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Abstract 

Taking up the challenge of rising energy and resource consumption, more sustainable solutions are 

needed. Addressing these renewable solutions, photocatalysis and CO2 reduction is one of the 

logical pathways. Copper(I) oxide, the material used in this work, is one of the contesters for this 

task, based on its photocatalytic properties. Combining its intrinsic photoactivity with the plasmonic 

properties of metal nanoparticles, the absorption range for solar light can be extended which leads 

to higher possible efficiencies. Based on the band alignment of the Fermi level of gold and the band 

gap of Cu2O, the mechanism of energy transfer determines the application in which it can be used. 

The constant challenge while using this substrate is the susceptibility towards degradation of the 

material.  

Developing strategies for the functionalisation of both the plasmonic component and the 

semiconductor results in differently structured systems. Changing form nanoparticles towards thin 

films is a huge step towards an applicable system. Yet, a proof of concept for the photo-catalytic 

activity of the pristine and functionalised material could be shown.  

 

Popular scientific summary  

Metals are in general well known and investigated materials. As a bulk material mostly ridged and 

sturdy, unique properties evolve when creating particles of nanometre size (approx. 1000 times 

smaller than a human hair). Especially noble metals evolve plasmonic properties. The plasmonic 

effect is the interaction of the electrons in the metal with the light they are exposed to, where the 

electrons get directed along the orientation of the electromagnetic wave of the light.  

Recent research has shown that this light-material interaction is able to generate high energetic 

electrons, which can be utilised for difficult processes, e.g. the conversion of carbon dioxide to new 

and useful chemicals. In this thesis the development of a metal-semiconductor composition was 

pursued. Therefore, different methods to produce working setups were used and exemplary 

chemical reactions were investigated to prove their functionality. 
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Symbols und Acronyms 


APTES   3-Aminopropyltriethoxysilan 

CB    Conduction Band 

DLS    Dynamic light scattering  

DCM    Dichloromethane  

EM    Electro magnetic 

FRET    Förster Resonance Energy Transfer 

FTO    Fluorine-doped tin oxide  

HC    Hot Carrier 

HE    Hot Electron 

HH    Hot Holes 

LSP    Localised Surface Plasmon 

LSPR    Localised Surface Plasmon Resonance 

MB    Methylene Blue 

MPTES   3-Mercaptopropyltrimethoxysilane 

NP    Nanoparticle 

PIRET    Plasmon Induced Resonance Energy Transport 

RT    Room Temperature  

SB    Schottky Barrier 

SC    Semiconductor  

SDS    Sodium Dodecyl Sulphate 

SEM    Scanning Electron Microscopy  

VB     Valence Band  
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1 Introduction 

The steady increase in consumption of energy, resources and daily life products are growing 

challenges of the 21st century. The resulting high demand of the respective production processes 

and the connected rate of pollution and CO2 emission calls for more sustainable solutions [1]. Taking 

an example from nature and its use of solar energy in photosynthesis, chemical processes should be 

developed towards the utilisation of sunlight. Exploring photochemistry and photo redox catalysis 

can be a way to reduce the dependence on fossil fuels and is therefore an improvement towards a 

more sustainable industry. At present, energy generation from solar power is a mature and widely 

applied technique. The next step is to go from power generation towards artificial photosynthesis or 

photo-redox catalysis. Being able to sustainably generate products from solar energy is a promising 

prospect. Starting in the 1960s, semiconductors (SC) like TiO2 were utilised as photo-catalysts for 

light driven water splitting. By now, materials used in photo-processes are further developed and 

are by now highly sophisticated. Exploring the idea of solar driven catalysis, various materials have 

already been investigated [2–4]. Yet, the commonly used photocatalysts in this area are often based 

on rare earths (e.g. ruthenium and iridium) [5]. Copper (I) oxide (Cu2O), the material used in this 

thesis, exhibits interesting properties as a pure semiconductor e.g. band alignment (see Chapter 1.5). 

Furthermore, its natural abundance coinciding with the low cost, turns this material into a great 

contestant for this challenge [6] . Even though this material shows promising chemical behaviour, 

several challenges regarding stability and activity remain, which need to be resolved.  

 

 

Figure 1  Schematic depiction of the antenna effect of plasmonic nanoparticle (NP) on the resonance wavelength in comparison 

to NP off-resonance. As apparent above, the plasmonic NP (left) attracts the light and therefore has virtual cross 

section with the light which is magnitudes larger than its actual physical size. The illumination off-resonance results 

in an virtual cross section that is about half of the actual size [7]. 

 



-  2  -  

 

One of the major issues of Cu2O is the rather small part of the solar spectrum that can be utilised. 

With an absorption band-edge around 450 nm, only the higher energy fraction of the sunlight can 

be directly utilised. This thesis addresses the implementation of plasmonic particles in the catalyst 

matrix as a possible approach to surpassing this inherent limitation. Besides the additional 

absorption band of the plasmon, its fundamental property to focus the incident light onto the 

nanoparticle (NP) (Figure 1) increases the strength of the interaction between light and matter. 

Resulting in  the possibility of better light harvesting and higher electron generation efficiency [8]. 

Taking all this into consideration, in the following, the occurring mechanisms and benefits of 

plasmons supported materials will be further elucidated.  

 

1.1 Localised Surface Plasmon (LSP) 

The localised surface plasmon (LSP) is the collective charge oscillation of the electron gas in a 

metal nanoparticle. Hence, the conduction band electrons of the metal NP are influenced by the 

incident electric field of the light �⃗� along the respective direction of polarisation �⃗�. Figure 2 

schematically depicts the induced motion in the electric field. This means that the occurring 

oscillations of the electrons within the NP follows the frequency and polarisation of the light and 

thereby concentrates the electric field around its surface [9]. The effect on the electron cloud is 

bound to two conditions, that the system must fulfil:  

- the permittivity (𝜀) of the metal nanoparticle must be negative (𝜀 < 0). 

- the size of the nanoparticle (d) must be much smaller than the wavelength (𝜆) of the incident 

light (dNP<<𝜆). 

Permittivity is a measure for the susceptibility of a material for the influence of an electrical field 

and is based on the polarisation behaviour on the atomic or molecular level. Inducing a dipole in a 

material would lead to a reduction of the original electrical field and therefore requires negative 

values of permittivity [10].  



-  3  -  

 

 

Figure 2  The plasmonic resonance effect in the electrical magnetic (EM) field of the incident light showing the movement of 

the electron gas with respect to the orientation of the EM field [8]. 

 

The second requirement is that the particle size must be much smaller than the wavelength of the 

incident light. Since the electrons in the plasmon have to be able to follow the oscillating electrical 

field, this is of significant importance. If the NPs are too large, the electrons are not able to reach 

the surface boundaries and experience the change of direction midway. In this case the uniformity 

of the oscillation would decrease leading to oscillations with multiple poles (Figure 3).  

 

Figure 3  Formation of dipole behaviour in the nanoparticle A) small nanoparticle forming a uniform dipole B) nanoparticle 

larger than the incident wavelength resulting in multiple poles in the particle [11]. 

 

Fulfilling the conditions of size and permittivity, the electromagnetic wave of the incident light can 

induce the collective oscillation of the electron gas which has its resonance frequency at the 

wavelength of its maximal absorption. At this frequency, the oscillation shows its maximum 

amplitude.  

Yet, the plasmonic system is strongly dependent on the dimensions of the nanoparticles. In addition 

to the basic condition of the collective oscillation, the size and structure determine whether the 

excitation decays by re-emission of photons, which is predominant in larger sized particles (d > 20 

nm). Non-radiative excitation of electrons leading to charges, which is a dominant process in small 
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particles. Those charges are not in a thermal equilibrium with the lattice and have a higher effective 

energy. Therefore, they are referred to as hot carriers [12,13]. 

 

1.2 Hot Carrier Generation  

Mechanisms of hot carrier formation  

For the formation of hot carriers on gold plasmons, four different pathways of charge separation 

(Figure 4) are known. Even though this illustration shows a highly simplified band structure for the 

s- and d-band, it gives a good overview of the pathways and confinement of the different processes. 

Firstly, the formation of a charge pair including phonon scattering in Figure 4 a will get elucidated. 

The resulting states of Energy E2 = E1+h around the Fermi level are too high to be possibly 

provided by a photon or an LSP only. Therefore, the excitation process requires an impurity or a 

phonon (electron-phonon scattering) to result in the generated hot carriers. This impurity is 

necessary to conserve the crystal momentum of the electron and ensure the lateral movement to 

populate the high energy state. The second mechanism (Figure 4 b) is based on electron-electron 

(e-e) scattering, following an Umklapp-mechanism, which results in two low energy electrons in 

respect to the Fermi level of the plasmonic material.  

 

Figure 4  Mechanisms of hot electron generation through absorption of light at the resonance frequency of the plasmon. a) 

Phonon supported carrier formation generating both, hot holes (1) and hot electrons (2). b) Absorption assisted by 

electron-electron scattering (Umklapp-scattering) generating four carriers of low energy c) Surface collision assisted 

transition (Landau damping) generating a pair of hot carriers. d) Direct intra-band transition resulting in a carrier 

close to the Fermi level [14]. 
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Unlike those two pathways, inter-band transition (Figure 4d) is not based on plasmonic behaviour. 

The electrons get directly excited from the d-band to the s-band of the metal. This direct excitation 

does not form hot carriers (HC) as much as it creates electron-hole pairs of low energy. 

The process most apparent in this work will be Landau damping (Figure 4 c) which is predominant 

in nanoparticles. This mechanism is based on the interaction of the collective oscillation with the 

natural boundaries of the NP. This interface bound collision leads to a loss of coherence in the 

plasmon and prior to the formation of hot carriers.  

 

Timeline of Relaxation 

Once the localised surface plasmon resonance (LSPR) is established, the relaxation process of the 

formally coherent oscillation leads to the generation of hot carriers and decays over time. This 

process is on the timescale of up to several nanoseconds and consists of four major steps as depicted 

in Figure 5 [15]. 

Initially, the excitation with light of the wavelength at the LSPR frequency (Figure 5a) occurs. 

Showing the antenna effect of the plasmon at its resonance frequency, the generation of hot carriers 

occurs within the lifetime of the excited plasmon. During the excitation, the electrons of the system 

follow the Fermi-Dirac distribution according to the dominant thermal equilibrium in the lattice TL0. 

This excited plasmon decays in less than100 fs. This indicates that the formally collective oscillation 

of the plasmon starts decaying and creates the separation of electron hole pairs, which are highly 

non-thermalised and do not follow the Fermi-Dirac distribution (Figure 5b). 

Those carriers start to decay through e-e collisions, which leads to the thermal equilibrium following 

the Fermi-Dirac distribution. This results in charges which exhibit a higher effective temperature 

than the surrounding lattice (Te  >>TL0, Figure 5 c). 
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Figure 5  Top row: Relaxation process of the coherent collective charge oscillation after excitation with an electromagnetic 

wave along the resonance frequency. a) Top: Collective charge oscillation after excitation with visible light. 

Bottom: Refraction of light by the induced electrical field leading to focusing onwards the nanoparticle b) Landau 

damping resulting in a population of non-thermal electron-hole pairs, with energies in the range of 𝐸 + ℎ 𝜈 to 

𝐸 − ℎ 𝜈 c) e-e scattering leading to Fermi-Dirac distributed hot carriers d) thermalisation of hot carriers into the 

crystal lattice [15].  

 

In the final stage, the created carriers will undergo thermal relaxation through electron-phonon 

scattering, which causes thermal dissipation of the energy into the lattice of the metal and its 

surrounding environment (Figure 5 d). 

 

1.3 Hot-Electron Injection 

To avoid the energy-dissipation via thermalisation and make use of the generated hot carriers, the 

electrons can be injected into an adjacent semiconductor. This injection can be done by either the 

indirect (three-step) electron injection or direct hot carrier formation in the semiconductor. For the 

indirect injection (see section 1.2) the generated hot electrons occur with an energy of EF +ℎ𝜈. This 

excess energy is necessary to surpass the Schottky-barrier (SB), which occurs at metal-

semiconductor heterojunctions [12]. 

The energy, which the hot carriers need to be transferred into the semiconductor, and overcome the 

height of the energy barrier 𝛷  was estimated by the Schottky-Mott equation: 

𝛷 = 𝛷 − 𝜒  

where 𝛷  is the work function of the metal nano particle and 𝜒  represents the electron affinity of 

the semiconductor [12]. 
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Figure 6  Schematic depiction of the Schottky-barrier and the different energies necessary to overcome the barrier or to be high 

enough in energy to be able to tunnel through [13] - Published by The Royal Society of Chemistry. 

 

Shown in Figure 6, the HE generated by Landau damping are potentially able to inject into the 

adjacent SC. While low energy electrons are not able to transfer into the SC, the more energetic, hot 

electrons can be injected, either by tunnelling through, or by overcoming the barrier 𝛷  [16,17]. 

Remaining in the SC, the slope of the conduction band forces the electrons away from the metal and 

the hot hole, ensuring the separation of charge while sustaining the carriers at high energy. This 

stabilisation process increases the lifetime of HE into a timescale which enables their utilisation in 

chemical reaction (µs-s) as well as energy generating applications [12,18]. 

However, the second mechanism, the direct injection (based on Chemical interface damping), 

avoids the limitation of the Schottky barrier[19]. Here, the excited plasmon relaxes and scatters 

directly to an interfacial state of the SC, reducing the intrinsic loss by capturing the energy in the 

timescale of several femtoseconds. This allows to extract the energy of the plasmon without the 

necessary multi-step hot carrier formation and is consequently injecting electrons directly into the 

conduction band of the SC at a higher rate [20,21].  

Regarding the efficiency, the difference in the mechanisms between the injection pathways leads to 

a significant difference in injection efficiency. As mentioned before, to achieve injection into the 

SC, the HE needs to have a certain required intrinsic energy. Since e-e scattering occurs within the 

time domain of the injection, the relaxation of the hot electrons is already taking place, reducing the 

total amount of HE which get injected to approximately 24-40 % [9,22].  

Either of the aforementioned pathways is an interface confined transfer-process. The HC formation 

in this thesis is dominated by the Landau damping, since this process occurs especially in small 
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sized NPs. Hence, the process is confined to the surface of the nanoparticles and generates HE 

directly on the metal-semiconductor interface where they can get injected right away. Yet, the other 

mechanisms of dephasing and HC formation (Chapter 1.2) are still possible to occur and contribute 

to the overall efficiency. Those, however, occur in the material rather than on the surface. Hence, 

reducing the distance which the carrier needs to diffuse to the surface shortens the time in which 

they can lose energy before getting transferred into the SC. This has consequently a positive 

influence on the injection rate of those charges[23]. 

 

1.4 Plasmon Induced Resonance Energy Transport (PIRET) 

Besides the described mechanisms of hot carrier transfer into the semiconductor in Chapter 1.3, an 

additional mechanism of energy transfer is known to occur [24]. The plasmon induced resonance 

energy transport (PIRET) mechanism is based on a similar mechanistic idea as the fluorescence 

dependent process known as Förster Resonance Energy Transfer (FRET). Like the FRET process, 

the energy process is of  non-radiative nature with the main difference being that the plasmonic 

resonance mediates the energy transfer [25]. 

 

 

Figure 7  Left: Comparison of the energetical differences between PIRET and FRET based on wavelength shift, leading to the 

conclusion that PIRET has the capability of showing a blue shift. Meanwhile, FRET is connected to a decrease in 

energy with the inherent red shift. Right: The comparison in regards of the direction of energy transfer apparent in 

the interaction of gold plasmons and Cu2O semiconductor [24]. 

 

As Figure 7 shows, the overlap integrals of the donor (plasmon) and the acceptor (semiconductor) 

is blue shifted. Hence, this mechanism results in an energy upconverting energy transfer. Unlike the 

earlier mentioned charge generation processes, this process does not inject or generate single carriers 

in the semiconductor. The transfer of energy into the adjacent SC forms electron-hole pairs in the 
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material through relaxation of the surface plasmons resonance. This mechanistical difference, the 

coupling of the electromagnetic (EM) field with the SC, rather than direct injection of carriers or 

tunnelling, explains the rather low distance dependence. This leads to an energy transfer that can 

create electron-hole pairs even through insulating spacers of several nm thickness [26]. 

 

1.5 The Catalytic System 

After the injection of the hot electrons into the semiconductor, the charges can diffuse within the 

material and will eventually be trapped at the active sites at the surface of the SC. The electrons 

situated there are available for chemical reactions. Though, it needs to be considered, that the 

injected carriers always have a certain probability to recombine with the hole left in the metal NP. 

This results in usually stated efficiencies of approximately 1 % of the initial energy conversion 

efficiency [27]. 

 

Figure 8  Schematic depiction of the band alignment considering Cu2O the Fermi level of gold and TiO2 [28]. 

 

Looking at the theoretical band alignment of the SC and plasmon (Figure 8), the Fermi level of gold 

is visibly situated roughly in the middle of the Cu2O band gap. Combining this with the plasmonic 

effect, which can generate carriers with E =  𝐸 ± ℎ 𝜈 it should be possible to attune the system 

toward injection of either carrier type. In other words, the system has the potential to inject and 

utilise both holes and electrons. Keeping this option in mind, the material could potentially have a 

tremendous scope of applications since it could be used for both oxidation as well as reduction 
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reactions. 

2 Research Goal  

The aim of this thesis is the development of a plasmonic supported photocatalytic system. The 

utilised copper(I) oxide substrate, coupled with plasmons, has the capability to harness both, 

reduction and oxidation reactions. This capability, resulting from the band alignment (Figure 8) 

leads to a wide range of applications. To achieve such a system, the development pursued in this 

thesis can be divided in three major steps. 

Step 1 

The development of a suitable and stable Cu2O substrate. This includes the functionalisation of the 

SC substrate and its optimisation with respect to stability issues, starting from a known procedure 

for nano cube synthesis.  

Step 2 

Since the main application will be in photo-redox catalysis, the photoactivity of the substrate as 

prepared and the coupling of the plasmonic supported samples need to be investigated. To elucidate 

the mechanistical processes, the degradation reaction of methylene blue using the obtained 

substrates was utilised.  

Step 3 

Depending on whether hot carrier injection or PIRET occurs, the exploration of chemical reactions 

will lean towards different reaction types (e.g. charge neutral or single charge reactions).  
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3 Methods and Materials 

Table 1  Used Devices  

Manufacturer  Device name Use  

Metrohm Autolab PHSTAT302N Electrodeposition  

Metrohm Autolab PGSTAT204 AC-Impedance 

Ocean optics  DH- 2000- BAL / Flame UV-Vis spectroscopy 

Zeiss Merlin SEM SEM images 

Malvern  Nano – S Particle size measurements 

Siemens  D 5000 X-ray diffraction measurements 

Ossila UV Ozon Cleaner Sample preparation 

Fisher brand Analytic Series Scale 

Thermo Scientific  Heraus pico 21 Centrifuge  

Thermo Scientific  Thermolyne Furnace for Annealing  

Unisonix  Proclean 10.0 M – eco Sonication Bath 

Ulvac-Phi Quantera II XPS measurement 

Mettler Toledo FiveGo pH-Meter 

 

Table 2  Used Chemicals 

Chemical Formula Name Cas -Nr.  Purity Manufacturer 

CuSO4∙5H2O 
Copper(II)sulphate 

pentahydrate  
7758 99 8 ≥ 98,0 % Sigma Aldrich 

Na3C6H5O7 Trisodium citrate 6132-04-3 ≥ 99.0 % Sigma-Aldrich 

NaOH Sodium hydroxide 1310-73-2  technical grade VWR 

H2SO4 Sulphuric Acid 7664-93-9 for analysis Merck 

HNO3 Nitric Acid 7697-37-2 for analysis Merck 

C3H7OH 2-propanol  67-63-0 Technical grade VWR 

C76H52O46 Tannic Acid  1401-55-4 for analysis Sigma Aldrich 
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HAuCl4∙3H2O 
Tetrachloroauric(III) 

acid trihydrate 
16961-25-4 ≥49.0% (Au) Fisher Chemical 

NaC6H7O6 Sodium ascorbate 134-03-2 ≥ 99.0 % Sigma Aldrich 

NaC12H25SO4 SDS 151-21-3  Sigma Aldrich 

C16H18ClN3S Methylene Blue 61-73-4 For spectroscopy G. T. GURR 

[CH3(CH2)7]4NBr 
Tetraoctylammonium 

bromide 
14866-33-2 98% Sigma-Aldrich 

HS(CH2)3Si(OC2H5)3 
(3-Mercaptopropyl) 

triethoxysilane 
14814-09-6 ≥ 80% Sigma-Aldrich 

H2N(CH2)3Si(OC2H5)3 
(3-Aminopropyl) 
triethoxysilane 

919-30-2 99% Sigma-Aldrich 

C2Cl2H2 Dichloromethane 75-09-2 For synthesis Merck 

C6H5CH3 Toluene 108-88-3 For spectroscopy  Merck 

CH3COOC2H5 Ethyl acetate 141-78-6 For spectroscopy  Sigma-Aldrich 

 

3.1 Sample preparation  

This section addresses the preparation of different samples for the investigation of energy transfer 

mechanism and the photocatalytic efficiency catalytic efficiency of the Cu2O. 

 

3.1.1 Nanoparticle Synthesis 

Synthesis gold NP 

The synthesis of the gold nano particles followed the Turkevisch method including minor changes 

resulting in the following procedure [29]. 

For the reaction, 50 ml of trisodium citrate solution (Na3C6H5O7; c = 6.6 mM) was heated to 70°C 

under constant stirring. Once at constant temperature 0.1 ml of a tannic acid solution (C76H52O46; 

c = 2.5 mM) was added, followed by immediate addition of 1 ml chloroauric acid (HAuCl4∙3H2O; 

c = 25 mM). After the addition of the chloroauric acid, the solution turned dark blue which shifted 

to a red colour within the next minutes. The obtained solution was stirred and slowly cooled down 

to room temperature (RT) and was afterwards placed in the refrigerator to rest for 24 hours to ensure 

a completed reaction. 
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Synthesis Cu2O NP 

The preparation of the Cu2O nano-cubes was conducted as suggested by Ref. [30]. This process was 

conducted at room temperature. Sodium dodecyl sulphate (SDS) was added to ultrapure water to a 

final concentration of c = 0.015 M. The mix was stirred for 10 minutes. Subsequently, 100 µL of 

CuSO4 solution (c = 0.1M) was added under continuous stirring. After 5 minutes 40 µL of 1 M 

NaOH solution was added. After 30 s of stirring, 1.7 mL of the reduction agent sodium ascorbate (c 

= 0.2 M) was added and additionally 5 minutes stirred. Finally, the mixture was left to age for 15 

minutes without stirring.  

Once the aging process was finished, the suspension was centrifuged at 14.8 g for 20 minutes. The 

supernatant was decanted and the precipitate washed three times with a 1:1 mixture of ethanol and 

water. The final resuspension for storage was done in ethanol.  

 

Aqueous functionalisation of the gold nano particles 

The prepared gold suspension (5 mL) was put into a 25 mL round bottom flask. Under constant 

vigorous stirring, diluted 3-aminopropyltriethoxysilan (APTES) solutions were added, resulting in 

final concentrations of 0.5-3 mM APTES. The solutions were kept stirring for 10 min before further 

use.  

 

Phase transfer functionalisation 

The prepared gold suspension (5 mL) was put into a 25 mL round bottom flask. Afterwards 5 mL 

of the respective organic solvent (dichloromethane, toluene, or ethyl acetate) containing 

tetraoctylammonium bromide (c = 5 mM) and 3-mercaptopropyltrimethoxysilane (MPTES) (c = 

0.2 mM) was added. Under vigorous stirring, the solution was brought to 40 °C and kept at the 

elevated temperature for 15 min. Afterwards the solution was cooled down to room temperature and 

the organic phase was removed. The gold containing, organic layer was then subsequently used for 

further functionalisation. This method was adapted from Ref. [31]. 

 

3.1.2 Glass Samples  

Glass samples were prepared on Fluorine-doped Tin oxide Glass (FTO). Before sample preparation, 

the glass was cleaned following the basic procedure of 30 min sonication in a 2% detergent solution 
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(Hellmanex® III, Hellma Analytics) in ultrapure water (MilliQ water). To get rid of excess 

detergent, the samples were cleaned with MilliQ water and additionally sonicated for 20 min in 

ultrapure water. The final step was 15 min of sonication in iso-propanol and drying in argon gas.  

 

Fixation of gold-NP 

For the attachment of the gold-NP, an acidic based method was used. First, the clean glass undergoes 

a 15 min treatment of UV-Ozon (Ossila, UV Ozon Cleaner). Subsequently, the gold suspension was 

mixed with 0.1 M HNO3 in a ratio of 5 µL nitric acid for each 100 µL gold suspension. The prepared 

glass was then immersed in the solution over-night. When the immersion was finished, the samples 

were dried in argon and annealed at 450 °C for 30 min.   

 

Electrodeposition  

The Cu2O-samples are produced via chemical electrodeposition based on a variation of the 

procedure suggested by Ref. [32]. For the deposition (Metrohm, Autolab PHSTAT302N), a solution 

containing 50 mM CuSO4 and 25 mM trisodium citrate was prepared. For the synthesis, the impact 

of two main parameters were investigated: the influence of the pH as well as the deposition potential. 

Hence, the solutions were adjusted to pH values between pH 7 – 10, using 1 M NaOH solution. 

Thus it was ensured that the solution stays transparent and does not form any precipitation which 

would indicate the formation of Cu(OH)2. Furthermore, the deposition was conducted at different 

potentials between E = - 0.45 V and - 0.35 V vs Ag/AgCl. A three-electrode setup was used to 

achieve the homogenous semiconductor films, using FTO or FTO/Au-NP films as working 

electrode, Ag/AgCl (3.5 M) as reference electrode and a film of FTO modified with Platinum-NP 

as counter electrode. To have similar samples, the deposition area was fixed to 3 cm². For the 

deposition on samples with Au-NP on FTO, the deposition potential was reduced to E = - 0.18 V vs 

Ag/AgCl to achieve films of reasonable quality.  

 

3.2 Sample Characterisation  

For the characterisation of the different samples several techniques were. The following section 

describes the measurements that have been done for sample characterisation.  
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XRD 

The crystallographic analysis (Siemens D5000) was conducted using a Grazing Incidence X-ray 

Diffraction (GIXRD) technique by scanning in a range of 2= 20-80 ° using a step of 0.02 degrees 

and an acquisition time of 4 s/step. 

 

UV/Vis 

The UV/Vis measurements were conducted using a fibre-optics spectrometer (Ocean optics, 

DH 2000- BAL / Flame). The respective sample (thin films or cuvette) was placed into the sample 

holder. After closing the lid, the respective spectrum was acquired in a range of  = 300 nm – 

800 nm  

 

Mott-Schottky analysis 

For the Mott-Schottky analysis, an AC-impedance measurement (using a Metrohm, Autolab 

PGSTAT204) was conducted. The measurement was performed in acetonitrile and TBA-PF6 (c = 0.1 

M) as supporting electrolyte to ensure an inert and stable sample. Furthermore, the electrolyte was 

degassed with argon. The respective samples were measured in a potential range of E = - 0.3 V to 

0.2 V vs Ag/AgNO3 reference electrode, with an amplitude of E = 10 mV in a frequency range of 

fHz.  

Transforming the raw data into a Mott-Schottky plot was done using equation (1) based on ref. [33] 

𝐶 = (−2𝜋𝑓𝑍 )              (1) 

with CSC as the depletion layer capacitance, f the frequency of the applied alternating current and 

the imaginary part of the impedance Z”  

Dynamic Light Scattering 

The sample was prepared to have an absorbance of approximately 0.5. When measuring the size 

distribution (Malvern, Nano-S) one had to take care, to adjust all settings for the right material and 

solvent, to acquire the right size distribution.  

 

Scanning Electron Microscopy (SEM) 

The SEM images were prepared by a member of the Physical Chemistry department sampling a top-

down image (Zeiss Merlin, SEM) 



-  1 6  -  

 

X-ray photoelectron spectroscopy 

XPS experiments were conducted by a member of the Physical Chemistry department using a Ulvac-

Phi Quantera II instrument with monochromatic Al Kα radiation.  

 

3.3 Catalytic Reactions  

Investigating the catalytic activity of the plasmon supported substrate, the photooxidation 

(bleaching) of methylene blue (MB) was used. The degradation was followed via UV/Vis 

spectrometry (Ocean optics, DH- 2000- BAL / Flame). Therefore, an aqueous solution of MB (w = 

10 mg/L; c = 3∙10-5 mol/L) was measured in the dark for 10 minutes, while having the substrate 

films in the solution. After the equilibration, the illumination with lasers of various wavelengths ( 

= 445 nm;  = 532;  = 650 nm) was started. The sample was kept in light for 1 hour. The procedure 

was used for plain FTO-Cu2O films, FTO-Au-Cu2O and FTO-Cu2O-Au (MPTES functionalised) 

samples. Furthermore, as control experiments, the solutions were illuminated without any substrate.  

 

4 Result and Discussion 

This section covers the procedures and discusses the result of the development starting with the 

sample functionalisation, and characterisation of Cu2O based substrates as well as the efficiency of 

the prepared sample towards the utilisation for chemical reactions. 

4.1 Using Nanoparticles 

The used Cu2O-NPs were synthesised according to [30], resulting in a yellow solution of 

nanoparticles. 

The characterisation of the prepared NP was done via UV-Vis spectroscopy and DLS 

measurements.  

In Figure 9 it is seen that the nanoparticles show a clear band edge at  = 455 nm. The analysis of 

the UV/Vis spectrum with respect to the band gap is done by plotting (hv)2 against (hv) followed 

by extrapolation of the linear part of the spectrum towards the x-axis. The direct bandgap can be 

obtained based on eq. (2) [34]: 

𝛼ℎ𝑣 = 𝐶 ℎ𝑣 − 𝐸
.  

          (2)   
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with as the molar absorption coefficient the photon energy hv, C as a constant and Eg as the direct 

band gap energy. The obtained Tauc-plot of the SC cubes results in a direct band gap of 

E = 2.41 eV.  

a) b) 

Figure 9  a) Absorption spectrum of the as synthesised Cu2O nano-cubes in Ethanol b) Tauc plot for the band gap determination 

of the Cu2O NP. 

 

Looking at the respective size distributions, Figure 11 shows the size distribution for Cu2O with its 

mean around d = 100 nm, which differs significantly from the originally stated d = 16 nm [30]. This 

difference in size might be due to differences in the stirring as well as slightly different chemical 

qualities. Yet, the resulting nanoparticles showed high reproducibility, which leads to the conclusion 

that the synthesis is suitable. 

The Au plasmonic particles exhibit a high level of reproducibility in absorption behaviour, showing 

a resonance frequency around  = 525 nm and a dominant inter-band contribution before  = 450 nm 

(Figure 10).  
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Figure 10  UV/Vis-absorption spectrum of the gold-NP suspension showing its resonance frequency around 530 nm. 

 

Furthermore, the colloidal gold shows a distribution with its main fraction around d = 10 nm (Figure 

11). With such good homogeneity and consistency in size, those particles were used for further 

investigation.  

 

 

Figure 11  Size distribution of Cu2O (blue) and the used Au-NP (red). 

4.1.1 Functionalisation of Gold  

Since the functionalisation of the Cu2O substrate was the first key objective, several approaches 

were considered to bind the plasmonic gold to the prepared Cu2O-NP. The main strategy to attach 

the Au-NPs to the semiconductor was to apply the organic linkers (Figure 12) APTES and MPTES. 
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The amin- and thiol-functionalities are able to attach to the gold, while the organ silanes are 

unperturbed in this step. Subsequently, the silane undergoes a condensation reaction at the metal 

oxide and thereby forms covalent bonds to the Cu2O. Yet, the amine and thiol groups of the linkers 

interact with the SC as well. By developing a procedure to functionalise the Au-NP first and add the 

already functionalised suspension to the SC, unwanted interactions between Cu2O and the 

amin/thiol were prevented.   

Si
O

O

O

NH2

CH3

CH3

CH3

 

SiO

O

O

SH

CH3

CH3

CH3

 

Figure 12  The linkers used for the functionalisation process; 3-aminopropyltriethoxysilan (left) and 

3-meraptopropyltrimethoxysilane (right). 

 

Aqueous functionalisation 

As the first step towards this functionalisation method, the threshold concentration for APTES was 

determined. This was supposed to be the maximum concentration at which the colloidal metal stays 

stable for a sufficiently long time, at least 30 minutes, to be further processed. This compromise 

allows a high surface coverage to be obtained and yet ensures enough time for further processing of 

the colloidal gold solution. For the investigation, APTES concentrations of c = 0.5 mM – 3 mM 

were considered. 

As can be seen in Figure 13, the stability of the colloidal gold decreases with the increase of 

functionalisation agent in the solution. This is seen by the shift of the plasmonic resonance towards 

higher wavelengths (Figure 13 d). Since the capping agent (citrate) is loosely attached to the surface 

of the gold, it is exchanged for the APTES. This perturbation in the citrate shell of the NP will 

decrease its stability and eventually destroy its colloidal property. Hence, the final chosen 

concentration of APTES has to be low enough to achieve a stable solution with a reasonable 

functionalisation ratio. As shown in Figure 13, the shift of the plasmonic resonance becomes 

strongly apparent at a concentration of 3 mM APTES. This change in the LSPR can be explained 
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by the formation of aggregates. Concentrations below c = 2 mM show a nearly unperturbed 

absorption peak after 30 minutes of incubation. This leads to the conclusion, that the surface 

coverage is at its threshold. Consequently, the solution containing 2 mM APTES is seemingly the 

ideal compromise for this functionalisation.  

 

 

a 

 

b 

 

c 

 

d 

 

Figure 13  Absorption spectra of gold solutions containing different concentrations of APTES at 0 and 30 min after adding the 

functionalisation agent. a) 0.5 mM, b) 1 mM, c) 2 mM d) 3 mM.  

 

Phase-transfer functionalisation 

The aim of the phase-transfer reaction was to achieve stable gold nanoparticles in organic solvents, 

especially in solvents, which are not miscible with water. Therefore, the MPTES agent was 

supposed to exchange with the original capping agent (citrate). The obtained suspension can then 

be used to functionalise aqueous SC nanoparticles in a controlled way or potentially transfer small 

SC particles into organic solvent.  
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The low solubility of MPTES (Figure 12) in water made this the choice for an approach in organic 

media. The initial procedure for the phase transfer was presented in  [31], which was used with 

adjustments regarding the used solvents. For this procedure, the acquired value of c = 2 mM for the 

aqueous functionalisation was used as a fixed concentration of MPTES. 

   a 1 b 1 c 1        a 2     b 2 c 2 

Figure 14  Gold suspension before (a-c 1) and after functionalisation (a-c 2) with MPTES in different organic solvents 

a) Toluene, b) Ethyl acetate, c) Dichloromethane (DCM).  

 

Figure 14 shows the different qualities regarding the phase-transfer. Using Toluene as the solvent 

shows the accumulation of gold nanoparticles in both, the organic and the aqueous phase with a 

tendency for aggregation at the water-toluene interface. The accumulation of gold at the interface 

was the result of insufficient surface coverage. This leads to the conclusion that the functionalisation 

of the NPs occurred at a too low concentration to guarantee a quantitative transfer of the gold into 

the non-polar solvent. However, increasing the functionalisation agent showed a decrease in the 

gold stability and leads to a fast aggregation of the gold nanoparticles. 

Ethyl acetate as the solvent was shown to be not suitable for this type of reaction. As apparent in 

Figure 14, the suspension changed colour towards a more purple shade, which was the result of 

nanoparticle aggregation. Considering, the inherent change of the plasmonic properties, the 

utilisation of ethyl acetate can be excluded.  

In the case of dichloromethane as solvent (Figure 14 c) the transfer works in an optimal way. Unlike 

the previous reactions, the functionalisation was sufficient, and the transfer was quantitative. 

Furthermore, no indication of aggregation can be seen, and the resulting organic layer was of a dark 

red colour similar to the precursor solutions.  
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4.1.2 Grafting of the Cu2O NP 

The previously functionalised Au-NPs were attached to the Cu2O NPs. This process was either 

aqueous based (APTES functionalisation) or in a mix of organic solvents in the case of MPTES. 

Regardless of the utilised gold solution, the resulting particles showed a strong aggregation 

behaviour, which resulted in a significant increase of the particle size distribution over a short period 

of time. The DLS measurement (Figure 15) of this suspension illustrates a strong increase in particle 

size over the course of the added-up measurement time of t = 60 s. The case of the t = 40 s, a 

contribution around d = 5000 nm appears, which can be explained by an impurity in the 

measurement (e.g. dust).  

 

 

Figure 15  Size distribution of gold MPTES functionalised Cu2O NP over the course of one minute. 

 

Furthermore, the functionalised particles formed a solid pellet during centrifugation and could not 

be re-suspended. This gives rise to the hypothesis, that the silane groups were not fully bound to the 

surface of the SC. As a consequence, the remaining OH groups can react in a condensation reaction 

forming bonds with other silanes or Cu2O NPs. Hence, the utilisation of the resulting samples for 

catalytic processes is not reasonable. 

4.1.3 Summary 

Considering the earlier explained lack of stability and the difficulties within the NP solutions of 

Cu2O, the decision was made to abandon colloidal solutions and move on with thin film substrates.  
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Despite the significantly lower surface area, which will be a disadvantage for the long-term goal of 

utilising the modified substrate for photocatalytic reactions, the easier processability outweighs this 

issue in the current stage of the project. 

4.2 Using Thin Films  

For the preparation of thin films, electrochemical deposition was utilised. The usage of a FTO based 

substrate needed some development to meet the structural properties of the Cu2O nanocubes 

regarding particle size and crystallinity. The change towards thin film chemistry enables flexibility 

in terms of the material. According to literature, the environment during the electrodeposition allows 

to control whether one acquires  n-type or p-type semiconductors [35]. 

4.2.1 Thin Film Optimisation  

The main objective of this optimisation process was to adjust the deposition recipe to mimic the 

cubic structure of the Cu2O NPs and have access to both p- and n-type Cu2O. This optimisation was 

controlled by using UV-Vis absorption as an indication and a selection of the samples for SEM 

visualisation. 

 

 

Figure 16  Absorption spectra of the deposited Cu2O films at a deposition potential of E = 0.4 V vs. Ag/AgCl. 

 

The optimisation process can be characterised by three parameters, which were investigated, starting 

with the influence of the pH-value of the precursor solution. Considering the absorption spectra in 
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Figure 16 the films quality increases at higher pH-values. This is due to the weakening of the 

absorption contribution around  = 680 nm, which is potentially related to the reduction of copper 

ions to elemental copper.   

Too high pH, however, results in an unclear band edge as apparent in the absorption spectrum at 

pH = 10.1. This is displayed in a shoulder in the absorption curve after the band edge. 

Proceeding with the film achieved at pH 9.5, the influence of the potential was investigated. As 

shown in Figure 17, raising the potential to more positive potentials (E > - 0.4 V vs Ag/AgCl) 

resulted in a significantly improved band edge. This showed a slight red shift towards  = 459 nm, 

which is a resulting change of  = 6 nm.  

 

 

Figure 17  Absorption spectra of Cu2O films deposited at different potentials. Potentials values are vs. Ag/AgCl reference. 

 

Furthermore, the more negative potentials show the earlier mentioned contribution to the absorption 

around  = 680 nm. This could be explained by the reduction of copper ions to elemental copper. In 

summary, the deposition at less negative potentials results in more favourable and cleaner samples 

with a dominant and clear band edge. 

Looking at the band gaps of the resulting Cu2O species, it is visible that the band gap does not 

significantly change with the change in potential (Table 3). 
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Table 3  Band gap energies for the different deposition potentials.  

Deposition potential / V - 0.45 - 0.425 - 0.40 - 0.375 - 0.35 

Band gap / eV 2.48 2.47 2.48 2.45 2.46 

In the final step, the influence of the deposition time on the Cu2O films was investigated. As can be 

seen in Figure 18 with increasing time, the band edge becomes more dominant, which is related to 

the increasing intensity and particle growth. 

 

Figure 18  Absorption spectra of Cu2O films with different deposition times at pH = 9.5 and deposition potential of E = 0,35 V. 

 

This might be due to a more crystalline phase or could simply be explained by larger particle sizes, 

which would mean larger shapes on the surface of the FTO. 

The resulting films do not show an increase of the band edge with increasing deposition times (Table 

4) which is different from earlier results [32],. More likely, the change of the bandgap is due to 

measurement errors.  

 

Table 4  Dependence of the band gap with respect to the deposition time. 

Deposition time /min 10 15 20  

Band gap / eV 2.46 2.46 2.48 
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To characterise the obtained samples with respect to quality, the layer thickness, XRD patterns as 

well as SEM images were measured. Furthermore, AC-impedance measurements were used 

determine the semiconductor type. 

The first step of the sample characterisation was the determination of the layer thickness for the 

different deposition times of the final method (Table 5). 

Table 5  Deposition times and the resulting layer thickness of the SC thin layers at pH 9.5. 

Deposition time / min 10 min 15 min 20 min 

Layer thickness / nm 20 30 50 

 

Due to the short deposition time, the acquired layers are in the range of a few tens of nm. Producing 

the layers on a short period of time was preferable, since the homogeneity and sample quality was 

less consistent for an increasing process time.  

Figure 19 visualises the high homogeneity and cubic structure of the obtained Cu2O thin films. 

Taking a closer look, one can see, that the film deposited layer does not show a full coverage of the 

FTO surface as one can the FTO-structure between the nano-cubes. 

  

Figure 19  SEM image of the Cu2O substrate after 15 min of deposition time in two different magnifications. 

 

The crystallographic investigation of the thin films (see Figure 20), shows the corresponding 

diffraction pattern of pure cubic Cu2O phase with crystalline planes along the (110), (111), (200), 

(311) axis. This leads to the conclusion that the final procedure is suitable for the synthesis of pure 

SC material without the necessity for any pre- or post-treatment. 
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Figure 20  XRD pattern of the electrodeposited Cu2O-films deposited at pH 7, pH 10 and the pattern of FTO as reference. 

Identification based on [36]. 

 

Conducting AC-impedance measurements and performing a Mott-Schottky analysis [32,37] of the 

acquired data. This measurement is investigating the SC/electrolyte interface and can be used to 

determine the nature of the deposited semiconductor. The resulting plot thus gives an indication 

whether it is a p-type or an n-type semiconductor. 

Figure 21  Mott-Schottky plot of the electrodeposited Cu2O films at a) pH 7 and b) pH 10. Analysis made at 1 kHz for both 

samples. Potential measured vs. Ag/AgCl 

 

b) a) 
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As shown in Figure 21 the negative slopes of the films in both cases, pH 10 and pH 7, indicate a p-

type conductivity of the material. Accordingly, the previously mentioned [35] claim of n-type Cu2O 

resulting of low pH deposition cannot be supported for this particular deposition system.  

4.3 Sample Functionalisation  

To achieve the injection of hot carriers into the semiconductor, the prepared thin films were 

functionalised with the plasmonic Au-particles. To fixate the gold onto the Cu2O the gold considered 

strategy was to prepare the gold beneath the Cu2O. 

4.3.1 Gold covering by Cu2O 

To surpass the stability issues of the Cu2O layer during the functionalisation in the gold suspension 

(Appendix: Figure 26), a process to set up an inverted active layer was developed. The method 

described to prepare the samples surpassed the issue of degradation and was therefore considered 

for further investigation. 

 

 
Figure 22  Schematic illustration of the composition of the thin films with imbedded gold. 

 

When imbedding the NP in the semiconductor, the influence of the dielectric media on the 

plasmonic resonance becomes apparent. The surface of the gold nanoparticles is most likely covered 

with a monolayer of H2O molecules due to the humidity in the air. Considering the dielectric 

constants of H2O (r ≈ 78 [38]) and Cu2O (r =7.5 [39]) the deposition has a large influence on the 

dielectric environment of the plasmon [40].  

Figure 23 depicts the change of plasmon absorption with the deposition of Cu2O and shows the 

reversibility of the plasmonic resonance shift. The gold covered in Cu2O leads to an absorption shift 

of the resonance towards 680 nm (orange). Different than in the sample development, the absorption 

around  = 680 nm contribution is due to the interaction between the Cu2O and the plasmon rather 

than the deposition of elemental copper according to literature [41,42].  

After etching the Cu2O with ammonia solution the resonance recovers and shifts back to 550 nm 

(grey). The difference in absorbance of pristine FTO/Au-film and the sample after the recovery of 
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the resonance can be explain either by simple loss of gold, that probably fell off during the process 

or a slight inhomogeneity of the gold coverage.  

 

 

Figure 23  a) UV/Vis of the Au covered in Cu2O (orange; primary axis), attached nanoparticles (blue; secondary axis) after 

etching with ammonia solution (grey; secondary axis) b) partly covered FTO/Au-NP/Cu2O film showing both, the 

absorption of the gold resonance before and after the shift.  

 

Taking the complementary XPS data into account (Appendix: Figure 25), it becomes apparent, that 

the shift above is due to the total coverage of the plasmonic particles and the resulting change of 

dielectric media. The measurement with the Cu2O covered plasmon shows no evidence for the gold. 

Yet when etching the SC with ammonia solution, the Au 4f duplet can be seen [43]. Considering 

the penetration depth of approximately 10 nm [44] for XPS measurements and the layer thickness 

of d = 30-50 nm, an ideal coverage of the plasmon can be concluded.  

 

4.4 Photo-oxidation of Methylene Blue 

For decerning the photo-catalytic activity of the Cu2O thin films, the photo-oxidation (bleaching) of 

methylene blue (MB) was chosen. Since part of the investigation is whether the plasmonic 

component of the samples has impact on the reactivity, the excitation of the reaction was conducted 

with lasers at  = 445 nm,  = 532 nm,  = 650 nm. The measurement was conducted for 60 min 

with substrates of thin films composed of Cu2O only and Au covered by Cu2O tracking the decrease 
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in absorbance at  = 654 nm. For better comparability, the data of the respective experiments were 

normalised, by division with the initial absorbance.  

Considering the illumination at 445 nm (Figure 24 a) one can see a significant decrease in the 

concentration of MB for the plain Cu2O substrate. Resulting in a decrease of 4 % during 60 min. In 

the case of the control experiment, as well as for the plasmon supported Cu2O film, the absorbance 

decreases by 1 %. The slightly positive slope can be explained by thermal effects of the laser on the 

solution and a drift in the detection.  

a) 

 

b) 

 

c) 

 

Figure 24  Normalised absorbance of MB absorbance over time under laser-illumination at a) 445 nm, b) 532 nm, c) 650 nm, 

investigating the influence of the Cu2O and Cu2O-Au substrates.  

 

In the case of the illumination at  = 532 nm (Figure 24 b), a general negative slope for all 

experiments can be seen. In the case of the control experiment, a decrease in relative absorbance of 

2 % was found. In comparison, the substrate supported degradations show a visible difference. For  
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the Cu2O sample, the final absorbance reduces to 97 % of the initial value. Considering the plasmon 

supported sample the degradation rate was enhanced significantly resulting in a decrease of 6 %. 

This is a clear indication towards coupling between the plasmon and the SC. 

Figure 24 c depicts the kinetic traces of the illumination at 650 nm. Due to the absorption peak of 

MB at 650 nm, the influence of the light on the reaction is significant, considering the decrease of 

the control and Cu2O only experiment one can see that the decrease is more distinct with a 12 % 

decrease of the initial absorbance. The less steep slope of the plasmon supported trace can be 

attributed to the plasmonic absorbance at 650 nm after covering the gold NP with Cu2O (Figure 23). 

Due to this absorbance the amount of light interacting with the MB is reduced. This results in the 

slower degradation behaviour of the MB.  

Even though, no definite mechanism for the degradation of MB can be stated, it can be concluded 

that the degradation disrupts the conjugated system of the molecule, which results in the decrease 

of absorbance at approximately 650 nm. Hence the occurring degradation is most likely of an 

oxidative nature.  

Potentially both mechanisms can occur in the material. The PIRET mechanism would generate both 

carrier types in the SC, though in the current experiment the dissolved oxygen would quench the 

HE and leave a hot hole in the SC. The hole injection mechanism can be considered as well, due to 

the p-type nature of the Cu2O. In both cases the resulting hot holes in the SC could react with the 

MB.  

Since the experiments above were only conducted in oxygen containing environment, no conclusion 

about the electron transfer can be drawn at the current stage. To elucidate the mechanism in the 

system, measurements in argon purged solvents need to be done. Thereby preserving the electron 

hole pair (PIRET mechanism) in the SC would result in recombination of e- and h+ and hence 

significantly lower reactivity. Hence, having a degradation behaviour of the MB that is comparable 

to the initial experiment the PIRET mechanism could be ruled out.  

 

5 Summary and Conclusion 

The aim of this project was to obtain a Cu2O based catalytic system utilising plasmonic gold 

particles to enhance its activity. This includes the utilisation of hot carriers towards chemical 

reactions with relevant products. Summarizing the obtained information, for each section:  
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Section 1 

The preparation of suitable substrates led from nano cube suspensions to the utilisation of thin films 

on FTO, avoiding the issue of aggregation of nanoparticles and consequently being able to achieve 

stable Cu2O samples. The obtained material thin films raised the possibility to properly functionalise 

the SC with the plasmon and result in plasmon supported substrates. 

Section 2 

To ensure that the obtained thin films fulfil the structural properties of the initially planned 

nanoparticles, the procedure of thin film preparation had to be optimised. The process of 

optimisation aimed towards the deposition of a cubic surface-structure which is plasmon supported. 

The parameters considered in the optimisation were pH-value, deposition potential and the 

deposition time, which resulted in the optimised procedure with the following parameters: pH = 9.5, 

E= -0.35 V and a deposition time of 15 min. 

Section 3  

To prove the activity, the obtained samples were used in the photocatalytic degradation of methylene 

blue. Even though this reaction has no significant testimony for the actual capability of the plasmon 

supported samples, it is suitable for a prove of concept. The excitation with different lasers 

( = 445 nm,  =532 nm,  =650 nm) allows this method to show the activity of the samples and 

determines the plasmonic coupling of the Au NP with the semiconductor, indicating activity of the 

material with excitation at  = 445 nm. Furthermore, exciting the Cu2O covered plasmon samples 

the contribution of hot carriers is displayed. The degradation of MB shown with excitation at 

 = 532 nm most likely originated from the coupling of the plasmon and the SC.  

Concluding the methodology and the sample behaviour, one can say that the sample stability is still 

an issue, even though the preparation of the FTO based substrate is rather simple to conduct. Being 

limited to the option of burying the plasmon beneath the oxide is challenging. Yet, the increase of 

catalytic activity at  = 532 nm for the MB degradation, one can conclude that there is so far unused 

potential for improvement. This is an indication towards the plasmonic coupling between the metal 

and the semiconductor.  

At the current state of the research, however, a definite conclusion about the actual potential and 

functionality of the system cannot be drawn. 
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6 Outlook 

The future perspective suggests many experiments that still need to be conducted. Due to technical 

issues, the investigation of energy transfer in the sample could not be carried out as planned. 

Consequently, ultrafast-spectroscopy experiments would need to be done to give an explicit answer 

on whether the system shows plasmonic coupling. In addition, degradation experiments in an inert 

atmosphere need to be done, to distinguish between the hot hole injection or the PIRET mechanism. 

Furthermore, the methodology of the functionalisation procedure and the attachment of the 

plasmons onto the SC surface would still need some optimisation, to have a good metal-SC junction.  

To summarize, the investigation of the considered system is rather in the initial phase and still needs 

a lot of effort to be properly controllable and thoroughly understood.  
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Appendix  

 
Figure 25 XPS spectra of the Au/Cu2O sample, showing the Au 4f signal of the of substrate before (blue) and after etching (red) 

of the SC with ammonia solution. 

 

Immersion of Cu2O thin films  
 

The initial test for functionalisation was to immerse the Cu2O thin films in the gold-NP suspension. 

Yet, the layers degraded during the immersion making this method impractical.  

 
Figure 26  Film before immersing it in the suspension (left), reduced layer thickness after 30 min of immersion.  
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