in experimental chapter section 3.5.1. TiO2 inverse opal catalysts were prepared by Dr. 

Geoffrey Waterhouse at the University of Auckland. He used a similar procedure as 

reported elsewhere (Kumar, Bisht et al. 2011). Briefly, methyl methacrylate (MMA) 

and water emulsion (1:4) was prepared by vigorous mechanical stirring. 

Polymerization of the colloidal suspension was carried out by adding 1.5 g of 2, 2′–

azobis (2–methylpropionamidine) dihydrochloride at 343K and allowing the reaction 

to occur for three hours. The resulting colloidal suspensions of polymethyl 

methacrylate (PMMA) colloids in water were allowed to cool to room temperature and 

filtered through a glass wool plug. Colloidal crystal templates of PMMA colloids with 

fcc structure were prepared by centrifuging the colloidal suspension at 1500 rpm for 24 

h followed by decantation and drying for two weeks at room temperature. PMMA 

colloidal crystals were lightly crushed with a metal spatula to obtain fractured pieces of 

size <2 mm for further use. TiO2 inverse opals were prepared by filling the voids in 

PMMA colloidal crystal templates with a TiO2–sol solution, followed by calcination to 

remove the PMMA template. TiO2–sol was prepared by the same method described in 

material and method chapter section 2.4.1. TiO2–sol was applied drop wise on PMMA 

colloidal crystals (5.0 g) deposited in thin layer on filter paper in a Buchner funnel 

with a strong vacuum applied. The resulting TiO2/PMMA composites were dried in air 
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at 293K for two days. The TiO2 inverse opal powder was obtained by calcination of 

the dried composite at 673 K for two hours. 

7.2.2.   Catalyst Characterization 

The Au/TiO2 catalysts were characterized by nitrogen physisorption, XRD, XPS, 

TEM, and diffuse reflectance UV–Vis measurements. The BET surface areas for all 

catalysts after adding Au did not deviate from that of TiO2 anatase nanoparticles (105 

m
2 

gCatal
–1

), rutile nanoparticles (170 m
2 

g
–1

Catal) and TiO2 inverse opal (60 m
2 

g
–1

Catal) 

alone. The cumulative pore volume 0.26 cm
3 

g
–1 

and average pore radius 4 nm typical 

for the anatase TiO2 anatase support were unchanged. However, cumulative pore 

volume 0.50 cm
3 

g
–1 

and average pore radius 7.2 nm for rutile TiO2 support were 

observed to change with Au loading.  

  

Figure 7.1. XRD Patterns for TiO2 anatase nanoparticles (A), rutile nanofibers (R) and 

TiO2 inverse opal (IO) with different Au loadings and microsized Au metal powder as 

indicated. 

XRD revealed the broad features typical for the nanocrystalline TiO2 polymorphs as 

well as for Au particles as shown in the figure 7.1. The XRD pattern of microsize Au 

particles can be used as a reference to monitor Au deposition on TiO2. In case of 
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anatase catalysts the Au(111) reflection was not very informative due to its overlap 

with the TiO2 anatase (004) reflection. Au(200) reflection was visible in the form of 

very broad, low intensity peak in case of 8 wt. % Au loading indicating the presence of 

very small Au particles. However, in case of Au/ rutile TiO2 catalysts, the Au(111) 

reflection was very clearly observed and increased in intensity with an increase in Au 

loading. The sharpness of the Au peaks for the Au/TiO2 rutile catalysts indicated the 

presence of larger Au particles as compared to particles present on anatase TiO2 

support. These results are in line with the results obtained by TEM studies. 

 

Figure 7.2. Transmission electron microscopy (TEM) analysis of 8 wt. % Au/TiO2 

anatase nanoparticles and rutile nanofibers.. 

XPS analyses were performed on a Kratos Axis Ultra spectrometer. TEM data for the 

characterization of the sample was collected at ANSTO (Sydney, Australia) using a 

JEOL 2010F TEM. The detail of XPS and TEM parameters during data collection and 

analyses procedure has been given in materials and method chapter section 3.5.2 and 

will be outlined in brief when needed to explain the results. TEM and XPS results of 

1–8 wt. % Au/TiO2 (Anatase and rutile) catalysts have been discussed before in section 
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6.5 of chapter 6 in detail. In general Au particle sizes increase with increasing Au 

loading from 1 to 8 wt. % while no change in the XPSAu4f binding energies are seen 

when compared to that of bulk Au metal in agreement with a recent work using 

environmental XPS (Porsgaard, Jiang et al. 2011). Figure 7.2 ‘a’ and ‘c’ indicate that 

mean gold particles size on 8 wt. % Au/TiO2 anatase catalyst is ca. 16 nm. As seen 

previously the deposition with urea preparation method produces small gold particles 

in good contact with the TiO2 anatase support, even at high Au loadings. Figure 7.2 ‘b’ 

and ‘d’ indicate that, on 8 wt. % Au/TiO2 rutile nanofibers, gold particles have wide 

distribution range of size ca. 18–42 nm with mean Au particle size of ca. 30 nm. The 

rectangles in the both main images are magnified and presented at the top right corner 

to highlight Au particles indicating that Au particles are in good contact with the 

support. 

 

Figure 7.3. Scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) analysis of 2 wt. % Au/TiO2 inverse opal material. 

Figure 7.3 shows SEM and TEM images of the 2 wt. % Au/TiO2 inverse opal material. 

As seen in the SEM image “a”, TiO2 inverse opal is a highly ordered three 

dimensionally macroporous (3DOM) structure consisting of TiO2 anatase 

nanoparticles. The macro–pores can be clearly observed in this image. The region 
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inside the rectangle in this image was analysed by TEM and is presented as image “b”. 

Dark lines in the TEM image correspond to the walls of the macro–pores where the 

bright areas correspond to the windows formed due the presence of walls of the 

macro–pores present underneath. The diameter of macro–pores is around 215 nm 

indicated by both SEM and TEM images. Image “c” is the TEM image of region inside 

the rectangle in image “b” taken at higher resolution to highlight the structure of the 

macropore walls. This image indicates that TiO2 anatase nanoparticles (8–12 nm) form 

the walls of these macro–pores with Au particles supported on them. There is present a 

second kind of pores among the TiO2 particles within the walls and are called 

mesopores (10–15 nm). TEM image “d” corresponds to the region inside the rectangle 

in image “c” indicating that Au particle are in a good contact with the support where 

‘e’ is Au particle size histogram of same material which indicates that average Au 

particle size is ca. 3 nm.  

 

Figure 7.4. Diffuse reflectance spectra of Au/TiO2 P25 photocatalysts with 0 (a), 1 (b), 

2 (c) and 5 (d) wt. % Au loading. 

Gold nanoparticles are characterized by a surface plasmon resonance (SPR) at visible 

wavelengths. The SPR is a collective excitation of valence electrons caused by the 

oscillating electric field of the propagating light waves, and is very sensitive to the 
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diameter of the Au particle above 25 nm size (Rodriguez–Fernandez, Funston et al. 

2009), particle shape and also the refractive index of the surrounding medium. For 

isolated spherical Au nanoparticles with diameter < 20 nm, the Au SPR is typically 

observed around 520 nm, though for supported Au nanoparticles on TiO2 the SPR will 

be red shifted to longer wavelengths due to the high refractive index of TiO2. Diffuse 

reflectance UV–Vis indicated the surface plasmon resonance of Au at ca. 560 nm 

similar to those observed recently by other workers for Au/TiO2 materials 

(Borensztein, Delannoy et al. 2010). No shift in SPR position was observed in our case 

due to the Au particle size of less than 25 nm. UV–Vis Spectra were performed using a 

Shimadzu double–beam UV–2100 spectrophotometer. The UV spectrophotometer was 

equipped with an integrating sphere, having a 60 mm internal diameter. Spectra were 

measured in the range of 240–500 nm at a slit width of 2 nm. Au/TiO2 and TiO2 

samples were imprinted on to anhydrous barium sulfate powder, which was used as a 

support for UV reflectance spectroscopy. BaSO4 is an inert, non–absorbing solid 

standard, which is an essential component of reflectance accessory. The baseline was 

done using BaSO4 as the reference. 

7.2.3.   Infra–red spectroscopy 

Infra–red spectra were obtained using a Nicolet (Nexus) Fourier transform 

spectrometer. Detail of equipment used and experimental parameters is given in 

experimental chapter section 3.5.4. 

7.2.4.   Temperature programmed desorption (TPD) 

A detailed account of experimental procedures and the equipment used in the TPD 

studies can be found in experimental chapter section 3.5.3. Relative yields of all 

desorption products were determined following references (Ko, Benziger et al. 1980) 

for the mass spectrometer sensitivity factor and (Idriss, Kim et al. 1993; Yee, Morrison 

et al. 2000; Sheng, Yee et al. 2002) for the calculation method. 
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7.3.   Results and discussion 

7.3.1.   Temperature programmed desorption studies 

Ethanol TPD was performed on both the TiO2 and Au/TiO2 catalysts after hydrogen or 

oxygen treatment. Hydrogen treatment was carried at 673 K overnight under H2 flow 

rate of about 10 mL min
–1

 at one atmospheric pressure. Results indicated that prior 

treatment under hydrogen or oxygen at atmospheric pressure slightly affected the 

distribution and desorption temperature of the reaction products. The effect was more 

pronounced with increasing Au loading. Reaction products always desorbed at lower 

temperatures in the case of oxygen treated (oxidized) catalysts as compared to 

hydrogen reduced catalysts. Carbon product selectivity of un–reacted ethanol was 

always higher in case of oxygen treated catalysts indicating that they are more reactive 

than corresponding hydrogen treated catalysts. In this study, we are interested in 

examining the effect of added metallic Au on the surface reactions of ethanol on TiO2. 

As a result, only results of the H2–reduced catalysts are presented and discussed in 

detail. However, the product desorption profiles and carbon product selectivities of 

oxidized titanias are given in supplementary material for comparison. 

7.3.1.1.   Reactions of ethanol on TiO2 anatase nanoparticles 

TPD products profile following ethanol adsorption at 300 K on H2–treated TiO2 is 

shown in figure 7.5. Based on the catalyst surface area (107 m
2 

g
–1

Catal) and number 

density of 5–fold coordinated Ti atoms on a TiO2 surface (2 Ti atoms per 38.76Å
2
 = 

5.16 × 10
18

 Ti atoms per 1 m
2
), the number of Ti atoms available on the surface in 50 

mg of TiO2 loaded in the TPD reactor is equal to ca. 3 × 10
19 

atoms. Since the amount 

of ethanol used was 1 µL (1.03 × 10
19

 molecules) and assuming that all the ethanol 

molecules in 1µL of ethanol dosed are adsorbed, the coverage is ca. 0.4. The reactivity 

of aliphatic alcohols with TiO2 powders has been studied by using a number of 

different techniques and pretreatments, including temperature programmed desorption 

spectroscopy (Lusvardi, Barteau et al. 1995; Gamble, Jung et al. 1996; Lusvardi, 

Barteau et al. 1996; A. Rizzi, Magrin et al. 1999) and references therein. In general, 

adsorption is largely dissociative yielding alkoxides and surface hydroxyl groups. 
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Figure 7.5 presents TPD profile of different desorption products after ethanol 

adsorption at room temperature on H2–reduced anatase TiO2 nanoparticles. In this 

work ethanol is seen to desorb in the temperature domain 380–700 K and accounted 

for 3.8 % of the total product desorbed. Ethanol desorption profile can be deconvoluted 

to two peaks; a small one at about 460 K followed by a large desorption peak at about 

620 K. The large peak might be attributed to ethoxide and hydroxyl recombination on 

surface oxygen defects. The most pronounced desorption signal is that of ethylene at 

665 K contributing 71.7 % of the total product desorbed.  

 

Figure 7.5. TPD profile of different desorption products after ethanol adsorption at 

room temperature on H2–reduced anatase TiO2 nanoparticles. 

Assuming that surface coverage was initially about 0.4, then the number of sites 

involved in ethoxide conversion to ethylene is about 0.3. Ethylene is formed by 

ethoxide dehydration which can be linked to ethoxides adsorbed on oxygen defected 
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sites. Because the number of oxygen defects sites prior to adsorption cannot reasonably 

exceed 30 %, the dehydration reaction can be due in part to additional defects created 

during TPD. These defects can be created by the removal of surface water as follows: 

  CH3CH2OH(g)  +  Ti(s)–O(s)    CH3CH2OTis  +  OH(a)    (7.1) 

  2OH(a)    H2O(g)  +  VO         (7.2) 

(a) for adsorbed; VO for surface oxygen vacancy; (s) for surface. 

It is clear from equations 7.1 and 7.2 that the number of VO is at maximum ½ of the 

number of ethoxides/ethanol(a) and therefore can, at maximum, be equal to a surface 

coverage of 0.2. Therefore the formation of ethylene can be linked to a combined 

number of surface oxygen defects created prior to adsorption and those formed during 

TPD among other factors. A smaller fraction of ethoxides gave acetaldehyde by 

dehydrogenation (4 %). It has been seen numerous times that the dehydrogenation 

reaction is far weaker on TiO2 compared to the dehydration reaction. One can view 

this reaction as due to the removal of a hydride from the ethoxide as follow: 

  CH3CH2O(a)  +  OH(a)   CH3CHO(g) +  H2(g)  +  O(s)   (7.3) 

(a) for adsorbed; (s) for surface, (g) for gas phase.  

It is important to emphasize that the hydrogen removed from the ethoxide is a hydride 

(H
δ–

, i.e. a negatively charged H) that recombines with the hydrogen ion (H
δ+

) of the 

hydroxide to form H2. The amount of acetaldehyde desorbed is not a true indicator of 

the extent of the dehydrogenation reaction on a reduced TiO2 surface. There are other 

reactions which compete with acetaldehyde desorption. The most important of these 

reactions is the reductive coupling of carbonyl compounds to olefins known as 

McMurry reaction and has been observed previously on reduced TiO2 single crystals. 

In this study, TPD results on TiO2 alone (figure 7.5 and table 7.1) indicated 

considerable desorption of butene (9.6 %) that is formed through this reaction: 

  2CH3CHO  +  2 VO   CH3CH=CHCH3  +  2 Os     (7.4) 
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Table 7.1. Carbon % yield and selectivity from ethanol TPD on TiO2 nanoparticles, 

after overnight reduction at 723 K with H2. 

Product 
Peak 

temperature (K) 
Carbon Yield (%) Carbon Selectivity (%) 

Ethanol (380–550, 615) 0.2, 3.6 – 

Acetaldehyde 660 4.0 4.2 

Ethylene 660 71.7 74.5 

Butene 660 9.6 10.0 

Methane 660 1.8 1.9 

Crotonaldehyde 385–605, 665 0.02, 0.4 0.02, 0.42 

CO2 610 0.1 0.1 

Benzene 365–580, 650 0.6, 7.9 0.6, 8.2 

Furan 385–580, 650 0.02, 0.1 0.02, 0.1 

Total LT, HT 0.84, 95.5 0.64, 99.3 

LT and HT indicate total carbon % yield at low temperature and high temperature domains respectively. 

The carbon yield involves the corrected peak area of a desorbing product times its number of carbon. 

The carbon selectivity is the same taking away the reactant (ethanol in this case). 

Together with butene desorption there is also a small desorption of crotonaldehyde 

(0.4 %) via –aldolisation (condensation of two acetaldehyde molecules followed by 

dehydration).  Therefore, the true activity of TiO2 to acetaldehyde is close to 20 % 

(taking into account reaction stoichiometry of the formation of butene and 

crotonaldehyde). In other words, the dehydration to dehydrogenation ratio is around 3. 

Intriguing is the formation of a non–negligible amount of benzene. Benzene 

production has previously been seen from ethanol during TPD on other surfaces (Yee, 

Morrison et al. 2000; Yee, Morrison et al. 2000; Sheng, Yee et al. 2002) but has not 

yet been reported on H2–reduced TiO2. This reaction will be discussed in more detail 

below in the case of Au/TiO2 catalyst as the addition of Au increases benzene 

formation considerably. A small amount of methane with overall carbon selectivity of 

1.9 % desorbed at high temperature. CO2 was seen to desorb in trace quantities at 610 

K. This latter might have come from the high temperature decomposition of surface 

carbonates seen in IR studies (discussed in IR section below). These results indicate 
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that like previous studies on both single crystal rutile TiO2(110) and (001) (Kim and 

Barteau 1990; Nadeem, Muir et al. 2011) and TiO2 polycrystalline surfaces (Lusvardi, 

Barteau et al. 1995; Lusvardi, Barteau et al. 1996; Nadeem, Murdoch et al. 2010), 

alcohols decompose on reduced TiO2 nanoparticle surfaces to produce surface bound 

ethoxides, which are removed via two reaction channels during temperature 

programmed desorption experiments.  

7.3.1.2.  Reactions of ethanol on Au/TiO2 anatase nanoparticles 

In this study, the effect of Au loading on ethanol TPD reaction products was conducted 

for a series of H2–treated Au/TiO2 (Anatase) nanoparticle catalysts with 1, 2, 4 and 8 

wt. % Au loading. The TPD product profile following ethanol adsorption at 300 K on 

this 8 wt. % Au/TiO2 anatase catalyst is shown in figure 7.6. 

 

Figure 7.6. TPD profile of different products after ethanol adsorption at room 

temperature on H2–reduced Au/TiO2. 
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In general, Au loading affected the TPD desorption products temperature and 

distribution gradually. However the effect of added Au was most pronounced on 8 wt. 

% Au/TiO2 catalyst and is presented in more detail. Un–reacted ethanol (m/z = 31) 

started to desorb at 380 K very similar to pure TiO2 nanoparticles, however, 

conversion to other products is seen about 60 K lower than in case of TiO2 alone. The 

overall desorption of un–reacted ethanol is found to be 12 % of the total carbon yield. 

Benzene was also desorbed at 380 K contributing 10.4 % carbon yield at this 

temperature range and 50.3 % at 585 K with other desorption products at higher 

temperature domain. Aside from benzene and ethanol, no other product was seen to 

desorb in the 380 K temperature domain. The majority of the products desorbed at 

temperatures above 580 K in two desorption domains. In the case of pure TiO2, only 

one desorption domain was observed. It can be noticed that Au loading shifts the 

product desorption in the high temperature domain towards lower temperature. 

However, there are still some desorption occurring due to TiO2 sites not in proximity 

of Au. Therefore it appears that ethoxide species close to Au particles react differently 

than those on TiO2 alone.  

Table 7.2. Carbon % yield and selectivity from ethanol TPD on Au/TiO2 

nanoparticles, after overnight reduction at 723 K with H2. 

Product 
Peak Temperature 

(K) 

Carbon Yield 

(%) 

Carbon 

Selectivity (%) 

Ratio 

MT/HT 

Ethanol 355–500, 540 3.9, 8.3 – – 

Acetaldehyde 585, 640 3.9, 1.6 4.4, 1.8 2.4/1 

Ethylene 590, 640 7.0, 4.2 8.0, 4.8 1.7/1 

Butene 600, 640 2.0, 1.7 2.3, 2.0 1.2/1 

Methane 590, 640 0.5, 0.5 0.5, 0.5 1/1 

Crotonaldehyde 600, 640 1.3, 1.8 1.5, 2.0 0.7/1 

CO2 650 0.5 0.6 – 

Benzene 355–477, 585 10.4, 50.3 11.8, 57.3 50/0 

Furan 585 2.3 2.6, 2.3/0 

Total LT, MT, HT 14.3, 76, 9.8 11.8, 76.6, 11.7 6.5/1 

LT, MT and HT indicate total % carbon yield at low, middle and the high temperatures, respectively. 
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The carbon selectivity for products desorbing at ~ 590 K was found equal to 76.6 % 

while that at 640 K is equal to 11.7 %. Carbon yields and carbon selectivities at the 

individual desorption temperatures are summarized in table 7.2. It can be noticed that 

for the Au/TiO2 catalyst, benzene is the most dominant desorption product with a total 

carbon selectivity of 69.1 %, most of which desorbed at 590 K along with ethylene 

(dehydration), acetaldehyde (dehydrogenation), and other minor products including 

butene, crotonaldehyde and furan. Very small amount of methane with carbon 

selectivity of 0.5 % was also detected. CO2 was detected only at the highest 

temperature of 650 K. 

7.3.1.3.   Benzene formation  

On TiO2 anatase ethylene was the major product desorbed with overall carbon 

selectivity of 74 %. However, on Au/TiO2 benzene was the major product with ~ 70 % 

carbon selectivity on 8 wt. % Au/TiO2 due to increase in benzene selectivity with 

increase in Au loading.  

 

Figure 7.7. Desorption profile of benzene from TPD of ethanol adsorbed on TiO2 and 

Au/TiO2 with indicated Au loading. 
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Figure 7.7 show the effect of Au loading on benzene formation in case of H2–reduced 

catalysts where the decrease in the benzene desorption temperature and an increase in 

its amount with increase in Au loading can be observed clearly. A simple explanation 

for the higher benzene selectivity on Au/TiO2 might be that ethylene is converted to 

benzene by a trimerization/dehydrgenation–type reaction. This explanation is most 

likely not accurate as discussed below. Previous work by our group has shown the 

formation of crotonaldehyde from acetaldehyde over powder CeO2 (Idriss, Diagne et 

al. 1995), reduced single crystal UO2(111) (Chong and Idriss 2001), powder UO2 

(Madhavaram and Idriss 2004), U3O8 (Madhavaram and Idriss 2004), Al2O3 

(Madhavaram and Idriss 2004). Crotonaldehyde formation has also been observed, 

from acetaldehyde, over TiO2 single crystals as well as powders (Idriss, Kim et al. 

1993). Its formation requires both coordinatively unsaturated Ti cations to act as Lewis 

acid sites to bind acetaldehyde and a nearby basic site (oxygen anion) to abstract an α–

H from acetaldehyde. The abstraction of a proton from the α–position of acetaldehyde 

by lattice oxygen results in the formation of a –CH2CHO(a) and a surface hydroxyl 

group.  

 

Scheme 7.1. Schematic of proposed mechanism for benzene formation over Au/TiO2; 

2, 4–hexadienal is formed as shown in equation 7.5. 

The former is a nucleophilic species which can react with the electrophilic carbonyl 

group of second acetaldehyde molecule adsorbed on an adjacent Ti cation to give an 

adsorbed aldol. The aldol thus formed further dehydrates to crotonaldehyde. However, 

the amount of crotonaldehyde desorbed during TPD is small over the Au/TiO2 catalyst. 

This can be explained as follows. Once crotonaldehyde is formed, it can react with 

another adsorbed acetaldehyde (via the same β–aldolisation reaction) giving 2, 4–

hexadienal (see equation 7.5). On contact with Au it may undergo C–H bond scission 

of  the  methyl  group  which  after  intramolecular  cyclisation  followed  by  H2O 

elimination may give benzene as shown in scheme 7.1. 
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  CH3CH=CHCHO  +  CH3CHO    CH3CH=CHCH=CHCHO  +  H2O   (7.5) 

TiO2 nanoparticles used in this work have high surface area (more adsorption sites) 

and small pore size (4 nm). This provides not only more active sites for re–adsorption 

but also hinders the diffusion of bulky molecules like 2, 4–hexadienal. Reztsova and 

co–workers (Reztsova, Chang et al. 1999) investigated the photoreactions of ethanol 

and acetaldehyde on TiO2/carbon molecular sieve fibers (CMSF). They proposed that 

small titania particles may have a stronger binding energy than larger particles and 

which stabilize acetaldehyde adsorption and facilitate further decomposition. The 

stronger binding energies of adsorbates on smaller particles compared to larger ones 

has been reported for metals; for example, the binding energies of H, OH, and CO 

increases with decreasing particle size for Pt (Mukerjee and McBreen 1998). In line 

with above two studies, TiO2 nanoparticles used in this study prevent desorption of  

intermediate reaction species by stabilizing them more as compared to larger TiO2 

particles as a result of which they react further to give benzene. 

7.3.1.4.   Dehydration vs. dehydrogenation  

Figures 7.8 and 7.9 indicate the desorption profiles of ethylene and acetaldehyde from 

Au/TiO2 catalysts at indicated Au loadings as a function of temperature. Following 

points can immediately be extracted from these figures: 1) There is a gradual shift of 

both products towards lower temperature with increase in Au loading. 2) There is an 

abrupt drop in rate of ethylene desorption from pure TiO2 to Au supported on TiO2. 

However, there is gradual decrease in rate of ethylene desorption with increasing Au 

loading in case of Au supported catalysts. 3) In contrast to decrease in ethylene 

desorption rate, the decrease in acetaldehyde desorption rate is relatively slow which 

leads to an increase in the acetaldehyde to ethylene ratio with increasing Au loading. 

The insets in both figures represents the temperature at which rate of both ethylene and 

acetaldehyde desorption is maximum as function of Au loading. Lowering in 

desorption temperature is similar for both products with a maximum lowering of up to 

about 60 K in case of 8 wt. % Au/TiO2 as compared to pure TiO2. This indicates that 

activation energy for dehydration and dehydrogenation is lowered with increase in Au 

loading. 
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Figure 7.8. TPD desorption profiles of ethylene after ethanol adsorption on Au/TiO2 

anatase catalyst as a function of Au loading.  

 

Figure 7.9. TPD desorption profiles of acetaldehyde after ethanol adsorption on 

Au/TiO2 catalyst as a function of Au loading. 
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Acidic oxides such as Al2O3 are found to make considerable amounts of ethylene while 

on the other hand, basic oxides such as CeO2 have the opposite effect (Idriss and 

Seebauer 2000; Idriss and Seebauer 2000). TiO2 also gives high yield of ethylene. In 

this case, it has been seen that ethylene desorption rate is suppressed with increased Au 

loading. As dehydration reaction is believed to occur at defect sites, it is reasonable to 

assume that Au affect these sites. These results are in line with the results obtained by 

Matthey and co–workers (Matthey, Wang et al. 2007). While studying the adsorption 

of Au nanoparticle on TiO2(110) single crystal they found that Au clusters preferred to 

adsorb on step edges and oxygen bridging vacancies. To summarize sections 7.1.3.1 

and 7.3.1.4, it is clear that presence of Au particles in case of Au/TiO2 anatase had two 

noticeable effects: 1) It decreases the overall desorption at high temperature by up to 

60 K. 2) It shifts the reaction selectivity from ethylene (dehydration) to acetaldehyde 

(dehydrogenation); the latter further react by condensation reactions leading ultimately 

to benzene. This means that the abstraction of the H atom in the alpha position from 

the C–O (as a hydride) is favoured in the presence of Au compared to that of the H 

atom in the beta position of the C–O (as a proton) in the absence of Au. 

7.3.1.5.   Reactions of ethanol on TiO2 rutile nanofibers 

Figure 7.10 below presents TPD profile of different desorption products after ethanol 

adsorption at room temperature on H2–treated rutile nanofibers. Product desorption 

temperature and selectivities from Au supported on nanofibers are shown in table 7.3. 

Based on the catalyst surface area (170 m
2 

g
–1

Catal.), amount of catalyst (32.2 g) and 

amount of ethanol (1µL) the coverage is ca. 0.4. TPD studies were performed on series 

of TiO2 nanofibers with 0, 1, 2, 4 and 8 wt. % Au loading. The effect of loading on 

product desorption temperature and distribution was gradual and most pronounced in 

case of 8 % Au loading and is presented. On TiO2 nanofibers, adsorption is largely 

dissociative yielding alkoxides and surface hydroxyl groups. Ethanol is seen to desorb 

in a one single desorption peak in the temperature domain 380–700 K and accounted 

for 37 % of the total product desorbed. This indicates that this catalyst is less active for 

ethanol conversion into other products as compared to TiO2 anatase where ethanol 

selectivity was eight times lower. Ethylene was also seen to desorb in similar amount 

to ethanol at 700 K contributing 34.4 % of the total product desorbed.  
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Assuming that surface coverage was initially about 0.4, then the number of sites 

involved in ethoxide conversion to ethylene are equal to about 0.15 surface coverage 

as compared to TiO2 anatase where the number of sites involved are equal to 0.3 

surface coverage. Ethylene is the major product desorbed and is formed by ethoxide 

dehydration which can be linked to ethoxides adsorbed on oxygen defected sites. A 

very small amount of acetaldehyde was seen to desorb both along the ethanol 

desorption domain (1.5 %) and at temperature above 600 K (6.3 %) due to the removal 

of a hydride from the ethoxides. However, TiO2 nanofibers seem to be more selective 

towards dehydrogenation indicated by an increase in the selectivity of acetaldehyde 

and most of the coupling products. 

 

Figure 7.10. TPD profile of different desorption products after ethanol adsorption at 

room temperature on H2–reduced rutile TiO2 nanofibers. 

Crotonaldehyde (1.0 %, 0.3 %), benzene (3.8 %, 7.7 %), butene (0.6 %, 2.8 %) and  
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furan (0.4 %, 0.5 %) are the other products desorbed in parallel with acetaldehyde 

desorption. Crotonaldehyde is formed by the β–aldolization of two acetaldehyde 

molecules which undergoes similar reaction with another acetaldehyde molecule to 

give 2,4–hexadienal molecule. This molecule after one C–H bond scission of the 

methyl group followed by intramolecular cyclization and H2O removal gives benzene. 

Butene is formed by the reductive coupling of two acetaldehyde molecules known as 

McMurry reaction. This indicates that the actual dehydrogenation ability of the surface 

is much higher than indicated by acetaldehyde desorption. Small amounts of methane 

and CO2 with overall carbon selectivities of 2.8 % and 0.9 % desorbed at ca.700 K. 

These results indicate that ethanol undergoes dehydration and dehydrogenation 

reaction on reduced TiO2 nanofiber surfaces. While the product of dehydration are 

removed immediately after their formation the product of dehydrogenation further 

react via C–C bond formation to give higher molecular weight products.  

Table 7.3. Carbon % yield and selectivity from ethanol TPD on rutile TiO2 nanofibers 

after overnight reduction at 723 K with H2. 

Product 
Peak 

Temperature (K) 
Carbon Yield (%) Carbon Selectivity (%) 

Ethanol 420–700 37.0 – 

Acetaldehyde 420–580, 682 1.5, 6.3 1.6, 7.1 

Ethylene 700 34.4 38.2 

CO2 680 0.9 0.5 

Methane 700 2.8 1.5 

Crotonaldehyde 420–580, 690 1.0, 0.3 2.2, 0.7 

Butene 420–580, 690 0.6, 2.8 1.5, 6.1 

Furan 420–580, 690 0.4, 0.5 1.2, 1.1 

Benzene 420–580, 690 3.8, 7.7 12.8, 25.5 

Total LT, HT 44.3, 55.7 19.3, 80.7 

LT and HT indicate total carbon % yield at low temperature and high temperature domains    

respectively. 
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7.3.1.6.  Reactions of ethanol on Au/TiO2 nanofibers 

Figure 7.11 below presents TPD profile of different desorption products after ethanol 

adsorption at room temperature on H2–reated Au supported on rutile nanofibers. 

Product desorption temperature and selectivities from Au supported on nanofibers are 

shown in table 7.4.  

 

Figure 7.11. TPD profile of different desorption products after ethanol adsorption at 

room temperature on H2–reduced 8 wt. % Au/TiO2 rutile nanofibers. 

Un–reacted ethanol (m/z = 31) started to desorb at 380 K very similar to pure TiO2 

nanoparticles, however, conversion to other products started to occur at 90 K lower 

than in case of TiO2 alone. The overall desorption of un–reacted ethanol (20.3 %) was 

found to be ca. 17% less than in case of TiO2 alone indicating its high activity as 

compared to later. Carbon selectivities of both systems indicate that there is an 

increase in acetaldehyde and crotonaldehyde yield with Au loading, however, no 

increase in benzene yield with Au loading was noticed. Benzene has been postulated to 
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form from a series of reactions from acetaldehyde via crotonaldehyde formation near 

Au sites. This indicates that both acetaldehyde and crotonaldehyde do not interact with 

enough reaction sites for further reaction or that the specific type of the active sites 

capable of cyclization reaction to benzene are missing. This can be related to larger 

pore size in case of rutile fibers (10 nm) as compared to anatase nanoparticles (4.0 

nm). Benzene and acetaldehyde were seen to desorb at 390–530 K with ethanol 

contributing 4.8 % and 0.2 % at this temperature range and 9.9 % and 13.1 % carbon 

yields respectively with other desorption products at higher temperature domain. Apart 

from benzene and ethanol, no other product was seen to desorb in the 380 K 

temperature domain. The majority of the products desorbed at temperatures above 530 

K in two desorption domains. In the case of pure TiO2, only one desorption domain 

was observed.  

Table 7.4. Carbon % yield and selectivity from ethanol TPD on rutile 8 wt. % Au/TiO2 

nanofibers, after overnight reduction at 723 K with H2. 

Product 
Peak Temperature 

(K) 
Carbon Yield 

(%) 
Carbon 

Selectivity (%) 
Ratio 

MT/HT 

Ethanol 420–650 20.3 – – 

Acetaldehyde 390–530, 575, 648 0.2, 7.9, 5.3 0.2, 6.7, 4.5 1.5/1 

Ethylene 601, 648 10.7, 26.1 9.1, 22.0 0.4/1 

CO2 540, 648 0.6, 1.7 0.2, 0.7  0.3/1 

Methane 601, 648 0.7, 1.0 0.3, 0.4 0.9/1 

Crotonaldehyde 601, 648  2.2, 2.5 4.0, 4.4 0.9/1 

Butene 605 4.4 7.5 – 

Furan 605  1.7 2.8 – 

Benzene 390–530, 601, 648 4.8, 7.1, 2.8 12.2, 18.0, 7.0 2.6/1 

Total LT, MT, HT 25.3, 29.2, 45.5 12.4 ,48.6, 39.0 1.2/1 

LT, MT and HT indicate total % carbon yield at low, middle and the high temperatures, respectively 

Similar to ethanol reactions on Au supported anatase nanoparticles, high temperature 

desorption domain can be deconvoluted into two desorption peaks at 600 and 650 K.  
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This indicates that Au loading not only shifts the desorption occurring due to TiO2 

sites (650 K) to lower temperature, but also ethoxides present in the proximity of Au 

react differently to give desorption products at 600 K. The carbon selectivity for 

products desorbing at 600 K was found equal to 48.6 % while that at 650 K is equal to 

39.0 %. Carbon yields and carbon selectivities for individual products at different 

desorption temperatures are summarised in table 7.4. The middle over high 

temperature ratios (MT/HT) of Au supported anatase is ca. six times higher than rutile 

phase indicating the influence of Au on desorption products more in case of former. 

This can partly be linked to the availability of more reaction sites in the proximity of 

Au in case of anatase nanoparticles due to the following reasons: (i) Au particle size is 

smaller in case of anatase as compared to Au particle size in case of rutile phase with 

similar Au loading, thus, providing more reaction sites in the proximity of Au in the 

former case. (ii) Rutile nanofibers have higher surface area than anatase nanoparticles, 

thus, Au has less effect on the sites away from it due to lower density of Au per unit 

surface area as compared to density on anatase phase.. This results in an increase in the 

reaction products similar to products in case of TiO2 alone. 

7.3.1.7.   Benzene formation  

 

Figure 7.12. Desorption profile of benzene from TPD of ethanol adsorbed on TiO2 and 

Au/TiO2 with indicated Au loading. 



Chapter 7        Dark Reactions of Ethanol on TiO2 and Au Supported on TiO2 Powders 

 

169 
  

Figure 7.12 show the effect of Au loading on benzene formation in case of H2–reduced 

TiO2 nanofibers where the decrease in the benzene desorption temperature with 

increase in Au loading can be clearly observed. On TiO2 anatase, benzene selectivity 

increased with an increase in Au loading and was the major product with ~ 70 % 

carbon selectivity on 8 wt. % Au/TiO2. However, this trend was not followed in case of 

TiO2 nanofibers and the benzene selectivity was about the same for all catalysts. The 

possible reason for this has been invoked earlier.   

7.3.1.8.   Dehydration vs. dehydrogenation  

Figures 7.13 and 7.14 indicate the desorption profiles of ethylene and acetaldehyde 

from Au/TiO2 nanofibers at indicated Au loadings as a function of temperature.  

 

Figure 7.13. TPD desorption profiles of ethylene after ethanol adsorption on Au/TiO2 

anatase catalyst as a function of Au loading. 

Figure 7.13 shows the effect of Au loading on ethylene desorption on Au/TiO2 

catalysts. The amount of ethylene desorbed decreases very slightly on rutile nanofibers 

as compared to anatase nanoparticles with an increase in Au loading. However, 

increase in Au loading has the following two pronounced effects: 1) The appearance of 

a new desorption channel at lower temperature which increases with an increase in Au 
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loading. This channel is much pronounced as a shoulder of ethylene desorption peak in 

case of 8 wt. % Au loading. 2) The shift in the desorption temperature to lower 

temperature as represented by the inset in the figure.  

 

Figure 7.14. TPD desorption profiles of acetaldehyde after ethanol adsorption on 

Au/TiO2 nanofibers as a function of Au loading. 

Figure 7.14 shows the effect of Au loading on TiO2 nanofibers for acetaldehyde 

desorption. As can be seen the amount of acetaldehyde increased with an increase in 

Au loading. This increase is due to the appearance of a new desorption channel at 

lower temperature. This new channel appeared as a shoulder of acetaldehyde 

desorption peak in case of 4 wt. % Au loading and becomes the main desorption 

channel in case of 8 wt. % loading. The Au loading not only introduces a new 

desorption channel, it also effects the high temperature channel in two ways: i) It shifts 

the desorption temperature of high temperature peak to lower temperature. ii) The 

amount of acetaldehyde desorbed is gradually increased.  The possible reasons for the 

increase amounts of both ethylene and acetaldehyde and shift in their desorption 

temperature are similar to those explained in the case of Au loading on TiO2 anatase 

nanoparticles. 
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7.3.1.9.   Reactions of ethanol on TiO2 inverse opal 

Figure 7.15 below presents TPD profile of different desorption products after ethanol 

adsorption at room temperature on H2–treated TiO2 inverse opal. Based on the catalyst 

surface area (60 m
2 

g
–1

Catal), amount of catalyst (25 mg) and amount of ethanol (1µL) 

the studies were carried at saturation coverage (0.5). Figure 7.15 presents TPD profile 

of different desorption products after ethanol adsorption at room temperature on H2–

reduced TiO2 inverse opal. A very important observation of TPD results in case of 

TiO2 inverse opal catalysts is the presence of symmetric desorption peaks. Un–reacted 

ethanol desorbs in a broad temperature domain from 380 to 640 K where it start to 

convert into other products rapidly.  

 

Figure 7.15. TPD profile of different desorption products after ethanol adsorption at 

room temperature on H2–reduced inverse opal TiO2. 
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Ethanol accounted for second major desorbed species contributing 16.7 % of the total 

product desorbed. Ethylene was seen to be the major product desorbed at 700 K 

contributing 48.8 % of the total product desorbed. Benzene was seen to desorb at 380–

600 K (1.6 %) and 660 K (12.0 %). A very small amount of acetaldehyde was seen to 

desorb at 660 K (4.1 %) with other products. CO2 desorbed at two temperature 

domains with overall carbon selectivities of 3.1 % and 0.1 % desorbed at ca. 620 and 

660 K. Methane desorbed at one desorption domain at 660 K with other products. The 

carbon yield and carbon selectivities for individual products are given in the table 7.5. 

The results form TiO2 inverse opal alone will be compared with Au supported on TiO2 

inverse opal catalyst to see the effect of Au loading. 

Table 7.5. Carbon % yield and selectivity from ethanol TPD on TiO2 inverse opal, 

after overnight reduction at 723 K with H2. 

Product 
Peak 

Temperature (K) 
Carbon Yield (%) Carbon Selectivity (%) 

Ethanol 400–700 16.7 – 

Acetaldehyde 660 4.1 0.4, 3.0 

Ethylene 660 48.8 40.6 

CO2 615, 660 0.3, <0.1 0.1 

Methane 660 4.6 1.9 

Crotonaldehyde 660 1.4 2.3 

Butene 660 9.6 16.0 

Furan 650 1.0 1.6 

Benzene 660 1.6, 12.0 4.1, 30.0 

Total LT, HT 18.3, 81.7 4.5, 95.5 

 LT and HT indicate total carbon % yield at low temperature and high temperature domains 

respectively. 

7.3.1.10.  Reactions of ethanol on Au/TiO2 inverse opal 

Figure 7.16 presents TPD profile of different desorption products after ethanol 

adsorption at room temperature on Au supported H2–reduced TiO2 inverse opal. The 
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following effects of adding Au on product desorption can be noticed. There is about 60 

K decrease in desorption temperature of high temperature desorption domain. This 

decrease in product desorption temperature is much pronounced as compared to similar 

loading on TiO2 anatse nanoparticles and rutile nanofibers. In these cases a shift in 

temperature, as big as in case of TiO2 inverse opal was noticed with 8 wt. % of Au 

loading while the shift in case of 2 wt. % Au loading was ca. 35 K. As the shift in 

desorption temperature is related to Au loading this suggest that Au particles in case of 

TiO2 inverse opal interact strongly as compared to other titanias. These results are in 

line with the TEM results of TiO2 inverse opal material where Au particles of very 

small size (2–3 nm) strongly embedded on the support were observed (figure 7.3). The 

other effect of Au loading is the increase in coupling products.  

 

Figure 7.16. TPD profile of different desorption products after ethanol adsorption at 

room temperature on H2–reduced inverse opal 2 wt. % Au/TiO2. 



Chapter 7        Dark Reactions of Ethanol on TiO2 and Au Supported on TiO2 Powders 

 

174 
  

Benzene, furan and crotonaldehyde desorb in bigger amounts as compared to TiO2 

inverse opal alone. The carbon selectivity for benzene formation is twice (67.6 %) as 

compared to TiO2 alone. This indicates that Au supported TiO2 inverse opal favors 

dehydrogenation over dehydration to form benzene. This is also indicated by the about 

four time decrease in carbon selectivity of ethylene (11.4 %) and an increase in carbon 

selectivity of acetaldehyde (2.7 %) as compared to TiO2 inverse opal alone. The carbon 

yield and carbon selectivities for individual products are given in the table 7.5.  

Table 7.6. Carbon % yield and selectivities from ethanol TPD on 2 wt. % Au/ TiO2 

inverse opal after overnight reduction at 723 K with H2. 

Product 
Peak 

Temperature (K) 
Carbon Yield (%) Carbon Selectivity (%) 

Ethanol 400–700 14.7 – 

Acetaldehyde 380–520, 595 0.7, 4.2 0.4, 2.3 

Ethylene 605 20.6 11.4 

CO2 640 0.6 0.2 

Methane 595 2.9 0.8 

Crotonaldehyde 605 5.3 5.9 

Butene 605 5.2 5.8 

Furan 595 5.1 5.7 

Benzene 380–520, 595 3.3, 37.3 5.5, 62.1 

Total LT, HT 18.7, 81.3 5.9, 94.1 

LT and HT indicate total carbon % yield at low temperature and high temperature domains respectively. 

7.3.2.   IR studies of ethanol on TiO2 anatase 

Figure 7.17 shows the IR spectra of ethanol adsorbed on H2–reduced Au/TiO2 anatase, 

collected after ethanol adsorption at 300 K followed by evacuation at the indicated 

temperatures. All spectra were recorded at room temperature. At 300 K, IR absorption 

bands characteristic for ethanol are seen and can be divided into three groups:  bands in 

1000−1200 cm
–1

 range correspond to C−O and C−C stretching vibrations, bands in 

1250−1500 cm
–1

 range correspond to CH2, CH3 and O–H bending vibrations and 
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bands in 2800−3100 cm
–1

 range correspond to CH2 and CH3 stretching vibrations. The 

partial decrease in intensity of the CH2, CH3 stretching vibrations bands with 

increasing temperature is due to the removal of adsorbed ethanol from the surface. No 

change in position of these bands was noticed with heating, however, some qualitative 

change were evident in the absorption bands in the  990–1700 cm
–1

 range. 

 

Figure 7.17. FTIR spectra after adsorption of ethanol at RT on H2–reduced                  

8 wt. % Au/TiO2 and subsequent heating at the indicated temperature.  

Figure 7.18 presents the magnified view of the 990–1700 cm
–1

 region of figure 7.17. 

The absorption bands and the corresponding vibrational modes of ethoxide found in 

the room temperature spectrum of this study and few previous studies are given and 

compared in table 7.7. We focus our discussion primarily on the C–O stretching mode 

as this vibrational mode is directly affected by the adsorption mode of ethanol. The 

absorption bands in the 298K spectrum of this study are very similar to those observed 

in the previous IR measurement for TiO2 following ethanol adsorption (Hussein, 
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Sheppard et al. 1991; Wu, Chuang et al. 2000; Sheng, Bowmaker et al. 2004) 

indicating that Au deposition has either no or very small effect on ethanol adsorption at 

this temperature.  

 

Figure 7.18. FTIR spectra in the 1700–990 cm
–1

 range after ethanol adsorption on 8 

wt. % Au/TiO2 anatase and subsequent heating at the indicated temperature.  

This is in contrast to Au/CeO2 system (Sheng, Bowmaker et al. 2004) where the (C–

O) mode of ethanol is shifted to lower wavenumbers on adsorption on Au/CeO2 

compared to that observed on CeO2 alone (Yee, Morrison et al. 1999; Idriss 2004). 

7.3.2.1.   Molecular Ethanol desorption 

In the spectrum collected at room temperature, the bands at 1262 cm
–1

, 1310 cm
–1

, and 

1398 cm
–1

 are due to O−H bending, CH2 wagging, and CH3 symmetric deformation of 

C2H5OH(a), respectively. The intensity of these bands started to decrease with 

Wavenumber,  cm
–1
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increasing temperature and disappeared by 575 K indicating that molecular ethanol has 

been removed and/or converted into other surface species; the OH bending mode was 

still present (albeit attenuated) but it is most likely due to surface hydroxyls.  

 

Figure 7.19. A comparison of ethanol desorption from the Au/TiO2 surface studied by 

IR and TPD techniques.  

Figure 7.19 presents the decay of ethanol (1398 cm
–1

) and ethoxide (1122 cm
–1

) IR 

signals together with ethanol desorption during TPD. In this figure red line indicates 

ethanol desorption profile during TPD where solid and dotted thin lines indicate 

decrease in 1398 cm
–1

 IR band area corresponding to molecular ethanol and decrease 

in 1121 cm
–1

 IR band area corresponding to monodentate ethoxide species 

respectively. No attempt was made to correct for the changes in intensity with surface 

concentration as the objective of the figure is to qualitatively correlate desorption and 

surface species evolution. This figure is explained in more detail below. 

7.3.2.2.   Ethoxide desorption/reactions 

In the spectrum collected at room temperature, IR absorption bands at 1047, 1073, and 

1121 cm
–1

 correspond to C−O and C−C stretching modes of ethoxide adsorbed on the 
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catalyst surface. Further identification of adsorption modes of ethoxides can be made 

by comparing the C−C and C−O stretching frequencies with the previous work by Wu 

and co–workers (Wu, Chuang et al. 2000). At 298K, the absorption bands for C2H5O(a) 

are at 1047, 1073, 1093 and 1122 cm
–1

. Among these bands, the bands at 1047, 1122, 

and 1146 cm
–1

 can be assigned to the C−O stretching and the bands at 1071 and 1093 

cm
–1

 to the C−C stretching of ethoxides. Among C–O stretching bands, 1047 cm
–1

 

corresponds to bidentate while band at 1122 cm
–1

 corresponds to a monodentate 

ethoxide species. It is now worth comparing these results to TPD results obtained from 

the same surface where some useful conclusions could be made. The dotted thin line in 

Figure 7.19 indicates the decrease in IR peak areas of the 1121 cm
–1

 band with 

temperature. It is clear that this form of ethoxide is affected very little until 500 K, but 

above this temperature it starts to convert into other products.  

Molecular ethanol starts decreasing as soon as the temperature of the surface is 

increased above room temperature and is completely removed at temperatures between 

500 to 575 K. Interestingly, it also appears that adsorbed ethanol molecules do not 

convert to ethoxide species with increasing temperature but instead desorb; since the 

intensity of ethoxide related vibrational modes does not increase but actually gradually 

decreases. This may indicate that ethanol molecules are adsorbed on sites that do not 

allow for O–H bond dissociation. These sites might be adjacent to Au clusters. It is 

also worth mentioning the continuous shift of the peak at 1047 cm
–1

, corresponding to 

bidentate ethoxides on the surface, towards lower wavenumbers with increase in 

temperature. This might be due to decrease in the population of surface adsorbates that 

result in slight stabilization (less dipole–dipole repulsion). The two bands for ethoxides 

at 1047 and 1121 cm
–1

 are both attenuated with increasing temperature, but do not 

show the same temperature dependence. Their ratio changes considerably with 

increasing temperature. The ratio 1047 to 1121 cm
–1

 is 1.13 at 298K then steadily 

decreases to become 0.6 at 575 K. The reason for this is unclear as one would expect 

that the monodentate species (1121 cm
–1

) to disappear before the bidentate species 

(1047 cm
–1

). One possible explanation is that the monodentate species at higher 

temperature are those of ethoxide species that have migrated to surface oxygen 

vacancies as has been observed by STM over TiO2(110) rutile single crystal surface 

(Hansen, Huo et al. 2011). 
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Table 7.7. IR vibrational frequencies and assignments for ethoxide species formed 

upon the adsorption of ethanol on Au/TiO2 and on other catalysts. 

Vibrational 

modes 
This work 

TiO2 

[a] 

CeO2 

[b] 

Au/CeO2 

[c] 

Pd/CeO2 

[b] 

Pt/CeO2 

[d] 

Rh/CeO2 

[e] 

Range, 100–1200 cm
–1

 (C–O and C–C stretching) 

νO–C 

(bidentate) 
1047 1042 1057 1038 1037 1037 1038 

νO–C 

(monodentate) 
1122, 1146 1119 1107 1109 1078 1081 1080 

νC–C 1071, 1093 – – 1065 – – – 

Range, 1250−1500 cm
–1

 (CH2, CH3 and O–H bending) 

ω(CH2) 1356 1356  1333 – – – 

δs(CH2) – – – 1362 – – – 

δas(CH2) 1474 1473 1473 1478 1478 1480 1478 

δs(CH3) 1378 1379 1383 1399 1397 1399 1399 

δas(CH3) 1442 1447 – 1449 1451 1451 1450 

δs(OH) 1262 – – – – – – 

δs(H2O) 1638 – – – – – – 

Range 2800−3100 cm
–1

 ( CH2, CH3 stretching) 

νs(CH2) 2870 2870 – 2875 2880 2878 2878 

νas(CH2) 2932 2931 – 2933 2934 2933 2934 

νs(CH3) – – 2836 2904 2909 2912 2911 

νas(CH3) 2972 2971 2960 2971 2982 2977 2981 

[a]. (Wu, Chuang et al. 2000); [b]. (Yee, Morrison et al. 1999); [c]. (Sheng, Bowmaker 

et al. 2004); [d]. (Yee, Morrison et al. 2000); [e]. (Yee, Morrison et al. 2000).  

7.3.2.3.   Identification of possible oxidation/coupling products 

During TPD it was found that ethoxides started to convert into other products at 

around 505 K. These reactions mainly include dehydration, dehydrogenation, 
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condensation and coupling products. The presence of the condensation product 

crotonaldehyde can be confirmed by the appearance of two distinct IR bands at 1634 

and 1658 cm
–1

 attributed to (C–O) and (C=C) and ρ(CH3)) of adsorbed 

crotonaldehyde (Yee, Morrison et al. 1999; Yee, Morrison et al. 2000). Desorption of 

crotonaldehyde along with other coupling products were also noticed around this 

temperature during TPD. Higher temperatures caused ethoxide decomposition and 

removal from the surface indicated by the disappearance of all its characteristic peaks 

and appearance of completely new complex band structure in 1350–1650 cm
–1

 region. 

The peaks in this region can be assigned to carbonate species formed on the surface 

(Busca and Lorenzelli 1982; Sheng, Bowmaker et al. 2004). Carbonate species started 

to appear at 685 K and were the only species detected by IR at 727K. During TPD the 

other higher carbon containing products that desorbed were benzene, furan, and 

butene. The absence of IR bands attributed to any of these is expected as their 

desorption is reaction limited. Butene desorption occurs via pinacolate C–O bond 

dissociation. It is however not possible to distinguish between pincolate and ethoxides 

by IR under the conditions of our experiments. Furan desorption from ethanol has also 

been seen from ethanol (Madhavaram and Idriss 1999), acetaldehyde (Madhavaram 

and Idriss 2004), ethylene (Madhavaram and Idriss 1997) and acetylene (Madhavaram 

and Idriss 2002) and the reaction mechanism has been discussed. However, its minor 

contribution here does not allow us to track its formation by using IR.  

Owing to the presence of Au on TiO2, the presence or absence of possible oxidation 

product of ethanol was carefully studied. Oxidation of ethanol may result in the 

formation of acetic acid, acetates, acetaldehyde and CO2. Acetic acid is represented by 

a 1680 cm
–1

 band due to carbonyl stretching and acetate is represented by 1453 and 

1535 cm
–1

 bands due to −COO− symmetric and anti–symmetric stretching, 

respectively. No evidence for either of these species was found in this work. Also, the 

absence of spectral features for acetaldehyde at 1691 cm
−1

 ν(C=O), 1443 cm
−1

 

δas(CH3), 1377 cm
−1

 δs(CH3), 1350 cm
–1 

indicated that the energy barrier for its 

formation from ethoxide species is higher than that of its adsorption. 

http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WHJ-4TTNCHS-1&_mathId=mml24&_user=140507&_cdi=6852&_pii=S0021951708002923&_rdoc=1&_issn=00219517&_acct=C000011498&_version=1&_userid=140507&md5=e61438933252ae32d9c5eb5143209bf5
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WHJ-4TTNCHS-1&_mathId=mml25&_user=140507&_cdi=6852&_pii=S0021951708002923&_rdoc=1&_issn=00219517&_acct=C000011498&_version=1&_userid=140507&md5=ab1ce88376eb8490a1eaa72e505febaf
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Scheme 7.2. Reaction mechanism for the formation of ethylene on TiO2 and benzene 

on Au/TiO2 starting from ethoxide species. Other minor reactions are neglected. 

The reaction scheme 7.2 summarizes the main reaction products observed by 

temperature programmed desorption spectroscopy and Infra–red studies for ethanol 

decomposition over TiO2 and Au/TiO2, and gives likely mechanisms for product 

formation. Products derived from ethoxides were mainly ethylene on TiO2 and 

benzene over Au/TiO2. 

7.4.   Conclusions 

The surface reactions of ethanol on bare and Au nanoparticle modified anatase TiO2 

nanoparticle, rutile nanofibers and TiO2 inverse opal catalysts were successfully 

probed using a combination of TPD and FT–IR spectroscopy in order to understand 

the effect of adding gold on the surface chemistry. Ethanol TPD on H2–reduced TiO2 

anatase showed that ethanol decomposed to yield surface ethoxide species, which 

decomposed via several reaction channels at 673 K to yield predominantly ethylene 

(ca. 71.7 % carbon yield) and lesser amounts of butene (9.6 %), acetaldehyde (4.0 %) 

and methane (1.8 %). Small amounts of benzene, CO2, crotonaldehyde and furan were 

also produced. Depositing Au nanoparticles on the surface of the anatase TiO2 support 

dramatically changed the surface chemistry, surface energetics and relative distribution 

of these products. The main product of ethanol decomposition on Au/TiO2 anatase 

catalyst was benzene (ca. 60.7 % carbon yield) which desorbed at 600 K, along with 

lesser amounts of the other reaction products seen for the bare TiO2 catalyst. The high 
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selectivity of the Au/TiO2 catalyst for benzene formation has been rationalised in terms 

of a scheme whereby β–aldolisation reactions of acetaldehyde create a surface          

2,4–hexadienal intermediate, which subsequently undergoes Au nanoparticle induced 

C–H bond scission of its methyl group, then intramolecular cyclisation followed by 

H2O elimination to give benzene. This work suggests that supported Au nanoparticle 

catalysts may be useful for the synthesis of aromatic molecules from aliphatic alcohols. 
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8 

Conclusions and Future Work 

8.1.   Conclusions 

The dark and photoreactions of ethanol on bare and noble metal supported TiO2 single 

crystal and powders have been studied. Ethanol has been used as a probe molecule to 

study the reaction sites on the rutile TiO2(110) single crystal surface. On a 

stoichiometric surface, ethanol is mainly dissociatively adsorbed at room temperature 

as indicated by XPS C1s binding energies and computational results. The energy for 

the process of dissociative adsorption of ethanol (80 kJ mol
−1

) is close to, but higher 

(in absolute number; more stable) by about 15 kJ mol
−1

, than that of the molecularly 

adsorbed ethanol. No further reaction occurs at this temperature. However, on heating, 

ethanol undergoes surface reactions resulting in low temperature and high temperature 

reaction/desorption domains. The low temperature domain is related to ethanol 

adsorbed on 5–fold Ti sites, while the high temperature domain is related to the defects 

formed by the removal of bridging oxygen atom. It has been postulated that while 

annealing under UHV conditions at 750 K for a short period of time ca. ten minutes, 

does not heal defective sites completely, prolonged annealing up to 60 minutes helps to 

decrease the density of these defects and forms a stoichiometric surface.  

Annealing under oxygen changes the surface chemistry of ethanol to a much larger 

extent. One of the effects of annealing under oxygen is an increase in surface 

reactivity. Also the presence of any form of O2 on the surface favors the dehydration of 

ethanol to ethylene over any other non–oxidative reaction route. These results were 

supported by the observation that the amount of ethylene increases with an increase in 

the background O2 pressure during crystal annealing prior to ethanol exposure. Upon 

UV excitation of a surface dosed with ethanol, in the presence of O2, the main reaction 

product observed at 300 K is acetaldehyde. Acetaldehyde is formed via a two electron 



Chapter 8                                                                                    Conclusions and Future Work 

 

184 
  

transfer process and requires the presence of molecular O2 to trap the excited electrons 

from the conduction band, decreasing the rate of electron–hole recombination. Not all 

acetaldehyde molecules are removed upon formation as some of them are oxidized to 

acetates under UV irradiation.  

Ruthenium metal was deposited on TiO2(110) by metal organic chemical vapor 

deposition (MOCVD) using Ru3(CO)12 under UHV conditions. With a carbonyl 

compound reservoir at 333 K, it adsorbs both dissociatively and none dissociatively 

with the comparable amounts on the surface at room temperature. After heating the 

surface to 623 K, the carbonyl compound is completely decarbonylated, leaving 

mainly pure ruthenium metal and some Ru–O species on the surface. Photoreactions of 

ethanol on Ru/TiO2 in the presence of O2 indicate that ethanol is mainly photooxidized 

into CO2 and acetaldehyde with more selectivity towards acetaldehyde at the 

background O2 pressure investigated, as compared to TiO2 alone. 

Both Au/TiO2 anatase and rutile nanoparticles with Au particle sizes up to 15 nm 

for anatase and 35 nm for the rutile phase were found active for photocatalytic 

hydrogen production from ethanol. In case of rutile nanoparticles, the rate of H2 

production increases with an increase in Au particle size. However, in case of 

anatase nanoparticles, reaction rates were increased with Au particle size up to ca. 

12 nm and decreased with a further increase in particle size. When the support size 

of Au/TiO2 anatase catalyst composed of Au particles of similar size (ca. 5–7 nm), 

increases from 10–150 nm, the activity per weight decreases but is mainly the same 

when normalised to the support surface area. This observation indicates that while 

nanoparticles of TiO2 enhance the reaction rate this enhancement is merely 

geometrical and does not seem to indicate differences attributed to intrinsic 

electronic properties of TiO2. The photocatalytic production of H2 over Au/TiO2 

anatase catalysts was found to be ca. two orders of magnitude higher than that 

recorded for Au/TiO2 rutile catalysts. Photoreaction rates of Au supported anatase 

and rutile were compared with TiO2 Degussa P25 (a combination of both) to study 

the effect of the polymorph of TiO2. It was found that the photocatalytic activity of 

TiO2 Degussa P25 was higher, as compared to the photocatalytic activity of the 

anatase or rutile phase in their pure form, or their combined activity based on their 
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relative amounts in a mixture. This increase in activity was attributed to the 

presence of synergistic effects among the particles of these phases.  

An H2 production rate which represents a level suitable for practical applications
 
has 

been obtained in this work. Extrapolation of hydrogen production indicates that a rate 

of 5 L kg
–1

catal
 
min

−1
 can be obtained from ethanol over 4 wt. % Au/TiO2 anatase 

catalysts. In order to power a polymer electrolyte membrane (PEM) fuel cell, an H2 

production rate of 15 L min
−1

 is needed. Comparing reaction rates in the case of 

photocatalytic reactions is not as simple as dark reactions because of the parameters 

related to photon absorption, operation under linear conditions, effect of pH, and so on. 

In this study, we have conducted the work at neutral pH, under a linear response of the 

rates with catalyst mass, under constant light intensity and using practical UV energy 

and flux. The anatase activity at 1 wt. % of Au/TiO2 is at least one order of magnitude 

higher than that observed for a similar loading of 3 nm sized Pt or 5 nm sized Pd 

particles on TiO2 anatase, when the results are scaled to the same photon intensities 

and frequency. The higher rates recorded in this study demonstrate that Au based 

catalysts are candidates for first generation photocatalytic hydrogen production for fuel 

cell applications, replacing thermal reforming reactions. Although thermal reforming 

reaction yields are still higher, it must be stressed that these processes operate at 773K 

(and above), whereas the photoreaction are conducted at ambient temperature. 

The surface reactions of ethanol on bare and Au modified anatase TiO2 nanoparticles  

were also successfully probed under dark conditions using a combination of TPD and 

FT–IR spectroscopy to understand the effect of Au addition. Ethanol TPD on H2–

reduced TiO2 showed that ethanol adsorbs to form mainly ethoxide which decomposed 

in one single desorption domain at ca. 660 K via several reaction channels to yield 

predominantly ethylene (ca. 72 % carbon yield) and lesser amounts of other products. 

Depositing Au nanoparticles dramatically changed the surface chemistry, surface 

energetics and relative distribution of these products. In case of highest Au loading (8 

wt. %), ethoxide was decomposed in one single temperature domain but at 60 K lower 

temperature as compared to bare TiO2. The main product was benzene (ca. 61 % 

carbon yield) which desorbed at 600 K, along with lesser amounts of the other reaction 

products seen for the bare TiO2 catalyst. This suggests that under dark conditions, 
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supported Au nanoparticle catalysts may be useful for the synthesis of aromatic 

compounds from aliphatic alcohols. TPD studies on TiO2 alone indicated that it gives a 

high yield of ethylene while the selectivity towards acetaldehyde production is 

enhanced with an increase in Au loading. Although this reaction channel occurs at a 

much higher temperature, it still gives information on the decreased dehydration 

tendency of Au supported TiO2. Ethylene not only consumes two moles of hydrogen 

per mole of ethanol catalyzed, but also may further react to higher hydrocarbons. This 

may lead to considerable deactivation of the catalyst due to undesorbed, high 

molecular weight compounds. This may indicate that Au, in addition to acting as a 

photoelectron reservoir, also plays a role in decreasing the possibility of catalyst 

deactivation, thus ensuring stable hydrogen production rates.  

8.2.   Future work 

The photoreactions of ethanol on Au/TiO2 powders indicated that reaction is mainly 

dehydrogenation of ethanol to acetaldehyde and H2 as given by equation 8.1. 

  3 2 3 2CH CH OH CH CHO H        (8.1) 

Ideally for maximum production of hydrogen from ethanol it must completely 

dissociate into H2 and CO2 or CO. Indeed, CO2 is favored because of environmental 

concerns. To accomplish this, additional oxygen is required which can be provided by 

including water in the reactants. This in turn also gives additional hydrogen as given 

by equation 8.2. 

  3 2 2 2 2CH CH OH 3H O 6H 2CO        (8.2) 

The above reaction is an ethanol photoreforming reaction. Our preliminary studies in 

this regard indicated that the use of water as a reactant with ethanol has a negative 

effect on hydrogen production rates, as compared to use of ethanol alone. One of the 

reasons could be the blockage of photoreaction sites by water due to competitive 

adsorption. The adsorption energies of ethanol (80 kJ mol
–1

 on rutile (110) surface) 

and water (67 kJ mol
–1 

on TiO2 anatase (101) surface (Tilocca and Selloni 2004)) are 

comparable. This indicates that photoreforming of ethanol according to equation 8.2 
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needs more work and a thorough understanding of the system to obtain the desired 

outcome.  

The photoreaction of ethanol on Au supported TiO2 single crystals can provide a more 

fundamental understanding of the elementary steps involved in photocatalytic 

conversion of ethanol to hydrogen. We successfully deposited Au on TiO2(110) in our 

laboratory using a home built deposition system employing physical vapor deposition 

(PVD) and a few photoreaction studies were performed on this system due to time and 

financial constraints. However, more work is needed to optimize the instrument and 

photoreaction parameters to obtain more reliable results. Furthermore, the use of STM 

can help to probe the reaction sites involved from ethanol absorption to hydrogen 

production on this system. The findings of this study will help to understand the 

proposed reaction mechanism and reaction sites involved. This study may help to 

improve photocatalytic activity of polycrystalline materials towards hydrogen 

production needed for large scale implementation. In this study, hydrogen production 

rates have been mainly found with an inverse dependence on electron hole re–

combination rates among other factors. Modified TiO2 based materials with slow 

recombination rates (Moser, Gratzel et al. 1987) can be used and studied to increase 

the hydrogen production rates. Another alternative is to find a way to convert 

acetaldehyde to ketene and thus double the amount of hydrogen produced as given by 

the equation 8.3. 

3 2 2 2CH CH OH CH C O 2CO         (8.3) 

These studies were carried out under UV radiation which forms only ca. 5 % of 

sunlight. Based on the solar spectrum composition, the shift in the TiO2 absorption 

spectrum from the UV region to the visible region could further enhance the hydrogen 

production rates under ambient conditions. In this regard, modified TiO2 can be 

employed and studied with the aim of making better use of available sunlight. As the 

hydrogen production rates are dependent on the bulk structure of TiO2, surface 

sensitization could be preferred to doping. CdS (BG ≤ 2.4 eV) absorbs in the visible 

region and is easy to prepare as quantum dots. Its conduction band is situated above 

the conduction band of TiO2 thus electron transfer from the former to the later will be 
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facilitated thermodynamically (Tada, Mitsui et al. 2006). This electron, with the help 

of Au, can reduce a proton present on TiO2 while the hole left on CdS could be trapped 

by the ethanol as represented in the scheme 8.1 below.  

 

Scheme 8.1. A representation of hydrogen production from ethanol on CdS supported 

on Au/TiO2 photocatalyst. 

Although there are concerns about photocorrosion of metal oxides, they are stable 

when a hole scavenger is present (Kudo and Miseki 2009). As ethanol is a good hole 

scavenger, the use of CdS sensitization on an Au/TiO2 for photocatalytic hydrogen 

production from ethanol under direct sunlight could be a very useful study. Further, the 

deposition of RuO2 on CdS could facilitate the transfer of hole from CdS to ethanol 

thus preventing the photocorrosion (Kalyanasundaram and Borgarello 1981). 
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Supplementary Material 

 

Figure S3.1. Total amounts of products desorbed from vacuum annealed TiO2(110) 

surface as a function of indicated ethanol exposure. 
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Figure S7.20. TPD profile of different desorption products after ethanol adsorption at 

room temperature on O2–treated (a) TiO2 and (b) 8 wt. % Au/TiO2 anatase. 

(a) (b) 
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Table S7.8. Carbon % yield and selectivity of ethanol TPD on TiO2 anatase 

nanoparticles after overnight O2 treatment at 723 K with O2. 

Product 
Peak Temperature 

(K) 
Carbon Yield (%) Carbon Selectivity (%) 

Ethanol 380–700(470, 640) 3.4, 7.8 – 

Acetaldehyde 675 3.7 3.6 

Ethylene 678 71.7 71.0 

CO2 420–600, 640 0.1, 0.2 <0.1, 0.1 

Methane 675 1.3 0.6 

Crotonaldehyde 420–600, 675 <0.1, 0.3 <0.1, 0.6 

Butene 675 10.5 20.7 

Furan 420–600, 660 <0.1, 0.2 < 0.1, 0.5 

Benzene 675 0.1, 0.9 0.2, 2.5 

Total LT, HT 3.5, 96.5 0.3, 99.7 

LT and HT indicate total carbon % yield and selectivity at low temperature and high temperature 

domains respectively. 

Table S7.9. Carbon % yield and selectivity of ethanol TPD on Au/TiO2 anatase 

nanoparticles after overnight O2 treatment at 723 K. 

Product 
Peak 

Temperature (K) 

Carbon 

Yield (%) 

Carbon 

Selectivity (%) 
MT/HT 

Ethanol 365–477, 521 0.7, 4.3 – – 

Acetaldehyde 365–455, 544, 627 <0.1, 6.9, 0.1 <0.1, 4.3, <0.1  ~ 43.0 

Ethylene 544, 624 29.5, 0.3 18.2, 0.2 91 

CO2 624 0.1 <0.1 – 

Methane 438, 537, 627 0.5, 1.3, 0.1 0.2, 0.4, <0.1  ~ 4.0 

Crotonaldehyde 541, 624 13.8, 0.7 17.1, 0.8 21.4 

Butene 536, 627 26.4 0.3 32.6, 0.3 108.7 

Furan 541, 617 3.4, 0.1 4.3, 0.2 21.5 

Benzene 365–455, 537, 617 2.5, 7.7, 1.3 4.6, 14.3, 2.5 5.7 

Total LT, MT, HT 3.7, 93.3, 2.9 4.8, 91.1, 4.1 21.7 

LT, MT and HT indicate total % carbon yield and selectivity at low, middle and the high temperatures 

respectively 



                                                                                                                Supplementary Material 

 

192 
  

 

  

Figure S7.21. TPD profile of different desorption products after ethanol adsorption at 

room temperature on O2–treated rutile (a) TiO2 and (b) 8 wt. % Au/TiO2 nanofibers. 
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Table S7.10. Carbon % yield and selectivity from ethanol TPD on rutile TiO2 

nanofibers, after overnight oxidation at 723 K with O2. 

Product 
Peak 

Temperature (K) 
Carbon Yield (%) Carbon Selectivity (%) 

Ethanol 400–700 58.7 – 

Acetaldehyde 400–640, 710 0.7, 5.3 1.2, 9.3 

Ethylene 710 22.4 39.4 

CO2 630 1.2 1.1 

Methane 710 1.3 1.2 

Crotonaldehyde 400–640, 710 0.3, 0.2 1.2, 0.8 

Butene 400–640, 710 0.4, 2.2 1.4, 7.8 

Furan 400–640, 710 0.2, 0.5 0.8, 1.7 

Benzene 400–640, 710 3.0, 3.5 15.8, 18.3 

Total LT, HT 63.3, 36.7 20.4, 79.6 

LT and HT indicate total carbon % yield and selectivity at low temperature and high temperature 

domains respectively.  

 

Table S7.11. Carbon % yield and selectivity from ethanol TPD on rutile                      

8 wt. %  Au/TiO2 nanofibers, after overnight oxidation at 723 K with O2. 

Product 
Peak 

Temperature (K) 
Carbon Yield 

(%) 
Carbon 

Selectivity (%) 
MT/HT 

Ethanol 380–670 26.5 – – 

Acetaldehyde 
380–490, 568, 

647 
0.7, 2.3, 5.7 0.7, 5.4, 2.2 2.4 

Ethylene 
380–490, 568, 

647 
0.5, 13.2, 20.4 0.8, 12.0, 19.7 0.6 

CO2 518, 647 0.8, 2.0 0.4, 0.9 0.4 

Methane 568, 647 0.7, 1.0 0.4, 1.0 0.4 

Crotonaldehyde 568, 647 2.7, 1.2 5.2, 2.3 2.3 

Butene 568, 647 11.4, 2.7 22.0, 5.2 4.2 

Furan 568 1.8 3.5 – 

Benzene 
380–525, 568, 

647 
3.6, 2.3, 0.5 10.3, 6.7, 1.4 4.8 

Total LT, MT, HT 31.3, 35.2, 33.5 11.8, 55.6, 32.7 1.7 

LT, MT and HT indicate total % carbon yield and selectivity at low, middle and the high temperatures 

respectively 
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Figure S7.22. TPD profile of different desorption products after ethanol adsorption at 

room temperature on O2–treated inverse opal (a) TiO2 and (b) 2 wt. % Au/TiO2. 

(a) (b) 
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Table S7.12. Carbon % yield and selectivity from ethanol TPD on TiO2 inverse opal, 

after overnight oxidation at 723 K with O2. 

Product 
Peak 

Temperature (K) 
Carbon Yield (%) Carbon Selectivity (%) 

Ethanol 620 15.8 – 

Acetaldehyde 380–580, 660 0.2, 3.8 0.1, 3.0 

Ethylene 660 44.4 34.2 

CO2 620 0.4 0.1 

Methane 660 4.8 1.9 

Crotonaldehyde 660 2.3 3.6 

Butene 660 9.3 14.4 

Furan 650 1.5 2.3 

Benzene 380–580, 660 2.8, 14.7 6.5, 33.9 

Total LT, HT 18.8, 81.2 6.6, 93.4 

LT and HT indicate total carbon % yield and selectivity at low temperature and high temperature 

domains respectively.  

 

Table S7.13. Carbon % yield and selectivity from ethanol TPD on 2 wt. % Au/TiO2 

inverse opal, after overnight oxidation at 723 K with O2. 

Product 
Peak 

Temperature (K) 
Carbon Yield (%) Carbon Selectivity (%) 

Ethanol 538 17.4 – 

Acetaldehyde 380–520, 605 1.0, 3.8 0.6, 2.5 

Ethylene 610 27.3 17.7 

CO2 650 2.1 0.7 

Methane 630 5.0 1.6 

Crotonaldehyde 630 4.0 5.2 

Butene 635 4.9 6.4 

Furan 605 3.0 3.9 

Benzene 380–520, 605 2.2, 29.3 4.2, 57.1 

Total LT, HT 20.6, 79.4 4.8, 95.2 

LT and HT indicate total carbon % yield and selectivity at low temperature and high temperature 

domains respectively.  
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