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Abstract 

Solar photo-reduction of CO2 is emerging as a highly attractive renewable energy source, as 

it provides both a renewable fuel and a non-atmospheric endpoint for greenhouse gas 

emissions. Photocatalytic conversion of CO2 and H2O to hydrocarbon fuels is well-

established to occur using titanium dioxide decorated with metal nanoparticles, however the 

potential for atomically-precise metal clusters to act as co-catalysts upon TiO2 for this 

reaction has been unexplored to date. In this work, a bimetallic Ru3(μ-AuPPh3)(μ-Cl)(CO)10 

cluster deposited upon TiO2 (referred to as “AuRu3-TiO2”) is demonstrated to 

heterogeneously reduce CO2 with water under ultraviolet irradiation. This is the first report of 

a cluster co-catalyst upon TiO2 effectively photo-catalysing this reaction, and is found to 

perform more efficiently than a literature standard of platinum nanoparticle decorated TiO2.  

 

A range of C1-C3 hydrocarbon products are detected from AuRu3-TiO2, with molecular 

hydrogen also evolved from concomitant reduction of water. The dependences of photo-

activity upon factors such as reaction temperature and reagent partial pressures are explored. 

Changing the co-catalyst by a single atom strongly influences both photoactivity and product 

selectivities. Photo-generation rates of all products of interest decay significantly under 

repeated testing, with only methane production remaining non-zero after four consecutive 

tests. Isotopic substitution of D2O for H2O shows less than 30% deuterium incorporation into 

generated hydrogen, but kinetic isotope effects suggest substantial deuteration of 

hydrocarbon products. 

 

Diffuse reflectance spectroscopy reveals the emergence of a surface plasmon absorption band 

from AuRu3-TiO2 after photocatalysis, highly characteristic of cluster aggregation into larger 

gold nanoparticles. X-ray photoelectron spectroscopy indicates that the cluster remains intact 

on heating in vacuum, but forms a ruthenium oxide species on the TiO2 surface after photo-

reduction testing. N2 adsorption, thermo-gravimetric analysis and temperature-programmed 

desorption experiments all provide evidence for partial de-ligation of the AuRu3 cluster on 

heating in vacuum. 
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Deposition of de-ligated AuRu3 upon anatase TiO2 is modelled by density functional theory, 

using a Ti14O45H26 model of the anatase (101) surface. In a neutral charge state, the lowest 

energy structure of AuRu3 on the surface has octet multiplicity and a pseudo-trigonal pyramid 

geometry. The cluster inserts filled electronic states into both the TiO2 valence band and 

band-gap, but effective orbital overlap occurs only with the former. Binding of H2O and CO2 

to the surface is found to be weakened by the cluster withdrawing electron density from the 

adsorbate-surface interactions. CO ligands are bound to both the cluster or the anatase surface 

in approximately equal strength, and binding of a triphenylphosphine ligand significantly 

distorts the cluster geometry on the surface. Modelling of Au1 and Ru3 clusters on the surface 

indicates that the gold atom of AuRu3 is much more weakly bound than ruthenium to both the 

bare surface and Ru3-TiO2, suggesting AuRu3 likely aggregates on the surface via initial 

fragmentation into elemental components.  
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1. Introduction 

1.1. Motivation and Background 

Anthropogenic emissions of greenhouse gases (GHGs) due to fossil fuel burning are widely 

accepted within the scientific community to be contributing to global climate change via an 

enhanced greenhouse effect. 1 The significance of this issue cannot be understated; the 

Intergovernmental Panel on Climate Change (IPCC) recently predicted a maximum global 

temperature rise of 4 °C by the end of the century should current emissions trends continue 

unabated. 2 As a result, remarkable investments have been spurred in recent years into the 

development of renewable, GHG-free energy sources. Recent advances in renewable 

electricity generation technologies show considerable promise for alleviating the dependence 

of the electricity sector upon fossil fuel combustion. However, less than one-third of the 

USA’s GHG emissions over the last two decades were due to electricity generation (Figure 

1.1). 3 Hence, anthropogenic GHG emissions cannot be solely alleviated by shifting to 

renewable electricity sources; emissions due to other sectors such as transport and industry 

must also be considered. 

 

An emerging strategy that may assist in GHG mitigation across all emission sources is the 

storage of solar energy as chemical potential energy, by harnessing sunlight to drive 

endothermic synthetic chemical reactions. The total incident solar irradiation at the Earth’s 

surface provides approximately 10 000 times more energy than total worldwide consumption 

annually and is hence a highly desirable alternative energy source. 4 Products of such 

processes, termed “solar fuels”, may then act as transport vectors for solar energy. 5 Solar 

Figure 1.1: Total greenhouse gas emissions (in CO2 equivalence units) in the U.S.A., 2013, 

broken down into usage by economic major sectors. Data taken from the US Environmental 

Protection Agency. 3 
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fuels are advantageous over photovoltaic technologies in that they may be used for a variety 

of energy needs, not just electricity generation. While no formal definition of a solar fuel 

currently exists, such compounds are typically sourced from readily-available feedstocks (e.g. 

water, carbon dioxide), and are overall carbon-neutral in their production. 6 Many have 

likened the production of solar fuels to the natural photo-conversion of water and carbon 

dioxide (CO2) into complex sugars in plants, coining the term of “artificial photosynthesis”. 7 

Unlike natural photosynthesis, however, the most promising reports of solar fuel production 

have made use of photo-induced processes over inorganic semiconductor materials.  
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1.2. Photocatalytic Solar Fuel Production 

1.2.1. Principles of Photocatalysis 

Photo-driven reactions occurring over semiconducting surfaces are generally termed 

“photocatalytic” due to the substrate’s stability to the reaction, and include (but are not 

limited to) solar fuel production. 8 Perhaps the most well-known example of photocatalysis is 

the photo-degradation of water into molecular oxygen and hydrogen, described by Equation 

1.1. 

 (1.1) 

This process, commonly known as “water-splitting”, was first achieved in a 

photoelectrochemical cell (PEC) using a titanium dioxide (TiO2) electrode under an external 

electrical bias 9. Under ultraviolet (UV) irradiation of energy greater than the TiO2 band-gap, 

electrons are excited to the semiconductor conduction band (Equation 1.2),  

 (1.2) 

where hν denotes ultraviolet irradiation, e- the photo-excited electron in the conduction band 

and h+ an ‘electron hole’ in the TiO2 valence band. Collectively, electrostatically-bound 

electron-hole pairs are often termed ‘excitons’. Photo-excited electrons then flow through an 

electrochemical circuit, driving reduction of protons to H2, while the holes remaining upon 

the titania oxidise water to O2 (Figure 1.2A) 10. These redox half-reactions are described in 

Equations 1.3 and 1.4 respectively. 10 

   (1.3) 

 (1.4) 

Photocatalytic splitting of water proceeds via the same photo-excitation and redox processes, 

but with the two electrodes composited together on a single particle instead (Figure 1.2B). 10-

11 Single-particle photocatalysts possess numerous advantages over PECs, most notably that 

no external electrical circuit or bias is required to initiate the redox reactions. 12 In general, 

any photocatalytic process occurring over a semiconductor particle may be broken down into 

five major steps: 8, 12 
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1) Adsorption of the reagent molecules to the semiconductor surface. 

2) Band-gap excitation of the semiconductor. 

3) Migration of photo-generated charges to the semiconductor surface. 

4) Charge transfer to the adsorbed species and subsequent redox reactions on the surface. 

5) Desorption of the products from the semiconductor surface. 

It should be noted that the charge transfer is entirely contingent on the relative energy levels 

of the semiconductor and adsorbate; photocatalytic reduction reactions require vacant 

adsorbate states below the semiconductor conduction band, while oxidation reactions 

necessitate filled adsorbate energy levels higher in energy than the valence band. 13-14 For 

photocatalytic water-splitting, the TiO2 valence band lies below the H2O/O2 redox potential (-

1.23 V vs. Normal Hydrogen Electrode [NHE]), and the conduction band above the H+/H2 

potential (0 V vs. NHE), so this reaction should theoretically proceed over bare titanium 

dioxide. 15 In practice, however, water-splitting efficiencies over bare titania are typically 

extremely low, limited not by the relative electronic energy levels but by the photo-generated 

charge lifetimes. 11 

 

Figure 1.2: A) PEC cell for water-splitting, with TiO2 anode and Pt counter-electrode. 

Incident light greater than the semiconductor band-gap (Eg) excites electrons from the 

conduction valence band (VB) to the conduction band (CB), to drive the reduction of protons. 

B) Photocatalytic water-splitting scheme over a single Pt-deposited TiO2 particle. 

Photoexcited electrons migrate to the metal nanoparticle to drive the reduction half-reaction. 

Reproduced from Ref. 10 with permission from Elsevier. 
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Photo-excited electron-hole pairs in semiconductors have two possible fates; they may either 

migrate through the material and engage in redox reactions as described above, or they may 

recombine and release the excitation energy through lattice vibrational modes. 13 The latter of 

these is usually the faster process; several transient absorption studies have shown the 

average lifetime of electronic excited states in TiO2 to be on the order of 10-8 to 10-10 seconds, 

whereas charge-transfer processes upon titania surfaces are estimated to occur over time-

scales of 10-3-10-6 s. 8, 16-18 Hence, the probability of a photo-excited charge’s successful 

migration to the surface and transferral to adsorbate occurring before recombination is 

extremely low. To address this issue, many researchers have attempted to lengthen the 

excited-state lifetime of TiO2 and other semiconducting materials, and their strategies may be 

separated into two distinct groups.  

 

The first of these involves the addition of sacrificial reagents that may be either oxidised or 

reduced, but not both. These chemicals “scavenge” opposing charge-carrier to those involved 

in the primary reaction – holes in reduction reactions, electrons in oxidation reactions – in 

order to prevent electron-hole recombination. 15 Common electron acceptors include metals 

in high oxidation states such as Ce(IV) and Fe(III), 19 while hole scavengers are typically 

organic compounds such as methanol or formaldehyde. 20-21 While effective at improving 

charge lifetime and hence photocatalytic yield, this strategy has the obvious drawback that a 

continuous stream of sacrificial reagents must be provided to sustain the reaction. This is 

clearly unviable on a large scale, and consumption of hydrocarbon hole scavengers such as 

methanol would entirely negate any renewable fuel gain. Hence, in the context of 

photocatalytic solar fuel production, this will not be discussed further. 

 

A second, extremely prevalent method of extending the excited-state lifetime of 

semiconductors is to physically separate out electron-hole pairs by introducing a material 

heterojunction. Deposition of noble metal nanoparticles is a common way to achieve this, as 

such metals commonly possess vacant energy levels below semiconductor conduction bands, 

allowing for favourable electron transfer to these nanoparticle sites, illustrated in Figure 

1.3A. 11 Metals such as gold, 22-25 platinum, 26-27 and silver 28-29 are commonly used in this 

capacity, and are often referred to as ‘electron sinks’. Alternatively, charge separation may be 

induced by the coupling of semiconductors with offset band structures (Figure 1.3B), 
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allowing for the favourable injection of either electrons or holes from the photo-excited 

material into the other. For photocatalytic hydrogen production from water, combinations of 

TiO2-CdS, 30 ZnO-CdS 31 and CuO-TiO2 
32 – to name only a few – have been shown to 

improve charge separation and hence photocatalytic activity compared to their individual 

constituent materials. 

 

 

  

Figure 1.3: Separation of photo-induced charges upon semiconductors by A) deposition of metal 

nanoparticles with vacant electronic states below the conduction band energy, and B) by coupling 

to a second semiconductor with offset band positions. Note that while the second semiconductor in 

B) is shown to act as an electron-acceptor here, coupled semiconductors may also act as hole 

acceptors depending upon their relative band energies. 
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1.2.2. Hydrogen as a Solar Fuel 

Until this point, photocatalysis has only been discussed here in the context of splitting water 

into H2 and O2. Molecular hydrogen has long been considered an ideal solar fuel, as it burns 

cleanly in oxygen to form only water as a by-product, 

∆ ° (1.5)

and as described above, it can potentially be sourced from only water and solar energy 

through photocatalytic or PEC means. However, use of H2 as a sustainable fuel poses several 

significant practical issues, which have yet to be adequately resolved.  

 

While H2 possesses the greatest energy density by weight of any known combustion fuel 

source, it also has one of the lowest energy densities by volume, being over three orders of 

magnitude lower than conventional octane-based fuels. 33 Under ambient conditions, H2 as a 

fuel is then highly impractical for any vehicular or non-stationary requirement, due to the 

sheer size required for any potential fuel tank. 34 The volumetric energy density of hydrogen 

can be improved upon by increasing the fuel’s molecular density; however, this generally 

requires either cryogenic cooling or high pressure compression, neither of which are viable 

for on-board fuel storage. 35 As such, development of porous materials for high-capacity on-

board H2 storage is a rapidly-growing area of research, with compounds such as alumina 

zeolites and metal-organic frameworks being considered as potential H2 sorbents. 36-37 

However, despite significant recent advances no porous material developed so far has shown 

sorption capabilities which allow for sufficient H2 storage to power automobiles or other 

vehicles. 38-39 

 

With these practical issues in mind, attention has shifted in recent years to developing 

alternative solar fuels with greater energy densities than H2. Solar-driven production of 

hydrocarbons is of keen interest, due to the proven capacity of such compounds to act as 

effective energy vectors. To act as effective solar fuels, the production of these requires zero 

net GHG emissions, and so the reduction of CO2 into hydrocarbons has gathered increased 

interest in recent years. 
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1.2.3. Carbon Dioxide Reduction 

From an environmental perspective, the use of CO2 as a chemical feedstock is highly 

desirable, as it provides both a non-atmospheric endpoint for anthropogenic GHG emissions 

and an alternative source of base organic compounds. Eight-electron reduction of CO2 to 

methane (CH4) by molecular hydrogen (H2) is known to occur over metals such as nickel 40-41 

or ruthenium 42-48, in a process described by Equation 1.6 known as the ‘Sabatier Reaction’. 

∆ °   (1.6) 

Similar CO2 hydrogenation processes have also been reported to yield products of methanol, 

ethanol, diethyl ether, formic acid and carbon monoxide. 49 However, CO2 reduction in H2 

typically requires energy intensive conditions of elevated temperatures and pressures. In 

addition, to achieve a net reduction in GHG emissions, the source of H2 used in these 

processes must obviously be renewably sourced. Most existing industrial processes for large-

scale H2 synthesis such as alcohol reforming 50 or the water-gas shift reaction 51 generate CO2 

as a by-product. Hence, Sabatier-like CO2 hydrogenation is currently unviable for GHG 

mitigation and solar fuel production on an industrial-scale.  

 

An alternative pathway of CO2 reduction is that of photocatalytic conversion over 

semiconductor materials, using water as the hydrogen source. This process was first 

demonstrated in a seminal work by Inoue et al., who showed in 1979 that CO2 in aqueous 

solution could be converted to formic acid, formaldehyde and methanol under ultraviolet 

irradiation over a semiconductor. 52 CO2 may be photocatalytically converted into a range of 

products corresponding to two-, four-, six- and eight-electron transfer processes described by 

Equations 1.7-1.11; 6, 53 

   (1.7) 

   (1.8) 

   (1.9) 

   (1.10) 

   (1.11) 
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In addition, longer-chain hydrocarbon products such as ethane, ethanol, propane etc. have 

been observed from a variety of photocatalytic CO2 reduction processes. 54-56 Carbonaceous 

products in higher reduction states (i.e. methane, methanol etc.) or in longer-chain forms are 

most attractive, as these may be directly used as fuels, and can potentially contribute to a 

closed fuel cycle. Products in less reduced states such as formic acid or formaldehyde, while 

not directly applicable as fuels, are still highly valuable in the chemical industry. Since the 

pioneering work by Inoue and co-workers, many semiconductors have been studied for 

photocatalytic CO2 reduction by water, including SrTiO3, 
57 SiC, GaP, 52 WO3, 

58 CdS 59 and 

ZrO2, 
60 to name only a few. However, most research into CO2 photo-reduction with water 

has focused upon titanium dioxide (TiO2). 
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1.3. Titanium Dioxide Photocatalysts for CO2 Photo-Reduction 

Titanium dioxide, also referred to as ‘titania’, is a non-toxic, highly stable semiconductor 

with a band-gap energy of 3.0-3.2 eV. 61-62 It has several possible polymorphic structures, the 

two most commonly occurring (and hence most well studied) being anatase and rutile (Figure 

1.4). 63 Brookite, a third phase, is known to occur naturally but is difficult to synthesize, and 

as such has been studied far less comprehensively. 64  

 

Titania has found a wide number of photo-induced applications in recent years, including in 

the decomposition of organic pollutants 65 and atmospheric contaminants, 66 as an 

antimicrobial agent 67 and as a photovoltaic cell component. 68-70 In addition, the 

photocatalytic splitting of water into molecular oxygen and hydrogen over TiO2 (vide supra) 

is a rapidly-growing area of research. For CO2 photo-reduction with water, interest in titania 

has also risen dramatically in recent years, with an almost exponential increase in the number 

of research articles published in the area, as shown by Figure 1.5.  

Figure 1.4: Unit cell structures of anatase (left) and rutile (right) polymorphs of TiO2. 

Oxygen atoms are coloured red and titanium atoms grey.  
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1.3.1. Bare Titania Photocatalysts 

Whilst many different modifications of titania have been reported to improve catalytic 

turnover (vide infra), photo-reduction of CO2 in water proceeds over bare TiO2. Carbon 

monoxide (CO), methane or methanol are generally the only reported products of such 

reactions,71-75 but longer-chain hydrocarbon products have also been observed. 60, 76-77 

Titania’s catalytic activity towards CO2 photoreduction has been shown to be highly 

dependent upon the polymorph of TiO2 used. In an early work, Yamashita et al. found that 

anatase TiO2 gave much faster methane production from CO2 than rutile in the gas-phase. 78 

This was later corroborated by Gray and co-workers, who also found that the rare brookite 

polymorph was even more reactive, attributed to brookite’s increased surface area and higher 

Figure 1.5: Number of original research articles published post-2000 for the photocatalytic 

reduction of CO2 with water over titanium dioxide-based materials per year.  

*Approximate, as of Dec 2016. 
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propensity to form highly-reactive oxygen vacancies. 79 A very recent work examined the 

visible-light activity of oxygen-deficient brookite, and found that the improved activity with 

increased defect sites was largely due to the extension of the band-gap into the visible region. 

80 However, other studies have shown that mixed-phase titania composites show superior 

performance to any individual polymorph of TiO2, likely due to a charge separation effect (as 

per Figure 1.3B) arising from the offset band structures of the two polymorphs. 81 Composites 

of anatase-rutile 81 and anatase-brookite 82-83 have both been shown to photo-reduce CO2 into 

hydrocarbon products much more effectively than their individual constituent polymorphs. 

 

In addition to TiO2 phase, the overall structural architecture also influences photocatalytic 

reactivity to a remarkable degree. Nanoparticles are the most common form of TiO2 used in 

photocatalysis, as these afford a much greater surface area than the equivalent bulk structures. 

In particular, Degussa P25 TiO2 is commonly used as a standard, which consists of 

nanoparticles with a mean diameter of 21 nm, in an approximately 4:1 ratio of anatase:rutile 

phases. 64, 84 However, a wide range of alternative titania architectures have been shown to 

exhibit superior CO2 photoreduction capabilities, including nanotubes 54, 85-91 and nanorods, 

92-96 nanofibers, 97-101 nanosheets, 102-108 hollow crystals 109-110 and hollow spheres, 83, 111-113 

microspheres, 114-115 ‘nano-cubes’ 116-117 and ‘nano-flowers’. 82, 118 The causes of these 

catalytic improvements are various. One- and two-dimensional architectures such as 

nanotubes and nanosheets allow for improved electron-hole spatial separation, by conducting 

these charge-carriers in separate directions. Separate studies by Yu’s and O’Shea’s research 

groups have shown that titania nanofiber structures showed 5-10 times greater hydrocarbon 

production from CO2 than nanoparticulate TiO2. 
98, 100 Larger, three-dimensional engineered 

morphologies are typically designed to improve reagent adsorption and available surface 

area. Recently, Fang et al. reported that arrangement of P25 TiO2 particles into a micro-scale 

spherical structure induced a five-fold increase in methane production from CO2 over free 

nanoparticles, due to the construction of highly ordered pores between nanoparticles 

increasing CO2 sorption. 119  

 

Another factor on which TiO2’s CO2 photoreduction capability depends is the type of 

exposed TiO2 crystal facets. For anatase TiO2, the (101) crystal facet is generally considered 

the most stable and hence dominant surface for photocatalysis. However, engineered anatase 
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surfaces with significant proportions of exposed (010), 120 (001) 104, 107, 110, 121-123 and (100) 103, 

124-125 facets have all demonstrated enhanced photocatalytic CO2 photoreduction over the 

(101) surface, either singularly or coupled together in various combinations. These 

improvements are generally ascribed to a greater number of under-coordinated titanium 

atoms lying at the surface in these facets, hence binding reagents such as CO2 more strongly. 

It should be noted that the photocatalytic dependence upon each exposed anatase facet is not 

yet fully understood; Ye et al. reported that while the (010) facet did indeed show superior 

catalytic performance over (101), the (001) surface appeared to show decreased activity, 

disagreeing with several aforementioned works. 126 Additionally, this strategy of facet 

engineering has largely only focused on the anatase phase of TiO2; no non-standard facets of 

rutile for CO2 photoreduction have been reported, and only one of brookite. 127 

 

Despite this exhaustive list of titania phase and morphology optimisations for CO2 

photoreduction, overall hydrocarbon yields from bare TiO2 materials remain relatively low. 

Xin et al. recently reported a total hydrocarbon production rate of 35.4 μmol hr-1 g-1 over a 

highly defect-rich brookite sample, 80 however this is the highest production rate reported in 

the literature (in the absence of sacrificial reagents) by a bare titania material. Hence, titania 

photocatalysts commonly have co-catalysts deposited upon them to improve CO2 photo-

reduction yields. 
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1.3.2. Co-catalyst Loaded Titania 

Metal nanoparticles are by far the most common choice of co-catalysts deposited upon TiO2 

to enhance CO2 photoreduction rates. Noble metals such as platinum, gold and silver are 

commonly used for this purpose, but other metals such as copper have also been 

comprehensively investigated. Table 1.1 summarises the different metal nanoparticle co-

catalysts reported in the literature for CO2 photo-reduction. In general, metallic co-catalysts 

are used largely as electron sinks to separate out photo-excited electrons and holes, as 

described previously. However, nanoparticles of copper, silver and gold are often also used to 

harvest visible light, due to their characteristic localised surface plasmon resonance (LSPR) 

in the visible range. 93, 99, 113, 128-131 

 

Of the numerous metal-deposited TiO2 photocatalysts reported in the literature, several 

reports stand out with exceptional rates of CO2 photo-reduction. Yang et al. showed that 

under visible light irradiation, Cu-deposited TiO2 gave off H2, methanol, formaldehyde and 

formate with a total production rate of 3.52 mmol hr-1g-1; over two orders of magnitude 

greater than the best hydrocarbon production rate from bare titania.132  However, this work 

was undertaken in an aqueous carbonate solution, and so the possibility of carbonate 

reduction instead of CO2 cannot be ruled out. A study by Garcia and co-workers with Au-Cu 

bimetallic nanoparticles on TiO2 reported 2.2 mmol hr-1 g-1 of methane as a product, in the 

gas-phase and in the absence of sacrificial reagents. 133-134 Methane production in the gas 

phase was also reported by Wang et al. by Pt nanoparticles deposited on TiO2 single-crystals, 

with 1.36 mmol hr-1 g-1 as the major product and 0.18 mmol hr-1 g-1 of carbon monoxide as a 

minor product. 135 Clearly, the product distribution of such reactions depends on both the 

reaction phase (vide infra) and the metal deposited as co-catalyst. Silver and copper 

nanoparticles generally favour methanol as the major product of CO2 photo-reduction, while 

other metals such as platinum and gold typically produce more methane and CO. 

 

While metallic nanoparticles are the dominant co-catalysts used for CO2 photo-reduction in 

water over titania, other surface-deposited species have also been reported. Woolerton et al. 

deposited a naturally-occurring enzyme from the bacteria Carboxydothermus 

hydrogenoformans known for its CO2 reduction capability, and reported superior CO 

production than over a bare titania surface. 136-137 Surface functionalisation of TiO2 with 
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sulfate, 108, 138 methylamine 139-140 and hydroxyl 141 groups has also been demonstrated to 

improve CO2 photo-reduction turnover, attributed to the improved sorption of CO2 to these 

species at the surface. Nanoparticles of zinc and cobalt pthalocyanines and porphyrins 

deposited upon titania have been shown to effectively harvest visible light, injecting excited 

electrons into the titania conduction band. 142-147 Note that while these co-catalysts are 

nanoparticulate, they act in the opposite mode of action to metallic “electron sinks” described 

above, with reduction occurring on the TiO2 surface and oxidation at the nanoparticles.  

 

Visible-light sensitisation of titania by deposition of semiconductor quantum dots, 101, 148-149 

metal complex dyes 136-137, 150-156 and even naturally-occurring visible-absorbing compounds 

such as chlorophyll 157-158 have all been shown to improve titania’s solar photoactivity. This 

occurs by increasing the proportion of the solar spectrum which can be absorbed by the TiO2-

based material. Due to its relatively large band-gap energy, bare titania can only absorb 

ultraviolet or shorter-wavelength light, which constitutes less than 5% of total solar 

irradiation at the Earth’s surface. 159 This band-gap can be effectively decreased by deposition 

of visible-absorbing species on the TiO2 surface, which can inject excited electrons into the 

titania conduction band. This increases the overall number of excited electrons in the TiO2 

conduction band produced by solar irradiation, allowing for more redox processes to occur 

upon the surface and therefore enhancing photocatalytic efficiencies. While quantum dots act 

as co-catalysts in the conventional charge-separation sense, it is generally undesirable for 

sensitising dyes and complexes to directly participate in such photocatalytic reactions due to 

their poor stability, and so are often coupled to other co-catalysts such as metal nanoparticles. 

However, a far more prevalent and stable method of inducing visible-light activity in TiO2 

materials involves doping of the titania lattice structure.  
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Table 1.1: Reports in the Literature of Metal Nanoparticle Co-Catalysts on Titania for 

CO2 Photo-Reduction  

Co-Catalyst Metal References 

Platinum 54, 59, 85-86, 88, 92, 96-97, 101, 105, 111, 119-121, 135, 152-

153, 155, 160-178 

Palladium 87, 101, 160, 169, 171, 175, 179-187 

Gold 97, 127, 129, 133-134, 160, 165, 171, 175, 186, 188-197 

Silver 59, 94, 96, 99, 113-114, 117, 127-128, 165, 171, 175, 186, 188, 

190-191, 198-206 

Rhodium 59, 160, 171, 183, 207 

Ruthenium 160, 180, 208-209 

Copper 54, 59, 78, 88, 91, 93, 107, 118, 132-134, 148, 160, 167, 170, 

178, 187-188, 191-192, 198, 200, 210-230 

Cobalt 55 

Rhenium 231 
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1.3.3. Doped Titania 

In contrast to previously mentioned methods of TiO2 visible-light sensitisation which act by 

coupling to a visible-absorbing material, lattice doping modifies the band-gap of titania itself. 

Solid-state “doping” of a particular species refers to the introduction of substitutional defects 

within the lattice structure, with the atom or ion of interest replacing an atom in the lattice. 11 

In the case of titania, such dopants may be cationic and replace a titanium atom, or anionic 

and substitute in for oxygen atoms. 15 Cationic and anionic dopants reduce the TiO2 band gap 

in differing manners; as illustrated by Figure 1.6, cationic dopants insert vacant electronic 

states below the conduction band, while anionic dopants add filled states above the titania 

valence band. 

 

When considering CO2 reduction by water over TiO2, a wide variety of metal ions have been 

tested as cationic dopants to induce visible-light activity, and are summarised in Table 1.2. 

Some of these have proven to be highly effective photocatalysts; however, few studies show 

hydrocarbon production rates greater than 20-30 μmol hr-1 g-1 under visible irradiation. 232-233 

Under ultraviolet light, Tahir et al. achieved a methane production rate of 700 μmol hr-1 g-1 

Figure 1.6: Generalised schemes of band-gap narrowing in TiO2 by doping with A) cations, 

inserting vacant electronic states below the titania conduction band (CB) and B) anions with 

filled electronic states above the valence band (VB). 
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over In-doped TiO2, with the improvement over bare titania jointly ascribed to the In dopants 

inducing charge separation and absorbing a greater proportion of the incident light. 234  

 

In terms of anion doping of TiO2, nitrogen is the most commonly used element for this 

purpose, however other non-metals such as carbon, sulfur and various halides also been 

studied (Table 1.2). Peak CO2 rates for anionic-doped titania are similar to those from metal-

doping, with Michalkiewicz et al. reporting a 23 μmol hr-1 g-1 production of methanol over N-

doped TiO2. 
235 However, anionic doping is typically coupled to additional titania 

modifications, be it cationic dopants, architecture engineering or surface co-catalysts. Song 

and co-workers doped fluorine into titania nanosheets with exposed (001) facets, and 

achieved photo-conversion of CO2 into both methane and methanol at rates of c.a. 200 μmol 

hr-1 g-1. 104 Another work by Zhou et al. showed that N-doped TiO2 nanotubes in the aqueous 

phase converted CO2 to formic acid at a rate of 1.04 mmol hr-1 g-1. However, the relationship 

between doping level and photocatalytic activity for these materials is often complex, with 

increased levels of dopant level decreasing photo-reduction rates of CO2. This is generally 

attributed to dopant atoms acting as electron-hole recombination centres at higher 

concentrations. In addition, the spatial positioning of ion substituents has been shown to be 

vitally important for photocatalytic activity, as dopant atoms too deep into the lattice will 

likely not be reached by any incident light, while those at the surface may act as surface co-

catalysts rather than substituting into the lattice. 

 

To avoid some of these complications of ionic dopants, several recent works have developed 

so-called “self-doped” titania materials, where only the titanium and oxygen species in the 

lattice are modified. Chai and co-workers recently developed an oxygen-rich titania for 

efficient visible-light CO2 photoreduction, in which excess oxygen atoms insert into 

interstitial sites in the TiO2 lattice, adding in filled “dopant” states above the valence band in 

a similar manner to anionically-doped species. 236-238 In addition, work by Quingli et al. and 

Sasan et al. showed that inducing higher levels of reduced Ti3+ sites dramatically improved 

both the visible light absorption and CO2 photoreduction capability of bare and metal-

deposited TiO2. 
187, 239 The extension of titania’s absorption into the visible range is beyond 

the scope of this thesis, and so lattice doping will not be discussed further here, but the reader 
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is referred to several in-depth reviews on this topic. 6, 11, 53 

 

Table 1.2: Reports in the Literature of Titania Dopants for CO2 Photo-Reduction  

Dopant Element References 

Vanadium 240-241 

Chromium 240-241 

Niobium 208 

Tungsten 207 

Iron 154, 200, 216, 242-243 

Copper 154, 216, 231, 242, 244-251 

Silver 252-255 

Nickel 86, 233, 256 

Cerium 232, 244, 257-258 

Bismuth 87, 259 

Platinum 260 

Gold 261 

Rhodium 158 

Magnesium 166, 262 

Lanthanum 263 

Molybdenum 95 

Indium 234 

Cobalt 240-241, 264-265 

Nitrogen 54, 86, 89, 106, 141, 157, 165, 247, 266-268 

Sulfur 269 

Fluorine 104, 122 

Chlorine 270 

Iodine 122, 246, 271 

Carbon 251 

Phosphorous 270 
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1.3.4. Titania Composite Materials 

A final class of titania modifications used to improve photocatalytic CO2 reduction rates 

consist of TiO2 hybridised with other materials. Such composites are constructed for a wide 

variety of reasons; however, the primary motivation is typically to induce electron-hole 

separation, as described by Figure 1.3B. Binary semiconductors such as CeO2, 
272-277 SiO2, 

164, 216, 223, 278 CdSe, 279 CdS, 172, 280-283 InP, 155 CuO and Cu2O, 111-112, 224, 229 ZrO2, 
184, 261 ZnO, 

229, 284 GaP, 169 In2O3 and NiO, 285 as well as more complex perovskite-like compounds of 

CuFe2O4, 
286 Cu2ZnSnS4, 

287 SrTiO3, 
185 FeTiO3, 

288 Ni3V2O8, Zn2V2O7 and Sr10V6O25 
289 

have all demonstrably improved CO2 photoreduction when coupled to TiO2. A recent study 

by Wang et al. found that over a 1:1 mixture of TiO2 and CeO2, methane and CO were 

produced at rates of 6.6 and 60 mmol hr-1 g-1 respectively, corresponding to the highest 

reported CO2 photoconversion rate in the literature. 274 Composites with carbon-based 

conductive materials such as carbon nanotubes, 255, 270, 290-292 carbon nitride, 267 graphene 123, 

140, 266, 293-296 and graphene oxide 90, 102, 172, 174-175, 236, 281, 297-298 have also improved exciton 

separation, and hence photocatalytic CO2 reduction, by providing conductive paths for 

electrons away from the initial excitation point. 

 

Encouraging exciton dissociation is not the sole purpose for constructing titania composite 

photocatalysts. Dispersion of titania-based photocatalysts through carbon nanotubes, 290 

mesoporous silica or alumina zeolite structures 161-163, 209, 218-219, 273, 296, 299-307 and polymer 

membranes 173, 182, 199, 308 have been reported to exhibit superior CO2 photoreduction with 

water, due to inhibition of titania particle aggregation in these supports which increases the 

available surface area. Additionally, incorporation of magnesium oxides 168, 206, 265, 309-313 into 

titania photocatalysts to improve CO2 adsorption strength has been attempted, due to 

magnesium oxides’ well-known propensity for CO2 adsorption. 314 Composites with other 

strong CO2 adsorbents such as sodium 315 and aluminosilicates 316 have also been studied, 

albeit much less comprehensively. However, many of these studies are undertaken in 

aqueous/liquid phase, and as CO2 has very poor solubility in aqueous media, the reaction 

phase may also impact CO2 sorption in photocatalytic tests. 
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1.3.5. Effect of Reaction Phase 

Both the reaction rates and product selectivities of CO2 photoreduction over TiO2 are highly 

dependent upon the phase of the reaction. 58, 171, 183, 205 Suspension of the photocatalyst in an 

aqueous medium is common, as it provides an excess of water as reagent, ease of catalyst 

dispersion, and multiple solution-based techniques for product characterisation. A wide 

variety of products have been reported from aqueous-phase CO2 photoreduction, including 

formic acid, 179-180, 317 formaldehyde, 58, 211 methanol, 198, 212 methane 318-319 and carbon 

monoxide, 201, 320 though methanol and formic acid are generally reported as the dominant 

products. However, the relatively poor aqueous solubility of CO2 (saturation uptake of 0.15% 

w/w under standard conditions 321) often restricts the surface availability of reagents in 

aqueous-phase reactions. To avoid this, a series of studies by Kaneco et al. and Pathak et al. 

investigated the potential for liquid-phase CO2 reduction in supercritical or liquid CO2. 
199, 308, 

322-323 However, due to the immiscibility of supercritical CO2 with water, these reactions were 

instead limited by the availability of hydrogen sources, and so only one-electron reduction to 

formates could be achieved. In addition, additives and sacrificial reagents often added to 

aqueous-phase reactions may inadvertently act as alternative carbon sources to the CO2, and 

convolute the observed hydrocarbon production rates. A recent isotopic-labelling study by 

Hoffmann and co-workers found that when isopropanol was added as sacrificial hole-

scavenger, only 25% of the resultant methane came from isotopically-labelled 13CO2. 
283 A 

third issue associated with liquid-phase CO2 photoreduction is one of product selectivity; in 

aqueous media, the vast abundance excess of available water often causes photocatalytic 

water-splitting to dominate over photocatalytic CO2 reduction. 171 

 

To mitigate these issues, much of the research into photocatalytic CO2 reduction has focused 

upon gas-solid interface reactions, using H2O vapors. Such systems typically yield methane, 

CO or other longer-chain hydrocarbons as major products, 55, 171 although methanol, H2 and 

other less-reduced carbon forms have also been reported. 183, 205 Hence, while gas-phase 

photocatalysis does not eliminate the competition of CO2 reduction with water-splitting, it 

generally improves the selectivity towards hydrocarbon products. Additionally, conducting 

reactions in the gas-phase allows for optimisation of the H2O:CO2 molar ratio. Intuitively, 

when examining the overall reaction equation of CO2 reduction to methane (Equation 1.12), 
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it may be expected that a stoichiometric 2:1 ratio of H2O:CO2 would give optimal CO2 

reduction. 

 (1.12) 

However, several studies have shown this not to be the case in the gas-phase, with excesses 

of CO2 often required to reach peak hydrocarbon production rates. 55, 176, 215, 234, 247 The 

necessity of such non-stoichiometric CO2:H2O ratios is usually ascribed to the lower 

adsorption strength of CO2 to titania when compared to water. As CO2 binds much more 

weakly to titania surfaces than H2O, excesses of CO2 are introduced to the reaction system to 

ensure sufficient CO2 is present at the photocatalyst surface for efficient reduction. Contrarily 

though, studies by Anpo et al. and Zhang et al. have found that in specific cases, gas-phase 

photocatalytic CO2 reduction proceeds more effectively in excesses of water rather than CO2. 

76, 85 It should be noted that the photocatalysts in these conflicting reports differ slightly; H2O 

excesses were reported as efficient for only bare TiO2 and Pt-TiO2, while reports with CO2 

excesses used Cu-TiO2 and variously-doped titania materials. 215, 232, 234, 247 Hence, these 

differences may be indicative of different reaction mechanisms responsible for CO2 photo-

reduction upon different materials. 
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1.3.6. Potential Photocatalytic Reaction Mechanisms 

The exact mechanism(s) for the photocatalytic reduction of CO2 over titania by water have 

been the subject of much debate in the literature. Several pioneering works by Anpo and co-

workers characterised the reaction in the gas-phase over bare and Cu-deposited titania by in 

situ electron spin resonance (ESR) spectroscopy. 76, 78, 300, 324 Methane, methanol and carbon 

monoxide were identified as major products of these reactions, and under UV irradiation ESR 

signals corresponding to ,  and  radical species were observed. Hence, they proposed 

a mechanism whereby photo-reduction reaction occurs through the reduction of adsorbed 

CO2 to graphitic carbon surface species cleaving of C-O bonds and removal of oxygen 

radicals. (Equations 1.13-1.14) 

 (1.13) 

 (1.14) 

The cleaved oxygen radical anions could then combine to form O2 or O2
- adsorbed to the 

surface, with desorption of carbon before the second reduction event giving CO as a product. 

The carbon radical species were then proposed to react with either hydrogen or hydroxyl 

radicals formed from the splitting of water, forming methane or methanol, respectively. 

(Equations 1.15-1.17) 

   (1.15) 

   (1.16) 

  (1.17) 

However, several studies conducted in the following years disagree with this proposed 

mechanism. Slamet et al. conducted similar gas-phase reactions over Cu-deposited TiO2, but 

followed the reaction with diffuse reflectance infrared Fourier-Transform spectroscopy 

(DRIFTS) instead. 217 IR absorption signatures corresponding to formate and formaldehyde 

C-O stretches were identified; the presence of which cannot be explained by the mechanism 

proposed by Anpo et al.. Therefore, an alternative reaction scheme was proposed, in which 
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hydrogen radicals from water reduction add to adsorbed CO2 in the presence of still-attached 

oxygen radicals. (Equations 1.18-1.23)  

    (1.18) 

   (1.19) 

   (1.20) 

  (1.21) 

 (1.22) 

  (1.23) 

It should be noted that while Slamet et al. studied the reaction by DRIFTS in the gas-phase, 

their photocatalytic testing was undertaken in the aqueous-phase, and so their proposed 

mechanism may not truly reflect their observed catalytic activity. This being said, other gas-

phase characterisation studies using both DRIFTS 220 and ESR 325 have observed similar 

intermediates, and agree that the initial reaction step involves the transfer of a hydrogen 

radical to an adsorbed CO2 anion, as per Equation 1.18. To test this, Umezawa and co-

workers recently modelled a hydrogen transfer from water to CO2 over both bare titania and 

Pt-deposited titania by density functional theory (DFT). 326 They found that in the presence of 

a Pt10 cluster, the chemisorption of a formate anion was much reduced upon titania. 

Additionally, when binding to the cluster itself, the reaction shifted from endothermic to 

exothermic, indicating that such formate intermediates could be stabilised upon metal-

deposited titania. 

 

Very recently, though, Pougin et al. tested for various intermediates in CO2 photo-reduction 

upon bare titania by adding them in place of CO2 and characterising the photo-reduction 

products, and found that when carbonate and formate species were added, no reduced 

carbonaceous products were detected. 315 Instead, nearly all chemicals introduced were 

oxidised to CO2 under UV, casting doubt over their potential as intermediates in CO2 

photoreduction on TiO2. Exceptions to this were acetic acid and acetaldehyde, which were 

reduced to products such as methane and methanol on their introduction. Hence, the authors 

hypothesized that contrary to popular belief, CO2 photoreduction may instead involve C2 

intermediate species. This is supported by an ESR study by Zapol and co-workers, who found 
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that of all potential carbonaceous intermediates on TiO2 formed during CO2 photo-reduction, 

only C2 hydrocarbons glyoxal and glycolaldehyde could be reduced to the methyl radical.327  

 

Therefore, despite the vast body of existing literature on this topic, the reaction mechanisms 

underlying CO2 photoreduction with H2O upon TiO2 are currently not fully understood. 

Three separate reaction pathways have been proposed – with intermediates of graphitic 

carbon, formaldehyde and C2 hydrocarbons respectively – and experimental evidence exists 

to support all of these. It is likely that many of the disagreements between these studies are 

due to discrepancies between materials and conditions used, as parameters such as co-catalyst 

composition, morphology and distribution all appear to influence catalytic turnovers and 

selectivity. In fact, when comparing many of the reported titania-based catalysts for CO2 

photoreduction, consistency of catalyst and reaction conditions between research groups is 

remarkably poor. Table 1.3 summarises the most efficient TiO2-based photocatalysts reported 

for this reaction, and it is evident that no one reaction condition or co-catalyst feature is 

common across these. Hence, comparing photocatalytic turnovers, selectivities and likely 

reaction mechanisms between different studies is extremely difficult in most cases.



27 

 

Reference Catalyst Used Peak Hydrocarbon 

Production Rate  

(mmol hr-1 g-1) 

Reaction Phase Irradiation Source 

& Conditions 

Reaction Conditions 

Yang et al., 2011132 3% Cu/TiO2 3.52 (H2, CH3OH, HCOOH, 

H2CO combined) 

Aqueous, in a 

solution of Na2CO3 

and Na2SO3 

Visible (xenon with 

UV filter) lamp, 

intensity unspecified. 

Ambient temperature 

and pressure. 

Wang et al., 

2012.135  

0.94% Pt/TiO2 1.36 (CH4), 0.18 (CO) Gas-solid, batch 

reactor 

UV (xenon) lamp 

(19.6 mW cm-2) 

Ambient temperature, 

flow rate of 3 mL 

min-1. 

Wang et al., 

2013.274 

1:1 TiO2-CeO2 

composite 

6.6 (CH4), 60 (CO) Gas-solid, 

continuous-flow 

reactor 

UV-Visible (xenon 

arc) lamp, intensity 

unspecified. 

30 °C, 1 atmosphere 

pressure. 

Neaţu et al., 

2014.133  

1.5% Cu-

Au/TiO2 

2.2 (CH4) Gas-solid, batch 

reactor 

Solar simulator, 

AM1.5 filter (1 W 

cm-2) 

60 °C, 1.7 

atmospheres 

pressure. 

Table 1.3: Most efficient reports in the literature of titania-based materials for photocatalytic reduction of CO2 with H2O into hydrocarbon 

products. 
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1.4. Metal Clusters as Catalysts 

1.4.1. Nanoparticles and Clusters 

As mentioned in the preceding sections, nanoparticles of various metals are often used as co-

catalysts on surfaces for photocatalytic purposes. In fact, nanoparticles are now commonly 

used as catalysts – either supported or free – for a wide variety of chemical processes and 

reactions, including organic oxidations, 328-329 syngas conversion 330-331 and enantioselective 

organic reactions. 332 Their popularity is due to a combination of factors; relative to their 

corresponding bulk materials, nanoparticles possess greater surface area to atom ratios, which 

may hence yield more active catalyst sites per atom than corresponding bulk material(s). 

Nanoparticles also often display unique chemical and physical properties and reactivities due 

to quantum size effects becoming significant on the nanometre size scale. 333-334 However, 

nanoparticles are typically very difficult to characterise to an atomically-precise level, and 

generally exist in a distribution of sizes over a certain range. Hence, this can cause difficulty 

in correlating exact particle size and stoichiometry to observed reactivities, potentially 

resulting in poor catalytic reproducibility. 

 

To address this issue, atomically-precise metal clusters are emerging as potential alternatives 

to larger nanoparticles as co-catalysts. Clusters are molecular-sized aggregates of metal atoms 

in which the total number of atoms is known precisely. While no formal definition exists for 

the size boundary between clusters and nanoparticles, clusters are generally considered as 

being the size of a few nanometres or smaller, while nanoparticles can be up to 999 nm in 

diameter. In addition to simplifying particle size characterisation, clusters have numerous 

other catalytic advantages over both bulk and nanoparticulate materials. Most atoms in a 

cluster reside at its surface, providing exceptionally high surface area to atom content ratios. 

Also, ultra-small metal clusters have also been shown to shift or ‘flex’ their geometries to 

better accommodate adsorbate and reagent molecules, in a process often termed ‘dynamic 

fluxionality’. This is perhaps best illustrated by the formative work of Yoon et. al., who 

modelled the oxidation of CO by the Au8 cluster deposited upon magnesia by DFT, and 

showed that the gold octamer’s geometry significantly changed in order to accommodate the 

O2 and CO molecules (Figure 1.7). 335 
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It has been well-established that for nanoscale and sub-nanoscale particles, quantum size 

effects can cause chemical and physical properties to differ significantly on the addition or 

removal of only a single atom. 336 Again referring to the oxidation of CO by magnesia-

supported gold clusters, the Au8 cluster was found to be the smallest cluster capable of 

catalysing this reaction, and increasing cluster size to Au9 or Au10 significantly decreased 

catalytic turnover. 337 This strong dependence of activity upon size and structure offers the 

potential to develop highly selective catalysts for a variety of purposes, by simply tuning the 

size of cluster used. 

 

  

Figure 1.7: Energy minimum geometries of Au8 deposited on MgO A) adsorbate-free and 

B) with both O2 and CO molecules bound, demonstrating the ‘dynamic fluxionality’ of the 

cluster in altering its structure to bind adsorbate molecules. Gold atoms are shown in yellow, 

oxygen in red, carbon in grey and magnesium in green. 

Inset: CO and O2 bound to the Au8 cluster in the gas-phase. 

Reproduced from Ref. 335 with permission from The American Association for the 

Advancement of Science. 
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1.4.2. Chemically-Synthesised, Atomically-Precise Clusters on Titania 

In terms of controlling the synthesis of metallic species to an atomic-level of specificity, 

existing techniques may be grouped into two main techniques. Ultra-high vacuum (UHV) 

methods vaporise bulk metal targets by high-energy sources such as laser-ablation or ion-

sputtering to yield gas-phase clusters, which may then be size-selected by ion traps or similar 

filters. 337-341 While effective at producing size-specific metal clusters of any size, such 

methods are highly energy intensive, and typically give very low yields. Hence, UHV 

synthesis techniques are unsuitable for generating clusters on the large scales required for 

commercial or industrial catalytic use. Alternative, more scalable approaches may be 

provided by synthetic chemical methods, typically involving reduction of metal salt 

precursors in the presence of capping ligands to constrain the particle size. 342-344 Thiol-, 345-

349 phosphine- 350-351 and carbonyl-based 352-354 ligands are most commonly used for this 

purpose, with a vast number of unique cluster structures reported over the last few decades. 

However, while ligand-capped clusters may be synthesised far more easily than their UHV 

counterparts, cluster ligands may potentially complicate matters by occupying active catalytic 

sites or interacting with reagent molecules. Hence, removal of ligand molecules is a common 

step for cluster materials prior to catalytic testing. Common ligand removal techniques 

include vacuum-heating and oxygen plasma treatment, and while these have been shown to 

effectively remove cluster ligands, these intensive methods often cause aggregation of the 

metal cores into larger nanoparticle species. 355-357 Therefore, removal of cluster ligands 

whilst retaining the inner metal core structures remains a significant challenge when 

developing any cluster-based catalytic material. 

 

Titania remains the most commonly used semiconductor support for atomically-precise 

cluster catalysts, although other surfaces such as Pd and Pt metals, 358 graphene, 359 magnesia 

335 and titanate perovskites 
360 have also been studied. Wells and co-workers deposited small 

ruthenium clusters Ru3(CO)12 and H4Ru4(CO)12 upon several semiconductors including TiO2, 

and used these to catalyse CO oxidation, ethene hydrogenation and Sabatier CO2 reduction. 

361-363 A similar Ru3(CO)12-TiO2 system was used by Yesodharan and Grätzel to 

photocatalytically split water under UV irradiation. 364 Atomically-precise clusters of gold 

deposited on titania – both chemically-synthesised and UHV-synthesised – have been shown 

to be highly active for oxidation of CO 349, 365-366 and methanol. 367 However to the best of our 
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knowledge, only two atomically-precise clusters deposited upon TiO2 have been investigated 

for CO2 photoreduction with water. Kumar et al. deposited K4[Re6S8(CN)6] upon Cu(OH)2-

modified TiO2, and observed reduction of CO2 to methanol under visible light irradiation. 231 

However, this was achieved in the aqueous-phase with triethanolamine and 

dimethylformamide sacrificial reagents, and the authors made no attempt to characterise the 

state of the cluster on the surface. In a later study, Long and co-workers reported 

heterogeneous, visible-light conversion of CO2 to methane by titania deposited with a 

mononuclear HRuC5H5 complex 368 The improved photocatalytic activity relative to bare 

TiO2 was ascribed to the Ru-C5H5 moiety sensitising the material to visible light, with 

retention of the ligands vital to maintaining this activity. Therefore, with the exceptions of 

these studies, the potential for CO2 photo-reduction by atomically-precise metal clusters 

deposited upon TiO2 remains largely unexplored. 

 

Recently, our research group studied the deposition of a series of phosphine-ligated gold 

clusters and carbonyl-ligated ruthenium clusters upon TiO2, and their application as water-

splitting photocatalysts in the gas-phase. 369 Notably, a bimetallic Ru3Au(PPh3)(CO)10Cl 

cluster (Figure 1.8) 354 exhibited the highest H2 production rate of any ruthenium-based 

cluster when deposited upon anatase TiO2. As deposition of both gold and ruthenium 

nanoparticles have been shown to improve the efficiency of CO2 photo-reduction with water 

over TiO2 (vide supra), this cluster incorporating both metals was chosen as a cluster co-

catalyst on TiO2 worthy of further study. 
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Figure 1.8: Crystal structure of the Ru3(μ-AuPPh3)(μ-Cl)(CO)10 cluster. Ruthenium atoms 

are shown in cyan, gold in yellow, phosphorous in purple, chlorine in green, carbon in black, 

oxygen in red and hydrogen in white. 
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1.5. The Scope of this Thesis 

In this thesis, Ru3(μ-AuPPh3)(μ-Cl)(CO)10 clusters (hereafter referred to as AuRu3) deposited 

upon nanoparticles of anatase TiO2 are evaluated for gas-phase CO2 reduction with water 

under ultraviolet irradiation. A variety of surface analysis techniques complement this by 

characterising the cluster chemical states, degree of ligand removal and active catalytic sites. 

Density functional theory (DFT) calculations are undertaken to model the binding of the 

AuRu3 cluster to the TiO2 surface, and how this interacts with both ligands and reagent 

molecules. 

 

Chapter two describes the experimental techniques associated with this work, including the 

synthesis of AuRu3 clusters and their deposition onto anatase TiO2, and the gas-phase system 

used for heterogeneous photocatalysis testing. Specifics of other surface characterisation 

techniques including x-ray photoelectron spectroscopy (XPS) and diffuse reflectance UV-

visible spectrophotometry (DRS) are also provided. Chapter three details the computational 

theory and procedure used to model this system with DFT. Relevant background theory on 

DFT is provided, followed by more technical details of basis sets and functionals used, 

algorithms used to search potential energy surfaces, and the overall computational procedure 

used. 

 

The photocatalytic activity of AuRu3/TiO2 for CO2 photoreduction by water in the gas phase 

is evaluated in chapter four. Methane and molecular hydrogen are observed as the major 

products of this reaction, with trace levels of C2-C3 hydrocarbons also detected. AuRu3-TiO2 

is more efficient in production of all species than bare anatase TiO2 and 1% platinum 

nanoparticles upon TiO2, when accounting for co-catalyst loading. AuRu3 on TiO2 is found to 

be more active towards generation of H2 than pure ruthenium clusters Ru3(CO)12 and 

H4Ru(CO)12 on TiO2, however both four-atom metal clusters are equally selective towards 

hydrocarbon production. Attempts at optimising the temperatures of material pre-treatment 

and reaction and the H2O:CO2 ratio for this reaction are detailed. Sustained testing shows 

AuRu3-TiO2 to decay in CO2 reduction activity under repeated use, with only methane 

production remaining non-negligible. Isotopic labelling experiments using D2O in place of 

H2O indicate the presence of multiple hydrogen sources for this reaction, but strong kinetic 
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isotope effects for methane and ethane production indicate substantial deuteration of 

hydrocarbon products. 

 

Complementary surface characterisation studies of the AuRu3-TiO2 photocatalytic system are 

given in chapter five, using a variety of surface-sensitive analytical techniques. DRS shows 

the emergence of a surface plasmon-like absorption band at ~550 nm for AuRu3-TiO2 after 

photocatalytic testing, indicating aggregation of clusters to larger Au nanoparticle species is 

occurring. Control experiments reveal heating in a CO2/H2O gas mixture are the only 

conditions capable of inducing this absorption band. XPS shows the ruthenium component of 

AuRu3 remaining in a cluster-like state before and after heating in vacuum, with evidence for 

partial loss of ligands on heating past 50 °C. On testing for CO2 photo-reduction, however, 

XPS indicates that the ruthenium forms an oxide species at the surface. N2 adsorption 

analysis, thermo-gravimetric analysis (TGA) and temperature-programmed desorption (TPD) 

studies characterise a variety of surface-adsorbed species removed from AuRu3-TiO2 upon 

heating in vacuum, including cluster ligands and adventitious hydrocarbons. 

 

Chapter six presents and discusses a DFT study of the AuRu3 cluster deposited upon a model 

anatase (101) surface. In the absence of ligands, the neutral cluster adopts a pseudo-trigonal 

pyramid geometry on the surface, markedly different to that of the pure cluster (Figure 1.8). 

Multiple electronic states are inserted into the TiO2 band-gap on cluster deposition, however 

these are predominantly centred around the cluster with poor overlap with surface orbitals. 

Binding motifs and geometries of H2O and CO2 molecules to the surface are unaffected by 

the presence of AuRu3, but are much more weakly bound with the cluster nearby. CO ligands 

are bound to both the bare anatase surface and AuRu3-TiO2 in approximately equal strengths, 

and adsorption of the PPh3 ligand to AuRu3-TiO2 significantly distorts the cluster structure. 

Analysis of potential cluster aggregation intermediates shows that AuRu3 likely agglomerates 

by initial fragmentation into Au1 and Ru3, with subsequent mobilisation of gold atoms 

allowing for accretion into nanoparticles. 

 

The results presented in this thesis constitute the first comprehensive study of a small metal 

cluster co-catalyst supported on TiO2 for the heterogeneous CO2 photo-reduction by water. 



 

 

35 
 

Gas-phase photo-reduction studies here demonstrate the potential of cluster co-catalysts for 

hydrocarbon solar fuel production, and provide a solid basis upon which further work may be 

undertaken to develop more efficient and durable cluster co-catalysts for this purpose. 

Surface characterisation and DFT studies complement this work by providing insights into 

the nature of the active sites on the material surface, how they interact with reagent molecules 

and how they may change under repeated use. 
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2. Experimental Methods and Techniques 

2.1. Photocatalyst Synthesis, Deposition and Preparation 

Clusters of interest to this work were synthesized and deposited upon TiO2 supports in the 

laboratory of Dr. Vladimir Golovko at the University of Canterbury, by previous PhD 

candidate Dr. Rohul Adnan and current student Siriluck Tesana. Samples were shipped to the 

University of Adelaide as dry powders insulated from both heat and light exposure, and were 

immediately transferred to a dark freezer (T = -12 °C) upon arrival to minimize any possible 

sample degradation. 

 

2.1.1. Cluster Synthesis and Deposition on Anatase Titania 

The bimetallic Ru3(μ-AuPPh3)(μ-Cl)(CO)10 cluster (CSD 1 reference code CEYTIJ) was 

synthesized according to the well-established procedure by Lavigne et al. 2 Briefly, the 

Ru3(CO)12 cluster precursor (CSD reference code FOKNEY) was synthesized according to 

Faure et al., 3 from RuCl3 and CO gas in a basic solution of 2-ethoxyethanol at 75 °C. After 

purification, this was combined with Au(PPh3)Cl in dichloromethane and refluxed. 

Chromatographic separation in 1:1 toluene:hexane yielded the desired AuRu3 cluster. The 

Ru3(CO)12 cluster was also used to synthesize a larger H4Ru4(CO)12 cluster (CSD reference 

FOKPAW) according to the procedure described by Piacenti & co-workers.4 

The titania supports used for cluster deposition were pure nanoparticles of anatase TiO2 

(Sigma-Aldrich), with particle diameters of 25 nm or less. These nanoparticles were dried 

under heating to 200 °C for 5 hours under magnetic stirring, before being cooled to room 

temperature and suspended in dichloromethane. Cluster was added to this suspension at a 

metal core concentration of 0.17% w/w. An inert atmosphere of N2 was maintained 

throughout the nanoparticle drying, suspension and cluster addition steps. Previous work by 

our group has used this weight loading of cluster on TiO2 as it corresponds to a surface 

coverage of less than 5%, minimizing any potential cluster-cluster interactions that could 

result in cluster aggregation. After stirring of this suspension for 12 hours, the material was 

dried under vacuum and ambient temperature. In addition to the AuRu3 cluster, Ru3(CO)12 

and H4Ru4(CO)12 clusters (hereafter referred to as Ru3 and Ru4, respectively) were also 

purified and deposited upon anatase in a similar fashion. These three clusters on TiO2 will be 

referred to as AuRu3-TiO2, Ru3-TiO2 and Ru4-TiO2 for the remainder of this thesis. 
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2.1.2. Synthesis of Platinised TiO2 Nanoparticle Standard 

Platinised P25 TiO2 nanoparticles were prepared at The University of Adelaide according to 

the procedure described by Peng et al.. 5 Aeroxide P25 TiO2 (Evonik; 0.38 g) and H2PtCl6 

(0.01 g) were suspended in 2M Na2CO3 solution (175 mL), and magnetically stirred for five 

hours under ultraviolet irradiation by a low-pressure mercury vapour lamp. After allowing to 

settle for 12 hours, the supernatant was decanted and the sediment washed three times with 

de-ionised water (50 mL). The material was subsequently dried at 120 °C for one hour, 

giving platinum nanoparticles loaded at 1% w/w onto P25 TiO2 (hereafter referred to as Pt-

TiO2). 

 

2.1.3. Photocatalyst Preparation and Immobilisation 

To prepare samples of the titania-supported materials for gas-phase photocatalytic testing 

(vide infra), the powders were immobilized upon silica glass fibre filters (PALL Glass Fiber 

Filter, Type A/E, 13 mm diameter, 0.33 mm thickness, 1 μm pore size). 5-10 mg of sample 

was suspended in MilliQ water (3 mL) under sonication for 5 minutes, and drop-cast onto the 

filter surface. Under gentle heating to 50 ± 2 °C, the solvent was evaporated between 

consecutive depositions, building up a layer of 1-3 mg catalyst adhered to the silica surface. 

Silica-supported samples were stored in airtight glass vials in the dark between preparation 

and testing, for no longer than 48 hours. 
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2.2. Gas-Phase Photocatalysis 

To evaluate the photocatalytic activity of titania-supported nanoparticles and nanoclusters 

towards solar fuel production, a custom-built gas-phase reaction was employed. The technical 

details of this apparatus are included in a manuscript currently under peer review, however 

the key features will be described here. 

 

2.2.1. Apparatus Description 

The cell in which the photocatalytic reactions take place is shown in Figure 2.1, and consists 

of a stainless-steel body machined by computer numerical control (CNC) with a 5 mm deep 

central cavity and 15 mm diameter (design by Mr Peter Apoefis, laboratory technician at The 

University of Adelaide). 2mm bore holes through 1/4″ tubes attach this body to 1/4″ bellow 

valves (Swagelok, 4BRG Needling Valves & 4BG Ball Valves) and other connectors 

described below. A sapphire window (MDC, UV Grade Sapphire Del-Seal CF) seals onto the 

cell body by a 1.33″ diameter copper gasket, allowing for irradiation of the cell interior. 

Combined, these components give the cell a total internal volume of 3.80 cm3, determined by 

flowing gas from the cell into a known volume and measuring the decrease in cell pressure. 

The use of rubber or other carbon-based materials was avoided at all stages in the 

construction of this cell, to avoid potential out-gassing of carbonaceous species interfering 

with the reaction or convoluting the detection of products. The only carbon-containing 

components in the system are rubber O-rings in the manometer and pulse valve attachments 

(vide infra). 

 

Pressure in the reactor is monitored by a piezo-resistive manometer (Keller, Leo Record 

Series) with a range of 0 – 30 bar, and temperature by a thermocouple (Omega, K-Type) at 

the sapphire window surface connected to a digital temperature controller (CAL 3300, CAL 

Controls). This controller drives a 100 W heating unit within in a copper block situated 

directly below the reactor body, which in turn is bolted to the experiment table to minimize 

strain on connections. Due to the high thermal conductivity of this support, the maximum 

attainable temperature of the reactor in this arrangement is 250 °C. Evacuation of the cell is 

achieved via a turbomolecular pump (Varian V-81-T) directly attached to the back of the cell, 

backed by a rotary vane pump (Edwards E2M2). Vapor pressures of volatile liquids (i.e. 
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water, methanol etc.) are introduced into the cell via a glass bubbler. Dissolved gases within 

these liquids are removed by triply freezing with liquid N2 under evacuation and subsequent 

thawing, in a process known as a ‘freeze-pump-thaw’. Gases of N2, O2, H2, CO2, CO and Ar 

are introduced from a gas mixing manifold through a needle valve (Swagelok, 4BG).  

 

Sampling of the gas mixture within the cell may be achieved by either an on-line gas 

chromatograph (GC; Stanford Research Systems, Multiple Gas Analyser #2) or residual gas 

analyser (RGA; Stanford Research Systems, RGA200) containing a quadrupole mass 

spectrometer. A solenoid valve (Parker Series 9 Pulse Valve) connects the cell to the RGA 

detection chamber via 1/16″ steel tubing. The detection chamber is pumped by a 

turbomolecular pump (Varian Turbo-V 550) backed by a rotary vane pump (Edwards E2M8). 

A tungsten filament ionisation gauge (Duniway, T-CFF-275) measures the pressure of this 

chamber, which reaches background pressures of ~10-9 Torr. The pulse valve is controlled by 

a proportional-integral-derivative (PID) controller program written in LabVIEW code, which 

pulses constantly to achieve a pressure in the detection chamber of 2×10-6 Torr, ~1000 times 

greater than the ambient system pressure. The RGA operates with an ionisation energy of 70 

eV, focus plate voltage of 90 eV and ion current of 1 mA. A channel electron multiplier 

(CEM) amplifies the RGA sensitivity, with a bias voltage of 1.045 kV yielding a gain of 107. 

Figure 2.1: Top-down schematic diagram (left) and photograph (right) of the gas-phase reaction 

cell used in this thesis for photocatalytic testing. 
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Detected ion currents are converted into partial pressures using a calibration factor of 

5.78×10-5 Amps/Torr.  

 

The GC is also connected to the cell by 1/16″ stainless steel tubing; however due to the 

relatively large volume of gas required for adequate sampling by this method, the GC only 

samples once at the end of each reaction. Helium is used as the carrier gas, maximizing 

detector sensitivity for all molecules except H2. A Haysep-D column is placed in series with a 

Molecular Sieve 13X (MS13X) column for separation of gases, with both thermal 

conductivity detector (TCD) and methanizer/flame ionisation detector (FID) subsequently 

used for product detection. Sample gas is directly introduced from the cell to the sample loop, 

where it initially flows through the Haysep-D and then the MS13X columns. At the six-

minute mark, small molecules such as O2, N2 and CO2 have eluted through the Haysep-D 

column while larger hydrocarbon molecules remain inside, so the flow through the Haysep-D 

column is halted to maximise separation. Once these small molecules (O2, N2 etc.) have 

eluted through the MS13X column to the detectors (at approximately 14:40 minutes), flow is 

resumed through the Haysep-D column to continue eluting hydrocarbon gases, with flow 

through the MS13X column now halted. Scheme 2.1 summarises this process, as well as the 

arrangement of columns and detectors in the GC. The oven temperature is held at 50 °C for 0 

– 5 minutes, followed by heating to 250 °C at a ramp rate of 20 °C/min to encourage elution 

Scheme 2.1: Flow diagram of the GC column and detector arrangement, including timings of 

gas flow through each column. 
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of the larger products from the Haysep-D column. Both FID and TCD are used on high gain 

to maximise sensitivity towards trace levels of products. 

 

Irradiation of the cell is provided by a UV LED lamp (Shenzhen UVET, UV50-S), with a 

peak emission wavelength at 368 nm and full-width half-maximum (FWHM) of 12 nm 

(Figure 2.2). The custom-built power supply gives a total power output of 20.2 mW cm-2 in 

the UV range when held 17 cm above the sapphire window. As the solar spectrum contains 

approximately 5.44 mW cm-2 in the UV range (using the AM1.5 solar standard, <400 nm), 

this lamp therefore gives off approximately 3.7 suns’ worth of UV irradiation. 

 

 

  

Figure 2.2: Emission spectrum of the UV LED used for irradiation during photocatalytic 

experiments. 
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 2.2.2. Photocatalytic Testing Procedure 

Photocatalyst samples drop-cast onto silica discs (as per section 2.1.3) are placed face-up in 

the reactor body. After sealing with the sapphire window, residual atmospheric gases are 

evacuated with the turbomolecular pump for 15-20 minutes. If desired, pre-treatment of the 

sample is achieved in this time by heating the cell to a specified temperature at a ramp rate of 

10 °C min-1. Once evacuation and pre-treatment are completed, the valve to vacuum is closed 

and the temperature adjusted to the desired reaction temperature. Water vapor from the liquid 

bubbler is introduced up to saturation pressure of 20 mbar, and allowed to equilibrate with the 

cell interior for 1 minute. Note that while the reactor body is often heated to excess of 100 

°C, the glass bubbler remains at room temperature, and so the total water vapor pressure 

introduced is limited to this value. CO2 is introduced via the gas mixing manifold, with the 

desired partial pressure adjusted by fine control of the needling valve. Cell pressure is then 

made up to 1 bar in argon, to keep the total reaction pressure constant across all tests. The 

reactor is then tightly sealed and operated in batch mode, with no new gas introduced 

throughout the reaction. 

 

A LabVIEW program is initiated which simultaneously drives the pulse valve and reads 

temperature and pressure data from the cell sensors. Once the detection chamber pressure has 

reached the desired pressure of 2×10-6 Torr, the RGA control software is initialized, which 

operates in histogram mode and scans through the m/z range of 1-65 every 67 seconds. To 

obtain a suitable RGA background, the gas mixture is sampled for 45-60 minutes in the 

absence of irradiation. Once the UV lamp is turned on, the RGA continues to sample the 

reaction mixture for another 20-30 minutes. The amount of gas lost from sampling 

continuously through the pulse nozzle is relatively minor; generally only 30-50 mbar is lost 

over the full course of a photocatalytic test. The pulse driver and RGA program is then 

stopped and irradiation ceased, and the gas sent to the GC sample loop for GC analysis. Small 

molecule products such as H2 are quantified from RGA data, while the GC is used to quantify 

all hydrocarbon products (vide infra). All photocatalytic tests are duplicated or triplicated, 

with the resulting reaction rates averaged and the standard error in the mean expressed as 

experimental uncertainties. 
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 2.2.3. Temperature-Programmed-Desorption Procedure 

The apparatus described above is also capable of monitoring the degassing of surface-

adsorbed species under heating, in a process known as temperature-programmed-desorption 

(TPD). The sample of interest is introduced to the reactor on a silica disc as described above, 

and the cell sealed. The reactor is then evacuated for 15 minutes at ambient temperature, to 

remove atmospheric contaminants. The cell is isolated from the pump (but kept at vacuum 

pressure), and both the pulse driver program and the RGA software initialized. The RGA is 

again operated in histogram mode, but scans over a wider m/z range of 0-200 to detect larger 

molecules. A slow temperature ramp of 88.7 °C hour-1 is used to heat the reactor to 250 °C, 

allowing for a full RGA scan to occur at every 5 °C increment. While the pulse valve PID is 

set to the standard detection chamber pressure of 2×10-6 Torr, large fluctuations in this 

pressure are unavoidable in TPD experiments due to both the low pressure in the reactor and 

the wide temperature range tested.  
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 2.2.4. Data Reduction and Analysis 

  2.2.4.1. RGA Data Analysis 

A second LabVIEW program is used to quantitatively analyse RGA output data, by 

correlating recorded mass spectra with the temperature and pressure sensor data. The RGA 

scan time-stamps are aligned with the sensor data, and a 25 second moving average is applied 

to reduce noise in temperature and pressure data.  The partial pressures recorded by the RGA 

are then converted into percentage gas contributions by  

(2.1) 

where PTotal is the total pressure registered by the RGA, Pgi is the partial pressure of the gas g 

measured at its ith fragmentation m/z peak, and Cgi are the corresponding calibration factors 

for each gas fragment peak. These calibration factors are empirically determined from 

pulsing of a calibration gas mixture (Matheson TriGas, MicroMat 14) containing CO2 

(5.004%), CO (5.001%), N2 (5.000%), O2 (4.003%), CH4 (3.997%), H2 (3.999%) and He 

(72.996%) into the detection chamber. Histogram scans of this mixture are taken by the 

RGA, and linear regression analyses applied to determine the percentage contribution from 

each gas registered by the RGA. By taking the ratios of the measured gas proportions in the 

RGA and the known proportions from the calibration bottle, the calibration factors Cgi can be 

determined for each fragment peak of these gases.   

 

The percentage gas contributions from Equation 2.1 are then converted to a molar quantity of 

each gas in the cell by application of the ideal gas equation. This equation relates the pressure 

P, temperature T, volume V and amount of a gas n by  

   (2.2) 

where R is the ideal gas constant. Rearranging, this gives 

 (2.3) 

for gas g, where %Pg is as above.  
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In a similar manner, the number of moles of each gas lost from the cell from pulsing to the 

RGA can be found by  

,  (2.4) 

where all variables are as above, but ΔPi corresponds to the pressure drop in the cell over the 

course of the ith RGA scan. This summation is cumulative for each subsequent scan; i.e. the 

first scan considers gas lost only from scan #1, the second accounts for scans 1 & 2, the third 

for scans 1-3, etc. The total number of moles of each gas present is therefore the sum of 

Equations 2.3 and 2.4, and is calculated for the gases listed above at each RGA scan taken. 

This number of moles is plotted against time, and the background data points before UV 

irradiation are empirically fit with a logarithmic function which is subsequently subtracted 

out. The twenty scans immediately after initiation of UV irradiation are then fit linearly, with 

the slope of this line giving a production rate of the species of interest. These rates are then 

normalized for the total catalyst mass introduced into the reactor. Figure 2.3 displays the 

background subtraction and fitting process in the case of H2 production. 

 

Figure 2.3: A) Logarithmic background fitting and B) linear production fitting for 

determining the rate of photocatalytic H2 production by 1.3 mg of AuRu3-TiO2. 
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  2.2.4.2. GC Data Analysis 

GC-FID sampling of the reaction mixture within the cell after irradiation typically yields a 

chromatogram similar to that shown in Figure 2.4. Both TCD and FID are used to analyse the 

gas mixture, however the TCD sensitivity is generally too poor to detect the relatively small 

quantities of hydrocarbons produced here, and so FID is used for quantification of all 

hydrocarbons. Calibration gas mixtures containing 100 ppm of C1 – C6 alkanes and alkenes 

made up in helium (Matheson TriGas, MicroMat 14) are used to calibrate the FID. For any of 

these compounds then detected in an FID chromatogram of reaction gas, the concentration of 

that species may be found as  

  (2.5) 

where Ag & Ac are the peak areas for the peak of interest and the 100 ppm calibration 

standard, respectively. This gives a gas concentration in parts per million, which is then 

scaled by the pressure of the gas mixture in the sample loop, as calibration standards were run 

Figure 2.4: FID chromatogram (truncated after 12 minutes for simplicity) of gas sample from 

1.5 mg of AuRu3-TiO2 irradiated for 25 minutes, with peaks labelled with their corresponding 

components.  



 

 

80 
 

at atmospheric pressure. In a similar manner to Equation 2.3, the ideal gas law is then applied 

to convert this concentration into a molar quantity: 

  (2.6) 

where cg is expressed as a fraction of the total gas mixture. As with RGA analysis, this 

number of moles is then converted into a molar production rate, by accounting for the overall 

catalyst mass used and total irradiation time. In both RGA and GC analyses, these production 

rates are expressed in units of μmol hr-1 g-1, a standard unit for photocatalytic activity in the 

literature. 6-7 
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2.3. UV-Visible Diffuse Reflectance Spectrophotometry 

A material’s absorption features in the ultraviolet and visible regions can yield important 

information on semiconductor-supported catalysts. For example, nanoparticles of gold, silver 

and copper within a certain size regime are known to absorb strongly in the UV-visible range 

due to localised surface plasmon resonance of electrons within the nanoparticulate species. 8-

23 Additionally, several recent studies of atomically-precise metal clusters have observed 

discrete absorption peaks in the visible region. 24-26 Hence, by simply observing the UV-

visible absorption spectrum of a nanoscale supported catalyst, conclusions may be drawn 

about its overall size and morphology. However, solution-based transmission UV-visible 

measurements are generally inappropriate for investigating surface-supported species, as 

suspension or dissolution of the material may detach or mobilise the co-catalyst. An 

alternative method is solid-state diffuse reflectance spectrophotometry (DRS), which relies 

on the reflectance of a sample instead of its transmittance. 

 

When a ray of light is incident upon a surface, two forms of reflections occur: specular 

reflections, which reflect at an angle equal to the angle of light incidence, and diffuse (or 

“scattered”) reflections, which are reflected in all directions. Figure 2.5 illustrates these two 

effects upon a solid surface. The angular spread of diffusely reflected light occurs due to light 

penetrating past the surface boundary and reflecting from inter-particle boundaries within the 

solid, which are oriented in all directions. Sampling of diffusely reflected light is desirable 

over specularly reflected light, due to the generally higher intensity of light reflected in this 

Figure 2.5: Diagram of light reflection from a solid surface, showing both specularly (blue) 

and diffusely (red) reflected light. θi and θsr denote the angles of incidence and specular 

reflectance relative to the surface normal vector, and are equal in magnitude. 
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manner for non-metallic surfaces. The overall reflectance R of the material at any given 

wavelength λ is then simply given by  

,  (2.7) 

where Φi and Φr are the photon fluxes incident on the surface and reflected from the surface 

(measured at a non-specular angle) respectively. Resultant reflectance spectra are commonly 

mathematically transformed into a function known as the “Kubelka-Munk” transform, F(R), 

found by  

,  (2.8) 

where R∞ is the reflectance ratio of the sample to that of a non-absorbing reference material. 

The derivation of F(R) is lengthy and beyond the scope of this thesis, and the reader is 

referred to more in-depth discussions of this function. 27-28 However, an important result of 

this derivation is that F(R) is directly proportional to the molar extinction coefficient α at all 

wavelengths. Hence, this function may be used as an approximation of the material’s 

absorption spectrum. A seminal work in 1966 by Tauc and co-workers then showed that the 

Kubelka-Munk transform could then be related to a material’s band-gap Eg by  

  (2.9) 

for hν the energy of incident photons, C a constant and n = 0.5 for a direct band-gap or 2 for 

an indirect band-gap. 29-31 Therefore, by plotting [hνF(R∞)]n against hν, Eg can be found as the 

point at which this “Tauc plot” rises up from the baseline. 

 

2.3.1. UV-Vis DRS Procedure 

Diffuse reflectance UV-Vis spectra of samples were collected over a wavelength range of 

200-800 nm using a Cary Varian 5000 UV-Visible Spectrophotometer with a Praying Mantis 

accessory. Samples were analysed after drop-casting onto silica discs (vide supra), both 

before and after photocatalytic testing, with a blank silica wafer used as a 100% reflectance 

standard. Reflectance spectra were transformed into Kubelka-Munk plots as per Equation 2.8. 

Tauc plots were constructed as per Equation 2.9 to determine Eg of these samples, with n = 2 

used for titania’s indirect band-gap. 31 Eg was then found by plotting the tangent to the Tauc 

plot’s first inflection point and extrapolating to the intersection with the horizontal axis.  
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2.4. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique capable of 

determining the presence and chemical environments of elements within a sample of interest. 

By irradiating a sample with monochromatic X-rays, core and non-bonding electrons from 

atoms within the sample are excited, ionising these atoms and emitting photo-electrons. If the 

energy of the incident X-rays (hν) is known and the kinetic energy of the photoelectrons (EK) 

measured, then the binding energy of the ejected electrons (EB) may be found as 

,  (2.10) 

where Φ is the work function of the X-ray spectrometer, a known quantity. 32 These 

processes are illustrated in Figure 2.6. As nuclei of different elements possess unique 

electrostatic charges, their electrostatic binding potentials of core electrons also differ. Hence, 

all elements give photoelectron peaks at unique binding energies, and so XPS is an excellent 

analytical tool for determining the presence of various elements. The technique is also 

relatively surface-sensitive, as the limited mean-free path of photoelectrons prevents 

electrons emitting from approximately 10 nm or deeper within the sample.   

 

Figure 2.6: Illustration showing the process of core-electron ejection from X-ray absorption in 

XPS, and the relationship between the electron’s binding energy EB, kinetic energy EK, X-ray 

photon energy hν and the spectrometer work function Φ. 
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Photoelectron binding energies from XPS are heavily influenced by the chemical states and 

environments of the atom within a sample, as these factors influence the level of screened 

nuclear charge at electron orbitals (referred to as “initial-state effects”). Additionally, so-

called “final-state” effects may also shift XPS binding energies, whereby electronic 

relaxation of the ionised state occurs before the ejected electron fully escapes the influence of 

the system. Such effects are especially prevalent when dealing with ultra-small metal clusters. 

33-36 Therefore, by monitoring any shifts in XPS photoelectron binding energies, a large 

degree of chemical information may be extracted from the sample of interest.  

 

2.4.1. XPS Procedure 

XPS spectra were collected in the laboratory of Professor Gunther Andersson at Flinders 

University, with the assistance of postdoctoral fellow Dr. Christiaan Ridings. All spectra 

reported here were recorded from samples deposited upon silica wafers as described above, 

either directly after deposition or post-photocatalysis. An Xr50 X-ray source with Mg Kα 

anode (hν = 1253.6 eV) was used to provide irradiation, operated at 200 W power and 12 kV 

accelerating potential. Charging effects upon the silica substrate were compensated for with 

an electron flood gun, operated at 200 mA with 3 eV bias. A Phoibos HAS 100 

Hemispherical analyser was used to detect resultant photoelectrons, with pass energies of 40 

eV and 10 eV when collecting survey and high-resolution spectra, respectively. Spectra were 

built up from repeated scans of the same region, with 120 scans of the Au 4f region, 50 of Ru 

3d/C 1s, 10 of P 2p, and 5 scans each of the Ti 2p, Na 1s, F 1s, S 2p, N 1s and Si 2p regions.  

 

Spectra were collected in the SpecsLab 2 software package, and fitted using the CasaXPS 

application. Shirley backgrounds were used to fit the data, with peaks fit by pseudo-Voigt 

functions (convolutions of Gaussian and Lorentzian functions to represent the transmission 

properties of the spectrometer and the finite lifetimes of electron-holes respectively 37) 

determined by least-squares minimization. All binding energies were calibrated relative to the 

C 1s position at 285.0 eV, and peaks of the same element were constrained to have equal 

FWHM values. Au 4f and Ru 3d peaks were fit as doublets with fixed separations of 3.67 and 

4.17 eV respectively, due to electron spin-orbit coupling giving two possible final states for 

ionisation from these orbitals.   
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2.5. Brunauer-Emmett-Teller Adsorption Analysis 

An important physical parameter in heterogeneous catalysis is a material’s surface area, 

which influences the availability of active sites for reagent molecules to bind and react. 

Determination of surface area is reasonably complex, as it must consider the relative 

electrostatic dipole and quadrupole moments of both the adsorbent and adsorbate, the size of 

the adsorbate of interest and the morphology of the material surface. However, the adsorption 

model proposed by Brunauer, Emmett and Teller in 1938 (generally known as “BET” theory) 

provides a relatively simple approach to determining surface area, by considering the 

adsorption of a single gas near its liquefaction point. 

 

BET theory is based upon the adsorption theory pioneered by Langmuir in 1916, which 

assumes that molecules adsorb to surfaces only in monolayers on perfectly flat surfaces, with 

no adsorbate-adsorbate interactions. 38 The BET model improves on this slightly, by allowing 

for multilayers of adsorbates to build up infinitely on a surface, with each layer acting as a 

Langmuir monolayer and not interacting with any other layers. 39 By applying these few 

assumptions to Langmuir theory, the so-called “BET equation” is derived as 

,  (2.11) 

where p and p0
 represent the equilibrium and saturation pressures of an adsorbate gas, v is the 

volume of gas adsorbed to a surface, vm is the volume of gas required to cover a surface with 

one monolayer, and c is a constant. This derivation is complex and beyond the scope of this 

thesis, and readers are directed to the original work for further details. 40 Experimentally, by 

recording a gas adsorption isotherm (the uptake of gas of a material as a function of pressure) 

and plotting  against , a linear fit may be obtained in the region corresponding to 

the beginning of multilayer adsorption (generally in the range of 0.05 ≤  ≤ 0.35). This fit 

yields experimental values for c and vm, which may then be used to calculate the specific 

surface area of the material (SBET) as 
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.  (2.12) 

Here, s and V are respectively the adsorption cross-section and adsorbate gas molar volume 

(both of which are known quantities for most standard adsorbate gases), m is the sample mass 

used and N is Avogadro’s number. 40 

 

2.5.1. N2 Adsorption Procedure 

Adsorption isotherms of N2 at 77 K were recorded for both bare anatase TiO2 and AuRu3-

TiO2 in the laboratory of A/Prof Christian Doonan and A/Prof Chris Sumby at The University 

of Adelaide, with the assistance of postdoctoral fellow Dr. Cam Coghlan. Gas adsorption 

measurements were performed on an ASAP 2020 Surface Area and Pore Analyser, with ~20-

40 mg of sample used for each test. Samples were characterised either with no pre-treatment, 

or after heating under vacuum to 200 °C for two hours. 
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2.6. Thermo-Gravimetric Analysis 

Thermo-gravimetric analysis, or TGA, allows for measuring the mass loss of a sample upon 

heating to elevated temperatures. In the case of surface-supported species this may be 

especially valuable, as it can provide information regarding the temperatures of de-sorption 

or decomposition of surface-bound species such as ligands. 

 

In this work, TGA measurements were made upon a Simultaneous Thermal Analyser (STA; 

Perkin-Elmer STA 6000) over a temperature range of 50 – 350 °C at a ramp rate of 5 °C/min, 

while flowing N2 over at 20 L/min. Mass-loss traces of bare anatase TiO2 and AuRu3-TiO2 

were ratioed against blank measurements of the detector. The STA exhaust was flowed 

through an FTIR (Perkin-Elmer Spectrum 400) to further characterise any species de-gassed 

from the surface. FTIR spectra were taken at intervals of 5 °C (i.e. once per minute) over a 

range of 450 – 4000 cm-1. 
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3. Computational Theory and Procedure 

3.1. Density Functional Theory 

Density Functional Theory (DFT) is a quantum chemical method capable of directly 

computing the ground-state physical and electronic properties of a molecular system of 

interest. The ubiquity with which DFT is found throughout modern computational 

chemistry is largely attributable to its relatively high efficiency; DFT scales as n3 for n 

basis functions in the system, unlike other wavefunction-based methods (vide infra) 

which typically scale as n4-n10. 1 Hence, for systems containing many large atoms such as 

transition metals (such as those studied here, vide infra), DFT becomes the only feasible 

method for calculating their molecular properties to a reasonable degree of accuracy. In 

this section, the underlying theoretical framework of DFT will be briefly summarized, 

however the reader is referred to several comprehensive reviews of this theory for a more 

in-depth analysis. 1-4 This is then followed by a more detailed description of the 

computational procedure used here. 

 

3.1.1. The Schrӧdinger Equation 

For a molecular system of N electrons and M nuclei with positions �⃗� 𝑁 and 𝑹𝑴
⃗⃗⃗⃗ ⃗⃗  

respectively, all molecular properties can theoretically be extracted by solving the time-

independent Schrӧdinger equation, 

,  (3.1) 

where E0 is the total energy of the system in the ground-state, Ψ0 is the system’s ground-

state wave-function, and Ĥ is the Hamiltonian operator. The Hamiltonian is composed of 

five separate terms, 

  (3.2) 

which correspond to the kinetic energies of the electrons and the nuclei, and the electron-

electron, nucleus-electron and nucleus-nucleus electrostatic potentials, respectively. The 

Hamiltonian may be simplified by application of the Born-Oppenheimer approximation, 

which assumes that due to the much slower velocities of motion of nuclei relative to 

electrons, a molecular system may be considered as electrons moving in a fixed field of 

nuclei. 5 In this approximation, the nuclear kinetic energy term reduces to zero, and the 
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nuclear-nuclear repulsion is treated as a constant value. As this implies that the energy of 

the system due to inter-nuclear interactions will hence be constant, this component is 

typically separated out from the variable, electronic energy terms: 

,  (3.3) 

with 𝐸0
𝑁𝑁  and 𝐸0

𝑒𝑙𝑒𝑐  corresponding to the nuclear-nuclear and electronic energy 

contributions, respectively. This allows for the electronic components of the system to be 

considered entirely separately, as a solution to an electronic Schrӧdinger equation, 

.  (3.4) 

Therefore, in the Born-Oppenheimer approximation the solution to the Schrӧdinger 

equation depends directly only upon the electronic coordinates �⃗� 𝑁, and parametrically 

upon the nuclear coordinates 𝑹𝑴
⃗⃗⃗⃗ ⃗⃗ . 
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3.1.2. The Hohenberg-Kohn Theorems 

While the use of the Born-Oppenheimer approximation somewhat simplifies the solution 

of the time-independent Schrӧdinger equation, it does not give any prescription as to what 

form the molecular wavefunction Ψ0
𝑒𝑙𝑒𝑐(�⃗� 𝑁 , 𝑹𝑴

⃗⃗⃗⃗ ⃗⃗ ) should take. Searching over all possible 

mathematical functions for this wavefunction is entirely computationally prohibitive. 

Some quantum chemical methods attempt to resolve this by restricting the set of functions 

considered, such as the Hartree-Fock (HF) method, which approximates the molecular 

wavefunction as an antisymmetric product of one-electron wavefunctions. 4 However, this 

necessarily limits the accuracy of this method, and becomes computationally inefficient 

for larger systems (for a more complete summary of the HF method, the reader is referred 

more comprehensive reviews 1, 4). Also, while all observable parameters of the system can 

theoretically be extracted from the molecular wavefunction, it itself has no physical 

significance. Therefore, a method of computing molecular parameters which bypasses the 

ground-state wavefunction entirely would be highly beneficial in terms of computational 

efficiency. 

 

One such method is DFT, which derives all observable parameters of a system from the 

ground-state electron density, ρ0. DFT is grounded in the Hohenberg-Kohn theorems, the 

first of which shows that the external potential of a system – and hence all other ground-

state properties – is a unique functional of the ground state electron density. 6 This 

functional may be split into its constituent terms as  

,  (3.5) 

which correspond to the electron kinetic energies, electron-electron interactions and 

electron-nucleus interactions, respectively. Therefore, by considering a system in terms of 

the electronic density and not the wavefunction, the problem reduces from one with 3N 

coordinates to only the three Cartesian coordinates. 

 

The second Hohenberg-Kohn theorem then states that the energy of a molecular system is 

minimised if, and only if, its electron density is equal to the ground state density. That is, 

the energy of any trial density of a system will always be greater than or equal to the true 

energy, the latter case only occurring when the trial is exactly equal to the ground state. 
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Therefore, by searching over all possible electronic densities of a molecular system, the 

true density can be found as that which minimizes the energy of the system. It should be 

noted that the Hohenberg-Kohn theorems do not rely on any mathematical 

approximations – in principle, it is possible to determine the energy and other parameters 

of a system exactly using this procedure. 
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3.1.3.  Exchange-Correlation Functionals 

The seminal Hohenberg-Kohn theorems described above laid the theoretical groundwork 

for density functional theory. However, the exact forms of the kinetic energy and 

electron-electron terms in Equation 3.5 are not known exactly, due to the highly 

correlated motions of interacting electrons. This was cleverly circumvented by Kohn and 

Sham, 7 who showed that the total energy of a molecular system could be expressed in 

terms of an equivalent system of non-interacting electrons with the same electron density 

as the true, interacting system: 

∆ ∆ .  (3.6) 

Here, the NI superscripts refer to properties of the idealised non-interacting system, 

∆  is the kinetic energy difference between the non-interacting and interacting 

systems,  is the electron-nuclear interactions (the same in both interacting and 

non-interacting systems), and ∆  represents all non-classical electron-electron 

interactions, including electron correlation and exchange effects. This is often simplified 

to 

,  (3.7) 

where the latter two terms of Equation 3.6 have been summed together to form the so-

called “exchange correlation functional”, . This is the only unknown term of 

Equation 3.7, and therefore the only term requiring approximation to compute a system’s 

energy. Hence, most work into improving DFT methods has focused upon finding 

suitable approximations to this functional. 

 

The most rudimentary approximation to  is the Local Density Approximation 

(LDA). The LDA uses the exchange and correlation quantities of a uniform electron gas: 

a fictitious system of an infinite number of homogenously-distributed electrons contained 

within an infinite, positively-charged volume. A more advanced method is termed the 

Generalised Gradient Approximation (GGA), which accounts for both the electron 

density and the rate of change of electron density to better describe the inhomogeneous 

nature of most molecular electron densities. Recently, a third generation of exchange-

correlation functionals known as hybrid functionals have emerged as highly popular 
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alternatives to both LDA and GGA methods. Hybrid functionals use a linear combination 

of exchange and correlation effects from the LDA and GGA approximations and exact-

exchange from the HF wavefunction method.  

 

In this work the M06 hybrid functional is used, 8 which approximates the exchange-

correlation functional as  

,  (3.8) 

with X and C subscripts denoting exchange and correlation functionals respectively, and 

superscripts denoting whether the components have been sourced from HF or DFT (LDA 

or GGA) methods. The M06 functional has been shown to be one of the more accurate 

functionals for reproducing experimentally-derived thermodynamic properties of 

organometallic, inorganic and non-covalently bound species. 8 In addition, recent work by 

our group has demonstrated that M06 effectively describes the vibrational modes and 

electronic density of states of a range of chemically-synthesized, small metal clusters to a 

reasonable degree of accuracy. 9-11 Hence, M06 was deemed appropriate for modelling 

the interactions of such clusters upon semiconductor surfaces here (vide infra). 
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3.2.  Basis Sets 

As indicated in the preceding discussion, DFT is a highly versatile technique, which 

neatly approaches quantum chemical problems by entirely avoiding solving the 

Schrӧdinger equation. However, as DFT relies so heavily upon a system’s electronic 

density, using accurate representations of this quantity is paramount to achieving accurate 

DFT calculations. The electronic density of a molecular system may be written as  

𝜌( ) ∑ |𝜙𝑖( |2𝑁
𝑖 ,  (3.9) 

where ϕi(  are the molecular orbitals (MOs) of the system. In quantum chemistry, 

these MOs are generally constructed from linear combinations of the atomic orbitals 

(AOs) from all contributing atoms in the molecule: 

𝜙𝑖( ) ∑ 𝜇𝜒𝜇𝜇   (3.10) 

Here, χμ represent the L atomic orbitals used to make up each MO, and μ are expansion 

coefficients which are iteratively changed to minimize the total MO energy in a process 

known as the Self-Consistent-Field (SCF) method.   

 

Unfortunately, the exact mathematical form of an atomic orbital is known only for one-

electron atoms (e.g. H, He+, Li2+, etc.). 1 Therefore, mathematical approximations are 

required to represent the AO’s of nearly all atoms of interest. The sets of three-

dimensional mathematical functions used to construct these AO approximations are 

collectively known as basis sets, and each function contained within a basis function. In 

the early days of quantum chemistry, Slater-Type orbitals (STOs) were predominantly 

used as basis functions, which have the form of 

.  (3.11) 

Here, N and ζ are constant coefficients, n is the orbital of interest’s principal quantum 

number, r is the radial coordinate and Ym is a function of the angular momentum. As 

STOs were modelled upon the spatial form of the hydrogen 1s orbital, these were initially 

considered the best form of basis function for DFT. However, the form of Equation 3.11 

is relatively time consuming to integrate computationally, and so STO’s were quickly 

found to be largely impractical for use in DFT and quantum chemistry. 4 Instead, an 
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alternative function type known as the Gaussian-Type Orbital (GTO) is now more 

commonly implemented, due to its relative ease of integration. A GTO may be written as 

,  (3.12) 

where x, y & z are Cartesian spatial coordinates, r is the radial coordinate, N is a 

normalization factor and α, n & m are constant coefficients respectively governing the 

orbital’s radial and spatial distribution. While much easier to integrate, GTO’s lack the 

physical significance of STO’s, and so are generally less accurate in modelling atomic 

orbital structure. Therefore, to retain both reasonable computational accuracy and 

mathematical simplicity, linear combinations of GTOs are commonly used to emulate 

STOs, in what are known as Contracted Gaussian Functions (CGFs): 

 .  (3.13) 

The daτ terms here are the CGF “contraction coefficients”, which are optimised to model 

the CGF as closely as possible to an STO. Clearly, including a greater number of GTOs in 

a CGF allows for greater flexibility of the basis set, and hence generally gives greater 

computational accuracy. The number of GTO’s used to construct each CGF is given in 

the basis set name; for example, a basis set which treats every AO with two GTOs is 

referred to as “double-zeta”. Addition of GTOs of higher angular momentum allow for 

the resultant AOs to be distorted by their local molecular environment, and are known as 

polarisation functions. However as mentioned above, the computational resources 

required for a DFT calculation scale as n3 for n basis functions. Hence, a trade-off 

between accuracy and efficiency exists when considering CGF basis sets, as increasing 

basis set size will improve accuracy but also increase the required amount of 

computational resources. 

 

A major development in improving the computational efficiency of CGF basis sets was to 

treat the valence and core electrons of an atom separately. Generally, it is only the outer-

most (‘valence’) electrons of an atom that are involved in bonding interactions; the inner-

most ‘core’ electrons are too strongly bound by the nucleus to interact with other atoms. 

Hence, the accuracy of a DFT calculation depends predominantly upon appropriate 

representation of these valence electron AOs. So-called “split-valence” basis sets 

therefore focus upon the valence electrons by representing them with multiple basis 
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functions, allowing for greater adaptability of these orbitals to surrounding chemical 

environments (examples include Pople’s 3-21G and 6-31G basis sets 12-13 ). An 

alternative approach is to neglect the core electrons entirely, and model only the 

electrostatic potential that they exert on the valence electrons. These potential functions 

are commonly referred to as pseudopotentials or Effective Core Potentials (ECPs), and 

their use allows for relatively high-accuracy DFT modelling of larger metal-based 

systems without prohibitively large computational expense. Additionally, relativistic 

corrections are often incorporated into ECPs of heavier atoms, to account for orbital 

contraction as core electrons approach the speed of light. This allows the bulk of the DFT 

calculation to be undertaken without the involvement of computationally expensive 

relativistic terms.  

 

The LANL2 ECPs developed by Hay & Wadt were applied in this work, which 

incorporate relativistic core electron effects for elements rubidium through bismuth. 14-16 

When combined with the double-zeta D95 basis set for all valence electrons, this forms 

the so-called LANL2DZ basis set, 17 which has been previously used by our group to 

effectively model small metal clusters. 9-11 All initial structure searches were undertaken 

with LANL2DZ, however all structures were then re-optimised with LANL2TZ(f) and 

cc-PVDZ basis sets on metal and non-metal atoms respectively, to add polarisation 

functions to all elements and an additional GTO to the metal basis functions. 18-20 Table 

3.1 summarises the basis set representation of each element of interest here. 
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Table 3.1.  Basis sets, ECPs used and valence electrons included for all elements 

involved in DFT calculations presented in this thesis. 

Element Final Basis Set Valence Electrons  ECP Electrons 

Hydrogen cc-PVDZ 1s1 0 

Carbon cc-PVDZ 1s2, 2s2, 2p2 0 

Oxygen cc-PVDZ 1s2, 2s2, 2p4 0 

Phosphorous cc-PVDZ 1s2, 2s2, 2p6, 3s2, 3p3 0 

Titanium LANL2TZ(f) 3s2, 3p6, 4s2, 3d2 10 

Ruthenium LANL2TZ(f) 4s2, 4p6, 5s2, 4d6 28 

Gold LANL2TZ(f) 5s2, 5p6, 6s1, 5d10 60 
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3.3. Computational Procedure 

DFT geometry optimizations were undertaken in the Gaussian 09 software suite (revision 

d01) 21 with an ultrafine integration grid and in the absence of symmetry constraints. The 

M06 functional was used 8 in conjunction with the LANL2DZ basis set for initial structure 

searches, 14-17 and all identified energy minimum geometries were subsequently re-optimised 

with the LANL2TZ(f) and cc-PVDZ basis sets. 18-20 Vibrational frequency calculations were 

performed on all converged structures to ensure that these identified geometries were true 

energy minima. Optimised molecular structures were imaged and analyzed with both the 

Chemcraft 22 and Gaussview 5 23 visualization software packages. Predicted electronic 

Density of States (DOS) spectra of optimised structures were convoluted using the GaussSum 

3.0 program 24 with full-width half-maxima (FWHM) of 0.3 eV. Partial atomic charges were 

determined using the Hirshfeld population analysis method, with hydrogen atoms summed 

into their directly-bound heavier atoms for simplicity. 25-27 Individual atomic contributions to 

molecular orbitals were computed in the MultiWFN software package 28 using a Hirshfeld 

orbital decomposition method. 

 

To complement experimental characterisation of the AuRu3-TiO2 system, DFT calculations 

were used to investigate the binding of this cluster to the anatase (101) surface. To model the 

titania surface, a Ti14O45H34 cluster cleaved from the anatase lattice structure was used, with 

hydrogen atoms added to saturate dangling oxygen bonds and the resultant hydroxyl groups 

frozen in space. Figure 3.1 shows the structure of this cluster model, which is based upon a 

smaller Ti7O27H26 model cluster first used by Zapol and co-workers to model the adsorption 

of CO2 onto titania. 29 Previous work by our group enlarged this model to accommodate 

larger adsorbates, and the binding of small clusters of gold to this surface was studied. 30 

Optimisation of the Ti14O45H34 cluster model surface gave a geometry with singlet 

multiplicity, and vibrational frequency calculations confirmed it be an energy minimum 

structure. 
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To thoroughly explore the potential energy surfaces (PES) of adsorbed species (clusters, 

ligands or reaction molecules) on the anatase surface, multiple unique starting geometries for 

each system of interest were randomly generated the Kick stochastic structure generator. 31-32 

A restriction was applied to the structure generation algorithm to generate only structures in 

which the adsorbate lay above the surface. For each adsorbate of interest, its gas-phase 

molecular structure was first optimised at the M06/LANL2DZ level of theory, and this 

energy minimum structure was then “Kicked” at the model anatase surface to generate 50 

starting geometries. These were initially relaxed at the M06/LANL2DZ level of theory with 

the entire anatase surface frozen in space, with only the adsorbate(s) allowed to move. All 

identified minima within 0.5 eV of the energy minimum structure were then re-optimised 

with the surface also allowed to relax (with the exceptions of terminal hydroxyl groups). 

Energy minima geometries resulting from this were re-optimised once more, this time with 

the larger basis sets described above. Finally, anharmonic vibrational frequency calculations 

were undertaken on all resultant structures. Scheme 3.1 summarises the overall process of 

identifying energy minimum structures of species adsorbed onto the anatase surface. 

Figure 3.1. Top-down (left) and side-on (right) views of the Ti14O45H34 cluster model 

optimised at the M06/LANL2TZ(f)-ccPVDZ theory level used to emulate the anatase (101) 

titania surface. Titanium atoms are shown in grey, oxygen in red and hydrogen in white. 
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Binding energies of the species of interest onto the surface were determined as per Equation 

3.14, 

.  (3.14) 

Here, ESurface and EAdsorbate are the individual energies of the optimised surface and adsorbate 

molecule energies, and ESurface+Adsorbate is the energy of the optimised adsorbate-bound 

structure. Counterpoise corrections were not applied to compensate for basis set superposition 

error, as a recent study found that their use could not be justified for basis sets such as those 

used here, 33 and benchmark calculations undertaken here showed negligible changes in 

relative binding energies upon applying this correction. 

  

Scheme 3.1. Generalised computational procedure for determining energy-minimum 

structures of adsorbed species upon the Ti14O45H34 model titania surface. 
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Chapter Four 

Photocatalytic Studies of AuRu3 Deposited 

upon Anatase TiO2  

 
In this chapter, AuRu3-TiO2 is evaluated for photocatalytic solar fuel production in the gas-

phase. H2 and methane are detected as the major products of these reactions, with longer-

chain hydrocarbons up to C4 in length observed as minor products under certain conditions. 

Under “standard” reaction conditions of vacuum-treatment and reaction at 200 °C in a 3:1 

ratio of CO2:H2O, significant quantities of all products were detected. When comparing 

AuRu3-TiO2 to Ru3(CO)12 or H4Ru4(CO)12 clusters deposited upon titania, the bimetallic 

cluster shows the greatest affinity for H2 production from water, while both M4-based clusters 

show improved hydrocarbon turnover compared to Ru3-TiO2. The photocatalytic activity of 

AuRu3-TiO2 degrades quickly under repeated use, with production of H2 and most long-chain 

hydrocarbon products decaying to negligible amounts after only four repeated measurements. 

Isotopic labelling experiments with D2O show that evolved hydrogen has only approximately 

30% deuterium incorporation, but kinetic isotope effects in hydrocarbon production indicate 

substantial deuteration of methane and ethane products. Optimal production is observed when 

AuRu3-TiO2 is pre-treated under vacuum at 200 °C and reacted at 150 °C, corresponding to 

an overall energy efficiency of 0.25% for this reaction. Higher partial pressure ratios of H2O 

to CO2 improve hydrocarbon production rates, but hydrogen production shows a complex, 

non-linear relationship with CO2 partial pressure. 
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4 Photocatalytic Studies of AuRu3 Deposited upon Anatase TiO2 

The heterogeneous batch reactor apparatus described in Chapter 2 was used to test titania-

based materials for photocatalytic CO2 reduction. For all materials tested, H2 and methane 

were detected as major products, with trace amounts of C2-C3 alkane and alkene species also 

given off. All production rates discussed in this chapter are tabulated in Appendix A. To 

ensure that the source of these products was indeed the CO2 and not other carbonaceous 

contaminants, control reactions were conducted (i) without catalyst, (ii) without UV 

irradiation, and (iii) with argon buffer gas used in place of the reaction mixture. The former 

two tests yielded negligible amounts of the products of interest here, however the third blank 

test gave off trace levels of C1-C3 hydrocarbons. Further investigation showed that these 

residual hydrocarbon levels scaled linearly with the mass of catalyst used, and was attributed 

to photo-induced breakdown of surface-adsorbed adventitious hydrocarbons or ligands. This 

background hydrocarbon production was normalized to total catalyst mass, and subtracted 

from all subsequent photocatalytic tests. 

 

4.1. Determination of Standard Reaction Conditions 

“Standard” reaction conditions for CO2 photo-reduction by AuRu3-TiO2 were 60 mbar CO2, 

20 mbar H2O (3:1 CO2:H2O) in 920 mbar Ar, and a reaction temperature of 200 °C. 

Additionally, samples were heated in vacuum before testing to remove any volatile species on 

the surface which may cover or block active catalytic sites. Previous work by the Metha 

group has shown that vacuum-heating effectively removes PPh3 ligands of gold clusters 

supported upon TiO2, while causing minimal cluster aggregation. 1-4 XPS and DRS studies 

here (Chapter 5) show a similar effect for AuRu3 clusters on TiO2, with loss of CO and PPh3 

ligands corresponding to negligible cluster agglomeration on heating in vacuum. Hence, a 

wide range of vacuum-heating temperatures were tested for AuRu3-TiO2, and Figures 4.1 & 

4.2 show the resulting rates of H2O & CO2 reduction. To maximize the experimental 

throughput in this initial screening process, reaction temperatures were held the same as pre-

treatment temperatures for these experiments. Therefore, it must be acknowledged that the 

production rates shown here are convoluted also by effects of reaction temperature. A 
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separate investigation of photocatalytic dependence upon reaction temperature is presented in 

section 4.6.1. 

 

Despite this convolution of pre-treatment and reaction temperature, an optimal pre-treatment 

temperature of 200 °C is evident for all products of interest. Production of methane and C2-3 

hydrocarbons peak at this temperature, with near-baseline activity at most other temperatures. 

Hydrogen production follows a different trend, increasing almost linearly from 50-200 °C, 

before then decreasing slightly beyond 200 °C. Vacuum-treatment and reaction at 200 °C 

(with a CO2:H2O ratio of 3) is hence used for testing all samples, and is hereafter referred to 

as “standard” conditions. XPS and TPD studies of AuRu3-TiO2 (Chapter 5) indicate that 

heating to this temperature corresponds to removal of ligands from the AuRu3 cluster. 

Therefore, the increased activity at 200 °C may be due to a greater number of catalytically 

active sites on the metal cluster cores becoming available as ligands are removed. It should be 

stressed that these “standard” conditions are not necessarily optimal for CO2 reduction 

Figure 4.1: Peak production rates of hydrogen and methane by AuRu3-TiO2 as a function 

of combined material pre-treatment and reaction temperature. PCO2:PH2O = 3 for all tests 

here. 
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turnover, and further optimisation of these reaction conditions is discussed in later sections of 

this chapter.  

Figure 4.2: Peak production rates of longer-chain hydrocarbon products by AuRu3-TiO2 

as a function of combined material pre-treatment and reaction temperature. PCO2:PH2O = 3 

for all tests here. 
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  4.2. Photocatalytic Benchmarks and Comparisons 

4.2.1.  AuRu3-TiO2, Pt-TiO2 & Bare TiO2 

In addition to testing AuRu3-TiO2 for CO2 reduction in water, two other materials were tested 

as benchmarks. Bare anatase TiO2 nanoparticles (Sigma-Aldrich) were tested as-purchased, 

as well as 1% Pt nanoparticles deposited upon P25 TiO2 as described by Peng et. al. 5 

Photocatalytic production rates of methane and hydrogen by anatase TiO2, AuRu3-TiO2 and 

Pt-TiO2 are shown in Figure 4.3. Production rates of minor, longer-chain hydrocarbon 

products are shown in Figure 4.4. Deposition of the AuRu3 cluster improves the production of 

both major and minor hydrocarbon products relative to anatase TiO2, with methane 

production increasing by ~3× and ethane by ~2×. In the case of the minor hydrocarbon 

products, the large experimental uncertainties make interpretation of this data difficult. These 

errors are predominantly due to the extremely low levels of these products generated (~10-

100 ppb), giving poor signal-to-noise ratios in the GC-FID. However, it can be said with 

some confidence that generation of C3 products is faster with AuRu3-TiO2 than for bare 

titania, as these production rates do not agree even under these large experimental errors. 

Additionally, negligible H2 production is observed over the bare anatase substrate, whereas 

AuRu3-TiO2 generates 68.5 μmol hr-1 g-1. This observation is consistent with previous reports 

in the literature, in which the rate of water-splitting is very low or undetectable over bare 

TiO2 but increases dramatically on deposition of metallic co-catalysts. 6-7  

 

When comparing the activities of AuRu3-TiO2 with Pt-TiO2, the latter shows higher 

production rates for both methane and hydrogen. This is unsurprising considering its greater 

content of co-catalyst than on the cluster-deposited sample (1% vs 0.17%). However, greater 

amounts of saturated, longer-chain hydrocarbon products ethane and propane are generated 

by AuRu3-TiO2 than Pt-TiO2. The same cannot be said for unsaturated products; Pt-TiO2 

generates more ethene than AuRu3-TiO2, and the levels of propene generated by these two 

catalysts agree under experimental error. 
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Figure 4.3: Peak production rates of (left) CH4 and (right) H2 by various photocatalysts 

tested. Standard reaction conditions were used for all tests. 

 

Figure 4.4: Peak production rates of longer-chain hydrocarbon products by various 

photocatalysts tested. Standard reaction conditions were used for all tests. 
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To account for the different co-catalyst loadings of 0.17% AuRu3-TiO2 and 1% Pt-TiO2, 

Figures 4.5 and 4.6 show the same production rates discussed above, but instead normalized 

to the total precious metal content (Pt or Au/Ru) deposited upon the TiO2 nanoparticles. 

When compensating for total co-catalyst content, AuRu3-TiO2 gives faster generation of all 

products observed here compared to Pt-TiO2. Platinum nanoparticles are commonly reported 

as highly-active titania co-catalysts for CO2 photo-reduction in the literature. 8-9 This higher 

efficiency of AuRu3-TiO2 when accounting for metal content is hence highly promising, and 

indicates that atomically-precise cluster co-catalysts may allow for higher photocatalytic 

efficiencies to be reached in CO2 photo-reduction over TiO2. However, as the cluster and 

nanoparticle co-catalysts compared here have different elemental compositions, it is 

impossible to disentangle effects of particle composition and size upon photocatalytic activity 

here. 

 

Another useful measure of catalytic activity is the so-called “turn-over-frequency” (TOF), 

which describes the rate of production per active catalytic site. To calculate TOF values for 

AuRu3-TiO2 here, it is assumed that the clusters remain intact and un-aggregated on the 

surface (see Chapter 5 for a discussion of this) and each cluster is a single active site for 

reduction half-reactions. The co-catalyst weight loading of 0.17% for AuRu3-TiO2 equates to 

approximately ~10-9 moles of cluster per 1 mg sample used for photocatalytic testing.  

Platinum nanoparticles on Pt-TiO2 are assumed to be hemispherical with diameter of 2 nm, 10 

with each nanoparticle being a single active site. Table 4.1 shows the resultant TOF values 

for all products observed here, alongside their selectivities towards each product. Appendix B 

details the calculation of these frequencies and the assumptions inherent in this procedure. 
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Figure 4.6: Peak production rates of longer-chain hydrocarbon products by various 

photocatalysts tested, normalised to total precious metal content of co-catalysts. Standard 

reaction conditions were used for all tests. 

Figure 4.5: Peak production rates of (left) H2 and (right) CH4 products by various 

photocatalysts tested, normalised to total precious metal content of co-catalysts. Standard 

reaction conditions were used for all tests. 
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The TOF values calculated for both species here are very small, several orders of magnitude 

lower than frequencies quoted in the literature for other TiO2-based materials. 11-13 However, 

as methods used to calculate TOFs are rarely explicitly stated, the validity of any comparison 

to literature values cannot be established. Regardless, the highest TOFs recorded here (for 

AuRu3-TiO2) correspond to each cluster turning over a single H2 molecule every 179 

seconds, or once per 10.8 seconds in the case of Pt-TiO2. Methane turnover is an order of 

magnitude slower for both photocatalysts. As charge transfer processes upon TiO2 are 

estimated to occur on the timescales of ~10-6 seconds, 14-16 the photo-processes of the reaction 

itself are unlikely to limit these reaction rates. With only ambient water vapor pressure used 

in these reactions, availability of reagents and proton sources may be limiting factors. 

Alternatively, slow adsorption and/or desorption of species on the titania surface may impede 

reaction progress. Depending on the mechanism of CO2 reduction occurring here, radical 

migration processes involved in the formation of C-H bonds may also slow the reaction rate. 

Over the half-hour period of irradiation during photocatalytic testing, the AuRu3-TiO2 TOFs 

correspond to each cluster turning over ~10 molecules of H2 but only ~0.2 molecules of 

methane. Reduction of water to H2 is a simpler process than methane formation from CO2 (2-

electron transfer vs. 8-electron transfer), so it is therefore unsurprising that generation of H2 

dominates over methane production. However, this assumes simultaneous formation of both 

Product Anatase TiO2 AuRu3-TiO2 Pt-TiO2 

Selectivity (%) TOF (s-1) Selectivity (%) TOF (s-1) Selectivity (%) TOF (s-1) 

H2 0 - 96.44 5.60 × 10-3 96.41 9.26 × 10-2 

CH4 63.19 - 2.06 1.20 × 10-4 3.09 2.97 × 10-3 

C2H6 24.40 - 0.66 3.80 × 10-5 0.07 7.09 × 10-5 

C2H4 6.99 - 0.09 5.41 × 10-6 0.27 2.55 × 10-4 

C3H8 4.70 - 0.34 1.97 × 10-5 0 0 

C3H6 0.72 - 0.41 2.38 × 10-5 0.16 1.50 × 10-4 

Table 4.1 Percentage selectivities and turn-over frequencies for all products detected from 

photocatalytic CO2 reduction by tested materials. Standard reaction conditions were used 

for all tests. 
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products on the surface, and further studies on AuRu3-TiO2 (vide infra) indicate that this may 

not be true. 

 

For both major products, TOF values for Pt-TiO2 are at least an order of magnitude greater 

than those of AuRu3-TiO2. This may intuitively seem contrary to Figure 4.5, which clearly 

shows that AuRu3-TiO2 gives higher production rates when accounting for co-catalyst 

loading. The source of this discrepancy is the relative sizes of the metallic co-catalysts 

considered here; the Pt islands on Pt-TiO2 are much larger than the cluster-based AuRu3 

species (~137 atoms vs. 4 atoms per co-catalyst; see appendix B for calculations). Hence, 

there are fewer platinum nanoparticles decorating the TiO2 surface than there are AuRu3 

clusters by an order of magnitude, even with a ~ 6× higher weight content of Pt. If it is 

assumed that one Pt island corresponds only to a single active catalytic site, then these 

nanoparticles must therefore be acting much more efficiently than the AuRu3 clusters. It 

should be noted that this assumption is made for simplicity and has no experimental basis, 

and as such this may artificially inflate the TOF values estimated here for Pt-TiO2. 
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4.2.2. AuRu3-TiO2, Ru3-TiO2 & Ru4-TiO2 

Both the Ru3(CO)12 precursor of AuRu3 and a H4Ru4(CO)12 cluster deposited upon TiO2 

(“Ru3-TiO2”and “Ru4-TiO2”) are capable of catalysing water-splitting, ethene hydrogenation 

and Sabatier CO2 reduction, 17-20 and so were of potential catalytic interest here. Therefore, 

these clusters were deposited upon anatase TiO2 and tested for CO2 photo-reduction in the 

same manner as AuRu3-TiO2, to test the effect of changing a co-catalyst atom on 

photocatalytic efficiency. Figures 4.7 and 4.8 compare the photocatalytic activities of the 

three cluster-deposited TiO2 materials. These measurements were completed with the 

assistance of Elisabeth Schrefl, an undergraduate student at the University of Adelaide 

undertaking a research placement in the laboratory. 

 

Methane and H2 were detected as major products using all three cluster species, with C2-C3 

hydrocarbons as minor products. Both Ru3-TiO2 and Ru4-TiO2 also gave off low amounts of 

CO under UV irradiation; however, the quantities of this varied significantly between tests 

(potentially due to de-ligation of carbonyl ligands convoluting this signal, vide infra), and so 

CO has been excluded from analysis here. As is clear in Figure 4.7, AuRu3-TiO2 exhibits the 

highest rate of H2 production out of all three cluster-deposited materials, with Ru3-TiO2 and 

Ru4-TiO2 giving production rates ~3× lower than this. In terms of methane production, Ru3-

TiO2 gives the lowest photocatalytic efficiency, with Ru4-TiO2 and AuRu3-TiO2 giving 

higher production rates. Within the experimental uncertainties of these measurements, 

AuRu3-TiO2 and Ru4-TiO2 give comparable methane production rates. Similar trends are 

observed for most of the minor hydrocarbon products (Figure 4.8), but large experimental 

uncertainties in production rates of ethane, propane and propene are observed due to their low 

production rates. The exception to this is ethene, for which Ru4-TiO2 generates appreciably 

greater amounts than either of the other two clusters. For all minor products, both AuRu3-

TiO2 and Ru4-TiO2 give higher production rates than Ru3-TiO2.  

 

From these results, it is evident that addition of a single metal atom to the Ru3 cluster – either 

gold or ruthenium – improves its overall rate of solar fuel production when supported upon 

anatase titania. In the case of AuRu3, addition of a gold atom improves the production of both 

H2 and hydrocarbon products. Similar enhancements have been observed with other 
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Figure 4.8: Peak production rates of longer-chain hydrocarbon products by all cluster-

deposited titania materials tested here. Standard reaction conditions were used for all tests. 

Figure 4.7: Peak production rates of (left) H2 and (right) CH4 by all cluster-deposited titania 

materials tested here. Standard reaction conditions were used for all tests. 
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bimetallic co-catalyst nanoparticles; Garcia and co-workers showed that alloying copper  

nanoparticles with gold on P25 TiO2 dramatically improved hydrocarbon production from 

CO2. 
6, 21 Substitution of gold for a ruthenium atom retains the improved activity towards 

hydrocarbons, but reduces the H2 generation rate. Therefore, the increased H2 production rate 

of AuRu3-TiO2 may be due to electronic interactions of the gold atom with the Ru3 cluster 

core, shifting the cluster’s electronic structure to favor H2 production from the coupling of 

two H· radicals. In terms of hydrocarbon production, both M4-clusters show increased 

reactivity relative to Ru3-TiO2, regardless of the metal atom added to the cluster. Again, this 

could be due to a shift in the cluster electronic structure to favor reduction of H2O and CO2. 

Alternatively, this could be an effect of particle size, with the increased cluster size allowing 

for more effective reagent binding to the co-catalyst and hence higher rates of CO2 photo-

reduction. 

 

To determine whether photocatalytic water-splitting was competing with CO2 reduction in 

these reactions, all three cluster-based materials were also tested for water-splitting in the 

absence of CO2. Figure 4.9 shows the resultant water-splitting rates, alongside H2 production 

rates from CO2 reduction reactions. Within experimental uncertainties, all three cluster co-

catalysts give comparable hydrogen production rates with and without CO2 present. This 

suggests that CO2 does not effectively compete with water for reduction at the photocatalyst 

surface. Results of DFT modelling studies here support this, with AuRu3-TiO2 binding a H2O 

molecule 0.53 eV more strongly than a CO2 molecule (See Chapter 6 for more details). 

Hence, the relatively low selectivity for hydrocarbon production over H2 may be at least 

partially due to the lower surface affinity for CO2 compared to H2O. This issue has been 

noted by several previous studies, who have correlated improved surface sorption of CO2 to 

higher rates of CO2 photo-reduction in the presence of water. 22-24 Hence, future work could 

aim to improve photocatalytic CO2 reduction rates by use of substrates or co-catalysts with 

greater CO2 sorption capabilities. 
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Figure 4.9: Peak production rates of H2 by all cluster-deposited titania materials, in 

atmospheres of H2O/Ar and H2O/CO2/Ar. Standard reaction conditions were used for all 

tests, with CO2 neglected in the case of H2O/Ar atmospheres. 
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4.3. The Oxidation Half-Reaction 

In the preceding section, all products discussed were the result of reduction half-reactions; 

either water reduced to H2, or CO2 reduced to hydrocarbons such as methane, as per 

Equations 4.1 and 4.2. 

   (4.1) 

  (4.2) 

In both processes, molecular oxygen should theoretically be evolved from the oxidation half-

reactions. Due to the similar physical properties of both O2 and Ar gases, these species co-

elute at the same retention times within both GC-TCD and GC-FID, and hence O2 cannot be 

reliably detected by the GC from reactions using Ar buffer gas. Therefore, all following 

discussion of O2 comes from RGA analysis only.  

 

For a previous iteration of this photocatalytic apparatus, Alvino reported that H2 production 

from water splitting experiments was accompanied by an increase in the m/z = 44 signal in 

the RGA (corresponding to the CO2 parent ion) and a concomitant drop of any residual O2 

signal at m/z = 32. 25 This was attributed to a potential variety of causes, including photo-

oxidation of surface-adsorbed adventitious carbon species occurring in preference to the 

evolution of O2, and photo-adsorption of O2 onto the TiO2 substrate. Attempts to reproduce 

this effect in the photocatalytic apparatus here, however, show a similar rise in the CO2 signal 

but no change in the O2 parent ion (See Figure 4.10). This apparent lack of O2 consumption 

may be due to a difference in apparatus used, as the reaction cell used here is designed to 

hold a higher level of vacuum than that described by Alvino. Hence, the residual O2 signal 

may have been too weak to observe any photo-induced consumption or adsorption. 

 

Table 4.2 summarises the observed CO2 photo-production rates and the H2:CO2 production 

rate ratios for water-splitting reactions over these materials. If this CO2 evolution were due to 

produced O2 photo-oxidizing adsorbed hydrocarbon species, by the stoichiometry of 

Equation 4.1 a H2:CO2 ratio of 2:1 would be expected (assuming complete conversion of O2 

into CO2). However, in the cases of Ru3-TiO2 and Ru4-TiO2, more CO2 is evolved than the 

expected stoichiometric equivalent of O2. Clearly then, the observed CO2 production here 
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cannot entirely account for the oxidation half-reaction in water-splitting reactions. 

Additionally, CO2 production rates stay constant across all three materials within their 

experimental uncertainties. Therefore, this CO2 production is more likely due to photo-

oxidation of oxygen-containing hydrocarbon species bound to the surface not removed by 

material pre-treatment.  

 

It should be noted that such side-reactions also have the potential to release H2, and indeed 

isotopic labelling experiments performed with D2O in place of H2O (vide infra) observe a 

combination of H2, HD and D2 products. Despite this, detection of D2 products from the 

isotopic labelling experiments indicate that at least some fraction of the observed hydrogen 

products here must come from the splitting of water. Therefore, some amount of O2 or other 

oxide should be formed during these catalytic tests. Numerous other studies of photo-

reduction reactions over TiO2 have also reported either a lack of observable O2 formation 26-27 

or much lower amounts than would be stoichiometrically expected. 6, 28 This is generally 

Figure 4.10: RGA signals of H2 (m/z = 2), O2 (m/z = 32) and CO2 (m/z = 44) as a 

function of time over 2.1 mg of AuRu3-TiO2 in a H2O/Ar atmosphere. The dashed line 

indicates the time at which UV irradiation of the cell was initiated. 
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attributed to photo-adsorption of O2 onto the TiO2 surface preventing detection of oxygenated 

products. Hence, a similar effect may be occurring here, where O2 generated in water-

splitting experiments remain strongly bound to the semiconductor surface, perhaps through 

the formation of species such as O2
– or OH–, which are known to form from O2 on TiO2 under 

UV irradiation. 29-30 Molecular oxygen (O2) is known to fully desorb from anatase TiO2 at 

temperatures above 100-150 °C. 31 As the operating temperature of the reaction cell was 

above this for almost all photocatalytic experiments, any molecular oxygen formed should 

have desorbed from the surface, and hence should have been detected throughout the 

reaction. However, in the presence of water (similar to conditions used here), oxygen is 

known to form hydroxyl groups upon TiO2 surfaces, 31 which are stable at temperatures of 

1000 K and above. 29 This is far above the maximum operating temperature for the apparatus 

used here, and hence any oxygen trapped as hydroxyl groups would not be observable upon 

heating the sample to any achievable temperature. 

 

So far, discussion of the oxidation half-reaction has focused only upon water-splitting 

reactions. In the case of CO2 photo-reduction, a similar absence of expected O2 products 

occurs. No change is detected in the CO2 signal under UV irradiation, due to the much larger 

quantities of CO2 present masking any change from photo-oxidation processes. It is therefore 

difficult to draw any conclusions regarding the oxidation half-reactions associated with CO2 

reduction here. However, it is possible that a similar effect to the water-splitting reactions 

may be occurring, with produced O2 remaining adsorbed to the TiO2 surface. 

 

   

Material H2 Production 

(μmol hr-1 g-1) 

CO2 Production 

(μmol hr-1 g-1) 

H2:CO2 Production 

Ratio 

AuRu3-TiO2 80 ± 23 24 ± 10 3.30 

Ru3-TiO2 31 ± 9 21 ± 6 1.43 

Ru4-TiO2 16 ± 3 15 ± 1 1.04 

Table 4.2 Production rates of H2 and CO2 from water-splitting experiments in a H2O/Ar 

atmosphere from cluster-TiO2 materials tested here, and the resulting H2:CO2 production 

ratios. 
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4.4. Isotopic Labelling Studies 

Isotopic labelling studies were undertaken by replacing the H2O in the cell with D2O vapor 

(99.9%, Cambridge Isotope Laboratories), to test the source of hydrogen atoms in CO2 and 

H2O reduction products. D2O purity was tested by accurate weighing of 1.00 mL, and the 

resultant density at 22.6 °C was within 2% of that reported in the literature, indicating 

relatively high purity. 32 Figures 4.11 and 4.12 show the resulting production rates of 

hydrogen, methane and ethane from photocatalytic testing of AuRu3-TiO2 for CO2 reduction 

in D2O vapor. Assuming water vapor is the sole hydrogen source in this reaction, the H2 

signal in the RGA would be expected to shift two mass units to m/z = 4 on D2O substitution. 

However, as demonstrated by Figure 4.12, a distribution of H2, HD and D2 is instead 

detected, with only 28.5% deuterium incorporation. Hence, whilst a fraction of the 

photocatalytic H2 production over AuRu3-TiO2 is due to the reduction of water or D2O, the 

majority must come from other sources of hydrogen. The two most likely alternative sources 

in this system are adventitious hydrocarbons and pre-adsorbed water (either residual drop-

casting solvent or adsorbed from the atmosphere), both of which may be photolyzed under 

UV irradiation. From the results presented here, it cannot be confidently stated which of these 

contributes the remaining hydrogen. 

 

Figure 4.11: Peak production rates of molecular hydrogen isotopes by AuRu3-TiO2 using 

either H2O or D2O as the proton source. Standard reaction conditions were used for all tests. 
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In the RGA, deuterated forms of methane would be expected to appear across a m/z range of 

16-20. Unfortunately, this range overlaps with a series of peaks from D2O, Ar, CO2 and 

residual H2O from the detection chamber, and so RGA analysis could not be used to observe 

deuterated methane production. As GC-FID detection yields no information on isotopic 

distribution, the isotopic form of methane produced is hence unknown. However, a 

significant decrease in production rates of methane and ethane occurs upon D2O substitution 

(Figure 4.12). This may be indicative of a kinetic isotope effect (KIE) from the formation of 

C-D bonds during the reaction rate-determining step(s). Substitution of a heavier deuterium 

atom into a C-H bond slows the rate of any reactions involving the formation or breaking of 

this bond, by lowering the bond zero-point energy (ZPE) and hence increasing the required 

reaction activation energy. 33-34 The theoretical magnitude of the KIE for C-H/D bonds is a 

×6.9 reaction rate decrease, however experimental values from ×1.5 to ×10 rate decreases 

have been previously reported. The reaction rates here correspond to KIEs of 7.9 for methane 

production and 35.0 for ethane production, the latter of which is much larger than deuterium 

KIEs reported in the literature. This may indicate a high level of deuteration of alkane 

products from this reaction, with multiple C-D bond formation events giving cumulative 

KIEs for ethane production. 33 However, in the absence of any mass resolved signals of these 

Figure 4.12: Peak production rates of hydrocarbons by AuRu3-TiO2 using either H2O or 

D2O as the proton source. Standard reaction conditions were used for all tests. 
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products, some ambiguity still exists regarding their isotopic nature; i.e. formation of CDH3, 

CD2H2, CD3H or CD4 cannot be distinguished here. These KIEs also cast doubt on the 

hydrocarbon production from AuRu3-TiO2 being due to breakdown of adventitious 

hydrocarbons. Such photo-degradation reactions should have no dependence upon residual 

water vapor, and as such should not exhibit kinetic isotope effects. Hence, the existence of 

these effects indicates that the rate-determining steps of methane and ethane formation 

involve H2O/D2O vapor, and as such are more likely from C-H bond formation reactions 

between CO2 and water. 

 

The two conclusions of this isotopic labelling study may initially appear contradictory: most 

hydrogen atoms in H2 products comes from sources other than the introduced water vapor, 

but hydrocarbon products appear to have significant hydrogen incorporation from H2O/D2O. 

This discrepancy may be due to the presence of water pre-adsorbed the titania surface, as 

mentioned previously. The adsorption of water to TiO2 has been studied comprehensively, 

and many studies have found that this process causes dissociation of water into hydroxyl 

groups on the surface. 35 If present in sufficient quantity, such hydroxyl species could saturate 

the surface, preventing the binding of D2O and CO2 reagents. Under UV irradiation, these 

could then be photo-reduced and give off H2 as a product instead of D2, while simultaneously 

freeing up active sites for CO2 and D2O binding. This would then allow for reduction of CO2 

and D2O to occur, giving deuterated isotopes of hydrogen and hydrocarbons. Inter-mixing of 

proton sources on the TiO2 surface could yield HD and other mixed-isotope products. Within 

the RGA’s relatively poor temporal resolution here of ~67 seconds, these processes would 

likely appear simultaneous.  

  



 

 

130 
 

4.5. Catalytic Repeatability 

To test the photocatalytic repeatability of AuRu3-TiO2 towards CO2 reduction, a sample was 

tested for several consecutive photocatalytic tests without exposure to atmosphere. The 

sample was pre-treated and reacted at 200 °C, and after each subsequent test the reaction cell 

was evacuated and re-filled with fresh gas while maintaining a constant temperature. Figure 

4.13 shows the resultant photocatalytic production of hydrogen, methane and ethane on 

sustained testing of this sample. It is worth noting that the production rates of methane and 

hydrogen initially observed from this sample are greater than those reported for AuRu3-TiO2 

earlier in this chapter, even when accounting for experimental uncertainty. This could 

potentially be due to the relatively small amount of sample used here introducing larger errors 

when normalizing production rates to the catalyst mass. Generation of all products decays 

significantly on repeated testing, and is most pronounced in the case of ethane, which 

decreased to negligible yield after three successive tests. H2 shows a similarly large drop-off 

in production, losing 92% of activity after only two consecutive trials. However, production 

Figure 4.13: Peak production rates of (top) hydrogen and (bottom) methane & ethane from 

0.8 mg of AuRu3-TiO2 under repeated photocatalytic testing. Standard conditions were used 

for all tests. 
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rates of methane stabilize at approximately 60% of their initial value after two successive 

tests. 

 

There are several potential causes for this rapid loss in photocatalytic activity. Degradation of 

the catalytic material under repeated use is a likely option, with sustained exposure to 

reaction conditions causing aggregation of the cluster co-catalysts to larger, less active 

nanoparticles. Chapter 5 will discuss the post-catalysis chemical states of AuRu3-TiO2 in 

more detail. Additionally, some fraction of the initial production observed here may be due to 

reactions of surface-adsorbed hydrocarbon species, either cluster ligands or adventitious 

hydrocarbons. Without exposure to atmosphere between tests, the surface population of these 

species would become depleted under sustained use, resulting in an overall drop in the 

apparent catalytic activity. However, as residual hydrocarbon production in the absence of 

CO2 was attributed to this and subtracted out from all data presented here, this is unlikely. 

Alternatively, strongly-adsorbed carbonaceous intermediates such as C• or CO3
– may saturate 

active sites on the catalyst over time, preventing further turnover at these sites. 

 

A fourth possible source of this activity loss is the solvent used in the material deposition 

onto silica discs. MilliQ water was used as drop-casting solvent, and some of this may have 

remained upon the sample surface after pre-treatment, bound to either the catalyst sample or 

the disc support. This water could pre-saturate the catalyst active sites before introduction of 

the reaction mixture, hence undergoing preferential photocatalytic reduction and giving 

higher initial rates of hydrogen production. The population of this solvent on the surface 

would then become depleted over sustained catalyst use, giving an overall decrease in 

observed activity as molecules such as CO2 begin to compete for binding sites. As the 

available hydrogen on the surface then decreases, fewer hydrogen atoms are then available to 

form C-H bonds, hence also lowering hydrocarbon production rates. Isotopic labelling studies 

mentioned earlier support this theory, with most hydrogen products not incorporating 

deuterium on exchanging H2O for D2O, indicating that the source for most of this hydrogen is 

some form of pre-adsorbed hydrogen-containing species on the catalyst surface. Future work 

could further test for this by preparing photocatalyst samples with D2O as drop-casting 

solvent and then monitoring the isotopic distribution of products obtained from the reaction.  
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4.6. Optimisation of Reaction Conditions 

All photocatalytic tests discussed this far in this chapter have been completed under a set of 

“standard” reaction conditions, except for the optimisation of vacuum-heating temperature. 

However, it was unknown whether these conditions were optimal for CO2 photo-reduction by 

AuRu3-TiO2. Hence, further experiments were undertaken to optimise the reaction 

temperature and CO2:H2O partial pressure ratio for photo-conversion of CO2 into 

hydrocarbons (vacuum-heating temperature having been optimised in section 4.1). 

 

4.6.1. Reaction Temperature 

Figure 4.14 shows the dependence of H2, CO and CH4 production on reaction temperature, 

while Figure 4.15 shows the same for minor hydrocarbon products detected. Notably, in 

addition to methane and H2, carbon monoxide was also detected at some reaction 

temperatures.  

Figure 4.14: Peak production rates of hydrogen, methane and CO by AuRu3-TiO2 as a 

function of reaction temperature. PCO2:PH2O = 3, pre-treatment temperature of 200 °C for 

all tests here. 
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As the CO parent ion at m/z = 28 overlaps with a fragmentation peak of CO2, RGA analysis 

could not be used to quantify CO production, and so these rates are determined by GC-FID 

only. As mentioned above, CO could also be generated by ligand desorption from AuRu3 

clusters, and so CO production rates cannot be disentangled from this. For simplicity, 

however, the observed CO will be treated as products of CO2 photo-reduction. 

 

At near-ambient temperatures of 50 °C, no appreciable levels of hydrocarbon products are 

detected, with only H2 and CO observed in low amounts. Hydrocarbon products are first 

detected at 100 °C, corresponding to a decrease in CO production and a very slight increase 

in H2 production. Nearly all products of interest show peak production at a temperature of 

150 °C, increasing in rate from 50-150 °C before decreasing on further raising the 

temperature to 200 °C. The exceptions to this trend are C3 products such as propane, which 

have such large experimental uncertainties that no reasonable conclusions can be made; and 

CO, which shows a decrease from 50-100 °C, before peaking at 150 °C like all other 

Figure 4.15: Peak production rates of longer-chain hydrocarbon products by AuRu3-TiO2 

as a function of reaction temperature. PCO2:PH2O = 3, pre-treatment temperature of 200 °C 

for all tests here. 
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products. Several previous works in this field have postulated that CO may be an 

intermediate species in the reduction of CO2 to hydrocarbons. 36-38 Hence, CO’s more 

complex relationship with reaction temperature may be due to it being consumed in the 

production of hydrocarbons such as methane or ethane. 

 

The dependence upon reaction temperature for CO2 photo-reduction over TiO2 has been 

previously studied by Saladin and Alxneit, who observed minimal improvement in methane 

production on increasing reaction temperature from 100 °C to 200 °C. 27 They proposed that 

the reaction rate is limited by adsorption-desorption effects upon the TiO2 surface, where the 

rate-limiting step is desorption of products at lower temperatures, and adsorption of reagent 

molecules at higher temperatures. A similar effect may hence occur here, where reacting at 

150 °C achieves an optimal equilibrium between reagent adsorption and product desorption. 

At lower temperatures, poor desorption of products or intermediates from water reduction 

could simultaneously limit H2 production and proton transfer to CO2. As the reaction 

temperature then increases, these hydrogen-containing intermediates would then be mobilized 

and more readily desorbed, allowing for formation of C-H bonds and giving higher H2 

production rates. However, on rising above 150 °C the limiting factor could then become 

reagent adsorption, with the excess thermal energy in the system causing molecules to desorb 

from the TiO2 surface before undergoing photo-reduction. It should be noted that the large 

excess of argon buffer gas in the reaction chamber may influence this equilibrium, as Ar 

could collide with surface-bound species and displace or disorder them.  
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4.6.2. CO2:H2O Ratio 

CO2 photo-reduction rates by AuRu3TiO2 as a function of the CO2:H2O partial pressure ratio 

are shown in Figures 4.16 and 4.17. Assuming both CO2 and H2O behave as ideal gases, this 

pressure ratio is equal to their molar ratio within the cell. Water vapor pressure remained 

constant at ~20 mbar for all tests, with CO2 added to achieve the desired partial pressure 

ratio. The apparatus used is limited by the ambient water vapor pressure, and attempts to 

increase this by heating the bubbler resulted in water condensation in localized cold spots 

within the cell connections. In addition to all products discussed in the preceding sections, 

trace amounts of butane and 1-butene were also detected at higher proportions of water to 

CO2. CO is again observed as a product for all pressure ratios except 3:1 (standard 

conditions) and 49:1. For all pressure ratios investigated, H2 and CO combined account for at 

least 95% of all products, with peak production of both observed at a partial pressure ratio of 

1:1. On moving to greater CO2 partial pressures, the production of H2 decreases to 30-60 

Figure 4.16: Cumulative peak production rates of all products by AuRu3-TiO2 as a 

function of the CO2:H2O partial pressure ratio. Pre-treatment and reaction temperatures of 

200 °C were used for all tests here. Experimental uncertainties have been neglected for 

simplicity, and are shown in Appendix A. 
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μmol hr-1 g-1, and a similar drop is observed at greater pressures of water (1:2 CO2:H2O). 

Production of CO again displays a much more complex relationship, oscillating between high 

and minimal/no production. A combination of ligand out-gassing, CO consumption in further 

reactions and photo-oxidation of adsorbed hydrocarbons likely convolutes the signal of CO 

detected here. In terms of hydrocarbons, optimal production of C1, C2, C3 and C4 products 

occur at CO2:H2O ratios of 0.5, 2, 3 and 1 respectively. However, due to the relatively large 

experimental uncertainties associated with these values (errors given in Appendix A), these 

trends for all hydrocarbons except methane are unreliable. Methane production peaks at the 

stoichiometric ratio of 1:2 CO2:H2O, with ratios of 2:1 and 4:1 giving comparable rates that 

agree under experimental uncertainties. 

 

From these results, no obvious conclusions can be drawn regarding the optimal partial 

pressure ratio for CO2 reduction over AuRu3-TiO2. The resolution of the manometer pressure 

Figure 4.17: Cumulative peak production rates of hydrocarbon products by AuRu3-TiO2 

as a function of the CO2:H2O partial pressure ratio. Pre-treatment and reaction 

temperatures of 200 °C were used for all tests here. Experimental uncertainties have been 

neglected for simplicity, and are shown in Appendix A. 
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gauge (±0.32 mbar) introduces an uncertainty of 1.6-6.6% in the measured partial pressure 

ratios, which could limit experimental reproducibility at the low pressures used and hence 

give rise to the relatively large experimental errors observed here. Clearly, a CO2:H2O ratio 

close to parity gives improved production of all species when compared to large excesses of 

CO2. Peak hydrocarbon production occurs within a CO2:H2O range of 0.5 – 4. From Equation 

4.2, a ratio of 0.5 would be expected to stoichiometrically favor methane production, with 

higher ratios for longer-chain hydrocarbons. These fall within the range identified for peak 

hydrocarbon production here, however as mentioned previously this fails to account for 

competitive adsorption effects between CO2 and H2O at the catalyst surface  

 

The decrease in hydrogen production rate when changing the CO2:H2O ratio from 1 to 0.5 is 

remarkable, as H2 production would intuitively be expected to increase with the proportion of 

water present in the cell. As the corresponding increase in total hydrocarbon production rate 

is less than 1 μmol hr-1 g-1, the loss of H2 production cannot simply be ascribed to its 

consumption in the formation of hydrocarbons. The overall water vapor within the cell is held 

constant, and so there should be no change in the availability of water molecules. However, 

the total reaction pressure was made up to 1 bar in Ar buffer gas in all tests, with more Ar 

added when using less CO2. Argon is likely much poorer at displacing H2 and hydrogenated 

intermediates than CO2 from the TiO2 surface, as it interacts with the surface through only 

weak dispersion forces (as opposed to partial electron transfer from CO2 to the surface; see 

Chapter 6 for details). Hence, as the ratio of CO2:Ar in the gas mixture decreases, the 

capability of the gas mixture to displace surface-bound species also decreases. This could 

then prevent the desorption and detection of these hydrogenated species, hence lowering their 

apparent photocatalytic production rates. 

 

When testing the CO2:H2O ratio of 0.5, a combination of relatively high methane production 

and low levels of CO2 allowed for detection of methane production by RGA as well as GC-

FID. Figure 4.18 shows the resultant signal at m/z = 15 (corresponding to the CH3
· fragment 

of methane), and compares the production rates of methane detected by RGA and GC-FID 

methods under these conditions. While similar, the average production rates measured by the 

two separate techniques do not agree under experimental uncertainty, with slightly higher 

production of methane measured by RGA than by GC-FID. The GC-FID here was calibrated 
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for methane concentrations in the ppm range (100 ppm methane calibration, Matheson Tri-

Gas), while the RGA was calibrated for concentrations two orders of magnitude higher (39 

700 ppm methane calibration, Matheson Tri-Gas). As the methane concentrations observed 

from CO2 photo-reduction are on the order of 10-20 ppm, the lower concentration calibration 

and hence the production rate determined by GC-FID is likely more accurate. 

Figure 4.18: (Top) Methane production detected by RGA from 1.5 mg of AuRu3-TiO2 under UV 

irradiation. Pre-treatment and reaction temperatures of 200 °C, PCO2:PH2O = 0.5. 

(Bottom) Average production rates of methane under these conditions measured by RGA and 

GC-FID.  
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4.7. Photocatalytic Efficiencies 

So far, photocatalytic activity has only been discussed here in terms of the total amount of 

product generated – a “production rate” in units of μmol g-1 hr-1, a standard form of reporting 

photocatalytic activities in the literature. However, this quantity may be misleading, as it 

suggests comparison between different reports when reaction conditions between tests are not 

identical. For example, when considering the four highest-performing TiO2 photocatalysts for 

CO2 reduction reported in the literature (Chapter 1, Table 1.3), no two reports use even 

remotely similar reaction conditions, and so direct comparison of their production rates is 

entirely invalid. 6, 8, 39-40 An alternative measure of measuring photocatalytic activity is the 

total energy efficiency, which may allow for greater comparability to other photocatalyst 

reports. The photonic energy efficiency Φ of a photocatalytic material, accounting for all 

products, is defined here as  

  (4.3) 

where Δni is the molar production rate of the ith product, ΔHir
°
 is the enthalpy change 

associated with the reaction yielding the ith product, and P is the total power input into the 

reaction from the UV LED. 41-42 Appendix C provides more details on the calculation of these 

efficiencies. The energy efficiencies for CO2 photo-reduction rates reported throughout this 

chapter are shown in Table 4.3, and are broken down into contributions from both H2 and 

hydrocarbon production. It should be noted that these efficiencies are purely determined by 

total energy input/output, and should not be confused with quantum efficiencies or quantum 

yields, which are also often quoted in the literature. 43-45 As discussed by Serpone and co-

workers, 46-47 while expressing catalyst efficiency in terms of quantum chemical processes is 

often desirable, such efficiencies calculated for heterogeneous photocatalysts are often 

misleading as they assume complete light absorption, and do not take into account light 

scattering and transmittance effects by the solid material. 

 

The efficiencies between different materials tested here follow trends described in Section 

4.2. Deposition of any co-catalyst improves efficiencies relative to bare TiO2, and AuRu3-

TiO2 achieves a total efficiency at least twice that of Ru3-TiO2 and Ru4-TiO2. However, in 

terms of hydrocarbon production, Ru4-TiO2 is slightly more efficient than AuRu3-TiO2, 

reflective of the trend identified in Section 4.2.2. Pt-TiO2 exhibits the highest efficiencies at 
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standard conditions for any material tested here; however when considering the relatively 

high weight loading of co-catalyst used (1% vs 0.17% for all cluster-deposited samples), this 

is unsurprising. When optimising the reaction conditions of AuRu3-TiO2, tuning the reaction 

temperature yields almost a two-fold total efficiency increase, however this is largely due to 

increased hydrogen production. Adjustment of the reaction mixture ratio shows a smaller 

improvement in overall efficiency, but gives peak hydrocarbon production efficiency, 

possibly indicating that the production rates and efficiencies observed here may be limited by 

low reagent concentrations. 

 

The peak energy efficiency for CO2 reduction by AuRu3-TiO2 here of 0.25% is distinctly 

lower than those of other TiO2-based materials reported in the literature. Liu et al. used 

nanoparticles of silver and copper deposited upon various TiO2 architectures to achieve 

energy efficiencies of up to 1.2%. 41-42, 48 However, the co-catalyst weight loadings used in 

their studies were much higher than those used here, with precious metal content of up to 

2.5% w/w. Therefore, when considering the relatively low co-catalyst content used here, the 

peak efficiency of AuRu3-TiO2 may well be competitive with these previous reports. Future 

optimisation of this material should consider the cluster loading on the anatase surface, as the 

total energy efficiency of this catalyst may be improved upon significantly at higher loadings.  
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Material Reaction Conditions Energy Efficiency (%) 

H2 

Production 

Hydrocarbon 

Production 

Total 

Production 

AuRu3-TiO2 Standard 0.11 0.02 0.13 

200 °C Pre-Treatment, 150 

°C Reaction, PCO2:PH2O = 3 

0.17 0.07 0.25 

200 °C Pre-Treatment & 

Reaction, PCO2:PH2O = 0.5 

0.05 0.12 0.17 

TiO2 Standard 0 0.0057 0.0057 

Pt-TiO2 Standard 0.20 0.03 0.23 

Ru3-TiO2 Standard 0.036 0.01 0.046 

Ru4-TiO2 Standard 0.04 0.026 0.066 

Table 4.3 Energy efficiencies of all TiO2-based materials tested for photocatalytic CO2 

reduction with water under UV irradiation. 
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4.8. Conclusions 

Using a novel batch-reactor apparatus with both RGA and GC-FID detection, the 

photocatalytic activity of Ru3(μ-AuPPh3)(μ-Cl)(CO)10 clusters deposited upon anatase TiO2 

nanoparticles towards gas-phase CO2 reduction with water vapor under UV irradiation has 

been evaluated. H2 and methane are observed as dominant products, with trace levels of C1-

C3 hydrocarbon products as minor products. Under tuning of reaction conditions, production 

of CO and C4 hydrocarbons is also achieved. Deposition of the AuRu3 cluster improves all 

production rates relative to bare anatase TiO2. A 1% Pt/TiO2 literature standard exhibits 

higher photocatalytic activity when considering total catalyst mass, but was inferior to 

AuRu3-TiO2 when accounting for total co-catalyst content. When comparing to pure 

ruthenium clusters Ru3 and Ru4 deposited on anatase, AuRu3-TiO2 gives superior H2 

production over both species, but Ru4-TiO2 and AuRu3-TiO2 give comparable hydrocarbon 

production. Hydrogen generation rates from all three cluster-deposited materials are 

independent of the presence of CO2, suggesting that CO2 molecules do not effectively 

compete with water for binding to the catalyst surface (consistent with binding energies of 

these molecules to AuRu3-TiO2 determined by DFT). 

 

In both CO2-reduction and water-splitting experiments, an absence of products from the 

oxidation half-reaction(s) is noted. This is ascribed to the formation of O2
- or OH- species, 

which bind strongly to the titania surface and do not desorb readily. For water-splitting 

testing, a low level of CO2 production is observed concomitantly to H2 generation. This 

remains constant across all three materials and is independent of H2 production rates, 

indicating that this is unrelated to the water reduction processes, and possibly due to photo-

induced breakdown of surface-adsorbed hydrocarbon species. 

 

Isotopic substitution of D2O for H2O in the reaction cell results in a distribution of hydrogen 

isotope products, with only 28.5% deuterium atom incorporation. Significant decreases in 

methane and ethane production are observed on D2O substitution, assigned as C-D kinetic 

isotope effects indicative of substantial deuterium incorporation into these products. Under 

repeated catalytic testing, the activity of AuRu3-TiO2 decays significantly after only four 

uses. H2 and ethane production rates decrease to negligible levels, while methane production 

decreases to approximately 60% of its original value. Accounting for the above observations, 
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a mechanism is proposed whereby surface-adsorbed hydroxyl groups saturating the catalyst 

surface are not removed by pre-treatment. These are initially reduced upon UV irradiation to 

give H2, with subsequent binding of CO2 and D2O yielding D2 and deuterated hydrocarbon 

products. 

 

The photocatalytic activity AuRu3-TiO2 is optimised with regard to pre-treatment 

temperature, reaction temperature and CO2:H2O partial pressure ratio. Pre-treatment under 

vacuum at 200 °C and subsequent reaction at 150 °C gives peak generation of all products, 

with the dependence on reaction temperature hypothesized to result from an adsorption-

desorption equilibrium upon the photocatalyst surface. Optimal production of CO and H2 is 

observed at a reagent ratio of 1:1, and CO2:H2O ratios in the range of 0.5 - 4 give peak 

hydrocarbon production. When considering the overall energy efficiency of AuRu3-TiO2 

towards CO2 photo-reduction, a peak efficiency of 0.25% is achieved through optimisation of 

reaction temperatures. This is significantly lower than other efficiencies reported in the 

literature for metal-deposited TiO2, but is likely limited by the very low co-catalyst loadings 

and reagent concentrations used here. 

 

The results here are the first demonstration of atomically-precise metal clusters deposited 

upon TiO2 acting as co-catalysts for photocatalytic CO2 reduction by water. A clear future 

direction would involve further optimisation of AuRu3-TiO2 for this reaction, including 

investigation of the irradiation source, co-catalyst weight loading, higher reagent vapour 

pressures and additives to improve CO2 sorption at the TiO2 surface. Further studies into the 

underlying mechanism of this reaction could be conducted by in situ surface analysis 

techniques such as ESR or DRIFTS, as well as by effective isotopic labelling of the carbon 

sources. Finally, a much wider variety of metal cluster co-catalysts could be tested for this 

reaction, considering both cluster size and elemental composition, to find co-catalysts that are 

more stable and more reactive towards CO2 photo-reduction. 
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Chapter Five 

Surface Characterisation of AuRu3 Deposited 

upon Anatase TiO2  

AuRu3-TiO2 is characterised by a series of surface-sensitive analytical techniques. Diffuse 

reflectance spectrophotometry reveals that cluster deposition introduces visible absorption 

features to the material, including a plasmonic-like absorption band at ~530 nm indicative of 

aggregation to larger gold particles after photocatalytic testing. Control experiments show 

this absorption band to not be caused by vacuum-heating or ultraviolet irradiation, but by 

exposure to CO2 and H2O vapors. X-ray photoelectron spectroscopy (XPS) indicates that the 

ruthenium stays as a cluster-like species on the surface after deposition, with a Ru 3d5/2 

binding energy of ~281.7 eV likely due to a convolution of two different ruthenium chemical 

environments within the cluster. On vacuum-heating, this peak shifts to lower binding 

energies and broadens, attributed to partial de-ligation of CO. After photocatalytic testing, a 

RuO2-like ruthenium XPS signal is observed, indicating oxidation of the ruthenium within 

the AuRu3 cluster. N2 adsorption analysis of AuRu3-TiO2 shows that cluster ligands reduce 

the available TiO2 surface area on deposition and are not fully removed on heating to 200 °C 

in vacuum. Temperature-programmed-desorption (TPD) and thermo-gravimetric analysis 

(TGA) studies provide evidence for at least partial desorption of ligands from AuRu3-TiO2 

between 150-250 °C. 
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5 Surface Characterisation of AuRu3 Deposited upon Anatase TiO2 

To better understand the state of the cluster co-catalyst on the TiO2 surface, a series of 

surface-sensitive characterisation experiments were carried out. Diffuse reflectance 

spectrophotometry (DRS) and x-ray photo-electron spectroscopy (XPS) measurements were 

used to study the chemical state of the cluster co-catalysts, before and after catalysis testing. 

Thermo-gravimetric analysis (TGA), temperature-programmed desorption (TPD) and N2 

adsorption analysis studies complemented this, by characterising the various surface-

adsorbed species present upon AuRu3-TiO2. In this chapter, the results of the different 

techniques are presented in turn and are then compiled into a comprehensive discussion of the 

AuRu3-TiO2 surface at the end of the chapter. 

 

5.1. Diffuse Reflectance Spectrophotometry (DRS) 

During the photocatalytic testing of AuRu3-TiO2 for CO2 reduction discussed in Chapter 4, 

colour changes of the wafer-supported samples were observed after removal from the 

reaction cell. Figure 5.1 exemplifies this colour change, with a distinct darkening of the 

catalyst-coated region from light yellow to brown observed. This is likely due to a change in 

state of the cluster co-catalysts, as TiO2 does not absorb in the visible range and therefore 

cannot contribute to a change in observable colour. To determine the exact visible absorbance 

changes causing these colours, diffuse reflectance (DR) spectra were taken of samples before 

and after photocatalytic testing. Exposure to atmosphere was unavoidable in recording these 

spectra, however spectra were recorded as soon as feasible upon removal from the cell to 

minimise any potential sample degradation from this exposure. 

Figure 5.1: Digital photographs of 1.6 mg AuRu3-TiO2 deposited upon a silica microfiber 

wafer (left) as-prepared, before catalysis and (right) after photocatalysis testing (reaction 

conditions: 200 °C heating in vacuum, 200 °C reaction temperature, PCO2:PH2O = 10). 



 

 

152 
 

 

UV-Vis DR spectra collected from AuRu3-TiO2 pre- and post-catalysis are shown in Figure 

5.2, with the spectrum of bare anatase nanoparticles without co-catalyst also shown for 

comparison. Spectra of bare microfiber supports are used as background measurements for all 

materials here. Background subtraction of the bare anatase spectrum instead would 

theoretically better highlight any co-catalyst absorption features; however, slight shifts of the 

TiO2 band-edge upon cluster deposition (vide infra) causes such background subtraction to 

introduce artificial absorption bands in the 400 – 450 nm range. Hence, to ensure that all 

absorption features observed are real and not artefacts of the background subtraction process, 

the TiO2 band-edge absorption is retained in all DR spectra presented here. 

 

When comparing the spectra of as-prepared AuRu3-TiO2 with bare anatase, the presence of 

the cluster co-catalyst clearly introduces a broad visible absorption band from 400 – 650 nm. 

Figure 5.2: Diffuse reflectance spectra (presented as the Kubelka-Munk transform, F(R)) of 

AuRu3-TiO2 samples deposited on silica microfiber discs, both as-prepared and post-catalysis 

(under standard reaction conditions used for photocatalytic testing), as well as that of bare 

anatase TiO2 nanoparticles. Arrows highlight significant visible absorption features of AuRu3-

TiO2. 
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A shoulder in this absorption band at approximately 450 nm is visible (arrow in Fig. 6.2), 

very close to the TiO2 band-edge absorption. This broad absorption could arise from either 

discrete electronic excitation of the AuRu3 cluster in the visible range or insertion of dopant-

like electronic states into the titania band-gap by the cluster. Tauc analyses of these spectra 

reveal a very slight reduction of the indirect band-gap on deposition of AuRu3 (Table 5.1), 

just within experimental uncertainty. However, this equates to a shift in the band-edge of less 

than 1 nm, and so therefore cannot account for the broad visible absorption of AuRu3-TiO2. 

Hence, discrete electronic transitions within the cluster itself are most likely responsible for 

these visible absorption features. 

 

 

Material Indirect Band-Gap Energy (eV) 

Bare Anatase TiO2 3.218 

AuRu3-TiO2 As-Prepared 3.209 

AuRu3-TiO2 Post-Catalysis 3.205 

 

The visible absorption of AuRu3-TiO2 persists after testing for CO2 photo-reduction, but its 

profile is altered. The shoulder previously identified at 450 nm is gone, but another partially-

unresolved peak emerges at approximately 530-550 nm (arrow in Fig. 6.2). Such an 

absorption band around 550 nm is highly characteristic of gold nanoparticle localized surface 

plasmon resonance (LSPR). 1-7 Previously, our group has monitored LSPR absorption peaks 

in this region to study aggregation of gold-clusters deposited upon TiO2. 
8 Hence, the 

emergence of this absorption band is strongly indicative of AuRu3 cluster aggregation 

occurring upon the TiO2 substrate. However, it should be noted that this plasmonic 

absorption is characteristic of gold aggregation only. Ruthenium is a non-plasmonic metal, 

and as such its nanoparticles do not exhibit any absorption peaks in this region. Reports of 

bimetallic ruthenium-gold nanoparticles are uncommon in the literature, but the UV-visible 

absorption spectra of a series of Au-Ru nanoparticles were recently recorded by Ashokkumar 

Table 5.1: Indirect band-gap energies of TiO2-based materials determined by Tauc 

analysis of diffuse reflectance spectra. Experimental uncertainties in these measurements 

are estimated at ± 0.005 eV (standard error in the mean from ten measurements of bare 

TiO2). 
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and co-workers. 9 They report that such bimetallic species exhibited LSPR bands like those of 

pure gold nanoparticles. Therefore, the exact elemental composition of the AuRu3 aggregates 

here cannot be determined by DRS alone, as purely gold and gold-ruthenium species may 

exhibit near-identical visible absorptions.  

 

Figure 5.3 shows selected reflectance spectra recorded from a series of control experiments, 

in which samples of AuRu3-TiO2 were heated in the reaction cell under various conditions. 

Notably, heating under vacuum for any length of time does not induce a plasmonic 

absorption band. That is, the conditions of vacuum treatment used here for photocatalysis do 

not agglomerate clusters sufficiently to be detected by DRS. This was consistent for a wide 

range of tested heating temperatures, up to the reactor limit of 250 °C. Therefore, the LSPR 

band at 530 nm observed for AuRu3-TiO2 post-catalysis must not be caused by cluster 

aggregation during the material treatment but by the photocatalytic reaction instead. The only 

AuRu3-TiO2 control to give a plasmonic absorption band was heated to 200 °C in the 

presence of a standard reaction gas mixture (20 mbar H2O, 60 mbar CO2, 920 mbar Ar) 

without UV irradiation (orange trace, Fig. 5.3). Removing the gas mixture but irradiating the 

sample with UV light for two hours (green trace, Fig. 5.3) does not induce the same effect. 

Hence, this aggregation of AuRu3 clusters must be due to some form of interaction with H2O 

and CO2 molecules. DFT modelling of this system indicates that the cluster is bound to the 

TiO2 surface by more than 5 eV (See Chapter 6 for details), which at 200 °C is still more than 

100× greater than available thermal energy kT. Therefore, it is unlikely that sufficient 

quantities of AuRu3 clusters are desorbing from the surface to be replaced with reagent 

molecules. Instead, binding of CO2, H2O or both may destabilize the cluster in some manner, 

perhaps through the cluster geometry flexing to accommodate these adsorbate molecules. As 

Fig. 5.3 shows that this aggregation occurs in the absence of UV irradiation, it is unlikely that 

this is caused by a photo-physical product or intermediate species formed from CO2 and H2O. 

Previous studies of oxide-supported clusters of ruthenium and rhodium have shown that CO 

adsorption disrupts the cluster structures by inserting between metal-metal bonds, effectively 

decomposing the co-catalysts into smaller particles. 10-11 A similar effect may therefore cause 

the aggregation observed here, with binding of H2O or CO2 breaking Ru-Au bonds within the 

clusters, allowing for mobilisation and hence aggregation of gold into larger particles. 

Alternatively, CO ligands may be displaced on binding of H2O or CO2, allowing the CO to 

then disrupt the cluster structures as observed by Mizushima et al. & Van’t Blik et al. 10, 12 
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For samples of AuRu3-TiO2 tested for photocatalytic CO2 reduction over a range of reaction 

temperatures (discussed in Section 4.6.1), post-catalysis DR spectra are shown in Figure 5.4. 

All four post-catalysis samples show a plasmonic absorption band around 550 nm. Even 

samples reacted at 50 °C – which display negligible photocatalytic activity towards CO2 

photo-reduction – show this absorption band. As the reaction temperature increases, the 

relative intensity of this LSPR band initially increases from 50-100 °C, before then 

decreasing at successively higher temperatures of 150 and 200 °C. This decreased intensity is 

unlikely to be caused by the aggregates becoming too large to display LSPR absorbance; 

LSPR absorption bands have been observed for gold particles up to 80 nm in diameter, 13 and 

the very low gold content in AuRu3-TiO2 would preclude forming particles this large. Hence, 

a more likely cause of this LSPR intensity decrease is greater ruthenium content in the 

Figure 5.3: Diffuse reflectance spectra (presented as the Kubelka-Munk transform, F(R)) of 

AuRu3-TiO2 samples on silica microfiber discs heated under various conditions, as well as of 

samples as-prepared and post-catalysis (under standard reaction conditions used for 

photocatalytic testing). Intensities of spectra are arbitrarily scaled to be equal at 450 nm to 

highlight absorption features in the 500-600 nm region. 
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aggregated nanoparticles. Ashokkumar & co-workers’ study on aqueous-phase Au-Ru 

bimetallic nanoparticles found that as the proportion of ruthenium in these nanoparticles 

increased, the LSPR intensity decreased accordingly. 9 This was attributed to only gold 

particles being formed initially, before a masking layer of ruthenium built up and attenuated 

this absorption. Nanoparticle formation here occurs through an entirely different mechanism 

(mobilisation of atoms on surfaces, as opposed to aqueous-phase reduction of gold/ruthenium 

salts), and so their observations may not be directly applicable to this work. However, DFT 

modelling of AuRu3-TiO2 shows that the gold atom of AuRu3 is bound 2.58 eV more weakly 

than the entire cluster to the surface (vide infra). This indicates that the gold components of 

these clusters may mobilize and aggregate more readily than the ruthenium on the TiO2 

surface. Hence, an initial formation of Au nanoparticles followed by aggregation of 

ruthenium around these may be entirely possible here, which could result in attenuation of the 

LSPR signal intensity at higher temperatures.  

 

Figure 5.4: Diffuse reflectance spectra (presented as the Kubelka-Munk transform, F(R)) of 

AuRu3-TiO2 samples on silica microfiber discs tested for photocatalytic CO2 reduction at 

different reaction temperatures (heating under vacuum at 200 °C, PCO2:PH2O = 3). Spectra are 

arbitrarily scaled to 450 nm to highlight absorption features in the 500-600 nm region. Note 

that the “200 °C” trace is shown as “post-catalysis” in Figures 5.2 and 5.3. 

*. 
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Between all post-catalysis AuRu3-TiO2 samples exhibiting plasmonic absorption bands, no 

significant shift is observed in the peak absorption wavelength. The resonant plasmonic 

frequency of gold is well known to be dependent upon particle size, with shifts of up to 60 

nm observed in some cases. 14 However, no such effect has been characterised for gold-

ruthenium bimetallic nanoparticles, with Ashokkumar et. al. only noting a single absorption 

maximum at 536 nm for various particle sizes. 9 Therefore, no conclusions about aggregated 

particle size can be drawn from the LSPR absorption band positions observed here. Band-gap 

analysis of all post-catalysis DR spectra showed negligible change in the TiO2 band-gap on 

heating or reaction at any temperature. 
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5.2. X-Ray Photoelectron Spectroscopy (XPS) 

5.2.1. Pure AuRu3 and As-Prepared AuRu3-TiO2 

X-ray photoelectron spectroscopy measurements were undertaken to further characterise the 

chemical state of cluster co-catalysts on AuRu3-TiO2. XPS was first recorded of the pure 

AuRu3 cluster, drop-cast onto silica from a toluene suspension. Fitted spectra of all elements 

detected here are shown in Appendix D. Oxygen, carbon, gold, phosphorous and ruthenium 

peaks from the sample are detected and quantified, alongside silicon and oxygen peaks from 

the SiO2 supports. Sodium is also observed in small quantities; however, control experiments 

reveal this to come from the SiO2 supports, likely impurities remaining from their fabrication. 

Table 5.2 shows the XPS peaks observed for this un-supported cluster. The Si 2p and O 1s b 

peaks are assigned to the SiO2 microfibre support. The Si 2p peak is fit as a singlet with a 

relatively large FWHM of 3.89 eV as the 2p1/2 and 2p3/2 spin-orbit peaks are unresolvable 

here. 15 The C 1s peak at 285 eV is attributed to adventitious hydrocarbon species on the 

surface, while the C 1s b, O 1s b and P 2p peaks are attributed to the carbonyl and 

triphenylphosphine ligands of the cluster. A third carbon 1s peak at ~291 eV is highly 

characteristic of carbonate-like species, 15 and may be due to carbonaceous contaminants 

bound to the silica support. A weak chlorine 2p signal was detected during survey scans, but 

due to instrumental difficulties no high-resolution spectra of this region could be recorded. 

However, both gold and ruthenium signals are observed in considerable intensity here, in an 

atomic abundance ratio of approximately 1:3. A single gold species is observed, with a 4f7/2 

binding energy of ~84.7 eV. The 4f7/2 binding energy of bulk gold is well known to lie at 84.0 

eV, 15 but final state effects on sub-nanometre sized gold species have previously been 

established to shift this binding energy towards 85.0-85.5 eV. 8, 16-18 Hence, this gold signal is 

confidently assigned to the single gold atom in AuRu3, as it lies closer to the region of gold 

cluster binding energies.  

 

To the best of our knowledge, ruthenium binding energies of AuRu3 (pure or supported) have 

not yet been reported in the literature. The ruthenium 3d5/2 signal of the pure AuRu3 cluster 

here is resolved into two separate peaks at 280.95 and 282.27 eV. These show an abundance 

ratio of approximately 2:1, and are hence assigned as the two ruthenium chemical 

environments expected in AuRu3 (two ruthenium atoms with Ru-Ru, Ru-Cl, Ru-CO and Ru-

Au bonds, and one containing only Ru-Ru and Ru-CO bonds). The 3d photoelectron peak of 
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ruthenium is highly sensitive to the ruthenium oxidation state and surrounding chemical 

environment; metallic ruthenium has a 3d5/2 binding energy of 279.8 – 280.0 eV, while the +4 

oxidation state (i.e. RuO2) is shifted to 280.7 eV. 15, 19-20 RuO3 and RuO4 have been reported 

at higher binding energies of 282.5 and 283.3 eV respectively, however the existence of 

ruthenium in such high oxidation states is contentious in the literature. 15, 20-21 A previous 

XPS study of pure, unsupported Ru3(CO)12 clusters found the Ru 3d5/2 binding energy as 

282.4 eV, 22 which agrees closely with that of the peak assigned here as the non-Au bound 

ruthenium atom in AuRu3. The binding energies of the remaining two ruthenium atoms lie 

closer towards an oxide than a ruthenium cluster, which may be due to additional electron-

withdrawal by the AuPPh3 and chlorine moieties.  

 

 

Element Orbital 

& Spin 

Peak Position 

(eV) 

Peak FWHM (eV) Relative Atomic 

Abundance (%) 

Ruthenium 3d5/2 a 280.95 1.88 2.08 

 3d3/2 a 285.12   

 3d5/2 b 282.27  1.29 

 3d3/2 b 286.44   

Gold 4f7/2 84.68 1.92 0.682 

 4f5/2 88.35   

Carbon 1s a 285.00 1.99 27.6 

 1s b 287.65  4.31 

 1s c 291.06  2.77 

Oxygen 1s a 533.03 2.36 36.7 

 1s b 531.09  6.06 

Phosphorous 2p 131.94 2.08 0.0535 

Silicon 2p 103.74 2.36 8.47 

Sodium 1s 1071.95 2.88 9.96 

 

Table 5.2: Summary of XPS peaks detected from pure AuRu3 clusters supported on SiO2 

discs. Alphabetical lettering after peak designation (a, b etc.) denote different chemical 

species of the same element. 
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XPS was also recorded of untreated AuRu3-TiO2, and Table 5.3 summarises all quantified 

elemental peaks (fitted spectra in Appendix D). Silicon, sodium and oxygen are again 

ascribed to the silica support, and peaks of titanium, oxygen, carbon and ruthenium from the 

sample are all identified. In addition, fluorine is detected in relatively low quantities, and 

control experiments reveal this to come from the drop-casting solvent, water. As the water 

used is the highest purity available, no further precautions could be made to minimise the 

presence of fluorine.   

 

 

Element Orbital & Spin Peak Position 

(eV) 

Peak FWHM 

(eV) 

Relative Atomic 

Abundance (%) 

Titanium 2p1/2  458.95 1.42 20.4 

 2p3/2 464.61 2.34  

Oxygen 1s a 530.19 1.58 57.7 

 1s b 532.14  8.97 

 1s c 533.53  3.33 

Carbon 1s a 285.00 2.03 1.81 

 1s b 287.82  0.360 

 1s c 289.87  0.230 

Ruthenium 3d5/2 281.73 1.95 0.121 

 3d3/2 285.90   

Silicon 2p 104.02 3.89 1.08 

Sodium 1s 1071.73 2.47 4.95 

Fluorine 1s 684.76 2.43 1.04 

 

 

A gold 4f peak in the range of 84 – 90 eV is also observed, but a combination of low signal-

to-noise and overlap with silicon 2p satellite peaks prevents accurate fitting of this signal. 

Table 5.3: Summary of XPS peaks detected from untreated AuRu3-TiO2 supported on 

SiO2 discs. Alphabetical lettering after peak designation (a, b etc.) denote different 

chemical species of the same element. 
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Peaks are not detected for either chlorine or phosphorous, which would be expected from the 

ligated cluster AuRu3. However, XPS is less sensitive towards these elements than to gold, 

ruthenium or titanium, 23 and so as the signal of gold atoms in AuRu3-TiO2 could not be 

accurately resolved, it is unsurprising that chlorine or phosphorous atoms could not be 

detected in this sample.  The Ti 2p and O 1s a peaks are attributed to the TiO2 substrate here, 

while the Si 2p and O 1s b peaks are assigned to the silica support. The remaining oxygen 

peak does not fall within the expected binding energies for either silicates or metal oxides, 

and so may instead be due to other oxygenated species present on the surface such as CO 

ligands or hydroxyl groups. C 1s peaks are again assigned to hydrocarbon contaminants on 

the surface, however the 1s b peak could also correspond to CO ligands from the cluster. 

 

Figure 5.5 shows the C 1s/Ru 3d spectrum for untreated AuRu3-TiO2. Deposition of 

Ru3(CO)12 on TiO2 previously been studied by XPS, with 3d5/2 binding energies reported 

within a range of 281.3-281.7 eV. 24-25 The Ru 3d5/2 binding energy of 281.73 eV observed 

here for untreated AuRu3-TiO2 lies extremely close to this range, and a convolution of the 

two Ru 3d peaks identified for pure AuRu3 above could well give a peak at this binding 

energy. Therefore, the Ru 3d peak observed here for untreated AuRu3-TiO2 is assigned to the 

pristine AuRu3 cluster, with minimal to no aggregation or de-ligation having occurred. 

However, further study of the ruthenium and gold chemical states in AuRu3-TiO2 is necessary 

to definitively confirm this assignment. Ideally this would be done by XPS or x-ray 

absorption spectroscopy (XAS) of samples with higher co-catalyst loadings, to improve the 

Ru/Au signal-to-noise and hence better resolve the chemical states of the co-catalysts on the 

surface. 
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Figure 5.5: C 1s and Ru 3d XPS spectra of AuRu3-TiO2 as-prepared, showing individual 

fitted components and the overall spectrum fit. 
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5.2.2. Vacuum-Heated and Post-Catalysis AuRu3-TiO2 

To investigate the effects of catalyst pre-heating in vacuum upon the AuRu3 clusters, a 

sample of AuRu3-TiO2 was heated in-situ within the UHV chamber and characterised by XPS 

at various temperature intervals. Fitted spectra of the Ru 3d/C 1s region are shown in 

Appendix D. A slight shift to lower binding energies is observed in the Ru 3d5/2 peak on 

heating to higher temperatures, which is shown in Figure 5.6. This is accompanied by a 

concomitant broadening of the peak, with the FWHM increasing from 1.9 eV to 2.2 eV after 

200 °C heating. Such a broadening could be indicative of multiple, unresolvable peaks from 

different chemical species overlapping. This FWHM increase could also be due to charging 

of the SiO2 substrate, but application of a constant bias from an electron gun throughout these 

experiments should have minimised any charging effects. 15 Thermal broadening from 

allowing insufficient cooling time between in-situ heating and recording could also contribute 

to the FHWM increase at higher temperatures. 

 

Figure 5.6: Binding energies and full-width half-maxima (FWHM) of the Ru 3d5/2 XPS peak 

from AuRu3-TiO2 under heating in UHV to different temperatures. Note that the data point at 

25 °C corresponds to the untreated sample. 
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 A similar shift of the Ru 3d5/2 peak to lower binding energies (~0.5-0.7 eV) was observed for 

in-situ heating of Ru3(CO)12 deposited upon TiO2 by Zhao et. al. 25 By using high-intensity 

synchrotron light as the XPS source, their work de-convoluted this peak shift into changing 

intensities of three contributing ruthenium species: the intact Ru3(CO)12 cluster, a partially 

de-ligated Ru3(CO)x cluster and metallic ruthenium from fully de-ligated Ru3. Hence, the Ru 

3d5/2 shift here may be due to a similar effect, with partial de-ligation and/or agglomeration of 

the cluster generating multiple ruthenium species upon the surface, all of which contribute to 

the overall shift and broadening. Due to the relatively low intensity ruthenium signal 

observed here, quantitative de-convolution into the contributing components is not possible. 

However, if it is assumed that the AuRu3 cluster displays similar behaviour to Ru3, then by 

comparison to Zhao et. al.’s work the dominant species at 200 °C is likely the partially de-

ligated species. Full de-ligation and subsequent formation of metallic ruthenium was not 

observed for Ru3-TiO2 in significant quantities until temperatures of 250-300 °C. 25 

 

A sudden decrease in Ru 3d5/2 FWHM and binding energy at 150 °C lies outside both trends 

in Figure 5.6, and deserves a brief comment. The FWHM decrease of 0.1 eV is relatively 

small, and may well lie within the error of peak fitting. The dip in binding energy is more 

significant, decreasing by 0.25 eV before then increasing again at 200 °C, but could also be 

entirely accounted for by uncertainties in XPS peak fitting. Due to limited instrument 

availability, none of these spectra could be repeated, and so the reproducibility and 

experimental uncertainties of these fitted peaks are unknown. However, further studies by 

TPD (vide infra) show possible de-ligation of the triphenylphosphine between 100-200 °C, 

and this change in the data could potentially be associated with this in some way. This will be 

discussed in greater detail at the end of the chapter.  

 

XPS spectra were also recorded for AuRu3-TiO2 samples after photocatalysis, to complement 

DRS studies discussed above (fitted Ru 3d/C 1s spectra in Appendix D). Peaks corresponding 

to titanium, oxygen and silicon are as reported for the untreated material. The C 1s a and b 

peaks remains relatively unchanged, but the 1s c peak disappears for reaction temperatures of 

150 °C and above. The Ru 3d peaks are quite significantly shifted relative to the untreated 

material, with all 3d5/2 peaks appearing in the range of 280.4 – 280.8 eV, a position highly 

characteristic of bulk ruthenium oxide, RuO2. Figure 5.7 summarises the different chemical 
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shifts for the Ru 3d5/2 peak observed for AuRu3-TiO2 here, and compares these peak positions 

to those of known ruthenium species in the literature. 15, 19, 22, 24-25 This post-catalysis 

ruthenium peak position is consistent for samples tested over a wide range of reaction. Again, 

this indicates that CO2 photo-reduction at temperatures of 50 – 200 °C has a profound effect 

upon the co-catalyst chemical state that is different to that of vacuum-heating the material. 

The absence of any noticeable peak above 281 eV indicates that the ruthenium co-catalysts 

are essentially entirely de-ligated, with all ruthenium atoms bound to surface oxygen atoms 

instead of CO ligands. As this shift to RuO2 corresponds to the emergence of LSPR bands in 

the AuRu3-TiO2 DR spectra, it can also be inferred that this post-catalysis chemical shift of 

the ruthenium correlates to some level of cluster aggregation. Peaks corresponding to bulk 

ruthenium metal at ~280.0 eV are not observed, possibly indicating that this cluster 

aggregation does not produce metallic ruthenium species. Again, due to the broadness and 

relatively low intensities of these peaks, the possibility of multiple contributing species 

cannot be ruled out, and so small levels of metallic Ru may convolute these peaks. However, 

Figure 5.7: Comparison of binding energies and full-width half-maxima (FWHM) of the Ru 

3d5/2 XPS peaks from AuRu3-TiO2 untreated, vacuum-treated at 200 °C and post-catalysis 

(standard reaction conditions). Regions in grey correspond to peak binding energies reported 

in the literature (Refs. 15, 19, 22, 24 & 25) for various ruthenium species. 
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the XPS shifts observed here indicate that RuO2 is the dominant (if not the only) ruthenium 

species present after photocatalytic testing.  
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5.3. N2 Adsorption Analysis 

N2 adsorption isotherms recorded at 77 K for bare anatase nanoparticles and AuRu3-TiO2 are 

shown in Figure 5.8, for samples untreated and after in situ heating in vacuum to 200 °C. 

Both materials exhibit typical Type II adsorption isotherms, 26 indicative of N2 adsorbing in 

multilayers upon macroporous surfaces, i.e. surfaces with pore sizes on the order of 

micrometres. 27 Negligible hysteresis is observed on N2 desorption from all materials studied. 

Such macroporosity has been previously reported for TiO2 nanoparticles, with the “pores” 

corresponding to spaces between individual titania particles in particle aggregates. 28 Hence, 

this indicates that the TiO2 nanoparticle supports form much larger particle aggregates. The 

extreme similarity between all four adsorption isotherms indicates that both deposition of 

AuRu3 and heating in vacuum does not significantly alter the structure of the TiO2 substrate.  

 

 

Figure 5.8: N2 adsorption isotherms at 77 K of anatase TiO2 and AuRu3-TiO2, both before 

and after treatment in vacuum at 200 °C for 2 hours. Corresponding desorption isotherms are 

not shown as negligible hysteresis was observed. 
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Brunaer-Emmett-Teller (BET) specific surface areas calculated for each material are shown 

in Table 5.4. Linear BET fits and fitting parameters are shown in Appendix E. As a reflection 

of the isotherm similarity between these materials, all determined surface areas lie within a 

very narrow range of 34-38 m2/g. It should be noted that this is outside of the 45-55 m2/g 

range quoted by the manufacturer. However, as all surface areas here fall consistently below 

this range, this is likely due to some form of systematic offset inherent in the procedure, and 

individual comparisons between materials here should remain valid.  

 

On vacuum heating to 200 °C, the specific surface area of both TiO2 and AuRu3-TiO2 

increases slightly. This is likely caused by de-gassing of surface-adsorbed species opening 

more active sites on the surface for N2 adsorption. Deposition of the AuRu3 cluster onto 

anatase TiO2 decreases the specific surface area by approximately 2 m2/g. This is logical, as 

the cluster binds to adsorptive sites on the TiO2 surface, but ligands could restrict adsorption 

to these clusters and hence reduce the available surface area. On vacuum heating this surface 

area then increases again, as some of these ligands are then desorbed. Interestingly though, 

the surface area of AuRu3-TiO2 does not return to that of bare anatase even after vacuum 

heating. Therefore, some of these ligands must presumably remain on either the cluster or 

surface after heating to 200 °C, and prevent N2 from adsorbing at certain sites. As Type II 

uptake isotherms indicate that these materials have pore sizes on the order of μm, it is highly 

unlikely that this decreased surface area is due to clusters blocking these pores. 

Material Treatment Specific Surface Area (m2/g) 

Bare Anatase None 36.4 ± 0.2 

 
Heated in Vacuum, 200 °C, 

2 Hours 

37.5 ± 0.2 

AuRu3/Anatase None 34.4 ± 0.1 

 
Heated in Vacuum, 200 °C, 

2 Hours 

35.7 ± 0.1 

Table 5.4: BET specific surface areas for anatase TiO2 and AuRu3-TiO2 determined from 

N2 adsorption isotherms at 77 K. 
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5.4. De-ligation Studies: TPD & TGA-FTIR 

5.4.1. Thermo-Gravimetric Analysis (TGA) 

TGA studies were undertaken on AuRu3-TiO2 and bare TiO2 under a flow of N2, with FTIR 

spectra taken of the resultant gas flow. Figure 5.9 shows the mass-loss traces of both 

semiconductor samples on heating up to 350 °C. Higher temperatures were not achievable 

with the TGA-FTIR apparatus used. Both materials show some mass loss upon heating, 

although the total loss is very low: less than 2% for AuRu3-TiO2 and 0.75% for bare TiO2. A 

sharp, initial loss between 50 – 100 °C occurs for both materials, which is likely due to 

desorption of residual water. The mass of TiO2 then remains stable up to 150 °C, before 

another slow decrease occurs up to 260-270 °C. This secondary loss may arise from de-

gassing of adventitious hydrocarbons or hydroxyl groups on the surface. 

 

The TGA trace of AuRu3-TiO2 displays a very different behaviour to that of bare TiO2, with a 

relatively constant rate of mass loss from 100 – 350 °C. As the AuRu3 ligands would be 

expected to desorb and out-gas, some discrepancy between this and bare TiO2 would be 

expected. However, for 0.17% w/w loading of metal cluster core onto TiO2, the total ligand 

weight of the sample should be no more than 0.18%. The observed mass loss for AuRu3-TiO2 

Figure 5.9: Mass loss traces of AuRu3-TiO2 and bare anatase TiO2 from TGA analysis. 

Samples were heated at a rate of 5 °C/min under a flow of 20 L/min of N2. 
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here is much greater than this amount, and hence some other species must also be desorbing 

in relatively large amounts from catalyst surface. It is extremely unlikely that the metal 

cluster core desorbs under these temperatures, as DRS and XPS studies discussed above have 

shown the presence of the metallic species on the surface after heating. Therefore, the only 

other species which could be desorbed from AuRu3-TiO2 and not TiO2 is the solvent used to 

deposit the cluster on the surface, dichloromethane in this case. This mass loss from AuRu3-

TiO2 is therefore likely a combination of ligands, adventitious hydrocarbons, residual solvent 

and hydroxyl groups. 

 

In the case of AuRu3-TiO2, the observed mass loss between 100 and 200 °C corresponds to 

an increased absorbance by the gas flow in the infrared at ~740-750 cm-1, as shown by Figure 

5.10. Negligible changes are observed in the spectra of bare anatase in this wavelength range. 

The absorption at ~750 cm-1 corresponds well with the known C-Cl symmetric stretching 

mode of dichloromethane. 29 Over the same temperature range, a concomitant weak 

absorption increase at ~1240 cm-1
 is also observed, which agrees closely with the 

dichloromethane H-C-H wagging mode. Therefore, these IR signals are assigned to 

dichloromethane, and hence the relatively large mass loss of AuRu3-TiO2 above 100 °C must 

Figure 5.10: FTIR spectra of gas flow passing over AuRu3-TiO2 during TGA analysis. 

Arrows indicate regions exhibiting increased absorbance as sample temperature increases. 
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be predominantly due to desorption of residual solvent. Notably, FTIR traces indicate that 

most CH2Cl2 is removed at temperatures below 200 °C, and so vacuum-treatment of AuRu3-

TiO2 at this temperature would remove most of any solvent remaining on the surface. 

However, TGA-FTIR was undertaken under different conditions to AuRu3-TiO2 heat 

treatment (ambient pressure cf. vacuum), so generalisation of the TGA-FTIR results to 

photocatalyst vacuum-treatment may not be appropriate. A much less pronounced absorbance 

increase at approximately 645 cm-1 is observed for AuRu3-TiO2 from 100-350 °C. This 

infrared region is highly characteristic of aromatic C-H bending modes, 30 and hence 

desorption of either aromatic adventitious hydrocarbons or fragments of triphenylphosphine 

ligands could yield this absorption band. No corresponding C-Caromatic stretching modes at 

1600-1800 cm-1 are observable, however this may simply be due to the signal-to-noise ratio 

in this region being poor. 

 

Changes in absorbance at approximately 3500 cm-1 (corresponding to O-H stretches) are not 

observed for either sample, indicating that these mass losses are not due to hydroxyl groups 

bound to the surface. Similarly, absorption increases are not observed for the 

triphenylphosphine C-P and carbonyl C-O stretches at 450 and 2100 cm-1 respectively, which 

would be expected from the ligands of AuRu3. 
30-31 However, due to the very low amounts of 

ligand present on the surface, FTIR may not have sufficient sensitivity to detect the 

outgassing of these species. Additionally, de-ligation of AuRu3 clusters does not necessarily 

require ligand out-gassing, as these species may remain adsorbed to the TiO2 surface. 

Therefore, the ligation status of the AuRu3 clusters cannot be ascertained solely from TGA-

FTIR. 
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5.4.2. Temperature-Programmed Desorption (TPD) 

To further clarify the nature of species desorbed from the AuRu3-TiO2 surface upon heating, 

temperature-programmed desorption (TPD) studies were undertaken within the photocatalytic 

reaction cell. The cell was held at vacuum with continual sampling to the detection chamber 

under heating, such that any desorbed species would be detected by the RGA. Due to the 

difficulties associated with retaining constant detection chamber pressure under these 

conditions, mass spectra signal intensities were normalised to the detection chamber pressure, 

and so are presented in arbitrary units here.  

 

Despite the significant noise introduced by inconsistent detection chamber pressures, 

noticeable increases in signals at m/z= 2, 12, 16, 28, 44, 51 and 78 are observed. Figures 5.11 

and 5.12 display the most prominent of these signal increases. The signals at m/z 12, 16, 28 

and 44 match the fragmentation pattern for CO2, and m/z = 2 is assigned to H2. For AuRu3-

TiO2, no rise in the CO2 signal is detected until approximately 220 °C, whereas the H2 signal 

Figure 5.11: Mass spectrum signals at m/z = 2 (H2) and 44 (CO2) during temperature-

programmed desorption of AuRu3-TiO2 in the reaction cell. 
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begins to increase from 175 °C. Control TPD experiments using bare anatase TiO2 showed no 

such increases at these masses. Hence, this desorption of H2 and CO2 from the surface must 

be due to the presence of species associated with the AuRu3 clusters. It should be noted that 

the major fragment ion of carbon monoxide appears at m/z = 28, and so cannot easily be 

distinguished from the CO2 fragmentation peak here. It is unlikely that this CO2 is due to 

residual atmospheric molecules adsorbed onto the surface. One possibility is that this signal is 

due to carbonyl ligands from the AuRu3 clusters being oxidised at the surface, and removed 

as CO2. The oxygen source for this oxidation could be hydroxyl groups on the TiO2 surface, 

or other surface-oxygenated species. Remaining hydrogen atoms and radicals from these 

oxygenated could then combine to form the H2 observed here. Breakdown of surface-

adsorbed hydrocarbon species could occur through an identical manner to this; however, as 

increases in CO2 and H2 signals are not observed from TPD of bare anatase, this is unlikely to 

be the cause of these signals on AuRu3-TiO2. 

 

Figure 5.12: Mass spectrum signals at m/z = 51 and 78 during temperature-programmed 

desorption of AuRu3-TiO2 in the reaction cell. 
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Mass spectrum peaks observed at m/z = 51 and 78 correspond to fragmentation peaks of 

benzene and phenyl-containing organic species, and the major fragmentation peak of 

dichloromethane for m/z = 51. Increases at these masses were observed for both AuRu3-TiO2 

and bare anatase from 100 °C, however these signals on bare anatase were several orders of 

magnitude lower than on AuRu3-TiO2. These species desorbing from AuRu3-TiO2 could 

hence be adventitious hydrocarbons, dichloromethane solvent or smaller aromatic molecules 

from the breakdown of the triphenylphosphine ligands. The temperature at which these 

signals appear corresponds well to the desorption temperature of CH2Cl2 determined by 

TGA-FTIR. However, the peak at m/z = 78 cannot be due to dichloromethane, and so some 

form of aromatic hydrocarbon must also be desorbing at a similar temperature. It should be 

noted that no signal changes are observed at higher m/z ratios associated with the 

fragmentation pattern of triphenylphosphine, indicating that this ligand is not desorbing intact 

from the surface. This is consistent with findings from TGA-FTIR, where no C-P stretching 

band in the IR was observed from any out-gassed material.  
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5.5. Discussion and Conclusions 

From the surface characterisation experiments presented here, several significant conclusions 

can be drawn about the surface science of AuRu3-TiO2. Heating in vacuum to 200 °C de-

ligates the AuRu3 cluster to some extent, with evidence for this provided by chemical shifts in 

the Ru 3d5/2 XPS peak and desorption of aromatic species (potentially from 

triphenylphosphine breakdown) observed in TPD. However, N2 adsorption studies suggest 

that some cluster ligands remain on the surface after heat-treatment in vacuum, as the specific 

surface area is decreased relative to bare TiO2. TPD then shows that AuRu3-TiO2 desorbs 

CO2 above 200 °C, presumably from the oxidation of CO ligands on the TiO2 surface. 

Despite this de-ligation, the AuRu3 clusters remain relatively un-aggregated from vacuum 

heating, evidenced by the lack of plasmonic-like DRS absorption features and the Ru 3d5/2 

XPS peak position. Hence, it appears that TiO2 vacuum-heating AuRu3-TiO2 to 200 °C 

achieves its intended purpose, with at least partial cluster de-ligation occurring without 

significant co-catalyst aggregation. 

 

However, photo-reduction of CO2 by AuRu3-TiO2 causes some level of cluster aggregation on 

the TiO2 surface, as shown by the emergence of plasmonic absorption bands in DR spectra. 

This aggregation is induced by interactions between the cluster and molecules of CO2 and 

H2O, and occurs at temperatures as low as 50 °C. The exact nature of these cluster aggregates 

cannot be precisely ascertained, as these DR spectra offer no information about ruthenium 

aggregation, and the Au XPS signal was too weak for accurate fitting. However, shifts in the 

Ru 3d 5/2 XPS peaks indicate that the dominant ruthenium species after catalysis is a 

ruthenium oxide. Therefore, these aggregated species must consist of a combination of 

nanoparticulate (bulk) gold and ruthenium oxide. There are multiple possible forms that this 

may take; for example, gold atoms from the AuRu3 clusters may detach and aggregate to 

form larger nanoparticles, while leaving fully de-ligated and hence oxidized Ru3 clusters 

attached to the surface. Alternatively, the ruthenium may also aggregate, to form either 

separate Au and RuO2 nanoparticles or a bimetallic composite of these. From the data 

presented here, none of these possibilities may easily be distinguished between. Further 

characterisation of the post-catalysis gold species could lend valuable insights to this, from 

additional XPS work with greater gold signal-to-noise (i.e. using higher AuRu3 loadings or 

synchrotron x-ray sources). Other techniques such as XAS or scanning transmission electron 
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microscopy (STEM) would also be invaluable in precisely determining the state of these 

cluster aggregates, by providing more detailed information on co-catalyst oxidation states, 

chemical environments, particle sizes and morphologies. Attempts to determine co-catalyst 

particle sizes by transmission electron microscopy (TEM) here were unsuccessful, likely due 

to both the low concentration of clusters and limited instrument resolution.  

 

Regardless of their exact chemical nature, the formation of these cluster aggregates upon 

photocatalytic testing corresponds to dramatically decreased catalytic activities, as discussed 

in section 4.5. Hence, it may be inferred that these aggregated species are much less active 

towards photo-reduction of CO2 and H2O than the pristine AuRu3 clusters on TiO2. This is an 

extremely promising result, as it implies that these atomically-precise clusters are more 

effective co-catalysts on TiO2 than larger nanoparticulate species of the same elemental 

composition. Hence, future work should also focus on developing more stable forms of these 

atomically-precise clusters when supported upon TiO2, such that they resist agglomeration 

under exposure to reagents and retain their catalytic activities for longer.  

 

Taking note of AuRu3-TiO2’s relative instability during CO2 photo-reduction, classing this 

material as a photocatalyst may be technically incorrect. Serpone & Salinaro define 

photocatalysis as a process that is “both photon-driven and catalytic”. 32 While the CO2 

photo-reduction discussed in the previous chapter is unquestionably photon-driven, AuRu3-

TiO2 is certainly not catalytic towards this process under sustained use. Therefore, referring 

to this reaction as “photo-induced” may be more formally correct than “photo-catalytic”. 

 

In terms of vacuum heating treatment, a temperature of 200 °C was established in the 

previous chapter as optimal for photo-reduction activity by AuRu3-TiO2. Both XPS and DRS 

studies here indicate that minimal to no aggregation of AuRu3 clusters occurs from heating 

under vacuum to any temperature achievable in the reaction cell. Hence, this optimal activity 

must not be due to a change in the cluster chemical state or particle size, and so is more likely 

due to desorption of surface-adsorbed species. XPS peak shifts indicate that partial loss of 

CO ligands occurs from 50 °C upwards, and TPD & TGA-FTIR studies show that 

dichloromethane solvent and aromatic hydrocarbon species are desorbed from the surface 
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above 100 °C. Therefore, poor photocatalytic performances from AuRu3-TiO2 treated at 

lower temperatures may be due to ligands or solvent obstructing the active catalytic sites, 

which are predominantly removed by heating in vacuum. However, this does not explain why 

a decrease in activity is observed for pre-heating temperatures above 200 °C, as the same 

level of de-ligation and surface desorption should also be achieved at these temperatures. A 

resolution to this may lie in the convolution of treatment and reaction temperatures discussed 

in section 4.1. All samples treated at 225 and 250 °C were tested for catalysis at the same 

temperatures, but 150 °C was found to be the optimal reaction temperature for CO2 photo-

reduction. Hence, the decreased activity seen for samples heated to 225 and 250 °C may be 

due to the non-optimal reaction temperatures used. Alternatively, some level of 

agglomeration or cluster state change undetectable by the characterisation methods used here 

may occur at temperatures above 200 °C. This reinforces the need for further characterisation 

of this material, through strategies suggested above.  
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Chapter Six 

Density Functional Theory Modelling of 

AuRu3 Deposited upon Anatase TiO2  

Deposition of the AuRu3 cluster upon anatase TiO2 is modelled by Density Functional 

Theory (DFT), using a Ti14O45H26 model of the anatase (101) TiO2 surface. Assuming the 

cluster to be of neutral charge, fully de-ligated and un-aggregated, the energy minimum 

geometry of AuRu3 on the surface consists of an octet-multiplicity, trigonal pyramid-like 

structure, with a ruthenium trimer bound to surface oxygen atoms and the gold atom centered 

above the Ru3 motif. The partial density of states (PDOS) indicates that the AuRu3 cluster 

inserts several filled electronic states into the TiO2 band-gap, the orbitals of which are largely 

centered upon the cluster and overlap poorly with those of the surface. The presence of 

AuRu3 does not affect the geometries of H2O and CO2 adsorbing to the anatase surface, but 

significantly decreases the strength of their binding. This is ascribed to the cluster inductively 

withdrawing electron density from titanium-adsorbate bonds. Spin-quenching of two 

electrons in AuRu3-TiO2 is observed on binding CO, and this molecule binds equally strongly 

to both AuRu3-TiO2 and bare TiO2. Adsorption of the PPh3 ligand to AuRu3-TiO2 strongly 

distorts the trigonal pyramid motif of the cluster on the surface. Ru3 and Au1 fragments are 

modelled on the surface as potential intermediates of AuRu3 aggregation, and their relative 

binding strengths indicate that desorption of the gold atom from AuRu3-TiO2 occurs more 

readily than aggregation of the entire cluster, agreeing with DRS studies of AuRu3 

aggregation (vide supra).  
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6 Density Functional Theory Modelling of AuRu3 Deposited upon Anatase TiO2 

6.1. AuRu3 on the Anatase Surface 

Using the method outlined in Chapter 3, the AuRu3 cluster deposited upon the Ti14O45H26 

model anatase surface was optimised at the M06/LANL2TZ(f)-ccPVDZ level of theory. 

Cartesian coordinates and electronic energies of all surface-deposited structures discussed in 

this chapter are listed in Appendix F. It is assumed that the AuRu3 cluster is entirely de-

ligated, un-aggregated and in a neutral charge state when on the TiO2 surface. Surface 

characterisation studies of this system presented in the previous chapter support the former 

two assumptions for AuRu3-TiO2 heated in vacuum. This de-ligation assumption includes the 

removal of chlorine and phosphorous heteroatoms, which were not detected in any 

experimental study of AuRu3-TiO2. Previous work by our group has established that small, 

de-ligated clusters of ruthenium prefer high-spin states, 1 so geometries of AuRu3-TiO2 were 

tested at a range of multiplicities from doublet to 12-tet.  

 

To ensure a thorough potential energy search of this cluster on the model anatase surface, two 

different structures of AuRu3 were used to generate trial geometries. The “butterfly-like” 

metal core from the cluster crystal structure was kicked at the anatase surface, 2 as well as the 

energy minimum structure of gas-phase AuRu3 found from the Kick algorithm (a C3v trigonal 

pyramid structure with the Au atom held above the centre of a Ru3 trimer). Both gas-phase 

AuRu3 structures in their energy minima geometries had dectet multiplicities. Trial 

geometries of AuRu3-Ti14O45H26 constructed using both structures converged to the same 

energy minimum structure, shown in Figure 6.1 and hereafter referred to as “Isomer I”. The 

trigonal pyramid-like geometry of the gas-phase cluster is retained on the surface, with each 

ruthenium atom bound to doubly-coordinate oxygen atoms (O2c’s). Spin-quenching of two 

cluster electrons occurs on surface deposition, with the AuRu3-TiO2 energy minimum having 

octet multiplicity. The binding energy of the cluster to the surface is calculated as 5.77 eV. 

 

Three other isomers of AuRu3 on the TiO2 model surface are predicted to lie at higher 

energies, (shown in Figure 6.2), and all have octet multiplicity. Isomers II and III (at 0.367 

and 0.480 eV higher in energy, respectively) consist of the same AuRu3 trigonal pyramid 

motif bound to different positions on the TiO2 surface. All three ruthenium atoms are again 
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bound to O2c atoms in Isomer II, but the Ru3 trimer is centered above a titanium atom instead 

of an oxygen atom. Isomer III also retains the trigonal pyramid-like structure of gas-phase 

AuRu3, but with two of the ruthenium atoms now bound to triply-coordinate oxygen atoms 

(O3c’s) on the surface. A slight lengthening of the Ru-Au bonds on the order of 0.1 – 0.2 Å is 

also observed in this isomer. Finally, isomer IV at 0.690 eV higher in energy contains an 

entirely different structural motif, with the AuRu3 cluster adopting a trapezoid-like geometry 

upon the TiO2 surface. The cluster geometry of isomer IV is highly reminiscent of the metal 

core from the Ru3(μ-AuPPh3)(μ-Cl)(CO)10 crystal structure, with the gold atom η2-bound to 

an edge of the Ru3 trimer at an angle of 38 ° above the trimer plane (c.f. 59.8 ° in the crystal 

structure). However, all three of these isomers are sufficiently high in energy that they would 

not be expected to significantly contribute to the population of AuRu3 clusters on anatase 

TiO2, even at the relatively high temperatures of 200 °C used here experimentally.   

 

  

Figure 6.1: (Left) Side-on and (Right) top-down images of the energy-minimum structure 

(“Isomer I”) of AuRu3 deposited upon the Ti14O45H26 cluster surface. Titanium atoms are 

shown in grey, oxygen in red, hydrogen in white, ruthenium in blue/green and gold in yellow. 

Bond lengths, where shown, are listed in units of Angstroms. Arrows denote O2c cluster binding 

sites on the surface. 

Isomer I 

O2c 
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Isomer IV 

Figure 6.2: (Top) Isomer II, (Middle) Isomer III and (Bottom) Isomer IV of AuRu3 deposited 

upon the Ti14O45H26 cluster surface (at energies of 0.367 eV, 0.480 eV and 0.690 eV relative to 

Isomer I, respectively). Titanium atoms are shown in grey, oxygen in red, hydrogen in white, 

ruthenium in blue/green and gold in yellow. Bond lengths, where shown, are listed in units of 

Angstroms. Arrows denote O2c and O3c cluster binding sites on the surface. 

Isomer II 

Isomer III 

O3c 

O2c 

O2c 
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The partial density of states (PDOS) of the AuRu3-TiO2 energy minimum structure is shown 

in Figure 6.3, alongside that of the bare Ti14O45H26 cluster surface. The TiO2 band-gap 

structure remains relatively unchanged upon cluster deposition, with the valence band-edge at 

Figure 6.3: Partial DOS plots of (Above) the bare Ti14O45H26 model surface and (Below) of 

AuRu3 deposited upon the model TiO2 surface. 

Inset: Expansion of the -3 to -7.5 eV region of the AuRu3-TiO2 PDOS plot, highlighting states 

inserted into the TiO2 band-gap by the AuRu3 cluster. 
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-7.5 eV and the conduction band-edge at -3.0 eV showing negligible energy shifts. This 

agrees with DRS studies on AuRu3-TiO2 (vide supra), where the band-gap of anatase TiO2 

changed negligibly upon AuRu3 deposition. The cluster does however insert several filled 

electronic states into the TiO2 band-gap. Numerous other DFT studies have observed similar 

effects, where small clusters of gold, ruthenium or platinum insert filled electronic states 

above the TiO2 valence band on deposition. 3-5 These inserted states are primarily composed 

of filled cluster orbitals here, with minimal overlap with TiO2 molecular orbitals. This is 

exemplified by the highest occupied molecular orbital (HOMO) of AuRu3-TiO2, shown in 

Figure 6.4. When deconstructing the HOMO into individual atomic contributions by SCPA 

analysis, 6 orbitals centered on the four cluster atoms constitute approximately 63% of the 

HOMO. This is logical, as by definition no TiO2 orbitals lie in the semiconductor band-gap, 

and so there are few surface orbitals of comparable energy to overlap with these cluster 

orbitals. However, several cluster electronic states at binding energies from -8 eV to -10 eV 

do show considerable overlap with oxygen states in the TiO2 valence band. This may explain 

the orientation of the cluster on the surface in the energy minimum geometry, with ruthenium 

atoms from the cluster bound directly to surface oxygen atoms. Therefore, while poor orbital 

overlap is observed between cluster states inserted into the band-gap and the TiO2 surface, 

this should not be misinterpreted as poor overall overlap between cluster and surface orbitals. 

 

Figure 6.4: (Left) Top-down and (Right) side-on images of the AuRu3-Ti14O45H27 energy 

minimum structure HOMO. Titanium atoms are shown in grey, oxygen in red, hydrogen in 

white, ruthenium in blue/green and gold in yellow. Molecular orbital isosurfaces are drawn at 

contours of 0.02 electrons/Å3, with red and blue lobes representing opposite orbital phases. 
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Notably, the electronic states inserted into the TiO2 band-gap by AuRu3 are filled, rather than 

unoccupied. Metal co-catalysts on TiO2 are conventionally thought to act as electron 

acceptors, with unoccupied states below the titania conduction band. 7-9 While some of the 

vacant AuRu3 states shown in Figure 6.3 lie on the edge of the TiO2 conduction band, they do 

not extend below it, and so this mode of charge separation would be unlikely to occur here. 

Instead, the filled cluster states above the valence band would more likely act as “hole 

acceptors”, injecting electrons into valence band states vacated by band-gap excitation. 

Therefore, should any charge transfer between the cluster and surface occur after UV 

excitation, the cluster would accumulate an overall positive charge. Alvino previously 

proposed a similar effect with Au1-4 clusters on anatase TiO2, 
10 but to the best of our 

knowledge no other work has reported clusters on titania acting as hole acceptors. In terms of 

AuRu3-TiO2 photocatalysis, this indicates that the AuRu3 clusters are more likely to catalyse 

the oxidation half-reactions involved in CO2 photo-reduction, with reduction half-reactions 

occurring elsewhere upon the surface. This may explain the RuO2-like species detected by 

XPS on AuRu3-TiO2 after photocatalytic testing (vide supra), as oxidation half-reactions 

occurring at clusters could irreversibly form Ru-O bonds. Such cluster oxidation would then 

prevent the formation of oxide products such as O2, and would de-activate the catalyst under 

sustained use – all of which is observed from AuRu3-TiO2 during photo-reduction 

experiments. 
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6.2. Interactions of Small Molecules with AuRu3-TiO2 

6.2.1. CO2 and H2O on TiO2 and AuRu3-TiO2 

To study the interactions between molecules involved in photo-induced CO2 reduction over 

AuRu3-TiO2, geometries of TiO2 and AuRu3-TiO2 were optimised with molecules of CO2 and 

H2O. Figure 6.5 shows the lowest-energy geometries of these adsorbate-bound structures. On 

the bare surface, both CO2 and H2O preferentially bind to 5-coordinate titanium atoms 

(Ti5c’s) through electron-rich oxygen atoms. This structure of CO2 adsorbed to the surface of 

anatase TiO2 has been previously identified as the energy-minimum structure by several other 

works. 5, 11-13 The literature is far less unanimous regarding the structure of H2O adsorbed to 

TiO2, however. An associatively-bound H2O-TiO2 structure like that predicted here is also 

reported by Vittadini and co-workers; 14 however, a more recent work by Aschauer et. al. 15 

found that a dissociated HO---H motif was more stable on the (101) surface. Both works used 

plane-wave basis set approaches, so may not be directly comparable to the modelling here. 

The dissociated form of water was found here after explicit searching, but at more than 1 eV 

higher in energy than the associative structure. Hence, the associatively-bound H2O-TiO2 

geometry shown in Figure 6.5 will be taken as the energy minimum for the ensuing 

discussion. No significant changes are observed on cluster addition in adsorbate binding 

motifs, with bond lengths and angles remaining relatively unchanged, and adsorbates binding 

to equivalent positions in the TiO2 surface rather than the cluster. The binding geometry of 

water is rotated through effects from approximately 90 ° in the presence of the cluster, 

however this may be caused by unphysical binding at edge atoms. 

 

Binding energies of H2O and CO2 to the model TiO2 surface, with and without AuRu3 bound 

to the surface, are shown in Figure 6.6. For both adsorbates, a clear decrease in binding 

strength is observed on addition of AuRu3. As the presence of AuRu3 causes no change in the 

binding motifs of these molecules to the surface, this significant decrease in binding energy is 

unusual. Indeed, when considering the molecular orbitals of these systems, no direct orbital 

overlap between H2O and CO2 with the AuRu3 cluster is apparent. Hence, these stark 

differences in binding energies must be due to an indirect influence of the AuRu3 cluster on 

the TiO2 surface, possibly from charge transfer between the cluster and the surface. Table 6.1 

shows partial Hirshfeld charges upon the cluster, CO2 and H2O adsorbate molecules and the  
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Figure 6.5: Energy minimum geometries of CO2 on TiO2, CO2 on AuRu3-TiO2, H2O on TiO2 

and H2O on AuRu3-TiO2. Titanium atoms are shown in grey, oxygen in red, carbon in black, 

hydrogen in white, ruthenium in blue/green and gold in yellow. For clarity, water molecules are 

shown in light grey with atomic labels. Bond lengths and are shown in units of Å, bond angles in 

units of degrees. Arrows highlight Ti5c adsorbate binding sites on the surface. 

Ti5c 

Ti5c 

θH-O-H=102.03° 

θH-O-H=104.14° 
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titanium atoms binding these adsorbates. Both the cluster and adsorbate molecules take on 

partial positive charges on binding to the surface, injecting electron density into the surface 

and reducing the positive charges on the titanium atoms relative to the bare surface. 

Interestingly, while the cluster is directly bound to oxygen atoms in the surface, no overall 

change in oxygen charge occurs on cluster binding. Hence, this charge transfer must be 

passed on from the cluster to titanium atoms inductively via surface oxygen atoms.  

 

When both AuRu3 and H2O/CO2 bind to the surface, the partial charges upon the adsorbate 

molecules become more positive, while those on the cluster and the titanium atoms become 

more negative (relative to binding only H2O/CO2 or AuRu3). This indicates the cluster may 

inductively withdraw electron density from the adsorbate molecules via the surface. This 

would then weaken the titanium-adsorbate bond strengths, decreasing H2O and CO2 binding 

energies relative to those on the bare surface. It is worth noting that these decreased binding 

energies are not necessarily detrimental to catalytic activity; being more weakly adsorbed to 

the surface may allow for greater mobility and hence reactivity of these molecules upon TiO2. 

However, the modelling shown here is entirely limited to the ground state of AuRu3-TiO2, 

Figure 6.6: Binding energies of H2O and CO2 molecules to TiO2 and AuRu3-TiO2 

surface models. 
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and does not explore the excited state(s) of the material which are necessarily involved in any 

photo-induced reactions. Attempts to model these excited states using time-dependent DFT 

(TD-DFT) were unsuccessful, due to the prohibitively large computational expense required 

for such calculations. 

 

 

Adsorbate Binding Titanium 

Charge 

Total Adsorbate 

Charge 

Total AuRu3 Charge 

Bare 

TiO2 

AuRu3-

TiO2 

Bare 

TiO2 

AuRu3-

TiO2 

Bare 

TiO2 

AuRu3-

TiO2 

None + 0.764 + 0.756 - - - + 0.384 

CO2 + 0.679 + 0.666 + 0.214 + 0.235 - + 0.338 

H2O + 0.690 + 0.659 + 0.169 + 0.203 - + 0.323 

 

It is worth mentioning that two higher-energy isomers are observed for H2O-AuRu3-TiO2, in 

which direct binding of H2O by the cluster occurs. Figure 6.7 shows the geometries of these 

structures, which are predicted to lie 0.21 and 0.25 eV higher in energy than the energy-

minimum structure, respectively. As these energy differences are many times that of available 

thermal energy at room temperature, the dominant mode of H2O binding to AuRu3-TiO2 is 

expected to be the previously-identified energy minimum. However, these binding modes 

may become accessible under heating to 200 °C and UV irradiation, and so such direct H2O-

AuRu3 bonds could potentially lead to the cluster oxidation and aggregation observed in the 

presence of water and CO2 (vide supra). No direct AuRu3-CO2 bonds are observed in any 

structures predicted here. 

Table 6.1 Partial charges upon the AuRu3 cluster, H2O and CO2 adsorbates and titanium 

atoms binding adsorbate molecules on the (101) surface. Charges are determined from 

Hirshfeld population analysis, with hydrogens summed into heavy atoms. 
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Figure 6.7: Top-down (left) and side-on (right) images of higher energy Isomers II and III of H2O 

interacting with AuRu3-TiO2 (at 0.21 eV and 0.25 eV higher in energy than Isomer I, 

respectively). Titanium atoms are shown in grey, oxygen in red, hydrogen in white, ruthenium in 

blue/green and gold in yellow. Bond lengths are show in units of Å, bond angles in units of 

degrees. 

 

Isomer II 

Isomer III 
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6.2.2. CO and PPh3 Ligands on TiO2 and AuRu3-TiO2 

Molecules of CO and PPh3 (the ligands of the AuRu3 cluster) were optimised upon the 

Ti14O45H26 model surface, and energy minimum geometries both with and without the AuRu3 

cluster are shown in Figure 6.8. On the bare surface, both molecules adsorb through direct 

binding of electron-rich heteroatoms (C in CO, P in PPh3) to Ti5c atoms in the surface. Both 

also have singlet multiplicities in their energy minimum geometries. On binding to AuRu3-

TiO2, however, significant differences in geometries are observed. For CO, the carbon atom 

is symmetrically, η2-bound to one edge of the Ru3 trimer, with the oxygen bound to a nearby 

Figure 6.8: Energy minimum geometries of (clockwise, from top-left) CO on TiO2, CO on 

AuRu3-TiO2, PPh3 on AuRu3-TiO2 and PPh3 on TiO2. Titanium atoms are shown in grey, oxygen 

in red, carbon in black, phosphorous in purple, hydrogen in white, ruthenium in blue/green and 

gold in yellow. Bond lengths are shown in units of Å. 
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Ti5c atom in the surface. No significant changes in the structure of the cluster on the surface 

are observed upon binding of CO. A decrease in multiplicity of AuRu3-TiO2 occurs on 

binding CO, lowering from octet to sextet. This spin-quenching is likely a result of back-

donation of electron density from the metal cluster to the CO antibonding orbitals, supported 

by a lengthening of the C-O bond relative to its gas-phase structure (1.22 Å vs 1.16 Å). 

 

On binding a PPh3 molecule, the structure of the AuRu3 cluster on the surface is significantly 

altered. The pseudo-trigonal pyramid motif of the cluster is strongly distorted, with lowering 

of the structural symmetry causing no two Ru-Ru or Au-Ru bond lengths to be the same. The 

Ru3 base of the structure is also twisted and angled upwards, to accommodate two phenyl 

rings from the triphenylphosphine ligand lying flat above the surface. The ligand itself adopts 

a different binding mode than on the bare surface, rotated by 90 ° such that the phosphorous 

atom binds to the gold atom on the cluster. The phosphorous-metal bond length is almost 0.4 

Å shorter on the cluster than on the surface. It is worth noting that due to the sheer size of the 

triphenylphosphine molecule, the model surface used here may be too small to accurately 

model binding of both the cluster and ligand. However, this system contains over 1000 

valence electrons, and so extending the surface further was simply not feasible with the 

computational approach used here.  

 

Binding energies of ligand molecules to both TiO2 and AuRu3-TiO2 are shown in Figure 6.9. 

On the bare surface, the triphenylphosphine molecule is bound more strongly than CO by 

over 1 eV. Previous DFT studies on the adsorption of CO to the anatase (101) surface report 

relatively weak binding energies, all lower than 1 eV. 16-17 Hence, the binding energy of 2.37 

eV reported here is much larger than would be expected. In addition, a much lower CO 

binding strength of 0.89 eV is found if this structure is re-calculated using only the 

LANL2DZ basis set (cf. LANL2TZ(f)/cc-PVDZ). Therefore, this increased CO adsorption 

energy is likely due to the introduction of polarisation functions to both metal and non-metal 

atoms; the studies mentioned above used either plane-wave or unpolarised atomic-centred 

basis sets. To the best of our knowledge, DFT modelling of the adsorption of PPh3 to the 

(101) surface has not yet been reported in the literature. 
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In the presence of the cluster, the adsorption energies of both ligand molecules on AuRu3-

TiO2 are decreased relative to on the bare surface. This is most pronounced for PPh3, which 

shows a decrease in binding strength of 50% on adsorbing to AuRu3-TiO2. However, PPh3 is 

the only adsorbate molecule here to alter the geometry of the AuRu3 cluster on the surface. 

Hence, this decreased binding energy may be at least partially due to destabilisation of the 

cluster structure raising the overall energy of AuRu3-TiO2 and masking any changes in 

energy due to the binding of PPh3 by the cluster. For CO, the difference between binding 

energies on TiO2 and AuRu3-TiO2 is less than 0.2 eV, and so lies within the error of these 

DFT calculations. Hence, this molecule is approximately equally strongly bound to both the 

cluster and the TiO2 surface. 

 

It must be acknowledged that binding of single CO or PPh3 ligands is likely not entirely 

physically representative of AuRu3-TiO2. The pure AuRu3 cluster contains one PPh3 ligand 

and ten CO ligands, as well as a chlorine heteroatom, and so a vast number of ligand 

permutations are possible during de-ligation of the cluster on the surface. Exploring some of 

these ligation combinations by DFT is necessary to further correlate the experimental and 

Figure 6.9: Binding energies of CO and PPh3 molecules to TiO2 and AuRu3-TiO2 

surface models. 
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computational systems studied in this thesis, but would require either significantly greater 

computational power or development of a more efficient computational method. Despite 

these limitations, however, conclusions may still be drawn from this computational work 

regarding ligation of the AuRu3 cluster. As further CO ligands are added to the AuRu3 

cluster, less electron density would be available for back-donation to the ligand(s), and so 

these extra ligands would presumably be bound less strongly. Hence, the binding strength of 

any additional CO ligands to AuRu3-TiO2 should logically be less than that of the first (2.2 

eV). This has previously been demonstrated in DFT modelling of gas-phase Ru3(CO)12, 

where the CO binding energy decreases upon binding more than five ligands. 1 Therefore, the 

binding energy of any CO ligand to AuRu3 on the surface would be comparable or less than 

the adsorption strength of CO on bare anatase. This hence implies that AuRu3 on the surface 

could readily lose all ten CO ligands, should sufficient energy be provided to overcome the 

energy barriers associated with these processes. XPS studies on AuRu3-TiO2 presented here 

support this (vide supra), with evidence of partial ruthenium de-ligation occurring in vacuum 

at temperatures as low as 50 °C.  

 

Due to the adsorption energy of PPh3 to AuRu3-TiO2 likely being influenced by 

destabilisation of the cluster-surface structure, it is difficult to draw any conclusions 

regarding the relative binding strengths of PPh3 and CO. Additionally, the energy minimum 

geometry of PPh3-AuRu3-TiO2 found here has two phenyl rings lying parallel to the surface, 

likely weakly interacting with the TiO2, which would be sterically limited by any CO ligands 

present. Hence, further study of this system – both experimentally and computationally – is 

necessary to more thoroughly characterise the de-ligation of AuRu3 on anatase TiO2.  
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6.3. Modelling Aggregation of AuRu3 Clusters on TiO2 

From surface characterisation studies of AuRu3-TiO2 (vide supra) it was concluded that 

during CO2 photo-reduction, some degree of cluster agglomeration occurs upon AuRu3-TiO2. 

However, the mode of aggregation and the composition of the resulting aggregates could not 

be accurately determined. To assess potential modes of cluster decomposition and accretion 

upon the anatase surface, structures of possible intermediates Ru3 and Au1 were also 

optimised upon the model TiO2 surface, with energy minimum structures shown in Figure 

6.10. These geometries were found by re-optimising the energy-minimum AuRu3-TiO2 

structure after removal of either Au1 or Ru3 fragments. Both monometallic clusters 

preferentially bind to oxygen atoms in the surface, through O2c atoms for Au1 and both O2c 

and O3c atoms for Ru3. The gold atom adsorbs relatively symmetrically onto the surface, 

Figure 6.10: Energy minimum geometries of (Top) Au1 and (Below) Ru3 clusters deposited 

upon the Ti14O45H26 cluster surface. Titanium atoms are shown in grey, oxygen in red, 

hydrogen in white, ruthenium in blue/green and gold in yellow. Bond lengths, where shown, 

are listed in units of Angstroms. Arrows denote O2c and O3c cluster binding sites on the 

surface. 

O2c 

O3c 
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while the ruthenium trimer shows a slightly asymmetric distortion on binding. Au1-TiO2 has 

doublet multiplicity in its energy minimum structure, while Ru3-TiO2 structure is a nonet.  

 

To assess the potential for these to act as intermediates in the aggregation of AuRu3 upon 

anatase TiO2, Table 6.2 compares the binding energies of AuRu3, Au1 and Ru3 to the model 

anatase surface. AuRu3 and Ru3 clusters are bound to the surface with relatively similar 

strengths, with the bimetallic cluster adsorbed slightly more strongly. By contrast, Au1 is 

much more weakly bound to the anatase surface, with a binding energy less than half that of 

either of the ruthenium-containing clusters. The binding energy of the Au1 to Ru3-TiO2 can 

also be computed, and is stronger than that of Au1 on TiO2 (Table 6.2). Therefore, the gold 

atom is more strongly bound to the Ru3 trimer on the surface than to the surface itself. Should 

sufficient energy be provided to dissociate AuRu3 into Au1 and Ru3 components on the 

surface, that amount of energy is therefore also sufficient to desorb Au1 from TiO2, and so 

Au1 fragments would likely instead be mobilised across the surface. 

 

 

 

 

 

 

 

Both AuRu3 and Ru3 are bound to the surface by ~2.5 eV more than the gold atom to Ru3-

TiO2. Hence, in any aggregation process of AuRu3 on anatase TiO2, fragmentation of the 

cluster and removal of the gold atom is likely to occur before desorption of the ruthenium 

component. This is consistent with conclusions from DRS studies of AuRu3-TiO2 discussed 

in Chapter 5, where cluster aggregation was proposed to occur by initial agglomeration of 

gold into nanoparticle-size species, followed by build-up of ruthenium around these 

aggregates occurring at higher temperatures.  

Fragment Adsorbent Binding Energy (eV) 

AuRu3 TiO2 5.77 

Ru3 TiO2 5.06 

Au1 TiO2 2.38 

Au1 Ru3-TiO2 3.19 

Table 6.2 Binding energies of AuRu3, Ru3 and Au1 clusters to the model anatase surface, 

and the binding energy of the Au1 fragment to AuRu3-TiO2. 
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6.4. Conclusions 

DFT modelling predicts the AuRu3 cluster, when fully de-ligated and in a neutral charge 

state, to bind to the anatase (101) surface with octet multiplicity and in a pseudo-trigonal 

pyramidal geometry, with an η3-bound gold atom lying above a Ru3 trimer on the surface. 

Three other higher-energy structural isomers of AuRu3-TiO2 are predicted, but the only 

geometry to not show this trigonal motif lies at 0.69 eV higher in energy. Partial density of 

states of AuRu3-TiO2 shows the cluster inserts several filled electronic states into both the 

TiO2 valence band and band-gap, with only the former overlapping effectively with orbitals 

from the surface.  

 

H2O and CO2 bind to the TiO2 surface by donating electron density from oxygen atoms to 

surface titanium atoms. Their modes of adsorption are unaffected by the presence of AuRu3, 

but their binding energies are decreased by more than 50 % with the cluster on the surface. 

This is attributed to the cluster ruthenium atoms inductively withdrawing electron density 

from Ti-O bonds between surface and adsorbate, hence weakening these interactions. 

However, the AuRu3-TiO2 model used here also gives no information on the excited state(s) 

of the material, which are essential for any photo-induced processes such as CO2 reduction. 

Accurate representation of these excited state(s) are therefore vital to better understanding the 

mechanistic processes of CO2 photo-reduction by AuRu3-TiO2, but computational limits of 

methods such as TD-DFT currently prohibit this for large systems such as this. Future work 

on this system should also explore possible reaction pathways of CO2 and H2O over AuRu3-

TiO2, by identifying transition state and intermediate species for this reaction. 

 

Electron-rich carbon atoms in CO ligands bind η1- to titanium atoms on bare TiO2 or η2- to 

ruthenium atoms on AuRu3-TiO2. The binding energies of CO to both the surface and cluster 

on surface are approximately equal in magnitude, indicating the desorption of CO from 

AuRu3 on TiO2 may occur readily given sufficient energy to overcome reaction barriers. PPh3 

binds through its phosphorous atom to either titanium atoms in the surface or the gold atom in 

AuRu3-TiO2, causing significant cluster geometry distortions in the latter. PPh3 is more 

strongly bound to the bare surface than CO, while the opposite is observed for AuRu3-TiO2; 

however, destabilisation of the cluster on binding PPh3 may convolute these binding energies. 
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Further modelling of different ligation combinations for AuRu3-TiO2 should be undertaken to 

more accurately determine the de-ligation pathways of this cluster on an anatase surface. 

 

Ru3 and Au1 were bound less strongly to the anatase surface than the bimetallic cluster, as 

was the gold atom in AuRu3. This indicated that agglomeration of AuRu3 clusters was most 

likely to occur via initial disintegration into Au1 and Ru3 fragments, before mobilisation of 

first gold and then ruthenium on the surface. Future work should model larger gold and gold-

ruthenium species on the surface, to more comprehensively examine the likelihood of these 

aggregation routes. 
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Chapter Seven 

Conclusions and Future Work 
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7 Conclusions and Future Work 

The experimental and computational studies presented in this thesis constitute the first 

comprehensive study of heterogeneous CO2 photo-reduction with water by an atomically-

precise metal cluster co-catalyst on TiO2. The Ru3(μ-AuPPh3)(μ-Cl)(CO)10 cluster deposited 

upon anatase titania (“AuRu3-TiO2”) was demonstrated to effectively reduce CO2 to a range 

of alkane and alkene products, with simultaneous reduction of water to H2 occurring at much 

faster rates. AuRu3-TiO2 gave higher photocatalytic production rates than anatase TiO2 either 

bare or decorated with Pt nanoparticles (when accounting for co-catalyst loading), the latter 

being a well-established literature standard for this reaction. 1-3  

 

When comparing AuRu3-TiO2 to known cluster co-catalysts Ru3 and Ru4 supported on TiO2, 

4-7 strong dependencies of photo-activity upon cluster size and composition were observed. 

The bimetallic cluster showed much faster H2 production than either pure ruthenium co-

catalyst, but both four-atom clusters (AuRu3 and Ru4) gave comparable hydrocarbon 

production rates. Hydrogen generation by all three cluster-deposited materials was 

independent of the presence of CO2, suggesting possible saturation of the photocatalyst 

surface with water preventing effective CO2 binding. Isotopic labelling studies over AuRu3-

TiO2 with D2O in place of H2O supported this, with less than 30% deuterium incorporation 

into hydrogen products indicating that most H2 produced came from reduction of residual 

water bound to the surface. However, strong kinetic isotope effects for production of methane 

and ethane suggested that substantial deuterium incorporation occurred in these products. 

Hence, a mechanism was proposed whereby the reduction of surface-adsorbed water (giving 

H2 products) freed up active sites on AuRu3-TiO2, allowing for binding and reaction of CO2 

with H2O/D2O. Products of oxidation half-reactions were not detected in any form, and this 

was ascribed to their photo-adsorption to the TiO2 surface upon formation.  

 

Varying the reaction conditions over AuRu3-TiO2 showed a clear optimal reaction 

temperature of 150 °C for generation of all products. Decreased efficiencies on going to 

higher or lower temperatures was hypothesised to result from reagent adsorption or product 

desorption limiting the reaction rate in high- and low-temperature regimes, respectively. 

These optimal conditions correspond to a peak energy efficiency by AuRu3-TiO2 of 0.25%, 

when accounting for photon energy input and bond enthalpy output. Attempted optimisation 
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of CO2:H2O partial pressure ratios was largely inconclusive, with complex dependencies 

upon reagent ratios displayed by most products. Competitive adsorption of reagent 

molecules, influence of the argon buffer gas and consumption of some products in the 

formation of others were all proposed to contribute towards this complex behavior. Pre-

treatment of AuRu3-TiO2 by heating in vacuum to 200 °C gave optimal photo-reduction rates, 

likely due to de-ligation of the cluster co-catalyst allowing for stronger interactions with 

reagent molecules. Photo-reduction rates by AuRu3-TiO2 decayed substantially on repeated 

testing, with a complete loss of hydrogen and ethane production and methane production 

decreased by more than 40%. Surface characterisation of AuRu3-TiO2 showed that this was 

most likely due to aggregation of clusters to larger nanoparticles on the TiO2 surface, which 

were less active towards reduction of CO2 and H2O than the discrete clusters. 

 

Diffuse reflectance spectra of AuRu3-TiO2 showed deposition of the cluster co-catalyst 

introduced visible absorption features to the semiconductor. However, band-gap analyses 

indicated no significant changes in the TiO2 band-gap, indicating that these absorption 

features were due to electronic transitions/oscillations localised upon the clusters. The profile 

of these visible absorptions changed significantly after testing for CO2 photo-reduction, with 

the emergence of a LSPR-like band at ~550 nm highly suggestive of cluster aggregation to 

gold nanoparticles. Control experiments showed this band does not appear from heating in 

vacuum or heating under UV irradiation but only after heating in a gas mixture of CO2 and 

H2O. LSPR absorption bands were observed from samples of AuRu3-TiO2 tested for CO2 

reduction at temperatures as low as 50 °C, with decreased intensity at higher temperatures. 

This was attributed to aggregation of only gold at lower temperatures, with increased 

mobilisation and agglomeration of ruthenium at higher temperatures attenuating this 

absorption band. 

 

XPS of the pure AuRu3 cluster showed two ruthenium 3d5/2 peaks at binding energies at 281.0 

and 282.3 eV, attributed to the two ruthenium chemical environments within the cluster core. 

A single Ru 3d5/2 peak in AuRu3-TiO2 at 281.7 eV is then assigned to a convolution of these 

two peaks, with the cluster remaining intact on the surface. The gold signal of AuRu3-TiO2 

was too weak to accurately fit, and no signals of chlorine or phosphorous were detected. On 

heating in vacuum, the Ru 3d5/2 peak shifted to ~281.2 eV and broadened, attributed to de-
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ligation of the cluster generating several smaller, unresolvable peaks from various ruthenium 

ligation states. 8 Post-catalysis XPS of AuRu3-TiO2 showed a much more pronounced Ru 

3d5/2 peak shift to ~280.7 eV, a binding energy more commonly associated with RuO2. 
9 This 

peak position was independent of both reaction and pre-treatment temperatures, indicating 

that this change in cluster chemical state occurred regardless of the reaction conditions 

applied. It could not be ascertained exactly how this ruthenium oxide interacted with the gold 

nanoparticles inferred from DRS – whether they formed separate Au and RuO2 particles, or a 

combined Aun-RuOx species. 

 

N2 adsorption analyses showed both anatase TiO2 and AuRu3-TiO2 possessed similar Type II 

adsorption isotherms, characteristic of macroporous materials. The BET surface area of TiO2 

decreased slightly on cluster deposition, likely due to cluster ligands occupying binding sites 

on the surface. Both materials showed slight increases in their surface areas on heating in 

vacuum, presumably due to removal of surface-adsorbed species such as adventitious 

hydrocarbons and ligands. However, the area of AuRu3-TiO2 after heating was still slightly 

lower than bare TiO2, indicative of incomplete ligand removal on the surface. TGA-FTIR of 

AuRu3-TiO2 showed very slight mass losses and infrared absorption increases at 750 and 680 

cm-1 on heating to 350 °C, indicating desorption of residual dichloromethane solvent and 

aromatic hydrocarbon molecules. TPD of the cluster-deposited semiconductor provided 

evidence for the removal of aromatic hydrocarbons and CO2/H2 between 100 – 250 °C. These 

were proposed to correspond to decomposition products of PPh3 and oxidation products of 

CO ligands, respectively. 

 

Deposition of the AuRu3 cluster on TiO2 was modelled by DFT using a Ti14O45H26 model 

anatase (101) surface, assuming the cluster to be fully de-ligated (including Cl and P 

heteroatoms), un-aggregated and in a neutral charge state. The lowest-energy structure of the 

cluster on the surface had octet multiplicity and a pseudo trigonal-pyramidal geometry, with 

the gold atom centered above a Ru3 trimer bound to O2c surface atoms. PDOS of this 

structure showed that the cluster inserted filled electronic states into both the titania valence 

band and band-gap, with those in the former overlapping effectively with the surface but the 

latter remaining localised around the cluster. Three higher-energy isomers of the cluster on 
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the surface were predicted, two retaining the same trigonal motif and one with a planar 

cluster geometry.  

 

Binding of CO2 and H2O to the anatase (101) surface was found to occur via binding of 

adsorbate oxygen atoms to Ti5c atoms. The presence of the AuRu3 cluster on the surface did 

not alter the mode of this binding, but significantly decreased the molecular binding energies 

of these. Binding of both cluster and adsorbate to the surface showed partial positive charges 

decreased on the former and increased on the latter, indicating that these decreased binding 

energies may be due to the cluster withdrawing electron density from the adsorbate molecules 

and weakening the adsorbate-titanium bond. CO molecules adsorbed to either the TiO2 

surface or ruthenium atoms of AuRu3 in approximately equal strength, indicating that de-

ligation of carbonyl ligands may be an overall thermoneutral process on the TiO2 surface. 

Adsorption of a triphenylphosphine ligand to the bare surface is much stronger than binding 

to AuRu3-TiO2, with the phosphorous atom bound to a Ti5c atom in the former and the gold 

atom in the latter. 

 

Optimisation of Au1-TiO2 and Ru3-TiO2 structures revealed that the gold atom was less 

strongly bound to the titania surface than either Ru3 or AuRu3 by more than 2.5 eV. Au1 was 

slightly more strongly bound to Ru3-TiO2 than the bare surface, but was still much more 

weakly bound than either ruthenium-containing cluster. This was highly suggestive that 

AuRu3 clusters on the TiO2 surface would preferentially aggregate by initial fragmentation 

and mobilisation of Au1, with ruthenium agglomeration occurring only under harsher 

conditions – supporting predictions from UV-Vis DRS studies of AuRu3-TiO2. 

 

The work presented here is therefore a proof-of-concept that atomically-precise metal clusters 

can be used as TiO2 co-catalysts for CO2 photo-reduction by H2O, and can potentially 

achieve higher photocatalytic efficiencies than conventional nanoparticle co-catalysts. 

However, a large amount of future work is certainly necessary to advance the understanding 

and applicability of such co-catalysts. In terms of the AuRu3-TiO2 system investigated here, 

several aspects of the photo-reduction reaction are yet to be optimised. As deposition of the 

cluster has been shown here to introduce visible absorption features to the TiO2 substrate, 



 

 

209 
 

photo-reduction testing under visible light warrants further exploration, to determine whether 

these absorption features couple effectively to the TiO2 band-gap. Higher loadings of the 

AuRu3 co-catalyst on TiO2 should also be photocatalytically tested, to determine whether 

photo-reduction rates observed for 0.17% loading scale linearly with cluster concentration, 

and hence whether the comparisons made to 1% Pt-TiO2 here are valid. Finally, the kinetics 

of photo-reduction over AuRu3-TiO2 require investigation when not limited by ambient water 

pressure, be that by introducing higher vapor pressures or using continuous-flow reaction 

conditions. These proposed experiments could allow for improving the overall photo-

reduction efficiencies of AuRu3-TiO2, a crucial step necessary before such materials are 

considered for industrial and commercial applications. 

 

A greater variety of cluster compositions should be investigated beyond the ruthenium and 

gold tested here. Nanoparticles of metals such as silver, copper and cobalt have all been 

shown to effectively co-catalyse CO2 photo-reduction over TiO2, 
10-12 and so cluster-sized co-

catalysts made up of these elements could all show impressive CO2 photo-reduction 

capabilities. Furthermore, a wider range of cluster sizes should also be investigated for CO2 

photo-reduction, due to the well-known size-dependence of cluster reactivities. 13 Larger 

gold-ruthenium particles may be more reactive towards CO2 activation, and hence allow for 

more effective photo-reduction. In addition, such larger cluster sizes may be more stable on 

the TiO2 surface, potentially leading to less co-catalyst aggregation and greater catalytic 

repeatability. Future experiments could also involve varying the semiconductor support used 

for AuRu3, in terms of both architecture and composition. Two- and three-dimensional TiO2 

architectures such as nanorods and nanosheets could allow for more highly directional charge 

transfer, improved reagent adsorption and limited cluster mobility. Semiconductors of 

different elemental compositions may offer all of these advantages as well as potentially 

lower band-gap energies, allowing for extension of photo-activity into the visible range. 

Finally, methods of stabilising AuRu3 clusters on TiO2 should be investigated, to prevent 

aggregation and loss of photocatalytic activity over sustained use. Previous work has shown 

that gold clusters may be effectively stabilised on TiO2 by surface functionalisation by groups 

such as sulphates, or by introducing surface defects with high cluster binding affinities, 14 and 

both methods should be investigated for stabilising gold-ruthenium clusters. However, 

sulphate functionalisation has also been shown to deactivate TiO2 co-catalysts towards many 
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photocatalytic reactions, 15-17 and so judicious choice of functionalising group should be used 

with the former option. 

 

In terms of AuRu3-TiO2 surface characterisation, further experiments are necessary to 

determine the exact form of the cluster aggregates formed upon photocatalytic testing. XPS 

studies of samples with greater co-catalyst loadings would allow for better characterisation of 

the gold chemical state before and after CO2 photo-reduction, which was unachievable here 

due to poor signal-to-noise ratios. However, such XPS results could remain ambiguous 

regarding the direct chemical connectivity in the metallic co-catalysts, and so more direct 

techniques such as X-Ray absorption spectroscopy (XAS) should also be considered. In 

particular, extended x-ray absorption fine structure (EXAFS) data could yield invaluable 

information on the coordination environments of both gold and ruthenium atoms. For 

example, coordination numbers determined by EXAFS could distinguish between discrete 

metallic clusters and aggregated nanoparticles, while analysis of photoelectron scattering 

patterns could detect the presence (or lack thereof) of direct Ru-Au bonds within the clusters.  

 

Additionally, high-resolution electron microscopy techniques such as scanning transmission 

electron microscopy (STEM) would allow for absolute determination of co-catalyst particle 

sizes, which so far have only been inferred from spectroscopic techniques. Such 

characterisation would be invaluable, as it would allow for precise determination of the mode 

of particle aggregation during photo-reduction experiments. TPD studies of samples with 13C 

isotopically-labelled cluster ligands would allow for definitive mass spectrometry 

assignments of species desorbed from the AuRu3-TiO2 surface on heating. Detection of 13CO2 

and/or 13C6H6 signals would confirm the decomposition mechanism of the AuRu3 ligands 

proposed here. In-situ characterisation techniques such as ESR or DRIFTS could also be used 

during photo-reduction tests to probe for different reaction intermediates on the surface. ESR 

could detect the presence of radical intermediate species such as C• or CH3
•, while DRIFTS is 

capable of observing vibrational modes of carbonaceous intermediates such as CO3
2–. 

Positive identification of any of these intermediates would provide insight into for the 

mechanism by which CO2 is photo-reduced by AuRu3 on TiO2. 
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The DFT model of AuRu3-TiO2 used here assumed that only the cluster metal core remained 

intact with all ligands removed. In the case of ligands, this assumption may be valid for 

vacuum-treated samples, but little is known about the fate of the chlorine atom in the cluster. 

Hence, further modelling of AuRu3 containing chlorine should be undertaken on the surface, 

to more comprehensively test possible modes of this cluster binding to the surface. With 

sufficient computational power, full de-ligation pathways of AuRu3 on TiO2 could also be 

modelled. This would considerably expand upon the single ligand binding tested for here and 

could hence provide valuable insights into the processes of ligand loss upon heating in 

vacuum. Computed parameters of these de-ligated AuRu3-TiO2 systems could then be 

compared to observable physical features (e.g. vibrational frequencies with IR absorption 

spectra or TD-DFT predicted electronic excitations with visible absorption features), 

potentially allowing for identification of AuRu3’s experimental ligation status. Additionally, 

optimisation of larger gold, ruthenium and gold-ruthenium clusters on the anatase (101) 

surface could be used to explore routes of cluster aggregation on the surface, to complement 

experimental surface characterisation studies. However, using conventional DFT techniques 

these calculations would require significantly more computational power than currently 

feasible. Therefore, alternative methods such as Density Functional Tight Binding (DFTB) 

should be considered for extension of this computational model.  

 

Finally, to build upon the modelled interactions between AuRu3-TiO2 with H2O and CO2 

molecules undertaken here, optimisation of AuRu3-TiO2 bound to reduced CO2 intermediates 

such as COOH or CH3
· could yield a wealth of information regarding potential mechanisms 

of CO2 photo-reduction. Such modelling of potential intermediates could be influenced by 

experiments such as ESR or DRIFTS (vide supra) to focus on the most likely intermediates 

involved in photo-reduction reactions.  
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10. Neaţu, S. t.; Maciá-Agulló, J. A.; Concepción, P.; Garcia, H., Gold–copper nanoalloys 

supported on TiO2 as photocatalysts for CO2 reduction by water. J. Am. Chem. Soc. 2014, 136 

(45), 15969-15976. 



 

 

213 
 

11. Chanmanee, W.; Islam, M. F.; Dennis, B. H.; MacDonnell, F. M., Solar 

photothermochemical alkane reverse combustion. Proc. Natl. Acad. Sci. U. S. A. 2016, 113 

(10), 2579-2584. 

12. Feng, S.; Wang, M.; Zhou, Y.; Li, P.; Tu, W.; Zou, Z., Double-shelled plasmonic Ag-

TiO2 hollow spheres toward visible light-active photocatalytic conversion of CO2 into solar 

fuel. APL Mater. 2015, 3 (10), 104416. 

13. Yoon, B.; Haekkinen, H.; Landman, U.; Woerz, A. S.; Antonietti, J.-M.; Abbet, S.; 

Judai, K.; Heiz, U., Charging effects on bonding and catalyzed oxidation of CO on Au8 

clusters on MgO. Science 2005, 307 (5708), 403-407. 

14. Ruzicka, J.-Y.; Abu Bakar, F.; Hoeck, C.; Adnan, R.; McNicoll, C.; Kemmitt, T.; 

Cowie, B. C.; Metha, G. F.; Andersson, G. G.; Golovko, V. B., Toward control of gold 

cluster aggregation on TiO2 via surface treatments. J. Phys. Chem. C 2015, 119 (43), 24465-

24474. 

15. Ruth, K.; Hayes, M.; Burch, R.; Tsubota, S.; Haruta, M., The effects of SO2 on the 

oxidation of CO and propane on supported Pt and Au catalysts. Appl. Catal., B 2000, 24 (3), 

L133-L138. 

16. Abdullah, M.; Low, G. K.; Matthews, R. W., Effects of common inorganic anions on 

rates of photocatalytic oxidation of organic carbon over illuminated titanium dioxide. J. Phys. 

Chem. 1990, 94 (17), 6820-6825. 

17. Park, S.-K.; Shin, H., Effect of HCl and H2SO4 Treatment of TiO2 Powder on the 

Photosensitized Degradation of Aqueous Rhodamine B Under Visible Light. Journal of 

nanoscience and nanotechnology 2014, 14 (10), 8122-8128. 

 

 

  



 

 

214 
 

Appendix A: Average Photocatalytic Reaction Rates 

All photocatalytic production rates listed here are given as the average from three successive, 

independent tests, with the standard errors in the mean given as experimental uncertainties. 

Unless otherwise specified, standard reaction conditions are used for all tests. 

 

Table A1: Production rates from photocatalytic CO2 reduction in H2O by various materials 

studied here, normalised to total catalyst mass.  

Material Photocatalytic Production Rates (μmol hr-1 gcat
-1) 

H2 CH4 C2H6 C2H4 C3H8 C3H6 

Bare TiO2 0 0.5 ± 0.2 0.06 ± 0.04 0.06 ± 0.05 0.04 ± 0.02 0.006 ± 0.006 

AuRu3-TiO2 69 ± 9 1.5 ± 0.2 0.5 ± 0.2 0.06 ± 0.04 0.2 ± 0.2 0.3 ± 0.3 

Pt-TiO2 120 ± 40 4 ± 1 0.09 ± 0.02 0.34 ± 0.07 0 0.20 ± 0.07 

Ru3-TiO2 22 ± 5 0.9 ± 0.3 0.09 ± 0.03 0.077 ± 0.007 0.012 ± 0.004 0.02 ± 0.01 

Ru4-TiO2 20 ± 10 1.62 ± 0.03 0.5 ± 0.2 0.20 ± 0.04 0.2 ± 0.1 0.1 ± 0.1 

 

Table A2: Production rates from photocatalytic CO2 reduction in H2O by various materials 

studied here, normalised to total precious metal content. 

Material Photocatalytic Production Rates (mmol hr-1 gprecious metal
-1) 

H2 CH4 C2H6 C2H4 C3H8 C3H6 

AuRu3-TiO2 40 ± 5  0.9 ± 0.1 0.3 ± 0.1 0.04 ± 0.02 0.1 ± 0.1 0.2 ± 0.2 

Pt-TiO2 12 ± 4 0.4 ± 0.1 0.009 ± 0.002 0.034 ± 0.007 0 0.020 ± 0.007 

Ru3-TiO2 12 ± 3 0.5 ± 0.2 0.05 ± 0.02 0.045 ± 0.004 0.007 ± 0.002 0.015 ± 0.008 

Ru4-TiO2 14 ± 8 0.95 ± 0.02 0.3 ± 0.1 0.12 ± 0.03 0.09 ± 0.07 0.07 ± 0.05 

 

Table A3: Hydrogen production rates from photocatalytic water-splitting by cluster-

deposited materials studied here, normalised to total catalyst mass. 

Material H2 Production Rate (μmol hr-1 gcat
-1) 

AuRu3-TiO2 80 ± 20 

Ru3-TiO2 30 ± 10 

Ru4-TiO2 16 ± 3 
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Table A4: Production rates from photocatalytic CO2 reduction in H2O by AuRu3-TiO2, 

normalised to total catalyst mass, as a function of combined reaction and pre-treatment 

temperatures. 

Treatment 

Temperature 

(°C) 

Photocatalytic Production Rates (μmol hr-1 gcat
-1) 

H2 CH4 C2H6 C2H4 C3H8 C3H6 

50 5 ± 3 0 0 0 0 0 

100 26 ± 5 0.5 ± 0.2 0.08 ± 0.02 0.02 ± 0.01 0.02 ± 0.01 0 

125 10 ± 10 0.6 ± 0.2 0.06 ± 0.04 0.03 ± 0.03 0.05 ± 0.03 0 

150 31 ± 3 0.32 ± 0.03 0.2 ± 0.1 0.04 ± 0.04 0.03 ± 0.01 0.005 ± 0.003 

175 50 ± 10 0.6 ± 0.2 0.021 ± 0.009 0 0.002 ± 0.002 0 

200 69 ± 9 1.5 ± 0.2 0.5 ± 0.2 0.06 ± 0.04 0.2 ± 0.2 0.3 ± 0.3 

225 51 ± 9 0.2 ± 0.1  0 0.011 ± 0.004 0.002 ± 0.001 0.007 ± 0.001 

250 41 ± 7 0.40 ± 0.09 0 0.029 ± 0.06 0.002 ± 0.001 0.013 ± 0.003 

 

Table A5: Production rates from photocatalytic CO2 reduction in H2O by AuRu3-TiO2, 

normalised to total catalyst mass, as a function of reaction temperature. 

 

  

Reaction 

Temperature 

(°C) 

Photocatalytic Production Rates (μmol hr-1 gcat
-1) 

H2 CO CH4 C2H6 C2H4 C3H8 C3H6 

50 15 ± 9 19 ± 7 0 0.06 ± 0.03 0 0 0 

100 26 ± 2 6.8 ± 6.8 1.6 ± 0.4 0.4 ± 0.2 0 0.12 ± 0.08 0.007 ± 0.006 

150 100 ± 20 30 ± 10 1.8 ± 0.5 0.6 ± 0.2 0.13 ± 0.02 0.24 ± 0.05 0.044 ± 0.009 

200 69 ± 9 0 1.5 ± 0.2 0.5 ± 0.2 0.06 ± 0.04 0.2 ± 0.2 0.3 ± 0.3 
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Table A6: Production rates from photocatalytic CO2 reduction in H2O by AuRu3-TiO2, 

normalised to total catalyst mass, as a function of CO2:H2O partial pressure ratios. 

 

 

Table A7: Production rates from photocatalytic CO2 reduction in H2O by AuRu3-TiO2, 

normalised to total catalyst mass, under repeated photocatalytic testing of the same sample. 

Catalytic 

Test 

Photocatalytic Production Rates (μmol hr-1 gcat
-1) 

H2 CH4 C2H6 C2H4 C3H8 C3H6 

1 121.1 04 3.06 0.67 0.42 0 0.18 

2 90.73 2.00 0.15 0.20 0 0.05 

3 9.36 1.71 0.02 0.13 0 0.03 

4 2.22 1.75 0 0.14 0 0.03 

 

CO2:H2O 

Ratio 

Photocatalytic Production Rates (μmol hr-1 gcat
-1) 

H2 CO CH4 C2H6 C2H4 C3H8 C3H6 

49 52 ± 4 0 0.3 ± 0.1 0.07 ± 0.05 0.03 ± 0.03 0.04 ± 0.04 0.05 ± 0.05 

10 60 ± 20 17 ± 4 0.3 ± 0.2 0.4 ± 0.1 0.16 ± 0.01 0.15 ± 0.07 0.09 ± 0.02 

5 30 ± 10 10 ± 2 1.3 ± 0.6 0.19 ± 0.09 0.09 ± 0.03 0.038 ± 0.006 0.057 ± 0.003 

4 60 ± 10 60 ± 20 2.8 ± 0.8 0.5 ± 0.2 0.20 ±0.07 0.13 ± 0.05 0.10 ± 0.02 

3 69 ± 9 0 1.5 ± 0.2 0.5 ± 0.2 0.06 ± 0.04 0.2 ± 0.2 0.3 ± 0.3 

2 120 ± 30 60 ± 30 2.7 ± 0.5 1.0 ± 0.3 0.25 ± 0.02 0.4 ± 0.2 0.11 ± 0.02 

1 120 ± 20 70 ± 20 2.1 ± 0.1 0.67 ± 0.07 0.29 ± 0.02 0.237 ± 0.005 0.14 ± 0.02 

0.5 29 ± 6 57 ± 6 3.1 ± 0.4 0.7 ± 0.2 0.25 ± 0.06 0.10 ± 0.05 0.09 ± 0.03 

 C4H10 C4H8    

49 0 

0 

0 

0 

0 

0 

0.06 ± 0.02 

0.04 ± 0.01 

0 

0 

0 

0 

0 

0 

0.03 ± 0.02 

0.03 ± 0.01 

   

10    

5    

4    

3    

2    

1    

0.5    
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Table A8: Production rates from photocatalytic CO2 reduction in H2O or D2O by AuRu3-

TiO2, normalised to total catalyst mass. 

Product Photocatalytic Production Rates (μmol hr-1 gcat
-1) 

H2O + CO2 D2O + CO2 

H2 69 ± 8 30 ± 10 

HD 0 21 ± 8 

D2 0 6 ± 2 

CO 0 4 ± 3 

CH4 1.5 ± 0.2 0.18 ± 0.09 

C2H6 0.5 ± 0.2 0.01 ± 0.01 

C2H4 0.06 ± 0.04 0.002 ± 0.002 

C3H8 0.2 ± 0.2 0.010 ± 0.005 

C3H6 0.3 ± 0.3 0 
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Appendix B: Calculation of Photocatalytic Turn-Over Frequencies (TOFs) 

Turn-over frequencies (TOFs) are defined as the number of product molecules generated per 

second per catalytic active site. For the ith product, this is found from a molar production rate 

by 

  (A1) 

where ri is the production rate of the ith product in units of mol hr-1 gcat
-1, NA is Avogadro’s 

number, a is the number of active catalytic sites per gram of catalyst, and the constant of 

3600 refers to the number of seconds in one hour.  

 

If it is assumed that only metal co-catalysts are the active sites of metal-deposited TiO2, and 

that these act as single active sites (i.e can only turn over one molecule at any one time), then 

a may be expressed as  

,   (A2) 

where Nc and gcat refer to the number of co-catalysts in the catalyst and the total catalyst mass 

respectively. This may be re-written as  

,   (A3) 

using NA again as Avogadro’s number, mc as the mass of co-catalysts in the sample and Mcl as 

the molecular weight of the co-catalysts. However, the co-catalyst weight loading on the 

sample is expressed as 

,   (A4) 

and so substituting Equation A4 into Equation A3 gives 

.   (A5) 

Therefore, the TOF frequency calculation then becomes 

.  (A6) 



 

 

219 
 

 

For cluster-deposited TiO2 samples, clusters were loaded onto the surface at a concentration 

of 0.17% in terms of the metal cores. If it is assumed that these clusters are entirely de-ligated 

but un-aggregated, then the co-catalyst molecular weight then just becomes that of the cluster 

core; 500.2 g/mol for AuRu3, 303.2 g/mol for Ru3 and 404.3 g/mol for Ru4. For example, the 

TOF of H2 over AuRu3-TiO2 then becomes 

= 0.0056 s-1  

This calculation becomes more difficult in the case of Pt-TiO2, as even if we assume no 

aggregation or catalyst change during the reaction, the initial size and composition of the Pt 

nanoparticles is unknown. However, if it is assumed that the nanoparticles take the form of 

hemispheres on the TiO2 surface with diameter (d) of 2 nm (as observed by Bai et al*), then 

the volume of each nanoparticle can be approximated as  

   (A7) 

for radius r = 0.5d. If these nanoparticles retain the same density as bulk platinum (21.45 

cm3/g), then this then corresponds to 4.5 × 10-20 g per nanoparticle, or approximately 137 Pt 

atoms per nanoparticle, with a molecular weight of 27137 g/mol. Knowing that these 

nanoparticles are loaded upon TiO2 at 1% w/w, TOF values can hence also be calculated for 

Pt-TiO2. Again, using H2 as an example, this gives a TOF of 

= 0.093 s-1. 

 

*Bai et al, J. Mat. Chem., 2009, 19, 7055-7061. 
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Appendix C: Calculation of Photocatalytic Energy Efficiencies 

Photonic energy efficiencies of photocatalyst samples are calculated here as  

,   (A8) 

Where Δni is the molar production rate of the ith product, ΔHir
°
 is the enthalpy change 

associated with the reaction yielding the ith product, and P is the total power input by the UV 

LED of 5.44 mW cm-2. The microfibre supports used for photocatalyst samples have a 

diameter of 13 mm, and hence an overall cross-sectional surface area of 1.33 cm2. Hence, 

assuming the catalyst is homogeneously distributed across the SiO2 support surface, this 

allows for calculation of the energy input as 

In terms of total energy output, the enthalpy of reaction for each product of interest may be 

found from its standard combustion enthalpy. For example, when considering the enthalpy of 

methane combustion, 

° ,  (A9) 

the reverse equation gives the formation of methane from CO2 and H2O: 

.   (A10) 

Therefore, enthalpy changes associated with all products observed are taken as the negative 

of their respective combustion enthalpies. Table A9 summarises all enthalpy changes used in 

these calculations.  
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Table A9: Reaction enthalpies for various products observed from the photocatalytic 

reduction of CO2 by H2O.  

Product Reaction Enthalpy (kJ mol-1)* 

H2 286 

CO 283 

CH4 890 

C2H6 1560 

C2H4 1411 

C3H8 2220 

C3H6 2058 

C4H10 2877 

C4H8 2718 

*Data taken from Blackman, A., Gahan, L., Aylward, G & Findlay, T. SI Chemical Data, 7th 

ed.; John Wiley & Sons, Milton, Qld, 2014. 

 

Finally, an average sample mass of 1.5 mg is assumed for all samples, and production rates 

reported in Tables A1 – A7 are converted to units of mol s-1. These are then substituted into 

Equation A7, with the enthalpy changes and power input mentioned above. 
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Appendix D: Fitted XPS Spectra 

Figure A1: Fitted XPS spectrum of the Ru 3d/C 1s region for pure AuRu3 cluster. 

Figure A2: Fitted XPS spectrum of the Au 4f region for pure AuRu3 cluster. 
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Figure A3: Fitted XPS spectrum of the O 1s region for pure AuRu3 cluster. 

Figure A4: Fitted XPS spectrum of the P 2p region for pure AuRu3 cluster. 
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Figure A5: Fitted XPS spectrum of the Si 2p region for pure AuRu3 cluster. 

Figure A6: Fitted XPS spectrum of the Na 1s region for pure AuRu3 cluster. 
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Figure A7: Fitted XPS spectrum of the Ru 3d/C 1s region for untreated AuRu3-TiO2. 

Figure A8: Fitted XPS spectrum of the Ti 2p region for untreated AuRu3-TiO2. 
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Figure A9: Fitted XPS spectrum of the O 1s region for untreated AuRu3-TiO2. 

Figure A10: Fitted XPS spectrum of the Si 2p region for untreated AuRu3-TiO2. 
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Figure A11: Fitted XPS spectrum of the Na 1s region for untreated AuRu3-TiO2. 

Figure A12: Fitted XPS spectrum of the F 1s region for untreated AuRu3-TiO2. 
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Figure A13: Fitted XPS spectra of the Ru 3d/C 1s region for a sample of AuRu3-TiO2 

heated under UHV from 50 – 250 °C. 
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Figure A14: Fitted XPS spectra of the Ru 3d/C 1s region for samples of AuRu3-TiO2 

tested for photocatalytic CO2 reduction (pre-heated in vacuum at 200 °C, PCO2:PH2O = 3) 

at reaction temperatures of 50 – 200 °C. 
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Appendix E: N2 Adsorption Isotherm Fitting and Calculated BET Parameters 

 

Figure A14: Linear BET plot for bare anatase TiO2 nanoparticles without treatment. 

Variables are as described in Section 2.5. 

Figure A15: Linear BET plot for bare anatase TiO2 nanoparticles after heat-treatment 

under vacuum to 200 °C. Variables are as described in Section 2.5. 
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Figure A16: Linear BET plot for AuRu3 clusters deposited at  0.17% w/w on anatase 

TiO2 nanoparticles without treatment. Variables are as described in Section 2.5. 

Figure A17: Linear BET plot for AuRu3 clusters deposited at 0.17% w/w on anatase TiO2 

nanoparticles after heat-treatment under vacuum to 200 °C. Variables are as described in 

Section 2.5. 
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Table A10: BET parameters fit to N2 adsorption isotherms of materials studied  

Material BET Constant, c Monolayer Gas Volume, vm 

(cm3/g) 

Anatase TiO2, untreated 1502 8.359 

Anatase TiO2, heated 

under vacuum 

3435 8.623 

AuRu3-TiO2, untreated 1408 7.896 

AuRu3-TiO2, heated 

under vacuum 

7322 8.209 
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Appendix F: Cartesian Coordinates and Electronic Energies of Clusters and Adsorbates 

on the Anatase (101) Surface Model

Cartesian Coordinates 

Element    X           Y            Z 

 

Anatase (101) Ti14O45H27 Model 

Energy = -4220.0708845 a.u. 

 

22  -1.289643  -0.680946  5.766831 

22  -1.260003  -0.717221  1.909688 

22  -1.260003  -0.717221  -1.909688 

22  -1.289643  -0.680946  -5.766831 

22  1.505039  0.319153  5.783562 

22  1.537354  0.298451  1.907842 

22  1.537354  0.298451  -1.907842 

22  1.505039  0.319153  -5.783562 

22  3.778470  -0.461066  3.737181 

22  3.790114  -0.483673  0.000000 

22  3.778470  -0.461066  -3.737181 

22  -3.636844  -0.068620  3.744168 

22  -3.630926  -0.069061  0.000000 

22  -3.636844  -0.068620  -3.744168 

8  1.697941  2.167425  5.677787 

8  1.699441  2.169277  1.886486 

8  1.699441  2.169277  -1.886486 

8  1.697941  2.167425  -5.677787 

8  0.328556  -1.332679  5.729798 

8  0.394755  -1.308083  1.898898 

8  0.394755  -1.308083  -1.898898 

8  0.328556  -1.332679  -5.729798 

8  3.286324  -0.401956  5.673446 

8  3.329953  -0.614382  1.887823 

8  3.329953  -0.614382  -1.887823 

8  3.286324  -0.401956  -5.673446 

8  -3.386232  1.993148  3.775325 

8  5.515169  -1.196963  3.778379 

8  -3.384870  1.994851  0.000000 

8  5.516330  -1.195243  0.000000 

8  -3.386232  1.993148  -3.775325 

8  5.515169  -1.196963  -3.778379 

8  -4.655288  -1.548122  3.771319 

8  -4.654001  -1.546390  0.000000 

8  -4.655288  -1.548122  -3.771319 

8  -1.797226  -0.575193  7.559917 

8  -1.797667  -0.829121  3.792450 

8  -1.766204  -0.881016  0.000000 

8  -1.797667  -0.829121  -3.792450 

8  -1.797226  -0.575193  -7.559917 

8  4.696783  1.093879  3.779326 

8  4.698078  1.095851  0.000000 

8  4.696783  1.093879  -3.779326 

8  -5.473310  0.742999  3.775013 

8  -5.472093  0.744805  0.000000 

8  -5.473310  0.742999  -3.775013 

8  -3.247275  -0.055046  5.677727 

8  -3.180334  -0.040383  1.882602 

8  -3.180334  -0.040383  -1.882602 

8  -3.247275  -0.055046  -5.677727 

8  -0.391136  0.919391  5.646389 

8  -0.387392  0.919710  1.881961 

8  -0.387392  0.919710  -1.881961 

8  -0.391136  0.919391  -5.646389 

8  1.835807  0.120364  7.563915 

8  1.928366  0.093548  3.776554 

8  1.938652  0.115627  0.000000 

8  1.928366  0.093548  -3.776554 

8  1.835807  0.120364  -7.563915 

1  -6.010426  -0.094098  -3.786686 
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1  -5.578552  -1.260612  -3.787800 

1  -5.580067  -1.261027  0.000000 

1  -5.578552  -1.260612  3.787800 

1  -6.000847  -0.097106  0.000000 

1  -6.010426  -0.094098  3.786686 

1  -4.302485  2.312230  -3.787965 

1  -4.302485  2.312230  3.787965 

1  -4.316551  2.314321  0.000000 

1  -2.895413  2.810124  3.786176 

1  -2.893916  2.810478  0.000000 

1  -2.895413  2.810124  -3.786176 

1  -0.249047  1.875034  5.690255 

1  -0.250112  1.874470  1.895577 

1  -0.250112  1.874470  -1.895577 

1  -0.249047  1.875034  -5.690255 

1  2.235943  2.998155  1.894363 

1  2.235943  2.998155  -1.894363 

1  2.241029  3.002771  -5.670237 

1  2.241029  3.002771  5.670237 

1  -1.598013  -0.663943  8.510582 

1  1.676616  0.185092  8.511923 

1  -1.598013  -0.663943  -8.510582 

1  1.676616  0.185092  -8.511923 

1  -3.445201  -0.004689  -6.618744 

1  3.538205  -0.472120  -6.615301 

1  -3.445201  -0.004689  6.618744 

1  3.538205  -0.472120  6.615301 

1  6.098873  -0.381813  -3.781654 

1  6.097373  -0.382176  0.000000 

1  6.098873  -0.381813  3.781654 

1  5.664098  0.784069  3.787930 

1  5.665548  0.784371  0.000000 

1  5.664098  0.784069  -3.787930 

 

AuRu3 on Anatase (101) Energy Minimum 

Energy = -4637.516151 a.u. 

22  -5.772716  -0.916538  -0.420942 

22  -1.948347  -0.994154  -0.370091 

22  1.948512  -0.993580  -0.369903 

22  5.772490  -0.915766  -0.421033 

22  -5.770679  2.028016  -0.820552 

22  -1.901935  2.031227  -0.803445 

22  1.901422  2.031578  -0.803599 

22  5.770115  2.028684  -0.820784 

22  -3.729876  4.071782  0.433254 

22  -0.000390  4.078954  0.460493 

22  3.729127  4.072179  0.433144 

22  -3.769025  -3.097234  -1.546259 

22  0.000917  -3.076963  -1.610318 

22  3.769414  -3.096840  -1.546349 

8  -5.677963  2.601945  -2.580441 

8  -1.885880  2.604220  -2.581898 

8  1.885537  2.604439  -2.581947 

8  5.677273  2.602542  -2.580625 

8  -5.715751  0.513062  0.565450 

8  -1.919662  0.650946  0.558113 

8  1.919677  0.651435  0.558125 

8  5.715486  0.513813  0.565298 

8  -5.673764  3.605735  0.268731 

8  -1.887432  3.598442  0.513796 

8  1.886746  3.598702  0.513694 

8  5.673035  3.606304  0.268571 

8  -3.775358  -2.402385  -3.494682 

8  -3.778774  5.613850  1.520695 

8  0.000163  -2.400694  -3.496079 

8  -0.000428  5.615546  1.519195 

8  3.775216  -2.401975  -3.494788 

8  3.777921  5.614237  1.520553 

8  -3.771142  -4.397489  -0.305606 

8  0.002857  -4.394696  -0.307117 

8  3.771256  -4.397077  -0.305695 

8  -7.560038  -1.397861  -0.646514 
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8  -3.813078  -1.483773  -0.378039 

8  0.000148  -1.450156  -0.526963 

8  3.813173  -1.483300  -0.377801 

8  7.559821  -1.397061  -0.646756 

8  -3.779724  5.302884  -0.891977 

8  -0.000476  5.304773  -0.893696 

8  3.778814  5.303268  -0.892113 

8  -3.774973  -4.708060  -2.718466 

8  -0.000106  -4.706434  -2.720061 

8  3.775138  -4.707635  -2.718561 

8  -5.677755  -2.703613  -1.464094 

8  -1.896949  -2.671088  -1.494343 

8  1.897566  -2.670028  -1.495072 

8  5.677615  -2.702938  -1.464322 

8  -5.646388  0.294652  -1.806833 

8  -1.881212  0.297759  -1.806492 

8  1.880564  0.298060  -1.806584 

8  5.645943  0.295258  -1.807067 

8  -7.564212  2.299904  -0.551064 

8  -3.791046  2.394518  -0.522216 

8  -0.000273  2.405199  -0.536236 

8  3.790500  2.394967  -0.522376 

8  7.563640  2.300715  -0.551361 

1  3.786745  -5.410936  -2.015335 

1  3.788056  -5.237805  -0.783537 

1  -0.002171  -5.239613  -0.783296 

1  -3.787809  -5.238210  -0.783397 

1  0.000345  -5.402451  -2.010314 

1  -3.786577  -5.411328  -2.015190 

1  3.787973  -3.229026  -4.001978 

1  -3.788084  -3.229425  -4.001848 

1  0.000109  -3.242501  -4.006994 

1  -3.786284  -1.748503  -4.188121 

1  -0.000346  -1.746731  -4.188185 

1  3.786015  -1.748102  -4.188260 

1  -5.690664  0.637429  -2.710056 

1  -1.896739  0.636725  -2.709698 

1  1.896004  0.636848  -2.709801 

1  5.690207  0.638027  -2.710264 

1  -1.895590  3.304886  -3.277431 

1  1.894810  3.305079  -3.277506 

1  5.669983  3.311278  -3.280966 

1  -5.670705  3.310677  -3.280759 

1  -8.510669  -1.222282  -0.517200 

1  -8.512192  2.158124  -0.648259 

1  8.510492  -1.221383  -0.517453 

1  8.511655  2.159008  -0.648539 

1  6.618738  -2.885512  -1.555487 

1  6.614966  3.837501  0.390576 

1  -6.618769  -2.886178  -1.555319 

1  -6.615639  3.836812  0.390827 

1  3.781235  6.358331  0.848643 

1  -0.000447  6.356592  0.848752 

1  -3.782141  6.357931  0.848782 

1  -3.788444  6.181854  -0.383022 

1  -0.000455  6.183538  -0.383076 

1  3.787516  6.182256  -0.383159 

79  0.000367  -2.081613  4.153265 

44  0.000621  -2.768362  1.479144 

44  -1.250819  -0.532684  2.139757 

44  1.251008  -0.532191  2.139844 

 

AuRu3 on Anatase (101) Isomer I 

Energy = -4637.502653 a.u 

 

22  -5.942568  -2.054699  0.277061 

22  -2.245310  -1.169671  -0.107568 

22  1.489845  -0.470961  -0.424436 

22  5.236027  0.533645  -1.012350 

22  -6.634589  0.824176  0.073128 

22  -2.874610  1.728999  -0.333089 

22  0.821050  2.507281  -0.770757 
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22  4.535262  3.416466  -1.212229 

22  -4.951357  3.226353  1.220834 

22  -1.312622  4.074244  0.827537 

22  2.266959  4.897275  0.386587 

22  -3.669083  -3.682713  -1.199781 

22  -0.087320  -2.805591  -1.661169 

22  3.586467  -1.971756  -2.088033 

8  -6.885589  1.474259  -1.647691 

8  -3.215346  2.326870  -2.071078 

8  0.437094  3.173337  -2.490799 

8  4.108141  4.021628  -2.911578 

8  -6.088725  -0.686155  1.339335 

8  -2.402537  0.227890  0.919928 

8  1.271720  1.172295  0.521144 

8  4.979684  1.865313  0.075961 

8  -6.750239  2.343175  1.242073 

8  -3.052792  3.174839  1.049998 

8  0.600962  4.027725  0.645756 

8  4.235130  4.888709  -0.020758 

8  -4.064008  -2.936759  -3.090118 

8  -5.199662  4.675419  2.403048 

8  -0.410209  -2.088044  -3.511486 

8  -1.542299  5.524645  1.981223 

8  3.245853  -1.243012  -3.930450 

8  2.116230  6.370691  1.561963 

8  -3.232708  -5.001209  -0.057248 

8  0.417663  -4.154841  -0.483061 

8  4.069339  -3.309277  -0.896741 

8  -7.597290  -2.917077  0.220443 

8  -3.919818  -2.156085  0.058050 

8  -0.333318  -1.300173  -0.372358 

8  3.511134  -0.518728  -0.766307 

8  7.040745  0.474776  -1.462423 

8  -5.429345  4.465176  -0.009603 

8  -1.771076  5.314782  -0.431812 

8  1.888442  6.160850  -0.850926 

8  -3.465486  -5.211731  -2.469685 

8  0.188674  -4.363026  -2.891052 

8  3.844012  -3.518043  -3.310038 

8  -5.590493  -3.734857  -0.883932 

8  -1.952671  -2.856933  -1.348887 

8  1.708024  -1.999606  -1.779218 

8  5.402926  -1.187584  -2.148031 

8  -6.256627  -0.795066  -1.033653 

8  -2.613459  0.054793  -1.450926 

8  1.031236  0.897833  -1.870477 

8  4.676291  1.738244  -2.290343 

8  -8.396265  0.679187  0.555112 

8  -4.748880  1.606712  0.179395 

8  -1.104237  2.468505  -0.264947 

8  2.586900  3.314441  -0.673221 

8  6.249554  4.072744  -1.128663 

1  4.095136  -4.227396  -2.659655 

1  4.209866  -4.105879  -1.427060 

1  0.543588  -4.959033  -1.002426 

1  -3.124452  -5.805316  -0.583833 

1  0.427870  -5.068411  -2.232537 

1  -3.236835  -5.926299  -1.816721 

1  3.376108  -2.026109  -4.488547 

1  -3.958418  -3.725604  -3.645285 

1  -0.288666  -2.888619  -4.072722 

1  -4.302648  -2.276000  -3.734331 

1  -0.637389  -1.425133  -4.155675 

1  3.028537  -0.577278  -4.577172 

1  -6.485019  -0.436538  -1.902072 

1  -2.810684  0.413228  -2.324398 

1  0.859157  1.263841  -2.746207 

1  4.532959  2.116387  -3.168820 

1  -3.462174  3.033929  -2.714355 

1  0.206544  3.883983  -3.136173 

1  3.860185  4.737004  -3.559319 

1  -7.118938  2.193042  -2.297050 
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1  -8.540152  -2.964133  0.465930 

1  -9.295066  0.332149  0.555231 

1  7.938658  0.854128  -1.428624 

1  7.186333  4.151074  -1.339673 

1  6.342579  -1.150757  -2.355259 

1  5.111649  5.320189  0.010634 

1  -6.473136  -4.120261  -0.881961 

1  -7.697376  2.352223  1.483369 

1  1.874563  7.121798  0.943465 

1  -1.786225  6.271961  1.364300 

1  -5.447765  5.425140  1.785302 

1  -5.566803  5.299631  0.553088 

1  -1.899906  6.150798  0.131592 

1  1.767633  6.999092  -0.290141 

79  2.554411  -2.369116  3.666604 

44  3.649807  -2.123008  1.092343 

44  1.793575  -0.365309  1.914422 

44  1.362961  -2.978429  1.185776 

 

AuRu3 on Anatase (101) Isomer II 

Energy = -4637.498461 a.u 

 

22  -5.403282  0.395361  -0.920797 

22  -1.622768  -0.404712  -0.372435 

22  2.186099  -1.056901  -0.197807 

22  5.904913  -1.797664  0.089089 

22  -4.808177  3.302069  -1.059822 

22  -1.045703  2.537392  -0.715768 

22  2.674834  1.881611  -0.363966 

22  6.475660  1.112878  -0.050540 

22  -2.566780  4.825942  0.536974 

22  1.048922  4.133249  0.890655 

22  4.724198  3.416181  1.192056 

22  -3.683735  -2.032285  -2.056708 

22  0.003598  -2.697516  -1.759369 

22  3.652083  -3.470679  -1.389493 

8  -4.437114  3.965566  -2.750695 

8  -0.728771  3.249723  -2.420467 

8  2.961625  2.534946  -2.090596 

8  6.668609  1.815650  -1.757788 

8  -5.184785  1.709542  0.194566 

8  -1.374339  1.138520  0.528504 

8  2.273921  0.329045  0.866614 

8  6.015017  -0.453178  1.185112 

8  -4.541171  4.751540  0.164138 

8  -0.860540  4.025778  0.736191 

8  2.828188  3.293717  1.057315 

8  6.556253  2.603281  1.156434 

8  -3.393109  -1.233335  -3.925684 

8  -2.450354  6.273221  1.746606 

8  0.299151  -1.946505  -3.597235 

8  1.245317  5.559452  2.075702 

8  3.991093  -2.662939  -3.265674 

8  4.940249  4.842514  2.407388 

8  -4.077471  -3.408338  -0.933662 

8  -0.388725  -4.119405  -0.605206 

8  3.298569  -4.836206  -0.274308 

8  -7.202672  0.270735  -1.342952 

8  -3.655365  -0.597894  -0.664821 

8  0.242456  -1.225931  -0.366574 

8  3.883894  -1.974636  -0.090209 

8  7.584845  -2.591781  -0.020946 

8  -2.261572  6.135187  -0.674753 

8  1.435122  5.421422  -0.345803 

8  5.130849  4.704096  -0.013862 

8  -3.891408  -3.545286  -3.355466 

8  -0.199332  -4.258657  -3.027119 

8  3.492592  -4.974918  -2.695385 

8  -5.515788  -1.308171  -2.102822 

8  -1.767150  -1.958288  -1.784564 

8  1.898412  -2.686767  -1.472791 

8  5.589876  -3.458103  -1.110393 
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8  -4.904840  1.646273  -2.180126 

8  -1.222552  0.937132  -1.850260 

8  2.456911  0.224862  -1.521413 

8  6.139071  -0.491824  -1.192936 

8  -6.543829  3.887011  -0.927911 

8  -2.847313  3.253404  -0.552495 

8  0.887976  2.557508  -0.248741 

8  4.563185  1.814382  0.113243 

8  8.251405  1.022773  0.394897 

1  3.304209  -5.714296  -2.057322 

1  3.211547  -5.630024  -0.819723 

1  -0.493419  -4.914519  -1.150803 

1  -4.198031  -4.195584  -1.482218 

1  -0.398100  -4.989146  -2.382687 

1  -4.102660  -4.280430  -2.719536 

1  3.905375  -3.440526  -3.839419 

1  -3.504379  -2.006064  -4.501899 

1  0.198544  -2.735965  -4.176821 

1  -3.214118  -0.543080  -4.558145 

1  0.489031  -1.258256  -4.226831 

1  4.191565  -1.976661  -3.895979 

1  -4.793449  2.052656  -3.050847 

1  -1.082426  1.333133  -2.718792 

1  2.626427  0.615089  -2.387218 

1  6.337321  -0.102072  -2.055687 

1  -0.537818  3.985667  -3.050452 

1  3.167462  3.268420  -2.719129 

1  6.861891  2.559501  -2.391926 

1  -4.229364  4.706653  -3.383493 

1  -8.113619  0.614163  -1.282786 

1  -7.486823  3.934409  -1.119555 

1  8.533248  -2.608609  0.205658 

1  9.162726  0.711304  0.368891 

1  6.486355  -3.808755  -1.134101 

1  7.507002  2.642792  1.379936 

1  -6.460096  -1.302513  -2.291726 

1  -5.432711  5.147778  0.223188 

1  5.147403  5.617015  1.805414 

1  1.448643  6.331494  1.474678 

1  -2.249627  7.049005  1.144119 

1  -2.162054  6.962643  -0.094121 

1  1.542861  6.246911  0.237230 

1  5.247267  5.528284  0.568290 

79  -2.199641  -2.501497  3.724446 

44  -1.337446  -3.567352  1.278004 

44  -3.094004  -1.605493  1.247650 

44  -0.443699  -1.355597  1.793950 

 

AuRu3 on Anatase (101) Isomer III 

Energy = -4637.490789 a.u 

 

22  -6.231706  0.742308  -0.558731 

22  -2.449096  1.465323  -0.513542 

22  1.297351  2.237244  -0.428117 

22  5.076661  3.021650  -0.326160 

22  -5.781685  -1.690506  1.074677 

22  -1.985803  -0.955100  1.150394 

22  1.767041  -0.189472  1.276745 

22  5.537435  0.595999  1.308932 

22  -3.322443  -3.630436  0.887471 

22  0.323422  -2.846358  0.908834 

22  4.031879  -2.092425  1.012476 

22  -4.739409  3.529315  -0.454977 

22  -1.072074  4.260745  -0.379194 

22  2.619450  5.013248  -0.304067 

8  -5.769829  -1.445404  2.916405 

8  -2.054267  -0.696015  2.995255 

8  1.643390  0.050863  3.071579 

8  5.358744  0.802233  3.146193 

8  -5.847579  -0.934568  -0.822015 

8  -2.115208  -0.236350  -0.744281 

8  1.681776  0.504156  -0.713986 
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8  5.386690  1.337499  -0.604256 

8  -5.299347  -3.535107  0.786484 

8  -1.602869  -2.847121  0.685827 

8  2.103858  -2.031230  0.900770 

8  5.820688  -1.289132  1.016004 

8  -4.849653  3.744304  1.605373 

8  -2.971349  -5.464918  0.569010 

8  -1.149683  4.490688  1.683784 

8  0.731647  -4.718057  0.647354 

8  2.550026  5.238829  1.758142 

8  4.434299  -3.969278  0.721940 

8  -4.853176  4.164187  -2.132909 

8  -1.157184  4.909837  -2.054689 

8  2.538636  5.657128  -1.980310 

8  -8.092334  0.904279  -0.600086 

8  -4.388602  1.595573  -0.783715 

8  -0.650238  2.289642  -0.753000 

8  3.050318  3.093263  -0.631076 

8  6.725192  3.897003  -0.294143 

8  -3.275600  -4.171691  2.606828 

8  0.428269  -3.424424  2.685504 

8  4.132021  -2.675621  2.759736 

8  -5.160081  5.456574  -0.094785 

8  -1.460429  6.203054  -0.016349 

8  2.239003  6.950981  0.057967 

8  -6.554294  2.777015  -0.392724 

8  -2.820268  3.467759  -0.283654 

8  0.871371  4.184927  -0.209357 

8  4.574145  5.024657  -0.162949 

8  -6.050290  0.275387  1.218437 

8  -2.360413  1.017024  1.295853 

8  1.328085  1.762090  1.371962 

8  5.016724  2.510624  1.446982 

8  -7.458757  -2.408159  0.919549 

8  -3.760364  -1.738302  0.992660 

8  -0.072187  -0.906849  1.075887 

8  3.671476  -0.146820  1.127640 

8  7.366602  0.586185  1.225558 

1  2.204096  7.278662  -0.880528 

1  2.362479  6.605823  -1.914680 

1  -1.349836  5.857442  -1.992061 

1  -5.061652  5.106353  -2.067952 

1  -1.504871  6.519318  -0.957848 

1  -5.217843  5.779631  -1.033753 

1  2.369365  6.187128  1.856022 

1  -5.055094  4.687592  1.702747 

1  -1.345600  5.451263  1.778148 

1  -4.821334  3.456459  2.513563 

1  -1.110637  4.204492  2.590848 

1  2.599614  4.955290  2.666767 

1  -6.128915  0.344862  2.179910 

1  -2.410297  1.096844  2.255887 

1  1.305226  1.847225  2.332595 

1  5.024042  2.597457  2.410157 

1  -2.015031  -1.024155  3.925701 

1  1.697790  -0.274334  4.002327 

1  5.398897  0.469285  4.084407 

1  -5.714839  -1.775377  3.854972 

1  -8.980749  0.506142  -0.659336 

1  -8.421956  -2.429398  0.926346 

1  7.700100  3.875217  -0.314991 

1  8.261516  0.940241  1.270667 

1  5.455869  5.411085  -0.140902 

1  6.795612  -1.358795  1.025469 

1  -7.516955  2.790938  -0.408664 

1  -6.170463  -3.977598  0.757633 

1  4.494060  -4.343278  1.650171 

1  0.787648  -5.090285  1.573033 

1  -2.918062  -5.840313  1.497156 

1  -3.081992  -5.165872  2.529915 

1  0.630472  -4.417421  2.607165 

1  4.342318  -3.666369  2.683221 
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79  -0.473880  -2.236775  -2.376698 

44  2.026235  -1.522920  -1.571550 

44  1.287154  -4.050323  -1.334177 

44  3.692051  -3.520117  -1.254829 

 

CO2 on Bare Anatase (101) Energy Minimum 

Energy = -4409.034717 a.u 

 

22  -5.908438  1.151841  -0.759986 

22  -2.049371  1.249860  -0.699930 

22  1.774202  1.352146  -0.610893 

22  5.625792  1.480946  -0.488873 

22  -5.867648  -1.615056  0.311576 

22  -1.992717  -1.537458  0.369077 

22  1.830899  -1.440184  0.471150 

22  5.693800  -1.293114  0.590280 

22  -3.725676  -3.863712  -0.375308 

22  -0.006299  -3.765639  -0.304232 

22  3.721379  -3.645302  -0.228663 

22  -3.956319  3.609995  -0.130148 

22  -0.221473  3.709493  -0.042116 

22  3.509565  3.824655  0.043988 

8  -5.797909  -1.772783  2.159858 

8  -2.009200  -1.665516  2.250140 

8  1.761032  -1.557312  2.338111 

8  5.549906  -1.447104  2.424643 

8  -5.799025  -0.462203  -1.376920 

8  -1.983881  -0.402891  -1.264633 

8  1.863412  -0.305853  -1.179211 

8  5.613692  -0.141595  -1.115516 

8  -5.687488  -3.403509  -0.380464 

8  -1.898791  -3.342963  -0.540939 

8  1.859207  -3.232301  -0.417106 

8  5.651611  -3.078029  -0.115419 

8  -4.036349  3.360198  1.940826 

8  -3.711771  -5.590183  -1.091844 

8  -0.263606  3.467143  2.030584 

8  0.064034  -5.482986  -1.001911 

8  3.509142  3.576751  2.116890 

8  3.839822  -5.373461  -0.915626 

8  -3.983917  4.568921  -1.621104 

8  -0.215181  4.675825  -1.531413 

8  3.553567  4.785243  -1.445229 

8  -7.712279  1.620200  -0.686794 

8  -3.937718  1.744711  -0.886110 

8  -0.143603  1.816919  -0.855146 

8  3.638733  1.959796  -0.710617 

8  7.397222  2.053835  -0.334235 

8  -3.790396  -4.733628  1.183645 

8  -0.013678  -4.626432  1.273800 

8  3.763087  -4.516885  1.359872 

8  -4.065284  5.425037  0.654605 

8  -0.292860  5.532119  0.744455 

8  3.479583  5.641572  0.830652 

8  -5.884759  3.132201  -0.148417 

8  -2.087353  3.184868  -0.023518 

8  1.671996  3.288109  0.063310 

8  5.462936  3.457876  0.116364 

8  -5.795886  0.294983  0.876440 

8  -2.033932  0.399210  0.964602 

8  1.728037  0.507180  1.052374 

8  5.489176  0.618859  1.139760 

8  -7.630112  -1.999202  0.072107 

8  -3.843766  -1.988789  0.133190 

8  -0.076806  -1.878570  0.241168 

8  3.703480  -1.769401  0.342967 

8  7.487379  -1.565338  0.424852 

1  3.495990  6.164603  -0.015238 

1  3.537088  5.713319  -1.173653 

1  -0.248157  5.606192  -1.262417 

1  -4.033337  5.496051  -1.350297 

1  -0.287765  6.046377  -0.106373 



 

 

241 
 

1  -4.072206  5.947399  -0.191831 

1  3.488270  4.498242  2.420057 

1  -4.082483  4.280964  2.243405 

1  -0.297555  4.403697  2.333574 

1  -4.052765  2.883124  2.765812 

1  -0.269142  2.990220  2.854477 

1  3.514413  3.100298  2.942381 

1  -5.858456  0.167837  1.833145 

1  -2.066389  0.277724  1.921047 

1  1.721809  0.386441  2.009443 

1  5.514277  0.494230  2.098511 

1  -2.021636  -2.187962  3.087893 

1  1.764502  -2.079301  3.176236 

1  5.537830  -1.976015  3.268984 

1  -5.794895  -2.301260  3.004551 

1  -8.654550  1.392334  -0.794178 

1  -8.583515  -1.866196  0.111909 

1  8.354983  1.880500  -0.397285 

1  8.428697  -1.377953  0.508865 

1  6.396515  3.683530  0.185171 

1  6.601653  -3.303994  -0.159635 

1  -6.831927  3.303880  -0.123496 

1  -6.619907  -3.683447  -0.468140 

1  3.840194  -5.942990  -0.090520 

1  0.061091  -6.049955  -0.179088 

1  -3.717946  -6.159905  -0.266878 

1  -3.764267  -5.705881  0.890735 

1  0.021108  -5.598688  0.979388 

1  3.806416  -5.488606  1.067385 

6  3.844433  -1.613498  -2.930222 

8  3.889161  -2.663481  -2.411123 

8  3.806347  -0.626169  -3.526027 

 

CO2 on AuRu3-Anatase (101) Energy Minimum 

Energy = -4826.149217 a.u 

 

22  -5.673256  -1.178711  -0.544570 

22  -1.863803  -1.126455  -0.454521 

22  2.067719  -0.994232  -0.328032 

22  5.879188  -0.765240  -0.354887 

22  -5.763325  1.757696  -1.050220 

22  -1.891980  1.903115  -0.959130 

22  1.917897  2.024703  -0.907740 

22  5.778494  2.162829  -0.857998 

22  -3.799564  3.909370  0.196841 

22  -0.080360  4.057997  0.255161 

22  3.621631  4.186437  0.296765 

22  -3.554972  -3.363052  -1.575373 

22  0.215922  -3.203987  -1.564376 

22  3.958650  -3.087416  -1.453104 

8  -5.657689  2.265258  -2.815409 

8  -1.868528  2.404272  -2.755211 

8  1.899830  2.540524  -2.693883 

8  5.688634  2.675439  -2.630789 

8  -5.649021  0.267785  0.407988 

8  -1.914388  0.523174  0.448900 

8  2.000799  0.696091  0.503092 

8  5.741338  0.676990  0.581027 

8  -5.738605  3.352043  0.001891 

8  -1.942963  3.485787  0.303121 

8  1.812351  3.623520  0.390391 

8  5.599281  3.761885  0.186500 

8  -3.562715  -2.691944  -3.547725 

8  -3.938232  5.463252  1.223638 

8  0.209812  -2.554112  -3.487720 

8  -0.162874  5.601076  1.283756 

8  3.981931  -2.419185  -3.424947 

8  3.612518  5.736161  1.346548 

8  -3.542845  -4.590794  -0.300473 

8  0.228125  -4.451918  -0.240641 

8  3.993633  -4.318326  -0.177813 

8  -7.429558  -1.741130  -0.793017 



 

 

242 
 

8  -3.690006  -1.697628  -0.437381 

8  0.116657  -1.516291  -0.550643 

8  3.933923  -1.433955  -0.308546 

8  7.678434  -1.194957  -0.547188 

8  -3.886297  5.081445  -1.178247 

8  -0.110061  5.219705  -1.118419 

8  3.666313  5.354492  -1.055346 

8  -3.493780  -4.972241  -2.702650 

8  0.278099  -4.834501  -2.642851 

8  4.050402  -4.699481  -2.579871 

8  -5.488124  -3.001653  -1.540233 

8  -1.720382  -2.832760  -1.510868 

8  2.081894  -2.705713  -1.458580 

8  5.858331  -2.591390  -1.355659 

8  -5.557485  -0.015605  -1.972384 

8  -1.795330  0.123306  -1.910859 

8  1.963442  0.259307  -1.849729 

8  5.725983  0.392313  -1.788841 

8  -7.566913  1.955286  -0.808841 

8  -3.794311  2.194478  -0.732730 

8  -0.007021  2.328361  -0.667625 

8  3.775650  2.478598  -0.604087 

8  7.549066  2.501756  -0.562936 

1  4.074822  -5.380886  -1.855727 

1  4.048612  -5.171611  -0.629831 

1  0.261413  -5.310127  -0.691226 

1  -3.521308  -5.445278  -0.752986 

1  0.290999  -5.508839  -1.912592 

1  -3.492557  -5.654448  -1.978834 

1  4.032893  -3.259818  -3.906773 

1  -3.537219  -3.533486  -4.029942 

1  0.248560  -3.410057  -3.973035 

1  -3.584866  -2.059592  -4.260590 

1  0.198044  -1.921264  -4.199087 

1  3.981489  -1.786060  -4.137492 

1  -5.598256  0.298597  -2.886105 

1  -1.807292  0.434763  -2.823972 

1  1.982490  0.571679  -2.762349 

1  5.773684  0.709703  -2.701092 

1  -1.891194  3.083337  -3.471558 

1  1.896229  3.220251  -3.409944 

1  5.668285  3.362514  -3.352144 

1  -5.663502  2.952855  -3.536503 

1  -8.387931  -1.596221  -0.684528 

1  -8.507423  1.776603  -0.917145 

1  8.619868  -0.981369  -0.407767 

1  8.503064  2.391536  -0.640367 

1  6.806791  -2.742506  -1.425964 

1  6.530136  4.030401  0.316816 

1  -6.420326  -3.220650  -1.641233 

1  -6.690086  3.552486  0.101742 

1  3.601014  6.459775  0.652719 

1  -0.177646  6.321633  0.591329 

1  -3.956426  6.186564  0.529767 

1  -3.935097  5.974167  -0.696127 

1  -0.150134  6.112482  -0.634578 

1  3.634916  6.247834  -0.572967 

79  0.200943  -1.955712  4.169394 

44  0.350555  -2.611077  1.465501 

44  -1.148483  -0.587467  2.082018 

44  1.373995  -0.334827  2.172735 

6  -3.885360  1.415242  2.460798 

8  -3.740021  0.331038  2.842662 

8  -4.015630  2.538483  2.168646 

 

H2O on Bare Anatase (101) Energy Minimum 

Energy = -4296.934439 a.u 

 

22  -5.689767  1.417368  -0.623738 

22  -1.838435  1.320144  -0.688072 

22  1.987892  1.253234  -0.720907 

22  5.847479  1.190019  -0.722914 
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22  -5.749154  -1.368808  0.448375 

22  -1.905786  -1.479880  0.384893 

22  1.930842  -1.541117  0.329016 

22  5.812072  -1.584965  0.328228 

22  -3.749091  -3.688775  -0.404485 

22  -0.019820  -3.777311  -0.392401 

22  3.700386  -3.844778  -0.407395 

22  -3.603800  3.779024  -0.042453 

22  0.127904  3.694618  -0.073514 

22  3.864870  3.627476  -0.105376 

8  -5.635988  -1.526671  2.268924 

8  -1.845680  -1.604669  2.239023 

8  1.926417  -1.680902  2.207356 

8  5.716847  -1.755939  2.173662 

8  -5.631100  -0.204017  -1.275013 

8  -1.937613  -0.329708  -1.284917 

8  1.942725  -0.392476  -1.300749 

8  5.760455  -0.418871  -1.354298 

8  -5.685634  -3.139737  -0.284863 

8  -1.886566  -3.243267  -0.550916 

8  1.870423  -3.338802  -0.597849 

8  5.658450  -3.368770  -0.379792 

8  -3.633250  3.516143  2.028357 

8  -3.842712  -5.413521  -1.073501 

8  0.141149  3.438550  1.998457 

8  -0.065289  -5.491283  -1.103358 

8  3.915572  3.363643  1.965035 

8  3.712234  -5.566467  -1.136695 

8  -3.634091  4.750444  -1.525079 

8  0.136244  4.673048  -1.554894 

8  3.906644  4.598172  -1.588311 

8  -7.470903  1.979030  -0.492207 

8  -3.711596  1.920689  -0.812560 

8  0.073668  1.802596  -0.900359 

8  3.872647  1.767744  -0.873329 

8  7.645239  1.673699  -0.619014 

8  -3.807427  -4.573283  1.209255 

8  -0.029146  -4.651131  1.179426 

8  3.749285  -4.726154  1.145755 

8  -3.601722  5.590585  0.757596 

8  0.172405  5.513134  0.727894 

8  3.946536  5.438097  0.694352 

8  -5.555574  3.395732  -0.002230 

8  -1.764960  3.254810  -0.002606 

8  1.995423  3.186376  -0.032817 

8  5.797119  3.166431  -0.097430 

8  -5.573337  0.549170  1.000124 

8  -1.809950  0.469394  0.968918 

8  1.953141  0.393371  0.937381 

8  5.716762  0.321132  0.905343 

8  -7.541973  -1.646264  0.239351 

8  -3.755499  -1.818453  0.274739 

8  0.026686  -1.894258  0.171411 

8  3.794365  -1.974231  0.115849 

8  7.582170  -1.951734  0.112310 

1  3.961808  5.966730  -0.147984 

1  3.944200  5.523613  -1.310145 

1  0.157339  5.601616  -1.278804 

1  -3.629555  5.676598  -1.246599 

1  0.175805  6.033596  -0.119135 

1  -3.609763  6.119671  -0.084461 

1  3.949394  4.282563  2.274988 

1  -3.624726  4.435558  2.338532 

1  0.162638  4.373141  2.308718 

1  -3.646927  3.033628  2.850293 

1  0.138285  2.955677  2.818906 

1  3.923542  2.880704  2.786777 

1  -5.611811  0.417290  1.957405 

1  -1.818005  0.341740  1.925003 

1  1.972202  0.265162  1.893201 

1  5.765938  0.187491  1.861952 

1  -1.857164  -2.132821  3.073146 
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1  1.930644  -2.209329  3.041369 

1  5.705549  -2.290620  3.014366 

1  -5.632188  -2.061595  3.109490 

1  -8.426160  1.798234  -0.571017 

1  -8.486073  -1.467413  0.310483 

1  8.590938  1.454493  -0.713780 

1  8.533708  -1.811092  0.167498 

1  6.742363  3.345812  -0.057003 

1  6.594455  -3.640301  -0.455373 

1  -6.491964  3.613166  0.053978 

1  -6.632975  -3.373098  -0.344491 

1  3.710776  -6.142224  -0.315970 

1  -0.069932  -6.064367  -0.284635 

1  -3.850710  -5.989489  -0.252534 

1  -3.838377  -5.543362  0.908992 

1  -0.051270  -5.621312  0.877546 

1  3.735790  -5.696363  0.845462 

8  -3.898766  -2.581829  -2.388578 

1  -3.100206  -2.022458  -2.436659 

1  -4.611210  -1.914477  -2.316406 

 

H2O on AuRu3-Anatase (101) Energy Minimum 

Energy = -4714.041198 a.u 

 

22  -5.835539  -1.077484  -0.343137 

22  -2.021920  -1.052160  -0.369191 

22  1.893196  -0.933966  -0.418449 

22  5.744740  -0.751751  -0.440093 

22  -5.925427  1.863971  -0.760275 

22  -2.047737  1.992361  -0.791848 

22  1.768506  2.107538  -0.855234 

22  5.628349  2.197605  -0.948509 

22  -3.904686  3.989690  0.456970 

22  -0.185536  4.107868  0.422964 

22  3.530795  4.217203  0.344414 

22  -3.767216  -3.240037  -1.506445 

22  -0.006543  -3.105254  -1.616138 

22  3.746438  -2.994954  -1.636655 

8  -5.870100  2.431263  -2.518291 

8  -2.080253  2.549457  -2.576500 

8  1.689002  2.664953  -2.632999 

8  5.478589  2.778883  -2.688411 

8  -5.796648  0.339518  0.635842 

8  -2.019204  0.577769  0.566153 

8  1.869729  0.713774  0.502853 

8  5.606934  0.712996  0.465216 

8  -5.854006  3.438445  0.329665 

8  -2.061197  3.544263  0.536782 

8  1.706406  3.659317  0.481119 

8  5.486142  3.785732  0.159673 

8  -3.829200  -2.513725  -3.456524 

8  -4.002860  5.505177  1.551266 

8  -0.055934  -2.396648  -3.514506 

8  -0.226779  5.622349  1.493243 

8  3.717002  -2.282466  -3.569545 

8  3.549431  5.736512  1.438025 

8  -3.716309  -4.503649  -0.266340 

8  0.055404  -4.385506  -0.324362 

8  3.821703  -4.272609  -0.379176 

8  -7.599838  -1.621622  -0.553013 

8  -3.847541  -1.611956  -0.316929 

8  -0.051786  -1.461717  -0.538685 

8  3.729894  -1.380826  -0.484339 

8  7.510917  -1.158407  -0.779352 

8  -4.030331  5.191218  -0.860722 

8  -0.253360  5.308609  -0.918988 

8  3.523803  5.422600  -0.973969 

8  -3.746726  -4.817343  -2.678408 

8  0.025893  -4.700331  -2.736542 

8  3.798989  -4.586042  -2.791331 

8  -5.690896  -2.870282  -1.397595 

8  -1.925227  -2.726263  -1.496161 
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8  1.866825  -2.627768  -1.569729 

8  5.657790  -2.522298  -1.567983 

8  -5.756433  0.127026  -1.743245 

8  -1.993508  0.245232  -1.799314 

8  1.766052  0.360513  -1.855786 

8  5.529349  0.472423  -1.912561 

8  -7.715702  2.074382  -0.460651 

8  -3.942696  2.294205  -0.480930 

8  -0.161557  2.413884  -0.551760 

8  3.620911  2.534655  -0.608693 

8  7.403360  2.537482  -0.687388 

1  3.842658  -5.287808  -2.087998 

1  3.857032  -5.113111  -0.856524 

1  0.069060  -5.230763  -0.799563 

1  -3.714425  -5.345079  -0.742997 

1  0.058241  -5.395067  -2.026329 

1  -3.726302  -5.519703  -1.974525 

1  3.747444  -3.109541  -4.076285 

1  -3.824203  -3.341490  -3.962798 

1  -0.037880  -3.238774  -4.024633 

1  -3.870453  -1.861439  -4.150361 

1  -0.086784  -1.743958  -4.207096 

1  3.697409  -1.629593  -4.263834 

1  -5.824624  0.467098  -2.646023 

1  -2.032844  0.582375  -2.702441 

1  1.757735  0.698434  -2.759301 

1  5.549306  0.815507  -2.816586 

1  -2.121838  3.248572  -3.272419 

1  1.666380  3.364623  -3.329221 

1  5.439136  3.486214  -3.389179 

1  -5.894979  3.138966  -3.219254 

1  -8.553399  -1.475035  -0.409620 

1  -8.660255  1.903567  -0.543530 

1  8.457889  -0.954040  -0.664427 

1  8.353699  2.424812  -0.798608 

1  6.602604  -2.676255  -1.673025 

1  6.422298  4.045872  0.267372 

1  -6.627214  -3.081698  -1.474430 

1  -6.800618  3.640805  0.465632 

1  3.519955  6.479536  0.765597 

1  -0.259481  6.362212  0.822310 

1  -4.039021  6.247960  0.878938 

1  -4.058330  6.070148  -0.352483 

1  -0.272595  6.187614  -0.409229 

1  3.513213  6.302110  -0.465998 

79  0.137749  -1.993334  4.164026 

44  0.121929  -2.645350  1.468309 

44  -1.245156  -0.530459  2.148503 

44  1.278736  -0.410445  2.124138 

8  5.610246  -2.057235  1.345328 

1  4.914635  -1.693932  1.917106 

1  5.258474  -2.922017  1.062127 

 

H2O on AuRu3-Anatase (101) Isomer I 

Energy = -4714.033507 a.u 

 

22  -5.731489  -0.746834  -0.540433 

22  -1.922014  -0.945583  -0.335521 

22  2.010710  -1.068028  -0.371082 

22  5.826406  -1.097135  -0.332746 

22  -5.627409  2.193106  -0.986814 

22  -1.770400  2.076888  -0.913218 

22  2.039691  1.965500  -0.820129 

22  5.918160  1.839218  -0.778198 

22  -3.523274  4.202978  0.280556 

22  0.177010  4.094393  0.368735 

22  3.894108  3.977176  0.412785 

22  -3.741172  -3.014859  -1.632373 

22  0.001231  -3.136965  -1.588465 

22  3.761571  -3.271025  -1.478261 

8  -5.481595  2.734752  -2.745012 

8  -1.691792  2.621780  -2.678673 
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8  2.077241  2.507420  -2.611331 

8  5.866579  2.390328  -2.542218 

8  -5.631626  0.675337  0.428715 

8  -1.924555  0.752295  0.472148 

8  1.994230  0.559343  0.550329 

8  5.787274  0.330498  0.631134 

8  -5.496668  3.769408  0.093072 

8  -1.716043  3.651659  0.426897 

8  2.049296  3.531446  0.491606 

8  5.842997  3.425233  0.295724 

8  -3.717135  -2.334813  -3.571912 

8  -3.563475  5.732776  1.357384 

8  0.055999  -2.447857  -3.506274 

8  0.212602  5.619650  1.423416 

8  3.828726  -2.563880  -3.437418 

8  3.988532  5.503570  1.492331 

8  -3.829577  -4.293665  -0.362681 

8  -0.058543  -4.405652  -0.296968 

8  3.707732  -4.522493  -0.228154 

8  -7.518755  -1.184316  -0.803060 

8  -3.793937  -1.431831  -0.406048 

8  0.038167  -1.472482  -0.531120 

8  3.838626  -1.629584  -0.307570 

8  7.591706  -1.642932  -0.532951 

8  -3.531586  5.395290  -1.051423 

8  0.245382  5.282334  -0.985600 

8  4.022239  5.166035  -0.916440 

8  -3.800963  -4.630708  -2.771546 

8  -0.028300  -4.743807  -2.706099 

8  3.744557  -4.859750  -2.637049 

8  -5.663104  -2.555656  -1.573359 

8  -1.899413  -2.651279  -1.538098 

8  1.914727  -2.754535  -1.469411 

8  5.685056  -2.899976  -1.370278 

8  -5.534157  0.436248  -1.946741 

8  -1.771272  0.324760  -1.879131 

8  1.988081  0.210945  -1.812005 

8  5.751151  0.093765  -1.745069 

8  -7.411511  2.512653  -0.746615 

8  -3.642425  2.521801  -0.668087 

8  0.150834  2.391544  -0.593208 

8  3.932470  2.269944  -0.505307 

8  7.706932  2.053827  -0.476487 

1  3.722260  -5.555257  -1.926364 

1  3.707290  -5.368612  -0.696620 

1  -0.080520  -5.255202  -0.764211 

1  -3.864007  -5.138883  -0.831791 

1  -0.061585  -5.431654  -1.989108 

1  -3.846363  -5.325536  -2.061611 

1  3.825105  -3.396541  -3.935558 

1  -3.746231  -3.166778  -4.070799 

1  0.039234  -3.294969  -4.008146 

1  -3.695888  -1.688685  -4.272650 

1  0.087700  -1.801978  -4.205078 

1  3.871668  -1.918405  -4.137454 

1  -5.552085  0.770230  -2.854122 

1  -1.760728  0.654278  -2.785925 

1  2.029963  0.539159  -2.718214 

1  5.821711  0.425006  -2.650880 

1  -1.667961  3.314675  -3.381658 

1  2.120309  3.199691  -3.313967 

1  5.893265  3.091145  -3.250003 

1  -5.440391  3.435138  -3.452529 

1  -8.465697  -0.978551  -0.692478 

1  -8.361561  2.398697  -0.859244 

1  8.544910  -1.494841  -0.388504 

1  8.651735  1.882317  -0.555204 

1  6.621666  -3.112139  -1.442483 

1  6.789314  3.629074  0.432085 

1  -6.607611  -2.710472  -1.679425 

1  -6.433094  4.030389  0.195830 

1  4.026385  6.239768  0.812838 
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1  0.246991  6.352934  0.745354 

1  -3.532301  6.469179  0.677763 

1  -3.522372  6.279734  -0.552039 

1  0.263309  6.166316  -0.484390 

1  4.048901  6.049938  -0.416745 

79  -0.229262  -1.785304  4.225085 

44  -0.420594  -2.494730  1.447610 

44  -1.329183  -0.184882  2.192706 

44  1.171674  -0.507452  2.153676 

8  -2.238552  -3.931254  1.905270 

1  -2.783271  -4.128543  1.106016 

1  -2.839924  -3.470414  2.506104 

 

H2O on AuRu3-Anatase (101) Isomer II 

Energy = -4714.031355 a.u 

 

22  -5.881250  -1.018243  -0.254344 

22  -2.065254  -1.062089  -0.334603 

22  1.867746  -1.036810  -0.373496 

22  5.668653  -0.926465  -0.620827 

22  -5.920067  1.911253  -0.736985 

22  -2.037233  1.962166  -0.826022 

22  1.753457  1.981218  -0.960029 

22  5.619896  2.033809  -1.080920 

22  -3.839166  4.025162  0.401375 

22  -0.123042  4.067867  0.316359 

22  3.567416  4.097844  0.187827 

22  -3.871406  -3.248408  -1.392029 

22  -0.108491  -3.195003  -1.544485 

22  3.624636  -3.174145  -1.614711 

8  -5.875793  2.439621  -2.509959 

8  -2.085589  2.478815  -2.622697 

8  1.684068  2.515784  -2.733376 

8  5.474007  2.550868  -2.843227 

8  -5.810513  0.423642  0.689082 

8  -1.948323  0.578128  0.563997 

8  1.812062  0.654512  0.413388 

8  5.560013  0.508140  0.379515 

8  -5.799195  3.511614  0.313223 

8  -2.003163  3.543566  0.470036 

8  1.762078  3.587674  0.360618 

8  5.542173  3.622751  -0.019772 

8  -3.948431  -2.566466  -3.360518 

8  -3.889660  5.567620  1.461024 

8  -0.174768  -2.528022  -3.472698 

8  -0.113181  5.606098  1.348659 

8  3.598523  -2.492481  -3.582106 

8  3.663417  5.641641  1.239222 

8  -3.830612  -4.484182  -0.126459 

8  -0.058493  -4.444646  -0.238728 

8  3.708176  -4.410275  -0.347789 

8  -7.658940  -1.530682  -0.427222 

8  -3.904950  -1.578334  -0.241738 

8  -0.109661  -1.484465  -0.563297 

8  3.738020  -1.519786  -0.470392 

8  7.453679  -1.382551  -0.870975 

8  -3.957547  5.198743  -0.942516 

8  -0.180174  5.237418  -1.055131 

8  3.597371  5.272780  -1.164368 

8  -3.901390  -4.852699  -2.530111 

8  -0.128389  -4.814333  -2.642457 

8  3.645105  -4.778707  -2.751670 

8  -5.787704  -2.837309  -1.268424 

8  -2.024366  -2.766976  -1.398302 

8  1.790252  -2.739287  -1.519849 

8  5.562228  -2.725984  -1.601742 

8  -5.797633  0.152013  -1.683037 

8  -2.034285  0.191823  -1.793204 

8  1.725717  0.228780  -1.903643 

8  5.489290  0.262652  -2.014510 

8  -7.698951  2.168092  -0.419528 

8  -3.917823  2.300144  -0.485178 
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8  -0.142301  2.372185  -0.644578 

8  3.655781  2.378610  -0.711778 

8  7.421656  2.316311  -0.863571 

1  3.684510  -5.464745  -2.032591 

1  3.719847  -5.262045  -0.805820 

1  -0.068544  -5.300781  -0.694362 

1  -3.852391  -5.336270  -0.583456 

1  -0.100024  -5.493040  -1.916712 

1  -3.885185  -5.538934  -1.810296 

1  3.605159  -3.331321  -4.069667 

1  -3.967270  -3.405543  -3.847309 

1  -0.180901  -3.381822  -3.963256 

1  -3.986355  -1.929581  -4.068670 

1  -0.202245  -1.890917  -4.179824 

1  3.582317  -1.855393  -4.290927 

1  -5.871743  0.472527  -2.592457 

1  -2.079629  0.508805  -2.703364 

1  1.711342  0.545886  -2.814718 

1  5.503678  0.584024  -2.926501 

1  -2.122844  3.162427  -3.334089 

1  1.665741  3.199555  -3.445348 

1  5.438946  3.242456  -3.559686 

1  -5.896312  3.131349  -3.226821 

1  -8.607188  -1.361317  -0.274284 

1  -8.647825  2.014786  -0.485480 

1  8.405824  -1.194559  -0.773821 

1  8.367871  2.181555  -0.985122 

1  6.502154  -2.901519  -1.716109 

1  6.484789  3.865982  0.069027 

1  -6.729017  -3.031176  -1.327644 

1  -6.739480  3.736372  0.457371 

1  3.639412  6.369363  0.550023 

1  -0.140443  6.330775  0.661098 

1  -3.920342  6.295264  0.772020 

1  -3.960636  6.089569  -0.454541 

1  -0.174478  6.128165  -0.565744 

1  3.611696  6.163792  -0.676904 

79  0.273750  -1.951479  4.181062 

44  0.282078  -2.430575  1.414660 

44  -1.099889  -0.460100  2.186384 

44  1.523720  -0.302823  2.248979 

8  3.691635  0.743326  2.506150 

1  4.225019  0.704154  1.674432 

1  4.321320  0.504211  3.197284 

 

CO on Bare Anatase (101) Energy Minimum 

Energy = -4333.777209 a.u 

 

22  5.758540  -1.161654  -0.546343 

22  1.898834  -1.219282  -0.668277 

22  -1.933806  -1.254889  -0.639786 

22  -5.786527  -1.317695  -0.648034 

22  5.724881  1.644552  0.410349 

22  1.851083  1.607610  0.357690 

22  -1.966899  1.573874  0.310823 

22  -5.845921  1.489052  0.314251 

22  3.634221  3.893071  -0.431025 

22  -0.077370  3.851435  -0.482756 

22  -3.805045  3.793819  -0.493817 

22  3.747772  -3.563829  0.116314 

22  0.002856  -3.607915  0.086029 

22  -3.728286  -3.668678  0.047778 

8  5.598107  1.874554  2.249163 

8  1.806890  1.825073  2.219075 

8  -1.965254  1.774281  2.187346 

8  -5.756047  1.721700  2.153639 

8  5.693829  0.427901  -1.234364 

8  1.866863  0.427050  -1.248807 

8  -1.932248  0.377889  -1.272957 

8  -5.755763  0.273760  -1.329248 

8  5.595027  3.406358  -0.354362 

8  1.809289  3.394085  -0.639605 
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8  -1.959144  3.343403  -0.667648 

8  -5.750398  3.253620  -0.449815 

8  3.764876  -3.237327  2.170255 

8  3.677546  5.591610  -1.213842 

8  -0.010000  -3.286761  2.140203 

8  -0.100387  5.541953  -1.243949 

8  -3.784811  -3.338965  2.106744 

8  -3.878261  5.489893  -1.277407 

8  3.808508  -4.583261  -1.342188 

8  0.037670  -4.632687  -1.372181 

8  -3.733106  -4.684786  -1.405628 

8  7.550246  -1.653889  -0.400278 

8  3.802482  -1.730912  -0.702773 

8  -0.033830  -1.761486  -0.792553 

8  -3.798854  -1.834461  -0.785088 

8  -7.567652  -1.857413  -0.527466 

8  3.669412  4.823485  1.094242 

8  -0.109462  4.773949  1.064382 

8  -3.888268  4.721740  1.030657 

8  3.803170  -5.350991  0.966161 

8  0.028586  -5.400561  0.936209 

8  -3.745934  -5.452621  0.902655 

8  5.683008  -3.117456  0.135684 

8  1.884683  -3.111008  0.137602 

8  -1.883749  -3.169097  0.117177 

8  -5.670975  -3.270307  0.040154 

8  5.605312  -0.241460  1.046963 

8  1.841171  -0.288379  1.015558 

8  -1.922161  -0.339039  0.983900 

8  -5.686067  -0.393469  0.951966 

8  7.499982  1.993154  0.215511 

8  3.709695  2.037030  0.152752 

8  -0.062974  1.995394  0.147015 

8  -3.838918  1.938189  0.088402 

8  -7.625946  1.789523  0.088254 

1  -3.743178  -6.007967  0.077509 

1  -3.739858  -5.601669  -1.098155 

1  0.047479  -5.552206  -1.066674 

1  3.834766  -5.499697  -1.034429 

1  0.042933  -5.947484  0.106146 

1  3.829245  -5.906025  0.141219 

1  -3.788073  -4.248167  2.445740 

1  3.786908  -4.146190  2.509468 

1  -0.000413  -4.211193  2.480007 

1  3.762084  -2.728745  2.976395 

1  -0.023617  -2.778211  2.944869 

1  -3.809271  -2.830676  2.912696 

1  5.638947  -0.078007  1.999612 

1  1.844779  -0.130150  1.967147 

1  -1.945903  -0.181181  1.935257 

1  -5.740109  -0.231196  1.903879 

1  1.800780  2.379557  3.036053 

1  -1.987463  2.328558  3.004182 

1  -5.762975  2.282915  2.976923 

1  5.576076  2.435566  3.072321 

1  8.498936  -1.443887  -0.485377 

1  8.449418  1.848188  0.291685 

1  -8.520087  -1.673004  -0.628561 

1  -8.572283  1.619034  0.148477 

1  -6.609708  -3.479748  0.086863 

1  -6.694886  3.491224  -0.533397 

1  6.626117  -3.301562  0.198228 

1  6.534045  3.669316  -0.422097 

1  -3.896375  6.091159  -0.475351 

1  -0.115176  6.140556  -0.443871 

1  3.665975  6.192967  -0.411728 

1  3.667874  5.783825  0.763408 

1  -0.119595  5.734294  0.731813 

1  -3.907021  5.681849  0.699679 

6  1.911606  -2.248361  -2.822421 

8  1.906943  -2.749289  -3.832226 
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CO on AuRu3-Anatase (101) Energy Minimum 

Energy = -4750.938222 a.u. 

 

22  -5.787785  -1.206276  -0.312670 

22  -1.982036  -1.261790  -0.279167 

22  1.982197  -1.261338  -0.279543 

22  5.787682  -1.205637  -0.312939 

22  -5.777191  1.625143  -1.203614 

22  -1.915095  1.671786  -1.191131 

22  1.914507  1.672026  -1.191259 

22  5.776826  1.625663  -1.203789 

22  -3.730390  3.867313  -0.304611 

22  -0.000379  3.858686  -0.213366 

22  3.729729  3.867571  -0.304736 

22  -3.768433  -3.586053  -1.069995 

22  0.000661  -3.579697  -1.089056 

22  3.768808  -3.585762  -1.070050 

8  -5.677735  1.901124  -3.024593 

8  -1.885980  1.902854  -3.026258 

8  1.885084  1.903030  -3.026294 

8  5.677289  1.901575  -3.024712 

8  -5.727169  0.342963  0.430826 

8  -2.060131  0.461134  0.392649 

8  2.060048  0.461521  0.392309 

8  5.726948  0.343593  0.430566 

8  -5.673479  3.352214  -0.374783 

8  -1.910419  3.384697  -0.203449 

8  1.909770  3.384865  -0.203598 

8  5.672909  3.352622  -0.374903 

8  -3.774899  -3.185215  -3.118062 

8  -3.778586  5.536243  0.535667 

8  0.000317  -3.182995  -3.118899 

8  -0.000393  5.536066  0.533590 

8  3.774991  -3.184887  -3.118136 

8  3.777922  5.536538  0.535537 

8  -3.770686  -4.638407  0.351592 

8  0.002804  -4.635274  0.349668 

8  3.770975  -4.638043  0.351603 

8  -7.559969  -1.733208  -0.469570 

8  -3.817802  -1.785840  -0.165435 

8  0.000164  -1.693284  -0.305857 

8  3.817925  -1.785295  -0.165526 

8  7.559875  -1.732508  -0.469889 

8  -3.779679  4.839394  -1.794722 

8  -0.000381  4.840690  -1.797171 

8  3.779012  4.839671  -1.794829 

8  -3.775014  -5.335094  -1.979097 

8  -0.000102  -5.332919  -1.979735 

8  3.775289  -5.334733  -1.979117 

8  -5.677377  -3.153928  -1.065848 

8  -1.895452  -3.098030  -1.076676 

8  1.896049  -3.097269  -1.077516 

8  5.677391  -3.153311  -1.066084 

8  -5.645989  -0.250809  -1.888328 

8  -1.876292  -0.249234  -1.889571 

8  1.875153  -0.249185  -1.890070 

8  5.645798  -0.250310  -1.888660 

8  -7.564144  1.931118  -0.973201 

8  -3.807537  2.033410  -0.971454 

8  -0.000319  1.994366  -0.949649 

8  3.807011  2.033799  -0.971813 

8  7.563771  1.931734  -0.973427 

1  3.786715  -5.915229  -1.171742 

1  3.788402  -5.545180  0.015924 

1  -0.002106  -5.546891  0.016382 

1  -3.788178  -5.545501  0.016060 

1  0.000375  -5.906270  -1.168388 

1  -3.786537  -5.915502  -1.171611 

1  3.788181  -4.083054  -3.484832 

1  -3.788212  -4.083359  -3.484730 

1  0.000212  -4.097159  -3.487581 

1  -3.786274  -2.651971  -3.907943 



 

 

251 
 

1  -0.000296  -2.650564  -3.908450 

1  3.786206  -2.651662  -3.908052 

1  -5.690804  -0.058516  -2.834999 

1  -1.899647  -0.058157  -2.834232 

1  1.899410  -0.057984  -2.834280 

1  5.690507  -0.058074  -2.835166 

1  -1.895666  2.482238  -3.825944 

1  1.895990  2.482363  -3.826008 

1  5.670155  2.487752  -3.830491 

1  -5.670628  2.487291  -3.830327 

1  -8.510639  -1.539495  -0.370289 

1  -8.512102  1.775499  -1.046258 

1  8.510566  -1.538861  -0.370350 

1  8.511742  1.776172  -1.046466 

1  6.618771  -3.348773  -1.125751 

1  6.615051  3.600517  -0.292059 

1  -6.618721  -3.349243  -1.125652 

1  -6.615537  3.599974  -0.291886 

1  3.781552  6.162319  -0.247657 

1  -0.000252  6.160902  -0.247117 

1  -3.782199  6.162002  -0.247555 

1  -3.788272  5.789146  -1.434817 

1  -0.000313  5.790683  -1.434877 

1  3.787625  5.789457  -1.434929 

79  0.000358  -0.727835  4.508192 

44  0.000322  -1.746658  1.791878 

44  -1.313124  0.411968  2.321042 

44  1.313319  0.412246  2.320890 

6  -0.000055  1.808524  2.141968 

8  -0.000207  2.986378  1.829898 

 

PPh3 on Bare Anatase (101) Energy Minimum 

Energy = -5256.299254 a.u 

 

22  -5.896993  -1.301543  0.202326 

22  -2.050933  -1.218021  0.006389 

22  1.777614  -1.136902  -0.153163 

22  5.617790  -1.049877  -0.529231 

22  -6.015933  1.577918  -0.507017 

22  -2.138929  1.687595  -0.728477 

22  1.682577  1.762868  -1.002110 

22  5.518926  1.829366  -1.256268 

22  -3.937604  3.815982  0.371618 

22  -0.208085  3.890988  0.164210 

22  3.483380  3.974759  -0.105827 

22  -3.871693  -3.564173  -0.808881 

22  -0.140202  -3.469019  -1.053712 

22  3.579750  -3.398064  -1.281734 

8  -6.037489  1.965005  -2.323241 

8  -2.255031  2.048042  -2.568362 

8  1.509285  2.128997  -2.810630 

8  5.292031  2.208658  -3.052398 

8  -5.825641  0.223067  1.021502 

8  -2.024668  0.353565  0.769708 

8  1.871795  0.520652  0.436237 

8  5.586999  0.468498  0.294051 

8  -5.886179  3.270699  0.396495 

8  -2.092444  3.361187  0.412454 

8  1.679121  3.468702  0.095459 

8  5.434679  3.514165  -0.332104 

8  -4.054373  -3.066850  -2.819456 

8  -3.975095  5.442442  1.303334 

8  -0.287842  -2.984310  -3.063419 

8  -0.205516  5.524851  1.059137 

8  3.478953  -2.904839  -3.304295 

8  3.564324  5.604586  0.818105 

8  -3.797811  -4.705133  0.557128 

8  -0.035278  -4.622750  0.313385 

8  3.727522  -4.543294  0.072803 

8  -7.683380  -1.841725  0.142608 

8  -3.914972  -1.820190  0.171222 

8  -0.142194  -1.686858  -0.086683 



 

 

252 
 

8  3.671390  -1.670104  -0.251883 

8  7.401764  -1.517304  -0.828258 

8  -4.115728  4.872631  -1.057438 

8  -0.345222  4.955220  -1.301932 

8  3.425582  5.034814  -1.542791 

8  -3.941208  -5.274613  -1.803707 

8  -0.174993  -5.192211  -2.047767 

8  3.591496  -5.112614  -2.288505 

8  -5.818950  -3.187473  -0.650296 

8  -2.039394  -3.065381  -0.922224 

8  1.727316  -2.955130  -1.148364 

8  5.510449  -2.943823  -1.379446 

8  -5.893419  -0.243853  -1.311802 

8  -2.137704  -0.159325  -1.553434 

8  1.617582  -0.078564  -1.795122 

8  5.373448  -0.001548  -2.036927 

8  -7.785889  1.843767  -0.156366 

8  -4.008366  2.018593  -0.360203 

8  -0.247273  2.096392  -0.617092 

8  3.554745  2.195664  -0.877713 

8  7.307232  2.168360  -1.127746 

1  3.666273  -5.735378  -1.516537 

1  3.738295  -5.430156  -0.312825 

1  -0.040766  -5.512980  -0.069357 

1  -3.819924  -5.592704  0.173615 

1  -0.111665  -5.807426  -1.269374 

1  -3.889723  -5.897878  -1.030240 

1  3.483705  -3.781454  -3.720245 

1  -4.074843  -3.944008  -3.233784 

1  -0.295504  -3.876491  -3.480603 

1  -4.126329  -2.492233  -3.576496 

1  -0.348885  -2.409469  -3.819802 

1  3.428649  -2.329756  -4.062727 

1  -6.002445  -0.001859  -2.241812 

1  -2.216421  0.078444  -2.485029 

1  1.566034  0.159790  -2.728464 

1  5.351953  0.242330  -2.972571 

1  -2.325467  2.669403  -3.332486 

1  1.454566  2.750696  -3.575766 

1  5.221398  2.837261  -3.822252 

1  -6.093057  2.593932  -3.094063 

1  -8.628874  -1.673530  0.313134 

1  -8.733702  1.672064  -0.176838 

1  8.353238  -1.308313  -0.779819 

1  8.251085  2.037338  -1.269963 

1  6.448839  -3.115031  -1.511123 

1  6.375373  3.777301  -0.295874 

1  -6.758278  -3.399063  -0.661125 

1  -6.824873  3.493417  0.553682 

1  3.505240  6.271647  0.071962 

1  -0.267692  6.188976  0.314987 

1  -4.040715  6.109364  0.557613 

1  -4.117803  5.801080  -0.645453 

1  -0.338605  5.883830  -0.888825 

1  3.440675  5.963632  -1.131910 

15  1.244500  -1.102976  2.625781 

6  1.337734  0.701864  3.009983 

1  1.884662  -0.867397  5.566702 

6  0.224998  1.527841  2.787400 

1  3.467879  -2.132029  6.998499 

6  0.341938  2.913941  2.902310 

1  4.881900  -3.926994  6.014770 

6  1.577443  3.499994  3.192467 

1  4.708088  -4.456203  3.582317 

6  2.692526  2.685100  3.373182 

1  3.145339  -3.193624  2.145564 

6  2.571775  1.295761  3.287994 

6  -0.437724  -1.568611  3.233967 

1  -0.739652  1.101025  2.489828 

6  -1.101453  -0.860142  4.240409 

1  -0.555118  3.542463  2.814803 

6  -2.414612  -1.179653  4.580140 



 

 

253 
 

1  1.665365  4.588345  3.251412 

6  -3.080328  -2.210513  3.924037 

1  3.667905  3.129677  3.594558 

6  -2.413265  -2.959717  2.955518 

1  3.461414  0.670266  3.416607 

6  -1.096349  -2.643442  2.616515 

6  2.413531  -1.945338  3.763847 

1  -0.606035  -0.031283  4.753061 

6  2.507255  -1.655124  5.130243 

1  -2.924167  -0.603999  5.357386 

6  3.394821  -2.363597  5.932578 

1  -4.119046  -2.440499  4.176396 

6  4.187212  -3.370717  5.379661 

1  -2.912251  -3.789172  2.445125 

6  4.093095  -3.667368  4.023335 

1  -0.569083  -3.272498  1.895220 

6  3.210685  -2.954084  3.213168 

 

PPh3 on AuRu3-Anatase (101) Energy Minimum 

Energy = -5673.399293 a.u. 

 

22  -6.120880  -1.177486  0.376696 

22  -2.373923  -1.402980  -0.065101 

22  1.504167  -1.486867  -0.425256 

22  5.344871  -1.690313  -1.042665 

22  -6.224540  1.199174  -1.397543 

22  -2.339242  1.042026  -1.853978 

22  1.405725  0.844433  -2.317085 

22  5.215769  0.693271  -2.839934 

22  -4.051552  3.496028  -1.581775 

22  -0.359602  3.359520  -2.021864 

22  3.284288  3.186125  -2.471813 

22  -4.211048  -3.759036  0.226210 

22  -0.463022  -3.894961  -0.299949 

22  3.227826  -4.076330  -0.711563 

8  -6.371364  0.843176  -3.212903 

8  -2.612936  0.677159  -3.683282 

8  1.127332  0.511100  -4.149233 

8  4.886136  0.343333  -4.615229 

8  -5.958355  0.536236  0.546058 

8  -2.048195  0.382904  0.028398 

8  1.566740  0.340927  -0.510906 

8  5.384281  0.027702  -0.859782 

8  -6.020112  3.096451  -1.231969 

8  -2.224772  3.034560  -1.520052 

8  1.505224  2.895814  -1.939901 

8  5.228719  2.596990  -2.633222 

8  -4.495991  -4.058837  -1.815872 

8  -4.022723  5.373791  -1.354058 

8  -0.753463  -4.224133  -2.284084 

8  -0.277163  5.208086  -1.822641 

8  2.989420  -4.391198  -2.748330 

8  3.468786  5.041159  -2.287252 

8  -4.036694  -4.264297  1.912114 

8  -0.298253  -4.429421  1.444431 

8  3.440738  -4.596254  0.980657 

8  -7.901164  -1.638454  0.631802 

8  -4.171950  -1.745158  0.467359 

8  -0.441176  -1.931659  -0.342297 

8  3.472289  -2.098975  -0.308688 

8  7.087993  -2.303963  -1.235339 

8  -4.328986  3.937020  -3.293021 

8  -0.582530  3.771351  -3.762015 

8  3.164389  3.604326  -4.226462 

8  -4.345742  -5.700681  -0.026865 

8  -0.603352  -5.866061  -0.495119 

8  3.139115  -6.033001  -0.959224 

8  -6.112875  -3.258042  0.323701 

8  -2.385085  -3.419003  -0.159418 

8  1.397025  -3.588447  -0.668088 

8  5.144520  -3.757861  -1.078566 

8  -6.190554  -0.802582  -1.429176 



 

 

254 
 

8  -2.458622  -0.964905  -1.895340 

8  1.272403  -1.130588  -2.360271 

8  5.004575  -1.299696  -2.823801 

8  -7.972270  1.641911  -1.076064 

8  -4.209467  1.569611  -1.508814 

8  -0.477165  1.409915  -2.061633 

8  3.302676  1.241824  -2.488328 

8  7.024907  0.976022  -2.944212 

1  3.256764  -6.309103  -0.010899 

1  3.413461  -5.563024  0.971986 

1  -0.341519  -5.397631  1.440533 

1  -4.096769  -5.229569  1.907509 

1  -0.496852  -6.132403  0.456822 

1  -4.251252  -5.975749  0.924342 

1  2.954217  -5.360016  -2.788519 

1  -4.556348  -5.026546  -1.852958 

1  -0.801320  -5.207350  -2.318677 

1  -4.610505  -3.821362  -2.731798 

1  -0.857099  -3.986706  -3.200124 

1  2.896484  -4.154689  -3.666916 

1  -6.358310  -0.937077  -2.372138 

1  -2.596284  -1.104985  -2.839905 

1  1.162038  -1.271859  -3.308066 

1  4.924102  -1.437971  -3.777543 

1  -2.726129  0.954894  -4.624055 

1  1.030228  0.788111  -5.091971 

1  4.772892  0.625459  -5.564103 

1  -6.469737  1.124635  -4.163653 

1  -8.830712  -1.380559  0.776035 

1  -8.921667  1.512761  -0.974555 

1  8.043540  -2.129763  -1.325854 

1  7.955249  0.763418  -3.076817 

1  6.069559  -4.003137  -1.185372 

1  6.173304  2.816719  -2.755548 

1  -7.053689  -3.420443  0.449241 

1  -6.943108  3.399103  -1.121698 

1  3.369138  5.367476  -3.230011 

1  -0.379862  5.532603  -2.762230 

1  -4.128911  5.700389  -2.296010 

1  -4.290647  4.951933  -3.276830 

1  -0.535445  4.786501  -3.745306 

1  3.219840  4.618465  -4.212379 

79  1.263522  0.040072  3.596108 

44  -0.276367  -0.560656  1.364099 

44  2.483075  -1.685086  1.771782 

44  0.255392  -2.551932  2.771713 

15  1.019268  2.503218  3.279252 

6  -0.592483  2.839787  2.442100 

1  1.989175  5.210604  2.481516 

6  -1.688681  2.022714  2.744422 

1  3.692475  5.946497  0.838981 

6  -2.955109  2.318619  2.234207 

1  5.100590  4.268883  -0.332185 

6  -3.137232  3.462886  1.463276 

1  4.682650  1.813655  0.025149 

6  -2.048262  4.275308  1.137356 

1  2.870968  1.087891  1.514355 

6  -0.777051  3.952927  1.606242 

6  1.064555  3.739509  4.636763 

1  -1.557271  1.145071  3.389910 

6  -0.045289  4.504088  5.005335 

1  -3.799517  1.652862  2.432121 

6  0.041856  5.382986  6.084312 

1  -4.152426  3.735686  1.138468 

6  1.230846  5.505160  6.796225 

1  -2.189549  5.151340  0.496485 

6  2.339162  4.739079  6.435044 

1  0.066076  4.597763  1.339346 

6  2.255065  3.854112  5.367099 

6  2.312090  3.094115  2.109934 

1  -0.983585  4.418737  4.448598 

6  2.557301  4.465797  1.914703 



 

 

255 
 

1  -0.829802  5.979996  6.364719 

6  3.524764  4.881079  1.012083 

1  1.295817  6.197862  7.639097 

6  4.299324  3.933622  0.332237 

1  3.274573  4.828556  6.993284 

6  4.070421  2.573334  0.522710 

1  3.123760  3.245991  5.089688 

6  3.061529  2.159422  1.397896 

 

Au1 on Anatase (101) Energy Minimum 

Energy = -4355.929649 a.u. 

 

22  5.773832  1.434307  0.503802 

22  1.909185  1.423588  0.529041 

22  -1.909173  1.423592  0.529092 

22  -5.773839  1.434327  0.503807 

22  5.786799  -1.275629  -0.703557 

22  1.917574  -1.321503  -0.685393 

22  -1.917581  -1.321497  -0.685371 

22  -5.786798  -1.275619  -0.703547 

22  3.729656  -3.620684  -0.080783 

22  0.000006  -3.621597  -0.039160 

22  -3.729644  -3.620673  -0.080775 

22  3.738820  3.861461  0.037846 

22  0.000015  3.856462  0.035502 

22  -3.738799  3.861452  0.037802 

8  5.677784  -1.345913  -2.554520 

8  1.886486  -1.347254  -2.556454 

8  -1.886673  -1.347177  -2.556449 

8  -5.677785  -1.345897  -2.554512 

8  5.728826  -0.207448  1.044883 

8  1.864676  -0.262866  1.029052 

8  -1.864674  -0.262855  1.029108 

8  -5.728839  -0.207426  1.044891 

8  5.673416  -3.100739  -0.095796 

8  1.900103  -3.154956  0.115481 

8  -1.900096  -3.154957  0.115487 

8  -5.673378  -3.100734  -0.095784 

8  3.775316  3.715558  -2.044291 

8  3.778358  -5.377240  0.549997 

8  0.000010  3.714320  -2.046099 

8  0.000007  -5.378232  0.548234 

8  -3.775294  3.715555  -2.044337 

8  -3.778377  -5.377223  0.549998 

8  3.771293  4.747722  1.573049 

8  0.000040  4.746535  1.571222 

8  -3.771239  4.747698  1.573009 

8  7.559888  1.960217  0.413224 

8  3.785364  1.959046  0.702726 

8  0.000017  1.935198  0.766204 

8  -3.785363  1.959055  0.702722 

8  -7.559897  1.960230  0.413231 

8  3.779307  -4.409211  -1.681635 

8  -0.000005  -4.410302  -1.683667 

8  -3.779308  -4.409190  -1.681634 

8  3.775016  5.715409  -0.658848 

8  0.000000  5.714312  -0.660748 

8  -3.775010  5.715416  -0.658855 

8  5.677689  3.441476  -0.009866 

8  1.880317  3.383045  -0.051755 

8  -1.880296  3.383039  -0.051762 

8  -5.677687  3.441474  -0.009980 

8  5.646400  0.656052  -1.171033 

8  1.881928  0.652375  -1.171549 

8  -1.881826  0.652352  -1.171479 

8  -5.646400  0.656060  -1.171018 

8  7.563904  -1.618868  -0.521060 

8  3.782635  -1.703914  -0.493218 

8  -0.000009  -1.715649  -0.546717 

8  -3.782636  -1.703888  -0.493159 

8  -7.563916  -1.618844  -0.521056 

1  -3.786698  6.196024  0.211883 



 

 

256 
 

1  -3.787795  5.687952  1.347285 

1  -0.000012  5.689424  1.347777 

1  3.787780  5.687935  1.347266 

1  0.000004  6.186266  0.214244 

1  3.786703  6.196018  0.211872 

1  -3.787981  4.650983  -2.302111 

1  3.787959  4.650965  -2.302134 

1  -0.000027  4.665143  -2.303295 

1  3.786150  3.279899  -2.892009 

1  -0.000001  3.278446  -2.892463 

1  -3.786173  3.279917  -2.892004 

1  5.690225  0.577489  -2.133994 

1  1.895568  0.578492  -2.133354 

1  -1.895630  0.578518  -2.133351 

1  -5.690261  0.577521  -2.133983 

1  1.894336  -1.827788  -3.418999 

1  -1.894405  -1.827783  -3.418994 

1  -5.670267  -1.832534  -3.423939 

1  5.670222  -1.832559  -3.423948 

1  8.510579  1.755561  0.488606 

1  8.511912  -1.455744  -0.575116 

1  -8.510586  1.755600  0.488660 

1  -8.511933  -1.455708  -0.575093 

1  -6.618747  3.642334  -0.046976 

1  -6.615316  -3.356689  -0.042446 

1  6.618746  3.642303  -0.047007 

1  6.615285  -3.356723  -0.042451 

1  -3.781689  -5.905785  -0.301914 

1  -0.000043  -5.904322  -0.301454 

1  3.781630  -5.905803  -0.301919 

1  3.787904  -5.394868  -1.436493 

1  -0.000035  -5.396286  -1.436876 

1  -3.787953  -5.394854  -1.436483 

79  -0.000015  -1.835898  2.456286 

 

Ru3 on Anatase (101) Energy Minimum 

Energy = -4502.06735 a.u. 

 

22  -5.805188  -1.147865  0.179692 

22  -1.984711  -1.212395  0.185078 

22  1.954304  -1.188821  0.249930 

22  5.758824  -1.089753  0.102793 

22  -5.821895  1.696113  -0.675616 

22  -1.939546  1.731231  -0.674595 

22  1.866198  1.733367  -0.720282 

22  5.734769  1.755031  -0.753298 

22  -3.759384  3.937054  0.229330 

22  -0.039446  3.964129  0.226333 

22  3.661438  3.974618  0.179695 

22  -3.778655  -3.507562  -0.613152 

22  -0.003187  -3.471866  -0.686041 

22  3.741555  -3.465683  -0.664338 

8  -5.734420  1.991204  -2.500112 

8  -1.942490  2.012422  -2.526995 

8  1.828794  2.031718  -2.552035 

8  5.620418  2.049234  -2.575532 

8  -5.750152  0.402861  0.933469 

8  -1.924082  0.533471  0.878190 

8  1.898406  0.582576  0.844168 

8  5.690753  0.461899  0.857407 

8  -5.719819  3.417848  0.162567 

8  -1.926978  3.467848  0.401688 

8  1.839942  3.489510  0.382489 

8  5.626582  3.475811  0.087232 

8  -3.807074  -3.084325  -2.653081 

8  -3.829744  5.602995  1.081086 

8  -0.031702  -3.063760  -2.679704 

8  -0.051548  5.623564  1.054340 

8  3.743235  -3.045723  -2.703216 

8  3.726686  5.641600  1.030878 

8  -3.772469  -4.569598  0.802847 

8  0.001374  -4.547968  0.775951 
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8  3.769664  -4.531033  0.752782 

8  -7.581231  -1.676284  0.033570 

8  -3.832645  -1.707291  0.304771 

8  -0.036377  -1.670269  0.098295 

8  3.802710  -1.675825  0.271367 

8  7.538097  -1.599010  -0.066851 

8  -3.842743  4.927656  -1.255885 

8  -0.063647  4.948387  -1.282883 

8  3.715530  4.966268  -1.306100 

8  -3.788351  -5.244590  -1.534352 

8  -0.013634  -5.224122  -1.561157 

8  3.761495  -5.205974  -1.584476 

8  -5.695880  -3.081921  -0.587761 

8  -1.926608  -3.037476  -0.645341 

8  1.886545  -3.015659  -0.673874 

8  5.659090  -3.023821  -0.663237 

8  -5.684514  -0.170900  -1.383921 

8  -1.919485  -0.148722  -1.408975 

8  1.842157  -0.129401  -1.434006 

8  5.607420  -0.113187  -1.458976 

8  -7.607082  1.992702  -0.435973 

8  -3.826057  2.114638  -0.430835 

8  -0.044455  2.147229  -0.489890 

8  3.742094  2.159384  -0.494339 

8  7.520239  2.070019  -0.536504 

1  3.781385  -5.793713  -0.782315 

1  3.788761  -5.434714  0.408638 

1  -0.001322  -5.455646  0.434234 

1  -3.786838  -5.473433  0.458973 

1  -0.004906  -5.803723  -0.753589 

1  -3.791671  -5.832406  -0.731993 

1  3.758037  -3.940384  -3.078424 

1  -3.817753  -3.979101  -3.028097 

1  -0.029643  -3.973637  -3.056258 

1  -3.825930  -2.543930  -3.438037 

1  -0.040134  -2.523028  -3.463425 

1  3.746104  -2.505233  -3.488348 

1  -5.736059  0.029867  -2.328539 

1  -1.942260  0.048426  -2.353186 

1  1.850350  0.067727  -2.378407 

1  5.644412  0.088024  -2.404153 

1  -1.960424  2.598739  -3.321163 

1  1.829843  2.618101  -3.346351 

1  5.604828  2.642806  -3.375699 

1  -5.735462  2.584849  -3.300352 

1  -8.532139  -1.487847  0.140885 

1  -8.554736  1.832959  -0.504135 

1  8.488425  -1.400856  0.027855 

1  8.468513  1.919946  -0.617207 

1  6.600752  -3.213399  -0.731719 

1  6.567794  3.727676  0.166316 

1  -6.636291  -3.281025  -0.643849 

1  -6.662347  3.660075  0.254228 

1  3.721651  6.274505  0.253347 

1  -0.059889  6.253664  0.278747 

1  -3.841459  6.235854  0.303599 

1  -3.853810  5.873917  -0.886878 

1  -0.065962  5.894744  -0.912257 

1  3.721885  5.912635  -0.937211 

44  0.320365  -2.418480  2.258469 

44  -1.179185  -0.372038  2.645000 

44  1.374507  -0.153607  2.734632 
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