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Kurzzusammenfassung 

Der Effekt der Oberflächenplasmonresonanz (SPR) auf photokatalytische Effizienz der 

TiO2-Photokatalysatoren unter Bestrahlung mit sichtbarem Licht wurde bereits eingehend 

untersucht, wobei der zugrunde liegende Mechanismus noch kontrovers diskutiert wird. Hierbei 

sind zwei Reaktionsmechanismen bakannt, nämlich der Resonanzenergietransfer (RET) und 

der direkte Elektronentransfer (DET). Diese Arbeit konzentriert sich auf die Aufklärung des 

SPR-Effekts auf die photokatalytische Wasserspaltung unter Verwendung von Au- und Cu-

modifiziertem TiO2 Photokatalysatoren. Die Forschungsarbeiten bestehen aus drei Hauptteilen.  

Der erste Teil beschäftigt sich mit der photokatalytischen Aktivität von Au-modifizierten 

Anatas TiO2. Die Au-TiO2 Photokatalysatoren wurden auf photokatalytische H2-Gasbildung 

getestet. Mittels EPR- und Laser-Flash-Photolyse-Spektroskopie wurde bestätigt, dass reines 

Anatas-TiO2 unter Bestrahlung mit sichtbarem Licht angeregt werden kann 

(höchstwahrscheinlich aufgrund von bereits vorhandenen Defekten, wie Sauerstoffleerstellen) 

und die angeregten Elektronen migrieren zu den Au-Nanopartikel. Somit wurde die katalytische 

Wirkung von Au bewiesen.  

Im zweiten Teil dieser Arbeit wurde der Au-SPR-Effekt auf die photokatalytische Aktivität 

der Rutil:Anatas TiO2-Probe (P25) untersucht. Die EPR- und Laserblitz-Photolyse-

Spektroskopie-Untersuchngen in Kombination mit DFT-Rechnungen zeigten, dass zwei 

Reaktionswege kooperativ zur SPR-induzierten photokatalytischen H2 Produktionsfähigkeit 

des Au-TiO2-Photokatalysatoren unter Bestrahlung mit sichtbarem Licht beitragen. Zum einen 

Elektronen weren vom Au-NPs in das Leitungsband von TiO2 injiziert und zum anderen findet 

Elektronentranport  direkt vom Valenzband des TiO2 zur Au-Oberfläche. Darüber hinaus liefert 

die DFT-Rechnungsanalyse den Nachweis dafür, dass durch die Modifizierung von TiO2 mit 

Au-Clustern zusätzliche Energieniveaus innerhalb der Bandlücke von TiO2 erzeugt werden. 

Um die Effektivität der kostengünstigen plasmonischen Metalle wie Kupfer zu untersuchen 

wurde Cu-TiO2 (P25) -Photokatalysatoren hergestellt. Es wurde festgestellt, dass Cu während 

der photokatalytischen Reaktion durch die Reduktion von CuO regeneriert wurde, wodurch der 

negative Effekt des bei Umgebungsbedingungen gebildeten CuO minimiert wurde. Die durch 

sichtbares Licht induzierte Ladungsträgerbildung in den Cu-TiO2-Photokatalysatoren wurde 

auf zwei Prozesse zurückgefürht: die direkte Anregung von TiO2 und die SPR-Anregungs der 

Cu-Nanopartikeln. 
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Abstract 

The Surface Plasmon Resonance (SPR) enhanced visible-light driven photocatalytic 

efficiency of TiO2-based photocatalysts has been extensively investigated in the past. The 

contribution of SPR to the enhancement of photocatalytic activity as well as the underlying 

mechanism have not yet been fully understood and are controversially discussed. Two possible 

reaction mechanisms are considered as operative in SPR photocatalysis with noble metal 

modified metal oxides, namely, the resonance energy transfer (RET) and the direct electron 

transfer (DET). This work focuses on the elucidation of the SPR effect on the photocatalytic 

water splitting utilizing Au and Cu modified TiO2 as photocatalysts. The research was 

comprised of three major parts. 

The first part deals with the photocatalytic performance of Au modified anatase TiO2 

(UV100). Au-TiO2 photocatalysts were tested for photocatalytic H2 gas formation upon visible 

light illumination. By means of EPR spectroscopy and Laser Flash Photolysis, it was confirmed 

that bare anatase TiO2 can be excited by visible light illumination at wavelength > 420 nm (most 

likely due to pre-existing defects, such as oxygen vacancies) and the excited electrons migrate 

to the surface-loaded Au nanoparticles. Here it has been shown that Au serves as a catalyst 

rather than as SPR sensitizer. 

In the second part, the Au-SPR effect on rutile: anatase TiO2 sample (P25) was studied. 

Analysis of the data obtained from EPR and laser flash photolysis spectroscopy in combination 

with DFT calculation evinced that, two pathways cooperatively contribute to the SPR-induced 

visible-driven photocatalytic H2 production ability of Au3TiO2 photocatalyst upon visible light 

illumination. Au NPs can inject electrons into the conduction band of rutile: anatase TiO2 and 

that the electrons can directly be transferred from the valence band of TiO2 to the surface of Au, 

process called Interfacial Charge Transfer. Moreover, the DFT calculation analysis clearly 

shows how the d orbitals of Au clusters create impurity energy levels within the band gap of 

TiO2 and thus contribute to enhancement of photocatalytic efficiency of Au3TiO2.  

Low cost plasmonic metals, such as copper, should be investigated aiming at cost-effective 

photocatalysts. Hence, Cu-TiO2 (P25) photocatalysts were prepared and the photocatalytic H2 

production rates were evaluated. It was found that the Cu was regenerated during the 

photocatalytic reaction through the reduction of CuO, thus minimizing the negative effect of 

CuO formed at ambient conditions. Moreover, the results evidenced that the visible light 

induced charge carrier formation in the Cu3TiO2 photocatalysts consists of two distinct 

pathways: the direct excitation of TiO2 and the induced excitation SPR effect of the Cu 

nanoparticles on the TiO2 surface. Both pathways are present when the full visible range of the 

spectrum is used (g420 nm), while for illumination at longer wavelengths (g500 nm), the 

photocatalytic activity is solely promoted by the Cu-SPR effect. 
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Chapter 1 Introduction 

1.1 Foreword 

With the advancement of science and technology and social development, the global 

population has increased year by year. At the same time, people's demand for energy is also 

growing, and the damage caused to the ecological environment is becoming more and more 

serious. Currently, the energy and environmental crisis has become one of the most serious 

global issues in the world [1, 2]. Solar energy is an abundant and clean energy source in nature 

[3], and it has become a research hotspot to solve these problems by fully and effectively 

utilizing solar energy. Photocatalysis based on semiconductor technology has attracted much 

attention for solving the increasing energy and environmental crises (e.g., environmental 

purification, organic degradation and water splitting for hydrogen generation) [4-6].  

Since Kato observed the photocatalytic reaction on TiO2 in 1964 [7], Fujishima and Honda 

[8] made a breakthrough by discovering the photosensitizing effect of a TiO2 electrode for the 

electrolytic splitting of water into hydrogen and oxygen, which caused great response in the 

field of photocatalysis. The investigation showed that it is possible to directly decompose water 

to produce hydrogen by utilizing solar energy, and the produced hydrogen is an ideal clean 

energy source.  

 

1.2 Titanium dioxide (TiO2) 

Photocatalysis has quickly become a research hotspot and has been extensively studied for 

decades. After that, researchers discovered a number of photocatalytic materials, such as TiO2, 

ZnO, WO3, CdS, BiVO4 [9-12], etc. Accordingly, all these materials belong to the 

semiconductor category. Among many photocatalytic materials, the excellent n-type 

semiconductor material TiO2, is a low-cost, active, environmentally friendly and stable 
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photocatalyst [13]. Therefore, it is one of the most extensively studied photocatalys. It is widely 

used in many fields such as wastewater treatment, air purification, sterilization, medical 

technology and preparation of environmentally friendly materials. 

There are mainly three TiO2 polymorphs existing in nature, namely: anatase, rutile and 

brookite.  

Anatase TiO2 belongs to the tetragonal system and exhibits best photocatalytic activity 

among the mentioned three phases [14,15]. It is also the most widely used phase in 

photocatalysis due to its high electron mobility, low dielectric constant and density [14]. Thus, 

anatase phase titanium dioxide is also popular in solar cell applications. The rutile phase TiO2 

belongs to the tetragonal system [14,15]. However, since it is relatively stable under normal 

temperature and pressure, it is mainly used as a whitening agent in coatings. The brookite TiO2 

belongs to the orthorhombic system, and it can hardly exist in nature due to the unstable crystal 

structure. The rutile TiO2 is the most stable phase among the above three crystal phases. The 

anatase phase and the brookite phase can be converted into the rutile phase with heat treatment 

above 600 ℃ [14], which is an irreversible exothermic reaction. In the three forms,Ti4+ itoms 

are coordinated to 6 O2- atoms, forming TiO6 octahedra structure [14,15]. 

Due to the wide band gap, (namely, 3.0 eV for rutile [15], 3.2 eV for anatase [15] and 3.3 

eV for brookite [16]), pure TiO2 can only be excited by UV-light (anatase : Eg = 3.2 eV, »max = 

388 nm; rutile : Eg = 3.0 eV, »max = 413 nm). The applications depend not only on the properties 

of the employed TiO2, but also on the interations of TiO2 with the surrounding environment.  

 

1.3 TiO2 Photocatalysis 

Due to the wide band gap of TiO2, pure TiO2 can be excited by UV-light [17, 18, 19]. The 

electrons in the valence band (VB) can be transfered to the conduction band (CB), forming a 

highly active electron (e-) in the conduction band while leaving a hole (h+) in the valence band. 
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The formed electrons and holes carrying high energies can participate in the oxidation/reduction 

half reaction in the photocatalytic reaction, respectively. 

 

Figure 1 A schematic illustration of photocatalytic mechanism 

As shown in figure 1, the photocatalytic reaction using semiconductor-based 

photocatalytic materials is usually composed of the following processes [20, 21]: 

(1) Light absorption 

(2) Migration of photogenerated charges 

 Photogenerated electrons and holes will have a certain lifetime once generated. With no 

external influence, a large part of the photo-generated electrons and holes will recombine, 

accompanied with an energy release. Only those electrons/holes with sufficient kinetic energy 

can successfully reach the photocatalyst surface and participate in the subsequent redox 

reactions, exhibiting photocatalytic ability. In addition, a considerable number of 

electrons/holes will be quenched by defects existing inside the crystal during the transfer 

process toward the surface. 

(3) Participating in the photocatalytic reaction on the surface of catalysts 

Electrons that successfully reach the surface of the photocatalyst are reductive so that they 

can participate in the reduction reaction on the catalyst surface. During the reaction, H+ or CO2 
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in the reaction system can be reduced to hydrogen gas or organic substance, respectively. While 

holes have strong oxidizing ability and can be used for degradation of organic pollutants, 

decomposing organic pollutants into small molecules like H2O or CO2, thereby contributing to 

the wastewater treatment. 

Since the reactions mentioned in the above processes are completed in a very short time, 

the analysis of the specific mechanisms of the oxidation/reduction half reactions are difficult. 

Generally, during the reduction reaction process, the photogenerated charge carriers directly 

react with the species absorbed on the surface of the photocatalyst. For example, in the presence 

of sacrificial agents, photogenerated electrons directly react with H+ ions in the reaction-system, 

forming the H2 molecule. During the oxidation reaction process, the photogenerated holes 

firstly reach the surface of the catalyst and then react with small molecules, such as H2O and 

O2, forming free radicals such as OH• and O2
•-. The generated radicals usually have a relatively 

high oxidation potential, so that many organic substances can be oxidized and decomposed into 

small molecules. However, in the actual photocatalytic process, the two reaction mechanisms 

coexist. 

For example, the corresponding reaction mechanism of the photocatalytic hydrogen 

production from methanol/water solution using TiO2-based photocatalysts [22-24] can usually 

be expressed by the following formula:  

TiO2+hν→TiO2ÿe-，h+Ā                               ÿ1-1Ā 

e- + h+ →heat                                           ÿ1-2Ā 

2H+ + 2e-→H2                                           ÿ1-3Ā 

2h++CH3OH→CH2O +2H+                                 ÿ1-4Ā 
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Herewith, the organic radical formed upon the one-hole oxidation of CH3OH, such as 

hydroxyalkyl radical can inject an additional electron into the TiO2 conduction band forming 

the respective aldehyde as stable product, i.e., CH2O (this is the so-called current doubling 

effect, vide infra). 

However, in recent years, by means of the isotope labeling method, researchers have found 

that the source of hydrogen ions reduced to hydrogen is not completely derived from water, a 

considerable part is the H+ ion generated by the oxidation of the hole scavengers [25, 26]. The 

exact mechanism calls for further investigation. 

The photocatalytic oxidation reaction of organic pollutants [27-29] can occur either via 

direct hole transfer or via the indirect reaction with the intermediates such as ·OH radicals. The 

latter are formed either via oxidative pathway upon hole oxidation of surface bounded hydroxyl 

groups or water molecules or via reductive pathway upon electron reduction of adsorbed O2. 

The corresponding reaction mechanism can be expressed as follows:  

TiO2+hν→TiO2ÿe-，h+ ）                        (1-5) 

TiO2 (h+) + H2O → TiO2 + ·OH + H+                                       (1-6) 

TiO2(e-) + O2 →TiO2 + O2·-                                                               (1-7) 

H2O + O2
·- → HO2· + OH-                           (1-8) 

2HO2·→ H2O2 + O2                                                (1-9) 

H2O2 + O2·- → ·OH + OH-
 + O2                                   (1-10) 

Organic pollutants + OH· (or h+) → degradation products v (1-11) 

To better reveal the reaction mechanism, various techniques have been applied such as 

Laser flash photolysis [30] and Electron Paramagnetic Resonance (EPR) spectroscopy [31]. 

Besides, it has been reported that different indicators allow the detection of the intermediates 

and thus reveal the reaction mechanism [32, 33]. However, due to the complexity of 
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photocatalytic degradation of organic matter, the research of related mechanisms is poorly 

understood.  

 

1.4 Catalytic Effect of Noble Metals on TiO2 Photocatalysis 

TiO2 has been considered as one of the most promising photocatalyst materials. However, 

due to its wide band gap (3.2 eV), TiO2 can only be excited by ultraviolet light with a 

wavelength below 387 nm. In addition, the fast recombination of the photogenerated electrons 

and holes also greatly limits the photocatalytic efficiency of TiO2 [34]. In order to solve these 

problems and improve the efficiency of TiO2-based photocatalytic materials to the level of 

industrial application, researchers have conducted extensive and in-depth researches through 

different ways. TiO2-based photocatalytic materials can be modified via different approaches: 

metal/nonmetal ion doping, noble metal deposition, coupling with narrow band gap 

semiconductors, dye sensitization, et al. This work will focus on the noble metal deposition 

method and explore the underlying reaction mechanisms.  

During the last decades, noble metal deposition method has been considered as a promising 

strategy to improve the photocatalytic hydrogen production efficiency of TiO2-based 

photocatalysts. Due to the fast recombination of the photoexcited charge carriers, some organic 

compounds, such as alcohols (methanol, ethanol, etc.), organic acid (formic acid, acetic acid, 

etc.) and aldehydes (formaldehyde, acetaldehyde, etc.) have been used as hole scavengers [35, 

36]. Among those hole scavengers, methanol is widely used in the photocatalytic hydrogen 

generation reactions. According to previous reports, the photocatalytic performance of TiO2-

based catalysts modified by noble metal deposition can be effectively improved [37, 38]. 

Presently, the commonly studied noble metals for TiO2 modification are mainly Pt, Pd, Au, Ag, 

Ni, Rh and Cu. The noble metal deposited on the surface of TiO2 can suppress the undesired-

recombination reactions in TiO2, thereby improving the photocatalytic efficiency. This can be 
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attributed to an electron transfer from the TiO2 conduction band to the surface loaded metal 

nanoparticles. In the process, the loaded metal nanoparticles act as catalyst and a means to 

suppress the recombination of the photogenerated charge carriers [39, 40], as shown in figure 

2. 

 

Figure 2. The electron transfer process for H2 production using M-TiO2 in water/methanol mixtures upon 

light illumination. (M=noble metal nanoparticles) 

However, the modification with noble metals gained a lot of interest not only due to the 

catalytic role of the deposited nanoparticles, but also due to their unique optical property, known 

as surface plasmon resonance (SPR) effect. (The details will be elaborated later.) Some metal 

particles, such as Au, Ag, Cu, etc., have the SPR effect in the visible region, and thus can extend 

the photoresponse range of TiO2-based photocatalyst to the visible region [3, 17, 41-47].  

In addition, a large number of studies have shown that the properties of such composites 

are highly correlated with the composition, size, concentration, distribution, etc. of the 

deposited metal particles [48, 49, 50]. For example, too high concentration of metal particles 

on the TiO2 surface can affect its optical properties and induce fast electron-hole recombination 

resulting in reduced photocatalytic efficiency [49].  
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1.5 Surface Plasmon Resonance (SPR) Effect on TiO2 Photocatalysis 

The surface plasmon resonance (SPR) is the coherent collective oscillation of free 

electrons in plasma metal nanoparticles in response to external oscillating electromagnetic 

fields (such as oscillating electromagnetic field caused by an external incident light). In 

particular, the electron cloud tends to be unevenly distributed near the plasmonic nanoparticles 

under the external oscillating electromagnetic field. Thus, a Coulomb restoring force is formed 

between the negatively charged electrons and the positively charged nuclei, leading to a series 

of electrons oscillations around the nucleus, similar to the oscillation of the tension spring. 

Therefore, an electric field opposite to the direction of the external electric field due to 

redistribution of charge density is formed [51]. Such oscillations and formed electric field are 

attributed to plasmon resonance phenomena [52, 53], as shown in figure 3. 

 

Figure 3 Schematic illustration of plasmon oscillation on a plasmonic metal sphere [53] 

It has been proven, the electromagnetic field enhancement effect based on the excitation 

of localized surface plasmon resonance contributes not only to physical processes, such as 

excitation efficiency, but also to chemical processes, such as photoinduced electron transfer 

reactions [54]. 

SPR effect contributes to the enhanced photocatalytic hydrogen generation ability in 

visible wavelength range [17]. However, the mechanism of the SPR-driven photocatalytic H2 

production is still not yet fully understood, which should be interpreted clearly in further 

experimental and theoretical investigations [17, 55]. Taking Au-TiO2 as a sample, there are two 
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well accepted mechanisms for explanation of the visible activity of Au-TiO2 photocatalyst: 

direct electron transfer process (known as DET process) and resonance energy transfer process 

(known as RET process) [3, 17, 41-47]. The proposed mechanisms for SPR-induced H2 

production using Au-TiO2 in water/methanol mixtures upon illumination are illustrated in 

figure 4: 

 

Figure 4. Two main proposed mechanisms for SPR-induced H2 production using Au-TiO2 in water/methanol 

mixtures under visible light illumination: direct electron transfer (DET) process (left); resonance energy transfer 

(RET) process (right) 

The first mechanism known as resonance energy transfer (RET) is based on the idea that 

the SPR enhances the local electromagnetic field which in turn facilitates the generation of e-

/h+ pairs near the semiconductor surface [3, 41, 42]; D. B. Ingram [41] and Z. W. She [42] 

proposed this mechanism according to their results based on finite-difference time-domain 

(FDTD) simulations and discrete-dipole approximation (DDA) simulations, respectively, yet 

without exhibiting any experimental evidence. In addition, K. Awazu [43] also obtained results 

supporting this mechanism when adding an insulating layer between the noble metal 

nanoparticles and the semiconductor. The second mechanism explains the visible activity of 
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Au-TiO2 by the SPR-excited electron transfer from the Au nanoparticles to the conduction band 

of TiO2, known as direct electron transfer (DET) [17, 44, 45, 46, 47, 56]. C. Gomes Silva [44] 

and coworkers proposed this mechanism based on the observation that Au-TiO2 photocatalysts 

exhibit photocatalytic activity for H2 evolution upon 532 nm laser illumination. Recently, J. B. 

Priebe et al. [17] provided experimental evidence for the DET mechanism based on results 

obtained employing electron paramagnetic resonance (EPR) spectroscopy. 

However, both the two mechanisms have their own shortcomings. For example, the DET 

mechanism is based on the assumption that TiO2 cannot absorb visible light (g 400 nm) due to 

its wide band gap energy (Eg=3.2 eV). It is crucial to ensure that TiO2 matrix cannot be excited 

by visible light (g 400 nm), which has been long ignored in a lot of researches. In addition, 

there is also a big controversy existing in the RET mechanism. Since the plasmon band of Au 

nanoparticles is located above 500 nm, the energy of the light in this wavelength range is much 

lower than the band gap energy of TiO2 (Eg=3.2 eV). Therefore, the SPR-energy is insufficient 

to lead to the generation of electron-hole pairs in TiO2. This is inconsistent with previous reports 

that the SPR-powered bandgap breaking requires the energy of the surface plasmon to equal to 

or larger than the bandgap of the semiconductor [57, 58]. Hence, K. Ueno [54] suggested that 

a detailed mechanism must be elucidated to determine how the electron transfer reaction 

occurred or how a hole was recovered. Therefore, the relevant research mechanism calls for 

further investigation [59, 60]. 

 

1.6 Scope of the Thesis 

Although the topic has been extensively investigated for decades, there are still some 

related problems remain unclear and call for further investigation. In the present work, the role 

of Au loading for visible light photocatalytic activity and the Au-SPR driven photocatalytic H2 

production of Au-TiO2 were investigated. The underlying reaction mechanisms were discussed.  
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To reveal the role of Au loading for visible light photocatalytic activity, Au-TiO2 (UV100) 

photocatalyst was prepared and the visible light photocatalytic H2 production rates of bare TiO2 

and Au-TiO2 were measured employing different wavelength cutoff filters (i.e., 420 nm and 

500 nm filters). In some literatures, researchers observed the visible light photocatalytic H2 

production ability and related this visible light photocatalytic activity to the Au-SPR effect, 

while employing a 400 nm/420 nm cutoff filter. However, it is neglected that even pure anatase 

TiO2 absorbs slightly around 420 nm due to pre-existing defects in its crystal structure. In the 

thesis, the goal of using different wavelength light illumination is to confirm the excitation 

wavelength of bare TiO2 and Au loaded TiO2, as well as clarify the origin of the photo-induced 

charge carriers and the corresponding transfer process. 

The Au-SPR driven photocatalytic H2 production ability of Au-TiO2, employing 

commercial P25 as TiO2 matrix, was investigated. As the origin of the photoinduced electrons 

and holes upon visible light illumination is still controversially discussed. By means of EPR 

and laser flash photolysis with different wavelength light illumination and laser beam excitation, 

the excitation process can be studied. Besides, for a better understanding of the electron transfer 

process in the Au-TiO2 system upon visible light illumination, the DFT calculation was applied. 

In addition, the most extensively investigated noble metals (e.g. Au and Ag) are too 

expensive. Therefore, they are not suitable for large-scale industrial applications. Thus, low 

cost plasmonic metals should be discovered for further utilization. Copper, as one of the most 

abundantly used metal due to its conductivity and low cost, has been reported to exhibit 

excellent surface plasmon resonance effect. Therefore, the Cu-SPR enhanced photocatalytic H2 

production ability has been investigated and a reasonable mechanism was provided.  

As known, Cu nanoparticles are not as stable as Au nanoparticles and are easy to be 

oxidized. As a result, copper oxides exist in the Cu-TiO2 photocatalysts, which will directly 

affect the photocatalytic H2 production ability of Cu-TiO2 upon visible light illumination. 
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Therefore, the impact of copper oxides and copper nanoparticles should be revealed. In addition, 

the underlying reaction mechanism of Cu-SPR driven photocatalytic reaction is still under 

debate. The work also aims to provide some insights on the mechanism of the enhanced visible 

light photocatalytic H2 production ability of Cu-TiO2 photocatalysts. 

The photocatalytic performances of the TiO2 based photocatalysts, the influencing factors 

and the underlying mechanisms are the research emphasis of this thesis. The aim of the work is 

to provide some clear experimental evidences and DFT calculation results that can contribute 

to the existing research controversies. 

The above-mentioned tasks of the thesis can contribute to a better understanding of the 

SPR enhanced photocatalytic reactions of the noble metal loaded TiO2 photocatalysts and 

provide a new horizon for further investigations on exploring more effective visible light 

harvesting photocatalysts for solar energy conversion. 
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2.1 Abstract:  

Plasmonic photocatalysis has recently accelerated the rapid progress in enhancing 

photocatalytic efficiency upon visible light illumination, increasing the prospect of utilizing 

sunlight for environmental and energy applications. It has been reported that Au-TiO2 

photocatalysts exhibit photocatalytic activity for H2 evolution under visible light illumination 

above 420 nm. This visible-light photocatalytic activity was attributed to the surface plasmon 

resonance (SPR) effect of the Au nanoparticles and the underlying mechanism has been 

discussed between the direct electron transfer (DET) process and resonance energy transfer 

(RET) process. However, most of the experiments have been reported to employ a 420 nm 

cutoff filter which indeed covers the absorbance tail of TiO2. In this contribution, it was 

confirmed that photocatalytic H2 gas formation over Au-TiO2 (anatase) can be obtained upon 

visible light illumination near the absorption edge of TiO2 (using a 420 nm filter). By means of 

EPR spectroscopy and Laser flash photolysis, we obtained direct experimental evidence that 

bare anatase TiO2 can be excited by visible light illumination at 420 nm and excited-state 

electrons migrate to the surface-loaded Au nanoparticles. In the presence of a 500 nm cutoff 

filter, however, no SPR-induced H2 formation was detected, although the plasmon band 

maximum of Au was completely illuminated. The obtained results revealed the catalytic role of 

Au on Au-TiO2 for H2 evolution upon visible light illumination (g 420 nm), employing pure 

anatase as TiO2 source. 

 

2.2. Introduction 

Energy and environmental crises are presently some of the most serious global issues [1,2]. 

Solar energy, as a clean and abundant energy source [3], can only be fully exploited when it can 

be stored and released on demand [4-6]. Since 1969 [7], TiO2 has been recognized as one of the 

most widely used photocatalysts which shows relatively good photoelectrochemical solar-
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energy conversion properties [8], as it is environmentally friendly, affordable, stable, and active 

[9]. However, due to a critical factor, that is the fast recombination of the photo-excited electrons 

and holes, the photocatalytic efficiency of TiO2 is limited. Besides this drawback, due to its 

wide band gap, pure TiO2 absorbs only UV light which accounts for less than 5 % of the total 

solar radiation reaching the earth’s surface.3 For practical applications catalysts are required, 

however, to work efficiently under visible light illumination composing nearly half of the solar 

spectrum [10]. 

Hence, it is important to discover new approaches to design more efficient catalysts which 

can resolve the above-mentioned obstacles. One of the most promising approaches is the 

deposition of noble metal nanoparticles (e.g., Au, Ag, Pd) on the TiO2 surface. The unique 

optical properties of these noble metal nanoparticles, namely the surface plasmon resonance 

(SPR), enables TiO2-based photocatalysts to respond to visible light, as well as to improve the 

charge carrier separation [10a]. The SPR effect refers to the coherent collective oscillation of 

free electrons in the vicinity of noble metal nanoparticles in response to an external oscillating 

electric field, such as that provided by the incident light illumination [6,11]. 

SPR of noble metals loaded on the TiO2 photocatalyst has been reported to enhance the 

photocatalytic activity for environmental and energy applications such as waste water treatment, 

water splitting and air purification upon visible light illumination [12-15]. For example, there are 

some reports demonstrating hydrogen production from methanol/water mixtures employing 

Au-TiO2 as a photocatalyst [9,10,15]. However, a lot of literatures [10,16,17,18,19] relate this 

visible light photocatalytic activity to the SPR effect of Au, while employing a 400 nm/420 nm 

cutoff filter. It is neglected that even pure anatase TiO2 absorbs slightly around 420 nm due to 

pre-existing defects in its crystal structure. Anatase/rutile mixtures or pure rutile TiO2 show 

even stronger absorbance at around 420 nm. Obviously, for a better design of more efficient 

visible light harvesting photocatalysts, the exact role of Au and its influence on the formation 
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of charge carriers in TiO2 upon visible light illumination (g 420 nm) should be derived by more 

detailed investigations.  

Hence, in the present work, EPR spectroscopy was applied to monitor the species formed 

following the trapping process of the photoinduced electrons and holes. Moreover, as a time-

resolved analysis method, Laser flash photolysis was performed simultaneously to investigate 

the transient absorption of the species induced by the electrons generated in bare TiO2 and in 

Au modified TiO2 photocatalysts at different excitation wavelength. In this contribution, the 

typical commercial photocatalyst, that is Huntsman Hombikat UV100 consisting of 100% 

anatase, which is known to exhibit pronounced photocatalytic activity, has been selected as the 

TiO2 source. Besides, in contrast to the most previous studies (only using a 420 nm cutoff filter), 

a 500 nm cutoff filter was utilized to totally eliminate the influence of the electrons generated 

inside TiO2, since anatase TiO2 absorbs slightly above 400 nm due to pre-existing defects. 

Hence, a combination of different spectroscopic methods applied in the present study enables 

the elucidation of the reaction mechanism initiated upon illumination at » g 420 nm. 

 

2.3 Materials and Methods 

2.3.1 Photocatalyst Preparation 

Au nanoparticles were synthesized by the sodium citrate reduction method [20] in which 

HAuCl4·3H2O (1 mL 0.05 M) solution was added to 99 mL distilled water and heated to boiling 

with vigorous stirring. After 30 min of boiling sodium citrate solution (10mL, 1wt%, 

Aldrich, >99%) was added quickly. A stable deeply red colored colloidal gold suspension (5 X 

10-4 M) was produced. 



23 

 

Au-SiO2 was prepared by depositing the prepared Au nanoparticles on the surface of 

fumed SiO2. Herewith, 1.0 g SiO2 (Aldrich, >99.8%) were added to the above described 

colloidal gold solution (100 mL, 5 X 10-4 M) and stirred for 2 h, followed by rotary evaporation. 

Au-TiO2 photocatalysts consisting of 1 wt% gold on TiO2 (Hombikat UV100, 100% 

anatase, Sachtleben Chemie) were prepared by the typical sol immobilization (labeled as SIM) 

method [10], which was conducted by adding an aqueous solution of poly vinyl alcohol (PVA) 

(1.2 mL, 1wt % sol., Aldrich, >99%) to 1 mL HAuCl4.3H2O (0.05 M). A freshly prepared 

NaBH4 solution (2.5 mL, 0.1 M, Aldrich, >96%) was added dropwise to the above solution, 

with the color turning dark. After 30 min, the TiO2 support (1.0 g) was added and the suspension 

was further stirred for 12 h at 25 °C.  

All samples were centrifuged, washed three times with distilled water and dried for 12 h 

at 70 °C. The as-prepared samples were used for catalytic and spectroscopic experiments 

without any other treatment. 

2.3.2 Material Characterization  

The UV-Vis absorption spectra were recorded employing a UV-Visible spectrophotometer 

(Varian Cary 100 Bio). TEM images were characterized by Transmission Electron Microscopy 

(TEM) (FEI Tecnai G2 F20 TMP) using a 200 kV field emission gun (FEG). 

2.3.3 Photocatalytic H2 Evolution Test 

The photocatalytic hydrogen production experiments were conducted under argon 

atmosphere in a double-wall quartz glass reactor, with a cooling system (Julabo) maintaining 

the temperature at 20 °C. The 1 g/L photocatalyst suspensions were prepared by suspending Au 

(1 wt%)/TiO2 in CH3OH/water mixtures (volume ratio 1:5). The suspension was transferred 

into the reactor and flushed with argon for 1 h to remove gases dissolved in the suspension and 

to make sure that Ar remained in the headspace of the reactor. After this treatment no signals 
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for other gases were detected by GC/TCD analysis. Afterwards, the photocatalytic experiments 

were carried out under UV-Vis or visible light illumination, respectively, using a 450 W Xe-

lamp (Muller) and solar light (Hoenle SOL 1200) in the absence and in the presence of 420 nm 

and 500 nm cutoff filters, respectively. During the illumination process, the gas samples were 

taken continuously to determine the evolved gases with a Gas Chromatograph (GC) (Shimadzu 

GC-8A)/Thermal Conductivity Detector (TCD).  

2.3.4 Electron Paramagnetic Resonance (EPR) Spectroscopy 

EPR measurements were carried out with a MiniScope MS400 spectrometer (Magnettech 

GmbH, Germany). A 450 W Xe-Lamp (Muller) equipped with an optical cutoff filter 

(GC420/GC500) enables the illumination in the UV-Vis and Visible light region. For low 

temperature measurements (90 K), the samples were placed in X-Band standard EPR tubes 

(Wilmad, 2 mm, O.D.) and cooled with a commercial EPR cold finger quartz Dewar by 

applying liquid nitrogen. The g values were calculated with the formula h = gB0 (B0 3 external 

magnetic field,  3 Bohr magneton, ge 3 Landé g-factor) as described in the literature [10a]. The 

frequency was at around 9.42 GHz, and the B0 was varied between 305 mT-365 mT. 

2.3.5 Laser Flash Photolysis  

During the laser flash photolysis measurements the samples were excited with an Nd-YAG 

laser (Brilliant B, Quantel) and the spectra were monitored by a laser flash photolysis 

spectrometer (LKS 80, Applied Photophysics). The excitation wavelength was tuned in the 

visible wavelength (420 and 530 nm) by employing an Optical Parametric Oscillator (OPO) 

(MagicPRISM, OPOTEK Inc.). Together with the OPO the 3rd harmonic (355 nm) of the 

Brilliant B laser was used to generate the visible light pulses with 6 mm diameter and 6 ns pulse 

length. All experiments were performed in diffuse reflectance mode, where the analyzing light 

(supplied by a 150 W xenon arc lamp) was focused onto the sample and the reflected light was 

guided through the monochromator into the detector (Hamamatsu R928 photomultiplier). The 
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light level detected by the oscilloscope was kept at 100 mV for all measurements to compensate 

the wavelength dependent sensitivity. Furthermore, all examinations were conducted under N2 

atmosphere and 12 shots were averaged for every transient. The energy density of the laser 

beam was 5 mJ/cm² per shot. The transient absorption change in reflectance J was calculated 

from the absorbance values according to the literature [21], which also provides more detailed 

information about the set-up. 

 

2.4. Results 

2.4.1 Material Characterization 

Figure 1a and Figure 1b show the transmission electron microscopy (TEM) images of 

Au-TiO2. As can be seen, the dark particles in the TEM images are the Au nanoparticles. The 

TEM images of Au-TiO2 reveal that the Au nanoparticles are well dispersed in the TiO2 matrix 

exhibiting particle sizes between 5 nm and 8 nm. The particle size of TiO2 is relatively 

ambiguous, but comparable with that of Au nanoparticles, that is between 7 nm and 10 nm. 

 

a b 
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Figure 1. a, b) TEM images of Au(1 wt%)-TiO2; c) Diffuse-Reflectance UV-Vis spectra of Au NPs (black), Au-

TiO2 (green), Au-SiO2 (red), and of bare anatase TiO2 (blue); d) The UV-Vis spectra of bare anatase TiO2 and of 

the employed 420 nm (red) and 500 nm cutoff filters (blue). 

In this study, the optical properties of Au nanoparticles, bare anatase TiO2, Au-TiO2, and 

Au-SiO2 were characterized by UV-Vis spectroscopy. As Figure 1c shows all Au-related 

samples exhibit plasmon band maxima located above 500 nm, namely Au nanoparticles with 

»max at 522 nm, Au-TiO2 with »max at 545 nm, and Au-SiO2 with »max at 525 nm, respectively. 

The absorption edge of bare anatase TiO2 is located around 400 nm, which is in good agreement 

with previous studies [10b]. Owing to the large band gap of SiO2 (> 8 eV), it exhibits no 

photocatalytic activity upon excitation with UV-Vis light in the wavelength range above 200 

nm, therefore, it has been selected as a photocatalytically inert support. Au-SiO2 was prepared 

to evaluate the photocatalytic activity of Au nanoparticles, since it is claimed that due to the 

charge carrier separation in Au, the formed holes can oxidize methanol, while the electrons are 

transferred to TiO2 [10]. The electron transfer to SiO2 is thermodynamically not feasible thus 

proton reduction to form molecular hydrogen by the hot electrons is the expected reaction. 

Figure 1d presents the spectra of bare anatase TiO2 and of the employed filters which clearly 

shows that bare anatase TiO2 exhibits an absorption tail at around 420nm, and no absorption 

above 500 nm. 
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2.4.2 Photocatalytic H2 Evolution Test 

Table 1: Photocatalytic H2 evolution rates from CH3OH/H2O mixtures (1:5, v:v) measured under UV-Vis and 

visible-light illumination employing different photocatalysts. 

Catalyst H2 evolution rate / mmolg-1h-1 

      -- UV-Vis Vis (≥ 420 nm)     Vis (≥ 500 nm) 

TiO2 0.41 0 0 

Au NPs 0 0 0 

Au-TiO2 31.22 0.40 0 

Au-SiO2 0 0 0 

 

Table 1 presents the photocatalytic H2 evolution rates from CH3OH/H2O mixtures 

obtained employing Au nanoparticles, bare and Au-loaded TiO2, as well as Au-SiO2 under UV-

Vis and visible-light illumination. As shown, pure anatase TiO2 can generate H2 only upon UV-

Vis illumination. For pure Au nanoparticles and Au loaded on SiO2 no signal indicating H2 

formation was observed within the UV to visible wavelength range. Upon illumination above 

420 nm, H2 formation has only been detected employing Au-TiO2 as the photocatalyst.  

Furthermore, according to the UV-Vis spectrum shown in Figure 1c, bare anatase TiO2 

absorbs slightly around 420 nm due to pre-existing defects in its crystal structure. Avoiding the 

contribution of bare TiO2, a 500 nm cutoff filter was utilized. It should be noted here, that in 

the respective literature [3,8,10,17,18,19], such a 500 nm cutoff filter has rarely been applied. 

When the 420 nm cutoff filter was replaced by the 500 nm cutoff filter, no formation of H2 was 

detected for the Au-TiO2 photocatalyst within the detection limit, even when the illumination 

time was extended to 24 h.  
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2.4.3 EPR Analysis 
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Figure 2. a) EPR spectra of bare anatase TiO2 obtained in the dark (black), under visible light illumination above 

420 nm (red) and under UV-Vis illumination (blue) in air at 90 K; b) EPR spectra of Au-TiO2 obtained in the dark 

(black), under visible light illumination above 420 nm (red) and under UV-Vis illumination (blue) in air at 90 K; 

c) EPR spectra of Au-TiO2 and Au-SiO2 (inset) under visible light illumination (g 420 nm) obtained under Ar 

(black) and in O2 (red) at 90 K; d) EPR spectra of Au-TiO2 measured at different conditions: in the dark in Ar 

(black), under visible light illumination (g 500 nm) obtained in Ar (red) and in O2 (blue) at 90 K. 

The photoinduced EPR signals of trapped electrons and holes for bare anatase TiO2 and 

Au-TiO2 were recorded in air at 90 K. As shown in Figure 2a and Figure 2b, upon both, UV-

Vis and pure visible light illumination electrons trapped at O vacancies (signal A) [10a] and at 

oxygen molecules (signal D) [22,23] were detected, as well as holes trapped at O2- forming 

paramagnetic O•- species (signal C) [23]. However, a signal for anatase Ti3+ species (signal B) 

was only monitored upon UV-Vis light illumination, which is in accordance with the respective 
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literature [22,24]. The detected signals and their respective assignments are summarized in Table 

2.  

Table 2: EPR parameters of detected signals shown in Figure 2 and their assignments based on the literature data. 

Signal 

-- 

assignment 

-- 

 

 g1 

g value 

   g2 

 

   g3 

A e- trapped at O vacancies 2.005        2.005       2.005 [10] 

B anatase Ti3+ 1.990        1.990       1.957 [22] 

C Ti4+-O•- -Ti4+-OH-                   2.016        2.012       2.002 [23] 

D Ti4+-O2
•-   on anatase               2.026        2.010       2.003 [10] 

 

Figure 2a clearly shows the signals of the trapped electrons and holes for bare anatase TiO2 

when comparing its EPR spectra obtained in the dark and under illumination above 420 nm, 

indicating that bare anatase TiO2 can be excited upon illumination above 420 nm. In comparison 

to the EPR spectrum of Au-TiO2 recorded in Ar, the EPR spectrum (see Figure 2b) obtained in  

O2  exhibits a significant increase for signal D (assigned to superoxide O2
•-) at g = 2.026 and g 

= 2.010 (g 420 nm), indicating an electron transfer from Au-TiO2 to an O2 molecule upon visible 

light illumination.  

On the other hand, when the 500 nm cutoff filter was used, only the signal of electrons 

trapped at pre-existing defects inside of TiO2 such as O vacancies (signal A) was observed (see 

Figure 2d). The visible light illumination (g 500 nm) and the presence of O2 showed no effect 

on the EPR signals of the Au-TiO2 system (Figure 2d). This implies that upon illumination with 

light above 500 nm no electrons and/or holes were generated in Au-TiO2. 
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2.4.4 Laser Flash Photolysis 
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Figure 3. Transient absorption signals observed at 680 nm in a N2 atmosphere: bare anatase TiO2 excited at 420 

nm (black), Au-TiO2 excited at 420 nm (red) and at 530 nm (blue).  

Figure 3 shows the transient absorption signals measured at 680 nm for pure anatase TiO2 

and for Au-TiO2 in the absence of any electron acceptor or donor. From the literature [25], it is 

known that Ti3+ species absorb in the wavelength range around 680 nm. Hence, upon 420 nm 

laser excitation, in bare anatase TiO2, a sufficient concentration of Ti3+ ions could be created, 

which are formed via the trapping of the photogenerated electrons. The obtained decay of the 

absorption can be related to the recombination of the electrons and holes [21,25]. In comparison 

to bare anatase TiO2, the Au loaded TiO2 presents an inconspicuous transient absorption for 

Ti3+, indicating the transfer of the electrons photogenerated in TiO2 to the Au nanoparticles: 

e-
CB / Ti3++ Au → Ti4++Au (e-)    (1) 

However, upon laser excitation at 530 nm, which is the plasmon band of Au-TiO2, no 

signal for Ti3+ was monitored (see Figure 3), indicating no electron generation in Au-TiO2 by 

the Au-SPR effect. 
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2.5. Discussion 

Obviously, Au-TiO2 can produce H2 upon visible light illumination (that is employing a 

420 nm cutoff filter). However, the origin of the electrons remains ambiguous. Recently, J. B. 

Priebe [10a] favored the DET mechanism based on the observation of the EPR signals of both 

the trapped electrons and the trapped holes upon visible light illumination (g 420 nm). As shown 

in Figure 2a, the signals of both species were also recorded in this work upon visible light 

illumination (i.e., in the presence of a 420 nm cutoff filter). However, it should be emphasized 

here that it is unpersuasive to assign the origin of the trapped electrons and holes to the optical 

excitation of the Au nanoparticles just based on the absorption edge of pure anatase TiO2 (»ox = 

388 nm), which is currently treated as a crucial supporting proof towards the DET mechanism 

[10a,16,17]. According to the RET mechanism [3,17,18], the Au-SPR effect can also initiate the 

generation of electron-hole pairs within TiO2 upon visible light illumination. On the other hand, 

based upon its UV-Vis spectrum (see Figure 1c) and the EPR spectrum (see Figure 2a), even 

anatase TiO2 absorbs slightly around 420 nm (most likely due to pre-existing defects) and upon 

visible light illumination (420 nm cutoff filter), signals for the trapped electrons and holes are 

indeed observed which are not detected in the dark, indicating that electrons can be excited 

inside bare anatase TiO2 upon illumination above 420 nm. In case of pure anatase TiO2 (Eg = 

3.2 eV, »ox = 388 nm) can be excited employing a 420 nm cutoff filter which by definition 

absorbs 50% of the incoming photons at this wavelength (O.D.420 nm = 0.3), the mixture of 

anatase and rutile TiO2 present, for example, in Evonik Aeroxide TiO2 P25 can also be excited 

by this type of visible light illumination considering that the bandgap energy of rutile is Eg = 

3.0 eV (»os = 413 nm). As a matter of fact, this effect has been observed by Brückner and co-

workers [10a] when comparing the EPR signals for bare TiO2 obtained in the dark with those 

observed upon visible light illumination (420 nm cutoff filter).  
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Moreover, the Laser Flash Photolysis results presented here (see Figure 3), show a 

remarkable transient absorbance identified as Ti3+ for bare anatase TiO2 upon 420 nm 

illumination, clearly evincing that bare anatase TiO2 can be excited by 420 nm laser light. These 

results can be explained by an excitation of electrons from pre-existing defects (rather than from 

the valence band) into the TiO2 conduction band from where they are subsequently trapped as 

Ti3+. Hence, the strict notion that photons with an energy smaller than Eg cannot be absorbed 

and/or generate trapped charge carriers in the TiO2 matrix [10a,16,26] does not seem to be correct. 

Figure 3 also presents direct evidence that the electrons generated in TiO2 immediately migrate 

to the Au nanoparticles. This also explains the phenomenon that H2 evolution is detected for 

Au-TiO2 but not for bare TiO2 upon visible light illumination (g 420 nm). Besides, upon 530 

nm laser excitation, no signal for Ti3+ has been obtained. However, upon 420 nm laser excitation, 

pure anatase TiO2 rather than Au can be excited. The decrease on the intensity of the transient 

signal of Ti3+ indicates the electrons migrate from TiO2 to Au rather than trapped in TiO2 

forming Ti3+. Here, the Au islands simply act as electron transfer catalysts enabling the 

sequential reduction of protons on their surface by the electrons formed upon (visible light) 

illumination of their TiO2 <carrier=. Moreover, the presence of these Au co-catalysts also helps 

to minimize the undesired electron-hole recombination. 

Moreover, Table 1 and Figure 2b present clear evidence that in the absence of any charge 

carriers provided by TiO2, no H2 and no EPR signals indicating the presence of species formed 

by visible light generated electrons can be monitored, indicating that no electrons can be 

transferred from the Au nanoparticles upon visible light illumination (g 420 nm), thus 

contradicting the DET mechanism. 

Hence, the H2 evolution measurements, the EPR analysis, and the Laser Flash Photolysis 

results present clear evidence that the electrons which reduce H+ to H2 are solely generated in 
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the TiO2 rather than in the Au nanoparticles. Therefore, there appears to be strong evidence for 

the fact that the DET process is indeed not operating upon visible light illumination (g 420 nm).  

Additionally, our data also present no evidence favoring the RET mechanism. As the 

plasmon band of Au is centered above 500 nm (see Figure 1c), according to the RET mechanism, 

the Au-TiO2 photocatalyst should be excited by the SPR-transferred resonance energy in the 

presence of a 500 nm cutoff filter (i.e., a filter transmitting 50% of all photons at 500 nm). On 

the contrary, no evidence for any excitation of the Au-TiO2 photocatalyst by these low energy 

photons was observed (see Table 1, Figure 2c, and Figure 3). This phenomenon has also been 

reported previously supporting the RET mechanism [17a]. In this contribution, based on the 

comparison of the water splitting and the photocurrent performance of N-TiO2, Au/N-TiO2, and 

Ag/N-TiO2 upon visible light (400-900 nm) illumination, D.B. Ingram and co-workers 

proposed that the role of the noble metal islands is not only to suppress the recombination of 

the photogenerated electrons and holes, but also to transfer energy to their TiO2 support through 

an electromagnetic field [17a]. However, the energy of the Au-SPR appeared to be insufficient 

to lead to the separation of the electron-hole pairs within N-TiO2 [17a]. Besides, it should be 

noted here that the energy of the visible light (g 500 nm, i.e., f 2.5 eV) is not sufficient to 

overcome the band gap energy of TiO2 (Eg=3.2 eV). Our present results also indicate that the 

Au-SPR has no influence on the photocatalytic activity of Au-TiO2 (employing bare anatase as 

the TiO2 source), at least any electromagnetic field induced by the light absorption of the Au-

SPR does not appear to be powerful enough to promote the electron-hole pair generation within 

bare anatase TiO2. Otherwise, species such as trapped electrons and holes should have been 

observed in the measurements performed here.  

However, some research groups have also reported different results. For example, C. 

Gomes Silva and co-workers [16], showed that H2 can be evolved upon 532 nm laser 

illumination. Moreover, the transient absorption signal indicating the presence of Ti3+ species 
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was also observed with 530 nm and 532 nm laser excitation, respectively [27,28], which was 

considered as proof supporting the DET mechanism. Nevertheless, even though these signals 

were observed, this is not clear evidence that the trapped electrons actually originate from the 

Au nanoparticles. As mentioned above, this phenomenon can also be explained by the RET 

mechanism, since an energy transfer can also initiate electron-hole pair generation close to the 

TiO2 surface. Besides, it should be noted that, in the above mentioned publications [16,27,28], 

either commercial P25 or self-made TiO2 annealed at high temperature, rather than 100% 

anatase TiO2, were selected as the TiO2 source. This implies that the TiO2 type also plays a 

crucial role in the distinct photocatalytic abilities. Based upon the experimental evidence given 

here, we have clearly shown that the trapped electrons originate from the TiO2 rather than from 

the Au nanoparticles. 

It is well known that the intensity of the Au-SPR strongly depends on the particle size of 

the Au nanoparticles [10b,16,29,30]. This might be one reason that no signal for the trapped 

electrons was observed for Au-TiO2 upon visible light illumination (g 500 nm). Though, visible 

activity of Au-TiO2 with Au nanoparticle sizes ranging from 3 nm to 80 nm has been obtained 

upon 530/532 nm laser excitation [16,27,28]. According to K. Qian and co-workers [30], larger 

(from 4.4 nm to 67 nm) Au nanoparticles show more intense SPR that greatly facilitates SPR-

excited electrons to raise the Fermi level of Au and overcome the overpotential required for 

H2O reduction. Therefore, it is also recommended to perform further investigations on SPR-

driven photocatalytic H2 production under consideration of the size-dependence SPR intensity 

and the properties of different TiO2 support material. 

Though, there are studies involving anatase-only Au-TiO2 composites that demonstrate 

SPR-driven photocataytic H2 generation at wavelengths of 500 nm and higher [31,32]. In the two 

articles, Au and Pt were deposited on entirely anatase TiO2, however, the bimetallic deposition 

was employed. The Au/TiO2/Pt system is slightly different from the Au-TiO2 system. Actually, 
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when we work with Pt-TiO2 system, we also observed that its absorption above 500 is not 0, 

which might be a possible reason why they observed some activity at TiO2/Pt aerogels (without 

SPR-active Au) at 435 nm illumination. 

Direct evidence has been presented here that due to pre-existing defects, electrons can be 

excited in bare anatase TiO2 upon visible light illumination (g 420 nm), which has long been 

neglected in the previous studies [10a,17,18,19,26]. These electrons will then migrate to the Au 

nanoparticles (see Figure 4). In this case, the Au nanoparticles simply act as co-catalysts. Upon 

visible light illumination (g 500 nm), with Au particle sizes between 5 nm and 8 nm, no SPR 

effect was observed for the Au-TiO2 photocatalyst employing anatase nanoparticles exhibiting 

particle size of 12 nm as the TiO2 source.  

 

Figure 4. The role of Au nanoparticles for H2 production using Au-TiO2 (employing UV100 as TiO2 source) in 

water/methanol mixtures upon visible light illumination. 

2.6. Conclusions 

It was confirmed by EPR and laser flash photolysis that bare anatase TiO2 can be excited 

upon illumination above 420 nm. Simultaneously, these electrons generated in TiO2 are 

immediately transferred to the Au nanoparticles, in which case, the Au nanoparticles simply act 

as co-catalysts to promote the separation of the photoinduced electrons and holes. It is 

unconvincing to attribute the visible light photocatalytic activity of Au-TiO2 to the Au-SPR 

effect while using a 420 nm cutoff filter. However, due to the fact that Au nanoparticle size 
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strongly affects the SPR intensity and the TiO2 type also plays a crucial role in the 

photocatalysis, no Au-SPR induced electrons and/or holes were observed employing anatase as 

TiO2 source in the presence of a 500 nm cutoff filter or applying 530 nm laser. We are optimistic 

that the present work may contribute to the discussion about the origin of the visible light 

induced electron formation within Au-TiO2 thus providing a new horizon concerning the 

influence of the TiO2 support. Further investigations exploring a more effective visible light 

harvesting by photocatalysts for solar energy conversion should take both the SPR effect and 

the respective properties of the support materials into consideration. 
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Figure S1 Photocatalytic H2 evolution rates from CH3OH/H2O mixtures measured under UV-Vis and visible-
light illumination employing different photocatalysts. 
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Figure S2 XRD pattern of UV100 
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As mentioned in chapter 2, some reports have shown that Au-SPR induced H2 can be 

evolved upon illumination above 500 nm, employing Au-TiO2 as photocatalyst, which is not 

observed in our experiments. However, in the above mentioned experiments, either commercial 

P25 or self-made TiO2 annealed at high temperature, was selected as the TiO2 source, instead 

of 100% anatase TiO2 (such as UV100). This implies that the TiO2 crystallographic phase also 

plays a crucial role in the distinct photocatalytic abilities. Therefore, another typical commercial 

photocatalyst, that is Evonik Aeroxide P25, consisting of 80 wt% anatase and 20 wt% rutile, 

has been selected as the TiO2 source in the new experiments. Besides, we directly focus on the 

Au plasmon band, that is employing a 500 nm cutoff filter (g 500 nm) or using the 532 nm laser 

beam to avoid a direct excitation of TiO2. The details are presented in chapter 3. 
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Chapter 3. New Insights into the Surface Plasmon Resonance (SPR) Driven 

Photocatalytic H2 Production of Au-TiO2  

3.1 Abstract  

The Surface Plasmon Resonance (SPR) driven photocatalytic H2 production upon visible 

light illumination (g 500 nm) was investigated on gold-loaded TiO2 (Au-TiO2). It has been 

clearly shown that the Au-SPR can directly lead to photocatalytic H2 evolution under 

illumination (g 500 nm). However, there are still some open issues about the underlying 

mechanism for the SPR-driven photocatalytic H2 production, especially the explanation 

between the resonance energy transfer (RET) theory and the direct electron transfer (DET) 

theory. In this contribution, by means of the EPR and Laser flash photolysis, we clearly showed 

the signals for different species formed by trapped electrons and holes in TiO2 upon visible light 

illumination (g 500 nm). However, the energy of the Au-SPR is insufficient to overcome the 

bandgap of TiO2. The signals of the trapped electrons and holes are originated from two distinct 

processes, rather than the simple electron-hole pair excitation. Results obtained by the Laser 

flash photolysis evinced that, due to the Au-SPR effect, Au NPs can inject electrons to the 

conduction band of TiO2 and the Au-SPR can also initiate e-/h+ pair generation (Interfacial 

Charge Transfer process) upon visible light illumination (g 500 nm). Moreover, the Density 

Functional Theory (DFT) calculation provided direct evidence that, due to the Au-SPR, new 

impurity energy levels occurred, thus further theoretically elaborated the proposed mechanisms. 

 

3.2 Introduction 

Photocatalytic H2 evolution from water utilizing sun light is gaining importance for 

providing clean and sustainable energy. 1-3 However, for practical applications, photocatalysts 

are desired to work efficiently under visible light which accounts for nearly half of the solar 
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light. 4 Recently, the rapid advances in plasmonic photocatalysis have accelerated the progress 

in visible-light harvesting ability of TiO2-based photocatalysts. For instance, it has been 

reported that the surface-loading of Au nanoparticles can greatly increase the photocatalytic H2 

production ability of Au-TiO2 upon visible light illumination.4-9 

However, the underlying mechanism remains unclear in the respective literatures. 4a, 10-14 

Generally, two main mechanisms have been proposed to explain the visible light activity of Au-

TiO2 photocatalysts (summarized in Figure 1). The first mechanism known as resonance energy 

transfer (RET) is based on the idea that the SPR enhances the local electromagnetic field which 

in turn facilitates the generation of e-/h+ pairs near the semiconductor surface; 3, 11, 12 D. B. 

Ingram11 and Z. W. Seh12 proposed this mechanism according to their results based on finite-

difference time-domain (FDTD) simulations and discrete-dipole approximation (DDA) 

simulations, respectively, yet without exhibiting any experimental evidence. In addition, K. 

Awazu15 also obtained results supporting this mechanism when adding an insulating layer 

between the noble metal nanoparticles and the semiconductor. In this study, the plasmonic 

metal nanoparticles were homogeneously covered with a SiO2 shell thus preventing the direct 

electron transfer process. However, due to the energy transfer the enhanced photocatalytic 

activity was still achieved. The second mechanism explains the visible activity of Au-TiO2 by 

the SPR-excited electron transfer from the Au nanoparticles to the conduction band of TiO2, 

known as direct electron transfer (DET).4a, 10, 13, 16 C. Gomes Silva10 and coworkers proposed this 

mechanism based on the observation that Au-TiO2 photocatalysts exhibit photocatalytic activity 

for H2 evolution upon 532 nm laser illumination. Recently, J. B. Priebe et al.4a provided 

experimental evidence for the DET mechanism based on results obtained employing electron 

paramagnetic resonance (EPR) spectroscopy. In the EPR measurements, the authors detected 

the signals for electrons trapped at oxygen vacancies and for Ti3+ ions, which was considered 

as evidence for the electron transfer process from Au to TiO2. Herein, it was emphasized that 
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the absorption of TiO2 is situated absolutely below 420 nm, therefore, the signals occurred due 

to the action of the Au nanoparticles rather than of TiO2. Moreover, it was excluded that the 

signals originated from electrons located in the Au nanoparticles themselves, as much higher g 

values and line widths are the requisites for these electrons to yield such signals.4 In conclusion, 

J. B. Priebe and co-worker argued that the obtained EPR-signals provide evidence for trapped 

electrons in TiO2 thus indicating a hot electron injection from the Au nanoparticles to TiO2. 

However, it should be mentioned here that the results obtained by these EPR measurements can 

also be explained by means of the RET mechanism, since according to this mechanism the SPR-

enhanced electromagnetic field can initiate electron-hole pair excitation close to the TiO2 

surface and thus the formation of the trapped electrons at this surface. Besides, due to pre-

existing defects in TiO2,11b, 16 such as oxygen vacancies, TiO2 exhibits also a small absorption 

shoulder above 400 nm indicative for surface defects. Actually, by means of EPR and laser 

flash photolysis, the obtained results clearly showed that bare TiO2 can be activated by the 

visible light illumination (g 420 nm) or using the 420 nm laser beam, which has long been 

neglected in the previous studies.4a, 11, 12, 17 

Therefore, the origin of the photoinduced electrons and the underlying mechanism upon 

visible light illumination remains unclear. Herein, we directly focus on the Au plasmon band, 

that is employing a 500 nm cutoff filter (g 500 nm) or using the 532 nm laser beam to totally 

get rid of the confusion caused by the direct excitation of TiO2. 
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Figure 1. Two main proposed mechanisms for H2 production using Au-TiO2 in water/methanol mixtures under 

visible light illumination: direct electron transfer (DET) process (left); resonance energy transfer (RET) process 

(right). 

3.3. Experimental Section 

3.3.1 Photocatalyst Preparation 

Au-TiO2 photocatalysts consisting of 1 wt% gold on TiO2 (Evonik Aeroxide P25) were 

prepared by the typical sol immobilization (labeled as SIM) method,4 which was conducted by 

adding an aqueous solution of poly vinyl alcohol (PVA) (1.2 mL, 1wt % sol., Aldrich, >99%) 

to 1 mL HAuCl4.3H2O (0.05 M). A freshly prepared NaBH4 solution (2.5 mL, 0.1 M, 

Aldrich, >96%) was added dropwise to the above solution, with the color turning dark. After 

30 min, the TiO2 support (1.0 g) was added and the suspension was further stirred for 12 h at 

25 °C. Then, the suspension was centrifuged, washed three times with distilled water and dried 

for 12 h at 70 °C. The as-prepared samples were used for catalytic and spectroscopic 

experiments without any other treatment. 

3.3.2 Material Characterization  

The UV-Vis absorption spectra were recorded employing a UV-Visible spectrophotometer 

(Varian Cary 100 Bio). TEM images were characterized by Transmission Electron Microscopy 
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(TEM) (FEI Tecnai G2 F20 TMP) using a 200 kV field emission gun (FEG). XRD patterns 

were monitored using a Bruker D8 Advance X-ray Diffraction system. 

3.3.3 Photocatalytic H2 Evolution Test 

The photocatalytic hydrogen production experiments were conducted under argon 

atmosphere in a double-wall quartz glass reactor, with a cooling system (Julabo) maintaining 

the temperature at 20 °C. The 1 g/L photocatalyst suspensions were prepared by suspending Au 

(1 wt%)-TiO2 in methanol/water mixtures (volume ratio 1:5). The suspension was sonicated for 

30 min before being transferred into the reactor and flushed with argon for 15 min to remove 

gases dissolved in the suspension and to make sure that Ar remained in the headspace of the 

reactor. The argon gas rate was kept constant at 10 cm3 min-1 during the photocatalytic 

measurement and the inlet gas flow rate for QMS was 1 cm3 min-1. Before illumination, the 

system was stabilized in the dark for 1 h to get a stable baseline. Afterwards, the suspension 

was illuminated employing an Osram XBO 1000 W Xe-Lamp (Müller) equipped with a 420 

nm/500 nm cutoff filter. 

3.3.4 Electron Paramagnetic Resonance (EPR) Spectroscopy 

EPR measurements were carried out with a MiniScope MS400 spectrometer (Magnettech 

GmbH, Germany). A 500 W Mercury-Lamp (Muller) equipped with an optical cutoff filter 

(GC420/GC500) enables the illumination in the UV-Vis and visible light region. For low 

temperature measurements (90 K), the samples were placed in X-Band standard EPR tubes 

(Wilmad, 2 mm, O.D.) and cooled with a commercial EPR cold finger quartz Dewar by 

applying liquid nitrogen. The g values were calculated with the formula h = gB0 (B0 3 external 

magnetic field,  3 Bohr magneton, ge 3 Landé g-factor) as described in the literature.4a The 

frequency was at around 9.42 GHz, and the B0 was varied between 305 mT-365 mT. 
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3.3.5 Laser Flash Photolysis  

During the laser flash photolysis measurements the samples were excited with an Nd-YAG 

laser (Brilliant B, Quantel) and the spectra were monitored by a laser flash photolysis 

spectrometer (LKS 80, Applied Photophysics). The excitation wavelength was tuned to 420 nm 

by employing an Optical Parametric Oscillator (OPO) (MagicPRISM, OPOTEK Inc.). Together 

with the OPO the 3rd harmonic (355 nm) of the Brilliant B laser was used to generate the visible 

light pulses with 6 mm diameter and 6 ns pulse length. The 532 nm laser was supplied by the 

2rd harmonic (532 nm) of the Brilliant B laser. All experiments were performed in diffuse 

reflectance mode, where the analyzing light (supplied by a 150 W xenon arc lamp) was focused 

onto the sample and the reflected light was guided through the monochromator into the detector 

(Hamamatsu R928 photomultiplier). The light level detected by the oscilloscope was kept at 

100 mV for all measurements to compensate the wavelength dependent sensitivity. Furthermore, 

all examinations were conducted under N2 atmosphere and 12 shots were averaged for every 

transient. The energy density of the 420 nm and 532 nm laser beam was around 5 mJ/cm² per 

shot, respectively. The transient absorption change in reflectance J was calculated from the 

absorbance values according to the literature,18 which also provides more detailed information 

about the set-up. 

3.3.6 Theoretical Calculation Details 

All spin-polarized calculations of optimization and energy bands were performed by 

Cambridge Sequential Total Energy Package (CASTEP). Projected augmented wave (PAW) 

pseudopotential was used to describe core electrons and plane wave basis set with 380 eV to 

represent valance electrons. Exchange-correlation energy was approximated by Perdew-Burke-

Ernzerhof (PBE) functional of the generalized gradient approximation (GGA). Since the 

majority of P25 is anatase, we chose it for calculation. The model for anatase TiO2 dominant 

(101) surface was represented with a 12 monolayer unit cell with a 15 Å vacuum slab. Au-TiO2 
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model was constructed with a two gold atom cluster, to get rid of multi isomers of Au clusters19-

21, and TiO2 (101) surface, with bottom six atomic layers fixed and upper six layers relax 

(supporting information Figure S4). A 4 × 4 × 2 k-points girds was used to optimize anatase 

cell,  2 × 2 × 1 k-points girds was used for TiO2 (101) surface and Au-TiO2 optimization and 

energy bands calculation both. The optimized lattice values of anatase were 3.78 and 9.49 Å, 

close to experimental values (3.78 and 9.5 Å). To overcome the self-interaction error of GGA 

method, a Hubbard correction (DFT+U) of 8.3 eV was imposed on Ti d-states; a good 

qualitative description of the electronic was obtained (Figure S5) with 3.23 eV band gap for 

bulk and 3.43 eV for (101) surface. No correction was applied to gold. 

3.4. Results 

3.4.1 Material Characterization 

 

Figure 2. TEM image of Au (1 wt%)-TiO2. 

Figure 2 shows the transmission electron microscopy (TEM) image of Au-TiO2. As can 

be seen, the lighter particles are the TiO2 matrix and the darker particles are the Au nanoparticles. 

The TEM images of Au-TiO2 reveal that the Au nanoparticles are well deposited on the surface 

of TiO2 matrix exhibiting particle sizes between 5 nm and 10 nm. Besides, the contents of Au-

TiO2 photocatalyst were analyzed by means of X-ray Diffraction (XRD). Accordingly, in 

addition to the peaks of anatase TiO2 (JCPDS # 01-070-7347) and rutile TiO2 (JCPDS # 03-
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065-5714), the XRD pattern exhibited peaks for Au (JCPDS # 03-065-2870), as shown in 

Figure S1. Due to the low concentration, the peaks of Au are weak. However, no peaks for other 

impurities (e.g. Carbon or PVA) were detected within the detection limit.  
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Figure 3. Diffuse-Reflectance UV-Vis spectra of bare TiO2 (black), Au NPs (blue) and Au-TiO2 (red). 

In this study, the optical properties of Au nanoparticles, bare TiO2 and Au-TiO2 were 

characterized by UV-Vis spectroscopy. As Figure 3 shows Au-related samples exhibit plasmon 

band maxima located above 500 nm, namely Au nanoparticles with »max at 520 nm, Au-TiO2 

with »max at 543 nm, respectively. The absorption edge of bare TiO2 is located around 400 nm, 

which is in good agreement with previous studies.4b Spectra of bare TiO2 and the employed 

filters are presented in the supporting information Figure S2. 
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3.4.2 Photocatalytic H2 Evolution Test 
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Figure 4. Photocatalytic H2 evolution rate of Au-TiO2 obtained from CH3OH/H2O mixtures upon visible light 

illumination in the presence of a 500 nm cutoff filter. 

Figure 4 presents the photocatalytic H2 evolution rates from CH3OH/H2O mixtures 

obtained employing Au-loaded TiO2 under visible-light illumination in the presence of a 500 

nm cutoff filter. However, no formation of H2 was detected for bare TiO2 photocatalyst within 

the detection limit under the same reaction condition. In comparison to bare TiO2, Au-TiO2 

exhibited H2 production ability upon visible light illumination in the presence of a 500 nm 

cutoff filter, indicating that Au-SPR can directly lead to photocatalytic H2 production.  

3.4.3 EPR Analysis 
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Figure 5. EPR spectra of Au-TiO2 obtained in the dark and under visible light illumination (g 500 nm) at 90 K. 
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The photoinduced EPR signals of trapped electrons and holes for bare TiO2 and Au-TiO2 

were recorded in Ar at 90 K by (applying liquid nitrogen). The EPR parameters of the detected 

signals and their assignments were presented (supporting information Figure S3 and Table S1), 

which are in good agreement with the previous literatures. 4, 22, 23, 24 

In the presence of a 500 nm cutoff filter, when comparing the EPR signals of bare Au-

TiO2 obtained in the dark with those observed upon visible light illumination (g500 nm), small 

but clear signal of trapped electrons (anatase Ti3+ at g=1.990) was observed (see Figure 5), 

indicating the photo-induced electrons were trapped in TiO2.  

 

3.4.4 Laser Flash Photolysis 
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Figure 6. a) Transient absorption signals of bare TiO2 observed at 680 nm upon 420 nm laser excitation; b) 

Transient absorption signals of bare TiO2 (inset) and Au-TiO2 observed at 680 nm (black) and 400 nm (red) upon 

532 nm laser excitation in a N2 atmosphere.  

Figure 6 shows the transient absorption signals measured at 400 nm and 680 nm for bare 

TiO2 and Au-TiO2 in the absence of any electron acceptor or donor. From the literature, it is 

known that Ti3+ species absorb in the wavelength range around 680 nm 25a, while the signal of 

the trapped holes can be monitored at 400-550 nm 25b.  
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As shown in Figure 6a, the transient signal of the trapped electron in TiO2 was detected 

indicating that bare TiO2 can be directly excited by 420 nm laser beam. The decay of the 

transient signals can be related to the internal electron/hole recombination.18, 25 Upon 532 nm 

laser excitation, which is the plasmon band of the Au NPs, in addition to the transient absorption 

signal of the trapped electrons at 680 nm, the signal of the trapped holes in TiO2 (see Figure 6b) 

was monitored at 400 nm. As expected, no transient signals were observed for bare TiO2 in the 

blank experiment (see Figure 6b inset). The trapped holes observed at 400 nm exhibit nearly 

the same transient signal intensity and kinetic like the trapped electrons detected at 680 nm. 

3.4.5 DFT Calculation Analysis 

 

Figure 7. a) band structure of Au-TiO2 slab; b) partial density of states (PDOS) of Au cluster; c) PDOS of TiO2 

(101) surface; blue dot line represents Fermi level 

To further analyze the enhanced photocatalytic activities of Au-TiO2, the electronic 

structure of Au-TiO2 system were calculated, showed in Figure 7. As shown in Figure 7a, 
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existence of surface dangling bonds. Moreover, new energy levels are appeared, two near the 

top of valence band and bottom of conduction band each, and four near Fermi level. Meanwhile, 

Figure 7 presented clear evidence that new isolated impurity energy levels are mainly attributed 

to d orbitals of Au clusters, and the top of valence band by the hybrid orbitals of Au and TiO2 

surface. 

3.5 Discussion 

Obviously, Au-TiO2 can produce H2 upon visible light illumination (employing a 500 nm 

cutoff filter). However, bare TiO2 absorbs no light in the wavelength range above 500 nm and 

no H2 can be formed (g 500 nm) as evidenced by blank experiments. Besides, the XRD pattern 

showed no other impurities (e.g. Carbon or PVA) were detected within the detection limit. 

Hence, it can be excluded that the visible-activity of Au-TiO2 above 500 nm is caused by a 

carbon radical stem from polyvinyl alcohol remaining in the catalyst from the synthesis. The 

observation of any H2 and signals of trapped electrons and holes can only be related to the Au-

SPR effect. As shown in Figure S3, the appearance of new EPR signals can be observed upon 

illumination (g 500 nm) which can be attributed to trapped electrons and trapped holes 

according to the literature. 4, 22, 23, 24 The new formed EPR signals indicate the excitation of Au-

TiO2 photocatalyst upon visible light illumination above 500 nm. However, as new formed EPR 

signals are indistinctive (especially the signals at g=2.002-2.005 4, 22-24) laser excitation was 

employed to totally get rid of the confusion caused by the proximity of g values for signals of 

trapped electrons and trapped holes. 

Upon 532 nm laser (~ 2.34 eV) excitation, the transient signals of the trapped electrons 

and holes in TiO2 were also observed, which further confirmed the presence of photogenerated 

electrons and holes. It should be noted here that, the transient signals of the Au-SPR induced 

electrons can be detected in ps scale 14 and most charges recombine within 1 ns 26, 27. Therefore, 

the significant decay process of the transient signals in Figure 6b was not observed within the 
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detection time scale. In the absence of any electron acceptor or donor, transient signals of the 

trapped electrons and holes in TiO2 can be observed on longer time scale (¼s), as presented. 

The long-lived charges can be correlated with the photocatalytic activity of the photocatalysts. 

28, 29 

It should be emphasized here that the energy of the incoming photons (» g 500 nm, Ehν f 

2.48eV) is insufficient to excite the electrons from the valence band to the conduction band of 

TiO2 and leave the holes in the valence band of TiO2. However, due to the Au-SPR, many 

electrons in Au have higher energy than the conduction band of TiO2, facilitating the electron 

injection from Au to the conduction band of TiO2. 13, 30 This provided a reasonable explanation 

for the observation of the Ti3+ in both EPR spectroscopy and laser flash photolysis. As 

reported,13, 30 the direct electron injection process is thermodynamically favorable, since the 

photon energy (hν) only needs to overcome the gap between the Fermi level (Ef) of Au and the 

top of TiO2 conduction band (ECB), that is: hν g ECB0 3 Ef. Moreover, after the contact of Au and 

TiO2, the Fermi level of the Au nanoparticles will be equalized to the work function and the 

conduction band of TiO2 will be bent down.30 Therefore, the trapped electrons leading to the 

formation of Ti3+ are from the <hot electron injection= of the Au nanoparticles, process II (a) in 

Figure 8.  

On the other hand, since no holes can be transferred from the Au nanoparticles to the 

valence band of TiO2, the EPR signals of the trapped holes in TiO2 (signal D) can only originate 

from the Au-SPR initiated electron-hole pair generation in TiO2. However, it should be noted 

here again that the energy of the visible light (g 500 nm, i.e., f 2.5 eV) is not sufficient to 

overcome the band gap energy of TiO2. In this case, it is assumed that the Au-SPR initiates the 

Interfacial Charge Transfer (IFCT), as proposed by Creutz.31 Accordingly, electrons in the 

valence band of TiO2 directly transfer to the surface Au clusters, that is not via the excited 

state,32 while the holes are trapped in the valence band of TiO2, process II (b) in Figure 8. 
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Besides, after electrons injection from Au to the conduction band of TiO2, monovalent of Au 

might be generated. Therefore, the DET process also provides the possibility of interfacial 

charge transfer from valence band of TiO2 to monovalent of Au. 

Moreover, the obtained theoretical calculation results provide further evidences supporting 

the above proposed mechanisms. Firstly, a good qualitative description of the electronic was 

obtained (Figure S5) with 3.23 eV band gap for bulk and 3.43 eV for (101) surface. As presented 

above (Figure 7), with the deposition of Au clusters on the surface of TiO2, new isolated 

impurity energy levels appeared mainly due to d orbitals of Au clusters. Therefore, the 

possibility of electron transfer from Au to the conduction band of TiO2 is demonstrated by DFT 

calculation. Besides, the existence of Au impurity energy levels in band gap also provide 

channels for electrons to be excited with lower energy (» g 500 nm, Ehν f 2.48eV). Moreover, 

the maxima absorption wavelength of Au-TiO2 in Figure 3 (543 nm, 2.288 eV) is in good 

accordance with the energy difference between an impurity level and the bottom of conduction 

band in DFT result (2.279 eV). Furthermore, due to the small energy gaps, the electron transfer 

from the valence band of TiO2 to the surface loaded Au clusters is thermodynamically feasible, 

as proposed by IFCT process. Herein, the proposed mechanisms based on the experimental data 

are favored by the DFT calculation results. In case of the electron transfer processes can occur 

employing pure anatase as TiO2 source, the same process should be easier in the case of using 

the mixture of anatase and rutile TiO2, for example, in Evonik Aeroxide P25 as TiO2 source. 

Besides, the EPR and the laser flash photolysis spectra (supporting information Figure S3 

and Figure 6a) show clear evidence that bare TiO2 (P25) can be directly excited by visible light 

illumination (» g 420 nm) or 420 nm laser beam (process I in Figure 8), which has long been 

ignored by some studies. Therefore, the investigation of SPR influence on the visible light 

photocatalytic activity of TiO2 employing a 400/420 nm cutoff filter does not seem to be correct. 

Actually, upon visible light illumination (» g 420 nm), the direct excitation of TiO2 and the 
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SPR-induced excitation can both lead to the visible light photocatalytic activity of Au-TiO2, 

process I+II in Figure 8. 

Therefore, upon illumination above 500 nm, due to the Au-SPR, electrons can be directly 

injected into the conduction band of TiO2, as reported previously. 4a, 10, 13, 14, 26 Simultaneously, 

the Au-SPR can also initiate electron hole pair generation in TiO2, while the electrons directly 

transfer from the valence band of TiO2 to the surface Au-related species (IFCT process). The 

two pathways cooperatively contribute to the SPR-induced visible-driven photocatalytic H2 

production ability of Au-TiO2 photocatalyst. This also provides a reasonable explanation for 

the photocatalytic activity when the plasmonic metal nanoparticles were homogeneously 

covered with an insulating SiO2 shell. 

 

Figure 8. Proposed mechanisms for H2 production using Au-TiO2 in water/methanol mixtures upon visible light 

illumination (g 420 nm: process I + II; g 500 nm: process II). 

 

3.6 Conclusions 

In conclusion, Au-SPR driven photocatalytic H2 production was observed upon visible 

light illumination (g 500 nm). Direct experimental evidences were presented that Au 
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nanoparticles can transfer the SPR-induced hot electrons into the conduction band of TiO2 upon 

visible light illumination in the wavelength range above 500 nm. Simultaneously, the Au-SPR 

can also initiate electron-hole pair generation in TiO2. However, due to the photons energy/ESPR 

is insufficient to overcome the band gap of TiO2, the initiated electrons directly transfer to the 

surface Au-related species through the IFCT process rather than via the excited state. The 

experimental results are in good agreement with the data obtained from DFT calculation. The 

DFT calculation analysis clearly shows how the d orbitals of Au clusters create impurity energy 

levels and decrease the band gap of Au-TiO2.We are optimistic that our contribution may 

contribute to the controversial discussion about the origin of the SPR- induced electron 

formation within Au-TiO2 thus providing a new horizon for further investigations on exploring 

more effective visible light harvesting photocatalysts for solar energy conversion. 
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3.9 Supplementary Information 
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Figure S1. XRD patter of Au-TiO2 (P25) 
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Figure S2: The UV-Vis spectra of bare TiO2 and of the employed 420 nm (red) and 500 nm cutoff filters (blue). 
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Figure S3. EPR spectra of bare TiO2 obtained in the dark (black), under visible light illumination (g 420 nm) (red) 

and under UV-Vis (blue) light illumination at 90 K 

As shown in Figure S3, upon UV-Vis light illumination electrons trapped at O vacancies 

(signal A) [4a] and at oxygen molecules (signal E) [22,23] were detected, as well as electrons 

trapped at Ti4+ centers forming the anatase Ti3+ (signal C) and rutile Ti3+ (signal D) species 

[4,24]. The signal of trapped holes at O2- forming paramagnetic O•- species (signal D) [23] was 

also observed. Besides, it should be noted here that signals of trapped electrons and holes were 

detected for bare TiO2 upon visible light illumination (g 420 nm), indicating that bare TiO2 can 

be excited by visible light illumination at around 420 nm. The detected signals and their 

respective assignments are summarized in Table S1.  
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Table S1: EPR parameters of detected signals shown in Figure 3 and their assignments based on the literature data. 

Signal 

-- 

assignment 

-- 

 

 g1 

g value 

   g2 

 

   g3 

A e- trapped at O vacancies 2.005        2.005       2.005 [4] 

B anatase Ti3+ 1.990        1.990       1.957 [22] 

C rutile Ti3+ 1.975        1.975       1.951 [4] 

D Ti4+-O•- -Ti4+-OH-                   2.016        2.012       2.002 [23] 

E Ti4+-O2
•-    2.026        2.010       2.003 [4] 

 

 

Figure S4: Side and top view of Au-TiO2 model, red, blue and golden balls are O, Ti and Au atom, respectively. 
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Fig. S5: a) band structure of bulk anatase, b) (101) Surface and c) partial density of states of TiO2 (101) surface 
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It has been proven in chapter 1 and chapter 2, Au-TiO2 is a good visible-active 

photocatalyst and Au-SPR effect can directly lead to H2 generation upon illumination above 

500 nm. However, due to the high cost, noble metals are not suitable for large scale industrial 

applications. Thus, low cost plasmonic metals should be investigated aiming cost-effective 

photocatalysts. Copper, as one of the most used metals due to its conductivity and low cost, has 

been reported to exhibit the surface plasmon resonance effect and have been applied for 

environmental cleaning and H2 energy production. However, the photocatalytic mechanism in 

the presence of Cu has been poorly studied, especially the effect of CuII/I chemistry is still 

controversially discussed in the literature. Therefore, Cu has been employed into the new 

experiments and the details are presented in chapter 4. 
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Chapter 4 

New Insights into the Plasmonic Enhancement for 

Photocatalytic H2 Production by Cu-TiO2 upon Visible 

Light Illumination 

 

J. Nie, A. O. T. Patrocinio, S. Hamid, F. Sieland, J. Sann, S. Xia, D. W. Bahnemann and J. 

Schneider,  

Published in Phys. Chem. Chem. Phys., 2018, 20, 5264-5273, DOI: 10.1039/c7cp07762a 
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Chapter 4 New Insights into the Plasmonic Enhancement for Photocatalytic H2 

Production by Cu-TiO2 upon Visible Light Illumination 

4.1 Abstract:  

Cu nanoparticles were deposited on the surface of commercial TiO2 nanoparticles (Cu-

TiO2) by different methods aiming at the production of highly efficient visible light 

photocatalysts. Photocatalytic H2 evolution rates obtained from methanol/water mixtures 

revealed no significant influence of the presence of copper oxides in the photoreaction upon 

visible light illumination. The photocatalytic H2 production rates were evaluated upon 

illumination with different spectral ranges (g 420 nm or g 500 nm) and the results evinced that 

the visible light induced charge carrier formation on the Cu-TiO2 photocatalysts consists of two 

distinct pathways: the direct excitation of TiO2 and the induced excitation by the so-called 

surface plasmon resonance (SPR) effect of the Cu nanoparticles on the TiO2 surface.  Both 

pathways are present when the full visible range of the spectrum is used (g 420 nm), while for 

irradiation at longer wavelengths (g 500 nm), the photocatalytic activity is solely promoted by 

the Cu-SPR effect. Electron paramagnetic resonance (EPR) and laser flash photolysis 

measurements were performed to clarify the underlying mechanism of Cu-TiO2 photocatalysts 

upon visible light illumination. 

 

4.2 Introduction 

Photocatalysis has been proven to be one of the most promising methods to harvest solar 

energy to solve energy and environmental issues.1-3 The efficiency of the photocatalyst depends 

basically on four processes: light absorption, charge separation, charge migration, and charge 

recombination.4, 5 The photocatalysts reported up to now exhibit limitations on one or more of 

these four processes.5 For example, TiO2 is a low-cost, active, environmentally friendly and 
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stable photocatalyst,6 being the most extensively studied photocatalyst. However, its wide 

bandgap limits its photo-absorption to the UV region,7, 8 and additionally, TiO2 exhibits high 

charge recombination rates of the photo-generated electrons and holes.9 

To overcome these issues, different methods have been applied to extend the absorption 

edge of TiO2 to the visible region, as well as to suppress the charge-carrier recombination.10 

Due to the Surface Plasmon Resonance (SPR) effect, surface deposition of noble metal 

nanoparticles (e.g. Au and Ag) has recently emerged as a promising strategy in enhancing the 

photocatalytic efficiency of TiO2-based photocatalysts upon visible light illumination, 

increasing the prospect of employing sunlight for environmental and energy applications.11-13 

However, due to the high cost, noble metals are not suitable for large scale industrial 

applications, thus low cost plasmonic metals should be investigated aiming at cost-effective 

photocatalysts. Copper, as one of the most used metals due to its conductivity and low cost, has 

been reported to exhibit the surface plasmon resonance effect and have been applied for 

environmental cleaning and H2 energy production.2, 14-17 

Despite the first promising results on Cu-TiO2 photocatalysts, its SPR-enhanced visible 

light photocatalytic activity has not been investigated as extensively as that of Au-TiO2, and the 

underlying mechanisms of the SPR effect of Cu NPs upon visible light illumination have rarely 

been reported in detail and are controversially discussed. This is probably due to the instability 

and/or prone to surface oxidation of the Cu NPs,18, 19 which can remarkably affect their 

plasmonic properties.  

As a result, several open issues remain unclear. Firstly, the role of intrinsic oxide layers 

formed on the surface of the Cu nanoparticles is still not clear.  Some research groups call the 

attention that copper nanoparticles are not ideal plasmonic materials due to their superficial 

oxidation,14 while other groups claim that copper oxides, mostly CuO and Cu2O, could act as 

charge carriers20a or even as electron sinks,20b to trap the photoexcited electrons and thus 
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suppress the recombination of the electrons and holes. Due to the narrower band gap of copper 

oxides, J. Pal et al.15 reported that Cu-Cu2O-ZnO photocatalysts exhibit better visible light 

photocatalytic activity than Cu-ZnO due to the enlarged light absorption in the visible region. 

A second issue still under discussion is the role of the SPR effect on the electron/hole pair 

formation. Some reports indicate no direct influence of the Cu-SPR effect on the e-/h+ formation, 

while other groups attribute the visible-light excitation of the photocatalysts to the Cu-SPR 

effect. Y. Lv and coworkers21 investigated the Cu-SPR effect for the photocatalytic reduction 

of deca-brominated diphenyl ether (BDE209) employing excitation energies higher than 450 

nm which can avoid the direct excitation of TiO2. However, no signal for the debromination 

was observed, indicating that the Cu-SPR cannot directly initiate the photochemical reaction. 

Nevertheless, H. Carcia22 and coworkers presented direct evidence of the transient signals 

ascribed to Ti3+ following the excitation of Cu-TiO2 with 532 nm laser light pulses which is 

close to the reported plasmon band maximum of Cu.21 Two mechanisms have been proposed to 

explain the observed SPR-enhanced visible light activity of Cu-TiO2. For example, M. Kumar16 

proposed that the Cu NPs transfer electrons to the conduction band of TiO2. However, Y. Lv21 

favors the idea that the Cu NPs initiate an electron-hole pair generation in TiO2. Therefore, a 

deeper investigation is necessary to achieve further advances of this photocatalytic system. 

Herein, different methodologies have been employed to prepare Cu-TiO2 photocatalysts 

with different Cu NPs/TiO2 ratios and also in such a way that the amount of copper oxides 

formed on the surface of the nanoparticles could be controlled. Thus, their impact on the 

photocatalytic activity has been analyzed. The Cu-SPR enhanced visible-harvesting abilities 

upon different excitation energies were investigated by applying appropriate cutoff filters. 

Electron paramagnetic resonance (EPR) spectroscopy was employed to probe the species 

formed by the trapping and reaction of the photogenerated electrons and holes. Moreover, laser 

flash photolysis was performed to study the charge carrier kinetics. The results presented herein 
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revealed the role and impact of the Cu NPs as well as of copper oxides on the photocatalytic 

activity. 

 

4.3. Experimental Section 

4.3.1 Photocatalyst Preparation 

Cu-TiO2 photocatalysts consisting of 2 wt% Cu on TiO2 (Evonik Aeroxide P25, 80% 

anatase + 20% rutile) were prepared by a typical sol immobilization (labeled as SIM) method, 

which was conducted by adding an aqueous solution of poly vinyl alcohol (PVA) (1.2 mL, 1wt % 

sol., Aldrich, >99%) to 3.3 mL Cu(NO3)2 3H2O (0.1 M, Roth, g99%). A freshly prepared 

NaBH4 solution (2.5 mL, 0.1 M, Aldrich, >96%) was added dropwise to the above solution, 

with the color turning dark, indicating the formation of the Cu NPs. After 30 min, the TiO2 

support (1.0 g) was added and the suspension was further stirred for 12 h at 25 °C. Experiments 

were performed both in air and under Ar atmosphere. The samples obtained via sol 

immobilization method were denoted as Cu-TiO2 (SIM). 

2 wt%/4 wt% Cu-TiO2 photocatalysts were also prepared by the photodeposition (labeled 

as PD) method, in which TiO2 was added to 60 mL methanol (Aldrich, >99.8%) and the 

suspension was flushed with argon to remove the remaining oxygen existing from the reactor. 

Subsequently, the pre-reduction was initiated by illumination employing a 450 W Xe-lamp 

(Müller) for 30 min. When the color of the suspension turned to blue, indicating the presence 

of Ti3+, the aqueous solution of Cu(NO3)2.3H2O (3.3 mL, 0.1 M, Roth, g99%) was added 

dropwise to the suspension. The mixed suspension was further stirred for 2 h at room 

temperature in argon atmosphere. The samples obtained via photodeposition method were 

denoted as Cu-TiO2 (PD). 
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All samples were centrifuged, washed three times with distilled water and dried for 12 h 

at 70 °C. The as-prepared samples were used for catalytic and spectroscopic experiments 

without any other treatment. 

The schematic illustration of the different preparation pathways is presented in Figure S4 

in Supplementary Information. 

4.3.2 Material Characterization  

XRD patterns were monitored by a Bruker D8 Advance X-Ray Diffraction system. UV-

Vis diffuse-reflectance spectra were recorded employing a UV-Visible spectrophotometer 

(Varian Cary 100 Bio). TEM images were characterized by Transmission Electron Microscopy 

(TEM) (FEI Tecnai G2 F20 TMP) equipped with a 200 kV field emission gun (FEG).  

X-ray photoelectron spectroscopy (XPS) measurements were conducted in a PHI 

Versaprobe II Scanning ESCA Microprobe (Physical Electronics) using a monochromatized Al 

Kα X-ray source (beam diameter 200 µm, X-ray power of 50 W). The analyser pass energy for 

detail spectra was set to 23.5 eV with a step time of 50 ms and a step size of 0.2 eV. During 

measurement, the sample was flooded with slow electrons and Argon ions using the built-in ion 

sputter and electron guns in order to compensate surface charging effects. Data evaluation was 

performed using CasaXPS software. For the charge correction, the energy of the C1s-line was 

set to 284.8 eV. 

4.3.3 Photocatalytic H2 Evolution Tests 

Photocatalytic hydrogen evolution measurements were conducted in a double-wall quartz 

glass reactor, connected to a quadrupole mass spectrometer (QMS, Hiden HPR-20). The system 

is a continuous gas flow system, in which argon was used as the carrier gas as well as to 

maintain an oxygen-free atmosphere. 1 g/L photocatalyst suspensions were prepared by 

suspending Cu-TiO2 in methanol/water mixtures (volume ratio 1:5). All suspensions were 
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sonicated for 30 min before being transferred into the reactor. The reaction environment was 

purged with argon for about 15 min to remove any oxygen present in the suspension and in the 

headspace of the reactor. The argon gas rate was kept constant at 10 cm3 min-1 during the 

photocatalytic measurement and the inlet gas flow rate for QMS was 1 cm3 min-1. Before 

illumination, the system was stabilized in the dark for 1 h to get a stable baseline. Afterwards, 

the suspension was illuminated employing an Osram XBO 1000 W Xe-Lamp (Müller). 

Irradiation spectra in the presence of different cutoff filters were collected by a spectral 

irradiance meter (SpectraRad xpress, B&W TEK) and the total irradiance (in mW∙cm-2) up to 

800 nm was calculated by integration of the irradiation spectra. As the irradiance changed as a 

function of the cutoff filter the amount of hydrogen gas produced is presented in µmol g-1 J-1 in 

such a way that the possible differences could be related only to the photocatalyst efficiency 

and not to changes in the light intensity. The temperature of the suspension was maintained at 

25°C during the entire measurement by utilizing a cooling system (Julabo). 

4.3.4 Electron Paramagnetic Resonance (EPR) Spectroscopy 

EPR measurements were performed employing a MiniScope MS400 spectrometer 

(Magnettech GmbH, Germany). The samples were illuminated with a 450 W Xe-Lamp (Müller) 

equipped with different optical cutoff filters. A commercial EPR cold finger quartz Dewar 

enabled low temperature (90 K) measurements in liquid nitrogen, with the samples placed in 

X-Band standard EPR tubes (Wilmad, 2 mm, O.D.). All measurements in the presence of the 

hole-scavenger indicator TEMPO (2, 2, 6, 6-Tetramethylpiperidine 1-oxyl， free radical, 

Aldrich, >99.8%) or the electron-scavenger indicator methyl viologen (MV2+) were performed 

in air at room temperature. The g values were calculated based on the formula h = gB0 (B0 3 

external magnetic field,  3 Bohr magneton, ge 3 Landé g-factor). The frequency was at around 

9.42-9.43 GHz. 
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4.3.5 Laser Flash Photolysis  

Laser flash photolysis measurements were performed utilizing an Nd-YAG laser (Brilliant 

B, Quantel) and the transient reflectance spectra of the trapped charge carriers were monitored 

by a laser flash photolysis spectrometer (LKS 80, Applied Photophysics). Together with an 

Optical Parametric Oscillator (OPO) (MagicPRISM, OPOTEK Inc.), the excitation wavelength 

was tuned to 420 nm (with 6 mm diameter and 6 ns pulse length) by employing the 3rd harmonic 

(355 nm) of a Brilliant B laser. The 532 nm laser was supplied by the 2rd harmonic (532 nm) 

of the Brilliant B laser. The analyzing light (supplied by a 150 W xenon arc lamp) was focused 

onto the sample and the reflected light was guided through the monochromator into the detector 

(Hamamatsu R928 photomultiplier). Furthermore, all measurements were performed in diffuse 

reflectance mode under N2 atmosphere and 200 shots were fast averaged for every transient. 

The energy densities of the laser beams were kept around 5-10 mJ/cm² per shot. The transient 

reflectance change J was calculated as described in the literature.23b 

4.4 Results 

4.4.1 Material Characterization 

Figure 1 shows the XRD patterns of bare TiO2 and Cu-TiO2 nanoparticles prepared by 

different methods (SIM and PD). In addition to the peaks of anatase TiO2 (JCPDS # 01-075-

2545) and rutile TiO2 (JCPDS # 01-073-1782), Cu-TiO2 (SIM) synthesized in the presence of 

air exhibited a further peak for CuO at 2θ =35.5°, indicating the oxidation of the as-synthesized 

Cu NPs by O2. If the synthesis was carried out under argon atmosphere, this peak did not appear, 

as shown in Figure 1. For 2 wt% Cu-TiO2 (PD), peaks attributed to metallic Cu were observed 

at 2θ = 43.4°, 50.5°, 74.1° (JCPDS #01-089-2838). As expected, upon increase of the Cu 

concentration (4 wt%), an enhancement on the intensities of these peaks is observed, however, 

no peaks for copper oxides occurred, evincing that through the PD method, the formation of 

copper oxides can be greatly diminished in contrast to that obtained by the SIM methodology. 
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Under atmospheric conditions, the superficial oxidation of the Cu NPs is thermodynamically 

favorable, thus the presence of copper oxides in all prepared photocatalysts is expected. 

However, for the material prepared by the PD method the amount of formed copper oxide was 

below the detection limit of the XRD measurements.  

 

Figure 1. XRD patterns of bare TiO2 (P25) and of Cu-TiO2 photocatalysts synthesized via different methods. 

Further insight into the composition of the as-prepared photocatalysts can be obtained from 

the UV-Vis absorption spectra. As shown in Figure 2, the Cu NPs obtained in inert atmosphere 

exhibit a plasmon absorption band with a maximum around 593 nm, which is in accordance 

with previous reports.21, 24 When the Cu NPs are exposed to the air, the plasmon absorption 

band becomes less evident and two new absorption bands at ~455 nm and ~700 nm appeared. 

These bands can be correlated to the intrinsic absorption features of CuOx species.25, 26, 27 For 

all Cu-TiO2 composites, the plasmon absorption band at 593 nm cannot be clearly observed and 

the spectral profile resembles that of the oxidized Cu NPs. Moreover, one can observe that the 

2 wt% Cu-TiO2 composite prepared by the PD method exhibits smaller absorption intensities 

between 400 and 500 nm as compared with the SIM-prepared samples, which agrees well with 
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the XRD results and indicates that a reduced amount of CuOx species were formed. As the 

concentration of Cu-NPs is increased to 4 wt%, a broad absorption band covering the entire 

visible range of the spectra is observed that is likely to be an overlap of the Cu-plasmon and the 

CuOx absorption bands. It is also clear from Figure 2 that the deposition of Cu-NPs on TiO2 

can greatly enhance the visible-light harvesting ability of the photocatalyst. 

 

Figure 2. Diffuse-Reflectance UV-Vis spectra of Cu-TiO2 nanocomposites prepared under different conditions 

along with the spectra for bare TiO2 and for Cu nanoparticles. 

The TEM images of the Cu-TiO2 photocatalysts are presented in Figure 3. The brighter 

spherical structures are the TiO2 (P25) particles, and the darker spots correspond to the Cu NPs, 

which exhibit particle sizes between 15 nm and 25 nm, being very similar in all samples. The 

TEM images also revealed that the Cu NPs are well dispersed in the TiO2 matrix. High 

resolution images (Figure 3e) of the Cu-TiO2 sample prepared by the SIM method under air, 

allow identifying differences in the crystal lattice on the surface of the Cu NPs in relation to the 

ones at the core, thus providing further evidence of the surface oxidation. 
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Figure 3. TEM images of a) 2 wt% Cu-TiO2 prepared via the SIM method in the presence of air; b) 2 wt% Cu-

TiO2 prepared via the SIM method in Argon atmosphere; c) 2 wt% Cu-TiO2 prepared via the PD method in Argon 

atmosphere; d) 4 wt% Cu-TiO2 prepared via the PD method in Argon atmosphere; e) oxidized Cu NPs on TiO2 

deposited via the SIM method in the presence of air. 

The content of Cu species at the TiO2 surface was analyzed by means of XPS. Accordingly, 

1.9% Cu was found in 2 wt% Cu-TiO2 (PD), 2.9% Cu in 4 wt% Cu-TiO2 (PD), 2.2% Cu in 2 

wt% Cu-TiO2 (SIM, air), and 1.8% Cu in 2 wt% Cu-TiO2 (SIM, Ar). Furthermore, XPS 

provides information about the oxidation states of Cu loaded on TiO2. In Fig. S2 detailed spectra 

of the Cu 2p3/2 line for the 4 samples (2 wt% Cu-TiO2 (PD), 4 wt% Cu-TiO2 (PD), 2 wt% Cu-

TiO2 (SIM, air), 2 wt% Cu-TiO2 (SIM, Ar)) are shown. The main signal at 932.2 eV can be 

attributed to either Cu0 or CuI, which are not well distinguishable in the Cu 2p spectrum. The 

presence of an Auger signal at 917 eV kinetic energy hints towards CuI
 as one component of 

the main signal, but the signal of Cu0 at 919 eV is present as well as a weak shoulder in the 
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stronger Ti 2s signal. In addition to this the Cu 2p3/2 signal shows a weak satellite structure 

around 945 eV which is indicative of CuII. The broadening of the 932.2 eV signal was obtained 

for all samples, indicating the presence of CuII. However, it is very difficult to distinguish 

between Cu(0), Cu(I) and Cu(II) in XPS spectra, especially, to differentiate between Cu(I) and 

Cu(0). In addition, it should be taken into account that Cu can be easily oxidizied in air, which 

happens here, as the XPS analysis has not been performed directly after the synthesis. However, 

as the following photocatalytic H2 production measrement will show, the presence of Cu ions 

exhibits almost no effect on the overall efficiency, since they are reduced during the 

photocatalytic reduction (see Discussion). 

4.4.2 Photocatalytic H2 Production 

Figure 4a shows the H2 evolution rates employing bare TiO2 and the as-prepared Cu-TiO2 

photocatalysts upon visible light illumination. As different cutoff filters were employed in the 

experiments, the rates were normalized by the total energy flux density (mW/cm2) considering 

the illuminated area of the reactor. No H2 was detected employing bare TiO2 as a photocatalyst 

upon visible light illumination (g 420 nm). However, all the prepared Cu-TiO2 exhibited H2 

production ability upon illumination in the presence of both 420 nm and 500 nm cutoff filters, 

indicating the enhancement of the visible-harvesting ability due to the Cu NPs and/or the copper 

oxides.  

Comparable H2 evolution rates were observed for 2 wt% Cu-TiO2 photocatalysts 

synthesized via different methods and under different conditions, independent on the initial 

Cu/copper oxides ratios. It should be noted that the color of all the suspensions changed from 

nearly white to purple (see Figure 4b inset) in the course of the photoreaction, which could be 

due to reduction of the pre-existing copper oxides. In fact, the H2 evolution rates measured at 

the beginning of the illumination (see Figure 4b) exhibit relatively higher variations than the 

ones observed at longer irradiation times, indicating that part of photogenerated electrons are 
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consumed by the copper oxides to form Cu0. Moreover, the H2 production rates achieved in the 

presence of a 500 nm cutoff filter are found to be lower than those achieved in the presence of 

a 420 nm cutoff filter, evincing that the underlying reaction mechanisms in the two cases are 

not identical. 
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Figure 4. a) Normalized photocatalytic H2 evolution rates employing bare TiO2 and the prepared Cu-TiO2 

photocatalysts; b) Normalized photocatalytic H2 evolution rate of 4 wt% Cu-TiO2 (PD), obtained from 

CH3OH/H2O mixtures upon visible light illumination in the presence of a 420 nm cutoff filter (black) and a 500 

nm cutoff filter (red). Inset: Color change of the Cu-TiO2 suspension before (left) and after (right) visible light 

illumination. 
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The H2 evolution rate increased in the presence of Cu-TiO2 with higher Cu-loading (4 wt% 

Cu-TiO2 (PD), especially upon visible light illumination (g 500 nm), which is the Plasmon 

Resonance absorption region of the Cu NPs. This sample was employed for EPR and laser flash 

photolysis experiments in order to further elucidate mechanistic aspects of the photocatalytic 

activity of the Cu-TiO2 nanocomposites.  

4.4.3 EPR Analyses 

EPR spectroscopy was employed to investigate the ability of Cu-TiO2 (PD) composites to 

produce radical species via electron and hole transfers under visible light illumination. Firstly, 

suspensions containing 4 wt% Cu-TiO2 (PD) were illuminated in the presence of methyl 

viologen (MV2+). As reported previously, methyl viologen (MV2+) can act as an electron 

scavenger,28 since it undergoes a reversible one-electron reduction to form the MV∙+, which can 

be visualized by means of EPR spectroscopy: 

MV2+ + e- → MV∙+        (1) 

As shown in Figure 5a, MV2+ exhibited a small sharp peak in the dark, which is possibly 

related to contaminants originated from water as evidenced by blank experiments. In the 

presence of Cu-TiO2 and upon visible light illumination, a strong signal is observed, which can 

be assigned to the MV∙+radical.  
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Figure 5. EPR spectra of Cu-TiO2 (PD) measured in the dark (black) and upon visible light (g 420 nm) illumination 

(red) in the presence of a) MV and of b) TEMPO at room temperature.  

In addition to the EPR spectra obtained in the presence of an electron scavenger, 

measurements were carried out also in the presence of a well kwon hole acceptor, that is 2, 2, 

6, 6-Tetramethylpiperidine 1-oxyl (TEMPO).32 In the presence of holes, TEMPO is oxidized to 

the N-oxo-ammonium salt, according to equation 2. As shown in Figure 5b, in the presence of 

Cu-TiO2, the EPR signal of TEMPO decreased upon visible light illumination (g 420 nm) and 

disappeared totally within 30 min, indicating that TEMPO can be fully oxidized by the 

photogenerated holes.  
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          (2) 

Both experiments shown in Figure 6 show evidence that charge carriers able to promote 

redox reactions are produced upon light excitation of Cu-TiO2. However, these experiments do 

not provide information on the origin of the formed charge carriers.  The population of the TiO2 

conduction band can occur either by direction band-gap or by SPR-induced excitation. Direct 

evidence of the excitation of bare TiO2 (P25) upon visible light illumination (g 420 nm) was 

provided by the EPR spectra of bare TiO2, Figure 6. In the dark, the remarkable EPR signal of 

the pre-existing defects identified as rutile Ti3+ was observed at around g =1.975, which is in 

good agreement with previous reports.30b, 31a Here, the appearance of new EPR signals (g= 2.00 

3 2.03) can be observed under illumination which can be attributed to trapped holes (g= 2.018, 

2.014, 2.004) and also to superoxide radicals (g= 2.026, 2.010, 2.003) according to the 

literature.30, 31 
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Figure 6: EPR spectra of bare TiO2 measured in the dark (black) and upon visible light (g 420 nm) illumination 

(red) in Ar atmosphere at liquid N2 temperature. 
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4.4.4 Laser Flash Photolysis 

Figures 7a and 7b present, respectively, the transient reflectance signals observed at 680 

nm at different excitation wavelengths for bare TiO2 and for 4 wt% Cu-TiO2 (PD) in the absence 

of any electron acceptor or donor. Based on previous reports,23, 33, 34 transient absorption of 

electrons trapped on TiO2 as Ti3+ species can be probed at this >650 nm spectral region, while 

transient signals attributed to trapped holes are more intense at higher energies (400-550 nm). 

As no electron donor or acceptor is present in the medium, the observed decay of the transient 

signals can be related to the internal electron/ hole recombination.23 Looking at the decay 

profiles (Figure 7a), it can be observed that for the 420 nm excitation, the Cu-TiO2 

photocatalysts exhibit a faster decay of the transient signal during the first 100 ¼s, which is due 

to the presence of the Cu NPs acting as electron acceptor.35 This different behavior observed 

for Cu-TiO2 in relation to bare TiO2 indicates that the presence Cu-NPs on the TiO2 surface 

leads to the creation of new trapping sites. Hence, electrons are transferred from the TiO2 

conduction band to the Cu-NPs and backwards, meaning that there is a strong electronic 

interaction between the oxide and the metallic nanoparticles. Moreover, Figure 7a also 

presented clear evidence that bare TiO2 can be directly excited upon 420 nm irradiation. 

Figure 7b shows the transient signals of TiO2 and of 4 wt% Cu-TiO2 (PD) obtained upon 

532 nm laser excitation. As expected, no transient signal can be observed when the bare TiO2 

is excited at 532 nm. On the other hand, the Cu-TiO2 composites exhibit transient signals at 680 

nm evincing the formation of Ti3+ species, albeit the intensity of the transient is half of that 

obtained upon 420 nm excitation. Furthermore, the observation of transient signal attributed to 

the trapped electrons in TiO2 upon 532 nm excitation, which is close to the plasmon band of 

Cu, provide direct experimental evidence that, at the monitored time-scale, excitation of the 

SPR absorption band of Cu-NPs lead to the population of the TiO2 conduction band.  
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Figure 7. Transient signals of bare (black) TiO2 and of 4 wt% Cu-TiO2-PD (red) observed at 680 nm upon a) 420 

nm and b) 532 nm laser excitation in Ar atmosphere.  

 

4.5 Discussion 

Cu-TiO2 nanocomposites were successfully synthesized by two different methodologies 

that are photodeposition (PD) and Sol immobilization (SIM). As evidenced by the XRD patterns 

(Figure 1) and also by XPS spectra (Figure S2), Cu-NPs can undergo superficial oxidation if 

the synthesis is carried out in air. This oxidation can be partially avoided under inert atmosphere 

and in this case the expected plasmonic band of Cu nanoparticles at 593 nm can be clearly 
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observed. All nanocomposites exhibit visible-light absorption (see Figure 3) and are able to act 

as photocatalysts for the hydrogen evolution from water/methanol mixtures. The observed rates 

reveal that the presence of copper oxides does not affect the hydrogen evolution substantially. 

In fact, based on the observed color change in the course of the reaction, it seems that the 

initially photogenerated electrons reduce the oxidized copper ions on the surface to metallic 

copper and then a steady hydrogen evolution rate is observed. The presence of Cu2+ and Cu+ 

has been confirmed by means of XPS. Besides the reduction of copper ions, the photogenerated 

electrons could reduce Ti4+ to Ti3+. Ti3+ is known for its dark blue color. However, it reacts very 

fast with oxygen. In contrast, the observed purple coloration remained unchanged over the 

weeks in the presence of air. Moreover, blank experiments using only TiO2 does not lead to the 

permanent color changes as observed for Cu-TiO2. Consequently, the observed color change 

can be ascribed to the formation of metallic copper. The reduction of copper ions to copper 

during the photocatalytic reaction is further confirmed by the comparison of XRD patterns of 

Cu-TiO2 (SIM) before and after visible light illumination (supporting information Figure S1), 

in which the latter clearly showed the peaks of Cu0.  

The results reported here are in agreement with those published by Neubert et al.35 who 

also observed improved charge carrier separation and higher photocatalytic activity in the 

presence of Cu2+/Cu+ species. Hence, no significant negative impact from copper oxides on the 

photocatalytic H2 production ability of Cu-TiO2 was observed. In fact, the copper oxides are 

completely reduced during the course of the irradiation and no longer interfere with the 

photocatalytic activity. Besides, upon visible light illumination, Cu-TiO2 exhibited comparable 

H2 production rate in comparison to Au-TiO2 (supporting information Figure S3) which is 

known to exhibit good photocatalytic activity with 1 wt% Au NPs31 on TiO2 surface. Despite 

the lower chemical stability of Cu-NPs towards oxidation in comparison with other plasmonic 

noble metals (e.g. Au), it can be concluded that Cu-TiO2 can be conveniently used as a cost-
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saving visible light photocatalyst, since eventual oxidation products are reduced under 

irradiation.  

The photocatalytic reaction could be observed under irradiation with wavelengths above 

420 nm, in which TiO2 can still be excited, despite its bandgap being around 3.2 eV (390 nm). 

The light absorption in energies smaller than the bandgap energy is typically attributed to the 

presence of the surface defects such as oxygen vacancies 36. The photocatalytic activity obtained 

at wavelengths higher than 500 nm can be attributed to the plasmonic effect of Cu-NPs, where 

only the excitation through the Cu plasmonic band occurs. The lack of hydrogen production for 

bare TiO2 irradiation with wavelengths above 420 nm reveals that the copper nanoparticles also 

play a role as co-catalysts in the electron transfer reaction to the protons in solution. The 

observed H2 evolution rates normalized to the incident light intensities in the presence of a 420 

nm cutoff filter are, in fact, higher than those observed when a 500 nm cutoff filter is used, 

which is indicative for distinct mechanisms being operative when the photocatalysts are excited 

with different energies. For excitations at lower energies (»ex g 500 nm) the H2 evolution rate 

is enhanced more than 140 % when the Cu loading was increased from 2 to 4 wt% (Figure 4). 

This behavior differs from the behavior observed upon higher energy excitation (»ex g 420 nm), 

in which the H2 evolution rate increases only by 30 %. This difference clearly shows the 

important role of the Cu NPs on the light harvesting efficiency at higher wavelengths.  

Furthermore, the difference in the H2 evolution rates in the presence of a 420 nm and 500 nm 

cutoff filters correlates very well with the ns-transient absorption results. Herein, much lower 

charge carrier concentration (charge carriers which could be utilized for the H2 production) has 

been detected upon 532 nm excitation in comparison to 420 nm (see Figure 7).  

Recently, it has been taken as a support for the concept that electrons photogenerated upon 

visible light illumination (g 420 nm) cannot originate from the TiO2 matrix itself 20a, 31, 33, 37, 38 

because of its wide band gap (anatase: Eg = 3.2 eV, »ox = 388 nm; rutile: Eg = 3.0 eV, »ox = 413 
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nm). For metal oxide semiconductors modified with metallic nanoparticles, it was proposed 

that the electrons photogenerated upon excitation at wavelengths higher than 420 nm originate 

from a plasmonic-induced electron injection.15, 16, 20a, 31, 33, 37, 38 The EPR and laser flash 

photolysis measurements performed in the present work with bare TiO2 (Evonik P25) provide 

evidence that valence band electrons can indeed be excited in TiO2 upon g420 nm illumination, 

probably due to pre-existing surface defects such as oxygen vacancies36  or even due to the 

influence of the rutile content. Moreover, Ohtani et al. has reported the visible light activity 

employing 450 nm filter of rutile rich TiO2 samples.39 Obviously, this behavior cannot be 

generalized and will be dependent on the origin of the metal oxide, its crystal structure, the 

possible presence of organic contaminants, etc. The direct excitation of TiO2 could only be 

excluded upon g500 nm irradiation. Under these conditions, Cu-NPs can be excited due to the 

SPR band centered at 593 nm. Subsequently, the higher H2 evolution rate and higher charge 

carrier concentration obtained at excitation 420 nm in comparison to 500 nm can be explained 

by a synergic effect of TiO2 and Cu excitation.   

In terms of the origin of the photogenerated electrons and the underlying mechanism, 

Kumar et al. proposed that the Cu NPs inject electrons to the conduction band of TiO2,16 while 

other Y. Lu and coworkers claim that the Cu-SPR effect initiate e-/h+ generation in TiO2.21 The 

experimental data presented here do not allow to conclusively determine the origin of the 

electrons, i.e., whether they are originating from electron injection by the Cu-NPs or through a 

Cu-SPR initiated e-/h+ pair generation in TiO2 resulting from a SPR-enhanced electromagnetic 

field. However, it should be noted here that the energy of the visible light (g 500 nm, i.e., f 2.5 

eV) is not sufficient to overcome the band gap energy of TiO2 (Eg=3.2 eV). In this case, one 

possible way to explain the visible-light photocatalytic activity caused by the holes can be the 

Interfacial charge transfer (IFCT), as proposed by Creutz.40 The Cu-SPR initiates the IFCT 
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from the valence band to the surface bound Cu-related species (Cu2+, Cu+, Cu0), leading to 

creation of holes in TiO2 and electrons on Cu sites.41  

The above discussed reaction mechanism involving IFCT and emphasizing the catalytic 

role of Cu is schematically shown in Figure 8. 

 

Figure 8. Proposed mechanisms for H2 production using Cu-TiO2 in water/methanol mixtures upon illumination 

at wavelengths above 420 nm (mainly I) and above 500 nm (II).  

Independent from the origin of the electrons, it seems to be clear that the electronic 

coupling between TiO2 and Cu-NPs promotes a strong electron delocalization which is 

beneficial for the photocatalytic H2 production. Additionally, the Cu-NPs act as co-catalysts in 

the hydrogen evolution reaction, decreasing the activation energy of this reaction. The catalytic 

role of Cu could be confirmed by the results obtained with laser flash spectroscopy. In the 

presence of Cu, the transient signal became faster indicating the electron transfer from TiO2 to 

Cu NPs. As a result, the formation of molecular hydrogen can only be observed for Cu-TiO2 

composites and not only for Cu-NPs or for bare TiO2.  
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4.6 Conclusions 

In the present study it has been shown that Cu-TiO2 can be potentially used as a cost-

saving visible light photocatalyst for H2 production. Although at the beginning of the 

photoreaction a negative impact of oxidized Cu species on the photocatalytic H2 production 

ability is obtained, the presence of copper oxides does not affect the overall hydrogen evolution 

efficiency substantially. Apparently, the existing Cu2+/Cu+ species were reduced to Cu0 by the 

electrons generated from TiO2 upon illumination, which in turn facilitates more electron-hole 

pair generation under visible light irradiation due to the Cu-SPR effect. Furthermore, direct 

evidences have been provided that electrons can be generated in bare TiO2 by light illumination 

at around 420 nm, and at this illumination conditions copper nanoparticles act as co-catalysts 

in the electron transfer reaction to the protons in solution. Moreover, the electrons generated by 

direct visible light excitation in TiO2, together with the Cu-SPR induced electrons, contribute 

to the enhanced photocatalytic H2 production ability of Cu-TiO2 photocatalyst. The detected 

hydrogen evolution upon excitation above 500 nm can be solely attributed to the Cu-SPR 

induced charge carrier formation. However, for the understanding of the Cu-SPR role in the 

photocatalytic reaction further studies need to be carried out.   
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Figure S1. XRD patterns of Cu-TiO2 (SIM) photocatalysts characterized before (black) and after (red) visible 

light illumination. 
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Figure S2. XPS detail spectrum of the Cu 2p3/2-line for samples 
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Figure S3. Normalized photocatalytic H2 evolution rates obtained upon visible light illumination employing 2 

wt% Cu-TiO2 and 1wt% Au-TiO2 photocatalysts.  

 

Table S1: Photocatalytic H2 evolution rates from CH3OH/H2O mixtures measured under UV-Vis and visible-

light illumination employing different photocatalysts. 

Catalyst H2 evolution rate / mmolg-1h-1 

      -- UV-Vis Vis (≥ 420 nm)     Vis (≥ 500 nm) 

Cu NPs 0 0 0 

Cu-SiO2 0 0 0 
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Figure S4. Schematic illustration of the Cu-TiO2 preparation via (a) SIM and (b) PD methods. 
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Chapter 5 Summarizing Discussion, Conclusion and 
Outlook 

5.1 Summarizing Discussion 

As known, M-TiO2 (M=Au and Cu) exhibits visible light photocatalytic H2 production 

ability and the deposited noble metal nanoparticle plays a crucial role in the visible light driven 

photocatalytic reactions. However, the role and impact of these deposited noble metal 

nanoparticles are still not very clear. 

This thesis presents spectroscopic and mechanistic studies of visible light driven 

photocatalytic H2 production abilities employing TiO2 based materials.  

Combining the results of H2 evolution tests together with those obtained during in situ 

EPR- and Laser Flash Photolysis measurements, as well as the DFT calculation results, the 

impact of noble metal (e.g. Au and Cu) clusters on the H2-evolution half reaction of TiO2 based 

photocatalysts upon visible light illumination has been investigated. Besides, by using different 

indicators and employing different wavelength incident light illumination, the origin of 

photoinduced electrons and holes has been revealed. The obtained results are summarized 

below. 

5.1.1 The Role of Au Loading for Visible-Light Photocatalytic Activity of Au-TiO2 (UV100) 

As known, Au-TiO2 photocatalyst can produce H2 upon visible light illumination (g 420 

nm). Though some researchers have directly attributed the visible light H2 production ability 

above 420 nm to the Au-SPR effect. However, the origin of the electrons remains ambiguous. 

In this research, H2 was observed for Au-TiO2 employing commercial UV100 as TiO2 source 

in the experiment. Results obtained from EPR and laser flash photolysis also confirmed that 

bare anatase TiO2 can be excited upon light illumination at around 420 nm, most likely due to 

pre-existing defects such as oxygen vacancies. Laser flash photolysis even presented direct 
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evidence that bare TiO2 can be directly excited by 420 nm laser beam, which has long been 

neglected in the previous literatures. Besides, in comparison to bare anatase TiO2, the Au loaded 

TiO2 presents an inconspicuous transient absorption for Ti3+, indicating the transfer of the 

electrons photogenerated in TiO2 to the Au nanoparticles. In this case, Au nanoparticles simply 

act as co-catalysts to promote the separation of the photoinduced electrons and holes. It is 

unconvincing to attribute the visible light photocatalytic activity of Au-TiO2 to the Au-SPR 

effect while using a 420 nm cutoff filter. However, due to the fact that Au nanoparticle size 

strongly affects the SPR intensity and the TiO2 type also plays a crucial role in the 

photocatalysis, no Au-SPR induced electrons and/or holes were observed employing anatase as 

TiO2 source in the presence of a 500 nm cutoff filter or applying 530 nm laser. Besides, in the 

presence of a 500 nm cutoff filter, no H2 was detected within the detection limit. The results 

obtained from EPR and laser flash photolysis matches well with the results observed in the H2 

production tests. Therefore, the role of Au nanoparticles for visible light photocatalytic H2 

production using Au-TiO2 (employing UV100 as TiO2 source) was illustrated in figure 5.1.  

 

Figure 5.1. The role of Au nanoparticles for H2 production using Au-TiO2 (employing UV100 as TiO2 source) in 

water/methanol mixtures upon visible light illumination. 

The highlights are listed here: 

1. Bare anatase TiO2 can be excited by visible light illumination at around 420 nm. 
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2. Upon visible-light (g 420 nm) illumination, the excited electrons in TiO2 migrate to the 

surface-loaded Au nanoparticles. 

3. Upon illumination above 500 nm, no SPR-induced H2 formation was detected for Au-TiO2, 

employing pure anatase as TiO2 source. 

However, the obtained results are different from those previous published results 

employing commercial P25 or self-made TiO2 annealed at high temperature as TiO2 source. 

Therefore, the extensively used commercial P25 was selected as the TiO2 matrix in the 

following investigation. 

5.1.2 Mechanism of the SPR-Driven Photocatalytic H2 Production of Au-TiO2 (P25)  

Upon visible light illumination (employing a 500 nm cutoff filter), H2 was observed using 

Au-TiO2 (P25) as the photocatalyst. However, UV-Vis spectroscopy and H2 production tests 

clearly showed that bare TiO2 absorbs no light in the wavelength range above 500 nm and no 

H2 can be formed (g 500 nm). It was also excluded that the visible-activity of Au-TiO2 above 

500 nm is caused by the impurities remaining in the catalyst from the synthesis. The observation 

of any H2 and signals of trapped electrons and holes upon illumination above 500 nm can be 

solely attributed to the Au-SPR induced charge carrier formation. 

It has been confirmed that bare P25 cannot be excited by visible light illumination above 

500 nm. EPR and laser flash photolysis both present evidence that Au-TiO2 can be excited by 

light illumination above 500 nm or 532 nm laser beam, which exactly covers the plasmon band 

of Au. In the case, both the signals of trapped electrons and trapped holes were observed. 

However, the energy of the Au-SPR is insufficient to overcome the bandgap of TiO2 and no 

holes can be transferred from the Au nanoparticles to the valence band of TiO2. Therefore, it is 

assumed that the signals of the trapped electrons and holes are originated from two distinct 

processes, rather than the simple electron-hole pair excitation, as illustrated in figure 5.2.  
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Figure 5.2. Proposed mechanisms for H2 production using Au-TiO2 in water/methanol mixtures upon visible 

light illumination (g 420 nm: process I + II; g 500 nm: process II). 

In this case, it is assumed that Au nanoparticles can inject the SPR-induced hot electrons 

into the TiO2 conduction band upon visible light illumination (g 500 nm). Simultaneously, the 

Au-SPR can also initiate electron-hole pair generation in TiO2. However, due to the photons 

energy/ESPR is insufficient to overcome the band gap of TiO2, the SPR-induced electrons directly 

transfer to the surface Au-related species through the interfacial charge transfer process rather 

than via the excited state. The DFT calculation results are in good agreement with the 

experimental data obtained from EPR and laser flash photolysis, which strongly supported the 

proposed mechanism. Moreover, the DFT calculation analysis clearly shows how the d orbitals 

of Au clusters create impurity energy levels and decrease the band gap of Au-TiO2. 

The highlights are listed here: 

1. Au-SPR driven photocatalytic H2 production was observed upon visible light illumination 

(g 500 nm).  

2. Upon illumination above 500 nm, Au-SPR-induced hot electrons can transfer into the 

conduction band of TiO2.  
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3. Au-SPR can initiate electron-hole pair generation in TiO2, however, the initiated electrons 

transfer to the surface Au-related species through the IFCT process rather than via the 

excited state.  

4. The DFT calculation results strongly supported the experimental results and the DFT 

calculation analysis clearly shows how the d orbitals of Au clusters create impurity energy 

levels and decrease the band gap of Au-TiO2. 

It has been proven that Au-TiO2 (P25) exhibits good visible light photocatalytic ability. 

However, for large scale industrial applications, low cost plasmonic metals, such as copper, 

should be investigated aiming at cost-effective photocatalysts. 

5.1.3 Plasmonic Enhancement for Photocatalytic H2 Production by Cu-TiO2 upon Visible 

Light Illumination 

Cu-TiO2 nanocomposites were successfully synthesized by both PD and SIM 

methodologies. The role and impact of Cu nanoparticles and copper oxides in the visible light 

driven photocatalytic H2 production reaction have been revealed.  

It is confirmed that Cu-NPs can be oxidized if the synthesis is carried out in air. This 

oxidation can be partially avoided under inert atmosphere and in this case the expected 

plasmonic band of Cu nanoparticles at 593 nm can be clearly observed. Besides, the peak for 

Cu and copper oxides can be detected in the XRD patterns of the samples prepared in inert 

atmosphere and in air, respectively. Due to the low chemical stability of Cu-NPs towards 

oxidation, not only Cu, but also Cu2+/Cu+ species exist in all the prepared nanocomposites. 

All these synthesized nanocomposites can exhibit visible-light driven hydrogen evolution 

ability from water/methanol mixtures. Although, at the beginning of the photoreaction, negative 

impact of oxidized Cu species on the photocatalytic H2 production ability is observed, the 

presence of copper oxides does not affect the overall hydrogen evolution efficiency 
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substantially. The color change during the photocatalytic reaction process evinced that the 

copper ions (Cu2+/Cu+) are reduced to metallic copper (Cu0), which is further verified by XRD 

analysis. Actually, the new formed Cu0 by the reduction of the existing Cu2+/Cu+ species will 

in turn promote the separation of the photoinduced electrons and holes due to the co-catalyst 

role of Cu and facilitate more electron-hole pair generation under visible light illumination due 

to the Cu-SPR effect. 

Moreover, the apparently distinct H2 production rates achieved in the presence of a 500 

nm cutoff filter and in the presence of a 420 nm cutoff filter evinced that the underlying reaction 

mechanisms in the two cases are not identical. As mentioned above, electrons can be generated 

in bare TiO2 by light illumination at around 420 nm, and in this case, copper nanoparticles act 

as co-catalysts in the electron transfer reaction. Besides, the detected hydrogen evolution upon 

excitation above 500 nm can be solely attributed to the Cu-SPR induced charge carrier 

formation. Therefore, as shown in figure 5.3, the electrons generated by direct visible light 

excitation in TiO2 (process I), together with the Cu-SPR induced electrons (process II), 

cooperatively contribute to the enhanced photocatalytic H2 production ability of Cu-TiO2 

photocatalyst.  
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Figure 5.3 Proposed mechanisms for H2 production using Cu3TiO2 in water/methanol mixtures upon illumination 

at wavelengths above 420 nm (mainly I) and above 500 nm (II) 

The highlights are listed here: 

1. Cu-TiO2 can be potentially used as a cost-saving visible light photocatalyst for H2 production, 

even upon illumination above 500 nm. 

2. Although at the beginning of the photoreaction a negative impact of oxidized Cu species on 

the photocatalytic H2 production ability is obtained, the presence of copper oxides does not 

affect the overall hydrogen evolution efficiency substantially.  

3. Due to the low chemical stability of Cu-NPs towards oxidation, not only Cu, but also 

Cu2+/Cu+ species exist in all the prepared nanocomposites. The existing Cu2+/Cu+ species were 

reduced to Cu0 by the electrons generated from TiO2 upon illumination, which in turn facilitates 

more electron-hole pair generation under visible light irradiation due to the Cu-SPR effect.  

4. Electrons generated by direct visible light (g 420 nm) excitation in TiO2, together with the 

Cu-SPR induced electrons, contribute to the enhanced photocatalytic H2 production ability of 
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Cu-TiO2 photocatalyst. The hydrogen evolution upon excitation above 500 nm can be solely 

attributed to the Cu-SPR induced charge carrier formation.  

5.2 Conclusion 

In the present study, visible light photocatalytic activity of Au-TiO2 (UV100) has been 

observed upon illumination above 420 nm, which is in good agreement with the previous 

reports. However, direct evidences have been presented that pure anatase TiO2 can be directly 

excited by illumination above 420 nm or 420 nm laser beam (most likely due to pre-existing 

defects such as oxygen vacancies), which has long been neglected in the previous literatures. 

Besides, upon illumination above 500 nm, no Au-SPR initiated H2 production or signals of 

trapped electrons/holes can be detected within the detection limit employing pure anatase 

UV100 as TiO2 source, which is also different with the reported studies. Upon visible light 

illumination (g 420 nm), the surface loaded Au nanoparticles only work as cocatalysts in the 

Au-TiO2 (anatase) system. 

In the paper <The Role of Au Loading for Visible-Light Photocatalytic Activity of Au-

TiO2 (UV100)=, the origin of the visible light (g 420 nm) excited charge carriers and the role 

of the surface-loaded Au nanoparticles have been confirmed. 

However, once the UV100 was replaced by the commonly used commercial P25, both the 

Au-SPR induced H2 and signals of trapped electrons and holes have been observed. But the 

observed phenomenon can neither be explained by the Direct Electron Transfer (DET) process 

nor the Resonance Energy Transfer (RET) process. It is assumed that the signals of the trapped 

electrons and holes are originated from two distinct processes, rather than the simple electron-

hole pair excitation. In this case, it is assumed that Au nanoparticles can inject the SPR-induced 

hot electrons into the TiO2 conduction band upon visible light illumination (g 500 nm). 

Simultaneously, the Au-SPR can also initiate electron-hole pair generation in TiO2. The DFT 
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calculation results strongly supported the proposed mechanism. Moreover, for the first time, 

the DFT calculation analysis clearly shows how the d orbitals of Au clusters create impurity 

energy levels and decrease the band gap of Au-TiO2. 

In the paper <Mechanism of the SPR-Driven Photocatalytic H2 Production of Au-TiO2 

(P25)=, the origin and the transferring processes of the SPR-induced charge carriers have been 

investigated. Furthermore, based on the experimental data and the DFT calculation results, a 

new mechanism combining the DET and RET processes have been assumed for the explanation 

of the SPR-driven photocatalytic H2 production of Au-TiO2.  

As known, Au-TiO2 is a good visible-active photocatalyst. For large scale industrial 

applications, copper, as a relatively low cost plasmonic metal, has been studied and Cu-TiO2 

(P25) has been proven to be a cost-effective photocatalysts. The apparently distinct H2 

production rates achieved upon illumination with different spectral ranges (g 420 nm or g 500 

nm) evinced that the underlying reaction mechanisms in the two cases are not identical. It is 

confirmed that the charge carrier formation on Cu-TiO2 photocatalysts consists of two distinct 

pathways: the direct excitation of TiO2 by visible light and the Cu-SPR induced excitation. Both 

pathways are present when the full visible range of the spectrum is used (g 420 nm), while for 

illumination at longer wavelengths (g 500 nm), the photocatalytic activity is solely promoted 

by the Cu-SPR effect.  

In the paper <Plasmonic Enhancement for Photocatalytic H2 Production by Cu-TiO2 upon Visible 

Light Illumination=, the role and impact of the Cu-related species (Cu0, Cu+, Cu2+), as well as the origin 

of the charge carriers have been clearly illustrated. The reaction processes and mechanisms for H2 

production using Cu3TiO2 in water/methanol mixtures upon illumination have been proposed. 
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5.3 Outlook 

Obviously, noble metal loading is an effective method to improve the photocatalytic 

efficiency of TiO2-based photocatalysts. And the SPR effect plays a crucial role in the 

photocatalysis reaction, especially in the visible light driven photocatalytic ability.  

However, the visible light driven photocatalytic reaction of M-TiO2 greatly depends on 

the interaction between noble metal nanoparticles and the TiO2 matrix. As known, the Au-

SPR effect of noble metal nanoparticles deeply relates to their particle sizes. For example, Q. 

Qian found that the reduction potential of the transferred electron can be easily tuned by 

varying Au NP size, which provides a simple way of tailoring their photocatalytic activity [1]. 

Besides, different TiO2 types exhibit distinct particle sizes, crystallinity, surface morphology, 

surface defects, etc. L. Du and the co-workers [2] found that larger TiO2 particles resulted in 

longer charge recombination times because of the longer diffusion length of electrons in TiO2 

particles. Actually, this might have an essential impact on mechanism investigation, as it is 

possible that due to the fast recombination of electrons and holes, no photocatalytic reaction 

can be observed in the experiments. Therefore, both the SPR effect and the respective 

properties of the support materials should be taken into consideration in the following studies 

on the noble metal deposited TiO2 photocatalysts. Besides, as to the direct electron injection 

mechanism, L. Du also found that there were two pathways for the electron injection: one was 

through direct electron-hole generation for shorter excitation wavelength (<500 nm), and the 

other was suggested to relate to enhanced electric field by plasmon (>580 nm). Thus, more 

detailed investigations should be conducted to further reveal the exact mechanism of Au-SPR-

enhanced photocatalysis reaction. 

In the present work, we also revealed the role and impact of Cu nanoparticles and copper 

oxides in the visible light driven photocatalytic H2 production reaction and provided one 

possible reaction mechanism. However, further investigations are required to present an 
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overview on the mechanism of Cu-SPR-driven photocatalytic reaction. Moreover, it is known 

that the photocatalytic efficiency of the most extensively investigated photocatalysts upon UV 

light illumination is as follows: Pt-TiO2 > Au-TiO2>Cu-TiO2. However, it has been proven that 

Cu-TiO2 exhibited comparable H2 production rate in comparison to Au-TiO2 upon visible light 

illumination. As the reaction mechanisms of noble metal deposited TiO2 materials are different 

under the two cases (namely, under UV light illumination and under visible light illumination), 

a better understanding on the photocatalytic reaction mechanism is necessary in further 

investigations exploring a more effective visible light harvesting photocatalysts.  
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