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1. Abstract 

The PhD dissertation concerns the development of the fabrication procedure of bimetallic 

AuCu nanoparticles obtained on nanostructured titanium and titanium dioxide platform. Such 

electrodes act as material photoelectrochemically active under visible light illumination water 

splitting and alcohol oxidation processes finding future application in solar cells and fuel cells 

production. The materials were fabricated using electrochemical anodization of Ti foil, chemical 

etching, thin AuCu alloy, Au, Cu layers deposition in various configurations and thicknesses  

by means of magnetron sputtering as well as using rapid and gradual thermal treatment. The 

fabrication process of gold, copper and titanium nanostructures was optimized, especially the 

impact of different temperatures, rates, time and atmosphere (air, vacuum, argon and hydrogen) 

during thermal treatment on materials performance was investigated. Detailed characterization 

of morphology, optical and structural properties as well as electrochemical and 

photoelectrochemical activity in the presence of solar light simulator illumination was carried 

out. Based on experimental data correlation between size, shape, structure and chemical 

composition of gold and copper nanoparticles and their optical and electrochemical properties 

was determined. The theoretical part of this study discusses gold nanoparticles, discrete band 

states in nanoparticles, surface plasmon resonance, the p-type and n-type semiconductors on  

the example of copper oxides and titanium dioxide, doping of semiconductors by introduction of 

additional energy levels into their structure and mechanism of charge transfer at the p-n junction. 

Furthermore, detailed description of methods used for fabrication and then material 

characterization is presented and enriched with literature data on examples of materials discussed 

in thesis. The main result shown in this PhD thesis is the development of fabrication procedure 

of ordered Ti nanodimples and TiO2 nanotubes platforms modified by AuCu nanoparticles which 

are characterized by increased absorption in visible light as well as enhanced photoactivity and 

catalytic activity. The data described here can contribute in fabrication of new functional 

nanomaterials active in processes of converting solar energy into electricity as well as more 

efficient solar and fuel cells in industry. 
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2. Streszczenie 

Praca doktorska dotyczy opracowania metody otrzymywania bimetalicznych nanocząstek 

AuCu na nanostrukturyzowanym podłożu tytanu i ditlenku tytanu jako materiałów 

elektrodowych umożliwiających zastosowanie w urządzeniach do fotogeneracji prądu w świetle 

widzialnym, rozkładu wody do tlenu i wodoru oraz procesach utleniania alkoholi 

wykorzystywanych w ogniwach paliwowych. Materiały otrzymano z wykorzystaniem procesu 

anodyzacji elektrochemicznej foli tytanowej, trawienia chemicznego, rozpylania 

magnetronowego cienkich warstw stopu AuCu, Au, Cu w różnych konfiguracjach i o różnych 

grubościach oraz gwałtownej i stopniowej obróbki termicznej. Przeprowadzono optymalizację 

procesu wytwarzania nanostruktur złota, miedzi i tytanu, w szczególności wpływu obróbki 

termicznej na właściwości materiału poprzez zmianę takich parametrów jak temperatura, czas, 

szybkość nagrzewania oraz środowisko, w którym odbywało się wygrzewanie elektrod 

(powietrze, próżnia, argon, wodór). Wykonano szczegółową charakterystykę morfologii, 

właściwości optycznych i strukturalnych jak również aktywności elektrochemicznej  

i fotoelektrochemicznej w obecności światła symulującego światło słoneczne. Na podstawie 

danych eksperymentalnych określono korelacje pomiędzy wielkością, kształtem, strukturą  

i składem chemicznym nanocząstek złota i miedzi, a ich właściwościami optycznymi oraz 

elektrochemicznymi. W części teoretycznej opisano nanocząstki złota, dyskretne stany 

energetyczne w nanocząstkach, powierzchniowy rezonans plazmonowy, półprzewodnik  typu p 

i n na przykładzie tlenków miedzi i ditlenku tytanu, wprowadzanie dodatkowych poziomów 

energetycznych do półprzewodnika poprzez jego domieszkowanie oraz mechanizm 

przeniesienia ładunku na złączu p-n. Ponadto, przedstawiono szczegółowy opis metod 

wytwarzania, a następnie metod użytych do charakterystyki materiałów, który został 

wzbogacony danymi literaturowymi dotyczącymi przykładów materiałów opisywanych  

w rozprawie. Rezultatem przeprowadzonych badań jest otrzymanie uporządkowanych struktur 

nanodołków Ti oraz nanorurek TiO2 pokrytych bimetalicznymi nanocząstkami AuCu 

charakteryzującymi się zwiększoną absorpcją w świetle widzialnym, wzrostem fotoaktywności 

oraz aktywności katalitycznej. Zagadnienia opisane w rozprawie mogą przyczynić się do 

stworzenia nowych materiałów funkcjonalnych aktywnych w procesach konwersji energii 

słonecznej na elektryczną oraz efektywniejszych ogniw słonecznych i paliwowych w produkcji 

przemysłowej. 
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3.  List of abbreviations 

A – absorbance 

AFM – atomic force microscopy  

c – concentration of absorbing species 

C – capacitance 

Cdl  – double layer capacitance 

𝐶𝑒𝑥𝑡 – extinction cross section 

𝐶𝑠𝑐𝑎 – scattering cross section 

𝐶𝑎𝑏𝑠 – absorption cross section 

CE –  counter electrode  

CPE – constant phase element 

CB – conduction band 

CSD – chemical solvent deposition 

CV – cyclic voltammetry 

CVD – chemical vapour deposition 

d – spacing of the crystal layers 

   – thickness of layer 

D – diffusion coefficient  

E – potential  

E(t) – potential at time t 

EDX  – energy dispersive X-ray spectroscopy  

Ea – anodic peak potential  

Ec – cathodic peak potential 

Eg – energy band gap 

EF – position of Fermi level  

EB – binding energy of electron 

Ek – kinetic energy of photon 

EIS – electrochemical impedance spectroscopy 

EXAFS – X-ray absorption fine structure 

EEC – electrical equivalent circuit  

F – Faraday constant 
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FIB  – focused ion beam 

FTO – fluorine-doped tin oxide 

HER – hydrogen evolution reaction 

h – Planck’s constant 

i – current 

IPCE – incident photon-to-electron conversion efficiency 

ITO – indium-doped tin oxide  

ia – anodic peak current  

ic – cathodic peak current  

I0 – intensity of incident light  

I – intensity of transmitted light 

j – photocurrent 

j (dark) – current density registered without light illumination 

j (vis) - current density registered under visible light illumination 

l – optical path length 

LSPR – localized surface plasmon resonance 

LV – linear voltammetry 

MF –  muffle furnace 

n – diffraction order 

   – number of electrons transferred in the reaction 

   – constant phase element exponent 

Ne – number of photogenerated electrons 

Np – number of photoelectrons from incident light 

NPs – nanoparticles 

OER –  oxygen evolution reaction  

P – incident light power density 

PVD – physical vapour deposition 

R – resistance  

   – universal gas constant 

Rct – charge transfer resistance 

Re – electrolyte resistance 

RE –  reference electrode 
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RTA –  rapid thermal annealing 

SEM – scanning electron microscopy 

SPR – surface plasmon resonance 

t – time 

T – temperature 

TEM – transmission electron microscopy 

TiNDs – titanium nanodimples 

TiO2NTs – titanium dioxide nanotubes 

Q – quasi-capacitance 

Qe – extinction efficiency coefficient 

Qa – adsorption efficiency coefficient 

Qs – scattering efficiency coefficient 

WOr – Warburg coefficient 

WE – working electrode  

VB – valence band 

XAS – X-ray absorption spectroscopy 

XANES  – X-ray absorption near-edge structure  

XRD – X-ray diffractometry 

XPS – X-ray photoelectron spectroscopy 

Z – impedance  

ΔE – peak-to-peak separation potential 

ɛ – molar absorption coefficient 

ℇ1 – dielectric constant of NP 

ℇm – dielectric constant of medium 

λ – wavelength 

ν – photon frequency  

ω – frequency 

ϕ – work function 

φ – phase shift  

θ – angle between incident ray and the scatter plane 

𝛹𝑛 – Riccati-Bessel function 

𝜉𝑛 – Riccati-Bessel function 
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4.  Introduction 

4.1. Functional nanomaterials 

Humans have always had a deep curiosity with electricity. Therefore, various 

extraordinary inventions came to light and were implemented in order to increase the quality  

of life. In this work, a lot of attention will be dedicated to electrical energy technology, especially 

solar energy. It is well established that the Sun’s radiation can be used to generate electricity. 

Sun can be regarded as a renewable and clean energy source because it does not produce 

pollutants in contrast to carbon and oil sources. Electricity, solar energy and the Sun are all 

connected in terms of fundamental physical interactions. The latter was actually worshiped in 

ancient times. In the beginning the Sun was treated as a god. Ra in ancient Egypt, Helios and 

Apollo in Greek mythology are a few of the well-known gods of Sun. It can be claimed that 

religion was first including the god and goodness of the Sun. After many years scientists began 

to believe in the potential of the Sun, thanks to which generating electricity from that source was 

explored. Taking the above into account, first and foremost it seems reasonable to believe that 

this PhD thesis provides new insight and knowledge. After many pages the subject of new 

nanomaterials active towards energy conversion processes and future application of 

nanomaterials in industry will be well versed. 

With the rapid growth of technology, constructions and devices and whole machines often 

become miniaturized. Because of that, the field of engineering nanomaterials is building in 

strength. The miniaturization process ensures less consumption of materials which are needed 

for their production. An added benefit includes less space being required for their production and 

storage, which ultimately reduces costs. Miniaturization of elements is akin with maximization 

of benefits in the production engineering process. Reducing the size of elements while increasing 

their effectiveness and functionality is possible thanks to the development of modern 

technologies, in particular nanotechnology that in recent years provides us a lot of benefits: long 

lasting batteries, high contrast emitting devices or highly sensitive detectors. Fabrication and 

analysis of new nanomaterials provide information of their structure and unique properties that 

can be utilized in the construction of electrical components and devices at nanoscale. Regarding 

energy conversion, nanomaterials are used for example in solar cells, water splitting devices as 

well as fuel cells. They are synthesised in various shapes such as nanoparticles (NPs), nanotubes, 

nanosheets, nanowires, nanoframes, or in the form of alloys and composites, where nanoalloys 

are composed of two or more metals, and nanocomposites are fabricated by mixtures  

of polymers1. In the literature it is possible to find many research related to application of 
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nanomaterials which are being invented to replace currently used macromaterials in the industry 

as more efficient ones. Crystalline Si-solar cells with the power conversion efficiency (PCEs)  

of 26.7 % have been the main photovoltaic technology for several years2. In recent papers, one 

of the most extensively developed solar cells are perovskites and modified perovskites which can 

be competitive with silicone material because of high PCEs (in many reports over 24 %)3. One 

of the example for the modification of solar cells is implementation of TiO2 nanoparticles  

to perovskite solar cell as the electron transfer layer in order to reduce charge transfer resistance, 

restrain recombination process and improve the stability4. Furthermore, in the case of water 

splitting process, Pt-based and Ir-based electrocatalysts used for hydrogen evolution and oxygen 

evolution reaction respectively, are coupled with additional compounds as Ir-Cu nanoframes5, 

Pt-Cu nanoparticles6 and graphene oxide (Pt, Pd, Au) composite7. Doping by other metals can 

reduce the overpotential and increase materials catalytic activity. Moreover, addition of  

non-noble metal like copper instead the noble one reduces catalyst costs. In the case of alcohol 

fuel cells, where Pt is commercially used as a catalyst, application of platinum not as a mesh but 

in the form of nanoparticles that can be deposited on TiO2 nanotubes results in the reduction of 

used metal amounts and therefore production costs8. Whereas the combination of Pt and Cu  

as bimetallic catalysts enhances ethanol oxidation in contrast to monometallic Pt via hindering 

the tendency to Pt-H adsorption at low overpotential9. Those examples indicate how 

nanostructures can be beneficial for technological development. 

Nanomaterials are tiny materials with at least one dimension in the range of 1-100 nm. 

 It has been shown, that chemical, physical and mechanical properties of bulk and nano-size 

materials are different10. The difference in the properties between the bulk material  

and nanomaterial results from the enhanced surface to volume ratio and the quantum 

confinement11. As surface to volume ratio increases more atoms are exposed to the surrounding 

environment and the material becomes more chemically active (Figure 1a). In the case of 

quantum confinement, reducing the size of materials results in squeezing electrons into space 

smaller than they prefer within nanoparticles with smaller dimensions than in bulk (Figure 1b). 

Bigger size of nanoparticles are assigned to weaker confinement and decrease of the bandgap 

energy, whereas, smaller NPs give stronger confinement and increase of the bandgap energy 

(Figure 1c)11,12. Furthermore, with decreasing nanoparticle dimension discrete bands start to 

appear. Such phenomenon has significant influence on electrical and optical properties of 

nanomaterials. It should be also highlighted that the band gap energy depends on the material 

type such as metal or semiconductor. 



 

16 
 

 

 Figure 1. a) Visualisation of materials with various surface area and  

b, c) schematic representation of quantum confinement effect  

(dots are assigned to nanoparticles, Eg – energy band gap)12. 

In the case of nanoparticles, size, shape, structure and homogeneity of NPs as well as 

platform where nanoparticles are deposited on have significant influence on above mentioned 

properties since those features play the great role in the contact between the material and the 

outer environment. Therefore, the fabrication procedure and the facile control of its parameters 

are crucial for their properties and further applications. The synthesis methods for nanoparticles 

can be divided into top-down and bottom-up approaches (Figure 2)13. In top-down approach the 

bulk material is decomposed into smaller fragments using typically physical methods like 

chemical vapour deposition, physical vapour deposition, lithography and laser ablation.  

The bottom-up technique is based on the assembling of single atoms and molecules into larger 

nanostructures. For this purpose, different chemical methods are utilized, for example reduction 

and oxidation, hydrothermal process, bioreduction, sol-gel process and electrochemical 

deposition. Nanoparticles which are planned to be applied as a material active towards 

photocurrent generation or water splitting process should be anchored on the conductive substrate 

acting as a charge collector. In the case of colloid nanoparticles this process can be realised by 

direct adsorption of the nanoparticle onto the functionalized surface, spin-coating or 

electrospraying of the nanoparticles slurry on the substrate14,15. Whereas, for NPs fabricated via 

chemical or physical vapour deposition process, support material must be used already during 

their fabrication process.  
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Figure 2. The two different approaches for nanomaterials synthesis. 

Metal nanoparticles are widely explored in the field of optics, electronic, catalysis  

and biochemistry16. In the case of noble metal, gold NPs are one of the most extensively studied. 

First and foremost, Au NPs are characterized by the good stability and electrical conductivity. 

Moreover, gold nanoparticles are non-toxic, biocompatible and easy to functionalize by chemical 

or biological compounds17. Au NPs absorb light in the visible light range, exhibit surface 

plasmon resonance and enhance light-matter interactions thus they can generate and transport 

charges18. This is a positive correlation between light absorption and electron-hole pair 

generation. Surface plasmon resonance is an optical phenomenon in which incident 

electromagnetic field strongly interacts with free electrons originating from the conduction 

band19. The conduction band electrons excited by light illumination collectively oscillate with 

incident electromagnetic field and when photon frequency correlates with frequency of free 

electrons the resonance conditions are achieved20. In the case of the planar metal surface the 

incident electromagnetic radiation activates surface plasmon resonance, SPR, where light 

propagates along bulk surface. Whereas for spherical metallic surfaces upon light illumination 

when wavelength of light is greater than dimension of the nanoparticle, incident electromagnetic 

field activates localized surface plasmon resonance, LSPR21. The enhanced surface to volume 

ratio as well as the possibility to interact with any electromagnetic field due to presence of the 

free electrons along sphere, result in greater plasmon generation for nanoparticles than planar 

surface22. The plasmon resonance process decays after few femtoseconds. However, during that 

time it can induce various processes in the plasmonic nanoparticles/semiconductor system18.  

The radiative and the non-radiative decay can be distinguished. The radiative decay is a scattering 

of light which can be divided into elastic and inelastic ones. In the case of elastic scattering  (state 

(1) in Figure 3) light can be further absorbed by semiconductor platform. In the case of  
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the non-radiative decay the Landau damping phenomenon (state (2) in Figure 3) or the plasmon 

induced resonant energy transfer (PIRET) (state (3) in Figure 3) can occur. The scheme of all 

different plasmon decay processes is presented in Figure 3. The Landau damping is a process of 

electron-hole pairs generation in plasmonic nanoparticle. In that process hot electrons are 

scattered inside NP where they undergo elastic collisions and further energy transfer in the form 

of heat to the environment occurs. The second option is hot electrons injection to semiconductor 

platform. Another non-radiative decay is the mentioned above PIRET process where energy is 

transferred to semiconductor through dipole-dipole coupling.  
  

 

Figure 3. Scheme of different plasmon decay processes18. 

However, it should be added that other factors influence efficiency of light generation for 

example heat dissipation, reflection and scattering. The maximum absorption peak for Au NPs 

of 5-50 nm size is located between 520-530 nm19. Furthermore, optical properties of Au NPs are 

strongly affected by their size and shape23. The maximum absorbance shifts toward higher values 

of wavelength with increase of Au NPs size24. Whereas, different shape of nanoparticles such as 

rods, flowers or stars results in the formation of additional bands on the absorbance spectra25,26. 

Spherical NPs are characterized by single peak assigned to dipole resonance, whereas, nanorods 

have two absorption peaks assigned to transversal and longitudinal dipole LSPR mode26. 

Among other metals, copper is one of the cheapest and the most available. Moreover, 

bulk Cu is almost as good an electrical conductor as Au. However, copper nanoparticles show  

a decrease of electrical conductivity associated with Cu oxidation27. Copper nanostructures 

exhibit interesting mechanical properties such as good ductility, malleability and thermal 

conductivity28 as well as antibacterial properties29. Comparing both metals, copper and gold NPs 
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are characterized by good absorption in the visible region. The maximum absorption peak for Cu 

NPs with 20 nm in size is shifted toward higher values in contrast to Au and reaches ca. 580 

nm19. Nevertheless, the fabrication process of metallic copper nanoparticles as well as their future 

application are more complicated than of gold due to tendency to oxidation to Cu2O and CuO  

in the air atmosphere30. 

In solid state physics, the electrical conductivity of material depends on the effectiveness 

of electrons flow between valence band (VB) and conduction band (CB). In the case of metal, 

valence and conduction bands overlap each other (Figure 4a). Electrons in material being a metal 

are free to move between two bands, whereas, in the case of semiconductors electrons should be 

excited from VB to CB (Figure 4b). The band gap (Eg) can be defined as the energy difference 

between top valence band and bottom conduction band31 as well as the energy which is required 

to provide for the electron-hole pair generation32. The bandgap energy for metals  

and semiconductors is equal to 0 eV and 1-6 eV, respectively. Electrons can be promoted to the 

conduction band by the absorption of energy in the form of light or heat33. The continuous 

valence and conduction band in bulk metal starts to separate in metal NPs to discrete states  

as shown in Figure 1c34. The spacing between discrete states and bandgap increases with decrease 

of nanoparticle size35. Metallic NP starts to manifest different electronic structure than bulk metal 

when its diameter is lower than10 nm (Figure 4c)36. In the case of insulator, in which current is 

unable to flow, the bandgap reaches the values above 6 eV (Figure 4d). 

 

Figure 4. Energy band diagrams for a) bulk metal, b) semiconductor, c) electronic structure of 

bulk, NP and cluster of metals36, d) energy band diagram for insulator. 
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4.2 Semiconductors exhibiting p and n-type conductivity  

Semiconductors can be classified based on the position of Fermi level (EF) which is the 

energy that corresponds to the equilibrium between the valence and conduction band.  

When the position of Fermi level is in the middle of energy bandgap, the intrinsic semiconductor 

can be distinguished (Figure 5a). While n-type and p-type semiconductors are characterized by 

perturbed carrier concentration where the Fermi level shifts toward CB and VB, respectively 

(Figure 5b,c)37. For example, titanium dioxide and copper oxides are n-type and p-type 

semiconductors, respectively. Concentration of the majority carriers, holes or electrons, can be 

changed by doping of the semiconductor. Another classification of semiconductor via bandgap 

shape can distinguish direct and indirect bandgap transitions. When the maximum of VB and the 

minimum of CB have the same k-vector (the electron wave vector), the direct transition occurs. 

If the maximum and minimum of valence and conduction bands are not aligned in 𝑘⃗  the indirect 

transition takes place.  

 

Figure 5. Energy band diagrams for a) intrinsic b) n-type and c) p-type semiconductor. 

Titanium dioxide is characterized by the good stability, non-toxicity, low cost and high 

photoactivity in UV light range38. TiO2 can be found in three crystal forms as anatase, rutile, 

brookite and such crystalline structure determines its bandgap energy thus light-absorption39. 

TiO2 has wide bandgap and it is efficient only in UV light. It is well known that UV light covers 

only 5 % of solar spectrum, therefore various transition metal (Cu, Ni, Cr, Fe), noble metal (Au, 

Ag, Pt), non-metal (N, S, F) doping, heterojunction construction (CuO/TiO2), surface 

modification are developed in order to decrease the bandgap and increase activity in the visible 

light range40,41. Therefore, some surface modifications will be described below.  
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4.2.1 Doping of titanium dioxide 

As it was mentioned above TiO2 is characterized by wide bandgap of 3.2 eV or 3.0 eV 

for anatase or rutile42, respectively. Photoelectrochemical activity can be enhanced by doping of 

semiconductors43,37. Doping is a process of introducing impurities/ metal or non-metal atoms into 

the semiconductor. It is possible to distinguish two types of doping as shallow and deep doping. 

Electrons are donor type dopants, whereas, holes are acceptor type dopants. Energy levels of 

donors and acceptors states are presented in Figure 6. Therefore, TiO2 can be doped by Cu2+ 

which acts as acceptor dopant and as a consequence narrows TiO2 bandgap44,45.  

 

Figure 6. Energy levels of donors and acceptors states in doped semiconductors. 

4.2.2 Formation of titania based heterojunction  

Furthermore, the modification of TiO2 by Cu2O and CuO oxides, characterized by 

narrower bandgaps of 2.1–2.6 eV and 1.2–1.6 eV respectively, can improve material activity 

under visible light illumination46. The p-n junction can be formed between visible light absorbing 

p- type copper oxide semiconductor and n-type TiO2 semiconductor (Figure 7). First of all,  

it should be mentioned that n-type semiconductor has mostly electrons as charge carriers (donor 

level), whereas, p-type semiconductor – holes (acceptor level) (Figure 7a). The behaviour of 

electrons and holes can be visualised as the full sphere (e-) and the empty sphere (h+). Charge 

carriers exist exactly in the opposite direction where electrons are in higher CB and holes in lower 

VB47. When materials are in contact electrons move to p-type semiconductors and holes diffuse 

to n-type semiconductor (Figure 7b). The space charge region (SPC) which is formed after charge 

carriers diffusion allows to remain neutral for entire semiconductor48 (Figure 7c).  

The p-n junction achieves equilibrium and the Fermi energy becomes the same in both sides of 

junction. Moving further, when p-n junction is illuminated additional charge carriers are 

generated. The electron-hole excitation process in the semiconductors can be realized via light 
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absorption. In this process electron is excited from VB to CB causing hole formation in the VB. 

Electrons excited by light in p-type semiconductor move to the n-type semiconductor where 

further together with electrons excited in n-type material are transferred to external circuit  

and registered by potentiostat-galvanostat (Figure 7d). The position of the p-type CB that is 

higher comparing to the n-type CB permits transfer of electrons49.  

 
   

 

xFigure 7. Schematic representation of a) n and p-type semiconductor before contact,  

b) n and p-type semiconductors in moment of contact, c) p-n junction in equilibrium50,48  

d) band diagram for p-n junction during light illumination51. 
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5. Aim and objectives 

Bimetallic AuCu nanostructures possess unique optical, electrical and catalytic properties  

in contrast to monometallic NPs such as broadband absorption in the visible light and surface 

plasmon resonance. The combination of Au and Cu results in the synergetic effect between two 

metals as well as improves stability of copper and copper oxides52. In order to design photoactive 

devices which can be applicable in the industry such bimetallic nanostructures need to be 

deposited on support materials. Nowadays, a lot of research concerns colloid nanoparticles  

or nanostructures deposited on glass substrates such as ITO (indium tin oxide) or FTO (fluorine-

doped tin oxide)53,54. However, as was mentioned above colloid nanoparticles cannot be used as 

photocathodes or photoanodes because of the lack of electrical contact enabling to collect the 

charge generated during the reaction. In the case of glass substrates high price and easy 

breakability of such support require careful use and thus can bother some further applications. 

Furthermore, nanoparticles which are deposited on flat surface can agglomerate. Therefore,  

in this PhD thesis AuCu nanostructures were deposited on two types of support material such as 

highly ordered nanodimpled Ti substrate and TiO2 nanotubes. Ti plate staying a substrate for 

further synthesis is cheaper than ITO or FTO deposited on glass substrate as well as more 

flexible. Moreover, TiO2 which is n-type semiconductor with the bandgap of 3.2 eV and the 

absorbance band only in UV range can be modified by gold or copper in order to enhance 

absorbance in the visible light range. Therefore, the interaction between support material  

and bimetallic AuCu NPs was deeply described. The fabrication process of AuCu nanostructures 

deposited on Ti/TiO2 platform was developed and optimized. This procedure included several 

steps such as electrochemical anodization process of Ti foil, thin AuCu layer magnetron 

sputtering with different Au, Cu layers sequences and thermal treatment of electrodes in various 

conditions (temperature, time, heating rate, gas atmosphere). To sum up, the main goal of this 

PhD thesis is fabrication and characterization of gold, copper, titanium nanostructures 

considering changes in material morphology, structure, optical properties, electrochemical  

and photoelectrochemical activity as a result of various processing parameters. Fabricated 

materials were tested as the photoelectrodes for photocurrent generation, materials active toward 

oxygen and hydrogen generation as well as alcohol oxidation supported by light illumination. 
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Above mentioned goals determine the scope of research developed in this PhD thesis: 

• Fabrication of ordered Ti nanodimpled platform using electrochemical anodization  

and chemical etching process as well as modification of such substrates by AuCu layers 

using magnetron sputtering, and annealing in the muffle furnace or the rapid thermal 

annealing furnace. 

• Fabrication of spaced TiO2 nanotubes by electrochemical anodization process  

and modification by AuCu layers using magnetron sputtering as well as further thermal 

treatment in the rapid thermal annealing furnace. 

• The investigation of the impact of the differences between bimetallic AuCu combinations 

(AuCu alloy, Au and Cu in different layer sequences) and monometallic Au or Cu 

counterparts on materials properties. 

• The effect of various conditions of thermal treatment such as different temperature  

(from 100 °C to 600 °C), annealing rate (fast or slow), time (short or long) and atmosphere 

(air, vacuum, argon, hydrogen) of AuCu nanostructures deposited on Ti nanodimples  

as well as TiO2 nanotubes on nanomaterials properties. 

• The analysis of fabricated AuCu nanostructures obtained on Ti/TiO2 platform using solid 

state physics methods: scanning electron microscopy, atomic force microscopy, 

transmission electron microscopy, X-ray diffractometry, Raman spectroscopy, X-ray 

photoelectron spectroscopy, X-ray absorption spectroscopy. 

• The investigation of optical properties of AuCu–modified Ti/TiO2 substrates using  

UV-vis spectroscopy. 

• Electrochemical and photoelectrochemical characterization of AuCu nanomosaics 

obtained on Ti nanodimples and TiO2 nanotubes using: cyclic voltammetry, linear 

voltammetry registered in dark as well as under vis and UV-vis light illumination, 

electrochemical impedance spectroscopy, and measurements of incident photon-to-

electron conversion efficiency.  

• The analysis of electrochemical and photoelectrochemical activity especially towards 

oxygen evolution reaction, hydrogen evolution reaction, photocurrent generation  

and alcohol oxidation assisted by light illumination. 
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6. Methods 

6.1 Nanomaterials fabrication 

6.1.1 Electrochemical anodization 

6.1.1.1 Titanium dioxide nanotubes 

Electrochemical anodization is the process of oxidation of the metallic surface of anode 

material and formation of oxide layer with increased thickness55. The anodization is mostly used 

for protective corrosion coatings (Figure 8a-c), leading to the formation of continuous oxide layer 

over the metallic part. However, under particular conditions nanotubular structures can be 

manufactured on the material surface. Furthermore, anodized aluminium and titanium can also 

be used for jewellery (Figure 8d). In 1995 Masuda et al.56 published work concerning ordered 

metal nanohole arrays of Au and Pt fabricated by noble metal deposition onto anodized porous 

alumina, injection and polymerization of methyl methacrylate into this structure and removal of 

alumina by poly (methyl methacrylate). Since that time the high degree nanostructures which can 

be achieved by anodization process have gained great popularity. It is a wide range of metal 

oxides which can be formed as self-organized nanostructures during anodization of such 

substrates as Al, Nb, Ta, Ti, W, Zr, Zn.  

 

Figure 8. a-c) aluminium anodization baths57,58 and  

d) titania jewellery included in “Cosmos Lem Jewellery” 59. 

In the case of Ti, the first layer of ordered titanium dioxide nanotubes have been 

developed by Assefpour-Dezfuly et al.60 in 1984 using an electrolyte consisting of chromium 

trioxide and ammonium fluoride dissolved in distilled water. The schematic diagram of 

electrochemical anodization cell is presented in Figure 9a. The anodization cell is composed of 

two electrodes which are connected with power source. The Ti plate acts as an anode while Pt as 
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a cathode. Any electronic conductor which is inert in electrolyte such as stainless steel, 

palladium, graphite can take the role of cathode61. The electrodes are submerged in electrolyte 

consisting of water-polyhydroxyalkyl alcohol solution and fluorite ions (F-) which penetrate  

and dissolute the anode metal surface. Typically as a source of F- ions NH4F and HF are used. 

Regarding the polyhydroxyalkyl alcohol, glycerine, ethylene or diethylene glycol water solutions 

are utilized. 

 

Figure 9. a) Schematic diagram illustrating the anodization cell, 

 b) TiO2 nanotubes formation mechanism, c) individual steps of nanotubes formation,  

d) current density vs. time curve in the anodization process62. 

 

Under applied voltage the anode is positively charged, the anions present in the electrolyte 

are moving towards the anode, the electrons from the circuit are transferred from anode  

to cathode and on the surface of electrode reaction occurs. The water oxidation takes place at 

anode and reduction at cathode according to reactions (1) and (2), respectively: 
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(1) Anode: 2H2O → O2 +4H+ + 4e- 

(2) Cathode: 2H2O + 2e- → H2 + 2OH- 

The one proposed reaction mechanism of Ti electrochemical anodization is presented in Figure 

9b. The formation of TiO2 nanotubes is composed of two competitive reactions such as oxide 

formation by oxygen anions O2- and OH- (3) as well as dissolution reaction caused by F- (4) where 

the oxide formation should be faster than dissolution63,55.  

(3) Ti + 2H2O → TiO2 + 4H+ + 4e− 

(4) TiO2 + 6NH4F → [TiF6]
2− + 6NH3 + 2H2O + 2H+ 

At the beginning of the anodization, titanium is oxidized due to the interaction with O2- and OH- 

forming titanium dioxide layer. It should be noted that oxygen ions O2- and OH- on  

the material/electrolyte interface are formed by water electrolysis. In this stage noted as (I) pores 

grow randomly on the oxide layer and increase with time. In Figure 9d showing relationship 

between current and time during anodization the sharp current decrease in stage (I) is caused by 

the formation of TiO2 layer that exhibits semiconducting properties with lower conductivity 

comparing to the initial metallic substrate. Further, in step (II) the O2- penetrates the formed thin 

film of TiO2 and interacts with another Ti4+ present below the oxide. Simultaneously, Ti4+ goes 

up to titanium oxide/electrolyte interface where is dissolved in the electrolyte. In this stage, pores 

start to interact and compete with each other. The formation of porous/tree-like nanostructures 

can be observed. The moment of pores nucleation is assigned to the current increase. In step (III) 

titania is partially dissoluted by fluoride anions forming [TiF6]
2- that is released to the electrolyte. 

The plateau current is reached when high ordered TiO2 nanotubes are formed64(Figure 9c).  

Since from the first anodization process leading to formation of ordered nanostructure, 

almost 40 years passed, the anodization procedure was upgraded. Therefore, it is possible  

to distinguish five generation of nanotubes depending on the electrolyte composition (see Table 

1)55,65. At the beginning the whole process was carried out in water solution where HF was the 

source of F- ions (1st generation) and as a result not so uniform tubular layer was obtained. With 

time, fluoride salts became the source of fluoride ions (2nd generation), and instead of water as  

a single solvent, organic-water solution was proposed (3rd generation). In 4th generation,  

not fluoride but other ions, like Cl– and ClO4
– are responsible for etching and finally in 

anodization process included in 5th generation ammonium fluoride became the precursor of F-. 
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Table 1. Electrolyte composition for different generation of nanotubes. 

Nanotubes 

generation 

Electrolyte composition 

1st hydrogen fluoride (HF) in aqueous electrolyte 

2nd 
potassium fluoride (KF) and sodium fluoride (NaF)  

in aqueous electrolyte 

3rd 
fluoride ions (KF, NaF, NH4F) in organic electrolytes  

(dimethyl sulfoxide, formamide, ethanol, ethylene glycol) 

4th 
hydrochloric acid (HCl), ammonium chloride (NH4Cl)or  

perchloric acid (HClO4) in aqueous solution 

5th ammonium fluoride (NH4F) in glycol electrolyte with water 

 

The SEM images of aligned and spaced TiO2 nanotubes are presented in Figure 10. Due 

to the localized stress caused by expansion in volume as well as electrostriction forces titanium 

oxide becomes the inner-wall of nanotube. Simultaneously, the fluoride rich oxide layer comes 

to be outer-wall of nanotube. At the beginning TiO2NTs (titanium dioxide nanotubes) stick 

together, however in time fluoride rich layer is dissolving. Therefore, the distance between 

nanotubes increases66. 

 

Figure 10. SEM images of a-c) aligned TiO2NTs and d-f) spaced TiO2NTs. 

Furthermore, voltage, time, temperature and electrolyte composition have an influence 

on the final morphology of nanotubes. Taking into account spaced TiO2NTs for voltage, the outer 

diameter, spacing and length of TiO2NTs increase with the applied voltage. The SEM images for 
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nanotubes obtained at 10, 20 and 30 V and the changes of geometrical parameters as a function 

of applied voltage are shown in Figure 1167. 

 

Figure 11. SEM images of spaced TiO2NTs obtained at a) 10 V, b) 20 V, c) 30 V  

and d) geometrical parameters such as diameter, spacing, wall thickness and length  

as a function of applied voltage67. 

In the case of anodization time, the length of TiO2NTs increases with time due to the thicker 

titanium dioxide layer growing over whole process (Figure 12b)68. However, the process is 

limited by thickness of Ti foil/Ti layer69. According to Regonini et al.70, after exceeding 1 hour 

the high ordering of NTs with a length of ca. 3 µm is gradually destroyed and finally can collapse. 

Taking into account temperature of the electrolyte, with the increase of temperature the diameter 

and length of nanotubes increase (Figure 12e)71. This result can be assigned to the faster rate of 

the O2- and Ti4+ diffusion when the electrolyte is heated.  

 
Figure 12. SEM images of TiO2NTs obtained after a) 30 min, c) 2 hours, d) 4 hours,  

b) tube length as a function of time68, d) geometrical parameters (tube diameter and length) 

as the function of temperature during anodization71. 
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Last but not least, one cannot forget about the influence of electrolyte composition. For example 

a decrease of NTs length can be the effect of the increasing water content in the electrolyte 

(Figure 13)72. When the water content increases, TiO2 starts to dissolute on the top of nanotubes 

and too long time can result in they complete removal. Moreover, it should be noted that also  

the substrate itself plays here important role, namely its shape (rod, wire, mesh or just simple 

plate) and purity. Summarizing, the manipulation within the various anodization parameters 

provides the wide range of possible titania morphologies that affect the properties of the material. 

Figure 13. SEM images of TiO2NTs with a) 2 %, b) 10 % of water content in electrolyte  

and c) schematic presentation of growth model with various addition of water72. 

Since the material can be directly fabricated onto the stable surface, both on the foil  

or out of the Ti layer sputtered on the semi-transparent substrate, TiO2 nanotubes have a wide 

range of applications such as photocatalytic degradation of organic pollutants, solar cells, 

electrochromic devices, sensors, especially dye-sensitized solar cells, and biomedical materials 

(implants, drug delivery platforms)73. The electrochemical anodization process of Ti is easily 

scalable which makes them easier to use in real life not only in scientific laboratories. According 

to Xiang et al.74 highly ordered nanomaterials can be formed even on really large substrates to  

1 meter length74. Nanotubes were fabricated on titanium tube (50, 100, 500 and 1000 mm  

in length) which was the anode and a stainless steel wire employed as a cathode. The process 

was carried out in electrolyte composed of NH4F, ethylene glycol 98 % vol. and deionized water 

2 % vol. Stainless wire was inserted inside titanium tube. Ti tube was in the vertical position  

and its bottom was plugged with silicone cork in order to avoid electrolyte leakage from inside 

the tube. TiO2 nanotubes formed inside the tube were immersed in hexane solution which allowed 

to formation of superhydrophobic surface used in microfluidic devices for drag reduction  

and increase of heat transfer efficiency. Moreover, any sophisticated equipment or highly 

controlled atmosphere are not required for the anodization  process, only two electrodes, power 

supply and temperature controlled bath.  
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6.1.1.2 Titanium nanodimples 

For electrochemical applications disc electrodes made from glassy carbon, gold  

or platinum are mostly used. They consist of the material rod placed inside the Teflon or PEEK 

cylinder. However, such electrode is typically purchased from some company and because 

coverage is made from the polymer no thermal treatment can be applied when some other 

material is deposited on it. Due to that, application of some alternative electrode materials that 

exhibit metallic behaviour and could be also thermal treated, if needed, are highly desirable. 

Among others, such requirements are fulfilled by dimpled metallic surfaces. 

 The first nanoholes/ nanodimpled structures have been fabricated using focused ion beam 

(FIB) which allows selective removing of material from sample by collisions of low energy ions. 

Usually gallium is used as a source of metal ions for taking out material from the fabricated 

sample. Unfortunately, this technique is time-consuming and requires sophisticated  

and expensive equipment, therefore it is not used for mass-production75 and cannot be easily 

adopted by many research teams. Another technique which can be used for nanoholes/ 

nanodimples fabrications is electron beam lithography (EBL)76. In this technique metallic 

platform is covered by the thin organic film. Then it is scanned by focused electrons beam in 

order to transfer a pattern into sample surface. The interaction of electrons with polymer change 

its solubility. Therefore, when material is immersed in solvent the organic film is selectively 

removed77. Such nanostructured platform can be covered by thin metal layer which reproduces 

the shape of fabricated pattern. However, as in the case of FIB, this technique is expensive  

and time-consuming. Taking above into account chemical etching of titanium dioxide nanotubes 

previously fabricated by anodization process seems to be good alternative. Titanium dioxide 

nanotubes are gently removed out of the substrate and as a result it is covered by the nanodimples 

(TiNDs). Nanodimples have defined geometry that stays as a unique fingerprint of the bottom of 

the TiO2NTs. In order to obtain such a dimpled Ti substrate, Ti overgrown by TiO2 nanotubes 

has to be immersed for over 10 h in the diluted oxalic acid solution. Schematic fabrication process 

is presented in Figure 14. In the end of the process, the foil is covered by the uniformly distributed 

dimples that can be treated as a nanostructured metallic electrode material. 
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Figure 14. a) SEM and b) AFM image of Ti nanodimples and  

schematic representation of titanium nanodimples fabrication. 

In this work electrochemical anodization process of Ti plates was carried out in  

multi-anodization setup composed of 8-cells with a thermostatic jacket equipped with software 

controlled 8-channel electronic amplifier constructed in Laboratory of Functional Materials IMP 

PAN. I was responsible for the fabrication of TiNDs and TiO2NTs using electrochemical 

anodization and chemical etching process. 

6.1.2 Magnetron sputtering 

 Thin metal film deposition is a process involving deposition of thin metal coating mostly 

on semiconductors in order to alter their properties. Thin films from nanometre to micrometre in 

thickness can change optical and electrical properties of material as well as perform the protective 

function of the substrate under the coating. The deposition methods of thin films can be divided 

into chemical vapour deposition process (CVD) and physical vapour deposition process (PVD) 

as well as chemical solvent deposition (CSD)78. In the case of the PVD, sputtering and thermal 

evaporation can be distinguished.  

In the 19th century the sputtering process was seen as undesired and its results were treated 

as an impurity79. 100 years later, in 1979 Chapin patented the planar magnetron cathode80.  

The scheme of the sputtering system is shown in Figure 1678. The sputtering device is composed 
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of two electrodes: an anode acting as a table for placing the samples and an cathode covered with 

target being the source of ions. The vacuum chamber is filled with gas, typically Argon.  

Under applied DC voltage the magnetically enhanced glow discharge is maintained in  

the chamber. The glow discharge called plasma is ionized gas formed by the applied voltage 

between the anode and the cathode81. The Ar+ ions are accelerated to the negatively charged target 

material. Then, the ions are bombarding the target owing to the emission of secondary electrons 

which are trapped near the target’s magnetic and electric fields. These electrons affect locally 

enhanced ionisation degree of argon molecules which are responsible for ejecting atoms from  

the target82. Those atoms in gas phase are accelerated from target source to the sample where  

the layer is formed. 

It is possible to distinguish three crystal growth modes such as Volmer-Weber mode, 

Frank-van der Merwe mode and Stranski-Krastanov mode (Figure 15)83. In the case of Volmer-

Weber mode atoms are stronger bonded to each other than to the surface that leads to formation 

of clusters or islands. In Frank-van der Merwe mode atoms have stronger interaction with  

the surface which results in monolayer generation. The third mode, known as Stranski-Krastanov 

is a combination of Volmer-Weber and Frank-van der Merwe modes. In this case monolayer 

thick film is covered by nanoislands/nanoclusters on the top of it. 

 

Figure 15. Film growth modes. 

The magnetron sputtering technique has application in many fields such as 

microelectronics (printed circuit boards84), sensors (glucose85, dopamine86, temperature87, 

strain87), photovoltaics, photocatalytic systems as well as mechanics and corrosion protection 

(coating for gas and steam turbines components88 or jet engines89) and it is both applied on  

the laboratory and technological scale. 

It should be highlighted that, magnetron sputtering is eco-friendly technique which does 

not require toxic solvents in contrast to layers performed in liquid environments. Moreover, 

application of the high purity target ensures good quality and reproducibility of deposited layers 

while the whole equipment is not so expensive and does not need big space.  
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Figure 16. Scheme of the magnetron sputtering process. 

In this work magnetron sputtering of Au and Cu layers was carried out using Q150T S 

system Quorum Technologies. The pure plates of gold (99.99%, Quorum Technologies), copper 

(99.99%, Quorum Technologies) and gold/copper alloy (Au50/Cu50 at%, Goodfellow) were 

used as targets. I was responsible for thin Au, Cu, AuCu layers magnetron sputtering. 

6.1.3 Thermal treatment 

 As a result of anodization titanium dioxide in the form of ordered nanotubes is obtained 

but this material exhibits amorphous phase that is characterized by poor conductivity. Therefore, 

the electrochemical activity would be hampered. Furthermore, the presence of large number of 

defects and rapid recombination process of photogenerated electrons and holes lead to low 

photoactivity of the amorphous phase90 providing finally also low photoelectrochemical 

response. Calcination of the as anodized substrates enables phase transition to the crystalline one. 

This process can be carried out by thermal treatment in furnace. The word furnace comes from 

French “fornaise” which means “oven”. Over the years, furnaces have been generating heat by 

wood, coal, fuel and electricity91. First electric furnace was developed by Siemens in 187892. 

There are various types of electric furnaces for example blast, tube, muffle as well as rapid 

thermal annealing machine and owing to the selected equipment different heat distribution can 

be ensured.  

Muffle furnace is composed of tightly-closed and heated from outside muffle which 

ensures stable and uniform temperature distribution91. The schematic diagram of muffle furnace 

is presented in Figure 17a. It is mostly front-opened box-type furnace. The temperature  
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and ramping time can be controlled by software, however, often materials are already placed to 

the oven preheated to the certain temperature. Then the substrate is exposed to the thermal shock 

since its temperature is rapidly changed from the room temperature to the one established inside 

the oven. Thermal insulation is in the form of ceramic muffles made of refractory bricks.  

The furnace is heated by a metallic wire which can be embedded in a ceramic muffle or mounted 

inside the chamber commonly up to 1000 – 1200 °C. Muffle furnace can be used for annealing, 

melting, calcination, oxidation, ashing, stress relieving and hardening.  

Rapid thermal annealing is a manufacturing process of materials which provides rapid 

heating of the material even up to 400 °C/s to high temperatures over 1000 °C using infrared 

lamp. As was reported by Downey et al.93 the maximum heating rate can reach up to 400 °C/s 

for the particular RTA model, namely STEAG AST SHS-3000. The schematic diagram of RTA 

is presented in Figure 17b. The heat is transferred from lamp through quartz tube to substrate by 

electromagnetic radiation. The infrared light which is directly absorbed in material is responsible 

for fast heating rate, whereas, in conventional furnace temperature slowly grows up. RTA can 

ensure various gas atmospheres as well as gas lines with mixing possibility94. The heating process 

is very short and takes several seconds or minutes (seconds or minutes in RTA vs. hours in 

conventional furnace).  

 

Figure 17. Cross-section of a) muffle furnace, b) rapid thermal annealer. 

 

RTA was used for the first time in the 1970s, for annealed implanted Si wafers in damaged 

structure which decreased diffusion process in contrast to annealing in the conventional 

furnace95. Along with the development of modern technology and miniaturization of devices,  

the decrease of diffusion during thermal annealing by RTA becomes more significant, especially 

for the Si-based metal-oxide semiconductors96,97. The RTA is used to reduce transient-enhanced 

diffusion (TED). TED is a process of enhanced diffusion of dopants in silicon clusters during 

first thermal treatment. First annealing takes a long time what causes the saturation of  
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the diffusion process, therefore, during second thermal treatment TED is stopped98. In the case 

of boron-doped silicon the transient-enhanced diffusion is stronger at lower temperatures than  

at higher, so rapid annealing to optimum temperature reduces the TED effect which occurs in  

the meantime99. Furthermore, RTA process can be beneficial for stabilizing and improving 

adhesion as well as mechanical properties of low-dielectric isolation layer95,100.  

The rapid thermal annealing can be used for various applications, not only electronic 

semiconductors device manufacturing but also for solar cells and superalloys. It is well known 

that crystalline silicon is widely used for photovoltaic cells101. Wan et al.102 compared Si 

crystallization fabricated by RTA with conventional furnace annealing. Grains size after 

treatment in RTA is smaller comparing to the case when the thermal annealing is carried out 

slowly using conventional furnace. Nowadays, not only crystalline silicon, but also TiO2, 

especially TiO2 nanotubes, annealed in RTA are examined toward future application in 

photovoltaics103.  

Annealing of TiO2 converts amorphous form of oxide to crystalline anatase or rutile phase 

depending on the annealing temperature. According to Raza et al.104 TiO2 annealed above 300 

°C results in anatase phase, whereas, thermal treatment above 500-600 °C can lead to  

the transition to the rutile phase. Xie et al.105 investigated photoelectrochemical activity of TiO2 

nanotubes annealed at various temperatures from 300 to 650 °C in the tube furnace in the air 

atmosphere (Figure 18a). The current increases with increasing temperature which can be 

assigned to formation of anatase phase and the highest photocurrent was obtained for TiO2 

nanotubes annealed at 450 °C. Above 450 °C the photocurrent decreases. Annealing causes 

decrease of amorphous domains which act as a recombination centre causing decrease of 

photocurrent. Furthermore, thermal treatment can lead to the formation of shallow and deep 

surface states on TiO2 surface which increase photoelectrochemical activity of materials, 

however when temperature is too high, their density decreases. The annealing process of titanium 

dioxide can be also performed in different atmospheres. According to Jiang et al.106 

hydrogenation of TiO2 carried out in tube furnace filled with hydrogen leads to formation of 

oxygen vacancy and leads to 3 times higher photocurrent enhancement in comparison to  

the pristine material (Figure 18b).  
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Figure 18. a) Chronoamperometry curves under UV-vis light for TiO2 nanotubes annealed in 

various temperatures (tube furnace)105 b) Chronoamperometry curves under UV light for 

pristine (P25) and hydrogenated TiO2 (H-P25)106. 

It can be assumed that, annealing in hydrogen atmosphere leads to formation of oxygen 

vacancies, inserted surface disorder, improves absorption in visible range and narrowed bandgap. 

Mohajernia et al.107 described the influence of reduction treatment in Ar/H2 atmosphere  

on photoelectrochemical activity of TiO2 nanotubes annealed via rapid thermal annealer.  

As can be seen in Figure 19a after thermal treatment in Ar/H2 atmosphere the material turns 

black. Furthermore, based on the SEM and TEM measurements the increase in porosity of 

titanium dioxide nanostructures was confirmed. Reduction treatment increases absorption of 

light in visible range as well as photoelectrochemical activity where the maximum effect in terms 

of photoresponse was obtained for samples annealed at 550 °C (Figure 19b,c). It was investigated 

that the photocurrent enhancement can be explained not only by increase of absorbance but also 

enhancement in conductivity caused by formation of both oxygen vacancy and Ti3+ cations.  

 

Figure 19. a) Optical images, b) absorbance spectra and c) linear voltammetry curves 

under standard solar irradiation spectrum (AM1.5) for TiO2 nanotubes annealed in air at 450 °C 

(TNTAs) and TiO2 nanotubes annealed in argon/ hydrogen atmosphere  

at 450 °C, 500 °C and 550 °C using rapid thermal annealer107. 
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In this work samples were annealed in muffle furnace Neotherm and Rapid Thermal 

Annealing furnace MILA 5000 P-N. The RTA was financed by National Science Centre in 

Poland via Preludium-18 project no. 2019/35/N/ST5/02604. I was responsible for thermal 

treatment of materials in the muffle and rapid thermal annealer furnace. 

6.2 Techniques used for morphology inspection 

6.2.1 Scanning Electron Microscopy  

Because fabricated materials exhibit at least one dimension in nanometre range optical 

microscopy cannot be used for their detailed surface investigation due to the wave nature of light. 

Owing to the fact that light diffraction occurs around small objects, it becomes impossible to 

observe details significantly smaller than the wavelength of the incident light. The Abbe limit is 

the diffraction-limited resolution of optical system which depends on the wavelength  

and numerical aperture of lenses. Therefore to get information about the geometric parameters 

of the fabricated materials scanning electron microscopy technique, atomic force microscopy  

and transmission electron microscopy are utilized frequently.  

First scanning electron microscope (SEM) was invented by Knoll and Ruska in 1931108. 

This device overcame the diffraction barrier present in optical microscopes. Nowadays, electron 

microscopes are treated as a basic equipment in many institutes where research on nanomaterial 

scale is undertaken.  

The scanning electron microscopy is used for the morphology investigation from 

micrometre to nanometre scale on two-dimensional images. SEM technique is sometimes 

considered as three-dimensional imaging because of the intense contrast and sense of depth  

in pictures. The microscope can record the image with magnification from 10 to 1 000 000 times 

and instrumental resolution of 1–5 nm109. It uses beam of high-energy electrons which interact 

with the material surface where electrons are emitted from the top of the sample surface. 

Electrons reveal information about morphology as well as chemical structure and crystallinity. 

The SEM operates in the range of energy from 1 to 20 keV. The most common electron source 

is a heated tungsten filament. The electron beam is focused on the sample using electromagnetic 

lenses. As a result of the electron-matter interaction secondary electrons (used for imaging 

materials), backscattered electrons (used for imaging materials, whereas, electron backscattered 

diffraction determine crystal structures), Auger electrons, photons (characteristic X-rays used for 

chemical structure analysis), visible light (cathodoluminescence) and heat are produced  

at different depth of sample (Figure 20a). Emitted electrons are analysed by detectors and after 

processing the detailed image of the material morphology is displayed. 
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The main components of the scanning electron microscope are: electron gun (cathode), 

anode, aperture, electromagnetic lenses, scanning coils, secondary electron detector, 

backscattered electron detector, stage, chamber, vacuum system and computer (Figure 20b). 

  

Figure 20. a) Electron-matter interaction volume and types of produced signals,  

b) schematic diagram of scanning electron microscope. 

SEM images of the samples prepared in this work were registered by scanning electron 

microscope FEI Quanta FEG250. Measurements were carried out by PhD DSc Eng Jakub 

Karczewski Prof GUT at Faculty of Applied Physics and Mathematics at Gdańsk University of 

Technology. Moreover, morphology was investigated using scanning electron microscope 

Hitachi SU3500 at IMP PAN. I was responsible for measurements carried out at IMP PAN.  

I performed SEM images analysis. 

6.2.2 Atomic Force Microscope 

Atomic Force Microscopy (AFM) is a microscopic technique used for investigation of 

morphology by building the map of height of sample surface110. Furthermore, AFM depending 

on the mode can be used for diagnostics of other material properties i.e. electrical conductivity 

or hardness. First Scanning Tunnelling Microscope was constructed by Binning and Rohrer  

in 1982. Four years later the same scientists invented Atomic Force Microscope.  

The schematic diagram of AFM is presented in Figure 21a. The sharp tip scans  

the material surface and successively based on the cantilever deflection, forces such as 

mechanical contact force, Van der Waals interactions, capillary, electrostatic and chemical forces 

are detected between the needle tip and the surface111. The measurement resolution is strongly 
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dependent on the radius of the tip and when the tip diameter decreases the measurement accuracy 

increases. Moreover, if electrical conductivity is important for material diagnostics, tip is covered 

with conducting material such as gold, iridium or carbon. Different forces between the tip  

and material cause the mechanical bending of the cantilever being the element where the tip is 

attached (see Figure 21a). During measurements the laser beam is focused on deflecting 

cantilever which results in changes in reflection of light. Finally the light goes to photodetector 

and undergoes analysis. The atomic force microscopy has the ability to explore sample in X, Y 

and Z axis. 

There are various AFM modes including (i) contact, (ii) non-contact and (iii) tapping 

mode (Figure 21b)110. In the case of (i) contact mode, one can consider constant height or constant 

force option. In the constant height mode, the scanner has constant high, whereas, in constant 

force mode, the cantilever has constant force. The contact mode is used for hard materials  

for example metallic or ceramic samples. Polymers and biologic films are rather investigated 

using non-contact technique. 

 

Figure 21. a) Schematic diagram of atomic force microscope, b) different modes of AFM. 

AFM images of the samples prepared in this work were recorded by atomic force 

microscope Nanosurf EasyScan 2 in the contact mode. Measurements were carried out by PhD 

DSc Eng Jakub Karczewski Prof GUT at Faculty of Applied Physics and Mathematics at Gdańsk 

University of Technology. I assisted in measurements carried out at Gdańsk University of 

Technology and performed AFM images analysis. 

6.2.3 Transmission Electron Microscope 

In order to investigate the nanomaterial in details, namely some specific features 

occurring locally, other type of electron microscope has to be used, namely transmission electron 

microscope (TEM). Transmittance is defined as the ratio of the light intensity which passed 
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through the material to the incident light intensity. The transmission electron microscopy  

is a microscopic technique used for imaging of materials with the resolution of even 0.1 nm.  

The TEM uses the beam of electrons and operates in the range of energy from 60 to 150 keV 

(most often 100 keV) or from 200 keV to 5 MeV (for high voltage electron microscopy)112.  

The microscope can record image with the magnification of 50 000 000 times. The resolution 

and energy value is ca. 10 times higher than for SEM measurements. TEM is similar to scanning 

electron microscopy, however, in that case the beam passes through the analysed material.  

The electron beam is produced using heated tungsten filament. The electron beam is focused on 

the sample by lenses and passes through it. After passing through the sample, electron beam  

is magnified by subsequent lenses and finally electrons are analysed by detectors. In the case of 

sample preparation, it is crucial for TEM images and involves many steps. Samples in the form 

of liquid suspension are being pipetted on the grid and after solvent evaporation, the material  

is adsorbed on the grid, whereas, solid samples are cut into very thin lamellas using focused ion 

beam (FIB) and then mounted on the grid. 

TEM images of the samples prepared in this work were recorded by aberration corrected 

high-resolution transmission electron microscope JEOL ARM 200F. Measurements were carried 

out by PhD Emerson Coy, Assoc. Prof. AMU at NanoBioMedical Centre at Adam Mickiewicz 

University. I performed TEM images analysis. 

 

Comparison between SEM, AFM and TEM 

The scale of images recorded by different microscopes, namely SEM, AFM and TEM 

largely overlaps and due to that such techniques often are compared to each other (Figure 22a). 

As can be seen in Figure 22b the imaging principle differs between SEM or TEM, where 

electrons are used for morphology analysis, and AFM which exploits atomic forces. In scanning 

electron microscopy the surface is scanned by electrons, whereas, in transmission electron 

microscopy electrons are transmitted through the whole volume of the sample. Because of that, 

TEM allows to explore internal structure of the sample very detailed comparing to SEM or AFM. 

The preparation of the sample is easier in the case of AFM than SEM or TEM. The AFM 

measurements can be carried out for conductive as well as insulating materials directly placed on 

stage and vacuum conditions are not required. The electron microscopies require additional steps 

in sample preparation such as sputtering of thin metal layers, typically gold, on nonconductive 

material for further SEM measurements and the formation of lamella or deposition of the small 

amount of the materials onto the grid analysed via TEM.  
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Figure 22. a) The length scale of SEM, AFM and TEM, b) comparison of microscopes properties. 

 

6.2.4 Energy dispersive X-ray spectroscopy  

Energy dispersive X-ray spectroscopy (EDX) is technique used for identifying elemental 

composition of sample113. In SEM and TEM high-energy electrons interact with atoms on  

the material surface causing characteristic X-rays emission which allows to perform analysis of 

elemental composition. When the material is excited by high-energy electrons the core-shell 

electron is ejected and higher-energy electron fill this place releasing energy. In order to analyse 

elements, device should be equipped with the energy dispersive detector. Each element has 

unique electron structure and characteristic peak on emission spectrum. Moreover, EDX can 

provide the maps of elemental composition for the sample enabling to study uniformity of 

the different elements distribution.  

6.3 Techniques used for optical properties analysis 

6.3.1 UV-vis spectroscopy 

Light can be absorbed, transmitted, reflected, refracted, diffracted and scattered by  

the material. The schematic interaction of light with material is presented in Figure 23a. UV-vis 

spectroscopy is a technique measuring light attenuation after passing light beam through a sample 

(absorption spectroscopy) or after its reflection (reflectance spectroscopy)114. The UV-vis 

spectroscopy includes measurements typically in the range from ca. 200 nm to 1100 nm covering 
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ultraviolet (UV), visible (vis) and near-infrared (NIR) regions. During the measurement absorbed 

UV, vis and NIR light promotes electrons to higher energy states in analysed material.  

 

Figure 23. a) Interaction of light with the material, b) absorption and c) reflectance measurement. 

 The absorbance is defined as the logarithm of ratio of the input light to the intensity  

of output light (5). In spectroscopy, the Beer-Lambert law is related to the absorption  

of electromagnetic waves by material which is proportional to the molar absorption coefficient, 

concentration of absorbing species and optical path length (6). In the case of sample which is  

in the form of diluted solution, the linear relationship between absorbance and absorber 

concentration is used. Therefore, the concentration and the type of molecule are taken into 

account. Light should pass through the solution in order to measure absorbance which is 

impossible for too high concentrated solutions. Non-transparent samples in the form of solid 

materials are examined in the reflectance mode. 

(5)  A = log (I0/I) 

  (6)   A = ɛ . c . l  

where 

A – absorbance  

I0 – intensity of incident light  

I – intensity of transmitted light  

ɛ – molar absorption coefficient / L . mol-1 . cm-1 

c – concentration of absorbing species / mol . L-1 

l – optical path length / cm 
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The UV-vis spectroscopy can be used for quantitative determination of species  

in the sample as well as characterization of optical properties of the material.  

The spectrometer has three main components such as light source, monochromator  

and detector (Figure 23b,c). The UV-vis spectrometer has two light sources such as deuterium 

and tungsten lamp for generation of UV and visible light, respectively. Additionally, when  

the integrating sphere is inserted in the UV spectrometer apparatus, the reflectance and scattering 

measurements of non-transparent materials can be recorded115. Typically materials in the form 

of layers onto the non-transparent substrates or powders are investigated by spectrophotometer 

arrangement equipped with integrating sphere116.  

The UV-vis spectroscopy can be used to characterize optical properties of metallic 

nanoparticles117. The Mie theory concerning interaction of light with homogenous sphere can be 

used to estimate the size of nanoparticles. It is a mathematical-physical theory concerning  

the scattering of electromagnetic wave by sphere and the solution of Maxwell equations118. These 

equations are composed of infinite series of multipole expansion (angle-dependent function)  

of the polarization of sphere caused by incident wave119. Extinction, absorption and scattering 

are types of interaction of light with matter which are considered in Mie theory (7). 

(7)  Qe = Qa + Qs 

where 

Qe – extinction efficiency coefficient 

Qa – adsorption efficiency coefficient 

Qs – scattering efficiency coefficient. 

Based on the Mie theory the extinction, scattering and absorption can be described by  

the cross section equations 8, 9 and 10 where an and bn are the Mie coefficients (11, 12).   

(8)    𝐶𝑒𝑥𝑡 =
2𝜋

|𝑘|2
∑ (2n + 1)Re[𝑎𝑛 + 𝑏𝑛]

∞
𝑛=1  

(9)    𝐶𝑠𝑐𝑎 =
2𝜋

|𝑘|2
∑ (2n + 1)[|𝑎𝑛|

2 + |𝑏𝑛|
2]

∞

𝑛=1
 

(10)    𝐶𝑎𝑏𝑠 = 𝐶𝑒𝑥𝑡 − 𝐶𝑠𝑐𝑎 

(11)   𝑎𝑛 =
m𝛹𝑛 (𝑚𝑥)𝛹′𝑛(𝑥)−𝛹𝑛 (𝑥)𝛹′𝑛(𝑚𝑥)

m𝛹𝑛 (𝑚𝑥)𝜉′𝑛(𝑥)−𝜉𝑛 (𝑥)𝛹′𝑛(𝑚𝑥)
 

(12)   𝑏𝑛 =
𝛹𝑛 (𝑚𝑥)𝛹′𝑛(𝑥)−𝑚𝛹𝑛 (𝑥)𝛹′𝑛(𝑚𝑥)

𝛹𝑛 (𝑚𝑥)𝜉′𝑛(𝑥)−𝑚𝜉𝑛 (𝑥)𝛹′𝑛(𝑚𝑥)
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where 

𝐶𝑒𝑥𝑡 – extinction cross section 

𝐶𝑠𝑐𝑎 – scattering cross section 

𝐶𝑎𝑏𝑠 – absorption cross section 

𝛹𝑛 – Riccati-Bessel function 

𝜉𝑛 – Riccati-Bessel function  

 

m is the ratio between the refractive index of NP (np) and the refractive index of surrounding 

medium (nm) described as m = np/nm and x is the ratio between the radius of NP and the light 

wavelength x = 2πr/λ. 

Therefore, the wavelength at which maximum can be observed and the diameter  

of particle strongly influence the shape of absorption spectra. Furthermore, the interaction 

between light and particle is dependent on the dielectric constant of the particle and medium.  

The dielectric constant is the parameter related with the frequency. When the dielectric constant 

of NP is extremely large at particular frequency, absorption and scattering will be also large.  

The resonance occurs when: 

(13)   ℇ1 = −2ℇ𝑚 

where 

ℇ1 – real part of dielectric constant of NP  

ℇ𝑚 – dielectric constant of medium 

UV-vis spectroscopy measurements of samples prepared in this work were carried out 

using spectrophotometer Lambda 35 Perkin-Elmer equipped with an accessory for reflectance 

spectra registration (integration sphere). I was responsible for UV-vis spectroscopy 

measurements and analysis. 

6.4 Techniques used for structural properties analysis 

6.4.1 X-ray diffractometry 

 The diffraction pattern occurs when waves go through small slit in the material. Similar 

phenomenon of X-ray beam passing through crystals was observed by Laue in 1912120,121.  

W. H. Bragg and W. L. Bragg proposed interpretation of Laue’s equations in 1913 explaining 

scattering of X-ray beam by crystal faces.  

 X-ray diffraction is a technique used for determining the crystallinity and the structure  

of solid samples. The material is placed between the X-ray tube and detector which move  
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at various angles in synchronized motion. The CuKα radiation is recommended for structure 

investigation.The X-rays beam interacts with crystal faces at the incidence angle θ and scatters 

from crystal faces with the same angle θ122. The schematic representation of X-ray diffractometer 

is shown in Figure 24a. The monochromatic, incident beam falls on the surface of the sample 

and is scattered by the regularly spaced atoms that are present in crystals. Further, the scattered 

signals start interfere with each other and they are extinguished (destructive interference)  

or amplified (constructive interference). The diffraction, that is an effect of constructive 

interference and subsequent signal amplification, can be described according to Bragg’s law (14). 

The schematic diagram of Bragg diffraction is presented in Figure 24b: 

(14)   n . λ = 2d . sinθ 

where 

n – diffraction order 

λ – wavelength of the X-ray / nm 

d – spacing of the crystal layers / Å 

θ  – angle between incident ray and the scatter plane / degree 

  

Figure 24. a) Schematic diagram of X-ray diffractometer b) Bragg diffraction. 

 The XRD diffraction provides information about crystalline structure, orientation 

parameter, degree of crystallinity as well as crystal defects123. The growth of individual grains 

on the material surface is dependent on grain boundary mobility and driving forces of growth. 

The structure intends to reduce grain boundary energy as well as decrease of crystal surface 

energy124. Examples of XRD diffraction peaks for the materials described in this dissertation  

are presented in Table 2. 
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Table 2. Examples of XRD diffraction peak position for Ti, TiO2, Cu, Cu2O, CuO and AuCu. 

Compound 2θ / degree Miller index Ref. 

Ti 34.9 (100) 125,126 

Ti 38.3 (002) 125,126 

Ti 39.9 (101) 125,126 

Ti 52.8 (102) 125,126 

Ti 70.4 (103) 125,126 

TiO2 anatase 25.4 (101) 127,128 

TiO2 anatase 48.1 (200) 128 

TiO2 rutile  27.3 (110) 127 

TiO2 rutile 54.2 (211) 127 

TiO2 rutile 56.5 (220) 127 

Cu 43.3 (111) 124,129,130 

Cu2O 36.4 (111) 131 

CuO 38.9 (111) 132 

Au 38.2 (111) 133 

AuCu alloy 38.35 (111) 134 

 

XRD measurements for samples prepared in this work were performed using Bruker 2D 

Phaser diffractometer with CuKα radiation and an XE-T detector. Measurements were carried 

out by PhD DSc Eng Jakub Karczewski, Assoc. Prof. of GUT at Faculty of Applied Physics  

and Mathematics at Gdańsk University of Technology. I performed XRD analysis. 

6.4.2 Raman spectroscopy  

The Raman spectroscopy is a technique which allows to measure vibrational energy 

modes of investigated material. The sample is illuminated by laser beam and this monochromatic 

light interacts with molecular vibrations and further scattered photons of a different energy than 

incident ones are detected and analysed135. Three types of scattering such as Rayleigh scattering, 

anti-Stokes Raman scattering and Stokes Raman scattering can occur when light interacts with 

molecule (Figure 25). When the energy of incident photons is equal to energy of scattered 

photons, Rayleigh scattering is present and known as elastic scattering. When the molecule  

is excited and emits photon that has lower energy than the incident one Stokes Raman scattering 

occurs, whereas, when molecule  loses energy anti-Stokes Raman scattering takes place. 

Therefore, the Raman scattering is an inelastic scattering.  
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Figure 25. Energy level diagram showing energy states in Raman scattering. 

Regarding investigated materials, Raman spectroscopy can be used for detection of various 

oxides on the material surface. However, it should be noted that the light penetration depth 

depends on the absorption coefficient and laser wavelength. In the case of TiO2 anatase phase  

in most cases it is possible to distinguish five vibrational modes. Three of them are Eg modes 

associated with stretching of O-Ti-O groups and are located at 149, 199 and 649 cm-1. The other 

two: B1g and A1g+B1g related to bending vibrations of O-Ti-O groups can be found at  

403 and 521 cm-1, respectively136. The Raman band positions for copper oxides, gold copper 

alloy and titanium dioxide are presented in Table 3. Copper and copper oxide atoms are 

characterized by Ag (296 cm-1) and Bg (346 cm-1, 631 cm-1) vibrational modes137. Furthermore, 

it should be highlighted that not only the creation of new bands but also shifting, broadening and 

attenuation can be analysed taking into account recorded Raman spectra. For example, the shift 

in Raman spectra for TiO2 can be correlated with presence of oxygen vacancy. The band structure 

for TiO2 anatase with oxygen vacancy is shown in Figure 26a. Oxygen vacancy states are located 

in the donor states at 0.8-1.2 eV below CB138. The formation of oxygen vacancy leads to surface 

reconstruction for example changing the local symmetry of Ti by modulating titanium-oxygen 

bonds139. The band shifts towards higher wavenumbers from 149 cm-1 to 155 cm-1. According to 

Pan et al.138 after deconvolution three bands can be distinguished in that wavenumber range 

where two of them located at 155 cm-1 and 171 cm-1 are the new Raman modes (Figure 26b). 

Furthermore, after thermal treatment of TiO2 sheets in the form of powder containing oxygen 

vacancy in the air atmosphere oxygen vacancy disappeared and only one band was present. 
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Table 3. Raman bands position for copper oxides, titanium dioxide and AuCu alloy. 

Compound Raman shift / cm-1 Ref. 

TiO2 rutile 430 – 450 600 – 610 140,141 

TiO2 anatase 149 199 403 521 646 136 

CuO 300 330 - 370 590 – 600 142,143,141 

Cu2O 220 520 - 550 620 142,144,143 

AuCu 240 – 270 145,141 

 

 

Figure 26. a) Band structure for TiO2 anatase with oxygen vacancy, b) Raman spectra for  

(a) the reference anatase TiO2 (from Aldrich), (b) TiO2 sheets with oxygen vacancy,  

(c) TiO2 sheets138. 

Raman spectra for samples prepared in this work were recorded by means of a confocal 

micro-Raman spectrometer InVia Renishaw with a material excitation by laser emitting  

at 514 nm and operated at 50 % of its total power (50 mW) with 3 accumulations.  

I was responsible for Raman spectroscopy measurements and analysis. 

6.4.3 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is an analytical technique used for investigation 

of the chemical nature of elements present at the surface region. This technique takes advantage 

from the photoelectric effect146. Moreover, the technique enables also quantitative elemental 

analysis at the surface and if Ar+ etching is applied also the sample composition in deeper parts 

of the material. The electron emission from the material during light illumination was observed 

by H. Hertz in 1887, however the formal description was given by A. Einstein in 1905. In order 

to observe the photoemission, the energy of the photon should be equal or higher than the sum 

of the kinetic energy (Ek) and the work function (ϕ) (15). The schematic energy levels diagram 

is shown in Figure 27a147. 
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Figure 27. a) Schematic energy levels diagram, b) scheme of XPS instrument. 

The work function is a minimum amount of energy required to eject electron from  

the material surface. If the kinetic energy of photon is equal or higher than the binding energy of 

electron, then the core electron of atom escapes and emits out of the material (16)148:  

(15)   h . ν = Ek + ϕ 

(16)   EB = h . ν – ϕ - Ek 

where 

Ek – kinetic energy of photon / eV 

h – Planck’s constant (6.63 ∙ 10-34 / eV . s) 

ν – photon frequency / Hz 

ϕ – work function / eV 

EB – binding energy of electron / eV 

 Investigation of the materials surface is limited to the depth of ca. 10 nm. It should be 

added that the depth profile can be also obtained using:(i) etching mode with the support of Ar+ 

ions, (ii) changing the emission angle or (iii) using various photon energy. However, in the case 

of the option (i), it should be considered that Ar+ can interact with atoms and change their 

oxidations state, thus altering the initial chemical nature of the material. 

The X-ray photoelectron spectrometer is composed of X-ray source, aperture, lenses, 

hemispherical analyser, multi-channel detector. The scheme of XPS instrument is presented in 

Figure 27b. During XPS measurements the sample is illuminated by soft X-rays (AlKα 1487 eV) 

or hard X-rays (CrKα 5415 eV)149. High-energy radiation causes emission of electrons from the 

core of the analysed material. When the data are gathered in the form of survey spectra as well 

as spectra recorded in the binding energy range typical for atoms present in the samples,  
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e.g. oxygen, titanium, copper, the analysis concerns fitting procedure to find single peaks that are 

attributed to the particular oxidation state of each element. The characteristic binding energies 

for titanium, gold and copper are presented in Table 4. Core orbitals, except the s orbitals, can be 

splitted into two states because of the interaction between unpaired valence and unpaired  

core-level electrons. Therefore, peaks can be visible in the form of doublet. Doublet is composed 

of two peaks, that occur due to spin-orbital coupling (p1/2, p3/2, d3/2, d5/2, f5/2, f7/2). These peaks 

have specific value of area ratio and peak separation dependent on element.  During the XPS 

experiment, it is also possible to record Auger electrons. The Auger effect happens when core 

electron is removed from its initial place causing the vacancy and then electron from the higher 

energy level takes this empty place. Energy that is released in that process can be transferred to 

another electron that is ejected from the atom. Furthermore, because of the energy losses  

and other physical processes, it is possible to observe some satellite peaks at the high binging 

energy side. 

Table 4. Characteristic binding energy for titanium, gold and copper. 

Element oxidation state Binding energy / eV Ref. 

Ti0 (2p3/2) 453.9 150  

Ti2O3 (2p3/2) 457.1 151 

TiO2 (2p3/2) 458.7 151 

Au0 (4f7/2) 83.9 - 84.1 152,153  

Au2O3 (4f7/2) 85.8 154,155 

Cu0 (2p3/2) 932.5 156 

Cu1+ (2p3/2) 932.7 157 

Cu2+ (2p3/2) 933.5 - 934.5 156,158 

 

XPS measurements of the samples prepared in this work were carried out using an X-ray 

photoelectron spectroscope Escalab 250Xi, ThermoFisher Scientific with a monochromatic 

AlKα source. Measurements and fitting were carried out by PhD DSc Eng Jacek Ryl Prof GUT 

at Faculty of Applied Physics and Mathematics at Gdańsk University of Technology.  

I was responsible for XPS analysis. 

 

6.4.4 Methods using synchrotron radiation 

The synchrotron is a type of cyclic particle accelerator producing extremely powerful 

radiation. Synchrotron radiation is used in many advanced measurement techniques  

with complex device structures. SOLARIS is the only synchrotron in Poland which is located on 

the Campus of Jagiellonian University in Cracow. In SOLARIS it is possible to carry out research 
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on 6 different beamlines: PIRX, PHELIX, URANOS, DEMETER, ASTRA, CRYO-EM. In order 

to perform measurements in SOLARIS, I submitted the application form with the details 

regarding the planned measurements that was positively considered and I received beam time 

from 17-22.05.2022 on the Phelix line. 

The synchrotron radiation (used by XPS or X-ray absorption spectroscopy)  

is an electromagnetic radiation emitted by charged particles, typically electrons, which are 

accelerated by magnetic field. Those high energy electrons travel around a closed-loop path with 

a speed approaching speed of light emitting X-ray radiation. Synchrotron is composed of electron 

gun (e-gun), linear particle accelerator (LINAC), booster ring, storage ring, bending magnets, 

insertion device and beamline (optics and experimental hutch with shutter, slits, monochromator 

and detector). The scheme of synchrotron is presented in Figure 28. First, electrons are generated 

by the electron gun cathode and further accelerated to high speed by the linear particle 

accelerator. In LINAC electrons are accelerated by radio-frequency waves. Then the electrons 

travel around the booster ring more than one million times where they are accelerated by magnets. 

With every turn the electrons are faster and faster. When the electrons reach optimal energy  

(for SOLARIS this energy equals 550 MeV) they are transferred to the storage ring. With a usage 

of magnets and insertion device (two magnets with opposite magnetic poles) particles obtain 

speed close to speed of light. Due to that reason storage ring is called the heart of synchrotron. 

The energy of electrons in the storage ring is higher than in the booster ring reaching in the case 

of SOLARIS synchrotron 1.5 GeV. The storage ring stores electrons for hours on stable orbit. 

Moreover, the electrons travel around the ring in a vacuum chamber to prevent particles 

collisions. Summing up, the charged particles are accelerated in three places such as LINAC, 

booster as well as storage ring in order to obtain desired electrons speed. The X-ray radiation  

is directed toward beamlines. There are cabins located around the synchrotron where the beam 

is splitted from the storage ring to specific stations.  
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Figure 28. Schematic diagram of synchrotron. 

6.4.5 X-ray absorption spectroscopy 

 X-ray absorption spectroscopy (XAS) is a technique used for the characterization  

of electronic and structural properties of materials such as oxidation state, site symmetry,  

and local environment159. The absorption of X-rays results in the excitation of core electrons.  

As typically electrons from 1s or 2p shell are excited. XAS requires a synchrotron radiation 

source that provides tuneable energy photons to the surface of the material160. It should be in here 

noted that two types of excitation may occur, namely core electron may be transferred to the 

unoccupied state in the valence band or may be ejected from the absorbing atom as a wave to 

 a continuum (unbound state).  

In the recorded XAS spectrum one can distinguish three regions: (i) pre-edge where  

the X-ray energy is smaller than binding energy, (ii) absorption-edge referred as X-ray absorption 

near-edge structure (XANES) and (iii) post-edge referred as the extended X-ray absorption fine 

structure (EXAFS) (Figure 29)160.  

 

Figure 29. The detection modes of XAS160. 
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The registered absorption edge is related to the sudden absorption increase when  

the X-ray radiation is scanning through the binding energy regime of core-level electrons. In this 

energy regime the electron transfer to the unoccupied state in the valence band occurs  

or the photoelectron has just enough energy to be able to escape to the continuum (Figure 29). 

Usually XANES refers to the region about 10 eV below the absorption edge and 20-50 eV above 

the edge161. It can be used to determine oxidation state and coordination chemistry. 

The absorption edges are characteristic for particular electron shells (K, L, M, N)162.  

The schematic representation of X-ray absorption edges is presented in Figure 30a. The L-edge 

XAS spectrum of TiO2 is presented in Figure 30b. In the case of TiO2 the L3-2 edge, excitation 

of Ti2p electrons to unoccupied d and s states, is in particular of interest because the TiO2 

conduction band is composed of Ti3d states163, whereas, the valence band is attributed to O2p164. 

The information which can be obtained from the intensity of b1 and b2 peaks of the L3-edge is 

the TiO2 crystalline phase. If the b1 peak is more intense than the b2, the anatase is present.  

The opposite situation indicates the rutile phase165. In the case of copper, taking into account 

various shapes of L-edge XAS spectra, it is possible to identify Cu2+, Cu1+ and Cu0 (Figure 30c).  

 

Figure 30. a) Schematic of X-ray absorption edges, b) L-edge XAS spectra of rutile  

and anatase TiO2 
163,166 , c) L-edge XAS spectra of CuO, Cu2O and Cu167. 

As it comes to EXAFS part of the XAS spectrum, it corresponds to the oscillating part of 

the spectrum above the absorption edge. The higher energy of the incident beam may cause  
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the transfer of electron to the energy continuum and the oscillations correspond to the wave 

interactions between the ejected photoelectron and electrons surrounding the absorbing atom. 

The range of EXAFS begins from 50 eV and extends to about 1000 eV above the absorption 

edge. It can be used to obtain precise information about the local atomic structure. 

The measurements presented in the article using synchrotron radiation were performed 

by me and PhD Eng Zuzanna Bielan at the National Synchrotron Radiation Centre SOLARIS  

in Cracow (Poland). PHELIX beamline operating at the soft X-ray range was utilized.  

I was responsible for XPS and XAS analysis.   

6.5 Electrochemical and photoelectrochemical activity 

 Electrochemistry is a field of the physical chemistry concerned with phenomena 

occurring at the electrode/electrolyte interface. This branch of science is focused on the processes 

across the electronic conductor and the ionic conductor in the form of electrode and electrolyte 

respectively, as well as factors which influence on that system (Figure 31)168. 
 

 

Figure 31. Schematic representation of reduction and oxidation process. 

In the electrode charge is transported by electrons whereas in the electrolyte by movement  

of ions. It is possible to distinguish two types of reactions, namely reduction and oxidation.  

In the case of material reduction the electrons flow from electrode to electrolyte, whereas in  

the material oxidation process from electrolyte to electrode. The electrode reaction rate  

and current are affected by the mass transfer from electrolyte to electrode, the electron transfer 

through the electrode, chemical reactions and the electrode surface reactions such as adsorption 

or desorption processes. The electrode-electrolyte interface can be considered as a capacitor.  

At particular potential the electrode is charged positively or negatively with respect to  

the electrolyte with opposite charge. Such charge arrangement is called the electrical double-

layer. Three models of the electric double-layer can be distinguished, namely Helmholtz,  

Gouy–Chapman and Stern model (Figure 32). Helmholtz claimed that all charge in electrode 

stays at its surface, whereas electrolyte with opposite polarity is separated by short distance from 

electrode. In the case of Gouy-Chapman model the diffuse layer of charges with capacitance 

dependent on applied potential and electrolyte concentration is formed on the electrolyte side  
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of interface. Stern model is a compilation of Helmholtz and Gouy-Chapman models including 

compact charge layer and diffuse layer. 

The information about electrochemical activity of materials can be obtained via various 

electrochemical techniques such as cyclic and linear voltammetry, chronoamperometry, 

chronopotentiometry, differential pulse voltammetry, electrochemical impedance spectroscopy 

and dynamic electrochemical spectroscopy.   

 

Figure 32. The electrical double-layer a) Helmholtz, b) Gouy-Chapman and c) Stern models169. 

6.5.1 Cyclic voltammetry 

 Cyclic voltammetry is the most popular electrochemical technique used to study redox 

reactions, electron transfer kinetics, stability of reaction products, reversibility of a reaction, 

adsorption-desorption processes, catalytic activity and so on168. The cyclic voltammetry 

measurement is based on changing the potential of working electrode within the specified 

potential range, scan rate, number of cycles, and measuring the resulting current.  

The measurements are carried out in three electrode system where the investigated material takes 

role of working electrode (WE). Remaining two electrodes are the reference electrode (RE)  

and the counter electrode (CE) (usually Pt mesh) (Figure 33a). The reference electrode  

is characterized by constant potential which is not dependent on ions dissolved in electrolyte  

and because of that is the reference point for measurements of WE potential. Typically, when 

working in aqueous electrolytes following electrode is used: 1) Ag wire covered with silver 

chloride immersed in the solution of 0.1 M potassium chloride (Ag/AgCl/0.1 M KCl), 2) mercury 
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sulfate that is Hg-drop of mercury sulfate immersed in the sulfate containing solution such as  

0.1 M potassium sulfate (abbreviated MSRE), 3) Pt wire immersed in 1 M hydrogen chloride 

deareated with hydrogen (abbreviated SHE). The counter electrode provides together with WE 

electrical circuit over which current flows. All electrodes are placed in the electrochemical cell 

filled with an electrolyte being the aqueous solution of salt, hydroxide or acid, for example 

Na2SO4, NaOH and PBS (phosphate buffered saline). Depending on the purpose the electrolyte 

can be deareated or saturated with different gasses. Figure 33b presents typical cyclic 

voltammogram showing current vs. potential for conducting material, for example platinum  

or gold immersed in the solution containing ferricyanide/ferrocyanide redox couple.  

The parameters which describe material activity, namely faradaic reaction related with charge 

transfer are the anodic and cathodic peak currents (ip) as well as peak potentials (Ep)
170. 

 The example of CVs for Pt or Au immersed in the solution of the ferricyanide/ 

ferrocyanide redox couple is one of the most known and well recognized voltammograms. 

Platinum and gold are often used for electrocatalytic processes because of their good conductivity 

which allows fast charge flow through material as well as high stability. However, when material 

with lower conductivity than Pt or Au is immersed in the electrolyte containing 

ferricyanide/ferrocyanide redox pair the changes on CVs curves are observed. Reactions 

occurring on the electrode surface can be reversible, quasi-reversible and irreversible, and their 

character can be recognized based on the shape of CVs curves (Figure 33c). In the case of 

reversible process two reactions take place such as oxidation and reduction. The electron transfer 

is fast which allows to maintain equilibrium at the electrode/electrolyte interface171.  

The reversible reaction can be described in different ways where in the case of electrochemistry 

the peak-to-peak separation and peak intensity are taken into account. In the reversible reaction 

the peak-to-peak separation should be relatively small where ΔE should correspond to the value 

of ca. 57 mV. The equations (17) and (18) describe this dependency172. Furthermore, the anodic 

and cathodic peaks should have the same current intensity. 

(17) ΔE = (Ea – Ec) 

(18) ΔE = 2.218 R . T / n . F 

where 

ΔE – peak-to-peak separation potential / V 

Ea – anodic potential peak / V 

Ec – cathodic potential peak / V 

R – universal gas constant (8.314 J / K . mol) 

T – temperature / K  
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n – number of electrons transferred in the reaction 

F – Faraday constant (9.64 . 104 / C . mol-1) 

However, for the irreversible reaction the electron transfer is slow. In that case, only one reaction 

occurs, the product of electrochemical reaction does not return to the initial state.  

Quasi-reversible process is an intermediate process between both and depends on charge-transfer 

rate as well as mass transport171. It should be highlighted that the source of electrons can be  

a redox pair in electrolyte (as described above) as well as a redox active center in the material. 

 When the electrode material is characterized using cyclic voltammetry, the recorded current is 

composed of Faraday and capacitive component (Figure 33d). Faradaic current is a result of 

chemical change in the electrochemical system. The capacitive current depends on the amount 

of charge which can be stored in the electric double-layer formed at electrode/electrolyte 

interface.  

 

Figure 33. a) The scheme of electrochemical cell, b) the typical cyclic voltammogram,  

c) the CVs curves showing shape of reversibility/irreversibility of reactions, d) the CV curve 

presenting contribution of Faradaic and capacitive current. 

PhD dissertation concerns gold, copper, titanium, titanium dioxide nanostructures therefore short 

electrochemical studies for these structures is presented below. Figure 34a. shows cyclic 

voltammetry for TiO2 in the form of anatase phase. The CV curve was recorded in 0.1 M NaOH 

electrolyte. This material exhibits reduction reaction of Ti4+ to Ti3+ with peak located  

at ca. -1.3 V vs. Ag/AgCl. The electrochemical activity of gold species such as Au(poly), 
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Au(100), Au(210) and Au(533) surfaces registered in 0.1 M NaOH solution is presented in  

Figure 34b173. The anodic peak located at ca. +0.3 V vs. Ag/AgCl corresponds to oxidation of 

metallic gold to Au2O3
174. In the case of reduction peak observed at ca. +0.2 V vs. Ag/AgCl  

it can be assigned to reduction of gold oxide. Moreover, it can be clearly seen that the shape of 

oxidation and reduction peaks differs significantly between various gold crystal orientations 

exposed to the electrolyte interface as a result of specific adsorption of OH- anions.  

The electrochemical activity of copper and copper oxides registered in 0.1 M NaOH solution is 

shown in Figure 34c. First oxidation peak located at 0 V vs. Ag/Ag2O labelled as A can be 

assigned to oxidation of Cu to Cu2O. The second one which can be observed at +0.3 V labelled 

as B is interpreted as oxidation of Cu/Cu2O to CuO and Cu(OH)2. During polarization towards 

the cathodic direction, reduction of Cu2+ oxides to Cu1+ and Cu0 is visible (peaks assigned as  

C and D, respectively). In the case of materials which will be developed in terms of their future 

application such as photoelectrochemical solar cells, water splitting devices or fuel cells, it is 

required to obtain stable material which does not dissolve. Therefore, selection of electrolyte and 

its pH play crucial role. The electrochemical measurements of TiO2 or Au can be carried out in 

alkaline, basic and acidic solutions. In the case of Cu alkaline conditions are favourable.  

The Pourbaix diagram for copper in aqueous media is presented in Figure 35. The copper is 

passivated and the stable copper oxide is present at surface layer. In acidic solution the dissolution 

of copper and formation of copper ions in the electrolyte occurs and thus the mass of copper 

based electrode material changes. Therefore, all electrochemical and photoelectrochemical 

measurements presented in this PhD thesis were carried out in alkaline electrolytes. 

Figure 34. Cyclic voltammetry for a) TiO2 
175

 b) Au(poly), Au(100), Au(210) and Au(533) 

surfaces173 and c) polycrystalline copper sample176 registered in 0.1 M NaOH. 
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Figure 35. Pourbaix diagram for copper in aqueous media177. 

6.5.2 Linear voltammetry 

Linear voltammetry is an electrochemical technique similar to cyclic voltammetry, 

however, in this case potential is changed from lower to higher potentials or from higher to lower 

instead of cycling in the selected potential range. Linear voltammetry is one of techniques which 

can be used to measure the activity towards water splitting process (19)178. Water splitting can 

be realized by performing oxygen evolution reaction (OER) or hydrogen evolution reaction 

(HER) in which oxygen or hydrogen gas is produced, respectively. The reactions (20) and (21) 

describe processes which occur in the alkaline solution according to the equations: 

(19) H2O → H2 + 1/2O2 

          (20) 4OH→ O2 + 2H2O + 4e- 

           (21)  4H2O + 4e- → 2H2 + 4OH- 

In order to test activity of the material towards OER it is required to polarize the working 

electrode from lower to higher potentials, whereas, in the case of HER from higher to lower 

potentials. The schematic representation of such process is presented in Figure 36. It can be 

clearly seen that those reactions are characterized by significant increase in current, high slope 

and gas generation on the electrode surface. Onset potential marked as a dashed line in Figure 36 

is the highest or the lowest potential starts to produce hydrogen or oxygen, respectively. 
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Figure 36. Schematic representation of a) hydrogen and b) oxygen evolution reaction.  

Linear voltammetry curves can be recorded in dark but also when the material is exposed 

to light irradiation in order to explore if incident light can for example support the water splitting 

process. The electrode can be illuminated by whole spectrum of solar light or only by the selected 

range, e.g. in the visible light region. The photoelectrochemical measurements are conducted 

using xenon lamp with AM1.5G filter (global horizontal irradiance spectrum) as a light source 

with light intensity of 100 mW/cm2 and the cut-off filter enabling to remove from the spectrum 

particular wave range (Figure 37). 

 

Figure 37. The schematic representation of photoelectrochemical measurements setup.  

Electrodes are placed in the electrochemical cell with quartz window which allows  

the transmission of light from UV to middle infrared. The photocurrent can be measured under 

chopped dark-light illumination of materials which means that the light is turned on and off in  

a periodic mode. However, the electrode response can be also tested when first LV is recorded 

in dark and then under different light conditions. Then the photocurrent is a difference between 
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the current registered in light and in dark179. In order to accurately explore photoanode activity  

it is required to polarize from lower to higher potentials and from higher to lower  

for photocathode. The photoanode is the n-type semiconductor for example TiO2  

and the photocathode is the p-type semiconductor such as CuO and Cu2O
180. In order to explain 

the reason behind direction of polarization the flatband potential should be introduced.  

The flatband potential is potential where depletion layer does not exist. In the case of n-type 

semiconductor the depletion region is present in the positive potentials from flatband potential 

(Figure 38a). For p-type depletion region is in the negative potentials to flatband potential (Figure 

38d). However, when n-type semiconductor is at negative potentials (Figure 38b) and p-type 

 at positive potentials (Figure 38c) an accumulation region is formed. When semiconductor has 

accumulation layer it plays similar as metallic electrode under light illumination because of  

the excess of charges. If there is a depletion region after light illumination the photocurrent can 

be generated. Additional parameter which can be obtained from voltammogram is the onset 

potential defining value where the material starts to be photoelectrochemically active. The onset 

potential is positively shifted towards higher potential than the flatband potential for n-type 

semiconductors and negatively towards lower potential for p-type semiconductors181.  

The electrode should be polarized in order to provide opposite charges than charges which are 

present in excess. 

 

 Figure 38. Effect of different applied potentials on  

a,b) n-type and c,d) p-type semiconductor182. 
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6.5.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a technique which enables analysis of 

time-dependent phenomena occurring at the electrode-electrolyte interface183. The EIS technique 

uses the sinusoidal potential excitation signal and the sinusoidal current response at different 

frequencies during a single measurement (Figure 39a). The current response is at the same 

frequency as potential excitation but it is shifted in phase. The sinusoidal potential and current 

are functions of time at defined frequency and amplitude according to equation 22 and 23. 

Impedance is the AC resistance related to Ohm law (24).  

(22)  E(t) = E0
 . sin(ωt) 

(23)  I(t) = I0
 . sin(ωt + φ) 

(24)  Z(ω) = E(t) / I(t) 

where 

E(t) – potential at time t / V 

I – current / A  

t – time / s 

ω – frequency / rad . s-1 

φ – phase shift / degree 

Z – impedance / Ω  

The electrochemical impedance spectra mostly can be represented by Nyquist plot as  

the imaginary part vs. the real part of impedance (Figure 39b). The spectrum is composed of 

many single points and each of them is registered at different frequency.  

 

Figure 39. a) The excitation and output signal, b) the example of the EIS spectrum 

representation in the form of Nyquist plot, c) examples of electrical equivalent circuits 184,185. 
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In order to analyse EIS data in details it is required to fit the electrical equivalent circuit 

(EEC) containing different elements like resistor and capacitor that are attributed to the electrode 

material and electrolyte properties, and processes occurring in the electrochemical setup.  

Their relations with impedance are represented by equation (25) and (26), respectively.   

(25)  Zresistor = R 

(26)   Zcapacitor = 1 / jωC 

where 

Z – impedance / Ω  

R – resistance / Ω  

ω – frequency / rad . s-1  

C – capacitance / F 

and j is imaginary unit and is equal to √−1.  

Equivalent circuit highly supports description of the flow of charge through electrode-electrolyte 

interface 186. 

Two examples of the most known equivalent circuit are presented in Figure 39c.  

The principal EEC is the Randles circuit model (Figure 39c). It is composed of three elements 

such as the electrolyte resistance (Re), the charge transfer resistance (Rct) and the double layer 

capacitance (Cdl). The model describes faradaic reactions as well as nonfaradaic capacitance 

character. However, for the real electrochemical system Randles model is not enough for proper 

fitting. Because of that, more elements should be considered to reflect the experimental 

conditions and describe the analysed system. The pure capacitor (C) is often replaced by constant 

phase element (CPE) which allows to take into account differences in heterogeneity of materials. 

Usage of this element is of high importance considering highly porous electrode material  

that developed surface is much higher than a flat layer. The CPE element can be described by 

equation (27): 

(27)  CPE = 1 / Q . (jω)n 

where 

CPE – constant phase element 

Q – quasi-capacitance / F  

n – constant phase element exponent 

ω – frequency / rad . s-1 

and j is imaginary unit and is equal to √−1. 
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The constant phase element exponent is a number between 0 and 1 and describes capacitive 

behavior as well as heterogeneity of analyzed electrode. If n=0 the impedance becomes pure 

capacitance, whereas, for n=1 it is assigned to the resistor. Therefore, increase of constant phase 

element exponent is assigned to decrease of homogeneity.  

The Warburg element is employed when additional diffusion processes are involved.  

The shape of Nyquist plot as straight line with a slope of ca. 45 degree can be assigned to 

diffusion of ions / reagents through the finite-length layer described by equation (28). 

(28)  𝑍𝑊𝑂
(𝜔) =

𝑊𝑂𝑟

√𝜔
(1 − 𝑗)𝑐𝑜𝑡ℎ[𝑊𝑂𝑐√𝑗𝜔]  

where 

WOr – Warburg coefficient / Ω . cm2 . s-1/2 

WOc = d / D0.5 

d – thickness of layer / cm 

D – diffusion coefficient / cm2 . s-1 

and j is imaginary unit and is equal to √−1. 

For example, when an additional compound as methanol, glycol or glycerine is added to 

the basic 0.1 M NaOH solution and electrode is polarized the positively charged electrode is 

surrounded by additional cations and anions solvated by NaOH molecules. In that case the mass-

transport effect should be taken into account due to additional adsorption layer of alcohol 

molecules formed on the electrode surface and described as Warburg diffusion element (W) 

(Figure 38c)187. 
 

Electrochemical and photoelectrochemical properties of samples prepared in this work 

were measured using an AutoLab PGStat 302N potentiostat-galvanostat. The xenon lamp  

(LOT-Quantum Design GmbH) was used as a light source. In the case of measurements recorded 

under visible light the optical filter was applied (GG420 Schott). The optical filter allowed to cut 

off wavelengths below 420 nm. The automatic shutter enabled to block and unlock the access to 

light within the established time, typically 5 seconds. The light intensity of 100 mW/cm2 was 

calibrated using the silicon cell (Rera). I was responsible for electrochemical  

and photoelectrochemical measurements and analysis. 
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6.5.4 Measurements of incident photon-to-electron conversion efficiency 

The incident photon-to-electron conversion efficiency (IPCE) can be defined as ratio of 

the number of photogenerated electrons to the number of photoelectrons from incident light 

(equations: 29, 30)188,189  

(29)    IPCE = Ne/Np 

(30)  IPCE = j . 1240 / P . λ 

where 

Ne – number of photogenerated electrons 

Np – number of photoelectrons from incident light 

j – photocurrent / A . cm-2 

P – incident light power density / W . m-2 

λ – wavelength / nm 

 The IPCE photoelectric spectrometer includes xenon lamp, lamp controller, xenon lamp 

cooling system, optical fiber, monochromator, filter wheel, electrochemical cell and potentiostat. 

The schematic representation of IPCE spectrometer is presented in Figure 40. Device is 

integrated with advanced software which allows to register detailed 3D maps of IPCE  

vs. wavelength and potential of working electrode. Electrodes are placed in a small cell filled 

with electrolyte in three-electrode system and equipped with a quartz window. The photocurrent 

of the sample is measured using chronoamperometry technique for the series of single 

wavelengths selected from the whole solar spectrum using a monochromator and filter wheel.  

It should be highlighted that some differences of IPCE values between different laboratories can 

be noted because light intensity varies from one devices to another189. Before measurements it is 

required to perform calibration process. It is possible to distinguish two types of calibration such 

as full and partial one. The full calibration refers to measurements of whole light emission 

spectrum and determination the power of light for each wavelength. Whereas, in the case of 

partial calibration the power is defined for one selected wavelength and the spectrum is rescaled 

in respect to this measurement.  
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Figure 40. Schematic representation of IPCE photoelectric spectrometer. 

The 3D map of the incident photon-to-electron conversion efficiency for samples 

prepared in this work was registered by photoelectric spectrometer Instytut Fotonowy equipped 

with Xe lamp 150 W. The light calibrator equipped with photodiode was used to determine light 

intensity before measurements. I performed IPCE measurements and analysis. 

6.6 Density Functional Theory 

Density functional theory (DFT) is a quantum chemistry methodology used for 

calculation of atomic/molecular properties.  

DFT calculations were used for determination of absorption spectra, equilibrium atomic 

orientation on the interface, band structure, projected local density of states spectra of Cu2O/CuO 

and Au/Cu2O/CuO junction. Simulations were carried out by MSc Eng Adrian Olejnik PhD 

student at Gdansk University of Technology. 
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7. Results 

This PhD thesis is composed of 6 articles which are arranged in a logical sequence.  

Each subsection contains brief overview of the article AX (where X = 1, 2, 3, 4, 5, or 6) with 

introduction, description of nanomaterial synthesis, optical and structural properties, 

electrochemical and photoelectrochemical properties and conclusion. Overview includes  

not only results from articles but also unpublished data which were part of the process during my 

PhD research. However, those data were crucial for my development as a scientist and can be 

considered as support for taking further decisions regarding synthesis procedure and material 

modifications. 

A1) W. Lipińska, K. Grochowska, J. Karczewski, J. Ryl, A. Cenian, K. Siuzdak, Thermally 

tuneable optical and electrochemical properties of Au-Cu nanomosaic formed over the host 

titanium dimples, Chemical Engineering Journal 399 (2020) 125673 IF=13.0 / 200 points  

A2) W. Lipińska, K. Grochowska, J. Karczewski, J. Ryl, K. Siuzdak, Temperature-

controlled nanomosaics of AuCu bimetallic structure towards smart light management, 

Journal of Materials Science: Materials in Electronics 33 (2022) 19385, IF = 2.8 / 70 points  

A3) W. Lipińska, A. Olejnik,  J. Karczewski, K. Grochowska, K. Siuzdak, Annealing Rate 

as a Crucial Parameter Controlling the Photoelectrochemical Properties of AuCu Mosaic 

Core-Shell Nanoparticles, Energy Technology 11 (2023) 2201021 IF= 4.1 / 100 points  

A4) W. Lipińska, Z. Bielan, A. Witkowska, J. Karczewski, K. Grochowska, E. Partyka-

Jankowska, T. Sobol, M. Szczepanik, K. Siuzdak, Insightful studies of AuCu nanostructures 

deposited on Ti platform: Effect of rapid thermal annealing on photoelectrochemical activity 

supported by synchrotron radiation studies, Applied Surface Science 638 (2023) 158048,  

IF =  6.7 / 140 points  

A5) W. Lipińska, K. Grochowska, J. Ryl, J. Karczewski, K. Siuzdak, Influence of Annealing 

Atmospheres on Photoelectrochemical Activity of TiO2 Nanotubes Modified with AuCu 

Nanoparticles, ACS Applied Materials and Interfaces 13 (2021) 52967, IF = 10.4 / 200 points  

A6) W. Lipińska, K. Grochowska, J. Karczewski, E. Coy, K. Siuzdak, Electrocatalytic 

oxidation of methanol, ethylene glycol and glycerine in alkaline media on TiO2 nanotubes 

decorated with AuCu nanoparticles for an application in fuel cells, Journal of Materials Science 

57 (2022) 13345, IF = 4.7 / 100 points  

 

https://www.sciencedirect.com/science/article/pii/S1385894720318015
https://www.sciencedirect.com/science/article/pii/S1385894720318015
https://www.sciencedirect.com/science/article/pii/S1385894720318015
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7.1 Influence of annealing in different temperatures of AuCu nanomosaic deposited 

on Ti nanodimples towards water splitting 

Brief overview of the article A1 

Introduction 

Increasing devastation of the environment induced by fossil fuel consumption push 

scientists to explore functional materials for renewable energy generation. Furthermore,  

the efficient usage of resources is of high importance and therefore it can be guaranteed by 

fabrication of materials at the nano scale size. One of them are nanoparticles ensuring developed 

surface area and unique optical, electrical and catalytical properties different than of bulk 

material. Among others, bimetallic AuCu nanoparticles can be proposed as promising ones and 

can be applied in many fields as for example solar cells190, oxygen evolution reaction191, oxygen 

reduction reaction192, carbon dioxide reduction193 and alcohol oxidation processes194.  

Bimetallic AuCu nanostructures (named as 5Au/5Cu and 5Cu/5Au) and monometallic 

Au (10Au) and Cu (10Cu) counterparts deposited on Ti nanodimples (TiND) were annealed in 

two different temperatures 450 and 600 °C in the muffle furnace and investigated in terms of 

morphology, optical, structural and electrochemical properties. In this work, I studied the effect 

of various annealing temperatures on electrochemical properties especially toward oxygen 

evolution reaction and hydrogen evolution reaction assisted by light illumination.  

Nanomaterial synthesis 

The fabrication process of AuCu-decorated Ti electrodes was composed of anodization, 

chemical etching, magnetron sputtering and annealing in muffle furnace. First of all, Ti plate was 

cleaned in acetone, ethanol, deionized water, and anodized in two electrode system, where Ti is 

an anode and Pt is a cathode. The anodization was carried out at voltage of 40 V and temperature 

of 23 °C, and in the electrolyte containing 0.27 M NH4F, 1 % vol. water and 99 % vol. ethylene 

glycol. The process had two stages where first took 2 hours and second one 6 hours. TiO2 

nanotubes which were formed after anodization were chemically etched in the 0.5 % oxalic acid 

solution. As a result uniformly distributed Ti nanodimples (TiND) were formed on Ti platform. 

Then nanostructured substrates where covered by thin 5 or 10 nm metal layers (10 nm Au,  

10 nm Cu, 5 nm Au / 5 nm Cu, 5 nm Cu / 5 nm Au) using magnetron sputtering machine. Every 

time the thickness was controlled by quartz crystal microbalance (same device in article A2-A6). 

At the end materials where thermally treated in muffle furnace (MF) in air atmosphere at 450 °C 

or 600 °C for 10 minutes. The schematic fabrication process is presented below in the Figure 41. 
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Figure 41. Schematics of fabrication process of AuCu-decorated nanostructured Ti platform.  

Optical and structural properties 

To understand the electrochemical and photoelectrochemical properties of the fabricated 

AuCu materials, it is important to consider the optical and structural properties. The reflectance 

spectra are shown in Figure 42. The comparison of the reflectance minima for TiND, 10Au, 

10Cu, 5Au/5Cu and 5Cu/5Au is presented in Table 5. The reflectance minimum for the TiND 

electrode annealed at 450 °C is located at 330 nm, whereas, for the TiND thermally treated  

at 600 °C at 450 nm. The shift towards higher wavelengths is caused by differences in 

morphology due to higher temperature during annealing where Ti dimples dimension annealed 

at 450 °C reaches 75.5 ± 5.5 nm and at 600 °C 54.08 ± 8.4 nm. Au, Cu and AuCu-decorated Ti 

platforms are characterized by different shape of reflectance spectra than pure Ti dimples due to 

the changes in morphology as well as chemical structure. According to literature for 10 nm gold 

and copper nanoparticles maxima of absorbance are located at 520 and 580 nm, respectively195. 

In my work 10Au electrode annealed at 600 °C and 10Cu electrode thermally treated at 450 °C 

with reflectance minima at 510 nm and 580 nm, respectively, overlap those data.  

 

Figure 42. Reflectance spectra for 10Au, 10Cu, 5Au/5Cu, 5Cu/5Au and TiND electrodes 

thermally treated at a) 450 °C and b) 600 °C. 
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However, it should be added that interaction of those metals with Ti platform can result in 

changes of the reflectance spectra shape, because of that for 10Au annealed at 450 °C and 10Cu 

at 600 °C the contribution to reflectance can come from TiND. Taking into account bimetallic 

AuCu composition the shapes of spectra for 5Au/5Cu and 5Cu/5Au are almost the same.  

The reflectance minimum for samples annealed at 450 °C is located at 470 – 480 nm, whereas, 

for materials annealed at 600 °C at 900 – 910 nm. As observed the absorption band for AuCu 

electrodes is red shifted compared to 10Au and blue shifted when comparing to 10Cu. Together 

with the increase of annealing temperature the reflectance band minima shifts towards higher 

wavelengths. 

Table 5. Values of position of the reflectance minimum for materials thermally treated  

at 450 °C and 600 °C. 

Electrode  

(450 °C) 

Position of the reflectance 

minimum / nm 
 

Electrode 

 (600 °C) 

Position of the reflectance 

minimum / nm 

TiND  330   TiND  450  

10Au  360   10Au  510  

10Cu  580   10Cu  890  

5Au/5Cu  470   5Au/5Cu  900  

5Cu/5Au  480   5Cu/5Au  910  

The XPS measurements determined chemical states of the 5Au/5Cu and 5Cu/5Au 

electrodes thermally treated at 450 °C (see article A1 Figure 5). The Au4f peak located  

at 84 eV confirmed presence of metallic Au on the surface196. In the case of copper, three separate 

chemical states of Cu2p 3/2 at 935.0 eV, 933.5 eV and 932.4 eV were assigned to Cu(OH)2  

or CuCO3, CuO and AuCu alloy197. Furthermore, the Ti2p 3/2 peak located at 458.4 eV was 

ascribed as Ti2O3
198. The chemical composition of analysed materials supports further 

electrochemical and photoelectrochemical properties especially significant activity in anodic 

range associated with presence of AuCu alloy and Cu(II). 

Electrochemical and photoelectrochemical properties 

Characterization of the electrochemical activity of fabricated samples was carried out 

using CV and LV in 0.1 M NaOH solution. In the case of materials thermally treated at 450 °C 

intense faradaic peaks can be observed. Taking into account 10Au electrode the characteristic 

peaks at +0.3 V and 0 V vs. Ag/AgCl/0.1 M KCl are recognized as oxidation of Au to Au2O3  

and reduction of Au2O3 to Au199. In the case of 5Au/5Cu and 5Cu/5Au electrode peaks located 

at -0.25 V and -0.05 V are identified as oxidation of Cu to Cu2O and Cu2O to CuO/Cu(OH)2, 

respectively200. It should be added that the oxidation peaks are less intense than reduction ones 



 

72 
 

owing to the presence of gold atoms inhibiting oxidation processes. Considering the cathodic 

regime peaks at +0.05 V and -0.2 V correspond to the reduction of Au2O3 to Au and CuO  

to Cu201. Oxygen evolution reaction is initiated at +0.7 V vs. Ag/AgCl/0.1 M KCl, which 

consequently can be seen on LV curve. The comparison of current density values from linear 

voltammetry curves registered at +0.8 V as well as at -0.8 V is presented in Table 6. The highest 

current density at +0.8 V was obtained for bimetallic AuCu material (1.23 mA cm-2 for 5Cu/5Au 

electrode) which was ca. 30 times higher value than for monometallic gold electrode (0.04 mA 

cm-2 for 10Au). The improved activity towards oxygen evolution occurs due to the synergetic 

effect between gold and copper metals. When electrodes were illuminated by visible light  

the highest increase between current registered in dark and under vis light at +0.8 V was found 

for 5Au/5Cu electrode (120 µA cm-2). Furthermore, the value registered at +0.8 V was 15 times 

higher than for 10Au electrode. As can be seen in the case of AuCu bimetallic nanostructures, 

OER supported by light illumination increases more significantly if the thin Cu layer is on  

the top of the electrode surface. 

 

Figure 43. a) Cyclic voltammetry curves and b) linear voltammetry curves for 10Au, 10Cu, 

5Au/5Cu, 5Cu/5Au and TiND electrodes annealed at 450 °C in dark and under visible light 

illumination registered in 0.1 M NaOH. 

Table 6. Values of current density registered in dark and under visible light illumination  

for materials thermally treated at 450 °C. 

Electrode 
-0.8 V +0.8 V 

j (dark) / µA cm-2 j (vis) / µA cm-2 j (dark) / mA cm-2 j (vis) / mA cm-2 

TiND  -1.6 -2 0.01 0.01 

10Au  -2.5 -4.7 0.04 0.09 

10Cu  -90 -160 0.03 0.04 

5Au/5Cu  -50 -190 1.14 1.26 

5Cu/5Au  -60 -170 1.23 1.32 
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Electrochemical activity towards CO2 reduction  

It is well known that CO2 is causing the expand of global warming effect and ocean 

acidification. Taking into account many literature reports concerning CO2 reduction reaction  

and growing level of CO2 in the atmosphere due to increased consumption of fossil fuels as well 

as the deforestation, I decided to perform additional measurements on AuCu nanostructures. 

According to recent literature, gold202, silver203, platinum204 or copper can be used towards 

electrochemical carbon dioxide reduction reaction. Nevertheless, the combination of two metals 

can be an interesting alternative, especially when it comes to gold and copper. 

The experimental data on electrochemical CO2 reduction for TiND, 10Au, 10Cu  

and 5Au/5Cu electrodes annealed at 450 °C is presented below in the Figure 44. Materials were 

fabricated according to the procedure described in article A1. The CO2 reduction was determined 

by linear voltammetry measurements registered in 0.1 M NaHCO3 solution saturated by CO2. 

The current density registered at -1 V vs. Ag/AgCl/0.1M KCl for TiND, 10Au, 10Cu and 

5Au/5Cu reached 6 µA cm-2, 323 µA cm-2, 78 µA cm-2 and 411 µA cm-2, respectively. As can be 

seen, the synergistic effect caused by Au and Cu manifests as the highest current density for CO2 

reduction at cathodic range in comparison to single metals. The positive effect of AuCu 

combination was described by Ma et al.205 and Morales-Guio et al.206 where bimetallic AuCu 

nanostructure in the form of core-shell nanoporous AuCu3@Au electrode improves the stability 

of intermediates and enhances selectivity of C2+ products formation. Taking above into account, 

it can be claimed that AuCu metals open new possibilities toward CO2 reduction. 

 
Figure 44. Linear voltammetry curves for TiND, 10Au, 10Cu and 5Au/5Cu electrode  

annealed at 450 °C in muffle furnace registered in 0.1 M NaHCO3. 
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Conclusions 

In this work, AuCu-nanomosaic on TiND platform fabricated via anodization, chemical 

etching, magnetron sputtering and thermal treatment in the muffle furnace at 450 °C manifested 

the best activity towards OER from all of the samples. Taking into account oxygen evolution 

reaction additionally enhanced by visible light illumination the configuration of 5Au/5Cu 

exhibited the highest photocurrent enhancement due to the thin copper oxides layer on the top. 

The bimetallic AuCu nanostructures obtained ca. 30 and 15 times higher current density  

at +0.8 V in dark and under light illumination than monometallic 10Au electrode. These 

electrochemical and photoelectrochemical properties can be attributed to the presence of AuCu 

alloy and Cu (II) species on the electrode surface as well as the absorbance band maximum 

located at 470 nm.  

A1) W. Lipińska, K. Grochowska, J. Karczewski, J. Ryl, A. Cenian, K. Siuzdak, Thermally 

tuneable optical and electrochemical properties of Au-Cu nanomosaic formed over the host 

titanium dimples, Chemical Engineering Journal 399 (2020) 125673 IF=13.0 / 200 points 

mechanical engineering 

https://www.sciencedirect.com/science/article/pii/S1385894720318015
https://www.sciencedirect.com/science/article/pii/S1385894720318015
https://www.sciencedirect.com/science/article/pii/S1385894720318015
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7.2 Photoresponse depending on the various temperatures during rapid thermal 

annealing of AuCu on Ti nanodimples 

Brief overview of the article A2 

Introduction 

In order to explore photoelectrochemical activity of AuCu bimetallic nanostructures, 

electrodes can be  thermally treated in the rapid thermal annealing furnace. So far, Schmuki group 

has reported articles concerning TiO2 NTs thermally annealed in rapid thermal annealing furnace. 

Cu-doped TiO2 NTs were annealed using RTA and used as efficient photoanodes for methanol 

oxidation207 and photocatalytic H2 production208. Furthermore, it was proved that rapid ramping 

rate during annealing of TiO2 NTs changes fabricated material and significantly increases 

photocurrents and IPCE104. 

First of all, I decided to perform preliminary tests for AuCu electrode annealed in MF  

or RTA. Figure 45 presents comparison of the photoelectrochemical activity for  

the 5Au5Cu/TiND electrode thermally annealed in MF and RTA at the same annealing 

temperatures (450 °C) and time (10 min). Taking into account the 5Au5Cu/TiND electrode 

annealed in muffle furnace the photoelectrochemical activity under vis and UV-vis light was 

registered in cathodic regime from ca. -0.5 V to -0.8 V and -0.17 V, and +0.8 V (see Figure 45). 

The photoelectrochemical activity under UV-vis behaves similarly to the one under visible light 

illumination (see Figure 45). As was described in the article A1 AuCu material annealed in MF 

exhibits significant activity towards oxygen evolution reaction. This process was only supported 

by light which means that thermal treatment in the MF influences more significantly on material 

activity toward OER than on photocurrent generation in the wide potential range.  

Figure 45. Linear voltammetry for 5Au5Cu/TiND electrodes thermally treated in  

MF (muffle furnace) or RTA (rapid thermal annealing) registered in 0.1 M NaOH in dark and 

under vis and UV-vis light illumination. 
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However, in the case of the 5Au5Cu/TiND electrode annealed in RTA the photoelectrochemical 

activity under UV-vis light with photocurrent of ca. 50 µA cm-2 at +0.3 V can be observed in  

the wide potential range (see Figure 45b). Unfortunately, as can be seen in Figure 45a  

the 5Au5Cu/TiND electrodes thermally treated in the RTA are not active under vis light 

illumination. Therefore, in depth studies concerning optimization of fabrication procedure 

towards AuCu materials active in vis light will be presented in next articles.   

Article A2 regards the influence of temperature changes from 100 °C to 600 °C during 

rapid thermal treatment (heating rate of 45 °C/s) of 10AuCu alloy, 5Au/5Cu and 5Cu/5Au thin 

layers deposited on Ti nanodimples platform on their properties. Morphology, optical  

and structural properties as well as photoelectrochemical activity were fully described.  

The hypothesis was that the deposition of various sequences of Au and Cu layers or bimetallic 

AuCu alloy layer as well as usage of different annealing temperatures will allow to tune  

the composition and distribution of Au and Cu in nanoparticle which further will manifest on  

the photocurrent values. In previous article A1 nanomaterials were annealed in preheated muffle 

furnace at two different temperatures: 450 °C and 600 °C, whereas, in article A2 materials were 

annealed in RTA from 100 to 600 °C providing wider overview about properties of bimetallic 

AuCu nanostructures. 

Nanomaterial synthesis 

Bimetallic AuCu electrodes were fabricated in four steps such as anodization of Ti foil, 

chemical etching, magnetron sputtering and thermal treatment in rapid thermal annealing 

furnace. The schematic of fabrication process is presented in Figure 46. The TiND were 

fabricated same as described in the article A1. In the next step, Ti nanodimples were covered by 

thin 10 nm layer of AuCu alloy or 5 nm gold and 5 nm copper layers in various sequences 

(5Au/5Cu and 5Cu/5Au). The deposition was realized using magnetron sputtering machine. 

Afterwards, materials were annealed in RTA furnace in air atmosphere at 100 °C, 200 °C,  

300 °C, 400 °C, 500 °C or 600 °C for 30 minutes with the annealing rate of 40 °C/s.  
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Figure 46. Schematic of fabrication process of AuCu-decorated nanostructured Ti platform 

thermally treated in the rapid thermal annealer at different temperatures.  

Optical and structural properties 

The optical properties of fabricated bimetallic AuCu materials were examined by UV-vis 

spectroscopy measurements (see article A2, Figure 3). The results gathered during such 

measurements allow to understand how material interacts with light as well as support highly 

 the analysis of the photoelectrochemical activity. The values of position of reflectance minimum 

for electrodes annealed at 200 °C, 300 °C and 400 °C are listed in Table 7. The non-annealed  

and annealed at 100 °C and 200 °C AuCu-decorated nanostructured Ti electrodes are 

characterized by similar shape of the reflectance spectra as TiND which may be caused by  

the geometry of bimetallic AuCu samples where characteristic Ti nanodimples are still visible 

(see Figure 3a in article A2). The reflectance band minima for 10AuCu, 5Au5Cu and 5Cu5Au 

annealed at 300 °C are located at 405 nm, 475 nm 420 nm, respectively. According to literature 

the peak position shifts toward higher wavelengths with increase of Cu amount in AuCu 

nanoparticles209. In here, shift can be correlated with higher amount of Cu on the top of  

the electrode surface. In the case of 10AuCu, 5Au5Cu and 5Cu5Au electrodes annealed  

at 400 °C their reflectance minima are at 530 nm, 520 nm and 540 nm, respectively. The red shift 

in the reflectance minimum from ca. 405 nm (for 300 °C) to ca. 530 nm (for 400 °C) for 10AuCu 

electrode was caused by significant changes in morphology after increasing the temperature. 

Bimetallic AuCu films thermally treated at 300 °C form islands of irregular shapes, whereas,  

at 400 °C we can observe irregular nanoparticles with an average diameter of 70 ± 34 nm. Similar 

red shift caused by the increase of annealing temperature was observed for 5Au/5Cu  
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and 5Cu/5Au electrodes annealed in muffle furnace according to article A1. Furthermore, 

annealing of AuCu electrodes at 600 °C resulted in wide absorbance band from 300 to 1000 nm. 

Table 7. The reflectance minimum for materials annealed at 200 °C, 300 °C and 400 °C. 

Electrode 

Position of the reflectance minimum depending 

on the temperature treatment / nm 

200 °C 300 °C 400 °C 

10AuCu 390  405  530  

5Au5Cu 390  475  520  

5Cu5Au 400  420  540  

 

The XPS measurements were performed for 10AuCu electrode annealed  

at 200 °C,  300 °C, 400 °C and 500 °C (article A2 Figure 6). The Au4f peak appears  

at ca. 84.0 eV for all samples and is ascribed to metallic Au154. The content of metallic Au 

increases with temperature and reaches maximum at 400 °C. Such phenomenon can be correlated 

with the reflectance minimum of 530 nm for 10AuCu sample annealed at 400 °C which is related 

to literature maximum of absorbance for gold nanoparticles19. For the samples annealed  

at 200, 300 and 400 °C three Cu2p 3/2 chemical states at 935.2 eV, 933.8 eV and 932.6 eV were 

assigned to Cu(OH)2 or CuCO3, CuO and AuCu alloy210. Moreover, the highest At% of Cu(II) 

was registered for AuCu-decorated Ti platform annealed at 300 °C. In the case of material 

thermally treated at 500 °C one more peak located at 931.2 eV was associated with CuAuTi alloy. 

The TiO2 was present for sample thermally treated at 300, 400 and 500 °C and its atomic content 

increases with the increasing temperature. As atomic content of TiO2 increases, photocurrent 

increases reaching 16.4 µA cm-2, 47.7 µA cm-2 and 75.7 µA cm-2 for 10AuCu electrodes annealed 

at 300, 400 and 500 °C, respectively (see Table 7). 

Photoelectrochemical properties 

According to preliminary research described in introduction (page 89), where  

the 5Au5Cu/TiND electrode annealed in RTA showed activity under UV-vis light in wide 

potential range (Figure 45b), insightful studies concerning bimetallic AuCu materials in various 

configurations were developed. The photoactivity was determined by linear voltammetry 

measurements under chopped light and each single dark and UV-vis light period lasts for  

5 second (see Figure 47a). As can be observed in Figure 10 presented in article A2, the shape of 

linear voltammetry curves for 10AuCu, 5Au5Cu, 5Cu5Au annealed at 200 °C and 300 °C  

(article A2) is similar to the LV curve for 5Au/5Cu, 5Cu/5Au electrodes annealed at 450 °C in 

MF ( article A1). Nevertheless, for electrodes annealed in RTA no gas bubbles and no oxygen 

evolution reaction was registered. Therefore, it can be assumed that oxidation of Cu2+ to Cu3+ 



 

96 
 

can occur at potential of +0.8 V211. The photocurrent response with efficient electron hole pair 

generation characterized by square shape profile for the consecutive on-off cycles was registered 

for bimetallic AuCu materials annealed at 500°C and 600°C. The values of photocurrent density 

registered under UV-vis light illumination are listed in Table 8. The highest value of photocurrent 

was achieved for the 5Au/5Cu electrode annealed at 600 °C. Whereas, the lowest photocurrent 

was obtained for the 5Cu/5Au electrode. Therefore, it can be assumed that more efficient e-h pair 

generation and electron transfer is when gold is closer to titanium dioxide while copper oxides 

are at the top of the sample (TiO2/AuCu/Cu2O/CuO). 

 

Figure 47. Linear voltammetry curves for 10AuCu electrodes thermally treated at different 

temperatures registered in 0.1 M NaOH under UV-vis illumination. 

Table 8. Values of photocurrent density registered under UV-vis light illumination for materials 

thermally treated at 400 °C, 500 °C and 600 °C (E= +0.3 V vs. Ag/AgCl/0.1 M KCl). 

Electrode Temperature / °C j / µA cm-2 

10AuCu 

400 16.4 

500 47.7 

600 75.7 

5Au5Cu 

400 16.3 

500 49.4 

600 91.4 

5Cu5Au 

400 18.3 

500 50.9 

600 64.3 

 

The unique oxidation process enhanced by UV-vis or visible light illumination took place 

at -0.17 V vs. Ag/AgCl/0.1M KCl. This photoelectrochemical activity can occur due to  

the synergetic effect between gold and copper metals. As was observed, values of  

the photocurrent density at -0.17 V for 10AuCu, 5Au5Cu and 5Cu5Au electrodes annealed  

at 300 °C differ significantly. Therefore, it can be assumed that the arrangement of Au and Cu 
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plays crucial role in the photocurrent increase. The highest photocurrent under UV-vis and vis 

light of ca. 320 µA cm-2 and 300 µA cm-2  was obtained for the 10AuCu electrode annealed in 

RTA at 300 °C (Figure 47b). In the case of 10AuCu electrode, AuCu alloy target was used for 

the magnetron sputtering process which might ensure uniform mixture of metals. This intriguing 

phenomenon is preserved when the material is continuously illuminated by light (article A1)  

as well as when the chopped light is used (article A2). Therefore, two types of light interaction 

with material such as e-h pair generation (Figure 47b from -0.8 to -0.3 V) and photogenerated 

charge accumulation (Figure 47b from -0.3 to +0.1 V) can be distinguished. 

Photoelectrochemical activity for 5Au/5Cu electrode annealed at 700 and 800 °C 

After measurements presented in articles A1 and A2, I decided to study the characteristic 

of AuCu nanoparticles formed on Ti nanodimples in the wider annealing temperature range. 

Therefore, I performed some additional photoelectrochemical measurements. In order to 

characterize AuCu-decorated substrates in the full range of temperatures selected for thermal 

treatment, 5Au/5Cu electrodes were annealed in RTA and MF furnace at 600, 700 and 800 °C. 

The 5Au/5Cu electrode was chosen due to the highest photocurrent recorded at +0.3 V  

vs. Ag/AgCl/0.1M KCl when it was annealed at 600 °C. The linear voltammetry curves were 

registered under UV-vis light illumination in 0.1 M NaOH solution (Figure 48). The values of 

photocurrent density are listed in Table 9. As the temperature increases, the photocurrent value 

for samples fabricated in RTA decreases. In the case of electrodes annealed in muffle furnace, 

the photocurrent increases with increasing temperature. Nonetheless taking the reached values 

into account, it can be assumed that thermal treatment in RTA improves photoelectrochemical 

activity as the highest value was achieved for the 5Au5Cu electrode annealed at 600 °C. 

 

Figure 48. Linear voltammetry curves for 5Au5Cu electrodes thermally treated at 600, 700  

and 800 °C in RTA or MF registered in 0.1 M NaOH under UV-vis illumination.  
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 Table 9. Values of photocurrent density registered under UV-vis light illumination for materials 

thermally treated at 600, 700 and 800 °C in RTA or MF (E= +0.3 V vs. Ag/AgCl/0.1 M KCl). 

Electrode Temperature / °C j / µA cm-2 

5Au5Cu (RTA) 

600 91.4 

700 30.6 

800 2.9 

5Au5Cu (MF) 

600 6.2 

700 9.9 

800 13.7 

Conclusions 

In here, it was proved that the rapid thermal treatment has a positive effect on photocurrent 

generation in wide potential range. According to XPS measurements the highest atomic content 

of copper oxides was obtained for samples annealed at 300 °C. Furthermore, nanostructured 

AuCu electrodes fabricated at this temperature were characterized by unique oxidation peak  

at -0.17 V vs. Ag/AgCl/0.1M KCl during visible and UV-vis illumination. The 10AuCu electrode 

annealed at 300 °C obtained ca. 11 times higher current density than non-annealed one at -0.17 

V. AuCu nanoparticles formed on Ti platform thermally treated at  600 °C manifest the wide 

absorption band from 300 nm to 1000 nm. Moreover, samples annealed at 600 °C were 

characterized by the highest photocurrent under UV-vis light with efficient e-h pair generation. 

A2) W. Lipińska, K. Grochowska, J. Karczewski, J. Ryl, K. Siuzdak, Temperature-controlled 

nanomosaics of AuCu bimetallic structure towards smart light management, Journal of 

Materials Science: Materials in Electronics 33 (2022) 19385, IF = 2.8 / 70 points mechanical 

engineering 
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Supporting information to the article A2 
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7.3 Effect of various annealing rate and time on AuCu-decorated Ti nanodimples 

towards photoelectrochemical activity 

Brief overview of the article A3 

Introduction 

Changing the nanomaterials synthesis procedure effects on materials properties  

and among others the efficiency of photocurrent generation. As it was previously described, TiO2 

is characterized by wide band gap of 3.2 eV212. Therefore, modifications with Au nanoparticles 

and semiconductors such as CuO and Cu2O capable of absorbing visible light are frequently 

exploited. Huang et al.213 demonstrated that optical properties of Au-Cu2O core-shell 

nanocrystals are facet-dependent (colloid suspension of nanoparticles). Tuning the copper oxide 

morphology and crystallography from rhombic, octahedral to cubic structure effects on gold 

surface plasmon resonance band position. On the other hand Xu et al.214 showed that differences 

in the Au-Cu2O Janus nanostructure where Au nanoparticle is engulfed in various degree by 

Cu2O cube strongly influence on charge separation and photocurrent generation (Au-Cu2O 

nanostructures on FTO). 

AuCu nanoparticles described in the article A2 were active in the vis light at -0.17 V  

and in the UV-vis light from ca. -0.8 V to +0.8 V. Therefore, the next goal was to obtain AuCu 

nanoparticles active in the visible light not only at -0.17 V (A1, A2) but in the wider potential 

window. The wider potential window means that photoanodes can generate photocurrents  

at a larger range of applied potential without being limited to oxidation and reduction processes. 

This approach allows to increase the efficiency of e- h+ pair generation and stability of  

the photoanodes215. Based on already gathered results (given in article A2) the highest At% of 

copper oxides was registered for bimetallic AuCu electrode annealed at 300 °C. AuCu materials 

thermally treated at 400 °C had the reflectance band minima at ca. 530 nm while SPR band  

for Au or Cu NP can be observed approximately in that region19. Therefore, in order to obtain 

structure active in the visible light spectrum, where materials active under visible light are placed 

on the top of the electrode, the sputtering process was divided into two stages.  

The preliminary results are presented in Figure 49. Firstly, Ti nanodimples were sputtered 

with thin 5 nm layer of Au and thermally treated at 600 °C. Secondly, those materials were 

sputtered with 5 nm layer of Cu and finally annealed at 300 °C or 400 °C. All annealing processes 

were conducted for 1 min and with the heating rate of 30 °C/s. The schematic fabrication route 

is presented in Figure 50 This approach allows to fabricate AuCu core-shell nanoparticles where 

Au plays as a core and Cu/copper oxides are assigned as a shell. According to Table 10  
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the highest photocurrent of 14.0 µA cm-2 for 5Au/TiND 600 °C + 5Cu 300 °C material was  

ca. 9 times higher than for 5Au5Cu/TiND 600 °C electrode. 

 

Figure 49. Linear voltammetry curves recorded for 5Au5Cu/TiND electrodes in 0.1 M NaOH 

under chopped dark/vis and dark/UV-vis radiation. 

 

Figure 50. Schematic fabrication route of AuCu nanoparticles formed on Ti nanodimples. 

Table 10. Values of photocurrent density registered under vis and UV-vis light illumination  

at +0.3 V for 5Au5Cu electrodes fabricated by one and two stages sputtering process. 

Electrode j(vis) / µA cm-2  j(UV-vis) / µA cm-2 

5Au5Cu/TiND 600 °C 1.6 37.4 

5Au/TiND 600 °C + 5Cu 400 °C 5.1 14.2 

5Au/TiND 600 °C + 5Cu 300 °C 14.0 46.7 
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In article A3, the core-shell AuCu nanoparticles formed on Ti nanodimples were 

fabricated by thermal treatment with various annealing rates (fast or slow) and different annealing 

times (short or long) in rapid thermal annealing furnace and then exploit as photoanodes. Taking 

above into account the magnetron sputtering and thermal annealing process were divided into 

two stages. Firstly, Au layer sputtering and annealing in 600 °C, then Cu layer deposition  

and thermal treatment in 300 °C. Such procedure was chosen to verify if copper oxides are more 

preferred on the top layer of nanoparticle and gold should be located between copper oxides  

and TiO2/Ti platform. Furthermore, studies regarding the influence of various rates and times  

of thermal treatment on morphology, optical properties and photoactivity of the nanomaterials 

are justified.  

Nanomaterials synthesis 

Ti nanodimples were fabricated using the same procedure as given in article A1. As was 

mentioned in the introduction (page 121) the sputtering process was divided into two stages. 

TiNDs were sputtered by 5 nm Au layer and thermally treated at 600 °C during 1 minute  

(short thermal treatment – 1) or 4 hours (long thermal treatment – 4) and with annealing rate of 

30 °C/s (fast – F) or 0.67 °C/s (slow – S). Then materials were again sputtered with 5 nm Cu 

layer and annealed at 300 °C during 30 min with annealing rate of 30 °C/s (fast) or 0.67 °C/s 

(slow). The schematic –abrication process is p–esented in Figure 51.  

Figure 51. Schematic fabrication process of AuCu-decorated nanostructured Ti platform 

thermally treated in the rapid thermal annealer with various annealing times and rates. 
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Optical properties 

Analysing the reflectance spectra (see in article A3, Figure 2a) enables to indicate that 

AuCu-decorated materials which were thermally treated during 1 minute in the first stage are 

characterized by well-defined absorption bands, whereas, electrodes annealed during 4 hours by 

flat line of reflectance. The reflectance minima for the 1F-AuCu/TiND and 1S-AuCu/TiND  

are placed at 550 nm and 600 nm, respectively. Based on the DFT calculations the reasons behind 

various positions of reflectance minima for materials thermally treated with different annealing 

rates (30 °C/s or 0.67 °C/s) were changes in the local crystallographic structure of Cu2O/CuO 

junction, surface states and the crystallographic orientation of Cu2O. 

Electrochemical and photoelectrochemical properties 

The photoelectrochemical activity was tested by means of linear voltammetry 

measurements under chopped light (dark/vis and dark/UV-vis) in 0.1 M NaOH solution (article 

A3, Figure 3). The values of photocurrent density are listed in Table 11. The LV curves for TiND, 

Cu/TiND, AuCu/TiND annealed with different times and annealing rates registered only under 

visible light illumination are presented in Figure 52. The Cu/TiND sample acts as reference 

electrode in order to highlighted synergetic effect of Au and Cu composition. As can be seen, 

bimetallic AuCu electrode annealed in the first stage for 1 minute and with the annealing rate of 

30 °C/s (fast heated) labelled as 1F-AuCu/TiND obtained 24 times higher photocurrent  

(14.1 µA cm-2) than pure 1F-TiND (see Figure 52a). In the case of AuCu/TiND electrode 

thermally treated in the first stage for 4 hours and with annealing rate of 30 °C/s no significant 

changes in photoresponse were registered (see Figure 52b). Similar behaviour was observed for 

electrodes thermally treated with annealing rate reduced by ca. 45 times (0.67 °C/s). AuCu-

decorated substrate after short thermal treatment (Figure 52c) was active toward visible light 

illumination in contrast to platform after long annealing process (Figure 52d). It should be 

highlighted that decrease of annealing rate leads to 3 times higher photocurrent (47.2 µA cm-2) 

in comparison to 1F-AuCu/TiND electrode. According to DFT calculations loss of the symmetry  

in crystallographic structure of Cu2O/CuO junction, additional surface states and different 

crystallographic orientation are responsible for photocurrent changes between slow and fast 

heated electrodes. Furthermore, Au nanoparticles have significant influence on activity under 

visible light illumination in terms of transferring absorbed energy from copper oxides  

to nanostructured Ti platform and increasing tunnelling across the copper oxide junction. 
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Figure 52. Linear voltammetry curves for TiND, Cu/TiND and AuCu/TiND electrodes 

thermally treated with various annealing rates (30 °C/s or 0.67 °C/s) and times  

(1 minute or 4 hours) registered in 0.1 M NaOH under vis illumination. 

Table 11. Values of photocurrent density registered under vis and UV-vis light illumination  

for materials thermally treated with various annealing rates (30 °C/s or 0.67 °C/s) and times 

(1 minute or 4 hours) (E = +0.3 V vs. Ag/AgCl/0.1 M KCl). 

Electrode j(vis) / µA cm-2  j(UV-vis) / µA cm-2  

1F-TiND 0.6 40.9 

1F-Cu/TiND 1.3 14.1 

1F-AuCu/TiND 14.1 46.8 

4F-TiND 1.3 139.7 

4F-Cu/TiND 1.3 66.7 

4F-AuCu/TiND 1.3 73.1 

1S-TiND 0.3 22.3 

1S-Cu/TiND 0.5 13.8 

1S-AuCu/TiND 47.2 63.0 

4S-TiND 1.4 136.6 

4S-Cu/TiND 0.9 60.5 

4S-AuCu/TiND 0.9 65.8 

 

Electrochemical impedance spectroscopy was carried out in order to determine 

differences between charge transfer resistance of AuCu-decorated Ti nanodimples thermally 

treated during 1 minute or 4 hours with fast (30 °C/s) or slow (0.67 °C/s) annealing rate  
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(see Figure 6 in article A3). EIS spectra for the 1F-AuCu/TiND and 1S-AuCu/TiND electrode  

as the most photoactive nanomaterials are presented below (Figure 53). The highest value ratio 

of RCT recorded in dark and under visible light illumination was obtained for the 1S-AuCu/TiND 

and the 1F-AuCu/TiND electrodes, and was equal to 5.0 and 2.8, respectively. As can be seen, 

obtained results are in accordance with linear voltammetry measurements presented above 

registered under vis light (47.2 µA cm-2 and 14.1 µA cm-2). 

 

Figure 53. Electrochemical impedance spectra registered in dark and under visible light for  

a) 1F-AuCu/TiND, 1F-TiND and b) 1S-AuCu/TiND, 1S-TiND electrodes. 

Conclusions 

In this work, AuCu nanoparticles on Ti nanodimples fabricated via anodization, chemical 

etching, two steps sputtering process (first Au and then Cu layer), and short thermal treatment 

during 1 minute manifested significant photoelectrochemical activity under visible light 

illumination. Bimetallic AuCu electrodes annealed during 1 minute were characterized by well-

defined reflectance band in contrast to materials annealed during 4 hours. The reflectance band 

minimum was shifted from 550 nm to 600 nm for fast and slow heated electrode. As was 

mentioned, 1F- AuCu/TiND (14.1 µA cm-2) and 1S-AuCu/TiND (47.2 µA cm-2) electrodes were 

active under visible light illumination, however, slow heated material exhibited ca. 3 times higher 

photocurrent than fast heated. Furthermore, the 1S-AuCu/TiND sample manifested  

ca. 80 and 3 times higher photocurrent under visible and UV-vis light than the pure 

nanostructured Ti platform, respectively. 

A3) W. Lipińska, A. Olejnik,  J. Karczewski, K. Grochowska, K. Siuzdak, Annealing Rate as  

a Crucial Parameter Controlling the Photoelectrochemical Properties of AuCu Mosaic Core-

Shell Nanoparticles, Energy Technology 11 (2023) 2201021 IF= 4.1 / 100 points mechanical 

engineering 
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7.4 Impact of annealing atmosphere during rapid thermal annealing of AuCu 

nanostructures deposited on Ti platform on photoelectrochemical activity 

Brief overview of the article A4 

Introduction 

The atmosphere used during thermal treatment can strongly effect on properties  

of fabricated nanomaterials. Hydrogeneration of TiO2, which can be performed by thermal 

treatment in hydrogen atmosphere, introduces disorders into nanostructure and causes 

enhancement of material photoactivity216. Furthermore, Wang et al.103 compared conventional 

hydrogen annealing with hydrogeneration of TiO2/FTO system in rapid thermal annealer  

and showed that annealing in RTA provides better performance towards solar energy conversion 

and water splitting process. In the case of copper oxides, post annealing of Cu2O in hydrogen 

atmosphere and H+ implantation can effect on the hole carrier density and acceptor level217.  

Similar as in the previous experiments (article A3, pages 127-141) the aim was to obtain 

AuCu nanoparticles active in the visible range not only at -0.17 V (article A1 and A2)  

but in wider potential window. However, not only temperature (article A1 and A2), time  

and annealing rates (article A3) but also atmosphere used during thermal treatment can impact 

onto photoelectrochemical activity under visible light illumination. According to article A2  

the highest photocurrent under UV-vis light illumination was obtained when material was 

annealed at 600 °C, during 30 minutes with annealing rate of 45 °C/s. Therefore, in the case of 

article A4 I decided to choose the same temperature, time and similar heating rate (40 °C/s). 

In the article A4, AuCu nanostructures were deposited on nanostructured Ti platform  

and rapidly annealed in various atmospheres such as air, vacuum, argon and hydrogen (named 

A-AuCu/TiND, V-AuCu/TiND, AR-AuCu/TiND, H-AuCu/TiND, respectively). Further, 

materials were investigated in terms of their morphology, optical and structural properties using 

synchrotron radiation (X-ray absorption spectroscopy and X-ray photoelectron spectroscopy)  

as well as photoelectrochemical activity.  

Nanomaterials synthesis 

Ti nanodimples were fabricated using the same procedure as in article A1. Subsequently, 

Ti nanodimples were covered by thin 10 nm layer of AuCu alloy by magnetron sputtering  

and annealed in the rapid thermal annealer in various atmospheres (air, vacuum, argon, hydrogen) 

at 600 °C during 30 minutes with annealing rate of 40 °C/s. The schematic fabrication process  

is presented in Figure 54. 
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Figure 54. Schematic fabrication process of AuCu nanostructures deposited on Ti nanodimpled 

platform thermally treated in the rapid thermal annealer in various atmospheres. 

Optical properties  

The UV-vis spectra differ significantly between TiND electrodes annealed in various 

atmospheres not only in the UV region which is associated with the presence of TiO2 passivation 

layer but also in the visible range (see article A4 Figure 6a). After AuCu-decoration  

of Ti platform and rapid thermal treatment the decrease of reflectance in the whole range was 

registered for all samples (see article A4 Figure 6b). The reflectance spectra for AuCu 

nanostructures are presented in Figure 55. The lowest reflectance with minimum at 750 nm was 

registered for AuCu nanostructure annealed in hydrogen atmosphere. 

 
Figure 55. Reflectance spectra for AuCu-decorated Ti platform  

annealed in various atmospheres. 
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The thermal treatment in high temperatures changes morphology and crystalline phase of 

AuCu/TiND samples. According to article A2 annealing above 400 °C resulted in the broadband 

absorbance from 400 nm to 1000 nm. Despite the fact that AuCu NPs were still on the electrode 

surface no SPR peaks were seen. It should be added that the absorbance spectra strongly depend 

on the platform where NPs are deposited. In the case of article A4 the shape of UV-vis spectra 

was influenced by titanium dioxide which was present in various phases after thermal treatment 

in different atmospheres. According to XRD (see article A4, Figure 4), for the AuCu/TiND 

electrode annealed in air atmosphere only peaks from anatase and rutile crystal plane were 

registered. Whereas, for the AuCu-decorated materials annealed in vacuum and argon peak 

signals confirmed presence of not only TiO2 but also Ti2O3 and non-stoichiometric titanium oxide 

as Ti4O7
218. Furthermore, especially during annealing in air copper oxidation takes place which 

also effects on SPR peak disappearing. Additionally, only in the case of AuCu samples annealed 

in hydrogen Cu1+ was present on the electrode surface which could be responsible for the lowest 

reflectance from all of samples. 

Electrochemical and photoelectrochemical properties 

The electrochemical activity of Ti and AuCu decorated Ti electrodes was tested using 

cyclic voltammetry measurements in the range from -0.8 V to +0.8 V in 0.1 M NaOH. Annealing 

in oxygen free atmosphere resulted in increase of molecular diffusion of oxygen and therefore 

higher current density at +0.8 V in contrast to electrodes annealed in air (see article A4  

Figure S2). Moreover, oxygen free atmosphere enhanced capacitive current because of higher 

density of hydroxyl groups on TiO2 surface219. The thermal treatment in vacuum leads to 

formation of defects which can play important role in catalytic processes and in this case 

decreased electrochemical overpotential characteristic for oxygen evolution reaction220. Taking 

into account photoelectrochemical activity under visible and UV-vis light the highest 

photocurrent was obtained for sample annealed in hydrogen and air atmosphere, respectively.  

As was mentioned above the lowest reflectance with minimum at 750 nm was obtained for  

the H-AuCu/TiND electrode (Figure 55) supporting the best photoactivity of hydrogenated 

sample under visible light illumination (Figure 56). The values of photocurrent density for Ti  

and AuCu modified Ti are presented in Table 12. 
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Figure 56. Linear voltammetry curves registered under visible light for  

AuCu-decorated Ti platform annealed in various atmospheres. 

Table 12. Values of photocurrent density registered under vis and UV-vis light illumination  

for materials thermally treated in various atmospheres (E = +0.3 V vs. Ag/AgCl/0.1 M KCl). 

Electrode Atmosphere j(vis) / µA cm-2  j(UV-vis) / µA cm-2 

AuCu/TiND 

Air 2.9 76.3 

Vacuum 0.5 22.3 

Argon 0.4 34.4 

Hydrogen 16.1 14.7 

TiND 

Air 1.7 139.6 

Vacuum 0.3 20.7 

Argon 0.4 18.3 

Hydrogen 0.6 36.4 

Structural properties 

Structural properties of pure TiND and AuCu modified TiND electrodes annealed under 

various atmospheres in rapid thermal annealer were investigated by X-ray absorption 

spectroscopy and X-ray photoelectron spectroscopy using synchrotron radiation. Based on XAS 

analysis for the AuCu/TiND electrode annealed in air copper was recognized in the form of CuO, 

whereas, for the AuCu/TiND sample thermally treated in hydrogen - Cu2O or metallic Cu167 

(Figure 57). Combination of XAS and XPS analysis suggested that for the A-AuCu/TiND CuO 

was recognised in the upper layer (2-3 nm) while going deeper into surface layer to bulk zone 

more and more Cu2O or metallic Cu was present. However, in the case of the H-AuCu/TiND 

electrode no Cu2O or Cu appeared in the bulk zone. It can be claimed that, the lowest reflectance 

and the best photoelectrochemical activity in the visible light range for hydrogenated AuCu 

nanostructures are the result of presence of Cu2O in the upper surface layer. XPS measurements 

of the Ti2p chemical states found TiO2 and Ti2O3 at 458.8 eV and 457 eV, respectively. 
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Furthermore, in the case of the AuCu/TiND thermally treated in vacuum bands are shifted 

towards higher values which can be assigned to oxygen vacancy. 

 

Figure 57. a) XAS spectra for Cu L-edges collected in TEY (total electron-yield) mode  

for AuCu-decorated TiND annealed in air and hydrogen atmosphere (2-3 nm depth),  

b) XPS for Ti2p of AuCu/TiND electrodes thermally treated in  

air, vacuum, argon and hydrogen atmosphere.  

Conclusions 

 The best photoelectrochemical activity in the visible light range was obtained for  

the AuCu hydrogenated electrode (16 µA cm-2). The photocurrent was ca. 27 times higher than 

for hydrogenated Ti nanodimpled platform. The H-AuCu/TiND electrode showed the lowest 

reflectance with minimum at 750 nm. Synchrotron radiation studies allowed to distinguish three 

zones such as upper surface layer (2-3 nm), deeper surface layer (5-7 nm) and bulk  

(12-15 nm). In the case of hydrogenated AuCu nanostructures copper and copper oxides were 

confirmed in the upper and deeper layer where the amount of Cu2O was ca. 2 times higher in  

the upper layer than in deeper layer. Hydrogenation has positive effect on photoelectrochemical 

activity under visible light of AuCu nanostructures on TiND  due to the efficient acceptor-donor 

configuration of AuCu doped TiO2/Ti platform material.  

A4) W. Lipińska, Z. Bielan, A. Witkowska, J. Karczewski, K. Grochowska, E. Partyka-

Jankowska, T. Sobol, M. Szczepanik, K. Siuzdak, Insightful studies of AuCu nanostructures 

deposited on Ti platform: Effect of rapid thermal annealing on photoelectrochemical activity 

supported by synchrotron radiation studies, Applied Surface Science 638 (2023) 158048,  

IF =  6.7 / 140 points mechanical engineering 
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7.5 Impact of various atmospheres during rapid thermal treatment of TiO2 

nanotubes modified by AuCu nanoparticles on photoelectrochemical activity 

Brief overview of the article A5 

Introduction 

Efficient electron-hole pair separation is important in material used for solar driven 

processes because it can significantly improve its photoelectrochemical activity. Material absorbs 

light and it generates electron-hole pairs which then slowly or quickly recombine. In the case of 

quick recombination process the energy of absorbed light is lost and material photoactivity  

is reduced. In order to prevent fast electron-hole recombination TiO2 can be fabricated in a form 

of ordered structures as nanotubes or nanowires221. The highly ordered structure promotes faster 

charge transport than porous structure or randomly distributed NPs. Furthermore, when n-type 

and p-type semiconductors are combined, higher position of the valence and conduction band of 

p-type than n-type semiconductor favours faster charge transport and decreases recombination 

processes222. 

Taking above into account photoelectrochemical activity of materials can be 

characterized based on shape profiles of LV or CA measurements which help choosing electrode 

characterized by efficient e-h separation. In Figure 58a,b,c three various shape profiles  

are distinguished. All curves present cut-out of linear voltammetry measurement registered under 

chopped visible light illumination in 0.1 M NaOH solution. As can be seen in Figure 58a, despite 

chopped light illumination electrode changes of the current are continuous. Such a curve shape 

was observed in article A1 and A2 and was assigned to photogenerated charge accumulation.  

In the case of Figure 58c square shape profile for the consecutive on-off cycles is associated with 

efficient e-h pair generation (see article A3 pages 126-140 and A4 146-159). Whereas,  

in Figure 58b it is possible to observe two mechanisms in the same curve. 
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Figure 58. Various shape profiles of LV curve registered under light illumination assigned to 

different mechanisms of charge generation a) charge accumulation b) charge accumulation  

and efficient e-h pair generation, c) efficient e-h pair generation, d) linear voltammetry curves 

for 10AuCu/TiND and 10AuCu/TiO2NTs in 0.1M NaOH under visible light illumination. 

The brief comparison of chosen results from article A2 and A5 presented in  

the Figure 58d is intended to highlight an observation regarding various types of charge 

generation. The AuCu bimetallic nanostructures were fabricated on different nanotextured 

platform than Ti nanodimples in order to study the phenomenon which occurs under light 

illumination at -0.17 V vs. Ag/AgCl/0.1 M KCl (see Figure 58d). TiO2NTs were chosen because 

of the highly ordered structure and higher geometrical surface area for further AuCu modification 

than TiNDs. It should be added that titanium nanodimple platform which was utilize in article 

A1-A4 is composed of thin passivation layer of TiO2 present on the electrode surface, whereas, 

nanotubes are all made of titanium dioxide. According to Xiao et al.223 with an increase of 

semiconductor amount the photocurrents increases. However, this process takes place to the point 

where saturation of light absorption is reached.  

In the article A5 thin AuCu layers deposited on TiO2 nanotubes were rapidly thermal 

annealed at 450 °C with heating rate of 40 °C/s in various atmospheres such as air, vacuum, argon 

and hydrogen. In the article A5 the same variety of annealing atmospheres (air, vacuum, argon, 

hydrogen) as well as the heating rate of 40 °C/s as in article A4 were chosen. However,  

the temperature was changed to 450 °C because thermal treatment at this temperature allows to 
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obtain TiO2 in the form of anatase phase as well as leads to formation of such crystallite size  

and surface area of TiO2 which can increase their photon utilization and photocatalytic 

activity224,225. The question was if different annealing atmospheres (air, vacuum, argon, 

hydrogen) will allow to obtain photoactive bimetallic AuCu nanoparticles on TiO2NTs and how 

their chemical structure will change. 

Nanomaterials synthesis 

Firstly, Ti plate was cleaned in acetone, ethanol and deionized water. Then, TiO2NTs 

were fabricated by electrochemical anodization of Ti in two-electrode system where Ti was  

an anode and Pt cathode. The process was carried out with temperature of 40 °C, voltage of  

30 V, during 2 hours and with electrolyte contained 0.09 M NH4F dissolved in 1.3 % vol. HF, 

6.2 % vol. H2O and 92.5 % vol. diethylene glycol. Then, TiO2NTs were covered by 5 nm  

and 10 nm AuCu alloy layer by magnetron sputtering and rapid thermal annealed at 450 °C 

during 1 hour with a heating rate of 40 °C/s in different atmospheres such as air, vacuum, argon 

and hydrogen. The schematic fabrication process is presented in Figure 59. 

 

Figure 59. Schematic fabrication process of bimetallic AuCu-decorated TiO2 nanotubes 

thermally treated in the rapid thermal annealer in various atmospheres. 

Optical and structural properties 

The shape of reflectance spectrum for the AR-TiO2NTs is characterized by strong 

absorption in UV region. After formation of AuCu nanoparticles the shape of the spectrum differs 

significantly especially in the range from 400 to 650 nm which is assigned to enhanced absorption 

in visible light (Figure 60a). The XPS allows to confirm the presence of AuCuTi alloy141,  
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AuCu alloy226, CuO and Cu(OH)2
.CuCO3

197 on the AR-10AuCu/TiO2NTs electrode surface,  

with peaks at 931.4 eV, 932.5 eV, 933.7 eV and 935.0 eV, respectively (Figure 60b). It should 

be highlighted that unique CuAuTi alloy was fabricated only for annealing in argon atmosphere. 

Therefore, it can be assumed that this alloy has positive impact on increase of photoactivity  

in the visible light range which will be described below in electrochemical  

and photoelectrochemical properties section. 

 

Figure 60. a) Reflectance spectra for pure TiO2NTs and AuCu decorated TiO2NTs  

annealed in argon, b) XPS high resolution spectra of AR-10AuCu/TiO2NTs for Cu2p. 

Electrochemical and photoelectrochemical properties 

The photoelectrochemical activity of pure TiO2NTs and AuCu decorated TiO2NTs  

annealed in argon was tested by linear voltammetry measurements under chopped light  

from -0.8 V to +0.8 V in 0.1 M NaOH solution. The highest difference between the current 

density recorded in dark and under light illumination was registered at -0.2 V  

vs. Ag/AgCl/0.1M KCl. As can be seen, under UV-vis light illumination the AR-10AuCu/TiO2 

electrode has higher photocurrent than the AR-TiO2NTs only around -0.2 V (Figure. 61a). 

However, when the AR-10AuCu/TiO2NTs electrode is illuminated by visible light strong 

enhancement can be seen in the whole potential range (Figure. 61b). Enhanced photocurrent in 

the visible light is in accordance with UV-vis spectroscopy measurement where AuCu modified 

electrode exhibited wide absorption band from 400 to 650 nm. The photocurrent recorded for 

TiO2NTs decorated by AuCu nanoparticles thermally annealed in argon atmosphere reached  

37 µA cm-2 under visible light at the potential of -0.2 V. It should be noticed that pure TiO2NTs 

present square shape profile for the consecutive on-off cycles while AuCu-modified nanotubes 

manifest cathodic and anodic spikes which are assigned to hole accumulation in the space charge 

layer227. The shape of LV is similar under UV-vis and vis light therefore it can be claimed that 
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the presence of AuCu species is responsible for the unique character of this curves. The oxidation 

peak at -0.2 V vs. Ag/AgCl/0.1M KCl can be interpreted as oxidation of Cu to Cu2O which came 

from CuAuTi or AuCu alloys. The photocurrent generation under vis light takes place on  

AuCu alloys species while TiO2NTs are regarded as the support material. The optimal pathway 

for electron transport is ensured by the vertical tubular geometry of TiO2 nanotubes.  

 

Figure 61. Linear voltammetry curves for AR-TiO2NTs and AR-10AuCu/TiO2NTs  

registered under a) UV-vis and b) visible light illumination. 

Conclusions 

In this work, AuCu NPs formed onto TiO2 nanotubes rapid thermal treated in argon 

atmosphere exhibited the highest photocurrent under UV-vis and visible light illumination.  

The photocurrent reached 64 µA cm-2 and 37 µA cm-2 under UV-vis and vis light at -0.17 V.  

Based on UV-vis spectrometry measurements AuCu decorated nanotubes manifested the shift in 

absorbance band and stronger absorption in the range from 400 nm to 650 nm. XPS analysis 

confirmed the unique CuAuTi alloy for electrode annealed in argon. The AR-10AuCu/TiO2NTs 

electrode is an n-type semiconductor where small amount of copper oxides in the form of NPs 

can form additional p-n heterojunction increasing photoactivity under visible light. Furthermore, 

SPR effect from AuCu NPs enhances ability of light absorption. 

A5) W. Lipińska, K. Grochowska, J. Ryl, J. Karczewski, K. Siuzdak, Influence of Annealing 

Atmospheres on Photoelectrochemical Activity of TiO2 Nanotubes Modified with AuCu 

Nanoparticles, ACS Applied Materials and Interfaces 13 (2021) 52967, IF = 10.4 / 200 points 

mechanical engineering 
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7.6 Importance of thermal treatment on catalytic and photocatalytic activity of 

AuCu-modified TiO2 nanotubes toward alcohol oxidation 

Brief overview of the article A6 

Introduction 

AuCu nanoparticles have many catalytic applications where one of them is methanol228, 

glycerol229 as well as benzyl alcohol oxidation230. Therefore, I wanted to find the answer if AuCu 

bimetallic structures deposited on TiO2NTs will indicate activity toward alcohol oxidation  

as well as oxidation assisted by light illumination. As can be find in the literature, upon 

illumination when the light is periodically switched on and off the transient photocurrent can be 

registered231,232. The life-time of photo-generated charges for the transient photocurrent is shorter 

than in the case of the state photocurrent. The positive photocurrent spike assigned to capacitance 

charging of the space charge layer can be registered for anodic photocurrents. In here, positive 

spikes assigned to hole accumulation were registered for the AR-10AuCu/TiO2NTs electrode 

(described in article A5 pages 165-182) (see Figure 62). Therefore, it suggested the possible 

application of accumulated charges to alcohol oxidation. 

 

Figure 62. Linear voltammetry curve for the 10AuCu/TiO2NTs electrode 

 under visible light illumination carried out in 0.1 M NaOH. 

In the article A6 bimetallic AuCu nanoparticles formed on TiO2 nanotubes during 

annealing in argon atmosphere were measured toward alcohol oxidation. Such alcohols  

as methanol, ethylene glycol and glycerine were examined. The sample annealed in argon was 

chosen based on article A5 where it exhibited the highest photocurrent activity under visible light 

illumination. In here, the question was if AuCu nanoparticles will be electrocatalytically active 
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as well as photogenerated holes will take part in photocatalytic alcohol oxidation. Furthermore, 

the activity of non-annealed AuCu layers deposited on TiO2NTs (n-ACT) were compared with 

thermally treated bimetallic AuCu electrodes (an-ACT).  

Nanomaterials synthesis 

AuCu-decorated TiO2 nanotubes thermally treated in argon were fabricated using  

the same procedure as in article A5. Due to the fact that, in article A6 no changes in fabrication 

route were done, the synthesis is not fully described. 

Electrochemical and photoelectrochemical properties 

The electrochemical activity of non-annealed and annealed AuCu-modified electrodes 

was characterized by cyclic voltammetry measurements in 0.1 M NaOH solution containing 

alcohols such as methanol, glycol or glycerine with concentration of 0.5 M. In the case of 

methanol no oxidation peaks were registered. The oxidation process of ethylene glycol (GE)  

and glycerine (GLY) takes place both for non-annealed AuCu electrode as well as annealed one 

(see Figure 63). In the case of annealed ACT electrodes two anodic peaks from C2H4(OH)2  

and C3H6(OH)3 oxidation are located at +0.3 V and +1 V233. Values of current density registered 

at +0.3 and +1 V in 0.1 M NaOH with 0.5 M alcohol are listed in Table 13. The highest 

enhancement of current density from 38 µA cm-2 to 3.6 mA cm-2 was obtained for the an-ACT 

electrode at +0.3 V after glycerine addition. The catalytic process of alcohol oxidation takes place 

on metallic Au and Cu counterparts. Furthermore, electrocatalytic activity is improved by rapid 

thermal treatment in argon atmosphere due to electrochemical active surface area extension  

and much more active sites at their surface234. 

 

Figure 63. Cyclic voltammetry curves for n-ACT and an-ACT electrodes in 0.1 M NaOH 

solution without and with 0.5 M a) ethylene glycol and b) glycerine.  
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Table 13. Values of current density registered at +0.3 and +1 V in 0.1 M NaOH with  

0.5 M ethylene glycol and glycerine. 

applied 

potential 
+0.3 V vs. Ag/AgCl/0.1 M KCl +1.0 V vs. Ag/AgCl/0.1 M KCl 

electrolyte 0.1 M NaOH 
0.1 M NaOH +  

0.5 M ethylene glycol 
0.1 M NaOH 

0.1 M NaOH +  

0.5 M ethylene glycol 

 j / µA cm-2 j / µA cm-2 

n-ACT 4 330 149 97 

an-ACT 40 800 300 800 
 

electrolyte 0.1 M NaOH 
0.1 M NaOH +  

0.5 M glycerine 
0.1 M NaOH 

0.1 M NaOH +  

0.5 M glycerine 

 j / µA cm-2 j / µA cm-2 

n-ACT 19 1.4 mA cm-2 267 326 

an-ACT 38 3.6 mA cm-2 505 4.6 mA cm-2 

Further investigation concerning photoelectrochemical activity of n-ACT and an-ACT 

electrodes was conducted by means of linear voltammetry measurements under continuous 

visible light illumination in 0.1 M NaOH with alcohol solution. The an-ACT electrode obtained 

the highest photocurrent in 0.1 M NaOH after glycerine addition at +1 V (Figure 64).  

The photocurrent was equal to 120 and 360 µA cm-2 at +0.3 and +1 V vs. Ag/AgCl/0.1 M KCl. 

The reaction steps of glycerine oxidation during light illumination are presented in Scheme 2  

in article A6. Firstly, when visible light is illuminating the sample, the e-h pairs are generated on 

titanium dioxide and copper oxides species. Then, holes which are accumulated in the space 

charge region of Cu2O and CuO are consumed for glycerine photocatalytic oxidation reaction. 

Similar as in the case of alcohol oxidation in dark conditions electrodes which were thermally 

treated in argon are characterized by higher current density values under visible light illumination 

(see Figure 5 in article A6).  

 
Figure 64. Linear voltammetry curves for an-ACT in dark  

and under visible light illumination. 
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Conclusions 

In here, AuCu-nanostructures in the form of thin layers (n-ACT) or nanoparticles  

(an-ACT) on TiO2 nanotubes were enveloped toward electrochemical and photoelectrochemical 

alcohol oxidation. Fabricated AuCu electrodes were electrocatalytically active both toward 

ethylene glycol and glycerine. Rapid thermal annealing in argon enhances activity toward alcohol 

oxidation therefore an-ACT electrodes are more promoted ones. The highest current density was 

obtained for the an-ACT electrode after glycerine addition at +0.3 V vs. Ag/AgCl/0.1 M KCl. 

The value increased ca. 90 times from 38 µA cm-2 to 3.6 mA cm-2. Moreover, the highest 

photocurrent under visible light illumination was also registered for  

the an-ACT electrode in glycerine solution.  

A6) W. Lipińska, K. Grochowska, J. Karczewski, E. Coy, K. Siuzdak, Electrocatalytic oxidation 

of methanol, ethylene glycol and glycerine in alkaline media on TiO2 nanotubes decorated 

with AuCu nanoparticles for an application in fuel cells, Journal of Materials Science 57 (2022) 

13345, IF = 4.7 / 100 points mechanical engineering 
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8. Conclusions 

The presented dissertation consists of a theoretical part including an introduction  

and methods section, and an experimental part in the form of a series of six articles.  

The introduction presents a brief overview of functional nanomaterials, their applications, 

synthesis methods, nanoparticles especially gold nanoparticles as well as p-type and n-type 

semiconductors such as copper oxides and titanium dioxide. Further, processes used for material 

fabrication as electrochemical anodization of Ti leading to TiO2 nanotubes formation, chemical 

etching, magnetron sputtering and thermal treatment among other rapid thermal annealing were 

precisely explained. The methods applied for morphology analysis as SEM, AFM, TEM, optical 

and structural properties investigation with literature review regarding peak positions, binding 

energy and absorption edges of Au, Cu, Ti and oxides measured via XRD, Raman, XPS and XAS 

techniques were described. The last part of the methods section was dedicated to electrochemical 

measurements such as CV, LV and EIS. Furthermore, photoelectrochemical measurements 

where the solar simulator was turned on and material was tested under light illumination  

as well as IPCE measurements were elaborated. These parts of the dissertation were intended to 

introduce materials that are developed in the result section containing the series of six articles. 

Bimetallic AuCu nanostructures exhibit unique optical, electrochemical  

and photoelectrochemical properties in comparison to their monometallic counterparts.  

This metal combination can result in enhanced catalytic activity, increase in absorption  

and photocurrent generation under visible light illumination. In here the fabrication process of 

AuCu nanoparticles on TiNDs and TiO2NTs via anodization of Ti foil, chemical etching,  

thin Au, Cu, AuCu alloy layers magnetron sputtering and annealing in various temperatures, 

rates, time and atmosphere was developed and elaborated. It should be highlighted that 

nanomaterials were fabricated using cost-effective and easily scalable methods. Furthermore, 

nanostructured Ti and TiO2 are highly ordered platforms and ensure higher surface area  

for surface modifications than flat materials. The proposed electrode is characterized by 

flexibility which allows to avoid breakage or destruction which is highly important during its 

future applications.  

First article A1 describes the fabrication process of thin Au, Cu and Au/Cu layers on 

TiNDs thermally treated in a muffle furnace in 450 °C or 600 °C. AuCu-nanomosaic on TiNDs 

annealed at 450 °C exhibited significant activity towards OER with ca. 30 times higher current 

density at +0.8 V than monometallic 10Au electrode. Furthermore, oxidation evolution reaction 

was enhanced by visible light illumination.  
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Further, in the article A2 Au/Cu layers in different sequences and AuCu alloy layer on 

TiNDs were rapidly thermal annealed in a wide range of temperatures from 100 °C to 600 °C. 

Rapid thermal annealing in RTA furnace allowed to obtain nanostructures characterized by 

higher photoelectrochemical activity in contrast to materials annealed in MF. Depending on  

the annealing temperature two types of light interaction with AuCu/TiNDs structures were 

distinguished as photogenerated charge accumulation and efficient electron-hole separation for 

200-300 °C and 400-600 °C, respectively. AuCu nanostructures annealed at 600 °C were 

characterized by wide absorbance from 300-1000 nm. Furthermore, the highest photocurrent 

under UV-vis light illumination was obtained for 5Au5Cu electrode with copper on the top 

during the sputtering process and annealed at 600 °C.  

Therefore, moving on to the next article A3, magnetron sputtering and annealing 

processes were divided into two stages in order to obtain AuCu core-shell nanoparticles with  

Au as a core and Cu as a shell on TiNDs. In this system, Cu2O and CuO play as visible light 

absorbers where generate e-h pairs are generated, and then generate electrons are transported by 

Au to TiO2 platform finally reaching electrode contact. Moreover, nanomaterials were thermally 

treated with various annealing rates (30 °C/s and 0.67 °C/s) and times (1 minute and 4 hours). 

Materials annealed during a short time as 1 minute were characterized by the reflectance band 

with minima at 550-600 nm and higher photocurrent under vis light than materials annealed 

during a longer time (4 hours). This result indicated that short annealing time has a positive effect 

on photoelectrochemical activity under vis light of AuCu bimetallic structures on TiNDs. 

AuCu/TiNDs electrode annealed during 1 minute and with a slower annealing rate of 0.67 °C/s 

obtained the highest photocurrent at +0.3 V under vis and UV-vis light ca. 80 and 3 times higher 

than TiNDs.  

Fourth article A4 describes the fabrication of AuCu/TiNDs electrodes rapidly thermal 

treated at 600 °C at various atmospheres such as air, vacuum, argon and hydrogen. Thermal 

treatment of thin AuCu alloy layer deposited on Ti nanodimples in hydrogen atmosphere allowed 

to obtain AuCu nanostructure active under visible light illumination with photocurrent  

at +0.3 V ca. 27 times higher than for hydrogenated TiNDs. In the case of hydrogenated materials 

the presence of Cu2O or Cu in the upper (2-3 nm) and deeper (5-7 nm) surface layer leads to 

enhancement of photocurrent in the visible light.  

Article A5 is focused on AuCu nanoparticles fabricated during rapid thermal treatment 

of thin AuCu alloy layers deposited on TiO2 nanotubes at 450 °C in various atmospheres  

(air, vacuum, argon and hydrogen). AuCu-modified TiO2NTs annealed in argon atmosphere 

exhibited the highest photocurrent at -0.2 V under visible and UV-vis light ca. 37 and 2 times 
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higher than TiO2NTs. The AuCu/TiO2NTs electrode was characterized by an intense oxidation 

peak and anodic spikes registered under light illumination with maximum current at ca. -0.2 V.  

Therefore, in article A6 the AuCu/TiO2NTs electrode annealed at 450 °C in argon was 

applied as material active towards alcohol electrochemical oxidation enhanced by vis light 

illumination. The highest current density was registered for glycerine oxidation. The material 

exhibited at +0.3 V ca. 90 times higher current after glycerine addition to the electrolyte.  

Summing up, the presented series of articles provide a comprehensive study of  

the fabrication process of AuCu nanostructures on Ti nanodimples and TiO2 nanotubes and their 

characteristics of morphology, optical and structural properties as well as electrochemical  

and photoelectrochemical activity. AuCu-modified Ti and TiO2 nanostructured electrodes  

are characterized by increased absorbance in visible light and significant enhancement of 

photoelectrochemical activity under visible light illumination. Complex study of nanomaterials 

composition allowed to interpretate light-matter interactions. The obtained results show that 

fabricated electrodes are active toward water splitting process as well as alcohol oxidation 

supported by visible light illumination. Therefore, such bimetallic AuCu materials can be used 

for future solar cells, fuel cells and green energy production. 
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9. Scientific achievements 

Articles in JCR Journals 

  1. W. Lipińska, V. Saska, K. Siuzdak, J. Karczewski, K. Załęski, E. Coy,  

A. de Poulpiquet, I. Mazurenko, E. Lojou, “Interaction between bilirubin oxidase and Au 

nanoparticles distributed over dimpled titanium foil towards oxygen reduction reaction”, 

Electrochimica Acta (2024) DOI:10.1016/j.electacta.2023.143535 (100 points, mechanical 

engineering, IF=7.3) 

2. W. Lipińska, Z. Bielan, A. Witkowska, J. Karczewski, K. Grochowska, E. Partyka-

Jankowska, T. Sobol, M. Szczepanik, K. Siuzdak, Synchrotron radiation studies of AuCu 

nanostructures deposited on Ti platform: effect of rapid thermal annealing on 

photoelectrochemical activity, Applied Surface Science (2023) 

DOI:10.1016/j.apsusc.2023.158048 (140 points, mechanical engineering, IF=6.7) 

3. W. Lipińska, A. Olejnik, M. Janik, M. Brodowski, K. Sapiega, M. Pierpaoli,  

K. Siuzdak, R. Bogdanowicz, J. Ryl, „Texture or Linker? Competitive Modulation of Receptor 

Assembly Toward Impedimetric Detection of Viral Species at Gold-Nanotextured Surfaces”, 

The Journal of Physical Chemistry C (2023) DOI:10.1021/acs.jpcc.3c00697 (140 points,  

IF =4.2) 

  4. W. Lipińska, A. Olejnik, J. Karczewski, K. Grochowska, K. Siuzdak, “Annealing 

Rate as a Crucial Parameter Controlling the Photoelectrochemical Properties of AuCu Mosaic 

Core–Shell Nanoparticles” Energy Technology (2023) DOI: 10.1002/ente.202201021  

(100 points, mechanical engineering, IF=4.1) 

5. W. Lipińska, K. Grochowska, J. Karczewski, J. Ryl, K. Siuzdak, “Temperature 

controlled nanomosaics of AuCu bimetallic structure towards smart light management”, 

Journal of Materials Science: Materials in Electronics (2022) DOI:10.1007/s10854-022-08775-

9 (70 points, mechanical engineering, IF=2.8) 

6. W. Lipińska, K. Grochowska, J. Karczewski, E. Coy, K. Siuzdak, “Electrocatalytic 

oxidation of methanol, ethylene glycol and glycerine in alkaline media on TiO2 nanotubes 

decorated with AuCu nanoparticles for an application in fuel cells, Journal of Materials Science 

(2022) DOI: 10.1007/s10853-022-07471-7 (100 points, mechanical engineering, IF=4.7) 

7. W. Lipińska, K. Grochowska, J. Ryl, J. Karczewski, K. Siuzdak, “Influence of 

annealing atmosphere on photoelectrochemical activity of TiO2 nanotubes modified with 

AuCu nanoparticles”, ACS Applied Materials and Interfaces (2021) 

DOI:10.1021/acsami.1c16271 (200 points, mechanical engineering, IF = 10.4) 

https://doi.org/10.1021/acs.jpcc.3c00697
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Siuzdak%2C+Katarzyna
https://doi.org/10.1021/acsami.1c16271
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8. W. Lipińska, J. Ryl, P. Ślepski, K. Siuzdak, K. Grochowska, “Exploring Multi-step 

Glucose Oxidation Kinetics at GOx functionalized Nanotextured Gold Surface with 

Differential Impedimetric Technique”, Measurement (2021) 

DOI:10.1016/j.measurement.2021.109015 (200 points, mechanical engineering, IF = 5.1) 

  9. W. Lipińska, K. Grochowska, K. Siuzdak, “Enzyme Immobilization on Gold 

Nanoparticles for Electrochemical Glucose Biosensor” (2021) Nanomaterials DOI: 

10.3390/nano11051156 (70 points, mechanical engineering, IF = 5.7) 

  10. W. Lipińska, K. Siuzdak, J. Karczewski, A. Dołęga, K. Grochowska 

”Electrochemical glucose sensor based on the glucose oxidase entrapped in chitosan 

immobilized onto laser-processed Au-Ti electrode”, Sensors and Actuators B (2021) DOI: 

10.1016/j.snb.2020.129409 (140 points, mechanical engineering, IF = 9.2) 

  11. W. Lipińska, K. Grochowska, J. Karczewski, J. Ryl, A. Cenian, K. Siuzdak, 

“Thermally tuneable optical and electrochemical properties of Au-Cu nanomosaic formed 

over the host titanium dimples”, Chemical Engineering Journal (2020) DOI: 

10.1016/j.cej.2020.125673 (200 points, mechanical engineering, IF =13.0) 

  12. W. Lipińska, K. Siuzdak, J. Ryl, P. Barski, G. Śliwiński, K. Grochowska,  

“The optimization of enzyme immobilization at Au-Ti nanotextured platform and its impact 

onto the response towards glucose in neutral media”, Materials Research Express (2019) DOI: 

10.1088/2053-1591/ab4fab (70 points, mechanical engineering, IF = 2.0) 

  13. J. Ryl, M. Brodowski, M. Kowalski, W. Lipińska, P. Niedziałkowski, J. Wysocka, 

“Corrosion Inhibition Mechanism and Efficiency Differentiation of Dihydroxybenzene 

Isomers Towards Aluminum Alloy 5754 in Alkaline Media” Materials (2019) DOI: 

10.3390/ma12193067 (140 points, mechanical engineering, IF=3.7) 

  articles under review:  

14. W. Lipińska, K. Grochowska, J. Ryl, J. Karczewski, M. Sawczak, V. Mauritz, R. 

Crisp, K. Siuzdak, “Fusion between the photoactivity and CO2 adsorption on rapidly thermal 

hydrogenated vs. conventionally annealed copper oxides deposited on TiO2 nanotubes”, article 

number: JMSC-D-23-05052, Journal of Materials Science 

15. V. Myndrul, A. Tamashewski, W. Lipińska, K. Siuzdak, I. Iatsunskyi, “Highly 

Sensitive Electrochemical Immunosensor for a Cluster of Differentiation 5 (CD5) Detection 

in Human Blood Serum Based on Laser-Processed Ti/Au Electrodes” article number: am-

2023-17242p,  ACS Applied Materials & Interfaces 

 

https://doi.org/10.1016/j.measurement.2021.109015
https://doi.org/10.3390/nano11051156
https://doi.org/10.1016/j.cej.2020.125673
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  Conferences 

1. W. Lipińska, K. Grochowska, J. Karczewski, E. Coy, K. Siuzdak, ”Catalytic Activity 

of Au-Cu Alloy on TiO2 Nanotubes for Alcohol Oxidation” poster, 244st ECS Meeting 

(stationary, Gothenburg, Sweden, 8-12.10.2023) 

2. W. Lipińska, M. Shinnur, K. Grochowska, R. Crisp, K. Siuzdak, ”Formation of the 

Heterojunction Based on Titania Modified with Ni and Ag Sulfide Via SILAR Method - 

Electrochemical and Photoelectrochemical Activity” poster, 244st ECS Meeting (stationary, 

Gothenburg, Sweden, 8-12.10.2023) 

3. W. Lipińska, K. Grochowska, J. Karczewski, K. Siuzdak, „AuCu Nanostructures 

Active in the Visible Light – Optical and Photoelectrochemical Properties” poster, 241st ECS 

Meeting (stationary, Vancouver, Canada, 29.05-02.06.2022) 

  4. W. Lipińska, K. Grochowska, J. Karczewski, J. Ryl, K. Siuzdak, 72nd Annual Meeting 

of the International Society of Electrochemistry,  "Fabrication of gold-copper nanostructures 

by means of rapid thermal annealing - morphology, optical and photoelectrochemical 

properties" poster, 72nd Annual ISE Meeting hybrid, (online, 29-3.09.2021) 

  5. W. Lipińska, K. Grochowska, J. Karczewski, J. Ryl, K. Siuzdak, "Effect of annealing 

atmosphere on the TiO2 nanotubes modified with AuCu nanoparticles" poster, NanoTech 

Poland 2021, (online, 9-11.06.2021) 

  6. W. Lipińska, K. Siuzdak, J. Ryl, J. Karczewski, K. Grochowska, „Enzyme 

functionalized AuNPs-TiND electrode towards glucose sensing” poster, 71st Annual ISE 

Online Meeting, (online, 31-04.09.2020)  

  7. W Lipińska, K. Grochowska, J. Ryl, J. Karczewski, K. Siuzdak, “Electrocatalytic 

activity of Au-Cu nanomosaic towards CO2 reduction” poster, 71st Annual ISE Online Meeting 

(online, 31-04.09.2020)  

  8. W. Lipińska, K. Grochowska, J. Karczewski, J. Ryl, K. Siuzdak, “The synergistic 

effect of the bimetallic Au-Cu nanostructures onto the optical and photoelectrochemical 

performance” poster, Symposium on Advanced Technologies and Materials ATAM 2020 

(online, 13-15.10.2020)  

  9. W. Lipińska, K. Siuzdak, J. Karczewski, A. Dołęga, K. Grochowska, 

“Electrochemical glucose sensor based on glucose oxidase immobilized by chitosan-matrix on 

laser-processed Au-Ti electrode” poster, The 1st International Electronic Conference on 

Biosensor 2020 (online, 02-17. 11. 2020)  
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  10. W. Lipińska, K. Siuzdak, J. Ryl, P. Ślepski, K. Grochowska, “Studies of the charge 

transfer kinetics and surface inhomogeneities of enzyme-functionalized Au-Ti electrode” 

poster, 9th SMCBS (stationary, Żelechów, Poland, 8-12.11.2019)  

  11. W. Lipińska, K. Siuzdak, P. Barski, A. Lindstaedt, K. Grochowska, „Modyfikacja 

nanostrukturyzowanej powierzchni Au-Ti oksydazą glukozową przy użyciu samoorganizującej 

się monowarstwy organicznej” (Au-Ti platform modified by glucose oxidase using self-

assembled monolayers) poster, Nano&BioMateriały (stationary, Toruń, Poland, 6-7.06.2019) 

  12. K. Siuzdak, Z. Molenda, W. Lipińska, A. Cenian, G. Śliwiński, K. Grochowska, 

„Enzymatic glucose sensor based on Au-Ti heterostructure” poster, 13th NANOSMAT 

(stationary, Gdańsk, Poland, 11-14.09.2018) 

 

Scientific internship 

1. CNRS French National Centre for Scientific Research, Bioenergetic and Protein 

Engineering Laboratory, Marseille, France, 03.2022, internship 

Aim of study: bioelectrochemistry, enzymatic bioelectrocatalysis, surface and interface 

modifications, functional immobilization of redox enzymes on nanostructured electrodes, charge 

transfer between redox enzymes and electrode in enzymatic fuel cells 

2. Prochimia Surfaces Sp. z o.o., Laboratory of Organic Synthesis, Gdynia, Poland, 

03.2019 – 05.2019, internship 

Aim of study: Organic Synthesis of sulfur-containing compounds dedicated to self-assembled 

monolayers (distillation, vacuum distillation, extraction, crystallization, thin-layer 

chromatography, column chromatography, rotary evaporation). 

Science projects 

1. OPUS-LAP (2020/39/I/ST5/01781) “Solar Reduction of CO2 at Nano-Architectured 

Photoelectrodes Featuring Advanced Photon Management (SOLAFAME)” financed by National 

Science Centre in Poland, executor, 07.2022 - present 

2. Preludium (2019/35/N/ST5/02604) “Ordered mosaic of the bimetallic Au-Cu 

nanoparticles onto the conductive substrate – fabrication and properties” financed by National 

Science Centre in Poland, principal investigator, 10.2020 - present 

3. SOLARIS Centre (1/SOL/2021/2) „The effect of atmosphere on AuCu structure 

properties during rapid thermal treatment"  Polish Ministry of Education and Science, PHELIX, 

executor, 17-22.05.2022 
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4. Lider (2/0003/L8/16/NCBR/2017) „Innovative biocompatible sensor for noninvasive 

determination of glucose level" The National Centre for Research and Development,  

executor, 06.2018 - 08.2020 

Patent 

Co-author of the invention entitled: „Sposób wytwarzania enzymatycznych elektrod” 

(Fabrication method for enzymatic electrodes), (nr. P.435033), submission 20.08.2020, 

Warszawa, Poland, W. Lipińska, K. Grochowska, K. Siuzdak 

  Science popularization 

1. Festiwal Nauki  w Jabłonnie – Nauka z Pałacem w tle (Science Festival with  

the Palace) (23.09.2023 and 24-25.09.2022, Jabłonna, Poland) 

Aim of work: Chemical and physical experiments. Preparation of promotional materials  

and experimental station.  

2. E(x)plory (20-22.10.2021, Gdynia, Poland) 

Webinar with young female scientists regarding behind-the-scene work at the university  

and implementation of innovative scientific projects.  

„Wygrywać w nowoczesnych technologiach – spotkanie z laureatkami Konkursu  

im. R. Szczęsnego oraz o Projekcie InnovaBio Pomorze i warsztatach w Bio Laboratorium dla 

uczniów szkół ponadpodstawowych” 

Courses 

1. Artificial intelligence and ChatGPT in Academic Writing, 2023 

2. Agile Project Management – fundaments, theory and practise, 2023 

3. Project Management by International Project Management Association NCB 4.0, 2023 

4. Legal aspects in the R+D project management, 2023 

5. Blender 3D Modelling and Graphic Design, 2020 

6. MBLC Mindfulness Based Living Course, 2019 

7. Coating inspector in accordance with the IMO SOLAS convention, 2018 

8. Cathodic protection level 1 in accordance with the PN-EN ISO 15257 standard, 2018 

Additional activities 

1. Construction of the research station for the rapid thermal annealing in the Laboratory  

of Functional Materials, Centre for Plasma and Laser Engineering, Institute of Fluid-Flow 

Machinery Polish Academy of Science, 2020 
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2. Cosmos Lem Jewellery organized by the Eugeniusz Geppert Academy of Art and Design in 

Wroclaw. The project of jewellery which presented idea of the Universe and the literary output 

of Stanislaw Lem, the great Polish artist (see Figure 8d). 

Awards 

1. Award for the presentation of scientific results on 72nd Annual Meeting of the International 

Society of Electrochemistry conference, “Fabrication of gold-copper nanostructures by 

means of rapid thermal annealing - morphology, optical and photoelectrochemical 

properties” (09.2021) 

2. The Professor Romuald Szczesny Award for the best master thesis in the field of modern 

technologies (12.2020)  

3. Diploma of the year 2019 Award for the best master thesis on the Faculty of Chemistry Gdańsk 

University of Technology (10.2020)  

4. Polish Chemical Society Award for the best master thesis on the Faculty of Chemistry Gdańsk 

University of Technology 2018/2019  (12.2019)  

5. Award for the presentation of scientific results on Surface Modification for Chemical  

and Biochemical Sensing SCMBS 2019 conference organized by The Institute of Physical 

Chemistry and University of Warsaw, “Studies of the charge transfer kinetics and surface 

inhomogeneities of enzyme-functionalized Au-Ti electrode”  (11.2019)  

6. Gdańsk University of Technology Gold Badge for the graduate with honors  (08.2019)  

7. Gdańsk University of Technology Rector’s scholarship for the best students (2015, 2016, 

2017, 2018, 2019) 

Societies  

1. The Electrochemical Society ECS Member, ECS ID: 532626, 07.2023 – present 

2. RedOx student research club on Gdańsk University of Technology, 07.2023 - present 

Scientific activity in numbers 

Name MSc Eng Wiktoria Lipińska 

h-index 7 

Citations 164 

Number of articles (JCR) 13 

Participation in conferences 12 

Participation in science projects 4 
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