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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.



2. Streszczenie

Praca doktorska dotyczy opracowania metody otrzymywania bimetalicznych nanoczastek
AuCu na nanostrukturyzowanym podlozu tytanu i ditlenku tytanu jako materiatow
elektrodowych umozliwiajacych zastosowanie w urzadzeniach do fotogeneracji pradu w Swietle
widzialnym, rozkltadu wody do tlenu i wodoru oraz procesach utleniania alkoholi
wykorzystywanych w ogniwach paliwowych. Materiaty otrzymano z wykorzystaniem procesu
anodyzacji  elektrochemicznej foli  tytanowej, trawienia chemicznego, rozpylania
magnetronowego cienkich warstw stopu AuCu, Au, Cu w réznych konfiguracjach i o réznych
grubo$ciach oraz gwaltownej i stopniowej obrobki termicznej. Przeprowadzono optymalizacje
procesu wytwarzania nanostruktur zlota, miedzi i tytanu, w szczegdlnosci wptywu obrobki
termicznej na wlasciwo$ci materiatu poprzez zmiang takich parametréw jak temperatura, czas,
szybko$¢ nagrzewania oraz $rodowisko, w ktorym odbywato sie wygrzewanie elektrod
(powietrze, préznia, argon, wodor). Wykonano szczegdlowa charakterystyke morfologii,
wlasciwosci optycznych 1 strukturalnych jak réwniez aktywnosci elektrochemicznej
i fotoelektrochemicznej w obecnosci §wiatta symulujacego $wiatlo stoneczne. Na podstawie
danych eksperymentalnych okreslono korelacje pomiedzy wielkoscia, ksztattem, strukturg
i sktadem chemicznym nanoczastek ztota i miedzi, a ich wlasciwosciami optycznymi oraz
elektrochemicznymi. W czgéci teoretycznej opisano nanoczastki ztota, dyskretne stany
energetyczne w nanoczastkach, powierzchniowy rezonans plazmonowy, potprzewodnik typu p
1 n na przykladzie tlenkéw miedzi 1 ditlenku tytanu, wprowadzanie dodatkowych pozioméw
energetycznych do poélprzewodnika poprzez jego domieszkowanie oraz mechanizm
przeniesienia tadunku na zlgczu p-n. Ponadto, przedstawiono szczegétowy opis metod
wytwarzania, a nastgpnie metod uzytych do charakterystyki materiatéw, ktéry zostat
wzbogacony danymi literaturowymi dotyczacymi przykladow materialow opisywanych
w rozprawie. Rezultatem przeprowadzonych badan jest otrzymanie uporzadkowanych struktur
nanodotkéw Ti oraz nanorurek TiO2 pokrytych bimetalicznymi nanoczastkami AuCu
charakteryzujacymi si¢ zwigkszong absorpcja w $wietle widzialnym, wzrostem fotoaktywnosci
oraz aktywnos$ci katalitycznej. Zagadnienia opisane w rozprawie mogg przyczyni¢ si¢ do
stworzenia nowych materiatow funkcjonalnych aktywnych w procesach konwersji energii
stonecznej na elektryczng oraz efektywniejszych ogniw stonecznych i paliwowych w produkcji

przemystowe;.
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3. List of abbreviations

A — absorbance

AFM — atomic force microscopy

¢ — concentration of absorbing species
C — capacitance

Cai — double layer capacitance

C..: — €Xtinction cross section

C,cq — SCattering cross section

C.ps — 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

Eq— energy band gap

Er — position of Fermi level

Es — binding energy of electron

Ex — 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

lo — intensity of incident light

| — intensity of transmitted light

J — photocurrent

J (dark) — current density registered without light illumination
J (vis) - current density registered under visible light illumination
| — 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

TiO2NTSs — 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

AE — peak-to-peak separation potential

e —molar absorption coefficient

€1 — dielectric constant of NP

&m— dielectric constant of medium

A —wavelength

v — photon frequency

o — frequency

¢ — work function

¢ — phase shift

0 — angle between incident ray and the scatter plane
¥, — Riccati-Bessel function

&, — 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 polymerst. 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 years?. 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 TiO> nanoparticles
to perovskite solar cell as the electron transfer layer in order to reduce charge transfer resistance,
restrain recombination process and improve the stability®. 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 nanoframes®,
Pt-Cu nanoparticles® and graphene oxide (Pt, Pd, Au) composite’. 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 costs®. 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 overpotential®. 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 different’®, The difference in the properties between the bulk material
and nanomaterial results from the enhanced surface to volume ratio and the quantum
confinement!!, 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)*2, 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.
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Figure 1. a) Visualisation of materials with various surface area and

Diameter

b, ¢) schematic representation of quantum confinement effect

(dots are assigned to nanoparticles, Eq — energy band gap)*2.

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)'3. 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 substrate*®. 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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The synthesis of nanoparticles

—

Top-down approach Bottom-up approach
—> — <+ +—
Bulk material Fragments Nanoparticles  Clusters Atoms

Figure 2. The two different approaches for nanomaterials synthesis.

Metal nanoparticles are widely explored in the field of optics, electronic, catalysis
and biochemistry*®. 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 compounds!’. Au NPs absorb light in the visible light range, exhibit surface
plasmon resonance and enhance light-matter interactions thus they can generate and transport
charges!®. 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
band'®. 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 achieved®. 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, LSPR?!. 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
surface??. The plasmon resonance process decays after few femtoseconds. However, during that
time it can induce various processes in the plasmonic nanoparticles/semiconductor system?®,
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.

qopartic®

\;3

!‘Scattering
(1) Electron-electron
scattering

,a{_\“e Semiconductor platform

= @ NP heating
g /"o,,’
LSPR Landau (2 -
oscillations e h* pair generation
@ electron
@ hole

e injection

PIRET (3) Direct e injection

Figure 3. Scheme of different plasmon decay processes?®.

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 nm*°. Furthermore, optical properties of Au NPs are
strongly affected by their size and shape. The maximum absorbance shifts toward higher values
of wavelength with increase of Au NPs size?*. Whereas, different shape of nanoparticles such as
rods, flowers or stars results in the formation of additional bands on the absorbance spectra®>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 mode?®.

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 oxidation?”. Copper nanostructures
exhibit interesting mechanical properties such as good ductility, malleability and thermal

conductivity? as well as antibacterial properties®®. 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
nm?*®. 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 Cu.O and CuO
in the air atmosphere®.

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 band®! as well as the energy which is required
to provide for the electron-hole pair generation®. 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 heat®. The continuous
valence and conduction band in bulk metal starts to separate in metal NPs to discrete states
as shown in Figure 1c®. The spacing between discrete states and bandgap increases with decrease
of nanoparticle size*®. Metallic NP starts to manifest different electronic structure than bulk metal
when its diameter is lower than10 nm (Figure 4c)®. In the case of insulator, in which current is

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

a) b) c) d)
CB Bulk Nan‘oAp"article Cluster Atom E
E < 10 nm <2nm 9
g
VB 1-6 eV YOGS | m— >6 eV
P — band —— — ———
Bulk metal Semiconductor continuous discrete Insulator

Figure 4. Energy band diagrams for a) bulk metal, b) semiconductor, c) electronic structure of
bulk, NP and cluster of metals®, 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 (Er) 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)*. 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 k the indirect

transition takes place.

a) b) )
CB ce - £ CB
F
__________ EF E
VB VB VB F
— — T—
n-type p-type

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 range®. TiO, can be found in three crystal forms as anatase, rutile,
brookite and such crystalline structure determines its bandgap energy thus light-absorption®®.
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/TiO), surface
modification are developed in order to decrease the bandgap and increase activity in the visible

light range*®**. Therefore, some surface modifications will be described below.
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4.2.1 Doping of titanium dioxide

As it was mentioned above TiO> is characterized by wide bandgap of 3.2 eV or 3.0 eV
for anatase or rutile*?, respectively. Photoelectrochemical activity can be enhanced by doping of
semiconductors***’. 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 Cu?*

which acts as acceptor dopant and as a consequence narrows TiO2 bandgap**4°,

CB y
— SD
s DD
SD - Shallow donors
— DA DD - Deep donors
w— S A DA - Deep acceptors

F SA - Shallow acceptors

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 CuO 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 illumination*®. The p-n junction can be formed between visible light absorbing
p- type copper oxide semiconductor and n-type TiO> 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
VB*'. 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 semiconductor®® (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 electrons®°.
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Figure 7. Schematic representation of a) n and p-type semiconductor before contact,
b) n and p-type semiconductors in moment of contact, ¢) p-n junction in equilibrium®8

d) band diagram for p-n junction during light illumination®..
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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 oxides®?. 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)>*>*. 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/TiO 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/TiO> 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/TiO, 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 thickness®. 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.>® 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 baths®"*8 and

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

In the case of Ti, the first layer of ordered titanium dioxide nanotubes have been
developed by Assefpour-Dezfuly et al.®° 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 cathode®!. 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.
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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 process®?.

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: 2H20 — Oz +4H™ + 4e
(2) Cathode: 2H20 + 2e” — Hz + 20H"

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 O and OH- (3) as well as dissolution reaction caused by F~(4) where

the oxide formation should be faster than dissolution®3°.

(3) Ti +2H20 — TiO2 + 4H" + 4e”
(4) TiO2 + 6NH4F — [TiFs]?> + 6NHz + 2H20 + 2H*

At the beginning of the anodization, titanium is oxidized due to the interaction with O% and OH"
forming titanium dioxide layer. It should be noted that oxygen ions O% and OH on
the material/electrolyte interface are formed by water electrolysis. In this stage noted as (1) 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 TiO> layer that exhibits semiconducting properties with lower conductivity
comparing to the initial metallic substrate. Further, in step (11) the O penetrates the formed thin
film of TiO; and interacts with another Ti** present below the oxide. Simultaneously, Ti** 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 (111)
titania is partially dissoluted by fluoride anions forming [TiFs]? that is released to the electrolyte.
The plateau current is reached when high ordered TiO, nanotubes are formed®(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)5565, At the beginning the whole process was carried out in water solution where HF was the
source of F ions (1% generation) and as a result not so uniform tubular layer was obtained. With
time, fluoride salts became the source of fluoride ions (2" generation), and instead of water as
a single solvent, organic-water solution was proposed (3 generation). In 4™ generation,
not fluoride but other ions, like CI- and CIO4~ are responsible for etching and finally in

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

Nanotubes Electrolyte composition
generation
1% hydrogen fluoride (HF) in aqueous electrolyte
ond potassium fluoride (KF) and sodium fluoride (NaF)
in agueous electrolyte
3rd fluoride ions (KF, NaF, NH4F) in organic electrolytes
(dimethy! sulfoxide, formamide, ethanol, ethylene glycol)
4th hydrochloric acid (HCI), ammonium chloride (NH4Cl)or
perchloric acid (HCIO4) in aqueous solution
5t ammonium fluoride (NH4F) in glycol electrolyte with water

The SEM images of aligned and spaced TiO 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 TiO>NTs (titanium dioxide nanotubes) stick
together, however in time fluoride rich layer is dissolving. Therefore, the distance between

nanotubes increases®®.

Figure 10. SEM images of a-c) aligned TiO2NTs and d-f) spaced TiO2NTSs.

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 TiO2NTSs 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 11°".
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Figure 11. SEM images of spaced TiO-NTSs 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 voltage®’.

In the case of anodization time, the length of TiO2NTSs increases with time due to the thicker
titanium dioxide layer growing over whole process (Figure 12b)%. However, the process is
limited by thickness of Ti foil/Ti layer®®. According to Regonini et al.”, after exceeding 1 hour
the high ordering of NTs with a length of ca. 3 um 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)’. This result can be assigned to the faster rate of

the O% and Ti** diffusion when the electrolyte is heated.
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Figure 12. SEM images of TiO>NTs obtained after a) 30 min, c) 2 hours, d) 4 hours,
b) tube length as a function of time®, d) geometrical parameters (tube diameter and length)

as the function of temperature during anodization’.
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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)2. When the water content increases, TiO; 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.

>10 %

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 water?.

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)’3. 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.” highly ordered nanomaterials can be formed even on really large substrates to
1 meter length™. 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-production”™ and cannot be easily
adopted by many research teams. Another technique which can be used for nanoholes/
nanodimples fabrications is electron beam lithography (EBL). 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
removed’’. 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. | 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)’®. In the case of the PVD, sputtering and thermal
evaporation can be distinguished.

In the 19™ century the sputtering process was seen as undesired and its results were treated
as an impurity’. 100 years later, in 1979 Chapin patented the planar magnetron cathode®.

The scheme of the sputtering system is shown in Figure 168, 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 cathode®!. 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 target®2. 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). 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 VVolmer-Weber and Frank-van der Merwe modes. In this case monolayer

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

Volmer-Weber mode Frank-van der Merwe mode Stranski-Krastanov mode

Figure 15. Film growth modes.

The magnetron sputtering technique has application in many fields such as
microelectronics (printed circuit boards®*), sensors (glucose®, dopamine®, temperature®’,
strain®’), photovoltaics, photocatalytic systems as well as mechanics and corrosion protection
(coating for gas and steam turbines components®® or jet engines®) 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. | 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 phase®® 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 electricity®®. First electric furnace was developed by Siemens in 1878%.
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 distribution®®. 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.” 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 possibility®. The heating process
is very short and takes several seconds or minutes (seconds or minutes in RTA vs. hours in

conventional furnace).
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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
furnace®. 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 semiconductors®®®’. 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 stopped®. 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 meantime®. Furthermore, RTA process can be beneficial for stabilizing and improving
adhesion as well as mechanical properties of low-dielectric isolation layer®>1%,

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 cells!®*. Wan et al.'%> 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 TiO,
especially TiO> nanotubes, annealed in RTA are examined toward future application in
photovoltaics'®,

Annealing of TiO> converts amorphous form of oxide to crystalline anatase or rutile phase
depending on the annealing temperature. According to Raza et al.}%* TiO, 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.1% investigated photoelectrochemical activity of TiO>
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 TiO>
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.l®
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)®® b) Chronoamperometry curves under UV light for
pristine (P25) and hydrogenated TiO2 (H-P25)%,

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.!?” described the influence of reduction treatment in Ar/H. atmosphere

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

As can be seen in Figure 19a after thermal treatment in Ar/H, 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 Ti®* cations.
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Figure 19. a) Optical images, b) absorbance spectra and c) linear voltammetry curves

under standard solar irradiation spectrum (AML1.5) 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 annealer'?’.
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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. 1 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 19311%,
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 nm?%, 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).

a) Electron beam b) Electron gun
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Augggelactrons Electromagnetic

lenses

|||||||||

Scanning coils

Characteristic X-ray

Secondary

Continous X-ray electron detector

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 Gdansk University of
Technology. Moreover, morphology was investigated using scanning electron microscope
Hitachi SU3500 at IMP PAN. | was responsible for measurements carried out at IMP PAN.

| 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 surface!'®. 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 2la. 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 surface!!. 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)°, 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.
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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 Gdansk
University of Technology. | assisted in measurements carried out at Gdansk 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)*?.
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. | 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 sample!*3. 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)!'*. 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.

) Absorption Transmission Reflection Refraction Diffraction Scattering
a

Detector

F— =
Light source = Light source -
=

Monochromator Monochromator
[ I

Sample Detector

Integrating sphere

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 (lo/)
6) A=¢ccl

where

A — absorbance

lo — intensity of incident light

| — intensity of transmitted light

e — molar absorption coefficient / L-mol™*-cm™

¢ — concentration of absorbing species / mol - 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 recorded'®. Typically materials in the form
of layers onto the non-transparent substrates or powders are investigated by spectrophotometer
arrangement equipped with integrating sphere!?®,

The UV-vis spectroscopy can be used to characterize optical properties of metallic
nanoparticlest!’. 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 equations®®, These
equations are composed of infinite series of multipole expansion (angle-dependent function)
of the polarization of sphere caused by incident wave!'®. 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 a, and bn are the Mie coefficients (11, 12).
27 oo
(8) Cext = #Zn=1(2n + 1Rela, + by,]

9 Coca = i 2oy @0+ Dllan|? + 1b,]7]

(10) Cabs = Cext — Csca
_ m¥, (M)W, (x) =¥y ()P (mx)
(11) an = m¥y, (Mx) &, (x)—&y (X) W1y (mx)

_ ¥n (M)W (x) =MWy (X)¥ 1 (mx)
(12) by = Y (mx)&rp (x)—mé&y (X)¥ry(mx)
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where

C.,: — extinction cross section

Cscq — SCattering cross section

C.ps — absorption cross section
¥, — Riccati-Bessel function

&, — 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 = 2mr/A.

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) &€ = —-2&,
where
€, —real part of dielectric constant of NP

€,, — 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). | 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 1912120121
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 CuKa radiation is recommended for structure
investigation. The X-rays beam interacts with crystal faces at the incidence angle 0 and scatters
from crystal faces with the same angle 6'%2. 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-A=2d sinb
where
n — diffraction order
A —wavelength of the X-ray / nm
d — spacing of the crystal layers / A

6 — angle between incident ray and the scatter plane / degree

X-ray tube

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 defects'?®. 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
energy*?*. 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 20 / degree Miller index Ref.

Ti 34.9 (100) 125126

Ti 38.3 (002) 125126

Ti 39.9 (101) 125126

Ti 52.8 (102) 125126

Ti 70.4 (103) 125,126

TiO; anatase 25.4 (101) 127,128
TiO, anatase 48.1 (200) 128
TiO- rutile 27.3 (110) 127
TiO; rutile 54.2 (211) 127
TiO; rutile 56.5 (220) 127

Cu 43.3 (111) 124,129,130

Cuz0 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 CuKo 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 Gdansk University of Technology. | 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 analysed!3. 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 TiO anatase phase
in most cases it is possible to distinguish five vibrational modes. Three of them are Eq modes
associated with stretching of O-Ti-O groups and are located at 149, 199 and 649 cm™. The other
two: Big and AigtBig related to bending vibrations of O-Ti-O groups can be found at
403 and 521 cm, respectively®*®. 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 Aq (296 cm™) and By (346 cm™, 631 cm®) vibrational modes®®’. 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 CB*. The formation of oxygen vacancy leads to surface
reconstruction for example changing the local symmetry of Ti by modulating titanium-oxygen
bonds'®. The band shifts towards higher wavenumbers from 149 cm™ to 155 cm™. According to
Pan et al.'® after deconvolution three bands can be distinguished in that wavenumber range
where two of them located at 155 cm™ and 171 cm™ are the new Raman modes (Figure 26b).
Furthermore, after thermal treatment of TiO> 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 Ref.
TiO; rutile 430 — 450 | 600 — 610 140141
TiO; anatase 149 | 199 | 403 | 521 | 646 136
CuO 300 330 - 370 590 — 600 142,143,141
Cuz0 220 520 - 550 620 125,122,173
AuCu 240 — 270 T45.141
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Figure 26. a) Band structure for TiO> anatase with oxygen vacancy, b) Raman spectra for
(@) the reference anatase TiO> (from Aldrich), (b) TiO sheets with oxygen vacancy,
(c) TiO2 sheets'®,

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 effect'#s. 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 (Ex) and the work function (¢) (15). The schematic energy levels diagram

is shown in Figure 27a'%.
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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)48:

(15) h-v=Ex+ ¢
(16) Ee=h'v—¢-Ex
where
Ex— Kinetic energy of photon / eV
h — Planck’s constant (6.63 - 103/ eV 's)
v — photon frequency / Hz
¢ — work function / eV

Eg — 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 (AlKa 1487 eV)
or hard X-rays (CrKo 5415 eV)'*°. 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 (P12, psi2, darz, dsp, 52, f712). 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.
Ti° (2par2) 453.9 50
Ti203 (2p312) 457.1 51
TiO2 (2p3i2) 458.7 151
AW (4f712) 83.9 - 84.1 157,153
Au203 (4f7/2) 85.8 154,155
Cu° (2psp2) 932.5 156
Cu'* (2psp) 932.7 157
Cu*" (2par) 933.5- 9345 56,158

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
AlKa source. Measurements and fitting were carried out by PhD DSc Eng Jacek Ryl Prof GUT
at Faculty of Applied Physics and Mathematics at Gdansk 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, | submitted the application form with the details
regarding the planned measurements that was positively considered and | 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.

52



N\

% device
e

Insertion

Booster
ring

Beamline

Storage
ring

Bending
magnets

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 environment®®, 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 material'®. 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)°.
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Figure 29. The detection modes of XAS*,
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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 edge®®. It can be used to determine oxidation state and coordination chemistry.

The absorption edges are characteristic for particular electron shells (K, L, M, N)2,
The schematic representation of X-ray absorption edges is presented in Figure 30a. The L-edge
XAS spectrum of TiOz is presented in Figure 30b. In the case of TiO; the Ls.> edge, excitation
of Ti2p electrons to unoccupied d and s states, is in particular of interest because the TiO>
conduction band is composed of Ti3d states'®, whereas, the valence band is attributed to O2p*64.
The information which can be obtained from the intensity of b; and b, peaks of the L3-edge is
the TiO> crystalline phase. If the by peak is more intense than the b2, the anatase is present.
The opposite situation indicates the rutile phase!®. In the case of copper, taking into account
various shapes of L-edge XAS spectra, it is possible to identify Cu?*, Cu** and Cu® (Figure 30c).
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Figure 30. a) Schematic of X-ray absorption edges, b) L-edge XAS spectra of rutile
and anatase TiO2 1631  ¢) L-edge XAS spectra of CuO, Cu,0 and Cu'®’.

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),

e

A+e — A Reduction L —
Electrode Electrolyte
B-e — Bt Oxidation — @

A - reducing agent; B — oxidazing agent

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.
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Figure 32. The electrical double-layer a) Helmholtz, b) Gouy-Chapman and c) Stern models'®®,

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 on'®®. 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 KCI), 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
Na>SO4, 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 (i) as well as peak potentials (Ep)*™.

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 interface!™.
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 AE should correspond to the value
of ca. 57 mV. The equations (17) and (18) describe this dependency’2. Furthermore, the anodic
and cathodic peaks should have the same current intensity.

(17) AE = (Ea— E¢)
(18) AE=2218R - T/n-F
where
AE — peak-to-peak separation potential / V
Ea— anodic potential peak / V
E.— 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 (9.64-10*/ C-mol™?)

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 transport!’L. 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.
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Figure 33. a) The scheme of electrochemical cell, b) the typical cyclic voltammogram,
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Irreversible

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 TiO; in the form of anatase phase. The CV curve was recorded in 0.1 M NaOH
electrolyte. This material exhibits reduction reaction of Ti*" to Ti®*" with peak located

at ca. -1.3 V vs. Ag/AgCI. 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 34b!". The anodic peak located at ca. +0.3 V vs. Ag/AgCI corresponds to oxidation of
metallic gold to Au,03!". 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/Ag0 labelled as A can be
assigned to oxidation of Cu to Cu20. The second one which can be observed at +0.3 V labelled
as B is interpreted as oxidation of Cu/Cu.O to CuO and Cu(OH)2. During polarization towards
the cathodic direction, reduction of Cu?* oxides to Cu** and Cu° 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.
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Figure 34. Cyclic voltammetry for a) TiO-1"°b) Au(poly), Au(100), Au(210) and Au(533)
surfaces”® and c) polycrystalline copper sample!’® registered in 0.1 M NaOH.
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Figure 35. Pourbaix diagram for copper in aqueous media®’’.

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)*"8. 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) H20 — H2 + 1/20;
(20) 4OH— O2 + 2H20 + 4e
(21) 4H,0 + 4e” — 2H, + 40H

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/cm? and the cut-off filter enabling to remove from the spectrum

particular wave range (Figure 37).
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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 dark'’. 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 TiO>
and the photocathode is the p-type semiconductor such as CuO and Cu,0¥°, 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 semiconductors®?.
The electrode should be polarized in order to provide opposite charges than charges which are

present in excess.
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Figure 38. Effect of different applied potentials on
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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 interface!®®. 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) = Eosin(wt)
(23) I(t) = lo-sin(ot + ¢)

(24)  Z(0) =E@®) /1(1)

where

E(t) — potential at time t/ V

| —current/ A

t—time/s

o — frequency / rad s

¢ — phase shift / degree

Z — impedance / Q

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.
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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 18418,
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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)  Zresisor =R
(26)  Zcapacitor =1/ joC
where
Z — impedance / Q
R — resistance / Q
o — frequency / rad s

C — capacitance / F

and j is imaginary unit and is equal to v—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 (Ca). 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 (jo)"

where
CPE — constant phase element
Q — quasi-capacitance / F
n — constant phase element exponent

o — frequency / rad s
and j is imaginary unit and is equal to v—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).

Vl//%r (1 —j)coth[WOC\/j—a)]

(28)  Zy,(w) =

where
Wor — Warburg coefficient / Q-cm?- s1/2
WOC = d / DO'5

d — thickness of layer / cm

D — diffusion coefficient / cm?-s*

and j is imaginary unit and is equal to v—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)*¢’.

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/cm? was
calibrated wusing the silicon cell (Rera). | 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)188.18°

(29) IPCE = Ne/Np
(30) IPCE=j-1240/P-A
where
Ne — number of photogenerated electrons
Np — number of photoelectrons from incident light
j — photocurrent / A-cm™
P — incident light power density / W-m™

A —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 another'®. 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. | 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 Cu.O/CuO
and Au/Cu20/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.

Al) W. Lipinska, 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. Lipinska, 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. Lipinska, 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. Lipinska, 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. Lipinska, K. Grochowska, J. Ryl, J. Karczewski, K. Siuzdak, Influence of Annealing
Atmospheres on Photoelectrochemical Activity of TiO> Nanotubes Modified with AuCu
Nanoparticles, ACS Applied Materials and Interfaces 13 (2021) 52967, IF = 10.4 / 200 points

A6) W. Lipinska, 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
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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 Al

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 cells'®®, oxygen evolution reaction®!, oxygen
reduction reaction®?, carbon dioxide reduction!®® and alcohol oxidation processes®*.

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, | 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 TiIND
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, respectively*®®.
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.
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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 Position of the reflectance Electrode Position of the reflectance
(450 °C) minimum / nm (600 °C) 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 Al Figure 5). The Au4f peak located
at 84 eV confirmed presence of metallic Au on the surface!®. 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)>
or CuCQOs, CuO and AuCu alloy®’. Furthermore, the Ti2p 3/2 peak located at 458.4 eV was
ascribed as Ti,03!®. 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(ll).

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 KCI are recognized as oxidation of Au to Au.03
and reduction of Au203 to Au'®. 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 Cu20 and Cu20 to CuO/Cu(OH)z,

respectively?®. It should be added that the oxidation peaks are less intense than reduction ones
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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 Au,Oz to Au and CuO
to Cu?!. Oxygen evolution reaction is initiated at +0.7 V vs. Ag/AgCl/0.1 M KCI, 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 for 5Cu/5Au
electrode) which was ca. 30 times higher value than for monometallic gold electrode (0.04 mA
cm 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 SAu/5Cu electrode (120 pA cm™). 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.
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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 . i? 8V > +§ 8V -
J (dark) / LA cm J vis)/ pPA cm™ | J (dark) / MA CM™ | j i)/ MA Cm
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 CO> reduction

It is well known that CO> is causing the expand of global warming effect and ocean
acidification. Taking into account many literature reports concerning CO> reduction reaction
and growing level of CO; in the atmosphere due to increased consumption of fossil fuels as well

as the deforestation, | decided to perform additional measurements on AuCu nanostructures.

203 204

According to recent literature, gold?%?, silver®®, platinum?®* 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 CO reduction for TiND, 10Au, 10Cu
and 5SAu/5Cu electrodes annealed at 450 °C is presented below in the Figure 44. Materials were
fabricated according to the procedure described in article Al. The CO; reduction was determined
by linear voltammetry measurements registered in 0.1 M NaHCO3 solution saturated by CO..
The current density registered at -1 V vs. Ag/AgCl/0.1M KCI for TiND, 10Au, 10Cu and
5AU/5Cu reached 6 A cm™, 323 pA cm™, 78 pA cm™? and 411 pA cm, respectively. As can be
seen, the synergistic effect caused by Au and Cu manifests as the highest current density for CO>
reduction at cathodic range in comparison to single metals. The positive effect of AuCu
combination was described by Ma et al.?® and Morales-Guio et al.?% where bimetallic AuCu
nanostructure in the form of core-shell nanoporous AuCus@Au electrode improves the stability
of intermediates and enhances selectivity of C>* products formation. Taking above into account,

it can be claimed that AuCu metals open new possibilities toward CO; reduction.
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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 NaHCOa.
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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 (Il) species on the electrode surface as well as the absorbance band maximum

located at 470 nm.

Al) W. Lipinska, 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
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ABSTRACT

Au-Cu nanostructures offer unique optical and catalytic properties unlike the monometallic ones resulting from
the specific interaction. Among others, they have the ability to exhibit surface plasmon resonance, electro-
chemical activity towards the oxygen and hydrogen evolution reaction (OER, HER) as well as improved pho-
toresponse in relation to monometalic but those properties depend highly on the substrate where bimetallic
structures are immobilized.

In this work, bimetallic gold-copper mosaics over the conducting structured titanium substrate were fabri-
cated via following steps: anodization of Ti foil, chemical etching of as-formed titania resulting in nanodimpled
Ti substrate (TiND), sputtering of thin metal layer (Au, Cu) in various sequences, and finally thermal treatment
in furnace at 450 °C or 600 °C. The morphology, optical and structural properties were investigated in details and
it was shown that both arrangements of metallic films and thermal conditions strongly affect the morphology
and optical features. The XPS results confirmed the presence of gold-copper alloys and copper oxide species. Last
but not least, the electrochemical activities were verified in 0.1 M NaOH using cyclic voltammetry and linear
voltammetry measurements performed in dark and under visible light illumination. Among all investigated
materials in both anodic and cathodic regimes bimetallic 5Au/5Cu sample annealed at 450 “C exhibits the
highest response towards OER and HER, respectively. This is further boosted by the light with & > 420 nm.
Upon exposure to visible light, the current density for 5Au/5Cu and 5Cu/5Au electrodes reached 1.32 mA cm ™ ?
and 1.26 mA c¢m ™2, respectively, while in the case of monometallic structures the current was below
10 pA cm ~2 Both optical and electrochemical behaviour indicate a strong synergistic effect arising within the
bimetallic mosaic formed over the TiND.
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1. Introduction

Nowadays, the possibilities of fabricating and modifying novel
functional materials are widening, due to the rapid development of
technology and easier access to the chemical compounds and advanced
machines. Nevertheless, taking into account the total production cost,
energy consumption as well as waste disposal, special interest is tar-
geted on synthesis methods requiring simple equipment, lowering the
usage of precious metals as well as avoiding additional purification
steps. Due to the devastation of the environment, both the production of
the new nanostructures and their further utilization towards energy
conversion and storage should be at the centre of scientists’ interest.
Realizing the danger of resource depletion, the global warming effect,
air pollution and water contamination, the efforts of materials science
should be focused on green synthesis methods and efficient usage of
resources. Following that, the structures based on metal nanoparticles
(NPs) not only reduce material consumption but due to change of their
size from the macro to the nano scale they also reveal the unique
properties, such as developed surface area, high electric capacitance
and conductivity or light absorption in the visible range[1]. Among
others, gold nanostructures have been widely explored and successfully
applied in organic photovoltaic cells, photocatalysis and electro-
chemical sensors [2-4]. However, the depletion and rising price of
precious metals as well as the safety concerns relating to the use of auric
acid [ 5] force us to find some promising alternative to the monometallic
gold structures as well as towards wet chemistry methods. Taking into
account those challenges, the reduction of gold consumption in favour
of other transition metals, e.g. Ag, Cu, Ni [6-8] as well as the appli-
cation of physical top-down technique [9] have been proposed as a
more environmentally friendly approach.

Following that, the significant growth of interest in the bimetallic
Au-Cu nanostructures exhibiting unique optical and catalytical prop-
erties is not surprising [10-12]. Those extraordinary optical properties
in most cases are related to the surface plasmon resonance (SPR) effect.
The SPR is based on the excitation of plasmons, i.e. collective oscilla-
tions of free electrons, by light resulting in the enhancement of elec-
tromagnetic field arising in the nearest vicinity of the nanoparticles. It
should be noted here that optical properties of NPs do not depend only
on their chemical composition; but also their dimensions and shape, as
well as the surrounding medium, are of high importance. Customarily,
gold nanoparticles with dimensions from 5 to 50 nm exhibit absorption
peak between 520 and 530 nm [13]. On the other hand, Cu nano-
particles with diameter of 20 nm show the maximum absorption peak at
580 nm'?, However, when one combines gold and copper together, it is
possible to achieve broadband absorption in the visible range [1] and
its tuning within the several tens of nm is achievable. For the NPs of
10 nm in diameter surrounded by a medium of 1.4 refractive index, the
SPR maxima for Au, Au;Cu, AuCu, AuCus, Cu were located at 532 nm,
538 nm, 561 nm, 567 nm, 578 nm, respectively [14]. Apart from the
optical features, Au-Cu NPs are characterized by attractive catalytical
properties especially towards the electrocatalytic reduction of CO, [15]
and selective alcohol oxidation [11]. Moreover, reports on the Au/Cu,O
porous heterostructures indicate their higher photoresponse comparing
to the pure Cu,0 structure [16] The oxygen evolution reaction (OER),
as well as hydrogen evolution reaction (HER) running efficiently at Au-
Cu bimetallic structures, were confirmed [17]. Therefore, the Au-Cu
NPs can be successfully used in processes dealing with the environ-
mental pollution present in liquid media.

It should be also noted, that the synthesis of Au-Cu bimetallic ma-
terial not only takes advantage of the lower price of Cu cf Au but also
take advantage of the high stability of gold [1]. In such materials, the
improved properties of bimetallic structures occur due to the synergistic

effect between both metals and this interaction depends on the struc-
ture inside the particular Au-Cu NP. The bimetallic nanoparticles can be
classified into alloy/intermetallic or core-shell/layer-by-layer struc-
tures. In the case of Au-Cu, one can distinguish three different struc-
tures of specific stoichiometry such as AuCuz, AuCu and AuzCu de-
pending on the composition of individual elements [ 18]. Analyzing the
Au-Cu phase diagram, it can be seen that at 410 °C (1:1 atomic ratio)
there is an order—disorder transformation [19] which is related to or-
dered intermetallic structures or disordered alloy creation. It was found
that control of the ordering degree of Au-Cu nanoparticles significantly
impacts the electrocatalytic activity [20]. The ordered structures ex-
hibit high catalytic properties towards CO, to CO reduction, however
the disordered ones enable enhanced hydrogen evolution [20]. Thus, it
is very important to control precisely the synthesis procedure of the
bimetallic nanoparticles as well as to reveal the electrochemical activity
that could be further utilized in the reactions important from the en-
vironmental point of view.

In this paper, the synthesis of Au-Cu bimetallic nanomosaics over
the textured Ti substrate as well as their morphology, structural, op-
tical, electrochemical and photoelectrochemical characterization are
studied. The titanium platform was fabricated via the electrochemical
anodization process of Ti foil followed by the selective chemical etching
of as formed titania nanotubes. As a result of that process, the ordered
titanium nanodimples (TiND) were obtained acting further as host
wells. Afterwards, that platform was covered by thin metal layers of Au
and Cu in various sequences using the magnetron sputtering technique.
In the next stage, the rapid thermal annealing at 450 C or 600 "C was
carried out. For reference, the same procedure was applied to the
pristine TiND and TiND with deposited monometallic Cu and Au films.
The morphology of materials was investigated by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). Fabricated
samples were also characterized by X-ray photoelectron spectroscopy
(XPS) for the determination of the oxidation states of atoms that form
nanomosaics. On the basis of reflectance spectra recorded by UV-vis
spectrophotometer the optical properties of nanostructures were ana-
lysed. Finally, the electrochemical and photoelectrochemical activities
for the series of obtained structures were characterized both in dark and
when the electrode was exposed to visible light. The linear voltammetry
(LV) and cyclic voltammetry (CV) measurements in 0.1 M NaOH were
carried out and significant differences between formed materials were
identified. As expected, temperature strongly affects the morphology
and properties of the resulting material. Finally, it has been experi-
mentally proven that the synergistic effect between the Au and Cu can
be achieved via simple thermal treatment of sputtered gold and copper
films.

2. Experimental
2.1. Au-Cu electrode fabrication

Titanium foil (99.7%, Strem), acetone (Protolab), ethanol (96%,
Chempur), ammonium fluoride (98%, Chempur), ethylene glycol (99%,
Protolab) and oxalic acid dihydrate (99.5%, Sigma-Aldrich) were used
for anodization and chemical etching processes of the as-anodized Ti
foil. The pure targets of gold (99.99%, Quorum Technologies) and
copper (99.99%, Quorum Technologies) were used for thin metal layer
deposition,

Firstly, the Ti foil was cut into 2 x 3 cm? rectangles and ultra-
sonically cleaned in acetone, ethanol and deionized water for 10 min in
each medium. Immediately, the substrates were used for anodization.
That process was conducted in the two-electrode system, where the Ti
plate was used as an anode and Pt mesh as a cathode. Both electrodes
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were placed against each other 2 cm apart in the cylindrical glass cell.
The reactor had a thermostatic jacket for the preservation of a constant
temperature of 23 °C during the whole process. The electrodes were
immersed in the electrolyte composed of 0.27 M NH,4F dissolved in the
mixture composed of 1% vol. deionized water and 99% vol. ethylene
glycol. The anodization was carried out in two stages, the first one took
2 h and the second 6 h. At each stage the voltage of 40 V was applied
between electrodes. After each anodization formed TiO, nanotubes
were removed out of the Ti foil by selective chemical etching. This
treatment involves the overnight immersion of samples in the 0.5%
oxalic acid solution. This way, the titanium substrate covered uniformly
by the nanodimples was obtained. Finally, the Ti nanotextured platform
was rinsed with deionized water and dried. The obtained nanos-
tructured titanium platform was covered by thin metal layers: 10 nm Au
or 10 nm Cu or 5 nm Au and 5 nm Cu in both sequences, namely 5Au/
5Cu and 5Cu/5Au using magnetron sputtering machine (Q150T S
system, Quorum Technologies). Afterwards, samples were annealed at a
temperature of 450 “C or 600 “C for 10 min. Thermal treatment was
conducted in air atmosphere. The samples were placed onto the ceramic
dish and then transferred to the muffle oven already heated to the es-
tablished temperature. After processing they were taken out of the oven
and left freely to cool down.

2.2. Samples characterization

Investigation of the electrodes morphology was performed using a
field emission scanning electron microscope (FEI Quanta FEG250)
equipped with an ET secondary detector and with the beam accel-
erating voltage kept at 10 kV. Additionally, the topography of TiND was
studied by an atomic force microscope (AFM) (Nanosurf EasyScan 2),
The reflectance spectra of nanostructures were measured by UV-vis
spectrophotometer (Lambda 35, Perkin-Elmer) equipped with an ac-
cessory for reflectance spectra registration. The reflectance spectra re-
gistered with 60 nm/min speed in the wavelength range from 300 to
1000 nm were provided for the whole set of titanium, gold, copper and
both types of gold-copper nanostructures.

The chemical nature of fabricated samples was revealed by X-ray
photoelectron spectroscope (Escalab 250Xi, ThermoFisher Scientific)
with a monochromatic AlKa source. Those measurements were carried
out for the selected materials: 10Au, 10Cu, 5Au/5Cu and 5Cu/5Au
annealed at 450 "C, because of their prominent photoresponse as will be
shown later on. The calibration for XPS spectra was based on the signal
attributed to the pure Au metallic state (84.0 eV). The deconvolution of
the XPS spectra was performed with Avantage v5.973 software
(ThermoFischer Scientific).

The electrochemical and photoelectrochemical studies were con-
ducted using the AutoLab PGStat 302 N potentiostat-galvanostat, in the
three-electrode arrangement placed in the cell containing a quartz
window. The pristine TiND and modified TIND electrodes were used as
the working electrode (WE) whereas Pt mesh was the counter electrode
(CE) and Ag/AgCl/0.1 M KCI was the reference electrode (RE). The
cyclic voltammetry and linear voltammetry measurements were carried
out in deaerated 0.1 M NaOH solution. The polarization curves were
recorded from —0.8 Vto +0.8 V vs. Ag/AgCl/0.1 M KCL For CV the
scan rate was equal to 50 mV/s whereas for LV to 10 mV/s. In the case
of photoelectrochemical tests, the light source was a xenon lamp
equipped with filters: AM 1.5 and UV cut-off (GG40, Schott). The ir-
radiation intensity was established to be 100 mW/cm? using Si re-
ference cell (Rera). The stability of electrochemical performance was
verified by the multicyclic polarization accompanied with the recording
of the linear voltammetry scan under visible light irradiation.
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600°C

450°C

5Au/5Cu 10Cu 10Au TiND

5Cu/5Au

Fig. 1. SEM images of the a) TiND (450 “C), b) TiND (600 "C), ¢) 10Au (450 °C),
d) 10Au (600 “C), e) 10Cu (450 "C), f) 10Cu (600 "C), g) 5Au/5Cu (450 °C), h)
5Au/5Cu (600 "C), 1) 5Cu/5Au (450 "C), j) 5Cu/S5Au (600 “C). The temperature
treatment was indicated in the round brackets.

3. Results and discussion
3.1. Morphology

SEM images of the fabricated samples containing gold, copper and
gold-copper metallic species onto titanium nanodimples annealed at
450 “C and 600 "C for 10 min are shown in Fig. 1. As it can be seen, the
temperature strongly affects the morphology of materials obtained out
of the sputtered thin layers and even the pristine TiND. As given in
Fig. 1a and b the annealing at elevated temperature changes the
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dimensions of the dimples. The diameter of the bare titanium dimples
for the sample annealed at 450 “C was estimated to 75.5 + 5.5 nm,
while for the sample annealed at 600 "C was equal to 54.08 + 8.4 due
to the variety of deformed substructure and changes in the grain size
[21]. According to Chen et al., the recrystallization and the significant
grain growth take place when the annealing is performed above 500 °C.
Moreover, other negative impact of higher temperature treatment is
related with the hardness loss attributed to the decrease of dislocation
density.

Regarding the case of pure gold, the thermal treatment at 450 ‘C
leads to the formation of a mosaic-like structure composed of Au NPs
located in the host titanium dimples as presented in Fig. 1¢ which is in
agreement with our previous works [22,23]. The electrode which has
been annealed at the higher temperature of 600 °C is shown in Fig. 1d
and is characterized by a higher degree of disorder. As a result, in some
areas of the sample bigger gold agglomerates can be found and there-
fore their size distribution is much wider comparing to the lower
temperature conditions. Such phenomenon could be related to the
changes of the TiND morphology itself.

SEM images provided in Fig. le and f show the copper species
formed over the Ti and in both cases, in contrast to gold, no well se-
parated NPs can be revealed. The only difference in material mor-
phology in both temperature regimes is attributable to the grain size.
The surface of 10Cu annealed at 450 °C may be regarded as much
smoother than 10Cu annealed at 600 *C material where the sharp edges
of individual grains can be observed. When SEM images of Au-Cu
combinations are analysed, the morphology of the resulting structures
can be regarded as a nano-mosaic composed of nanoparticles for the
annealing performed under 600 "C while lower temperature did not
result in the creation of easily distinguished NPs on the FE SEM image.
Nevertheless, when only 450 °C was applied the characteristic dimples
are still visible over the Ti substrate as presented in Fig. Ig and i. For
the elevated temperature treatment, the whole substrate is almost
uniformly covered by NPs but the dimpled nature of the substrate is not
seen. This should be related to the changes in the geometrical dimen-
sions of the TiNDs themselves thermally treated in two temperature
regimes. The depth of TiND was calculated from AFM images (Fig. 2)
and its average value for the material annealed at 450 'C was
11.1 = 2.3 nm (Fig. 2a), however for samples annealed at 600 °C it
was 7.3 * 2.6 (Fig. 2b). Therefore, a higher temperature makes
dimples shallower and in consequence the borders between dimples are
less distinctive. For the complete characterization of structure also X-
ray diffraction spectra were recorded and are shown (see Fig. 51) and
described in the Supplementary Information file.

3.2. Optical properties

The changes in the samples colour is clearly observed by the naked
eye (Fig. 3) and since the samples are not transparent the reflectance
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spectra were recorded (see Fig. 4) to reveal unique optical properties.
Regarding the provided digital photographs, one may observe variety of
colours from metallic gold for 10Au annealed at 450 °C to intense blue
for 5Au/5Cu and 5Cu/5Au bimetallic mosaics formed at 600 'C. For the
bare substrate, namely TiND, the colour changes from light yellow to
deep orange for 450 °C and 600 °C temperature conditions, respectively.
As was reported by Skowroniski et al. [24] similar observations re-
garding the colour impressions were noted for samples composed of
titania film over Ti support where the gold tone is observed when the
TiO, thickness reaches 11 nm and saturated blue in the case of almost
50 nm thick film. Those changes in material colours are in line with the
modification of the reflectance shape. When 450 °C was applied, the
reflectance minimum for TiND is positioned at 330 nm whereas in the
case of 600 “C the reflectance band is broadened and the minimum is
shifted to 450 nm. The coloration of the structure results from the in-
teraction of the light and periodical lattice of NDs that allow to describe
obtained material as a photonic crystal. According to the morphology
analysis, the change of the dimple dimension was observed and in
consequence it modulates the position of the reflection band. Similar
behaviour was reported by Umbh et al. [25] and red shift was noted for
Ti platforms composed of the uniformly distributed nanobowls fabri-
cated at different anodization voltage.

When the thin metal films were deposited and then thermally
treated, the shape of the reflectance spectra differs significantly due to
the changes in the morphology as has been already described and of
course depends on the type of deposited metal layer, The reflectance
band minima for 10Au, 10Cu, 5Au/5Cu and 5Cu/5Au formed at 450 “C
are located at 360 nm, 580 nm, 470 nm and 480 nm, respectively
(Fig. 4a). However, for 10Au, 10Cu, 5Au/5Cu and 5Cu/5Au annealed at
600 °C, those minima are situated at ca. 510 nm, 890 nm, 900 nm and
910 nm (Fig. 4b). According to the literature, both when the modelling
is applied [ 14] and for the experimental results [26] the SPR band for
10 nm gold nanoparticles is situated at ca. 520 nm while for copper at
ca. 580 nm. Thus, only results for 10Au annealed at 600 °C and Cu
annealed at 450 °C overlap those data. Moreover, because copper is an
easily oxidized metal the comparison to Cu,O nanoparticles is here
justified. As was reported by Saad et al. [27] and Li et al [28] the ab-
sorbance maximum situated at ca. 580 nm results from the exciton
formation in Cuz0. It should be also highlighted that the absorbance
spectra significantly depend on the substrate used for NPs im-
mobilization [29] and when the titania is used as a platform for Au
nanospheres, the SPR absorbance maximum could be shifted from
400 nm for amorphous substrate up to 554 nm for anatase one.
Therefore, we consider that in the case of the fabricated structures
herein, especially 10Au (450 ‘C) and 10Cu (600 °C) the contribution to
the reflectance originating from TiND is significant since for the sub-
strate the absorbance maxima is located at 340 and 460 nm, respec-
tively. Additionally, as was reported by Padikkaparambil et al. [30]
decoration of the TiO, surface with gold led to a change in the intensity

Fig. 2. Topographical AFM 3D image for TiIND annealed at a) 450 “C, b) 600 “C.
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Fig. 3. Images of sample surfaces showing their colour changes due to different annealing temperature.
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Fig. 4. Reflectance spectra of a) electrodes annealed at 450 °C, b) electrodes annealed at 600 “C.

of the dioxide titanium absorption band. Two absorption maxima
around 320-350 nm and 540-570 nm were correlated with different
amounts of Au deposited onto TiO,. In our work, the amount of Au does
not change, however, the amount of TiO, associated with the change of
diameter and depth of nanodimples does, as well as Ti-Au surface in-
teraction, caused by a higher degree of disorder.

Additionally, upon an increase of the annealing temperature the
absorbance bands shift towards higher wavelength values by 150 and
310 nm for 10Au and 10Cu, respectively. According to Mohan et al.
[31] the absorption band shift from 450 nm to 650 nm for CuO NPs
were registered after annealing. However, we would like once again to
emphasize the significance of the surface on which CuNPs as well as
copper oxides are deposited and its influence on the SPR band location.
According to Liu et al. [32] the maximum of absorbance band for
CuNPs/FTO was positioned at 350 nm, while Pham et al. [23] showed
that the maximum for Cu,O/TNTs was found at c.a. 300 nm. Moreover,
the usage of graphene oxide (GO) as a substrate results in minimum
reflectance located at 750 nm for Cuy0O/GO configuration [34] Those
experimental findings support the explanation that the big shift of SPR
band is determined by the type of platform used for further NPs de-
position.

Regarding the bimetallic configurations, it should be highlighted
that in both temperature regimes the shape of reflectance spectra for
5Au/5Cu and 5Cu/5Au nanomosaics almost overlaps and the local
maxima and minima are positioned nearly at the same wavelengths for
particular temperature case. Comparing the profiles of reflectance
spectra for both Au-Cu arrangements the minima observed for the
samples treated at 450 “C correspond to the local maxima for the ma-
terials annealed at 600 “C. For 5Au/5Cu and 5Cu/5Au samples the
absorption bands are much wider compared to monometallic substrates
but they are blue shifted regarding the band recorded for 10Cu treated
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at 450 'C and overlap partially (above 750 nm) the spectra of 10Cu
when the higher temperature annealing was carried out. It should be
noted, that the absorption band for the bimetallic nanomosaic is red
shifted compared to the monometallic gold layer treated at the same
temperature regimes. This is in accordance with Sinha et al. [35]
identifying the formation of single phase Au-Cu alloy as a responsible
factor for such change.

Nevertheless, in our opinion the profiles of reflectance spectra for
5Au/5Cu and 5Cu/5Au electrodes manufactured in 450 °C are strongly
influenced by the TiND substrate as well as the morphology of the Au-
Cu structures. As it has been already mentioned during morphology
analysis, the NPs formed at 600 °C are much bigger and well dis-
tinguished than if only 450 °C was applied. According to the literature,
similar absorbance features were found for AuCu structures within the
wide 600-1000 nm waverange [ 1]. The similar character for Au@Cu,0
reported by Liu et al. [36] and the significant red shift of the absorbance
comparing to bare gold structure was explained by the introduction of
Cuz0 to the system that is related with the increasing of the effective
dielectric constant between the Au core and Cu,0 shell. Summarizing,
both the annealing temperature, the composition of metallic layer and
the nanotextured morphology of Ti substrate act here as key optical
tuning factors.

3.3. Characterization of the chemical nature of samples

The chemical states of gold Au4f (Fig. 5a), copper Cu2p (Fig. 5b),
titanium TiZp (Fig. 5¢) and oxygen OIs (Fig. 5d) were determined using
X-ray photoelectron spectroscopy analysis. The detailed interpretation
of all the recorded bands on the basis of the fitting procedure and peak
deconvolution is presented below. The obtained results are summarized
in Table 1. The high-resolution XPS spectrum for the Audf appears as a
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Fig. 5. XPS high resolution spectra registered for 10Au, 10Cu, 5Au/5Cu and 5Cu/5Au samples annealed at 450 “C: a) Au4f, b) Cu2p, c) Ti2p and d) Ols.

Table 1
The binding energies (BE) of 10Au, 10Cu, 5Au/5Cu and 5Cu/5Au samples
annealed at 450 “C used for XPS analysis.

Peak Component BE/eV At %  Component  BE/eV AL %
10Au 10Cu
Audf 7/2 Au 840 265 - - -
Cu2p 3/2 - - - Cu(OH); and
CuCo; 9350 104
Cu2p 3/2 - - - Ccu0 9335 216
Cup 3/2 - - - Cu 9328 4.8
Tizp 3/2 TiOs 459.2 215 - - -
ols non-lattice 5320 59 OH™ 531.3 199
oxygen /
OH™
0ls o 5305 461 o 5296 433
5Au/5Cu SCu/5Au
Audf 7/2 Au 841 71 Au 841 55
Cu2p 3/2 Cu(OH)
and
Cuco, 9350 129 Cu
(OH),
and
CuCO; 9350 134
Cu2p 3/2 Cu0 9335 135 Cu0 9335 13.1
Cu2p 3/2 Cu(Cu-Au) 9324 86 Cu (Cu-Au) 9323 6.1
Ti2p 3/2 Tiy0y 4584 07 Tiz03 4583 06
0ls OH" 5314 191 OH~ 5313 221
0ls o' 5296 381 o 5296 393

peak doublet (Fig. 5a) and confirms the presence of metallic Au
(84.0 eV) on the surface [37].

In the case of the high-resolution XPS spectrum for copper, the
analysis revealed the diversity of Cu2p chemical states. Three separate
chemical states were identified and considered for the spectral decon-
volution, as shown in Fig. 5b. This element is present primarily as Cu(Il)
in two various forms: Cu2p3/2 peak at 935.0 eV present in the energy
range characteristic for Cu(OH), and/or CuCOs,[ 38,39] while CuO [40]
was confirmed by the signal located at 933.5 eV. The third component
arising at 932.8 eV [41] in the case of 10Cu sample was assigned to the
metallic Cu with no contributions from other copper oxides [42.43].
Notably, regarding 5SAu/5Cu as well as 5Cu/5Au alloys, the location of
metallic Cu peak is negatively shifted by 0.4 and 0.5 eV, respectively
|42]. The higher binding energy of Cu in the monometallic copper
sample than in the bimetallic one is caused by electron transfer from Cu
to Au which decreases the electron density within Cu [44]. The dom-
inance of the various Cu(ll) species within the analysed spectra is
confirmed with satellite feature at approx. 940-945 eV, as well as
Cupap  Auger spectrum, presented in Fig. S2 (Supplementary
Information file). In the case of each investigated sample the spectra
peaks are present at energy characteristic for Cu(Il). This analysis
confirms negligible presence or lack of Cu(I) [45].

In the case of titanium, its chemical states vary depending on the
investigated material. For 10Au electrode the Ti2p3/2 peak at 459.2 eV
was characterized as TiO, which is present at the Au/Ti interface
(Fig. 5¢). However, for both the 5Au/5Cu and 5Cu/5Au mosaics, the
Ti2p3/2 peak appears negatively shifted by —0.8 eV and confirms the
presence of Ti,O4 [46] (Fig. 5¢). Although, it is worth mentioning that
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the Ti share was minor compared to other components since it is cov-
ered by gold and copper metal species. Titanium was not detected for
the 10Cu electrode, most likely due to the higher thickness of Cu be-
cause of the copper oxide formation acting as a TiND cover and the
surface character of the XPS analysis.

Last but not least, the detailed analysis of the O1s spectrum (Fig. 5d)
reveals a similar nature of oxygen species present in 10Cu, 5Au/5Cu
and 5Cu/5Au electrodes. The strong peak at 529.6 eV was ascribed to
the lattice oxygen in CuO [47] Additionally, peaks located at 531.3 eV
were linked to Cu(OH), and surface adsorbed OH™*°. Unlike other
analyses, the main component of Ols for 10 Au electrode (Fig. 5d) lo-
cated at 530.5 eV was ascribed as lattice oxygen derived from titanium
dioxide which is exposed to the oxygen rich atmosphere because of Au
NPs creation. The second component was characterized as non-lattice
oxygen in TiO, and hydroxyl species [48].

3.4. Electrochemical performance

The electrochemical activity of the bimetallic nanostructures was
characterized using cyclic voltammetry measurements carried out in
0.1 M NaOH solution since gold and especially copper are then stable
and do not dissolve, as has been already confirmed by other reports
[49-53], and is in agreement with the Pourbaix diagram. The results
obtained for bimetallic 5Au/5Cu and 5Cu/5Au structures are shown in
Fig. 6 together with gold, copper and titanium nanodimpled samples
thermally treated also at 450 °C and 600 °C. Comparing both tem-
perature regimes, the distinctive faradaic activities were observed when
the materials were annealed at 450 °C. The anodic peak observed at
+0.3 V vs. Ag/AgCl/0.1 M KCI for 10Au electrode corresponds to the
formation of Au,0Oj;, while at 0 V the reduction of gold oxides is re-
cognized [50] (Fig. 6a). Regarding the 10Cu sample, the signal at
—0.7 V is recognized as reduction of Cu(Il) to Cu(I) while the other at
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c.a. + 0.5V is assigned to the oxidation of Cu(I) to Cu(ll) [52]. Com-
paring the shapes of CV scans for materials annealed at 450 “C, it should
be noted that the unique pattern for the bimetallic electrodes was
identified. The similar shape of voltamperograms in the potential range
below + 1.2 V vs. RHE were reported by Liu et al. [15] for Au-Cu films,
however in our work much higher current densities were obtained at
the anodic limit established here at +0.8 V. For both Au-Cu arrange-
ments barely visible oxidation peaks are present at ca. —0.25 V and
—0.05 V and more pronounced signals are observed at ca. —0.20 V,
+0.05 V and +0.6 V corresponding to the reduction processes. An
analogous set of signals was found for AugoCusp and Auz;Cuys samples
and those oxidation peaks were ascribed by Liu et al. [15] to the for-
mation of Cu(OH), and then surface part of electrode material exhibits
a duplex nature consisting of Cu,0O core and an outer CuO/Cu(OH),
layer. However, the oxidation processes are less distinctive comparing
to the reduction ones indicating that presence of gold atoms inhibits
those reactions. It was also confirmed by Passini et al. [54] concluding
that such electrochemical activity of copper species present in the bi-
metallic structure occurs due to their stabilization by gold ones. On the
reverse CV scan, the appearance of the reduction peak at — 0.2 V could
be interpreted as the change from metallic Cu to CuO [55] while at
+0.05 V the reduction of gold oxides is demonstrated. In this work, the
XPS results confirm the presence of CuO and Cu(OH); species as well as
the Cu-Au alloy. Therefore, the detailed analysis of XPS spectra sup-
ports the proposed interpretation of the signals arising on the CV curve
recorded for the bimetallic electrode. Polarizing the working electrode
towards anodic limit particularly at +0.7 V vs. Ag/AgCl/0.1 M KCl, the
OER is initiated. In this process the molecular oxygen is generated via
electrochemical oxidation of hydroxyl ions present in the basic solution:
40H™ — 0, + 2H,0 + 4e” [56-58]. Such behaviour for other AuCu
based structures was not reported in the literature and the electro-
chemical activity of such kind of electrodes is generally limited to the
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Fig. 6. Cyclic voltammetry curves registered in 0.1 M NaOH at the scan rate of 50 mV/s for samples annealed at a) 450°C and b) 600°C.
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cathodic range and reduction processes as reported e.g. by Liu et al.
[15], Chen et al. [59] and Wang et al. [60] However, when TiND based
materials were annealed at 600 “C (see Fig. 6b) the recorded currents
were much lower compared to those treated at 450 °C and almost no
faradaic peaks were noticed. Only in the case of pure gold layer some
peak current at ca. 0 V ascribed to the reduction of gold oxides was
observed [61]. It could be stated that such low electrochemical re-
sponse results from the formation of highly resistive titania film iden-
tified as the rutile phase [62,63]. The significantly diminished activity
of both mono- and bimetallic mosaic structures does not favour appli-
cation of high temperature for the material processing despite mor-
phology inspection indicating the ordered distribution of nanoparticles
over the hosted TiNDs,

Additionally, according to Lukaszewski et al. [64] the real surface
area of 5Au/5Cu material was estimated basing on the relation between
the double layer charging current and the scan rate. As can be observed
in Fig. 53, the slope value for 5Au/5Cu is much higher comparing to flat
Au disc electrode. The polished Au disc electrode (diameter 2 mm,
s = 0.0314 cm?) acts here as the reference electrode material and since
it is ideally flat - the geometric surface area is regarded as an electro-
chemically active one, Taking above into account and the values of
slopes, the real surface area for 5Au/5Cu sample is 10.3 times higher
comparing to the flat gold surface that positively impacts onto the
overall electrochemical response.

In order to study the photoactivity of the fabricated materials, the
linear voltammetry measurements in dark and under visible illumina-
tion were carried out (¥ig. 7). For the reference samples, namely TiND,
10Au and 10Cu one may observe very low photoresponse (several
dozens of pA ecm ~2) when the thermal annealing was applied at 450 °C
(Fig. 8). For the 10Au electrode (Fig. 8a) characteristic oxidation peak
at +0.3 V arises at the same intensity in dark and under vis illumina-
tion while the photocurrent improvement starts above +0.6 V. How-
ever, the signal at + 0.8 V might rather correspond to the oxidation of
Au(1 1 0) [65] since any gas bubbles were not noticed at the electrode
surface. Among other reference materials, for the 10Cu sample the
activity towards HER below —0.4 V vs. Ag/AgCl/0.1 M KCl was re-
cognised which is typical for copper-containing electrode materials
[66] Under illumination of 10Cu the overpotential increases (Fig. 8b).
However, from —0.4 V to the anodic regime the sample exhibits pho-
toanode character |67] but its activity towards effective OER is negli-
gible. The small changes between current density in dark and under
electrode illumination for TiND (Fig. 8¢) are noticed due to the very
thin TiO; layer. It is well known that photocurrent is strongly de-
termined by the layer thickness [68.69] thus the presence of a very thin
passivation layer of titania does not enable the efficient visible light
absorption and photocurrent generation. In all cases of the mono-
metallic materials, namely 10Au, 10Cu and TiND some increase of
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photocurrent exists but it is much lower than observed for 5Au/5Cu and
5Cu/5Au structures.

To track the difference value, the comparison of current densities
recorded at +0.8 V vs. Ag/AgCl/0.1 M KCl in dark and under irra-
diation were listed in Table 2. As could be observed, the 5Au/5Cu and
5Cu/5Au electrodes annealed at 450 °C showed an impressive increase
of both the electrochemical and photoelectrochemical activity in the
anodic range above +0.6 V and at cathodic potential values below
—0.6 V while at —0.18 V the boosted oxidation process can be dis-
tinguished (Fig. 7a).

Taking into account the current density registered for 10Au
(0.04 mA cm~?), the combination of Au with Cu results in more than a
30 times enhancement (j = 1.23 mA cm * for 5Cu/5Au) proving the
synergising effect arising from the integration between both metals.
Following that, the impressive acceleration of the oxygen evolution
reaction [58,17] takes place, According to other reports such a feature
could be ascribed to the AuCu [17] and CuO [70] activity, as those
species have been already confirmed by XPS studies. It should be also
underlined that the highest anodic current enhancement was achieved
for the 5Au/5Cu electrode and the difference between the current
density recorded in dark and under exposure to visible light reaches
120 pA cm 2 whereas for the 5Cu/5Au configuration is lower and
equals 90 pA cm 2 This discrepancy results from the better separation
of photogenerated charges onto the outer film composed of Cu species
[71] in favour of 5Au/5Cu. We would like to highlight here that the
formation of both Au/Cu nanomosaics requires only usage of a 5 nm
thick copper layer and 5 nm thick gold layer in contrast to other bi-
metallic nanostructures where even microlong wires [72] or rods |73]
are applied indicating high loading of precious metal but first of all
usage of auric acid [74,75] Moreover, according to Gong etal. [17] and
Pawar et al. [70] the OER onset potential was much higher and equals
even +1.7 V vs. RHE (ca. + 1.4 vs. Ag/AgCl/0.1 M KCl) for AuCu
branched nanostructures in 0.1 M KOH and + 1.6 V vs. RHE (ca. +1.3
vs. Ag/AgCl/0.1 M KCl) for CuO nanosheet in 1 M KOH,

Additionally, the oxidation process significantly enhanced by light
took place at the potential of —0.18 V for 5Au/5Cu and 5Cu/5Au.
Described electrode behaviour is repeatable as was verified by se-
quentially registered LV curves while any material detachment out of
TiND support was not observed. In dark conditions the current density
equals only 35 pA em ~ 2 and 50 pA em 2 for 5Au/5Cu and 5Cu/5Au
respectively, whereas almost 0.3 and 0.23 mA cm ™~ ? was reached when
the electrode was exposed to the radiation > 420 nm. Similarly, such a
distinctive oxidation peak was not observed for pure gold or copper
reference materials as well as other gold-copper heterojunctions or
metal-metal oxide combinations such as Au-Cu,0 core shell nanowires
[71] as well as Au-CuO/n-Si [76], Au-WzCulnS,/ITO [77] ZnO/Au/p-
nCu,0 and ZnO/Au/nCu,0 (78] electrodes. However, according to

1.0 -0.8 0.6 04 -02 00 02 0.4 0.6 08 1.0
E/V vs. Ag/AgCI/0.1M KCI

Fig. 7. Linear voltammetry curves registered in 0.1 M NaOH in dark and under visible illumination for samples annealed at a) 450 “C and b) 600 ‘C.
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Table 2
The values of current density at +0.8 V vs. Ag/AgCl/0.1 M KCl in dark and
under visible light illumination for samples annealed at 450 “C (Fig. 7).

Sample j (dark)/mA em 2 Sample j (vis)/ mA cm ™ ?
10 Au 0.04 10 Au 0.09
10 Cu 0.03 10 Cu 0.04
SAW/5Cu 1.14 5Au/5Cu 1.26
5Cu/5Au 1.23 5Cu/5Au 1.32
TiIND 0.01 TiND 0.01

Minggu et al. [79] this enhanced process is related to the Cu,0 oxi-
dation (Cu0 + 20H ™ — 2Cu0 + H,0 + 2e ) and the further current
decrease may be related to the peeling of the copper oxide film. Fol-
lowing that, we regard that under irradiation the photogenerated holes
are used in the oxidation process of Cu,O while electrons are trans-
ferred via thin titania film towards the metallic substrate and in con-
sequence a substantial current increase is recorded [80]. Since the ab-
sorbance spectra for 5Au/5Cu and 5Cu/5Au are very similar, the
observed difference between those configurations may result from the
various content of Au-Cu alloy species, As has been revealed by XPS
inspection, the contribution of Au-Cu is in favour for arrangement
where copper film was sputtered onto the gold. According to Sugano
et al. [81] the synergistic effect within Au-Cu alloy positively impacts
on the oxidation process while as was indicated by Liu et al. [82]
copper affects intraband transition and ultimately promotes visible-
light activity.

The other unique activity of Au/Cu systems was also recognized in
the cathodic potential range. The values of current densities for parti-
cular materials treated at 450 “C recorded in dark and under visible
irradiation when the electrode was polarized at —0.8 V vs. Ag/AgCl/
0.1 M KCI were listed in Table 3 (also see Fig. 9). The cathodic current
density for 5Au/5Cu increases from —50 to —190 pA cm™ 2 and for
5Cu/5Au changes from — 60 to —170 pA cm ™~ 2 while for pure gold and
bare titania never exceeded a few pA cm™ % However, considering
changes in the cathodic range for 10Cu sample similar behaviour to the
bimetallic materials was observed and can be assigned to the Cu activity
[83] Proposed interpretation is in accordance with the explanation
given for other copper containing systems e.g. Zn0O/Cu,0-CuO with
embedded Cu(I) and Cu(II) oxides [84] TiO,/CuO/Cu mesoporous na-
nofibers [85] and CuNPs on glass carbon or platinum electrodes [83]
used for the efficient photocatalytic or catalytic HER evolution. We
would like to underline that the achieved enhancement of current in
both anodic and cathodic range when the electrode is exposed to visible
light is also higher than for other materials of similar composition, e.g.
for the Au-Cu alloy deposited onto titanium dioxide nanosheets where
the difference between response recorded under light and in dark
equals only ca. 10 pA cm 2 and the time dependent attenuation of
photoactivity was registered [86]. A similar slight increment of pho-
tocurrent density was reported by Fu et al. [87] for ZnO@Au@Cu,0
nanotubes and by Xue et al. [88] for the Cu,O cubes decorated with Au

NPs.

It should be also underlined that the most active bimetallic structure
5Au/5Cu annealed at 450 °C exhibits also high stability. The con-
secutive cyclic voltammetry scans almost overlap while the linear vol-
tammetry curve recorded when the working electrode is exposed to the
visible light (see Fig. $4) preserves its shape and corresponds to LV
given in Fig. 7a. The continuation of multicyclic dynamic polarization
of the material after LV scan also provides the same CV curves con-
firming resistance towards photocorosion.

Regarding the LV studies carried out for the TiND electrodes an-
nealed at 600 °C, they all exhibit the resistor-like characteristics [89]
(Fig. 7b). Moreover, as has been already verified via linear voltammetry
measurements, the differences between current densities in dark and
under electrode illumination for electrodes annealed at 600 °C were
significantly smaller than for those kept at 450 “C. Thus, once again
formation of the resistive rutile titania onto the Ti substrate negatively
impacts on overall electrode photoresponse.

4. Conclusion

In this work, we proposed formation of the Au-Cu nanomosaic onto
titanium dimples via a sequential procedure covering electrochemical
oxidation of Ti foil, removal of titania nanotubes layer, sputtering of
thin metal layers and finally 10 min. long processing in a furnace he-
ated up to 450 “C or 600 "C. The selective etching of as-grown tubular
layer results in the formation of a highly ordered titanium dimpled
surface acting as a hosting platform for metal nanostructures. The dif-
ferent temperatures of annealing and various sequence of sputtered Au
and Cu metal layers had a great impact on the morphology, optical and
electrochemical properties. The treatment at 450 “C of titanium covered
by both 5Au/5Cu or 5Cu/5Au compositions preserves the periodic
system of nanocaves. However, when 600 °C was applied the gold-
copper nanoparticles onto the whole substrate are distributed while Ti
dimples are no longer distinguished. The modulation of the optical
properties is revealed as a shift in the absorbance band maximum for
the bimetallic materials from ca. 470 nm towards up to ca. 900 nm with
simultaneous broadening, when low and high temperature annealing
was performed. The XPS spectra recorded for Au-Cu based structure
confirmed the presence of diverse Cu species, namely Au-Cu alloy, CuO,
Cu(OH),. The activity of all samples was verified in 0.1 M NaOH while

Table 3
The values of current densities at —0.8 V vs. Ag/AgCl/0.1 M KCl in dark and
under visible light ill ion for pl led at 450 °C (Fig. 9a).
Sample J (dark)/pA cm# Sample J (vis)/pA em
10 Au -25 10 Au -4.7
10 Cu =90 10 Cu =160
5 Au/5 Cu -50 5 Au/5 Cu - 190
5 Cu/5 Au —-60 5 Cu/5 Au -170
TIND -1.6 TiND —2
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the electrode was maintained both in dark and when exposed to visible
light, and unique faradaic processes related to the change of the gold
and copper oxidation state as well as superior photoresponse of the
bimetallic structures were tracked. The electrochemical behaviour of
both bimetallic configurations is similar but some noticeable difference
in photocurrent enhancement in favour of the SAu/5Cu sample in both
anodic and cathodic limit is observed. The synergistic effect caused by a
combination of Au and Cu metals manifests as a current density almost
15 times higher than that recorded for pure gold nanostructures when
the electrode is polarized at +0.8 V vs. Ag/AgCl/0.1 M KCl.
Summarizing, we presented the unique, combined electrochemical-
thermal approach resulting in the formation of stable bimetallic mosaic
structure over the nanotextured and elastic Ti foil exhibiting broad
band absorbance within the visible range and boosted activity towards
oxygen evolution reaction under low polarization conditions.
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S1. Experimental
X-ray diffraction (XRD) spectra were registered, using Bruker D2PHASER diffractometer. It
operated with Cu Ka radiation at 30 kV and 10 mA. The XRD patterns were collected at 28

angle within the range of 10° - 90°, while scanning step was 0.02° and counting time was 0.4 s

per step.

S2. XRD measurements

XRD analysis indicated mostly Ti in the case of all samples, see Fig. S1, since titanium foil acts
here as a Cu/Au support. The peaks at 35.1°, 38.4°, 40.2°, 52.9°, 62.9°, 70.7° and 76.2°
correspond to the following crystal orientations of Ti: (100), (002), (101), (102), (110), (103)
and (200), respectively. For 10Au, 10Cu, 5Au/5Cu, 5Cu/5Au and TiND annealed at 600°C a
small diffraction peak found at 27.6° can be indexed to the rutile phase'. The weak diffraction
peak found at 44.3° for XRD patterns recorded for 10Au(450°C), 5Au/5Cu(450°C),
5Cu/5Au(450°C), 10Au(600°C), 5AW/5Cu(600°C) and 5Cu/5Au(600°C) corresponds to
Au(200)*. Another diffraction signal which is observed at 29.2° is related to Cu20(110)°.
Nevertheless, its presence is hardly distinguishable. Summarizing, all patters are very similar
for Au/Cu based materials and when only Au and Cu species are present onto TiND
irrespectively on the applied temperature, while the signals attributed to the Ti substrates are

the most intensive among others.
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Fig. S1. XRD patterns for 10Au, 10Cu, SAu/5Cu, 5Cu/5Au, TiND samples annealed

at a) 450°C and b) 600°C.
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Fig. S2. The Auger spectra recorded for CULMM a) literature® and b) experimental data for

SAu/5Cu, 5Cu/SAu, 10Cu samples annealed at 450°C.
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S4. Active surface area determination
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Fig. S3. Dependence of double layer charging current at potential of -0.68 V vs.

Ag/AgCl/0.1M KCl on scan rate for 5Au/5Cu and Au disc electrode in 0.1 M NaOH.

S5. Stability test
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Fig. 84. Cyclic voltammetry (50 mV/s) and linear voltammetry curves (10 mV/s) registered in

0.1 M NaOH for a) 5Au/5Cu and b) 5Cu/5Au samples annealed at 450°C.
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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
oxidation?®” and photocatalytic H, production®®, Furthermore, it was proved that rapid ramping
rate during annealing of TiO2 NTs changes fabricated material and significantly increases
photocurrents and IPCE4,

First of all, | decided to perform preliminary tests for AuCu electrode annealed in MF
or RTA. Figure 45 presents comparison of the photoelectrochemical activity for
the 5AUSCU/TIND electrode thermally annealed in MF and RTA at the same annealing
temperatures (450 °C) and time (10 min). Taking into account the SAuSCu/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.
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Figure 45. Linear voltammetry for SAUSCu/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 5AuSCu/TiND electrode annealed in RTA the photoelectrochemical
activity under UV-vis light with photocurrent of ca. 50 nA cm™ at +0.3 V can be observed in
the wide potential range (see Figure 45b). Unfortunately, as can be seen in Figure 45a
the 5AUSCU/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, SAu/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 Al. 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 TiIND 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

nanoparticles?®®

. 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 Al. 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.

Position of the reflectance minimum depending

Electrode on the temperature treatment / nm

200 °C 300 °C 400 °C
10AuCu 390 405 530
5Au5Cu 390 475 520
5CubAu 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 Au*>*. 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 nanoparticles'®. 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)z or CuCOs, CuO and AuCu alloy?'°. Moreover, the highest At% of Cu(ll)
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 A cm?, 47.7 pA cm™?and 75.7 pA cm™ 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 SAUSCU/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, 5CuSAu 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 Al). Nevertheless, for electrodes annealed in RTA no gas bubbles and no oxygen

evolution reaction was registered. Therefore, it can be assumed that oxidation of Cu?* to Cu®*
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can occur at potential of +0.8 V21, 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 5SAu/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/Cu20/CuO).
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Figure 47. Linear voltammetry curves for L0AuCu 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 KClI).

Electrode Temperature / °C j/uA cm?
400 16.4
10AuCu 500 47.7
600 75.7
400 16.3
5Au5Cu 500 494
600 91.4
400 18.3
5Cu5Au 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 KCI. 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 pA cm™?and 300 pA cm™ 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 Al)
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, | decided to study the characteristic
of AuCu nanoparticles formed on Ti nanodimples in the wider annealing temperature range.
Therefore, | 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 5AuU/5Cu electrode was chosen due to the highest photocurrent recorded at +0.3 V
vs. Ag/AgCl/0.1M KCI 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.
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Figure 48. Linear voltammetry curves for 5Au5SCu 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/AgCI/0.1 M KCI).

Electrode Temperature / °C j/pA cm?

600 91.4
5Au5Cu (RTA) 700 30.6
800 2.9
600 6.2
5Au5Cu (MF) 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/AgCI/0.1M KCI 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. Lipinska, 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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ABSTRACT

Gold-copper nanostructures are promising in solar-driven processes because of
their optical, photocatalytic and photoelectrochemical properties, especially
those which result from the synergy between the two metals. Increasing interest
in their internal structure, such as the composition or distribution of the Au and
Cu as well as the size and shape of the nanoparticles, have developed to define
their physicochemical properties.

In this work, we present the influence of thermal treatment in temperature
ranges from 100 to 600 °C on the formation process of bimetallic AuCu struc-
tures and their properties. AuCu materials were placed on nanostructured
titanium foil substrates that were fabricated using electrochemical anodisation
and chemical etching. Thin layers of AuCu mixture, as well as Au and Cu, were
sputtered on the obtained Ti nanodimples. The materials were then annealed in
a rapid thermal annealing furnace in an air atmosphere. Thermal treatment
strongly affected the morphology and optical properties of the fabricated
materials. AuCu NPs formed at 400 °C in titanium dimples. The material
exhibits absorption of visible light in the range from c.a. 400 to 700 nm. The
characterisation of the chemical nature of the samples was determined using
X-ray photoelectron spectroscopy. In addition, X-ray diffraction and Raman
spectroscopy defined composition and crystallinity. Based on photoelectro-
chemical studies carried out with the use of linear voltammetry in 0.1 M NaOH,
it is possible to distinguish two types of interactions of light with the materials
such as photogenerated charge accumulation and electron-hole pair separation.
A 10AuCu electrode annealed at 300 °C achieved the highest current registered
under illumination at — 0.17 V vs. Ag/AgCl/0.1 M KCl. The value was 11 times
higher than for a non-annealed structure.
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1 Introduction

Nowadays, a lot of effort has been directed to the
control of the fine morphology of materials such as
their size, shape, and homogeneity since at the
nanoscale, the quantum confinement effect determi-
nes the overall performance. However, not only the
material appearance but also its internal structure is
of high importance and can make it suitable for a
multitude of applications e.g. in catalytic reactions,
photo-induced processes or the formation of
hydrophobic surfaces [1]. The ability to control the
properties of a nanomaterial and perform a compre-
hensive analysis are critically important tools in a
scientist’s hands in order to find applications in
novel, highly efficient solar cells, water splitting
devices, fuel cells, batteries, pollutant degradation
devices, and sensors. Metals of dimensions limited by
several or tens of nanometers are considered to be a
very interesting objects due to a variety of unique
properties such as electrical conductivity, catalytic,
and optical activity [2] which are completely different
from their bulk counterparts. Following that, research
was focussed on pure metal nanoparticles (NPs)
formed by noble metals (Au, Pt) [3, 4] and non-noble
ones, typically in the form of oxides (Fe;Os TiO,)
[5, 6]. Next, combinations of both noble and non-
noble element were proposed [7] and it was found
that the chemical and physical properties of such
structures were atypical compared to their pure ele-
ments, this being caused by the so-called synergetic
effect. Among others, AuCu bimetallic structures
have been extensively explored, where gold ensures
higher resistance to the oxidation process than Cu,
while copper oxide is a popular semiconducting
oxide for photocatalytic applications [8]. As can be
expected, various shapes of colloidal AuCu forms can
be obtained, namely nanostars [9], nanocubes [10],
and nanorods [11], this process being controlled by
added surfactants, the concentration of the metal
precursor, and the reaction temperature during the
synthesis process. Moreover, such bimetallic species
have been used for the decoration of other nanoma-
terials exhibiting semiconducting or quasi-metallic
characters, such as SiO, [12], TiO, [13], TiO,/MoS,
[14], TiSi [15], CeO, [16], rGO [8], and g-C5N, [17],
providing improved photoresponse or catalytic
properties, e.g. towards methanol oxidation or the
reduction of dioxygen and hydrogen peroxide [18].

@ Springer

| Mater Sci: Mater Electron (2022) 33:19385-19404

Nevertheless, in spite of the various synthesis meth-
ods and modifications based on wet-chemistry routes
[19], all of the procedures lead to the formation of
colloid that after some time can aggregate because of
the high surface energy of the NPs. Following that,
activity can be lost as further usage as an electrode
material requires immobilisation onto the conductive
support. Thus, for electrocatalytic and photoelectro-
chemical reactons, a uniform distribution of
nanoparticles onto the substrate should be achieved.
Typically, transparent metal oxide (FTO, ITO), glassy
carbon [20], or carbon paper [21] as a charge collector
have been proposed, while optimised spin-coating,
dip-coating, or electrochemical deposition were uti-
lised for the preparation of the complete electrode
material. Another way to form an electrode with an
already-anchored bimetallic nanostructure on a
stable surface is via rapid thermal annealing of
sputtered thin metallic films [22]. Thin metal film
dewetting is a simple route for the formation of
nanoparticles. Their size can be tuned by changing
the annealing temperature, atmosphere, or initial film
thickness. The annealing process can be divided into
conventional furnace annealing (CFA), and rapid
thermal annealing (RTA). RTA has many advantages
over CFA such as lower dewetting temperatures of
thin metal films with an increase of heating rate,
lower crystallisation temperature, minimised film
substrate interface reactions, shorter annealing time,
better electrical properties, and reduced thermal costs
[23]. According to Bergum et al. [24], rapid thermal
annealing of thin layers of Cu,O prepared using
magnetron sputtering improves their carrier trans-
port, while Kumar et al. [25] reported that RTA,
owing to the faster heating rates, shorter time, and
lower temperatures, promotes the formation of a
smaller grain size of Cu and Ag-Cu materials.
Moreover, Khaoo et al. [26] achieved an increase in
photovoltaic performance and external quantum
efficiency for ZnO/Cu,0 by rapid thermal annealing.
The number of grain boundaries decreased while the
number of pores increased simultaneously with the
temperature growth. In such a case, a more porous
structure with carrier recombination sites is formed
due to the higher temperature. Films can be formed
on a flat or textured substrate exhibiting a developed
surface area that can also limit the size of the formed
nanoparticles and ensure a high degree of spatial
ordering. In that case, the thermal conditions play a
crucial role since the temperature stress is applied
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both to the metallic film and the substrate, affecting
its possible oxidation, and a change in the resistance
of the whole material. Taking into account the
increased available surface area, and the higher cat-
alytic and electrocatalytic response, a semiconducting
interlayer or matrix for further hosting of AuCu is
frequently selected, such as titania [27], zinc oxide
[28], carbon paste with nano P zeolite [29], or carbon
nanofibre [30]. However, achieving a uniform distri-
bution of NPs is especially challenging and therefore
the reproducibility is poor. Focussing on photore-
sponsive electrode materials containing small metal
species, the selection of TiO, is commonly recom-
mended due to its semiconducting character ensur-
ing efficient e-h pair separation, low-cost, non-
toxicity, and corrosion resistance. However, its wide
bandgap energy limits activity in the visible light
spectrum, but further decoration by metal nanos-
tructures can shift the absorbance of the material
towards longer wavelengths, thereby improving the
photoelectrochemical activity. Similar to the case
where a wide bandgap semiconductor is modified by
monometallic nanoparticles, surface plasmon reso-
nance (SPR) [31] and the formation of a Schottky
heterojunction are mainly responsible for the
improved light-driven harvesting of electrochemical
response, and the simultaneous suppression the
recombination of photogenerated carriers [32, 33].
The mechanism of the photon-harvesting abilities
exhibits a complex nature since it depends on the
illumination side of the material, first titania and then
AuCu nanoparticles, and vice versa [34] for a struc-
ture deposited onto a semitransparent substrate.
When both a wide bandgap semiconductor and a
bimetallic nanostructure are exposed to radiation at
the same time, several phenomena occur. In such a
case, the overall performance depends on the reaction
dynamics, and smart but simple control of the mor-
phology and internal structure can result in highly
effective nanocatalytic platforms for organic trans-
formations [35], CO,-to-CH, conversion [21], as well
as light-driven current generation [32].

In this paper, we focus onto the precisely temper-
ature-managed synthesis of nanomosaic material
created by bimetallic AuCu nanostructures directly
on a textured Ti substrate. The Ti substrate was
produced by electrochemical anodisation resulting in
the growth of ordered titania nanotubes (TiO,NTs).
After selective etching of titania, a platform com-
posed of highly ordered titanium nanodimples
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(TiNDs) remains. In order to obtain a AuCu
nanomosaic, gold and copper layers in various
sequences as well as a AuCu mixture were sputtered
onto the Ti substrate. Finally, the samples were
annealed at 100, 200, 300, 400, 500, and 600 °C in a
rapid thermal annealing furnace (RTA) under an air
atmosphere in contrast to the procedure where sub-
strates are simply introduced into a preheated muffle
furnace and removed after a certain period [36]. In
our previous report, we showed only the behaviour
of the material in two temperature regimes and the
given results were just an announcement for further
studies providing a wider overview regarding the
outstanding features and perspective applications of
AuCu bimetallic nanostructures. Thus, complex
characterisation of the temperature-controlled mor-
phology is carried out while the structural and opti-
cal features were examined using scanning electron
microscopy and different spectroscopic techniques:
X-ray diffraction, Raman, X-ray photoelectron, and
UV-vis absorption spectroscopies. Moreover, the
study shows the strong influence of the thermal
annealing conditions on the electrochemical and
photoelectrochemical performance of AuCu struc-
tures formed over a titanium support covered with a
thin passivation TiO, layer.

2 Experimental
2.1 Reagents

Titanium foil (99.7%, thickness: 0.127 mm, Strem),
acetone (Chempur), ethanol (96%, Chempur),
ammonium fluoride (98%, Chempur), ethylene glycol
(99%, Chempur), oxalic acid dihydrate (99.5%,
Sigma-Aldrich), gold target (99.99%, Quorum Tech-
nologies), copper target (99.99%, Quorum Technolo-
gies), and gold/copper alloy target (Au50/Cu50 At%,
Goodfellow).

2.2 AuCu electrode fabrication

The Ti foil was cut into 2 x 3 cm® plates and ultra-
sonically cleaned in acetone, ethanol, and water for
10 min. Then Ti was used for the electrochemical
anodisation process. Anodisation was conducted in
the two-electrode system, where the Ti was used as
the anode, and a Pt mesh as the cathode. The elec-
trodes were placed against at a distance of 2 ¢cm from
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each other in a cylindrical glass cell filled with elec-
trolyte. The synthesis was based on two subsequent
anodisations followed by chemical etching processes.
The electrolyte contained 0.27 M NH,F dissolved in a
mixture composed of 1% vol. deionised water and
99% vol. ethylene glycol. The anodisation process
was carried out in glass cells with a thermostated
jacket at a voltage of 40 V, and a temperature of 23 °C
for 2 h for the first stage, and 6 h for the second stage.
After each anodisation stage, the formed TiO, nan-
otubes were chemically etched overnight in 0.5%
oxalic acid solution in glass beakers, and afterwards
the samples were rinsed with deionised water. A
complete description of the applied procedures can
be found elsewhere [37, 38]. As a result, a honeycomb
structure composed of closely packed dimples of a
diameter corresponding to the external diameter of
the nanotubes was formed, and labelled as TiIND. The
obtained platform was used during magnetron
sputtering (Q150T S system, Quorum Technologies)
of 10 nm of AuCu alloy (in the manuscript, assigned
as 10AuCu) as well as 5 nm layers of Au and Cu in
both sequences (assigned as 5AuCu and 5CuAu,
respectively). The non-annealed samples were label-
led as NA. Afterwards, the electrodes were thermally
treated in a Rapid Thermal Annealing furnace (MILA
5000 P-N) for 30 min in air with a heating rate of
45 °C/s. The modifications of different samples were
carried out at 100, 200, 300, 400, 500, and 600 °C.

2.3 Sample characterisation

The morphology of the prepared samples was
investigated by a field emission scanning electron
microscope (FEI Quanta FEG250) equipped with a
secondary ET detector and with the beam accelerat-
ing voltage kept at 10 kV. The optical properties of
the nanostructures were inspected using a UV-vis
spectrophotometer (Lambda 35, Perkin-Elmer)
equipped with a diffuse reflectance accessory. The
spectra were registered in the range of 300-1000 nm
with a scanning speed of 60 nm/min. The crystal
structure of the 10AuCu sample was verified by
X-ray diffraction over the range of 20-80 degrees
using a Bruker 2D Phaser diffractometer with CuKx
radiation and an XE-T detector. The Raman spectra
were recorded by means of a confocal micro-Raman
spectrometer (InVia, Renishaw) with sample excita-
tion by an argon ion laser emitting at 514 nm and
operating at 50% of its total power. The chemical
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nature of the samples was studied by an X-ray pho-
toelectron spectroscope (Escalab 250Xi, ThermoFisher
Scientific) with a monochromatic AlKa source. The
high resolution spectra of Audf, Cu2p, Ti2p, and Ols
for the 10AuCu electrode were captured. The elec-
trochemical and photoelectrochemical properties
were measured using an AutoLab PGStat 302 N
potentiostat-galvanostat in  the three-electrode
assembly, where the titanium substrate modified by
gold—copper structures was the working electrode
(WE), Ag/AgCl/0.1 M KCI served as the reference
electrode (RE), and a Pt mesh was the counter elec-
trode (CE). Cyclic voltammetry and linear voltam-
metry measurements were carried out in deaerated
0.1 M NaOH electrolyte. The cyclic voltammetry
(CV) curves were registered within the range
from — 0.5 towards + 0.5V with a scan rate of
50 mV/s, while the linear voltammetry (LV) scans
were performed across a wider potential range
from — 0.8 to + 0.8 V with a scan rate of 10 mV/s.
The LV curves were recorded in the dark and under
illumination with a xenon lamp (LOT-Quan-
tumDesign GmbH) as a light source. The
chronoamperometry measurements (CA) under
chopped light were performed at+ 0.3V during
200 s. The 3D map of the photocurrent density was
registered by photoelectric spectrometer (Instytut
Fotonowy) equipped with Xe lamp 150 W. The
curves were recorded at the potential range from —
0.8 to + 0.8 V and wavelengths from 300 to 700 nm.
The measurement was carried out in 0.1 M NaOH
solution in three-electrode system where 10AuCu
electrode was the WE, Ag/Ag/AgCl/0.1 M KCl was
the RE, and Pt wire served as the CE.

3 Results and discussion
3.1 Morphology

SEM images of the fabricated samples composed of
gold—copper structures on a nanotextured titanium
substrate are shown in Fig. 1. Of all of the prepared
samples, the 10AuCu alloy was selected for detailed
analysis, due to it having the best electrochemical
results, which will be discussed further on. As can be
observed, thermal annealing strongly affected the
morphology of the electrodes. For electrodes without
thermal treatment (Fig. la) or annealed at 100 °C
(Fig. 1b) or 200 °C (Fig. 1c), the characteristic dimples
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are clearly visible. The diameter of the dimples for
the 10AuCu layer was estimated to be 76 = 8 nm.
Whereas, in our previous work, the diameter of clo-
sely packed Ti dimples without the AuCu layer and
thermal treatment was reported to be 85 £ 3 nm [38].
With the temperature increase to 200 °C, the diameter
of the nanodimples did not change significantly,

Fig. 1 SEM images of
10AuCu electrode a without
thermal treatment, and after
thermal annealing at b 100 °C,
€200 °C, d 300 °C, e 400 °C,
£ 500 °C, g 600 °C

19389

however, further growth of the temperature caused
the gradual disappearance of the cavities (Fig. 1d).
Similar to Grochowska et al. [34], the layer frag-
mentation started at the grain boundaries. At a tem-
perature of 300 °C, islands of irregular shapes were
created [39], while at 400 °C, AuCu nanoparticles
formed. The resulting AuCu NPs were irregular in
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shape and the average size equalled 70 4 34 nm. At
the temperatures of 500 °C (Fig. le) and 600 °C
(Fig. 1f), the fabricated nanoparticles became more
spherical and the Ti nanodimples were no longer
distinguished. The diameter of the AuCu NPs formed
at 500 °C was 74 + 28 nm, while those annealed at
600 °C were 123 + 49 nm. As can be observed, the
size of the nanoparticles as well as the standard
deviation increased with the temperature. This may
be related to the disappearance of the nanodimples as
it is known that the presence of cavities in Ti foil
ensures the formation of nanoparticles that are reg-
ularly distributed and quite regular in shape and size
[40].

3.2 Optical properties

The differences in the annealing temperature of the
AuCu nanostructures influenced colour changes of
the electrode surface which can be observed by the
naked eye (Fig. 2). A variety of colours from pearl
(100 °C), gold brown (200, 300 °C), and violet
(400 °C) to grey (600 °C) were obtained. According to
Fredj et al., the temperature during the fabrication
process is associated with changes in the colour of
copper oxides films [41]. Moreover, the dependence
between the appearance of the surface and the
thickness of the created oxide was also evaluated.
Additionally, the colour impression depending on
the thickness of the Ti and TiO, layers was reported
by L. Skowronski et al. [42]. Nevertheless, in our case,
it was most likely the presence of copper, and

100°C 200°C

300°C
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titanium and titanium dioxide that influenced the
colour of the samples.

The reflectance spectra were recorded to reveal the
optical properties of the 10AuCu, 5Au5Cu, and
5Cu5Au electrodes (Fig. 3). As can be observed, the
shape of the spectrum changed because of the dif-
ferences in the morphology caused by thermal
dewetting, and the presence of the resulting gold-
copper structure. From the SEM images, it can be
observed that the AuCu nanostructures annealed
below 200 °C preserved the periodic arrangement of
Ti nanocavities, and possibly their geometry influ-
enced the shape of the spectrum in the range from
300 to 600 nm [43]. The reflectance band minima for
the 10AuCu, 5Au5Cu, and 5Cu5Au annealed at
200 °C were located at 390, 390, and 400 nm,
respectively (Fig. 3d), while for 300 and 400 °C, they
were shifted to c.a. 405, 475, and 420 nm, and 530,
520, and 540 nm, respectively (Fig. 3e). According to
Guo et al. [44], the peak intensity and position are
component-dependent for Au,Cu@TiO, structures,
and are located at 430, 470, and 550 nm for AusCu,
AuCu, and AuCujz nanoparticles. In our previous
studies, a shift in the absorbance maxima for gold-
copper materials from 470 to 900 nm was revealed,
and caused by changes in morphology after increas-
ing the annealing temperature from 450 to 600 °C
[36]. In that work, the temperature increase resulted
in the formation of AuCu NPs on the surface of the
substrate at 600 °C. The same phenomenon took
place here, however, at a much lower temperature,

400°C

Fig. 2 Dependence of colour of the prepared samples on the annealing temperature
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Fig. 3 Reflectance spectra of a 10AuCu, b 5Au5Cu, ¢ 5Cu5Au and selected results for electrodes annealed at d 300 °C, e 400 °C,
f 600 °C
namely 400 °C. Above this temperature, AuCu iéod e e
nanoparticles were formed on the surface, and .
broadband absorbance from c.a. 400 to 1000 nm was ——300¢
observed. According to Scaiano et al. [45], CuNPs 5 —re
show a surface plasmon absorption band between 1001 " A::::z
575 and 580 nm. Nguyen et al. reported that AuNPs/ 2
TiO, nanostructures exhibited increased absorbance 2 —f— s e — M} .
in the UV region below 380 nm, corresponding to the E 50 - A J L
bandgap of anatase TiO,, and in the visible light = Y i
region from 490 to 650 nm, attributed to the SPR A oo
effect of AuNDPs [46]. In our case, no anatase phase o | ¥ A
presence was demonstrated, however, the rutile 20 30 40 50 60 70 80
phase for the materials fabricated at 500 and 600 °C 26/ degree

was established from the Raman spectroscopy mea-
surements. Even though the substrate was titanium
on its surface, a passivation layer of TiO, was formed.
The rutile was confirmed by XRD patterns not only
for 500 and 600 °C, but also a small amount for
400 °C. With increasing the annealing temperature
from 400 to 600 °C, a thicker layer of TiO, was
formed on the surface. Therefore, a decrease in
reflectance in the range from 300 to 400 nm above
400 °C may be found [47]. As can be observed, the
annealing of the 10AuCu, 5Au5Cu, and 5Cu5Au
samples at 600 °C resulted in wide absorbance from
300 to 1000 nm (Fig. 3f).

Fig. 4 XRD pattern of 10AuCu electrode annealed at different
temperatures

3.3 Composition and crystallinity

The XRD diffraction patterns of the 10AuCu elec-
trodes annealed at different temperatures are shown
in Fig. 4. The peaks located at 34.9, 38.3, 39.9, 52.8,
627, 704, 76.1, and 77.2 degrees can be associated
with the (100), (002), (101), (102), (110), (103), (112),
and (201) planes of Ti [48], and only those peaks are
present in the case of the electrode without annealing
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Fig. 5 Raman spectra of the samples annealed at a 500 °C and b 600 °C

and the ones treated up to 300 °C. When the tem-
perature exceeded 400 °C, peaks at 27.3, and 44.2
degrees appeared, and they can be ascribed to the
(110), and (210) planes of rutile. Moreover, the peaks
already assigned to titanium foil are broadened, as
the (002), and (301) rutile planes can be registered at
62.5, and 69.8 degrees. With the sample heated up to
600 °C, peaks related to the (101), (111), (211), (220),
and (310) rutile planes arose, and the corresponding
positions are 35.9, 41.1, 54.2, 56.5, and 64.5 degrees,
respectively [49]. Additionally, with the increase of
the rutile phase in the samples, pronounced broad-
ening of the Ti peak located at 70.4 degrees is
observed, as the 69.8 degrees peak of rutile is more
intense. The increment of the rutile signal with the
temperature growth from 400 to 600 °C is in agree-
ment with the work of Qian et al. [50]. The SEM
images show the formation of AuCu NPs at these
temperatures, and the subsequent exposure of the
substrate may be related to the increase in the
intensity of the rutile peak. It should also be men-
tioned that rutile is formed out of the amorphous
TiO, passivation layer and growth of the thickness of
the oxide layer is expected at higher temperatures.
Moreover, for the 10AuCu samples annealed at
600 °C, a peak from AuCu can be observed [51].
More detailed characterisation of the structure of
the samples was conducted based on Raman
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measurements. The Raman spectra of the gold-cop-
per structures on the Ti substrate annealed at 500,
and 600 °C are shown in Fig. 5. These temperatures
were selected based on the XRD measurements. It can
be observed that not only the increase in temperature
affects the Raman spectra but also the configuration
of the gold and copper. Raman bands associated with
AuCu can be found from 240 to 270 cm ™' [52]. The
location of CuO bands is calculated to occur in the
350-370 em ' region [53]. According to Kalaivani
and Anilkumar[54], bands located at c.a. 230, 440, and
605 cm™' can be ascribed to rutile. Nevertheless,
based on the values collected in Table 1, determined
using deconvolution, it can be observed that the band
corresponding to AuCu for the 5Au5Cu and 5Cu5Au
samples is redshifted after the increase of the tem-
perature from 500 to 600 °C. Moreover, the largest
shift of c.a. 40 cm ' was observed for the 5Au5Cu
electrode. This phenomenon may occur because of
the higher ratio between rutile and AuCu at 600 °C
for this sample. The rutile bands can be found not
only at 440 and 605 em™?, but are also probably
hidden in the spectrum at 230 cm™'. However, for the
10AuCu electrode, a shift for the AuCu compound
from 252 to 268 cm ™' can be observed. The blue shift
may be caused by the formation of a higher amount
of CuO species from gold-copper alloy after
increasing the temperature from 500 to 600 °C. This
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Table 1 Location of Raman

bands derived from Fig. 5 Compound Temperature/”C Raman shifts/em ' References
10AuCu 5AusCu 5Cu5Au
AuCu 500 252 287 268 [47]
600 268 246 242
CuO 500 353 354 357 [48]
600 361 359 378
Rutile 500 437 435 437 [49]
607 615 603
600 437 440 442
604 608 608

phenomenon can dominate over rutile formation. The
blueshift of the band associated with CuQ after
thermal treatment at 600 °C can be ascribed to the
enhancement of interactions between the CuO and
rutile phases. In Mosquera et al. [55], the shift of the
Raman band was observed for rutile from 235 to
245 em ™! during temperature changes.

3.4 Characterisation of the chemical nature
of the samples

XPS measurements were conducted to track the
chemical character of the 10AuCu electrode. Figure 6
presents the XPS spectra for the electrodes annealed
at 200, 300, 400, and 500 °C. The obtained results are
summarised in Table 2. Moreover, the changes in the
proportion of the elements/compounds in the stud-
ied materials depending on the temperature are
shown in Fig. 7. The spectrum for Audf appears as a
peak doublet (Fig. 6a) located at — 84.0 and — 87.5
eV, and confirmed the presence of metallic Au [56].
The Au At% increases with the increase in tempera-
ture, reaching the maximum at 400 °C (Fig. 7). In the
case of copper, the Cu2p chemical states were anal-
ysed (Fig. 6b). For the electrodes annealed at 200, 300,
and 400 °C, three chemical states were designated.
The first, located at 932.6 eV is ascribed as Cu
(AuCu)[57]. The second component, shifted by —
1.2 eV, is assigned to CuO. Finally, the component
located at 935.2 eV is associated with Cu(OH),*-
CuCO;. For the 10AuCu electrode annealed at
500 °C, the presence of CuAuTi alloy is confirmed by
the peak situated at 931.2 eV. The Ti2p3/2 chemical
state was not found for the sample annealed at
200 °C, which may be caused by the substrate being
covered with a tight layer of AuCu. Above 300 °C,
the TiO, (458.6 eV) At% increases with increasing
temperature (Fig. 7) caused by the subsequent

exposure of the substrate. Last but not least, the
analysis of the OIs spectrum is shown in Fig. 6d. The
most notable component at — 529.7 eV should be
related to the O~ present in the 10AuCu electrode in
the form of metal oxides. In addition, the peaks at
531.5 eV are linked to surface-adsorbed OH  and
Cu(OH) [58].

To define the changes in the thickness of the pas-
sivation layer resulting from the formation of
bimetallic 10AuCu structures (after thermal treat-
ment at 400 °C), we carried out another XPS experi-
ment, this time using Ar™ ions to provide a depth
profile study. The results of this study are shown in
Fig. S1. The 10AuCu electrode thermally treated at
400 °C was selected for detailed analysis, due to the
presence of both AuCuNPs and TiNDs (Fig. le).
Comparing the Ti foil and the 10AuCu electrode
depth profiles allows us to draw some conclusions on
the thickness of the passivation TiO, layer. The nat-
urally grown oxides on the Ti foil are formed pri-
marily of TiO, but also of some Ti>Os. Their share at
the surface is over four times higher when compared
with the 10AuCu sample, but the TiO, was present in
both cases (see Fig. S1b). The surface Ti2ps;, spectrum
recorded for the Ti foil is also composed of the
metallic Ti component at 453.8 eV. This result testifies
that the thickness of the native film is below 5 nm
thick, considering the depth of photoelectron acqui-
sition in XPS. The native oxide layer is removed from
the Ti foil after — 40 s of argon ion bombardment,
suggesting an approx. 0.12 nm/s etching rate in our
case. From the changes in the depth profile at
Fig. Sla, it should be concluded that for the 10AuCu
sample, the TiO, oxide layer is dominant after
roughly 100440 s of ion bombardment, leading to
the assumption that the passive layer is a few times
thicker than the Ti foil. These changes should be
explained by the calcination process modifying the
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Table 2 Binding energies

(BE) of 10AuCu electrodes: Peak Component BE/eV  At%  Peak Component BE/V  At%
:r(;ge:al;d;:)lj?((} C, 300 °C, 200 °C 200 °C
’ Audf 772 Au 84.1 083 Ti2p32 - B
300 °C 300 °C
Audf 7/2  Au 842 1.4 Ti2p 32 TiO, 458.6 0.6
400 °C 400 °C
Audf 72 Au 84.0 124 Ti2p 32 TiO, 458.4 44
500 °C 500 °C
Audf 7/2  Au (CuAuTi) 83.3 1.4 Ti2p 3/2  Ti(CuAuTi) 457.3 3.7
Audf 72 Au 842 3.7 Ti2p 32 TiO, 458.4 15.6
200 °C 200 °C
Cu2p 322  Cu (AuCu) 932.6 13.6 Ols 0 529.5 44.6
Cu2p32 CuO 933.8 14.6 Ols OH™ 531.3 27.7
Cu2p 32 Cu(OH),L*CuCO; 9352 79
300 °C 300 °C
Cu2p 372 Cu (AuCu) 932.6 6.7 Ols 0> 529.8 41.1
Cu2p32 CuO 933.6 16.7 Ols OH™ 31.5 22.0
Cu2p 32  Cu(OH),*CuCO; 9352 9.7
400 °C 400 °C
Cu2p 32 Cu (AuCu) 932.6 10.7 Ols 0% 529.7 37.8
Cu2p 32 CuO 933.8 1.1 Ols OH™ 531.4 16.9
Cu2p 372  Cu(OH),*CuCO; 9352 6.8
500 °C 500 °C
Cu2p 32 Cu (CuAuTi) 931.2 1.2 Ols (07 5288 10.9
Cu2p3/2  Cu (AuCu) 932.5 22 Ols 0" 529.7 344
Cu2p32 uO 933.8 2.1 Ols OH™ 531.6 236
Cu2p 32 Cu(OH),*CuCO;  935.0 1.3
80 20
& b = @ Cu(OH), Cuco,
70 4 ————— o . 154 ® cuw
60 : s § 10 a "
o g 3
52 50 5 a
£ o !
i 30 ® Au e . Eto-c .
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Fig. 7 Surface chemistry changes based on XPS analysis: a proportion of Au, Cu, Ti, and O elements as a result of annealing at different
temperatures, b contribution of various Cu(Il) species. ¢ metallic Cu share

structure of the TiO, layer combined with some
chemical changes within the layer. These are best
observed in Fig. Slc, where the primary Ti2ps»

spectral component is

shifted from 458.7 eV,

characteristic of TiO,, to 459.3 eV due to the forma-
tion of mixed (CuTi)O compounds.

It should be kept in mind that depth profiling with
XPS is subject to some level of uncertainty,
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originating primarily from three factors. First, the
etching rate for the pure TiO, of the Ti foil and the
AuCu nanostructures is most certainly different.
Thus the direct etch time comparison is flawed. Next,
the titanium oxides tend to be reduced under the
influence of the Ar" ion gun leading to surface
chemistry changes. For this reason, the share of both
TiO5 and Ti,0O5 was summarised to present the depth
profile in Fig. Sla. Finally, the ion gun is known to
hammer some of the sample’s atoms deeper into its
structure rather than etching them, leading to the
presence of some residual oxides even deep under-
neath the surface. For this reason, we subjectively
recognised the limiting Ti2p;;, TiO, share in the
passive film to be — 15 at.%.

The XPS for 10AuCu electrode annealed at 500 °C
after photoelectrochemical measurements together
with the data analysis was added to Electronic Sup-
porting Information (Fig. S2).

3.5 Electrochemical performance

The electrochemical activity of gold—copper struc-
tures with and without rapid thermal annealing was
tested firstly using cyclic voltammetry in 0.1 M
NaOH. The results obtained for bimetallic 10AuCu,
5Au5Cu, and 5Cu5Au electrodes are shown in Fig. 8.
During the anodic potential scan, the oxidation of Cu
(1) and CuyO (2) occurs, while during the reverse,
cathodic scan, the reduction of copper oxides (3), (4)
takes place [59]:

2Cu + 20H™ — Cu,0 + 2e~ + H,0

(1)
CuyO +20H™ — 2Cu0O + 2e~ + H,O (2)
CuO +2e” + H,0 — CuO+ 20H™ (3)
Cuy0 +2e™ + HyO — 2Cu +20H™ (4)

Regarding the 10AuCu sample before and after
annealing at 100 °C, 200 °C, the visible oxidation
peak (2) is present at ca. 0 V vs. Ag/AgCl/0.1 M KCl,
and corresponds to the oxidation of Cu(I) to Cu(Il). In
addition, the peak observed at ca. — 0.1 V can be
interpreted as the reduction of Cu(Il) to Cu(l), and is
labelled as (3). For the electrodes annealed at 300 °C
and 400 °C, the abovementioned peaks are less
intense, however, an additional reduction peak at +
0.1 V can also be found (5). This cathodic peak was
ascribed by N. Shen et al. [60] to the reduction of
Au;05. For the electrodes annealed at 500 °C and
600 °C, no faradaic peaks were noticed. Moreover,
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110

] Mater Sci: Mater Electron (2022) 33:19385-19404

the recorded currents were much lower than those
for the electrodes treated at temperatures equal to
and lower than 400 °C, which may be caused by the
increased resistivity of Ti at higher temperatures [61].
It should be noted that the 10AuCu samples annealed
at 500 and 600 °C exhibit a very poor capacitive
character. The CV recorded for the 5Au5Cu layer
demonstrates two oxidation peaks, first at ca. — (.15
V corresponding to the oxidation of Cu(0) to Cu
(I) (1), and second at + 0.05 V established as the
oxidation of Cu(I) to Cu (II) (2). The cathodic peaks
observed at ca. — 0.1 and at — 04 V can be inter-
preted as a transformation of Cu(Il) into Cu(l) (3),
and Cu(I) into Cu(0) (4), respectively. The electrodes
annealed at 100 and 200 °C behave similarly to the
10AuCu electrodes fabricated at this temperature.
The 5Au5Cu electrode treated at 300 °C behaves
differently than the 10AuCu and 5Cu5Au. Also, this
phenomenon will be further observed in the case of
the linear voltammetry scans shown in Fig. 10. From
the temperature of 400 °C, no Faraday peaks are
noticeable. In addition, the capacitive current
increases when 600 °C is applied, which is related to
the increase in the rutile content on the electrode
surface, as indicated by XRD [62]. According to Salari
et al. [63], the CV curves demonstrate the increase in
capacitance with the increasing annealing tempera-
ture of TiO, NTs up to 600 °C because of the gradual
growth of the share of rutile. Regarding the 5Cu5Au
sample, for the non-annealed and those annealed at
100 and 200 °C, two anodic peaks can be observed
at — 0.2 and at + 0.05 V vs. Ag/AgCl/0.1 M KCJ,
which can be assigned to the oxidation of Cu(0) to
Cu(D (1), and Cu(l) to Cu(Il) (2), respectively. Fur-
thermore, the cathodic signals at — 0.1 and — 045 V
correspond to a reduction of Cu(Il) to Cu(l) (3), and
Cu(l) to Cu(0) (4), respectively. The 5Cu5Au elec-
trode treated at 300 °C has the same electrochemical
character of oxidation and reduction processes as the
10AuCu sample at this temperature. Similarly, to the
5Au5Cu, above 400 °C there are no Faraday peaks,
and there is a rather poor capacitive character with
low currents exhibited for the material treated at 500
and 600 °C. It should be noted that the electrochem-
ical properties of each electrode, ie. 10AuCu,
5Au5Cu, and 5CubAu, are related to the titanium
substrate which is heated at the same time. The
voltammetric curves for TIND annealed at different
temperatures are shown in Fig. 8h. Within the
investigated potential range, any Faradaic reaction
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Fig. 8 Cyclic voltammetry curves registered in 0.1 M NaOH for 10AuCu, 5Au5Cu, 5CuSAu eclectrodes a without annealing and
thermally treated at b 100 °C, ¢ 200 °C, d) 300 °C, e) 400 °C, f 500 °C, g 600 °C, and for h TiND substrate

was not recorded and only quite poor capacitive
behaviour can be observed. Following that, up to
400 °C, the TiND as a supporting platform does not
affect the electrochemical characteristics of bimetallic
gold—copper structures. However, above this tem-
perature, the titanium substrate significantly influ-
ences the material response. It can be observed in the

SEM images that at 500 °C and above, nanoparticles
integrate with the titanium surface and the ordered Ti
platform morphology is no longer seen. Such phe-
nomena may be explained with the formation of
TiCusy and TizCuy intermetallic phases, as was
reported by Li et al. [64]. In our case, CuAuTi alloy
was obtained.
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Fig. 9 Energy band diagrams in AuCu NPs on TiNDs when a gold is closer to TiO,, b copper oxides are closer to TiO,

In order to examine the photoactivity of the fabri-
cated nanostructures, linear voltammetry measure-
ments in the dark, under UV-vis, and under visible
illumination were performed. The temperature
changes applied during thermal processing obvi-
ously influence the current density and the overall
photoresponse of gold-copper nanomaterials. The
signal in the cathodic potential regime when the
electrodes were polarised at — 0.8V, and in the
anodic regime at + 0.8 V vs. Ag/AgCl/0.1 M KCI
reached the maximum value at the particular tem-
perature treatment. The comparison of the current
densities recorded at — 0.8 and + 0.8 V under UV-
vis illumination is given in Table 3. The maximum
current density values recorded in the dark for each
electrode material were obtained for temperatures in
the range from 200 to 400 °C, which can be caused by
the formation of the most catalytically active sites on
gold—copper nanostructures. According to Tachi-
kawa et al. [65], areal OER activity decreases as the
annealing temperature increases from 300 to 450 °C
due to the reduction in the number of catalytically
active sites. The 5Au5Cu electrode annealed at 300 °C
exhibits the highest value of current density at —
0.8 V. However, at the potential of + 0.8 V, the best
result of 1.5 mA cm * was recorded for the 10AuCu
sample also annealed at 300 °C. It should be men-
tioned that in the established anodic limit, any gas
bubbles were not noticed at the electrode surface.
According to our previous article [36], AuCu nanos-
tructures annealed in a muffle furnace at 450 °C
exhibit a high response towards OER with the intense
evolution of gas bubbles. In that work, the current

@ Springer

density for 5Au/5Cu and 5Cu/5Au electrodes at +
0.8V vs. Ag/AgCl/0.1 M KCI under visible light
illumination reached 1.32 and 1.26 mA ecm™2,
respectively. For a more precise analysis, an addi-
tional measurement in the potential range from — 0.8
to + 1.5 V was performed for the 10AuCu electrode
annealed in the RTA furnace at 300 °C (Fig. S3). The
evolution of weak gas bubbles could be observed
at + 1.2 V. Therefore, two processes such as OER or
oxidation of Cu®* to Cu®* [66] may take place at this
potential.

In addition, the oxidation process enhanced by
light took place at the potential of — 0.17 V vs. Ag/
AgCl/0.1 M KCl. The current densities are sum-
marised in Table 4. This phenomenon occurs for a
bimetallic gold-copper structure because of the syn-
ergistic effect [67]. It is possible that the increase in
activity is related to the presence of copper oxides on
top of the gold. This may be confirmed by the highest
current value for the non-annealed 5Au5Cu electrode
in which the topmost layer is copper. The greatest
increase in the current recorded under UV-vis illu-
mination between non-annealed and the thermally
treated sample at — 0.17 V was achieved by the
10AuCu electrode annealed at 300 °C (see Fig. 11a).
The value increases from 31.2 to 349.1 pA cm 2
which results in a current density 11 times higher
than for a non-annealed nanostructure.

In order to analyse the changes caused by light, it is
important to underline that when Cu,O and TiO,
semiconductors are connected, a p-n heterojunction
can be formed [68]. The character of this junction is
exhibited at the potential of ca. — 0.3 V for electrodes
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Table 3 Values of current
density at — 0.8 V
and + 0.8 V vs. Ag/AgCl/

Current density at — 0.8 V/mA cm >

Current density at 4 0.8 V/mA cm ™2

10AuCu 5AusSCu SCu5Au 10AuCu 5Au5Cu 5CuSAu
0.1 M KCI under UV-vis
tllumination for bimetallic NA - 0.08 - 0.15 - 0.1 0.83 0.88 1.22
nanostructures 100 °C - 0.09 —0.16 - 0.02 0.73 0.92 1.21
200 °C - 0.15 - 0.16 - 0.15 127 1.37 138
300 °C —0.14 - 0.38 —0.02 1.5 0.11 1.49
400 °C - 0.34 - 0.09 - 0.1 0.53 0.03 0.03
500 °C — 0.009 — 0.006 — 0.007 0.05 0.06 0.06
600 °C - 0.00003 0.004 — 0.0004 0.08 0.1 0.07

Bold values indicate the highest current density obtained for the specific electrode (10AuCu. SAu5Cu.

5CuSAu) at the particular potential

Table 4 Values of current

density at — 0.17 V vs. Ag/

jat —0.17 V/pA em 2

ARCHO.1 MBSl undter Dy~ NA 100°C  200°C  300°C  400°C  500°C  600°C

vis illumination for bimetallic

nanostructures 10AuCu 312 545 2998 349.1 77.8 -05 ol
SAuSCu 2338 1414 1525 30.4 1.9 03 03
SCusAu_ 1192 1922 182.5 3700 1.8 ~03 0l

Bold values indicate the highest current density obtained for the specific electrode 10AuCu, SAu5Cu

and 5CuSAuat — 0.17 V

annealed at 400 °C, and also for the 5Au5Cu sample
thermally treated at 300 °C. A noticeable photocur-
rent response with efficient e-h pair separation [69] at
500 and 600 °C can be observed in Fig. 9. It can be
assigned to the formation of a TiO, crystalline phase
on the surface of the electrodes, as confirmed by the
XRD and Raman measurements, in contrast to the
materials annealed below 400 °C, where no rapid
current increase and decrease is observed. The
change in the current does not track the change in the
light, and charge is accumulated at a potential of —
0.17 V. The current densities recorded at + 0.3 V vs.
Ag/AgCl/0.1 M KCI for the 10AuCu, 5Au5Cu, and
5Cu5Au  electrodes without and with thermal
annealing at 500 and 600 °C are listed in Table 5. In
our case, the highest value of photocurrent
(91.4 pA cm ) was achieved for the 5Au5Cu sample
annealed at 600 °C. The stability tests using CA for
10AuCu, 5Au5Cu, and 5Cu5Au electrodes annealed
at 600 °C at + 0.3 V are shown in Figure 54. The run
of photocurrent indicates high photostability of the
material under intermitted lighting. Due to UV-vis
light irradiation, photogenerated electron-hole pairs
are created in the TiO,;, Cu,O, and CuO [67, 70]. At
the same time, the Au and Cu generate hot electrons.
It is possible that a more efficient electron transfer

Table 5 Values of current density at + 0.3 V vs. Ag/AgCl/0.1 M
KCI under UV-vis illumination for bimetallic nanostructures

2

Sample Temperature/°C J/HA em”
10AuCu NA 14.3

500 47.7

600 75.7
5Au5Cu NA 17.6

500 49.4

600 91.4
5Cu5Au NA 393

500 50.9

600 64.3

Bold value indicates the highest current density of all electrodes
annealed at 500 and 600 “C obtained at + 0.3 V

process can be found when the gold is closer to the
TiO,, and the copper oxides are on the surface
CuO - CuO - AuCu — TiO, (Fig. 10). In our case,
in one nanoparticle, a mixture of the abovementioned
components is present, however, for the 5Au5Cu
electrode configuration CuO/Cu,O/ AuCu/TiO, can
dominate. According to Oh et al. [13], Au/Cu,O
core-shell NPs on TiO; nanorods, in which Au
nanoparticles are the core while Cu,O is the shell, can
enhance photocatalytic activity. This may indicate
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Fig. 10 Linear voltammetry curves registered in 0.1 M NaOH under UV-vis illumination for a 10AuCu, b SAu5Cu, ¢ 5Cu5Au electrodes

annealed at different temperatures

that photocurrent enhancement is in favour of sam-
ples that contain copper species on the top.

The comparison of photocurrent density values for
fabricated electrodes and for various materials con-
taining Au and copper oxides are listed in Table 6.
The photocurrent density of the 5Au5Cu electrode is

@_ Springer

higher than for Au@TiO,/Cu,O and AR-10AuCu/
TiO,NTs samples. In the case of the 5Au5Cu elec-
trode, there is only a thin layer of TiO, which comes
from naturally grown oxide onto the patterned Ti foil,
whereas Au@TiO,/Cu,0 and AR-10AuCu/TiO,NTs
are based on TiO, nanorods or TiO> nanotubes. The
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Table6 Values of photocurrent density for materials containing Au and copper oxides
Electrode material Photocurrent density/pA em > Potential/V vs. Ag/AgCl/0.1 M KCI Electrolyte References
Au@TiO,/Cu,0 17 + 05 0.1 M PBS [68]
AR-10AuCu/TiO;NTs 64 - 0.2 0.1 M NaOH [71]
Au_ZnO:Cu NRs 750 - 0.1 0.5 M Na,SO4 [28]
10AuCu 76 + 03 0.1 M NaOH This work
5Au5Cu 91 + 03 0.1 M NaOH This work
5Cu5Au 64 + 03 0.1 M NaOH This work
400 400 400
a  |10AuCu b |sauscu C |5Cu5Au
o 200 200 200
o 04 0 0
<:_ —— layer dark-vis >
—— layer dark-UVvis
- e ——300°C dark -200 -200
~——300°C dark-vis
400 ~—300°C dark-UVvig "

08 06 -04 -02 00 o8 08

- - - -400
04 -02 00 08 06 04 -02 00

E/V vs. Ag/AgCl/0.1M KCI

Fig. 11 Linear voltammetry curves registered in 0.1 M NaOH under visible and UV-vis illumination for a 10AuCu, b 5Au5Cu,

¢ 5Cu5Au without and with thermal treatment at 300 °C

highest value of photocurrent density which equals
to 750 pA cm~? was obtained for Au ZnO:Cu NRs,
however, copper is not in the form of nanoparticles
but as a dopant introduced into the structure of ZnO
nanorods.

The 3D map of the photocurrent density was reg-
istered for the 10AuCu electrode annealed at 600 °C
at the potential range from — 0.8 to + 0.8 V and
wavelengths between 300 and 700 nm (Fig. S5a). As
can be observed in the 3D curve the photocurrent
grows when electrode is polarised towards anodic
direction in the region of wavelengths between ca.
300 and 400 nm. The graph presented in Fig. S5b
shows both absorbance spectra and the photocurrent
spectra recorded at + 0.3 V vs. Ag/AgCl/0.1 M KCL.
As can be observed within the range between 300 and
430 nm, electrons are effectively converted into pho-
tocurrent. Within this region, the maximum of the
photocurrent value was obtained when the light of
370 nm irradiates the electrode material.

Activity could be observed at the potential of —
0.17 V vs. Ag/AgCl/0.1 M KCI for the bimetallic
nanostructures not only under UV-vis illumination,

but also when the electrode surface was exposed to
visible light (Fig. 11). As was mentioned before, the
highest current value was achieved by the 10AuCu
electrode. The sample is also active under visible
light illumination, and this is equal to 0.3 mA cm >
This phenomenon can be related to the presence of
Cu,0, and CuO, which are p-type visible-active-light
materials, and their stabilisation by Au after thermal
annealing.

4 Conclusion

In this work, we proposed a fabrication procedure of
a nanomosaic material composed of AuCu nanos-
tructures located on a Ti nanotextured substrate. The
TiND platform was fabricated via the electrochemical
anodisation and chemical etching processes. The
substrate was then covered by thin metal layers of
AuCu mixture as well as Au and Cu in various
sequences. The nanomaterials were modified in a
RTA furnace heated to a temperature of 100, 200, 300,
400, 500, and 600 °C, and compared with the non-
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annealed substrate. The different temperatures of
thermal treatment had a significant impact on the
morphology, optical, structural, and electrochemical
properties. At a temperature of 400 °C, AuCu NPs
are formed on the surface, and the size of these
nanoparticles increases with the temperature. XRD
and Raman spectroscopy measurements confirmed
the formation of a rutile phase from the amorphous
TiO, passivation layer on the electrodes annealed at
500 and 600 °C. For the samples thermally treated at
600 °C, wide absorbance from 300 to 1000 nm was
obtained. The electrochemical and photoelectro-
chemical activity of all samples were measured using
cyclic and linear voltammetry techniques in 0.1 M
NaOH. The peaks of the oxidation of Cu(0) to Cu(l),
and Cu(I) to Cu(Il), as well as the reduction of Cu(II)
to Cu(l), and Cu(l) to Cu(0) were visible for the
samples annealed below 400 °C. An oxidation pro-
cess enhanced by light caused by a synergistic effect
of the combination of AuCu took place at — 0.17 V
vs. Ag/AgCl/01 M KCL The 10AuCu electrode
annealed at 300 °C achieved a current density 11
times higher than that recorded for the non-annealed
nanostructure. We believe that the proposed
approach can be extended to other platforms
exhibiting a high degree of ordering, and therefore
provides new opportunities in designing advanced
photoactive materials.
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Fig. S1 —a) depth profile through the Ti foil and 10AuCu sample formed at 400 °C
considering the share of 7i2p;. spectral components TiO2 and metallic Ti, b) 7i2p;. spectra

of the studied samples b) at the surface and ¢) after 200 s Ar” bombardment.
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XPS measurements were conducted for the 10AuCu electrode annealed at 500°C after

photoelectrochemical measurements. The curves are presented in Fig.S2 and results are

summarized in Tab.S1. The spectrum of copper appears as an overlapping four peaks located

at 931.2 eV, 932.6 eV, 933 eV, and 935.0 eV same as for the sample before electrochemical

measurements. The same peaks after and before electrochemical measurements can be observed

for Ti2p and Ols spectra. The most prominent change occurring due to the performed

measurements was noted for Audf spectrum as a new third peak AuyO; located at 86.3 eV

[1, 2]. The Aux0;3 oxide was formed during cyclic voltammetry measurements, however, its

amount was too small to observe an anodic peak on the CV curve. Additionally, the increase of

Atomic% of metallic Au were confirmed.
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Fig.S2 XPS high resolution spectra registered for 10AuCu clectrode annealed at S00°C

after photoelectrochemical measurements

Table.S1 Binding energies (BE) of 10AuCu clectrodes annealed at 500°C after

120

photoelectrochemical measurements.

Peak Component | BE/eV | At% Peak Component | BE/eV | At.%
Audf 7/2 |Au (CuAuTi)| 83.2 1.16 | Cu2p 3/2 | Cu(CuAuTi) 931.2 0.48
Audf 7/2 Au 84.2 8.26 | Cu2p3/2 | Cu(Au-Cu) 932.6 0.93
Audf 7/2 Auz03 86.3 0.51 | Cu2p 3/2 CuO 933.6 1.4

Cu2p 3/2 | Cu(OHR*CuCOs | 935.0 | By

Ols o 528.8 7.02

Ols 0% 529.8 29.2 | Ti2p 3/2 | Ti(CuAuTi) 457.4 1.5

Ols OH" 531.7 32.8 | Ti2p 3/2 TiO> 458.5 15.0
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Fig.S3 Linear voltammetry curve registered in 0.1 M NaOH

under UV-vis illumination for 10AuCu electrode annealed at 300°C.
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Fig. S4 Chronoamperometry curves registered in 0.1M NaOH under UV-vis illumination for

a) 10AuCu, b) SAu5Cu, c¢) 5CuSAu electrode.
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Fig. S5 a) 3D map for the photocurrent density and b) the relationship between absorbance,
photocurrent density at +0.3 V and wavelength registered for

10AuCu electrode annealed at 600°C.

References

1. J.P. Sylvestre, S. Poulin, A.V. Kabashin, E. Sacher, M. Meunier, J.H.T. Luong, J. Phys.
Chem. B. 108, 16864-16869 (2018)

2. M. Gougis, A. Pereira, D. Ma, M. Mohamedi, RSC Adv. 4, 39955-39961 (2014)

122



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, TiO>
is characterized by wide band gap of 3.2 eV?2, Therefore, modifications with Au nanoparticles
and semiconductors such as CuO and Cu20 capable of absorbing visible light are frequently
exploited. Huang et al.?® demonstrated that optical properties of Au-Cu.O 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.?* showed that differences
in the Au-Cu2O Janus nanostructure where Au nanoparticle is engulfed in various degree by
Cu20 cube strongly influence on charge separation and photocurrent generation (Au-Cu20
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 photoanodes®*®. 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 region®. 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 pA cm™ for SAw/TiND 600 °C + 5Cu 300 °C material was
ca. 9 times higher than for SAu5Cu/TiND 600 °C electrode.

a) 60 b) 100
a0] dark/vis 1 dark/UVvis
50
20- ]
o 0 ; ".“E 0- =
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Figure 49. Linear voltammetry curves recorded for 5SAuSCu/TiND electrodes in 0.1 M NaOH
under chopped dark/vis and dark/UV-vis radiation.
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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 jois) / A cm™ juv-vis) | BA cm™
5Au5Cu/TiND 600 °C 1.6 37.4
5Au/TiIND 600 °C + 5Cu 400 °C 5.1 14.2
5Au/TiIND 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 TiO/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 Al. 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.

CHEMICAL MAGNETRON  thin layer of Au
ETCHING SPUTTERING i
R —)

K

thin layer of Cu

SHORT THERMAL TREATMENT
1 min, 600 °C Air

>

THERMAL

TREATMENT MAGNETRON . p
30 °C/s or 0.67 °C/s SPUTTERING 30 °C/s or 0.67 °C/s
O
:go I'ﬂifl LONG THERMAL TREATMENT
4 i 4 hours, 600 °C  Air
Air ¢

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 Cu,O/CuQO
junction, surface states and the crystallographic orientation of Cu20.

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,
CUu/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 pA cm) 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 nA cm)
in comparison to 1F-AuCu/TiND electrode. According to DFT calculations loss of the symmetry
in crystallographic structure of Cu>O/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 KCI).

Electrode jwis) / pA cm™ juv-vis) / pA cm™?
1F-TIiND 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/TiIND 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 14 136.6
4S-Cu/TiND 0.9 60.5
4S-AuCu/TiIND 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 nA cm?and 14.1 pA cm™).
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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 pA cm™) and 1S-AuCu/TiND (47.2 pA cm™) electrodes were
active under visible light illumination, however, slow heated material exhibited ca. 3 times higher
the 1S-AuCu/TiND sample manifested

ca. 80 and 3 times higher photocurrent under visible and UV-vis light than the pure

photocurrent than fast heated. Furthermore,

nanostructured Ti platform, respectively.

A3)_W. Lipinska, 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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Annealing Rate as a Crucial Parameter Controlling the
Photoelectrochemical Properties of AuCu Mosaic
Core—Shell Nanoparticles

Wiktoria Lipifska,* Adrian Olejnik, Jakub Karczewski, Katarzyna Grochowska,
and Katarzyna Siuzdak

1. Introduction
Thermal processing is an essential step during the synthesis of various metal

nanostructures and for tailoring their morphology, optical, and electrochemical
properties. Herein, a profound impact of the annealing rate and time on
photoactivity of gold—copper nanostructures by changes in the position and
alignment of energy levels and surface states is reported. AuCu nanoparticles
(NPs) are fabricated by sputtering of thin metal layers on the Ti nanopatterned
foil followed by slow (0.67°C's ') or fast (30°Cs ) treatment in the rapid
thermal annealing furnace and then utilized as photoanodes. Photocurrent in
the visible range of the slow-heated AuCu materials is 77 times higher, whereas
for the fast heated 24 times higher than for pure Ti platform. On the other
hand, the fast-heated material exhibits higher photon-to-current efficiency,

Considering the increasing worldwide
energy demand and climate changes
induced by fossil fuel consumption, a
necessity for renewable, green energy is
urgent. Therefore, a lot of scientific interest
is focused nowadays on leveraging effi-
cient, inexpensive strategies for solar
energy harvesting and storage."! These typ-
ically include photovoltaics and photoelec-
trochemical water splitting for hydrogen
production. !

Among the huge variety of available

longer recombination rate which reaches 10s, and higher carrier transport rate
of 150 ps. Based on the simulated projected local density of states analysis and
the characteristics of intensity-modulated spectra, this phenomenon is
attributed to the presence of deeper midgap states in the electronic band
structure for the fast-heated samples. Furthermore, photocurrent is enhanced
by the presence of Au inside NPs, which increases tunneling across copper

semiconductors suited for those purposes,
copper oxides exhibit a very high photoac-
tivity in the visible light spectrum and
thus a huge potency toward listed
applications.i"'f" Moreover, a synergy
between copper oxides and noble metals
such as Au has been reported. While

oxides junction.
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CuO and CuO cause the visible light

absorption and electron-hole pair genera-

tion, Au facilitates charge transport between

semiconductors and electrode contacts.'®!
Moreover, gold and copper are interesting due to the surface plas-
mon resonance (SPR) effect resulting in the enhancement of the
electromagnetic field, leading to the improvement of charge sep-
aration and hot electron generation. TiO, is an n-type semicon-
ductor which has a wide bandgap of 3.2 eV® and it absorbs mostly
ultraviolet light which is only 5% of solar spectrum light.”! While
TiO, solely has poor photoactivity, modifications of this semicon-
ductor with narrower bandgap materials such as CuO (1.2-1.6 eV)
and Cu,0 (2.1-2.6€V) are predicted to enhance its photoactivity
in visible light.®!

The enhancement of solar energy utilization can be realized by
different nanomaterials synthesis procedures. According to Xu
et all” the distal separation of the Au-Cu,O domains in
Janus structure increases charge separation and photocurrents.
The photocurrent of Au-Cu,0 Janus structure is 5 and 10 times
higher than that of Au-Cu,0 core-shell and Cu,O nanocubes.
Transformation of the Au-CuO Janus structure into core-shell
was controlled by CuCl, precursor concentration. Yang et al.’!
reported that the composition of Cu,O/CuO exhibits significant
improvement of photocurrent compared to pure Cu,0 or CuO
film. The UV-vis reflectance spectrum of Cu,O shows

© 2022 Wiley-VYCH GmbH
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absorption maximum at 450 nm while for Cu,0/CuQ it is shifted
to 600 nm. Moreover, the Cu,0-to-CuO thickness ratio was con-
trolled by the electrodeposition and thermal oxidation time which
influenced the photoelectrochemical properties. Furthermore, it
was also outlined that thermal treatment of TiO; nanotubes
modified by AuCu the magnetron-sputtered layer in air, vacuum,
argon, or hydrogen atmosphere has a great impact on the
chemical structure and electrochemical activity of AuCu-
modified electrodes.!"” Thermal processing under argon leads
to the formation of AuCuTi alloy, having increased donor con-
centration, defects as well as electron mobility, and improves
the photocurrent in contrast to materials fabricated in air, vac-
uum, or hydrogen. Reports on the AuCu/nanopatterned Ti bime-
tallic structures indicate a synergetic effect compared to pure
gold or copper oxides."! Au and Cu metals sputtered in
sequence on the nanostructured Ti platform and annealed at
450 °C exhibit ~9 and 5 times higher photocurrent in visible light
illumination compared to electrodes thermally treated at 600 °C.
Therefore, control of nanoparticles (NPs) synthesis parameters
results in changes of materials properties which can be used
for efficient solar light management. A combination of experi-
mental approaches with theoretical simulations opens a new
door to the deeper exploration of the nanomaterials world.
The development of a huge variety of ab initio and semi-
empirical computational approaches in recent years allows
detailed, in-depth modeling of materials and grounding the
experimentally observed phenomena into the first principles of
quantum mechanics. Among those techniques, density func-
tional theory (DFT) coupled with nonequilibrium Green’s func-
tion (NEGF) gathers significant attention in deciphering the
electron transport mechanisms in molecular and solid-state
junctions."*"? Projected local density of states (PLDOS) analysis
is particularly useful for examining intermolecular interactions
between the constituents of the junction, energy-level alignment
along the length of the junction, and construction of the energy
band diagrams of heterojunctions on the level of several nano-
meters, This paradigm was successfully applied for explaining
complex interactions in van der Waals heterostructures,"”
polyoxometalates molecular heterojunctions,!™® and the carbon
nanotube | graphene interface.!"®!

In this work, we present the fabrication method of AuCu NPs
located on Ti-nanostructured platform and explore the effect of
the heating rate (30°Cs ' or 0.67°Cs ') and annealing time
(1 min or 4 hjon their optical and photoelectrochemical proper-
ties. The titanium platform was produced by anodization and
chemical etching process. Sequentially, a thin gold layer was
sputtered on the Ti substrate and thermal annealing ensured for-
mation of AuNPs. The magnetron sputtering and heat treatment
process were repeated; however the second time the copper layer
was sputtered on the previously modified electrode material and
annealed at 300 °C in order to 1pre«/ent mixing of Au and Cu and
obtain AuCu core-shell NPs.!"””! The impact of heating rate on
AuCu NP properties was particularly examined using UV-vis
absorption spectroscopy and DFT calculations of the optical spec-
tra. We utilize computational approaches to investigate the inter-
actions between Cu,O and CuO and their photoelectrical
properties. The photoelectrochemical activity of electrodes was
characterized in the dark and under visible as well as UV-vis illu-
mination in alkaline solution by linear voltammetry (LV) and
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electrochemical impedance spectroscopy. Moreover, an effect
of various AuCu heating rates on photoactivity was analyzed
using incident photon-to-current efficiency (IPCE) and intensity-
modulated photocurrent/photovoltage  spectroscopy  (TMPS/
IMVS). The results showed longer photocarrier lifetime and
faster transport in fast-heated AuCu samples, but higher
photocurrent magnitudes for slow-heated AuCu. Interestingly,
analyses at different potentials suggested the presence of deep
electronic traps in fast-heated AuCu NPs and shallow traps in
slow-heated AuCu NPs. Furthermore, for the first time we
reported computational investigations of the gold—copper oxides
triple junction supporting explanation of the experimentally
observed trends in photoactivity of AuCu core-shell NPs. In par-
ticular, we showed that Au greatly facilitates electronic transport
from copper oxides to the electrode contacts.

2. Results and Discussion
2.1. Morphology and Crystallinity

scanning electron microscopy (SEM) images of TiNDs and
AuCu/TiNDs electrodes are presented in Figure 1 and S1,
Supporting Information. As shown, thermal treatment condi-
tions strongly affect the morphology of titanium platform as well
as AuCu-modified samples. The characteristic morphology of tita-
nium nanodimples can be observed for TiNDs electrodes
annealed for 1 min (Figure la, Sla, Supporting Information),
whereas for materials thermally treated for 4 h, TiO, nanosheets
are visible on the surface, which is confirmed by X-ray diffraction
(XRD) (Figure 1b, S1c, Supporting Information). Regarding the
case of AuCu structures, annealing of the Au layer at 600 °C leads
to the formation of spherical NPs which are sequentially covered
by thin Cu. It can be assumed that core-shell NPs, where gold is a
core and copper oxides constitute a shell, are formed on the sur-
face. According to our previous results' gold NPs can be
obtained during annealing of Au layer at 600 °C, whereas it cannot
be possible for the copper one. The average size of NPs for the 1F-
AuCu/TiND and the 1S-AuCu/TiND is equal to 42415 and
48 +18nm, respectively (Figure 1c, S1b, Supporting
Information). Longer annealing time affects the growth of NP size
and the average diameter reaches 78 + 25 and 75 =+ 21 nm for the
4F-AuCu/TiND and the 4S-AuCu/TiND electrodes (Figure 1d,
Figure S1d, Supporting Information).

The XRD diffraction patterns for TIND and AuCu/TiND elec-
trodes are shown in Figure 1e,f. The peaks located at 34.9°, 38.2°,
40.0°, 52.8°%, 62.8°, 70.5°, 76.1°, and 77.1° correspond to the follow-
ing Ti crystal planes: (100), (002), (101), (102), (110), (103), (112),
and (201), respectively. For samples annealed for 1 min, peak at
27.3° appeared and can be ascribed to TiO, rutile (110)
(Figure 1e). When the annealing time increased to 4 h, additional
rutile peaks located at 36.0°, 41.2°, 43.9°, 54.3°, 56.6°, 62.7°, 64.4°,
and 69.8° are observed and correspond to (001), (111), (120), (121),
(220), (002), (130), and (112) planes (Figure 1f).

2.2. Optical Properties

Figure 2a shows the reflectance spectra of thermally treated
TiND and AuCu/TiND electrodes. For bimetallic AuCu materials

© 2022 Wiley-VCH GmbH
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Figure 1. SEM images of a) 1S- TIND, b) 45- TiND, c) 15-AuCu/TiND, and d) 45-AuCu/TiND and XRD pattern of electrodes annealed for €) 1 min and

f) 4h.

with Au annealed for 1 min (1F-AuCu/TiND or 1S-AuCu/TiND),
several well-defined absorption bands can be visible. In the case
of the 1F-AuCu/TiND electrode, two ranges from 200 to 320 nm
and 420 to 680 nm with the maximum of absorption band at
550 nm can be distinguished. While for the 1S-AuCu/TiND elec-
trode, three ranges from 200 to 300 nm, 310 to 400 nm, and 500
to 680 nm with the maximum of absorption at 600 nm are detect-
able. The differences are caused by different heating rates of Au
and Cu layers. In the case of 1F electrodes, a very fast heating rate
equal to 30°Cs ' was used during thermal treatment, whereas
for 18 electrodes, the heating rate was reduced by ~45 times.
According to Guo et al.,'"® the absorption band was modulated
by Cu content in Au,Cu alloy. The AuCu NPs with the size of
20-30 nm were synthesized by e-beam deposition and thermal
dewetting and dispersed in TiO, nanocavities. The maxima of
absorption were located at 430, 470, and 550 nm for Au;Cu,
AuCu, and AuCu;, respectively. In the beginning, content of cop-
per and gold as well as thickness of the metal layer in our
experiments was the same for each sample. According to
Wang et al.,*! the shell thickness of Cu,0 on Au core can be
responsible for the shift of gold plasmon resonance peak beyond
600 nm. The blueshift of 68 nm was observed when copper oxide
shell thickness decreased from 159 to 53 nm. The difference
between the smallest and the largest NP is 22100 nm. In our case,
SEM analysis indicates the difference between the NP size of the
1F-AuCu/TiND and the 1S-AuCu/TiND electrodes that equals
only =5 nm and because of that, the shift cannot be directly con-
nected just with NP size. Similar electrodes with the same Au and
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Cu film thicknesses were annealed also for 4 h to verify the influ-
ence of the prolonged conditioning on the UV-vis response. The
markedly different morphology and chemical structure of the
AuCu NPs on the surface lead to the nearly flat line of the diffuse
reflectance with no clear peak on the reflectance spectra.

For further in-depth explanation of the observed relations
between annealing rate and optical characteristics and to build
the bridge between the molecular and macroscopic properties
of the AuCu systems DFT calculations of the optical spectra
and band structures were employed. First, the Cu,O (100) |
CuO (100) junction consisting of two unit cells was built and opti-
mized with cell parameters allowed to relax. Several frames were
withdrawn from the optimization procedure (initial, 10th, 30th,
and final 140th step) and are presented in Figure 2d.

Those frames were then used for calculation of the reflectivity
and absorption spectra (Figure 2b,c respectively). This method-
ology was adopted to model the difference between atomic con-
figurations of the Cu,0 | CuO junction, resulting from different
heating rates attempting to reflect experimental conditions.

The initial configuration Oth step is the one with highest total
energy and higher atomic stresses. Therefore, it is assumed to
correspond to the experimental situation with no annealing:
two unit cells are aligned on top of each other without changing
the positions of atoms.

The last, fully optimized step is the one with lowest total
energy and lowest atomic stresses. Therefore, it is assumed to
correspond to the ideal situation with an infinitesimally slow
heating rate (adiabatic in the quantum mechanical sense

© 2022 Wiley-VCH GmbH
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Figure 2. a) Experimental reflectance spectra of 1F-TiND, 4F-TIND, 1S-TiND, 4S-TiND, 1F-AuCu/TiND, 4F-AuCu/TiND, 1S-AuCu/TiND, 4S-AuCu/TiND.
b,c) DFT-calculated reflectivity and absorption spectra for Cu,O | CuO junction for different optimization steps. d) Corresponding frames for geometry
optimization steps (from left to right panels: Oth, 10th, 30th, and the last 140th step). e) Band structure and f) density of states spectra for surface and
bulk states of Cu,0 oriented along (100) plane, g) complex band structure analysis of evanescent states on the Cu,0O surface projected onto [001]
direction, and comparison of DFT-calculated absorption spectra for h) bulk and surface states of Cu,O and i) for different crystallographic orientation

of bulk Cu;0O unit cells.

introduced by Max Born in 1927/*")—this structure is in a ther-
modynamic minimum. Considering that the fully optimized
structure is obtained adiabatically and with removed symmetry
constraints, it might not be manifested in the experiment,
because in real conditions the heating rate is always finite and
the atomic system is not fully stress relaxed. An evidence for this
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in the studied system can be inferred from the XRD spectra
showing peaks of copper oxides from the cubic system.”"!
Finally, in the proposed model, the two middle configurations
(10th and 30th steps of optimization, red and pink curves, respec-
tively) are partially relaxed and they are assumed to correspond to
the experimental results with fast and slow heating rates,

© 2022 Wiley-VCH GmbH



Energy Technology

amwenhin, STosige, DI

respectively. Heuristic justification of this choice is because as
the heating rate is slower, the obtained structure has smaller
mechanical stress (connected with smaller atomic stresses)
and is less defected and therefore closer to its thermodynamical
minimum."*?!

In general, the calculated optical spectra contain an absorption
band centered at ~280 nm, which is redshifted with consecutive
steps. Moreover, several small absorption peaks are present in
the range between 300 and 500 nm and magnified with subse-
quent optimization steps, In addition, the corresponding dips
on the reflectivity plot are also redshifted. These changes origi-
nate from the fact that during optimization, the simulation box is
distorted and stretched, accompanied with the loss of symmetry.
If the optimization is performed further (toward thermodynami-
cal minimum and lowest atomic stresses), deformation of the cell
is even higher and the corresponding optical spectrum has a
markedly different shape (see Figure S2, Supporting
Information). In the framework of the proposed model, the fully
optimized cell corresponds to the thermodynamical atomic con-
figuration obtained during infinitesimally slow heating. The
computationally reported redshifts stay in parallel to the ones
observed in the experiment and support the argument that
the changes in the local crystallographic structure induced
by the variation in heating rates are responsible for the shape
of the registered reflectance spectra.

Another contribution to the optical properties of AuCu/TiND
structures can be associated to the surface states of the copper
oxides. Figure 2e shows the bulk band structure of Cu,0 calcu-
lated on the DFT —% level of theory and density of states spectra
for both bulk and surface states, cleaved along (100) plane. Bulk
Cu,0 exhibits a well-defined direct bandgap of ~1eV at the
gamma point and the Fermi level inside the gap. However, in
the surface spectrum, several additional midgap states are man-
ifested in the whole gap, reducing the apparent bandgap to zero
(inset in the Figure 2f). Interestingly, the majority of the intro-
duced electronic levels lie in the vicinity of the valence band just
below the Fermi energy. While they are not present in the normal
band structure, the complex band structure (CBS) plot reveals
them as evanescent states with nonzero imaginary part of the
wavevector (Figure 2g).

In the CBS procedure, the wavevector is assumed to contain
both the real and imaginary part. While the real part corresponds
to the Bloch, bulk, propagating states, and is plotted on the classic
band structure diagrams, the imaginary part is interpreted as eva-
nescent or tunneling states.”>?* Therefore, this technique is per-
fectly suited to study surface states and its results for the
investigated system show undoubtedly that they are present in
the case of CuO. When the cell is not periodically extended
to infinity, previously dormant evanescent states are manifested
as additional peaks in the density of states spectrum. Moreover, a
well-defined branching point can be observed at ~—1.2eV,
which connects filled electronic bands. Based on this, the tunnel-
ing length of the evanescent state can be estimated to ~4.5 Ang.
Those surface evanescent states of Cu,0 can also contribute to
the changes in the optical spectra, as the additional absorption
band is reported at 2480 nm (Figure 2h).

Finally, the crystallographic orientation of the pristine bulk
Cu,0 is also a factor determining the presence and position
of absorption bands. In general, higher Miller indices lead to
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smaller values of absorption coefficients, redshift of the main
absorption bands, and emergence of several small bands in
the range between 350 and 600 nm (Figure 2i).

Summing up, three effects, variable heating rate, leading to
different local structures of the Cu,0 (100) | CuO (100) junction,
surface states and crystallographic orientation of the Cu,0, were
proposed to determine the shape of the optical spectra. Those
phenomena are anticipated to have a profound influence on
the photoelectrochemical response of the AuCu/TiND structures
and their quantum efficiency explored in the further section of
the paper, underlining the importance of the synthesis parame-
ters on the properties of materials on the molecular level.

2.3. Photoelectrochemical Properties

The LV measurements were performed under chopped dark—
visible light illumination of electrodes. The tests were carried
out in 0.1 M NaOH electrolyte. Figure 3 shows the LV curves
for TIND, Cu/TiND, and AuCu/TiND annealed at different time
and heating rates. The values of photocurrent density recorded at
+0.3V versus Ag/AgCl/0.1m KCI are listed in Table 1. In
Figure 3a, the photocurrent responses are given for electrode
materials thermally treated for 1min with a heating rate of
30°Cs ! (label with prefix 1F): fast heated. The photocurrent
of the 1F-AuCu/TiND electrode was 24 times higher than for
1F-TiND and was equal to 14.1 pAcm ™. In the case of samples
annealed for 4h with a heating rate of 30°Cs ™" (prefix 4F)
(Figure 3c), any significant photocurrent can be observed.
Figure 3b shows the LV curves registered for electrodes ther-
mally treated for 1 min with a heating rate of 0.67°Cs ' (prefix
1S): slow heated. The decrease of the rate value leads to forma-
tion of the material named 1S-AuCu/TiND which is character-
ized by higher photocurrent compared to 1F-AuCu/TiND. The
increase of the photocurrent can be correlated with loss of the
symmetry of Cu,O | CuO junction (Figure 2d), additional surface
states, or different crystallographic orientations discussed previ-
ously. The difference between current density in the dark and
under visible light illumination at +0.3V for the 1S-TiND is
equal to 0.6pAcm™? whereas for 1S-AuCu/TiND reaches
47.2 pA cm™* which is 77 times higher than that for material
without AuCu NP. However, samples annealed for 4 h and with
a heating rate of 0.67°Cs ' (label with prefix 4S) almost do not
produce photocurrents (Figure 3c,d). Despite very low reflec-
tance, these structures presumably are not capable of forming
photocarriers. Therefore, the photoactivity of AuCu NPs is
strongly dependent on the conditions of thermal treatment
including time and heating rate. It should be highlighted that
the significant increase of photocurrents under visible light irra-
diation after annealing is caused by the formation of AuNPs.
According to literature, gold enables efficient conversion of solar
energy due to the light-trapping effect, hot electron injection, and
transferring absorbed energy from metal to semiconductors.***!
Moreover, Cu,0 and CuO absorb energy what can lead to pho-
toexcited electron flow to Au.!”!

Because of the significant increase of photocurrents under vis-
ible light for the 1F-AuCu/TiND and the 18-AuCu/TiND electro-
des, more detailed electrochemical measurements were carried
out. The photoelectrochemical activity under UV-vis light
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Figure 3. LV curves registered in 0.1 m NaOH under Vis illumination for a) 1F-TiND, 1F-Cu/TiND, 1F-AuCu/TiND, b) 1S-TiND, 1S-Cu/TiND, 1S-AuCu/
TiND, ¢) 4F-TiND, 4F-Cu/TiND, 4F-AuCu/TiND, d) 45-TiND, 45-Cu/TiND, 45-AuCu/TiND, and LV curves registered under UV-vis illumination for elec-

trodes annealed with heating rate of €) 30°Cs ' and f) 0.67°Cs .

Table 1. Values of current density at +0.3V versus Ag/AgCl/0.1m KCI
under Vis illumination (juA~"ecm?).

1F (1 min fast)  4F (4hfast) 1S (1 min slow) 45 (4 h slow)
TIND 0.6 13 0.6 14
Cu/TiND 13 14 0.5 0.9
AuCu/TIND 14.1 13 472 1.0

illumination for short annealed samples is shown in Figure 3e,f.
Gold- and copper-based electrodes reached higher photocurrents
than pure TiND and only copper-modified TiND. A high heating
rate equal to 30°Cs ' during thermal treatment is supposed to
be beneficial for TiO, photoactivity due to the highly defected
crystal structure of rutile. The 1F-TiND electrode reaches 2 times
higher photocurrents (41.1 pA cm?) than the 1S-TiND in con-
trast to AuCu/TiND samples where the 1S-AuCu/TiND electrode
has ~3 times higher photocurrent than the 1F-AuCu/TiND elec-
trode (Table 2). It should be taken into account that the 1S-AuCu/
TiND sample exhibits additional absorption maximum at 335 nm
on the UV-vis reflectance spectra which can correlate with better

Table 2. Values of current density at +0.3V versus Ag/AgCl/0.1m KCl
under UV-vis illumination (jpA " cm ).

1F (1 min fast) 15 (1 min slow)
TIND a1 223
Cu/TiND 142 139
AuCu/TiND 468 626
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light absorption in the range of 310-400 nm and higher photo-
currents. The highest photocurrent of 62.6pAcm * was
obtained for the 1S-AuCu/TiND electrode. Therefore, the photo-
activity of AuCu not only increases under visible light but also
under UV-vis.

Figure 4 shows IPCE curves registered for the 1F-AuCu/TiND
and the 1S-AuCu/TiND electrodes. As shown, the AuCu sample
annealed with heating rate of 30°Cs ' has higher photon-to-
current efficiency with maximum equal to 2.3% than material
annealed with rate of 0.67 °Cs ', Three ranges of wavelengths
such as 320-420, 420-540, and 540-680nm can be detailed
on the 3D map. The most significant for the 1F-AuCu/TiND
sample are values from 320 to 540 nm; however, in the case
of the 1S-AuCu/TiND electrode, the third region is also detect-
able. The percentage ratio of maximum values of IPCE at 600 and
380 nm is equal to 12.8% in contrast to the 1F-AuCu/TiND elec-
trode where it reaches 2.6%. Results indicate that the heating rate
has a significant effect on photon-to-electron efficiency exhibited
by the obtained material. It should be highlighted that in com-
parison to AuCu/TiND electrodes, the pure TiND samples do not
have any detectable IPCE (Figure S3, Supporting Information).
Such behavior originates from almost the lack of the semicon-
ducting layer present in the Ti surface. For AuCu/TiND electro-
des, we can distinguish two important phenomena such as light
absorption and charge transfer. In the range of 320-420 nm, cop-
per oxides located on the top of the electrode surface absorb light
and generate electron-hole pairs sequentially transferring
electrons to Ti where efficient charge transfer takes place.
According to reflectance spectra (Figure 2a), the minima of
absorption for 1F-AuCu/TiND and the 1S-AuCu/TiND are
located at 350 and 390 nm, respectively. However, according

© 2022 Wiley-VCH GmbH
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Figure 4. |PCE of a) 1F-AuCu/TiND, b) 15-AuCu/TiND, c—f) Nyquist diagrams in orthogonal projections of c) IMVS, d) IMPS, e) comparison of IMPS

spectra for 1F-AuCu/TiND for three polarizations, f) comparison of IMPS
imaginary part versus frequency plots.

to the literature, absorption bands for pure CuO oxides can be
found from 250 to 800 nm."”®! In the case of the second range
on IPCE between 420 and 540 nm, the absorption process is
more significant. CuO oxide absorbs light and generates
electron-hole pairs. In Figure 2a, significant increase of the
absorption from =~400 to 600 nm can be observed. It should
be highlighted that for the 1F-AuCu/TiND sample, the maxi-
mum is located at 550 nm; however, for 1S-AuCu/TiND, it is
shifted toward higher values and reaches 600 nm. The maxima
of the absorption band might be enhanced by localized SPR
(LSPR) effect. According to Bharati et al., ! the maximum of
absorption with the SPR peak for AuCu NPs is located at
566 nm. The SPR peak for pure Cu NPs was observed at
616 nm,” whereas for Au NPs at 550 nm.”” Moreover, the
LSPR absorption band of the Au cores can be dependent on
the surface faces of copper oxide shell® The free carriers
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spectra for 1S-AuCu/TiND for three polarizations, and g-j) corresponding

injected by AuNPs enhance conductivity as well due to the
SPR improving the photoactivity of semiconductors such as
TiO,, CuO, and Cu,0.”"

Further investigations of the AuCu/TiND photoelectrochem-
istry were conducted using IMVS and IMPS techniques
(Figure 4c—j). In the IMVS, a Nyquist plot representing
W-function plane is shown. Real (W') and imaginary (W") parts
of the W-function are defined as the following integrals.

'
Re(W) = W(w)' = Jo E(t) f;s(mt)dt )
i
(W) = Wia)" = o B sin(en)dt ;}“("”)‘“ @)

where T is a period of the light intensity stimulus and E(t) is a
time-dependent potential recorded by the potentiostat. In the
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linear approximation, W function can be viewed as the Laplace
transform of the potential divided by the Laplace transform of the
modulated light flux. In the case of 1S-AuCu/TiND, W-function
exhibits almost full circle, which is a straightforward indication
of the charge recombination.*' However, 1F-AuCu/TiND
displays a partial circle at high frequencies (100 Hz-10kHz),
transforming to the almost straight line at low frequencies
(5 mHz-100 Hz). This behavior strongly suggests competition
between charge recombination and diffusion followed by the
chemisorption process, as the straight line on the Nyquist resem-
bles the response of Warburg impedance.”*”! In the correspond-
ing plot (Figure 4g) of the imaginary part of the W function, it is
easy to find the minimum for the 1S-AuCu/TiND, which corre-
sponds to the characteristic recombination time equal to 2.31s.
However, due to the unique shape of the 1F-AuCu/TiND, the
peak is not well defined, but the small minimum can be noted
at the lowest frequencies (Figure 4g) and recombination time
was equal to 9.95 s. Those values are superior compared to other
semiconductor structures (~0.2ms"*”), indicating a relatively
long time of the photogenerated charge carriers in the AuCu/
TiND NPs. Furthermore, IMVS measurements confirmed a lon-
ger charge recombination rate for the 1F-AuCu/TiND than for
1S-AuCu/TiND (Figure 4c), which strongly suggest that deeper
trap states are present in the electronic band structure of the fast-
heated AuCu structures. IMPS Nyquist plots represent Q func-
tion on the complex plane. It is defined analogously as the W
function for IMVS, yet the time-dependent potential is replaced
by the time-dependent current. Figure 4d shows a well-defined
semicircle of the Q function for the 1S-AuCu/TiND sample again
and the distorted semicircle for 1F-AuCu/TiND. Distortion is
especially seen at low frequencies, which also supports the
hypothesis of the chemisorption process. It should be
highlighted that magnitudes of the Q function are higher for
the slow-heated structure (Figure 4h) in high and moderate fre-
quencies (100 Hz and higher), which are in good correspondence
with higher photocurrents in Figure 3. However, at the low-
frequency limit, the relation is opposite, and real part of the
red curve is higher than the pink one. These limiting values
are directly linked to the observed higher TPCE value for the
fast-annealed sample, because the low-frequency limit is known
to correspond to the external quantum efficiency.”* The charac-
teristic time of the transport of the majority carriers (electrons) is
higher for 1F-AuCu/TiND and is equal to 149 ps, compared
to 423 ps for 1S-AuCu/TiND. Additional insights into the
photodriven phenomena were obtained by comparing the
IMPS spectra of the AuCu/TiND structures in different applied
potentials (Figure 4¢,f,1,j). In case of the 1F-AuCu/TiND, similar
semicircles are observed at 300 and 0 mV, but at the negative
potential of —300 mV, the semicircle is significantly distorted at
moderately high frequencies (few kHz). This distortion could not
be removed by manipulating of the DC and AC components of
the light stimulus; therefore, it is interpreted as an intrinsic fea-
ture of the material. Presumably, the discrete character of the
change in the Nyquist plots originates from the presence of the
deep electronic traps.*"! As the potential is swept toward
the more negative potentials, at some point, the Fermi level hits
the deep trap level and the Q function (and thus photocurrent) is
changed. Because it is a deep trap which cannot conduct elec-
trons, the Nyquist semicircle is markedly shifted in the direction
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of negative values of the real part of the Q function. The observed
phenomenon might be also related with photocurrent polarity
switch at lower potentials, which is typically associated with
the shift of the Nyquist plot to the IT and 11T quadrants.”* Tt
was also observed in BiVO, electrodes.”! Consequently, it is dif-
ficult to estimate the transport time for this sample at —300 mV
potential. On the other hand, the 1S-AuCu/TiND sample does
not have such discrete changes of the IMPS spectra at negative
potentials. Q function values at the moderate- and low-frequency
range increase monotonously with potential (also at the low-
frequency limit) which stay in a good correspondence with the
IPCE spectra in Figure 4b where with higher-potentials IPCE
is also greater. These observations suggest that the slow-heated
AuCu/TiND is mostly shallow or no electronic traps; therefore,
no distortions in the IMPS are registered. Finally, despite change
in the value of the photocurrents, the characteristic times do not
change with the potential (Figure 4j).

For clear demonstration, the comparison of optical and
photoelectrochemical properties for deeply analyzed fast- and
slow-annealed electrodes (1F-AuCu/TiND, 1S-AuCu/TiND) is
presented in Table 3.

For further explanation of the IMVS/IMPS results and gaining
in-depth knowledge of the heterojunctions present in the AuCu
core-shell structures, a set of computations involving DFT-NEGF
formalism was applied (Figure 5). PLDOS plots for Cu,0 | CuO
semiconductor heterojunctions in the unoptimized (as-drawn)
and optimized configuration are given in Figure 5ab, respec-
tively. Similarly to the concepts given in Figure 2, the unopti-
mized configuration is a model for fast-heated sample (30°Cs ')
and the optimized state is a model for slow-heated sample
(0.67°Cs™Y).

In general, three areas can be distinguished: pristine Cu,0
with a21.2 eV bandgap, interface between Cu,0 and CuO with
midgap states, and pristine CuO with ~3 eV bandgap. Bandg:;g
value of Cu,0 is in good correspondence with experiments!*®!
and slightly higher than that typically computed from DFT cal-
culations,””) because of the application of DFT —1/2 correction.
Assuming that the more oxidized copper oxide CuO is an exter-
nal layer of the AuCu NPs,' band alignment facilitates electron
transfer from CuO toward Cu,O due to the potential gradient
formed at the Cu,0 | CuO interface. On the other hand, holes
will tend to be accumulated on the CuO with potential use
for photoelectrochemical reactions. In the unoptimized

Table 3. The comparison of optical and photoelectrochemical properties
of the 1F-AuCu/TiND and the 15-AuCu/TiND electrodes.

Parameter 1F-AuCufTIND 1S-AuCu[TiIND
Position of the reflectance minimum 550 nm 600 nm
Position of reflectance maximum 350nm 400 nm
Photocurrent density under visible 14,1 pAcm 2 47.2pAcm 2
light illumination

Photocurrent density under UV-vis 46.8 pAcm 2 62.6 pAcm 2
light illumination

Maximum IPCE 2.3% 0.5%
Recombination time 9.95s 231s
Electrons diffusion time 149 s 423 s
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Figure 5. PLDOS spectra and transmission pathways maps at zero bias for a) unoptimized (as assembled) Cu;0O | CuO, b) fully optimized Cu,0 | CuO,
and ¢) fully optimized Au | Cu,0 | CuO heterojunctions. d) Comparison of electronic transmission spectra for three configurations.

configuration, highly populated midgap electronic states are
located deeply (1.3eV). However, optimization shifts them
upward on the energy scale up to 1.8 eV, making them more
shallow. These results stay in perfect correspondence with the con-
cept of shallow traps in slow-heated AuCu and deep traps in fast-
heated AuCu anticipated from IMVS results. Moreover, electron
transmission pathways plots of both structures strongly evidence
that transmission through the Cu,0O | CuO junction solely is neg-
ligible regardless of whether the optimization and midgap states
do not contribute to the conduction of photocurrent.

Therefore, for a more realistic model of the experimental
results, a triple heterojunction including Au | Cu,O | CuO
was constructed and given in Figure S5c along with PLDOS
and transmission pathways analyses. Surprisingly, due to the
coupling of Cu,O with gold, a series of additional electronic
energy levels appear in just below the conduction band of
Cu;,0, reducing its apparent bandgap from 1.5eV to less than
1 eV. Moreover, the overall Fermi level of the system is shifted
downward, indicating a more p character of the Cu,0. Another
effect of the coupling with Au is the creation of densely populated
midgap states on the CuO side induced by changes in the atom-
istic geometry. As a result of those changes, electron transmis-
sion is greatly facilitated at the zero bias and many pathways in
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the real space are formed. This phenomenon is also reflected on
the transmission spectra in Figure 5d, as the probability of the
off-resonant transport near zero energy is increased from 10~"*
to 10 “. In addition, gold increases the magnitude of a small
transmission mode at +0.5 eV by 4 orders of magnitude, from
3 % 107 of the bare Cu,0 | CuO to 0.2 for triple unction (see
inset in Figure 5d). This enhancement originates from the partial
overlap of the Au-mediated states of Cu,0, just below the Cu,O
conduction band, and the electronic states of the CuO valence
band at the interface with Cu,0.

Summing up, as the junctions between copper oxides serve as
a site for the generation of charge carriers, gold is a facilitator of
electron transport toward the contacts. On the other hand, holes
are most probably accumulated on the electrode | electrolyte
interface in the CuO layer. The depth of the midgap states is
highly dependent on the atomic alignment on the interface
which can be controlled by the heating rate.

Finally, the electrochemical impedance spectroscopy was used
to determine the charge transfer resistance of the thin oxide elec-
trode composed of AuCu NPs and the titanium nanostructured
platform (Figure 6). The impedance spectra were recorded in the
dark and under visible light illumination in 0.1 m NaOH solution
at +0.3 V versus Ag/AgCl/0.1 M KCL In order to analyze spectra,

© 2022 Wiley-VCH GmbH
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Figure 6. Electrochemical impedance spectra registered in the dark and under Vis illumination for a) 1F, b) 4F, c) 1S, and d) 4S AuCu/TiND and TIND

electrodes.

the Rg(Rc1CPE) equivalent circuit was used for all electrodes
(Rct and constant-phase element (CPE) are connected parallel).
The Rg element corresponds to electrolyte resistance, Rery is
charge transfer resistance of electrode, and CPE is attributed
to constant-phase element which takes into account not only
capacity but also the homogeneity of sample. The detailed analy-
sis was conducted for electrodes annealed for 1 min, such as
1F-TiND, 1F-AuCu/TiND, 1S-TiND, and 1S-AuCu/TiND. The
results are summarized in Table 4 and 5. The highest value ratio
of resistance recorded in the dark to the value obtained under
light illumination was reached for 1S-AuCu/TiND and
1F-AuCu/TiND and was equal to 5.0 and 2.8, respectively. In

Table 4. Electrochemical impedance data for AuCu/TiND.

the case of 1S-TIND and 1F-TiND, ratio equals 1.2 and 1.0,
respectively. These results can be correlated with the LV scans
where the most significant photocurrent was measured for short
thermal-treated bimetallic NPs. According to Oh et al.,*® the
charge transfer resistance for the Au/Cu,0/TiO, nanorods
(NRs) under light illumination is lower than that for Au/TiO,
and TiO, NRs, confirming efficient transfer of electrons from
Cu,0 shell and Au NPs to TiO, semiconductor. The homogene-
ity of electrodes produced with a heating rate of 0.67 °Cs™' such
as 1S-AuCu/TiND and 1S-TiND is higher than that for materials
fabricated with the heating rate of 30 °C s~ '. The CPE component
describes the homogeneity and its increase corresponds to
increase of homogeneity.® It can be assumed that various

Table 5. Electrochemical impedance data for TIND.

Units 1F-AuCu/ 1F-AuCu/ 15-AuCu/ 15-AuCu/
TiND dark TiND vis TIND dark TIND vis Units 1F-TiIND dark  1F-TiND vis  1S-TiND dark 1S-TiND vis
Re Qem? 19.68 18.00 23.50 2136 Re Qcm? 25.00 25.00 33.43 32.89
Rer  Qem* 12508x10° 442510 7781 x10'°  1555x10° Ry Qem ¥ 2453x10°  2350x 10"  174.73x10° 14391 x 10
Q Fem ? 025x10° 032x10% 030x10° 036x10° Q Fem®  025x10°  030x10° 013x10° 014 x10°*
0.82 0.80 0.87 0.86 n 0.83 0.82 0.93 0.93
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heating rates have a significant impact on the crystallization behav-
ior of the Cu,0 and CuO shell. According to the literature, Cu,O
as well as CuO which are formed on the top of the NP can be
present in different crystal planes such as (111), (110) for
Cu,0," and (111), (002) for Cu0.* 7% Moreover, not only planes
but also grain size can change during various thermal treatment
conditions."*"! The electrochemical impedance spectra highly sup-
port the already-discussed photoelectrochemical activity (Figure 3).

3. Conclusion

In this work, we presented a fabrication procedure of AuCu
mosaic core-shell NPs directly formed onto the nanopatterned
Ti foil. The electrodes were fabricated by anodization of Ti foil,
chemical etching, magnetron sputtering of thin Au, Cu layers,
and thermal treatment in the rapid thermal annealing furnace.
The different annealing times and heating rates had a significant
impact on morphology, optical, and photoelectrochemical prop-
erties. The samples thermally treated for 1 min (short) had the
average size of AuCu NP of 2245 nm, whereas for 4h (long),
the average size was equal to ~77 nm. In the case of short
annealed samples, a clear absorption peak in the reflectance
spectra with maximum at 550 and 600 nm for 1F-AuCu/TiND
and 1S-AuCu/TiND is detectable, respectively. The shift can
be correlated not only with NP size but also with various local
structures of the Cu,0 | CuO junction, surface states, and crys-
tallographic orientation of copper oxides. However, long anneal-
ing of materials led to the formation of the flat reflectance
spectra. The highest photocurrent under visible light illumina-
tion was obtained for the short annealed electrode at the slow
heating rate (1S-AuCu/TiND) and reached 47.2 pA cm 2, which
is 77 times higher value than for pure TiND. Increasing the heat-
ing rate 45 times resulted in triple decrease in current density.
However, in contrast to photocurrent, the photon-to-current effi-
ciency was higher for fast-heated AuCu bimetallic electrode
which can be correlated with deeper midgap states in the elec-
tronic band surface controlled by different heating rates.

4. Experimental Section

Reagents: Titanium foil (99.7%, thickness: 0.127 mm, Strem), acetone,
ethanol, ammonium fluoride, ethylene glycol (99%, Chempur), and oxalic
acid dihydrate were used for the electrochemical anodization process. The
gold target (99.99%, Quorum Technologies) and copper target (99.99%,
Quorum Technologies) were used for magnetron sputtering,

Sample Preparation: First, the Ti foil was cut into 2 x 3 cm? plates and
ultrasonically cleaned in acetone, ethanol, and deionized water for 10 min.
Then such samples were used for the anodization process. That process
was conducted out in the two-electrode system, where Ti plate was an
anode and Pt mesh was a cathode. Electrodes were immersed in electro-
lyte that contained 0.27 M NH,F dissolved in a mixture composed of 1%
vol. deionized water and 99% vol. ethylene glycol. The anodization was
carried out in a cylindrical glass cell with thermostatic jacked with constant
temperature of 23 °C and consisted of two stages. The first one took 2 h
and the second one 6 h. At each stage, voltage of 40 V was applied between
electrodes. After the anodization processes, samples were rinsed with
water and immersed in 0.5% oxalic acid solution overnight to form Ti
nanodimples (TiND) by removing the top layer of TiO, nanotubes.
Then, TiNDs were covered by thin 5 nm Au or Cu layer using magnetron
sputtering (Q150T S system, Quorum Technologies). Next, materials were
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annealed in the rapid thermal annealing furnace (MILA 5000P-N). TiNDs,
Cu/TiNDs, and Au/TiNDs electrodes were thermally treated in four var-
iants: 1F-heating rate of 30°Cs™' for 1 min at 600°C, 4F-heating rate
of 30°Cs™" for 4 h at 600°C, 1S-heating rate of 0.67°Cs™"' for 1 min at
600°C, 4S-heating rate of 0.67°Cs™' for 4h at 600°C. Finally, Au/
TiND samples were covered by 5 nm Cu layer and annealed at 300 °C
for 30 min with heating rate of 30°Cs ' or 0.67°Cs ' (AuCu/TiNDs)
in the rapid thermal annealing furnace. In the manuscript, electrodes were
assigned as 1F-TiIND (30°Cs ', 1 minute), 4F-TiIND (30°Cs ™', 4 h), 1S-
TiND (0.67°Cs ™", 1 min), 4S-TiND (0.67°Cs ", 4 hours), 1F-AuCu/TiND
(30°Cs™", 1 min, AuCu), 4F-AuCu/TiND (30°Cs ™', 4 h, AuCu), 15-AuCu/
TiND (0.67°Cs ™", 1 min, AuCu), 45-AuCu/TIND (0.67°Cs™', 4 h, AuCu).

Computational Modeling: Atomic structures of Cu,0, CuO, Au, and
their heterojunctions were designed using a builder tool provided by
Atomistic ToolKit Quantumwise (ATK, Synopsys, USA) as reported in
ref. [42] DFT on the generalized gradient approximation (GCA) level of
theory with the Perdew-Burke-Ernzerhof (PBE) functional was applied
as implemented in the package. The linear combination of atomic
oOrbitals (LCAO) method**! with medium ATK basis set and Pseudo—
Dojo norm-conserving pseudopotentials were applied."*!! Density mesh
cutoff for most of the calculations was either 125 Ha or 140 Ha depending
on the system capability of the SCF convergence. The k-point mesh for
geometry optimizations was 4 x 4 x 4 and for optical spectra calculations
it was increased to 7 x 7 x 7. DFT —J bandgap correction procedure was
implemented for calculating band structures and optical spectra.*®
Reflectivity and absorption spectra were computed based on the suscep-
tibility tensor calculated from DFT orbitals using Kubo-Greenwood for-
mulat®! and periodic boundary conditions unless stated otherwise. The
first set of optical calculations involved pristine Cu,O with different crys-
tallographic orientations (100), (110), (117), (211), and (212). The second
set involved building small Cu,O | CuO junctions consisting of two adja-
cent unit cells with different orientations of Cu,0, keeping CuO orienta-
tion fixed at (100). These junctions were optimized with the threshold of
0.05eVAng . The third set involved withdrawing several frames from
optimization of CuO (100) | CuO (100) junction and computing optical
spectra for the resulting geometries. Finally, surface states of Cu,O (100)
were modeled as the slab consisting of two unit cells separated with the
20 Ang vacuum. Periodic boundary conditions were kept in the X and Y
directions, while the Z direction in the electrode end was set as Dirichlet
boundary conditions and on the vacuum end as von Neumann boundary
conditions. CBS of Cu,0 was calculated according to the procedure‘“" and
the bands were projected onto [001] direction (Z). Branching point
detected in the imaginary part of the plot was used to calculate the tunnel-
ing distance of the evanescent state according to the works.!*#

Prior to the PLDOS analysis and the photocurrent calculations, semi-
conductor Cu,O | CuO heterojunctions as well as triple Au | Cu,O | CuO
junctions were built and oglimized according to the procedure provided in
the ATK documentation.*?! Briefly, two electrodes consisting of a series of
unit cells were built and connected with each other through the scattering
region in between. The system was periodic in X and Y directions, but
Dirichlet boundary conditions were applied in the Z direction, which
was direction of the junction. In case of the double junction, bulk
Cu,0 and CuO were electrode extensions and the interface between them
was the scattering region. The structure obtained for the double junction
was used as a starting point for the optimization of the triple junction. In
case of the triple heterojunctions, bulk Au was the left electrode extension
and the bulk CuO was the right electrode extension. The scattering region
consisted of the interface between Au and Cu,0, followed by 3 nm layer of
the preoptimized Cu,O, finished by Cu,0 | CuQ interface. Optimization of
the assembled devices was performed in the several steps. First, electro-
des and scattering region were relaxed separately and then relaxed again
after assembly. PLDOS analysis was performed using nonequilibrium
Green's function (NEGF) methodology!'*'® in the Landauer-Buttiker
regime,"”) with PBE-GGA-calculated orbitals as an input. The k-point
mesh was set to 4 x4 x 150 for the DFT orbitals calculations and
7 x 7 % 150 for the PLDOS and photocurrents with 125 Ha density mesh
cutoff. Photocurrent was calculated for the every k-point and then averaged
to obtain a single value on the energy scale with 0.05 eV resolution.

© 2022 Wiley-VCH GmbH



ADVANCED

Energy Technology

Ginaration, Convursion, Storge, Darutice

SCIENCE NEWS

www

edscienc com

Sample Characterization: The morphology of the prepared samples was
investigated by a field-emission scanning electron microscope (FEI
Quanta FEG250) equipped with a2 secondary ET detector and with the
beam accelerating voltage kept at 10kV. The crystallinity was studied
by means of the XRD technique over the range of 20°-80° using Bruker
2D Phaser diffractometer with CuKa radiation and XE-T detector. The opti-
cal properties of the nanostructures were inspected using a UV-vis spec-
trophotometer (Lambda 35, Perkin-Elmer) equipped with a diffuse
reflectance accessory. The photoelectrochemical properties were mea-
sured using an Autolab PGStat 302N potentiostat-galvanostat in the
three-electrode assembly, where the modified electrode was the working
electrode, Ag/AgCl/0.1 M KCl served as the reference electrode, and a Pt
mesh was the counter electrode. The LV scans were performed from —0.8
to 4+0.8 Vwith ascan rate of 10mVs ™ in 0.1 m NaOH. The LV curves were
recorded in the dark and under illumination with a xenon lamp
(LOT-QuantumDesign GmbH) as a light source. The 3D map of the pho-
tocurrent density was registered by a photoelectric spectrometer (Instytut
Fotonowy) equipped with Xe lamp 150 W. The IMVS (instytut Fotonowy)
measurements were registered from 5mHz to 10 kHz under 455 nm light
illumination. IMPS (Instytut Fotonowy) measurements were performed
from 10 to 1000 Hz at +0.3, 0 and —0.3 V versus Ag/AgCl/0.1 m KC| under
455 nm light illumination. Electrochemical impedance spectroscopy meas-
urements were conducted at +0.3 V with frequency from 10 kHz to 0.1 Hz
covering 20 points per decade with 0.01V amplitude.
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Fig. S1 SEM images of a) 1F- TIND b) 1F-AuCu/TiND, ¢) 4F- TiND d) 4F-AuCw/TiND
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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 photoactivity?'®. Furthermore, Wang et al.’®® 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 Cu.O in hydrogen
atmosphere and H* implantation can effect on the hole carrier density and acceptor level?Y’.

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 Al 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 Al. 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 TiO> 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.
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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 TiO> but also Ti.Oz and non-stoichiometric titanium oxide
as Ti4072!8, 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 Cu'* 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 TiO, surface®’. 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 reaction??°, 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 KCI).

Electrode Atmosphere jis) / PA cm™ juv-vis) / pA cm™
Air 2.9 76.3
. Vacuum 0.5 22.3
AuCu/TiND Argon 0.4 34.4
Hydrogen 16.1 14.7
Air 1.7 139.6
. Vacuum 0.3 20.7
TIND 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 Cu®®’
(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 Cu.O or metallic Cu was present. However, in the case of the H-AuCu/TiND
electrode no Cu20 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 Cu20 in the upper surface layer. XPS measurements
of the Ti2p chemical states found TiO> and Ti.Oz 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.
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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 pA cm™). 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. Lipinska, Z. Bielan, A. Witkowska, J. Karczewski, K. Grochowska, E. Partyka-
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deposited on Ti platform: Effect of rapid thermal annealing on photoelectrochemical activity
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ARTICLE INFO ABSTRACT

Keywaords: In this work, we present the influence of annealing atmospheres during rapid thermal annealing (40 “C/s) on
AuCu panostructures nanostructured Ti platforms modified by 10 nm layer of AuCu alloy obtained via magnetron sputtering. The
Hydrogenation . AuCu/Ti platform annealed under hydrogen atmosphere exhibits the best photoelectrochemical activity under
z’;:::::l‘e”d’“""“ visible light, i.e. 27 times higher photocurrent than for pure Ti dimpled platform, and the lowest reflectance with
Photoactivity minimum at ca, 750 nm. Synchrotron radiation studies allow for inspection in three zones, such as the upper

(2-3 nm) and deeper (5-7 nm) surface layers as well as the bulk structure (12-15 nm). Taking into account
hydrogenated AuCu/Ti platforms gold presence was confirmed in the upper and deeper surface layers as well as
in bulk whereas Au,Cuy nanoalloy only in the deeper layer. In the case of copper, Cuz0 or Cu were distinguished
in the upper and deeper surface layers, where Cu''/Cuy, ratio reaches 70 % in the upper layer and drops to
about 40 % at a depth of 5-7 nm, Hydrogenation has a positive effect on photovoltaic performance by efficient
acceptor-donor configuration of AuCu doping on/into TiO; semiconductor showing its potential ability as
photoanode in solar cells.

1. Introduction bimetallic structures. Au-M nanoparticles’ (NPs) distribution, size as

well as oxidation states are subjected to changes with the synthesis pa-

Since the work of Haruta (1| in 1997, summarizing the dependency
of gold reactivity on the size of its particles, this material is continuously
used in electronics [2], sensors [3], diagnostics and medicine [4] as well
as catalysis [5]. Nanosized gold was also proved to reveal outstanding
absorption of light in broad wavelength range due to the presence of a
localized surface plasmon resonance (LSPR) [6]. However, availability
of this material is limited, thus, its price, among noble metals, is almost
the highest. Therefore, several solutions have been proposed in order to
decrease the amount of used gold (or even eliminate it from the mate-
rial) without loss in activity.

One of the most frequently used method is combining Au with other
metals (M), both noble [7-9] and transition [10-12], creating active

* Corresponding author.
E-mail address: wlipinska@imp.gda.pl (W. Lipifiska).

https://doi.org/10.1016/j.apsusc. 2! 8048

rameters differing. In the work of Golabiewska et al. [ 1 3], dependency of
calcination temperature and type of used reducing agent on AuPt
nanoparticles' size and AuPt-TiO,'s visible light activity was described.
When sodium borohydride was used as a reducing agent, obtained
nanoparticles were rather small (~7.3 nm) with the gold in Au™ form,
which had positive impact on the efficiency of phenol photodegradation.
Moreover, it was determined that the size of modifying nanoparticles
increased with elevating the calcination temperature. Similar studies
have been carried out by Cybula et al. [14]. They discovered that
changes of annealing temperature cause redistribution of Au and Pd
nanoparticles, going from the gold core palladium shell structure at
300 °C, through AuPd alloyed islands with different compositions, until
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full alloy at 700 °C. However, such reorganization leads to decrease of
material’s photoactivity for A > 420 nm over 5 times. In turn, Nazemi
etal. [15] proved, that the use of femtosecond laser at 808 nm allows for
analogous changes of metal domains in AuPd bimetallic nanorods,
enhancing their optical and electronic properties. Taking into account
photoelectrochemical activity, the Au-, Pd- and AuPd-decorated TiO;
photoanodes obtained higher photocurrents under visible light illumi-
nation and photoconversion efficiency than the pure TiOp [16].
Furthermore, such composition of bimetallic noble metals resulted in
higher photocurrent values in comparison to monometallic counterparts
(2 and 1.5 times higher than for Pd and Au, respectivetly). According to
Manchala et al. [17] the bimetallic AgAu plasmonic nanoparticles
deposited on graphene enhance photocatalytic water reduction process.
The AgAu-graphene material exhibits ca. 2 times higher photocatalytic
Hj production than Ag-graphene electrode and 1.4 times higher than
Au-graphene one. Haider et al. [18] reported that the photocatalytic
oxygen evolution reaction differs as a function of the ratio of Ag and Au
in AgyAuy/TiO; electrode. The Agy gAuy 4/TiO; composition exhibited
the best photocatalytic water oxidation performance, namely ca. 3 times
higher than for the monometallic counterparts. Among Au-M bimetallic
junction, the one with copper is often described in the literature as
promising due to the fact, that both materials reveal LSPR effect at
similar wavelength region [19]. Moreover, high activity of gold together
with high selectivity of copper lead to their efficient catalytic perfor-
mance in various reactions, e.g., COz electroreduction [20], alcohol
oxidation [21,22] electrochemical sensing [23] or water splitting [24].
However, as it was written by Sha et al. [25], the arrangement between
Au and Cu metal atoms is the most important factor for establishing
material which is as active as possible, In this regard, researchers
concentrated on developing fabrication routes of AuCu bimetal nano-
structures, together with their detailed structural examination.

Suzuki et al. [26] described AuCu bimetallic alloy synthesis by using
metals' magnetron sputtering directly onto ionic liquid. Further, using
heating in the temperature range of 323-573 K resulted in the alloy
transformation to L1y structure (tetragonal distortion of the fec struc-
ture), which is described as the most stable one. In turn, in the work of
Sakamoto et al. [27] AuCu bimetallic NPs, characterized by different
shapes and sizes were synthetized in continuous polymer film with the
use of 355 nm laser as an irradiation source. Due to the laser matter
interaction the reduction of the oxidation species can occur. Authors
found, that NPs dimensions are changing with their position in relation
to the centre of laser spot. In the most outer area from the spot centre,
characterized by lower irradiation intensity, the AuCu particles are
almost three times larger in size, comparing to those from the middle of
the laser spot. Certainly, this affects their physicochemical and optical
properties, together with their future applications. Moreover, changes in
AuCu structure could have appeared during the course of the catalytic
reaction. Liu et al. [ 28] carried out CO oxidation reaction where AuCu
NPs were used as catalysts, The in situ techniques including X-ray
diffraction (XRD), electron paramagnetic resonance (EPR), diffuse
reflectance infrared Fourier transform (DRIFT), and X-ray absorption
near edge structure (XANES) revealed changes in copper oxidation states
with process parameters (mostly temperature increasing) changes while
gold remained in 0 valent metal form. To the best of our knowledge
results related to synchrotron radiation studies of gold-copper structures
onto dimpled titanium foil and influence of structure as well as atomic
arrangement on photoelectrochemical activity have not been reported
before. Such studies allow for a better understanding of prepared elec-
trode material and confirm the assumption concerning the mechanisms
responsible for the enhanced photoelectrochemical activity. As con-
ventional approaches are often inadequate to thoroughly describe such
materials behaviour under incident light illumination, more sophisti-
cated techniques are of key importance to understand their physico-
chemical properties. Such knowledge is of great importance in
interpretation of material’'s behaviour when illuminated with light.

According to our previous works [29,30] we can compare the effect
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of two types of annealing procedures on electrochemical and photo-
electrochemical properties of AuCu-decorated dimpled surface (AuCu/
TiND). Despite the fact, that described samples were treated in similar
temperatures and annealing time their photoresponse differed signifi-
cantly. In the case of the preheated muffle furnace AuCu nanoparticles
could have experienced the thermal shock. Thermal treatment in muffle
furnace at 450 °C in air atmosphere resulted in high activity towards
oxygen evolution reaction (OER) at +0.8 V vs. Ag/AgCl/0.1 M KCI
assisted by visible light illumination. On the contrary, the AuCu/TiND
electrodes treated in rapid thermal annealing (RTA) furnace at 400 “C or
500 °C in air atmosphere with heating rate of 40 °C/s resulted in effi-
cient electron-hole pair generation under UV—vis light illumination. The
photocurrent was recorded in the wide potential range from —0.8 V to
+0.8 Vvs. Ag/AgCl/0.1 M KCI.

In this work we used rapid thermal annealing furnance (40 °C/s).
However, in contrast to our previous work where annealing was per-
formed only in air, here we tested four different annealing atmospheres:
air (A), vacuum (V), argon (AR) and hydrogen (H). The study showed
that annealing atmosphere strongly influences on photoelectrochemical
activity of AuCu nanostructures deposited on Ti dimpled platform. Ob-
tained AuCu-decorated dimpled surface were, for the first time, char-
acterized by X-ray absorption spectroscopy (XAS) with the use of total
electron-yield (TEY) and total fluorescence-yield (TFY) detectors.
Moreover, distribution and oxidation states changes of Au and Cu were
verified using X-ray photoelectron spectroscopy (XPS) with different X-
ray energies, allowing for chemical composition’s depth profile deter-
mination. The X-ray spectroscopy measurements were performed at the
PHELIX beamline at the National Synchrotron Radiation Centre
SOLARIS in Cracow (Poland), Detailed knowledge of nanostructure al-
lows to propose the energy diagram of the whole material and indicating
the charge transfer supporting the improved photoconversion. The un-
derstanding of the structure details supports elaboration of synthesis
procedure towards more efficient materials used for advanced solar cells
of the future.

2. Experimental
2.1. AuCu elecirode fabrication

The Ti foil was cut into 2 x 3 cm? pieces and ultrasonically cleaned in
acetone, ethanol and water, for 10 min in each. Then the electro-
chemical anodization process was carried out in two-electrode system
where Ti plate was the anode and Pt mesh was the cathode. The elec-
trolyte contained 0.27 M NH4F dissolved in a mixture composed of 1 %
vol. deionised water and 99 % vol. ethylene glycol. The process was
carried out in the thermostated glass cell with a temperature of 23 °C
and at a voltage of 40 V. The anodization process was repeated twice and
after each of anodization TiO; nanotubes were chemically etched in the
oxalic acid solution in order to form Ti nanodimples (TiND). Subse-
quently, titanium nanodimples were covered by 10 nm AuCu layer using
magnetron sputtering machine (Q150T § system, Quorum Technolo-
gies). The thickness was controlled by quartz microbalance weight. For
this purpose the AuCu target was used with the composition of Au50/
Cu50 At % (Goodfellow). Afterwards, electrodes were thermally treated
in the Rapid Thermal Annealing furnace (MILA 5000P-N) at 600 “C with
heating rate of 40 °C/s for 30 min in different atmospheres (air, vacuum,
argon and hydrogen). Labels assigned to the obtained electrodes are
gathered in.

Table 1. Moreover, the schematic diagram of the electrode prepa-
ration is presented in Fig. 1 (NTs — nanotubes, L - layer).

2.2. Samples characterization techniques
The morphology of the electrodes was investigated using a field

emission scanning microscope (SEM) (FEI Quanta FEG250) equipped
with an ET secondary detector while the beam accelerating voltage was
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Table 1
Description of obtained samples.

Sample Annealing atmosphere  Thickness of sputtered AuCu film [nm]
A-TIND Air -

A-AuCu/TiND Air 10

V-TiND Vacuum -

V-AuCu/TIND Vacuum 10

AR-TIND Argon -

AR-AuCu/ Argon 10

TiND
H-TIND Hydrogen -
H-AuCu/TiND Hydrogen 10

kept at 10 kV.

The UV-vis reflectance spectra of nanostructured titanium platform
(TiND) and AuCu modified titanium (AuCu/TiND) were measured with
spectrophotometer (Lambda 35, Perkin-Elmer) equipped with an
accessory for reflectance spectra registration.

The crystal structure was measured by X-ray diffraction (XRD)
technique over the range of 20-80° using Bruker 2D Phaser diffrac-
tometer with CuKa radiation and XE-T detector.

NEXAFS (Near Edge X-ray Absorption Fine Structure) and XPS (X-ray
Photoelectron Spectroscopy) measurements were performed at the
PHELIX beamline of the SOLARIS synchrotron in Cracow (Poland) [31].
The source of soft X-rays (available photon energy range 50-1500 eV) is
an elliptically polarizing undulator APPLE II type with permanent
magnets. All experiments were performed under UHV conditions.
NEXAFS spectra at the Au N-edges (340-360 eV), Cu L-edges (925-960
eV), Ti L-edges (450-475 eV) and O K-edge (525-555 eV) were collected
in total electron yield (TEY) and total fluorescence yield (TFY) modes,
thus obtaining information from different sampling depths. Before the
analysis, spectra were normalized to the incident beam intensity. XPS
measurements were performed with an electrostatic hemispherical
analyser manufactured by SPECS GmbH, PHOIBOS 225, characterized
by energy resolution better than 2 meV. The Au4f, Cu2p, Ti2p and Ols
spectra were measured using monochromatic radiation chosen from the
range between 600 eV and 1300 eV. By tuning the energy of the X-rays
one can further adjust the penetration depth. Thus, in the case of the
studied materials registering photoelectrons with 100-1000 eV of ki-
netic energy, we were able to obtain depth profiles of the bond chem-
istry and sample composition reaching up to around 15 nm into the
sample. The schematic representation of nanomaterial zones is shown in
Fig. 2. For quantitative analysis the following atomic sensitivity factors
were applied [28]: ASF(Au4f;5) = 1.9; ASF(Cu2p3,2) = 4.3; ASF(Ti2p3,
2) = 1.1; ASF(O1s) = 0.63.

The electrochemical and photoelectrochemical measurements of
TiND and AuCu/TiND samples, such as cyclic voltammetry (CV) and
linear voltammetry (LV) were conducted using AutoLab PGStat 302 N
potentiostat-galvanostat. The measurements were carried out in 3
electrode arrangement where reference electrode was Ag/AgCl/0.1 M
KCl, Pt mesh acted as counter electrode while investigated materials
took the role of the working electrode. This set of electrodes were
introduced into the special electrochemical cell equipped with quartz
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window transparent for the UV light. The photoelectrochemical mea-
surements were conducted using xenon lamp (LOT-QuantumDesign
GmbH) equipped with AM1.5 filter. The irradiation intensity was set to
100 mWem ™2 and calibrated using Si reference cell (Rera). For obtaining
only visible light region, the cut-off filter (Schott, 420 nm) was used. The
CV and LV curves were registered form —0.8 V to +0.8 V vs. Ag/AgCl/
0.1 M KCl in deaerated 0.1 M NaOH solution. The CV scans were
recorded with 50 mV/s scan rate while LV from cathodic towards anodic
direction with 10 mV/s.

3. Results and discussion
3.1. Crystal structure
Crystal phase composition of samples was checked using X-ray

diffractometry and obtained results are presented in Figs. 3 and 4. For
unmodified TiND, the dominant TiO; phase was rutile, with the main

upper surface layer
2-3nm

deeper surface layer
5-7 nm

bulk
12-15 nm

Fig. 2. Schematic representation of nanomaterial zones that were considered
during synchrotron studies.
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Fig. 3. XRD patterns of the titanium nanodimples (TiND) electrodes annealed
in four different atmospheres (air, vacuum, argon, hydrogen).
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Fig. 1. The diagram of the preparation of Ti nanodimples modified with AuCu showing all steps from anodization, chemical etching, magnetron sputtering to rapid

thermal annealing in different atmospheres.
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Fig. 4. XRD patterns of the AuCu-decorated dimpled platforms (AuCu/TiND)
annealed in four different atmospheres (air, vacuum, argon, hydrogen).

peak at 27.2°, corresponding to (110) crystalline plane. Low intensity
anatase peaks at 37.8° (004) and 52.5° (105) are also visible. What is
important, the annealing atmosphere had significant impact on the
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titania crystalline phase. While in the sample prepared in air the rutile
and anatase peaks are sharp and intense, for V-TiND material their
presence is almost negligible. This could be related to lack of oxygen in
the RTA furnace during annealing process and, as a consequence, stoi-
chiometric titanium dioxide is not formed. Remaining peaks, located at
34.9°, 38.1°, 39.9°, 52.7°, 62.8°, 70.3°, 75.9° and 76.2° could be
attributed to (100), (002), (101), (102}, (110), (103), (112) and
(201) Ti substrate’s planes, respectively. After magnetron sputtering of
AuCu layers and annealing of samples under given atmospheres,
meaningful changes could be seen (Fig. 4). First of all, for the set of
AuCu/TiND samples, a single signal originating from gold at 44.1° is
visible, confirming its presence in the material [32]. Moreover, for
AuCu/TiND annealed in hydrogen an AuCu NPs alloy was formed,
which is confirmed by two peaks at 21.6° (001) and 30.8° (110),
similarly to the work by Wang et al. [33]. Whereas, the same peaks for
AuCu/TiND material annealed in vacuum and argon might correspond
to non-stoichiometric titanium oxide Ti407 and brookite phase [34,35].
Interestingly, the change in the oxidation state of titanium could be
observed for V-AuCu/TiND and AR-AuCu/TiND. After annealing of
AuCu/TiND in argon gas, the TiO, phase was almost completely reduced
to TizO3 in comparison to AR-TiND sample where TiO, was present. In
turn, after vacuum treatment both TiO (rutile and anatase) as well as
TizO3 were created, while none of those phases occurred before. Pre-
sented in Fig. 4, TiO3 peaks at 23.6°, 32.7°, 34.9" and 48.7", attributed
to (012), (104), (110) and (024), respectively, are in agreement with

Fig. 5. SEM images of AuCu-decorated dimpled surface annealed in a) air (A-AuCu/TiND), b) vacuum (V-AuCu/TiND), ¢) argon (AR-AuCu/TiND) and d) hydrogen

(H-AuCu/TiND).
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the literature [36,37]. Finally, for A-AuCu/TiND sample no phase
changes are observed, although the intensity of TiO; peaks increased,
which proves the increment of material's erystallinity.

3.2, Morphology

The series of the fabrication steps led to the electrode material. Due
to the anodization well-ordered titania nanotubes are formed (Fig. 51a),
and as expected after their selective removal, the titanium substrate
exhibiting dimple like structure (Fig. S1b). According to the final steps of
the procedure the AuCu thin film was sputtered and rapid thermal
treatment was carried out that significantly changes both morphology
and electrochemical properties.

Following that, morphology shown in Fig. 5 does not really provide
the initial geometry of structured titanium foil. TiND is characterized by
the cavities of 85 + 3 nm in diameter and 7 + 1 nm in depth. The details
regarding substrate material are reported in [2]. After deposition of
AuCu layer and subsequent annealing at 600 °C in different atmo-
spheres, the characteristic dimples are not visible. In the case of RTA-
treatment in air, the spherical AuCu particles are obtained while for
argon some spindle-shaped particles are formed (Fig. 5 a and ¢). For
vacuum and hydrogen atmospheres, there are no distinct particles
(Fig. 5 b and d). In the case of both Au and Cu, the dewetting of thin
layers is strongly dependent on film thickness, substrates and the con-
ditions in which the process occurs. It was already proven that the
annealing atmosphere can influence the dewetting process by changing
the anisotropy of the deposited film [38]. Moreover, the oxidation, i.e.
thermal treatment in oxidizing atmosphere, can induce the inhibition of
dewetting process [39]. While in the case of gold annealed in the air we
obtained nanoparticles filling the whole interior of each nanodimple, the
gold-copper nanoparticles seem to be more randomly distributed over
the entire sample area [29]. This can lead to the conclusion that indeed,
in our case the thermal process is slowed down. In the literature, it was
also reported that thermal treatment of copper in oxidizing environment
results in more spherical shapes while in reducing one in more flatten
ones [40]. Whereas the dewetting of the gold thin films seems to lead to
spherical nanoparticles independently on the applied atmosphere [41].
Taking those findings into account, we believe that atmosphere is of key
importance in controlling dewetting process.

3.3. Optical properties

The UV-vis spectra of obtained materials are shown in Fig. 6. First of
all, the change in reflectance spectra is already easily observed for the
substrates thermally treated in various atmospheres (see Fig. 6 a). Ac-
cording to our previous work [42] structured titanium foil (see Fig. S1b)
absorbs mainly in the UV region while for wavelengths above 400 nm

100
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c
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2
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oz 204
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the absorption drops significantly. The absorption in the UV region is
caused by the presence of thin passive TiO; oxide layer on the TiND
electrode surface. Moreover, thermal treatment of TiND at 450 “C and
600 °C can shift the absorbance maxima from 340 to 460 nm, respec-
tively, due to the changes of the dimple dimension [29]. In this work all
materials were annealed at the same temperature that equals 600 °C,
however, ling atmospl was changed. Rapid thermal treatment
of prepared TiND platforms in various atmospheres changed the shape
of the spectra indicating either changes in nanodimples geometry as well
as crystalline phase of oxide layer (Fig. 6 a). After the deposition of AuCu
film and dewetting, the reflectance for all the samples decreases in the
whole wavelength range (Fig. 6 b). Moreover, no distinct peaks that
could be related to plasmon resonance of gold-copper nanoparticles are
seen for obtained samples while at least for air-annealed one could
expect their appearing. According to literature the SPR band for Au and
Cu can be located at ca. 510 and 580 nm, however, it should be high-
lighted that the absorbance spectra significantly depend on the platform
where NPs are immobilized [29]. Similar shape of spectra as seen in
Fig. 4b, although with some small plasmon resonance band, was also
reported by Petrovic et al. [43] for AgCu nanoparticles. The lack of
plasmon band for Au and Cu can be attributed to heating at high tem-
peratures and oxidation of copper [44].

3.4. Photwelectrochemical activity

The electrochemical and photoelectrochemical properties were
taken as a main criterion for the sample selection. At the beginning, the
electrochemical activity of the materials was tested using cyclic vol-
tammetry (see Fig. 52). The measurements were carried out in the range
from —0.8 to +0.8 V in 0.1 M NaOH (pH = 13), knowing about the
significant effect of the annealing atmosphere in the anodic range
(Fig. 52). This effect can be observed even for bare substrates. After
annealing in vacuum, the samples show rapid increase of current and
lowering of the electrochemical overpotential in the anodic regime that
is typical for the improved water splitting process [45]. According to Pei
et al. [46], the presence of defects plays important role in the catalytic
activity. They also indicated that apart from the higher carrier density,
the presence of coordination-unsaturated titanium sites affects the
facilitated molecular diffusion of oxygen along the conducting crystal
channels of non-stoichiometric oxide structure. The highest current
density at +-0.8 V was recorded for the bare nanodimples annealed in
argon suggesting, that available titania surface area is crucial in this
process rather than AuCu species. Additionally, due to the annealing in
the oxygen free atmosphere, obtained Ti dimpled samples exhibit larger
capacitive current attributed to the enhanced carrier density and
increased density of hydroxyl group on TiO; surface [47]. Here, such a
phenomenon is also present, however due to the very low Ti dimpled
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Fig. 6. Reflectance spectra of a) titanium nanodimples (TIND) and b) titanium nanodimples modified by AuCu (AuCu/TIND) rapidly annealed in different atmo-

spheres (air, vacuum, argon, hydrogen).
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surface area (TiND do not exhibit as large developed surface area as
nanotubes}, this increase is not prominent.

The electrochemical characterization of materials exposed to the
solar radiation provides results, where much more features of materials
should be considered and photoactivity is not only determined by its
light absorption. Considering visible light range (Fig. 7 a), the photo-
current recorded for AuCu/TiND annealed under hydrogen atmosphere
(H-AuCu/TiND} is outstanding. When the sample was irradiated with
light =420 nm, the current density at +0.3 V vs. Ag/AgCl/0.1 M KCl was
equal to 16 pA/em?. Itis ca. 27 times higher than photocurrent density
for the bare TiND sample thermally treated in hydrogen (Fig. 7 b). In the
case of photocurrent recorded under UV-vis illumination the highest
photoactivity was obtained for both bare and AuCu decorated dimpled
surface annealed in air atmosphere (Fig. 7 ¢,d) reaching 140 and 76 pA/
em?, respectively. In order to carry on insightful analysis of the observed
photoactivity, detailed structural studies were carried out with the
support of the synchrotron radiation.

3.5, Chemical nature of samples

Structural investigation of the samples prepared in various atmo-
spheres was performed by soft X-ray absorption spectroscopy (XAS).
Oxidation state of elements, their local environment, valence and con-
duction bands nature are given in Fig. 8, providing analysis and un-
derstanding of the NEXAFS Au N-edges, Cu L-edges, Ti L-edges and O K-
edge spectra.

Fig. 8 a presents Au N-edges measured in TEY and TFY modes. The
spectra recorded in TEY mode confirmed the presence of gold in the
upper surface layer, ie. in the depth of 2-3 nm, in all AuCu/TiND
electrodes. These results are in accordance with XRD measurements
where gold was visible for all AuCu,/TiND materials (Fig. 4). However,
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using bulk sensitive measurement mode (TFY) gold can be observed only
for air- and hydrogen-annealed AuCu,/TiND samples. Furthermore, in Cu
L-edges spectra, shown in Fig. 8 b, for A-AuCu/TiND electrode copper
was detected in the form of CuO on the surface (TEY mode) and Cus0O or
metallic Cu in bulk (TFY mode). In the case of H-AuCu/TiND sample on
the surface Cuz0 or metallic Cu was found. For the other types of the
samples any XAS signals at the Cu L-edges range neither in the surface
nor in the bulk were distinguished.

In the case of titanium(IV) oxide, the conduction band {probed by the
XAS experiment) is formed by Ti3d, 4s, 4p and O2p orbitals. Octahedral
symmetry of surrounding oxygen atoms induces the crystal field inter-
action to split Ti3d orbitals into two sub-bands, namely t;; and e;. Due to
the specific orientation of Ti3d orbitals toward 2p orbitals of sur-
rounding oxygen atoms the relative intensity of the proper e; and tgg
transition lines (viewed in both O K-edge and Ti L-edges spectra) is
highly sensitive to the local structure and coordination. Thus, in Fig. Be,
a comparison of O K-edge spectra of all studied samples is shown. The
spectra are characterized by two relatively sharp features in the pre-edge
region, ie., lines at 530.5 eV and 533.3 eV (labelled as ty; and ey,
respectively), related to the electron transition from O1s to the hybrid-
ized orbitals of the O2p and Ti3d states sensitive to the short-range order
(as mentioned above) and three features at higher energy range, ie.,
lines at 539.4 eV, 542.4 eV and 545 eV, attributed to the transition from
0O1s state to O2p state with partial contribution of Tids and 4p states,
sensitive to the long-range order. All the spectra compared in Fig. 8c are
very similar, indicating that the electronic structures of all samples are
alike. Detailed analysis of the line presence, position and lines relative
intensity between tu, and e, features leads to the conclusion that on the
surface of all electrodes titanium({IV) oxide exists in a form of rutile TiOy
[48,49]. Moreover, small but still visible difference in a peak broadening
between samples prepared in various atmospheres can be noted. The
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Fig. 7. Linear voltammetry curves for pure (TiND) and AuCu-decorated titanium nanodimples (AuCu/TiND) annealed in various atmospheres (air, vacuum, argon,

hydrogen) registered in deaerated 0.1 M NaOH (10 mV/s).
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Fig. 8. XAS spectra collected in TEY mode for all studied pure and AuCu-decorated titanium nanodimples (AuCu/TiND): a) Au N-edges, b) Cu L-edges, c) O K-edges,
d) Ti L-edges. Insets in panels a) and b) show results of TFY measurements, whereas inset in panel c¢) shows magnification of pre-edge region for argon

annealed electrodes.

broadening effect is related to the local structure ordering, where the
higher broadening means the lower ordering in bond length and angle
distributions. The bond length, defined as the shortest distance to a
neighbouring atom, can be disordered as the average distance from two
atoms increases or decreases, resulting in metastable positions. The
analogous situation, whereas, with the change of angle between two
atoms, takes place for angle distribution. For AuCu electrode modified in
both argon and hydrogen atmospheres, the local structural order in-
creases compared to pure TiND electrodes obtained in these atmo-
spheres. At the same time the photoactivity of these materials increases
in UV-Vis and Vis, respectively. Additionally, a slight shift of ta; and eg
features position can be noted in the case of electrodes annealed in argon
atmosphere. The shift in the range of 0.2-0.3 eV towards higher energy
was noted for AuCu modified sample. This can be attributed to slightly
larger band gap than in pure TiND. Such phenomena might be respon-
sible for higher photoelectrochemical activity of AR-AuCu/TiND elec-
trode than AR-TiND sample in UV-vis light illumination.

In Fig. 8 d Ti L-edges spectra collected in TEY mode are presented.
Six absorption lines can be distinguished in the spectra (marked Cs, D3,
Es, Cz, Dy and E; in the figure) which are the result of the spin-orbit
splitting mentioned above (2p3,; and 2p; 5 orbitals, L3 and Ly-edge re-
gion, respectively), crystal field splitting into e and ty orbital and
additional e, states splitting due to distorted octahedral symmetry.
Detailed inspection and analysis of all these spectra features clearly
confirm the formation of TiO, rutile phase on the electrodes surface

[48,49]. Furthermore, the visible splitting phenomenom of e, state in Ly-
edge region indicates that titanium octahedral environment is distorted.
Energy separation between both e; components (D3 and Ej lines) can be
interpreted in terms of distortion from ideal Oy symmetry [48,49]. In the
case of pure rutile this splitting is equal to 1.2 eV [46], however for
studied samples it reaches 0.9-1 eV. This indicates that Ti atomsin TIND
and AuCu/TiND are slightly more ordered than in bulk pure TiO; rutile.

Fig. 9 shows the XPS spectra for AuCu/TiND samples prepared in
various atmospheres by collecting photoelectrons with a kinetic energy
of 320-370 eV, which gives depth sensitivity to 7 nm under the surface
layer. It is widely known that line related to 4f electrons of metallic gold
have a binding energy equals to 84 eV. However, when the gold forms
alloys with copper this binding energy shifts towards higher value with
the copper content increment. Thus, according to Fig. 8 a it can be noted
that metallic gold or AuxCuy alloy with dominant content of gold is
present in A-AuCu/TiND electrode. On the other hand, for H-AuCu/
TiND sample Audf lines shift towards more positive energy values
indicating a higher Cu content in investigated nanoalloy. However, in
both cases AuCu phase canbe considered as a gold-rich phase. Dueto the
fact, that the XPS signal comes from the deeper surface layer (ca. 7 nm)
in contrast to XAS measurements (ca. 2-3 nm) the Au component is not
detected for V-AuCu/TiND and AR-AuCu/TiND electrodes. Regarding
Cu2p spectra for A-AuCu/TiND and H-AuCu/TiND electrodes, Cuy0 as
well as metallic Cu signals, located at 932.6 eV and 932 eV, respectively,
were registered. Additionally, in A-AuCu/TiND electrode small
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Fig. 9. XPS spectra of AuCu-decorated dimpled platforms (AuCu/TIND) prepared in
photoelectrons with 320-370 eV of kinetic energy (studied sample depth - 7 nm).

contribution of CuO phase is still visible at this depth. Combining XAS
observation (see I'i. 8b) and quantitative XPS spectra analysis, it can be
suggested that for air annealed AuCu material in its upper surface layer
only CuO phase exists. Going deeper into the surface layer, the content
drops to about 20 %, with Cu"'/Cuy, ratio reaching about 70 %, while
only CuzO and metallic Cu are present in the bulk. In the case of H-
AuCu/TiND samples, Cup0 and metallic Cu phases are present in the
upper and deeper surface layers, but not in a bulk (see Fig. 7b, TFY XAS
measurement). In the O1s spectrum lines located at 532 eV and 530 eV
confirmed the presence of O—H and O—Ti interactions, respectively
(Fig. 9 ¢). In the case of titanium, two Ti2p chemical states were
distinguished (Fig. 9 d). The line located at 458.8 eV confirmed the
presence of TiD,, whereas line located at 457 eV indicates Tiz03 oxide.
For the V-AuCw/TiND electrode both bands related to O1s and Ti2p
photoelectrons are shifted toward higher values which proves the
presence of oxygen vacancies [46].

Due to the fact that AuCu hydrogenated electrode showed the best
photoelectrochemical activity (see Fig. 7 a) the detailed depth-profile
XPS data analysis was performed for this sample and obtained results
are shown (Fig. 10) and discussed in details below. The depth profiles of
A-AuCu/TiND, V-AuCu/TiND and AR-AuCu/TiND samples for Ti2p
spectra are also presented in Fig. 53,

The inspection and quantitative analysis of Au4f and Cu2p lines for
H-AuCu/TiND sample indicate that two Au-based components, such as
metallic gold and gold-rich AuCu alloy can be distinguished in AuCu
phase. Moreover, itcan be assumed that this phase has layered structure.
In the topmost layer (up to about 5-7 nm, top two spectra in Fig. 10 a)

Intensity a.u

470 468 466 464 462 480 458 456 454 452
Binding Energy / eV

various atmospheres for a) Au4f, b) Cu2p, ¢) O1s, d) TiZp, obtained by collecting

AuCu gold-rich alloy dominates among Au-based components. This
conclusion is supported by the shift of Au4f line towards higher binding
energy value. On the other hand, metallic Au is dominant in the bulk
part, which is confirmed by XAS measurements (see Fig. & a and b, TEY
and TFY results). Moreover, additional phenomena that arise as a red
shift of photoelectron lines in Au4f spectra in bulk part (collected for
higher beam energy) can be explained as an effect of hydrogen treat-
ment and interaction between gold and supporting titanium dioxide
[50]. Summing up, it is possible to observe two competitive processes
responsible for Au4f spectrum structure such as blue shift caused by
AuCu presence in the sample and the red shift caused by interaction
between gold and hydrogen atmosphere and/or TiOz As it was
mentioned previously, the Cu2p spectra decomposition indicates that up
to about 5-7 nm metallic Cu and Cu™' are still present in the sample.
Furthermore, the Cu'!/Cuyy ratio reaches 70 + 5 % at the surface and
drops to about 40 % at a depth of about 7 nm.

Deconvolution of Ti2p region shows presence of TiOy and TizOy
located at 458.8 eV and 457 eV, respectively (Fig. 10 d). However, that
components are not the only ones that could describe properly the
spectra structure like high energy tail of 2py line and broaden 2p; 2
line. In order to obtain good fit, the interaction between titanium oxides
with gold (TiOy/Au) should be taken into account as well as the influ-
ence of hydrogen atmosphere (Ti-OH). Furthermore, the Ols lines
located at 532 eV and 530 eV describe O-H and O-Ti interactions,
respectively (Fig. 10 ¢). Thus, these spectra confirm various titanium
oxides presence in the sample and decreased influence of hydrogen on
the deeper material layers, up to 15 nm depth (limit of XPS depth
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profiling used in this work).

According to F'ig. 7a the best photoelectrochemical activity for H-
AuCu/TiND electrode under visible light mostly can be correlated with
the presence of Cuy0 in the upper surface layer (Fig. 8b). Furthermore,
presence of gold in upper, deeper surface layers and in the bulk also can
lead to increase of photocurrent response. According to literature [51 |
localized surface plasmon resonance of Au can facilitate charge carrier
generation for Cuz0 on the Au/Cuz0 nanostructures. Furthermore, the
tunnelling of electrons through the Schottky barrier in Au/TiO; inter-
face affects the photoactivity [52]. It should be noted that the injection
of mnnelling electrons is strongly influenced by Au dimensions where
3-4 nm NPs show the highest activity as well as the number of Ti**
atoms located at the Au/TiO; interface. Regarding the morphology,
there were no distinct particles on the H-AuCu/TiND electrode surface,
however, synchrotron radiation studies confirmed the presence of gold
on the electrode surface. It might happen that due to the very small size
of Au nanoparticles they are hard to be distinguished during SEM in-
spection. However, according to Fig. 10a the red shift of photoelectron
lines in Audf curve indicates the interaction between gold and titanium
dioxide which was not recorded for other materials. This can be one of
the manifestations how they can take part in tunnelling process.

For better understanding of this material the schematic energy band
diagram and the visualisation of cross-section for AuCu-decorated Ti
nanodimples annealed in hydrogen atmosphere are presented in Fig. 11,
When the H-AuCu/TiND electrode is illuminated by visible light the
electrons from valence band of Cuy0 are excited to the conduction one.
The photo-generated electrons from Cuy0O are transferred to Cu, AuCu
and Cu materials. Firstly, it should be noted that, metallic nanoparticles
have discrete valence band states in contrast to bulk metals and because
of that Au, AuCu and Cu nanoparticles are also responsible for electron-
hole pair generation. Secondly, noble metal nanoparticles exhibit sur-
face plasmon resonance and in consequence generation of hot electrons
explained by Landau damping phenomena or plasmon induced resonant
energy transfer occurs (53], Thirdly, small Au nanoparticles can take
part in tunneling process through titanium dioxide. In the end, all photo-
generated electrons are transferred to TiO; and finally Ti platform acting
here as current collector [54].

In the case of UV-vis illumination, the bimetallic AuCu electrode
annealed under argon atmosphere obtained higher photocurrent than
TiND sample thermally treated in the same conditions (Fig. 7 ¢,d). The
photocurrent for the AR-AuCu/TiND sample reaches 34 pA/em?,
whereas for the AR-TiND is equal to 18 pA/cm?, According to our pre-
vious article [50] TiOs NTs modified by AuCu nanoparticles annealed in
argon atmosphere exhibits higher photocurrent under UV-vis illumi-
nation than pure TiO,NTs annealed in the same atmosphere which was
explained as the influence of increment of donor density in AuCu
modified sample. The higher photocurrent of the H-AuCu/TiND and the
Ar-AuCu/TiND electrodes than for the TiND, under vis and UV-vis
illumination, can be associated with the increase in the local structural
order of AuCu modified samples (Fig. & ¢) due to the positive effect of the
nanostructural order on electron transport in crystalline lattice [55],
However, the highest photocurrent tracked under UV-vis light among
all electrodes, including both bare and AuCu decorated Ti nanodimples,
was obtained for samples annealed in air, According to XRD measure-
ments, the most intense TiO; peaks, providing information about the
degree of material's crystallinity, were obtained for materials annealed
in air atmosphere. Furthermore, for the A-AuCu/TiND electrode the
presence of gold in upper, deeper surface layer and in bulk, as well as
Cu0, Cuz0 and Cu can influence photocurrent values. Analysing those
data we should therefore distinguish two light conditions and take into
account the shape of the reflectance spectra. Hydrogenated AuCu/TiND
exhibits the lowest reflectance at ca. 750 nm that supports its
outstanding performance, while TiND treated in air exhibits the lowest
value of reflectance in UV range. Taking into account the results pre-
sented in this work it was explained that annealing atmosphere used
during fabrication of bimetallic AuCu nanostructures strongly affects

Applied Surface Science 638 (2023) 158048
their chemical compaosition and photoelectrochemical activity.

4. Conclusion

In this work we presented the influence of various atmospheres such
as air, vacuum, argon and hydrogen during rapid thermal annealing
(40 °C/s) on morphology, chemical composition as well as photo-
electrochemical activity of AuCu modified nanostructured Ti platforms.
The highest photocurrent density under visible light illumination was
obtained for AuCu hydrogenated material (16 pA/cm?®) which is 27
times higher than for nanostructured Ti platform covered by thin TiOy
passivation layer. The reflectance minimum for the H-AuCu/TiND
sample was located at 750 nm. However, AuCu/TiND and TiND elec-
trodes thermally treated in air atmosphere showed the highest photo-
current under UV-vis illumination, reaching 76 and 140 j.I.A/ClIlz,
respectively. It should be noted, that reflectance minimum for the A-
AuCu/TiND sample was located at 370 nm supporting the photo-
electrochemical activity under UV-vis light. Synchrotron radiation
studies allow to distinguish three components’ layers, such as upper
(2-3 nm) and deeper (5-7 nm) surface layers as well as bulk (12-15 nm).
These areas are located at different depths from which the signal was
collected. For the AuCu-decorated Ti nanodimples annealed in hydrogen
atmosphere, gold in different arrangement was detected in upper and
deeper surface layers as well as in the bulk. In the deeper surface layer
the Au,Cuy nanoalloy was present. Furthermore, Cuz0 or Cu were found
in upper and deeper layers. However, the copper/copper oxide was not
detected in the bulk. In the case of the AuCu/TiND electrode thermally
treated in air atmosphere gold also was present in upper and deeper
surface layers as well as in bulk. Regarding copper, CuO was distin-
guished in the surface layers, whereas CuzO or Cu in bulk. Summing up,
studies of materials with techniques based on the synchrotron radiation
provided a massive amount of information about material composition
at the nanoscale that was valuable in interpretation of behaviour of
material exposed to light.
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Fig.S1 SEM images of a) TiO; nanotubes, b) TIND samples.
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Fig. S2 Cyclic voltammetry curves recorded for electrode materials in 0.1 M NaOH, 50 mV/s.
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Fig.S3 XPS Ti2p spectra presenting depth-profile of AuCu/TiND samples
prepared in various atmospheres: a) air, b) vacuum, ¢) argon.
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7.5 Impact of various atmospheres during rapid thermal treatment of TiO:2
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 nanowires?:

. 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
processes???,

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 Al 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 KCI (see Figure 58d). TiO>NTs 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
Al-A4 is composed of thin passivation layer of TiO> present on the electrode surface, whereas,
nanotubes are all made of titanium dioxide. According to Xiao et al.??® 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 TiO> 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
activity?®*?%, 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 NHF dissolved in 1.3 % vol. HF,
6.2 % vol. H,O 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.

AuCu alloy
MAGNETRON

ANODIZATION

450°C

anneaLnG O /S

RAPID THERMAL

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 alloy!*!,
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AuCu alloy?*®, CuO and Cu(OH)2CuCO3!® on the AR-10AuCu/TiO2NTSs electrode surface,
with peaks at 931.4 eV, 932.5 eV, 933.7 eV and 935.0 eV, respectively (Figure 60Db). 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.
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35 ] AR-10AUCWTIO,NTs

AR-10AuCuU/TiIO,NTs

30 -
25 -
20 /
154
104

5

Reflectance / %

Intensity / arb.units S

e

300 400 500 600 700 800 900 1000 960 955 950 945 940 935 930
Wavelength / nm Binding energy / eV
Figure 60. a) Reflectance spectra for pure TiO2NTs and AuCu decorated TiO2NTs
annealed in argon, b) XPS high resolution spectra of AR-10AuCu/TiO2NTSs 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/AgCI/0.1M KCI. As can be seen, under UV-vis light illumination the AR-10AuCu/TiO-
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 nA cm under visible light at the potential of -0.2 V. It should be noticed that pure TiO,NTs
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
layer??’. 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 KClI can be interpreted as oxidation of Cu to Cu>O 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.
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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 pA cm?and 37 pA cm™ 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.

Ab5) W. Lipinska, K. Grochowska, J. Ryl, J. Karczewski, K. Siuzdak, Influence of Annealing
Atmospheres on Photoelectrochemical Activity of TiO> Nanotubes Modified with AuCu
Nanoparticles, ACS Applied Materials and Interfaces 13 (2021) 52967, IF = 10.4 / 200 points

mechanical engineering
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4 ABSTRACT: In this article, we studied the annealing process of
s AuCu layers deposited on TiO, nanotubes (NTs) conducted in
6 various atmospheres such as air, vacuum, argon, and hydrogen in
7 order to obtain materials active in both visible and UV—vis ranges.
8 The material fabrication route covers the electrochemical
9 anodization of a Ti plate, followed by thin AuCu film magnetron
10 sputtering and further thermal treatment. Scanning electron
11 microscopy images confirmed the presence of spherical nano-
12 particles (NPs) formed on the external and internal walls of NTs.
15 The optical and structural properties were characterized using
14 UV—vis, X-ray diffraction, and X-ray photoelectron spectroscopies.
15 It was proved that thermal processing under the argon atmosphere
16 leads to the formation of a CuAuTi alloy in contrast to materials

17 fabricated in air, vacuum, and hydrogen. The electrochemical measurements were carried out in NaOH using cyclic voltammetry,
18 linear voltammetry, and chronoamperometry. The highest photoactivity was achieved for materials thermally treated in the argon
19 atmosphere, In addition, the Mott—Schottky analysis was performed for bare TiO, NTs and TiO, NTs modified or covered with
20 gold copper NPs indicating a shift in the flatband potential. Overall, thermal processing resulted in changes in optical and structural
21 properties as well as electrochemical and photoelectrochemical activities.

2 KEYWORDS: nanostructures, AuCu nanoparticles, titania nanotubes, annealing atmospheres, photoelectrochemical activity

23 l INTRODUCTION

24 It is well known that metallic nanoparticles (NPs) attracted a
25 lot of attention due to their unique properties, both chemical
26 and physical ones." As they exhibit extraordinary magnetic,
27 optical, electronic, and catalytic features, they can be applied in
28 many fields of nanotechnology.l"' However, combination of
29 two different metals forming bimetallic NPs can show a
30 superior performance. Namely, the functionality of nanometals
31 can be enhanced by joining different metallic components.” So
32 far, different kinds of bimetallic NPs have been reported, such
33 as platinum-,° nickel-,” iron-," palladium-” and gold'*-based
34 ones. When it comes to the fabrication of bimetallic NPs, there
35 are basically two different routes. Similar to typical
36 monometallic particles, also in this case bottom-up and top-
37 down methods are being used. The most popular methods
35 applied for the synthesis of such NPs are: (i) electrochemical
39 reduction, (i) chemical reduction, (iii) sputtering, (iv) the
40 sol—gel method, (v) the chemical precipitation method, (vi)
41 the microemulsion method, and (vii) the hydrothermal
2 method." ' It should be kept in mind that the final arrangement
43 of bimetallic NPs depends on the parameters of the fabrication
44 methods as well as on the thermodynamics. Bimetallic NPs can
45 be synthesized as core—shell, Janus, or chemically ordered and
46 disordered structures.'”
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Despite as mentioned above, many different kinds of 47
bimetallic nanostructures can be produced, and Au-based 4s
NPs showed promising results in catalytic reactions. Especially, 49
combination of Au with Cu is being considered as the most so
interesting one. This is due to the fact that both types of metals s1
exhibit a plasmonic behavior. Au NPs are regarded chemically s2
inert, stable, and biocompatible, while Cu ones can be used in, 53
for example, oxidation of CO or benzyl alcohol or reduction of s4
CO,."* 1t should be taken into account that copper easily ss
oxidizes when exposed to air. The solution to overcome this s6
problem is to combine copper and gold (or other stable s7
metals) in order to obtain alloy."* The synergistic effect ss
between Au and Cu affects the properties of composed so
materials, namely improves stability, allows for optical property o
modulation, and influences catalytic activity. Moreover, when 61
the Au—Cu alloy is in the form of NPs, its high surface area 62
enables its further use in electrolytic applications. 63
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Figure 1. Diagram depicting the preparation of TiO, NTs modified with AuCu NPs.

64 The easiest way to form NPs out of an alloy is its thermal
65 treatment. In such a case, a phase transition diagram should be
66 taken into account. From theoretical predictions, it is known
67 that at high temperatures gold and copper form a random solid
65 solution, while at low temperatures ordered ones: AuCus,
69 Au;Cu, and AuCu. Moreover, the melting temperature is size-
70 and shape- dependent Also, the atmosphere ensured during
71 thermal processing has a great impact on the final structure and
72 composition of NPs, The presence of different fases as well as
73 their pressure can lead to surface segregation,  dealloying of
74 the alloy parl:s and selective oxidation of one of the
75 components.'® All these abovementioned factors can result in
76 surface defect (structure) formation that in consequence
77 enhances catalytic performance. Additionally, the NP support,
78 that is, a substrate on which AuCu NPs are located, is a key
79 factor in the Cu alloying/dealloying process, It also influences
so the stabilization of different species under various atmos-
81 pheres.m

82 To the best of our knowledge, AuCu NPs have been studied
83 in a reactive environment at elevated temperature in the case
84 when they were deposited on Si0, or Al,O,. In our case, we
85 chose titania nanotubes (TiO, NTs) due to their chemical
86 stability, ordered architecture, high specific surface area, and
#7 photocatalytic properties.”™' No detailed discussion can be
ss found in the literature regarding the influence of an
89 atmosphere on fabrication, structural, and electrochemical/
90 photoelectrochemical properties of thermally formed AuCu
91 NPs supported on TiO, NTs.

92 TiO, NTs are widely used as materials for photo-
93 electrochemical water splitting and photocatalytic reactions.
94 TiO,NTs provide great electron mobility, and therefore, a
95 decrease of recombination and scattering processes. However,
96 pure TiO, owing to its wide band gap and low activity in the
97 visible light region should be modified by metal or non-metal
98 dopants. For example, TiO, NTs can be enriched during the
99 electrochemical anodization process by the addition of
100 Cu(NO,), to the electrolyte resulting in copper and copper
w1 oxide doping.” Such a CuTiO,NT electrode exhibited five
102 times hlgher photocatalytic H, evolution in comparison to
w3 pure NTs.”” Moreover, the synergistic effect was a con-
w4 sequence of tungsten’s benefit to copper. The Cu—WO,—
10s TiO,NT sample showed a photocurrent density at +0.6 V Ag/
w6 AgCl equal to 2.3 mA/em?, which was ca. five times higher
107 than that of the Cu=TiO,NTs.”* Furthermore, for a copper-
108 decorated WO,—TiO, NT (Cu/WTN) electrode, a synergistic
109 effect was detected with a 2.5 times hlgher methylene blue
110 photodegradation rate than for WT'Ns.”" Instead of copper,
11 gold NPs have been added as other dopants for TiO,—WO,
12 NTs.”® The H, evolution on the Au/WO,TiO,NT material
113 was three times higher than that on the WO,TiO,NTs and
114 even nine times higher than that on pure TiO,NTs.
115 Furthermore, the enhanced absorbance in visible light

attributed to the SPR effect as well as a higher photocatalytic
water-splitting activity have been observed for the Au/
CrTiO;NT and the Ag/CrTiO,NT nanomaterials fabricated
via a photodeposition process of noble metals on the NTs. A9
However, it should also be taken into account that not only
TiO, but also CuO are mcreasmgly used as support materials
for solar driven processes. 2

In this work, we addressed this issue and highlighted the
importance of the annealing atmosphere. The TiO, NTss were
prepared via electrochemical anodization, and as a result highly
ordered tubular arrays were obtained. Afterward, the substrate
was covered by thin AuCu films by means of magnetron
sputtering. In the next step, the thermal annealing at 450 °C
was performed under different atmospheres, that is, air,
vacuum, argon, and hydrogen. The morphology of the
prepared materials was studied by scanning electron
microscopy (SEM), while structure and chemical properties
were characterized by X-ray diffraction (XRD) and X-ray
photoelectron spectroscopies (XPS). Optical properties were
determined using a UV-—vis spectrophotometer. Finally,
electrochemical activity of materials was characterized in the
dark and upon exposing the electrodes to solar and visible
light. As it was expected, the atmosphere strongly affects the
overall performance of electrode materials. We believe that
such structures can be used in solar-driven processes.

B EXPERIMENTAL SECTION

Materials. Titanium foil (99.7%, Stream), acetone (99.5%,
Chempur), ethanol (96%, Chempur), diethylene glycol (99.5%
Chempur), hydrofluoric acid (Chempur), and ammonium fluoride
(Chempur) were used for the electrochemical anodization process.
The pure target of AuCu (AuS0/CuS0 at. %, Goodfellow) was
exploited for metal layer deposition,

Electrode Fabrication. The fabrication route of electrodes is
shown in Figure 1. First, the Ti foil was cut into 2 X 3 cm? plates and
ultrasonically cleaned in acetone, ethanol, and deionized water for 10
min, Then, substrates were used for the electrochemical anodization
process. The anodization was conducted in a two-electrode system,
where Ti was used as an anode and Pt as a cathode. Electrodes were
placed in a cell with a thermostatic jacket for preservation at 40 °C for
the whole process, The electrolyte contained 0.09 M NH,F/1.3% vol
HF/6.2% wvol H,0/92.5% vol diethylene glycol. During the
anodization, a voltage of 30 V was applied between electrodes for 2
h. As a result, highly ordered TiO, NTs were obtained over the entire
surface of the electrode, Second, N'T's were covered by 5 and 10 nm
thick AuCu layers, denoted as 5AuCu and 10AuCu, using a
magnetron sputtering machine (QIS0T § system, Quorum
Technologies). Third, the samples were thermally treated using a
rapid thermal annealing furnace (MILA 5000 P-N) at 450 °C for 1 h,
Electrodes were annealed in various atmospheres such as air, vacuum,
hydrogen, and argon. In this article, the electrodes were assigned the
following names: NA-TiO,NTs (TiO,NTs non-annealed),
TiO,NT; (TiO.NTs annealed in air), V-TiO,NTs (TiO,NTs
annealed in vacuum), AR-TiO,NTs (TiO,NTs annealed in argon),
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169 H-TiO,NTs (TiO,NTs annealed in hydrogen), NA-10AuCu/
170 TiO;NTs (10AuCu/TiO,NTs non-annealed), A-10AuCu/TiO,NTs
71 (10AuCu/TiO,NTs annealed in air), V-10AuCu/TiO,NTs
172 (10AuCu/TiO,NTs annealed in vacuum), AR-10AuCu/TiO,NTs
173 (10AuCu/TiO,NTs annealed in argon), and H-10AuCu/TiO,NTs
174 (10AuCu/TiO,NTs hydrogen).

175 Sample Characterization. The morphology and cross section of
176 the electrodes were investigated using a field-emission scanning
177 microscope (FEI Quanta FEG250) equipped with an ET secondary
178 detector, and with the beam accelerating voltage kept at 10 kV. The
179 EDX mapping was carried out using an EDAX Genesis APEX 2i with
180 an Apollo X SDD spectrometer. The UV—vis reflectance spectra of
181 bare TiO, NTs and TiO, NTs modified with gold copper NPs
182 (AuCu/TiO,NTs) were measured with a spectrophotometer
183 (Lambda 35, PerkinElmer) equipped with an accessory for recording
184 the reflectance spectra. The spectra were recorded in the range of
185 300—1000 nm, with a scanning speed of 60 nm/min. Band gap energy
186 values were determined as the intercept of the relationship between
187 the transformation of the Kubelka—Munk function (F(R)™* EP,,‘)'S)
188 versus E; (photon energy), where F(R) = (1 — R)?/2R and R—
189 reflectance. The photoluminescence spectra (PL) were measured at
190 room temperature using a SHAMROCK—SR-3031-A Spectrograph
191 equipped with a 450 mW light-emitting diode as an excitation light
192 source and an ICCD camera as a detector. The spectra were recorded
193 from 390 to 800 nm. The crystallinity was studied by means of the
194 XRD technique over the range of 20—80° using a Bruker 2D Phaser
195 diffractometer with CuKa radiation and a XE-T detector. The
196 samples were characterized using an X-ray photoelectron spectrom-
197 eter (Escalab 250Xi, ThermoFisher Scientific) with a monochromatic
198 AlKa source in order to determine the chemical structure. The
199 electrochemical and photoelectrochemical studies on electrodes such
200 as cyclic voltammetry (CV), linear voltammetry (LV), chronoamper-
201 ometry (CA), and electrochemical impedance spectroscopy (EIS)
202 were conducted using an AutoLab PGStat 302N potentiostat—
203 galvanostat, where TiO,NTs and AuCu/TiO,NTs electrodes served
204 as working electrodes, a Pt mesh was used as a counter electrode, and
205 Ag/AgCl/0.1 M KCI was used as a reference electrode. The CV and
206 LV curves were registered from —0.8 V to +0.8 V versus Ag/AgCl/0.1
207 M KCL. The CA measurements under chopped light were performed
208 at =02 V for 200 s, while a single dark and light period lasts for § s.
209 The electrochemical tests were carried out in deaerated 0.1 M NaOH.
210 EIS measurements were conducted at a frequency of 1000 Hz, in the
211 range from 0 to —1.2 V versus Ag/AgCl/0.1 M KCl, covering 25
212 points with a 50 mV amplitude. The chronopotentiometry curves at
213 OCP were registered in the dark and under UV-vis and visible light
214 illumination (ESI). Those measurements were carried out for the
215 selected materials for 35 min. The photoelectrochemical measure-
216 ments were conducted using a xenon lamp (LOT-QuantumDesign
217 GmbH). The radiation intensity was calibrated using a Si cell (Rera)
218 and established at 100 mW/cm?,

219 Morphology. SEM images of TiO, NTs and TiO, NTs modified
20 with AuCu NPs annealed in different atmospheres are shown in
21 Figure 2. The 10AuCu electrodes were chosen for the morphology
222 analysis because of the best photoelectrochemical activity. The
23 ordered surface is composed of NTs with 101 + 13 nm in diameter
24 and a length of 709 £ 53 nm. It can be clearly seen that thermal
25 treatment with a thin AuCu layer in vacuum, argon, and hydrogen
26 resulted in the formation of spherical bimetallic NPs deposited both
27 on the surface and inside TiO, NTs. For materials fabricated in the
228 air, NPs are visible on the surface but are hardly visible in the TiO,
29 interior. Depending on the atmosphere, various dimensions of NPs
230 were obtained. The diameter of AuCu NPs for the sample thermally
231 treated in air was estimated to be 25 + 7 nm, while those of electrodes
232 annealed in vacuum, argon, and hydrogen were equal to 38 + 15, 38
23 + 12, and 39 + 12 nm, respectively. The EDX map of the AN-
234 10AuCu/TiO,NT electrode is shown in Figure S1. The EDX data
235 show atomic percentages of 99.4, 0.33, and 0.28 of Ti, Cu, and Au,
236 respectively, on the sample and confirm the homogenous distribution
237 of AuCu NPs on the titanium dioxide NTs. According to Bechelany et
28 al,” the morphology of Au deposited on the Si substrate highly
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Figure 2. SEM images of the TiO,NT and 10AuCu/TiO,NT
electrodes annealed in (ab) air, (c,d) vacuum, (e,f) argon, and (gh)
hydrogen.

depends on the atmosphere ensured during annealing of the sputtered 239
gold layers. Thermal treatment at 1000 °C for 1 h in the air 240
atmosphere tends to the formation of Au nanodots with a size of ca. 241
100 nm, whereas in the vacuum atmosphere Au nanowires are 242
created. The NiO NPs synthesized via the sol—gel method 243
subsequently annealed in air and O, atmospheres had approximately 244
the same average particle size at lower temperatures (400—500 °C). 245
However, at higher temperatures, especially at 800 °C, the size was 246
different and equal to 75.6 nm in air and 65.2 nm in O, 247
atmospheres.” According to Boeva et al,*" during the reaction of 248
homomolecular hydrogen exchange on Cu, a change in the surface 249
structure of the particles was observed. In an oxidizing atmosphere, 250
NPs become more spherical, whereas the reducing agents cause 251
surface flattening. This phenomenon is attributed to the change in the 252
number of faces exposed on the surface. Moreover, the influence of a 253
reactive atmosphere on the formation of Ag, Ti, and Al NPs during 254
the rapid thermal annealing realized with the use of nanosecond 255
pulsed irradiation was investigated by Girualt et al.’* For experiments 256
conducted at the lowest concentration of O, (only 1 vol % of O,), the 257
size of Al NPs and Ti NPs was equal to ca. S nm, whereas in the O,— 258
N, gas mixture (15 vol % of O,) decreases to 1.9 and 3.4 nm, 259
respectively. Therefore, it is possible that a higher oxygen 260
concentration is related to a smaller size for NPs fabricated in the air. 261
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%2  Optical Properties. To characterize the optical properties of the
263 prepared nanomaterials, first the appearance of the samples was
264 studied—see Figure 3. The as-anodized TiO, NTs appear yellow in

AIR VACUUM HYDROGEN

Figure 3. Appearance of TiO,NTs and 10AuCu/TiO,NTs before and
after calcination under different atmospheres.

ARGON

=
b=

10AUCY/TIO,NTs TiO,NTs

25 color, which is consistent with previous reports.” It is a well-known
266 fact that after heating of TiO,, the phase transformation oceurs, from
267 amorphous to crystalline one. After calcination in the air, the plate
268 covered by NTs changes its color to white, which is expected for TiO,
269 as the electronic configuration of Ti*" is 4s°3d* and therefore there
270 are no unpaired electrons. However, due to the presence of the
171 metallic substrate below, they seem to be blue as a series of
272 constructive and destructive interferences can arise. Thermal
273 processing in argon leads to a color change to gray, which can be
274 attributed to the increased concentration of oxygen vacancies known
775 also as defects.” Finally, when TiO, NTs are processed under
76 vacuum or in hydrogen, i.e, in a reducing atmosphere, TiO, can turn
277 to yellow, gray, or black. This is due to the Ti** or/and oxygen
78 vacancy formation.”> As can be seen, our observations are in
279 agreement with the other literature data. Nevertheless, it should be
280 kept in mind that the final color of the TiQ, samples strongly depends
281 not only on the processing atmosphere but also on detailed
282 parameters such as temperature values or gas pressure,

283 The AuCu-alloyed film should have a rosegold color.”” Taking into
284 account this information as well as the initial color of the TiO,
285 support, the observed brownish color of the 10AuCu/TiO,NTs
286 before calcination is reasonable. Changing of the material appearance
287 after thermal treatment can be related to the modification of (i) the
288 morphology because NPs are formed and (ii) the chemical
289 composition because copper and copper oxide under various
290 atmospheres can be oxidized or reduced. We believe that in our
291 case, all phenomena can be responsible for the final appearance of the
292 material.

23 A more detailed characterization of optical properties was
294 conducted by means of UV—vis spectroscopy, and the registered
295 spectra are shown in Figure 4, First of all, the shape of the spectrum
296 with the strong absorption in the deep UV region for TiO, NTs
297 before annealing is typical for an amorphous material.”” Calcination in

new absorbance band in the infrared part of the spectrum. The 299
redshift can be associated with the change in the structural phase, 300
while the additional absorbance band can be associated with the 301
modification of the surface morphology.'® Altering the processing 302
atmosphere leads to reshaping of the UV—vis spectra. This may be 303
explained by the varied crw{stal]ine size, Pha.se transformation, or the 304
presence of the oxygen/Ti’* vacancies.” 303
After deposition of AuCu, one may clearly observe the fringes. 306
Thermal processing of the samples causes a shift of their position or a 307
change of their intensity. This phenomenon can be explained by the :
light—scattering effect, i.e, pronounced when the surface is more 309
rough, by constructive and destructive interference of reflected light, 310
by surface plasmon resonance as NPs are formed and both gold and 311
copper exhibit plasmonic behavior,'' and finally by the presence of 312
the Ti** and/or vacancies in the Supporting Information, 313
Based on the reflectance spectra and Kubelka—Munk relation 314
(Figure 52), the optical energy band gap (E,,) values for all 315
investigated materials were estimated—see Table 1. The value of By, 316n

=1
5

Table 1. Values of Optical Energy Band gaps of the
Prepared Materials

electrode material optical energy band gap/eV
NA-TiO,NTs 3.36
A-TiO,NTs 3.14
V-Ti0,NTs 3.16
AR-TiO,NTs 293
H-Ti0,NTs .87
NA-10AuCu/TiO,NTs 3.02
A-10A40Cu/TiO,NTs 77

V-10AuCu/TiONTs
AR-10AuCu/TiO,NTs
H-10AuCu,/TiO,NTs

for amorphous TiO, NTs is 3.36 eV and it drops after crystallization. 317
This result is consistent with theoretical simulations.'" Treatment in 318
different atmospheres leads to a reduction of the band gap, and this 319
can be attributed to the localized states induced by oxygen vacancies 320
or disordered surface layers.”” Annealing in vacuum, argon, and 321
hydrogen causes the removal of oxygen atoms and generates oxygen 322
vacancies surrounded by Ti cations in the TP or Ti*" valence 323
state."* ™ Moreover, the vacuum treatment decreases the structural 324
order of TiO,.*' After deposition of the bimetallic layer, the Ey, value 325
decreases in comparison to that of the non-annealed TiQ, material, 326
and this value is further reduced owing to air processing at the 327
elevated temperature. For electrodes thermally treated in vacuum, 328
argon, and hydrogen, it was impossible to estimate the value of the 329
optical energy band gap as the materials absorb at nearly the same 330

298 air causes the redshift of the absorption edge and the occurrence of a level for the whole wavelength range. 331
——ATIONTs —— A0AUCWTIO NTS
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Figure 4. Reflectance spectra of (a) bare TiO, NTs and (b) TiO, NTs covered with the AuCu layer before and after thermal treatment under

different atmospheres.
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Figure 5. Photoluminescence spectra of (a) TiO,NTs and (b) 10AuCu/TiO,NTs annealed in various atmospheres and the deconvoluted
photoluminescence spectra of (c) AR-TiO ;NT and (d) AR-10AuCu/TiO,NT electrodes.

332
333

All in all, thermal treatment of TiO;NTs in argon and hydrogen
atmospheres reduces the energy band gap. Moreover, the reduction of
334 the band gap is also achieved by the deposition of the AuCu alloy on
335 the TiO, platform. Furthermore, the sputtering of the AuCu alloy on
336 the titanium surface results in the wide absorbance from 300 to 700
337 nm.

338 The photoluminescence spectra of the TiO,NT and 10AuCu/
339 TiO,NT samples are presented in Figure 5. Bimetallic AuCu samples
30 thermally treated in air, vacuum, argon, and hydrogen are
341 characterized by a lower PL intensity compared to non-modified
32 TiQ, NTs. In general, the decrease of intensity can be correlated with
343 a reduced recombination rate of electrons and holes."” Figure 5cd
344 presents the deconvoluted photoluminescence spectra of the AR-
#5 TIO,NT and the AR-10AuCu/TiO,NT electrodes. One may
346 distinguish four light emission ranges, namely: blue (400—480 nm),
347 green (500—540 nm), red (570—700 nm), and infrared (from 700
348 nm). Each of them is responsible for different recombination
349 processes.”” The blue emmsmn can be associated with electrons
350 trapped in nxygen vacanaes, 7 whereas green emission with holes
351 trapped on T ions."" The strongest difference between the AN-
352 TiO,NTs (Figure ﬁc) and the AN-10AuCu/TiO,NTs (Figure 5d)
353 can be observed for red emission associated with electrons trapped
354 with valence band holes'” Such a change supports the enhanced
355 photoactivity of the samples annealed in argon.

356 Crystallinity. The XRD patterns of TiO,NT and 10AuCu/
357 TiO,NT electrodes annealed in various atmospheres (air, vacuum,
358 argon, and hydrogen) indicate the formation of anatase and rutile
359 phases as well as the presence of titanium (Figure 6). Seven peaks are
360 located at 34.9, 38.3, 40.0, 52.9, 62.7, 70.6, and 76.0", and are assigned
361 to the (100), (002), (101), (102), (110), (103), and (200) planes of
362 Ti, respectively.”" The diffraction peaks at 25.1 and 47.7° prove that
363 pure TiO,NTs as well as modified TIOZNT.S annealed in each
364 atmosphere are present in the form of anatase.”' Moreover, not only
365 the anatase but also rutile phase is present, and the peak is located at
366 27.3°.°

37 Chemical Nature of Samples. The X-ray photoelectron
368 spectroscopy allows investigating the chemical nature of the sample.
369 Figure 7 shows high-resolution XPS spectra of gold Au 4f (Figure 7a)
370 and copper Cu 2p (Figure 7b). The chemical states of titanium Ti 2p
371 (Figure S3a) and oxygen O Is (Figure S3b) are given in the
32 Supporting Information file. The positions of each maxima are
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Figure 6. XRD patterns of TiO,NT and 10AuCu/TiO;NT electrodes
annealed in various atmospheres.

summarized in Table 2. The XPS apeclra of Au 4f]ucated at 84.2 and
84.7 eV confirm the presence of Au™ and Au,0,™ respectively, on the

electrode surface. However, the peak at 83.9 eV for the 10AuCu/ 375
TiO,NT electrode annealed in the argon atmosphere corresponded to 3
the CuAuTi alloy, It is shifted toward a more negative value of 0.3 eV 3

compared to pure Au. The AuCu™ alloy was detected in the Cu 2p
spectra for each atmosphere and the appropriate peak appears at
932.5 eV. The 10AuCu/TiO;NT electrode thermally treated in air
possesses an additional chemical state with copper (II) oxides apart
from the alloy. Cu(II) is present in two forms, that is, CuO and
Cu(OH),-CuCOy;, and the corresponding peaks are located at 933.8
and 9350 eV, respectively. For the electrode thermally treated in
vacuum, the Cu 2p peak at 933.6 ¢V is assigned to CuO. In the case of
electrodes annealed in vacuum and hydrogen, the ratios of metallic
copper to copper oxide equal to 9:1 and 6:1 were obtained. Regarding
the 10AuCu/TiO,NT electrode thermally treated in argon, four
separate chemical states are identified. The unique peak at 931.4 eV
corresponds to the CuAuTi alloy. Furthermore, the AuCu alloy
(932.5 eV), CuO (933.7 eV), and Cu(OH),-CuCO, (935.0 V) are
present on the electrode surface. The atomic ratio within the CuAuTi
alloy is equal to 3.18/4.48/3.00. In the case of titanium (Figure 53),
the strong peak at ca. 459.0 eV visible for each electrode is ascribed to
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Figure 7. High-resolution XPS$ spectra for 10AuCu/TiO,NT samples annealed in air, vacuum, argon, and hydrogen: (a) Au 4f; (b) Cu 2p.

Table 2. Binding Energies of 10AuCu/TiO,NT Electrodes Annealed in Various Atmospheres

peak component BE/eV at. % peak component BE/eV at. %
A-10AuCu/TiO;NTs A-10AuCu/TiO;NTs
Au 4, Au 842 9.45 Cu 2psp Cu (AuCu) 932.5 691
Au 4t A0 84.8 9.6 Cu 2p;p CuQ 933.8 582
V-10AuCu/TiO,NTs Cu 2py, Cu(OH),-CuCO3 935.0 481
Au 4 Au 842 1.59 V-10AuCu/TiO,NTs
Au 4., Au,0 84.6 16.71 Cu 2py, Cu (AuCu) 932.6 2945
AR-10AuCu/TiO,NTs Cu 2psp CuO 933.6 333
Au 4f ), Au (CuAuTi) 839 4.48 AR-10AuCu/TiO;NTs
Au 4f. Au,0 847 7.6 Cu 2pyy Cu (CuAuTi) 931.4 318
H-10AuCu/TiO,NTs Cu 2py;, Cu (AuCu) 932.5 621
Au 4f, Au 842 4.36 Cu 2py;, Cu0 9337 332
Au 4, Au,O 84.6 14.58 Cu 2py, Cu(OH),-CuCO3 935.0 31
H-10AuCu/TiO,NTs
Cu 2pyy Cu (AuCu) 932.5 1709
Cu 2psp CuO and Cu(OH); CuCO3 934.2 271

395 TiO,. Peak ranges for Ti 2py;, and Ti 2p;, are labeled in Figure S3b.
396 As for the Ols spectra (Figure 3a), peaks at ca. $30 and 532 eV
37 confirm the presence of lattice oxygen and surface-adsorbed OH™.*
398 The detailed positions of the maxima and particular components for
399 the titanium and oxygen chemical states are given in Table S1. To
400 sum up, annealing in the air atmosphere results in the formation of a
401 great amount of copper oxides such as CuO and Cu(OH),:CuCO; in
402 contrast to vacuum and hydrogen. Therefore, it can be claimed that
403 copper oxides are under the control of the annealing atmosphere.
404 Besides, the unique CuAuTi alloy was created during thermal
405 treatment in argon, which may be related to the enhancement of
406 photocurrent in both the UV—vis and vis light range.

407  Electrochemical Properties. CV was performed to characterize
408 materials thermally treated in various atmospheres. The tests were
409 performed in contact with an alkaline electrolyte, because copper is
410 stable in this environment. Curves plotted for pure TiO,NTs as well
411 as TiO,NTs modified with AuCu NPs are shown in Figure 8.
412 Comparing all materials containing AuCu, intense faradaic peaks are
413 observed when electrodes were annealed in vacuum, argon, and
414 hydrogen in comparison to electrodes that were processed in the air.
415 The AuCu/TiO,NT samples annealed in a vacuum and argon exhibit
416 a similar electrochemical activity (Figure 8b,c). During the anodic

potential scan, the oxidation of Cu to Cu,O occurs at =0.2 V versus 417
Ag/AgCl/0.1 M KCL. The highest value of current density (407 pA 418
cm™?) is observed for the SAuCu/TiO, NTs electrode treated in a 419
vacuum, which is ca. 80 times higher than for this material fabricated 420
in the air. On the other hand, during the cathodic scan, the reduction 421
of Cu,0 to Cu occurs at —0.5 V versus Ag/AgCl/0.1 M KCL In this 422
case, the V-5AuCu/TiO,NT electrode shows 60 times higher current 423
density (=430 A cm™?) than the A-5AuCu/TiO, NT electrode. It 424
should be underlined that electrodes produced when the RTA 425
chamber was fully filled with hydrogen exhibit completely different 426
characters with additional redox peaks (Figure 8d). The oxidation 427
process at 0V vs Ag/AgCl/0.1 M KCl as well as the reduction at —0.2 428
V vs Ag/AgCl/0.1 M KClI can be interpreted in two ways. First, it 429
seems clear that Cu, O is oxidized to CuO, and subsequently CuO is 430
reduced to Cu,O. However, it can be stated that multiple redox 431
reactions, and thereby oxidation and reduction waves are registered.” 432
Other interpretation indicates a two stage oxidation process of Cu to 433
Cu0, and a reduction of CuO to Cu at the same potential can be 434
observed.'® The current density at =02 V vs Ag/AgC1/0.1 M KCl for 435
the 10AuCu/TiO,NT electrode annealed in hydrogen was —0.65 mA 436
em™% and is ca. 330 times higher than that for the sample thermally 437
treated in the air. Moreover, the CV curves clearly show a reduction 438
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Figure 9. LV scan registered in 0.1 M NaOH for the bare and AuCu-modified TiO, NTs treated in the argon atmosphere: (a) UV—vis; (b) vis.

439 peak located at ca, 0 V Ag/AgCl/0.1 M KCI, which may correspond
#0 to the reduction of gold oxides.™

41 The LV curves for all the materials were recorded not only in the
442 dark but also when the material was exposed to the whole solar
43 spectrum and only visible radiation, In Figure 9, the LV for the
444 material treated in the argon atmosphere is provided, while the
445 photoresp of the remaining samples is given in the electronic
46 supporting Information file (Figure $5). 10AuCu/TiO,NT samples
447 annealed in argon are distinguished here because of the highest and
48 complex photoactivity, and they are worth for a detailed analysis.
#9 However, as far as the pure TiO,NTs are concerned, the highest
450 photocurrent measured by the LV under UV—vis light illumination
451 was for TiO,NTs thermally treated in the hydrogen atmosphere,
452 which can be correlated with the lowest band gap of the H-TiO,NT
453 electrode out of pure NTs. The sudden changes in current correspond
454 to the successive periods when the light was switched on and off every
455 5 s,

456 Regarding the response of materials to the incident light, the
457 difference between the current recorded under UV—vis irradiation
458 and in the dark above +0.2 V versus Ag/AgCl/0.1 M KCl is slight for
459 modified and unmodified TiO,. However, the difference between the
460 current density recorded in the dark and under UV—vis illumination

at =02 V for the AR-10AuCu/TiO,NTs electrode reaches 64 pA/ 461
cm?, whereas for the AR-TiO,NTs electrode is equal to 32 yA/cm?, 452
As for the AR-10AuCu/TiO,NTs sample, AuCu NPs enhanced the 463
light absorption in the UV—vis light region resulting in a light 464
enhancement of the photocurrent density compared to the non- 465
modified electrode. The CA curves registered at —0.2 V are given in 466
the Supporting Information (Figure $4). The strongest enhancement 467
for those materials is observed when only visible irradiation was 468
applied during LV ts. Comparing the profile of LV scan 469
for bare and modified TiO,, one may observe for TiO, an almost ideal 470
square shape for the consecutive on—off cycles, while for structures 471
containing AuCu, the cathodic and anodic spikes can be found. Those 472
positive photocurrent spikes are related to the accumulation of holes 473
in the electrode space charge layer during sample irradiation. The 474
negative ones, when the access to light is denied, are observed in the 473
range from —0.8 to —0.2 V vs Ag/AgCl/0.1 M KCl, and correspond 476
to the situation when the holes are accumulated in the space charge 477
layer during irradiation and recombined with the bulk electrons.” In 478
such case, the back flow of electrons toward the photoanode occurs. It 479
should be noted that the intensity of those spikes changes depending 4s0
on the electrode polarization. In the range from —0.8 to =02 V vs 451
Ag/AgCl/0.1 M KCI, the intensities of positive and negative spikes 482
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Figure 10. (a) Mott—Schottky plots and (b) schematic energy band diagrams of AR-TiO,NT and AR-10AuCu/TiO,NT electrodes.

3 are similar, whereas above —0.2 V the negative ones almost disappear,

while the positive ones systematica]]y diminish upon further
polarization toward the anodic direction. Between —0.1 and +0.6 V,
still positive spikes are present, and therefore still some holes occupy

7 the surface states, Then, above ca. +0.6 V an almost well squared

shape is present indicating a low e—h recombination rate and the lack
of holes accumulated at the electrode/electrolyte interface.

We would like also to indicate the unique current behavior
identified in the range of —0.4 and —0.2 V that is very similar to the
TiO, modified with [Fe(CN)]*",” selenide, or metal selenide.”
Following the previous reports, this change within the current—
potential profile results from the different nature of elements forming
our material. According to Rajeshwar et al,™ the investigated junction
contains parts exhibiting p-and n-type conductivity, and the electrode

7 polarization enables to track the conditions, where both p and n

elements contribute in the similar degree (below —0.4 V) or n-type
prevails, that is above —0.1 V. Taking into account the electrode
composition, TiO; NTs act here as n-type while AuCu-based species
as p-type species.

When the 10AuCu/TiO,NT materials annealed in the argon
tmosphere were exposed to visible irradiation, their activity is
significantly higher than those of bare TiQ, and other AuCu-
containing structures that have been annealed in vacuum, ambient air,
or hydrogen. Knowing that TiO, is not active under visible irradiation,

a

7 even after annealing in the argon atmosphere, this response when only

irradiation above 420 nm is applied is due to the presence of AuCu
species Au,0, AuCu, CuO, Cu{OH),"CuCO; and even AuCuTi.
The photocurrent value that can be read from graph (b) is lower than
that in part (a) but the overall shape is very similar. Thus, it can be
concluded that AuCu species are responsible for the unique behavior
of LV, while TiO; NTs enhance light capture due to the activity in the
UV range.

Furthermore, the E—t measurements for AR-TiO,NTs, AR-
S5AuCu/TiO,NTs, and AR-10AuCu/TiO,NTs in the dark and
under visible and UV—vis light illumination are shown in Figure S6.
In general, for one type of electrode material, the changes recorded in
the open circuit potential provide information about charge transfer
recombination kinetics.”" AOCP for AR-TiO,NTs between the dark
and UV—vis light is equal to ca. 300 mV, whereas for AR-10AuCu/
TiO2NTs, it is equals to ca. 100 mV. However, in our case, AR-
5AuCu/TiO,NT and AR-10AuCu/TiO;NT electrodes contain two
type of semiconductors such as the n-type and p-type. Therefore, the
p-type activity reduces the negative drop of OCP of TiO,,

Figure 10a shows the Mott—Schottky plot of TiO,NT and
10AuCu/TiO,NT samples thermally treated in argon. To determine
the flat band potential for electrodes, linear regions were investigated.
Such a segmental profile of the Mott—Schottky plot is typical for this
kind of nanostructures as shown by Mufioz et al® indicating the
impact of the porosity and ordering on the position of the flat band
potential. With reference to Lee and Pyun,” the linear analysis of the
Mott—Schottky plot can be made in the case of a TiO, single-crystal
semiconductor at the single-donor level. However, multiple donor

levels result in the non-linear behavior of the Mott—Schottky plot.
Additionally, non-linearity can be attributed to the non-homogeneous
donor contribution in the depletion layer.” According to the
intersection of the tangent to the plot with the potential axis, the
position of flat band potential was determined. For bare TiO,, it

equals to ca. —1.0 V versus Ag/AgCl/0.1 M KCl. According to s

Grochowska et al,”” the flat band potential for pure TiO, NTs

calcined in a tube furnace at 450 °C in the air atmosphere was equal s

to —0.67 V versus Ag/AgCl/0.1 M KCl. Therefore, annealing in the

argon atmosphere shifts the potential toward more negative values, s

and causes an increase in the concentration of defects. Furthermore,

the second region covering both 1 and 2 segments exhibits a decrease s

of the slope (2,72 x 10* cm® F?/V) compared to segment 3 (5.65 x

10* em* F~%/V) that may be caused by (1) multiple donor levels" or s
(2) a larger space charge layer built at the base of TiO,NTs."* The

concentration of donors for the AR-TiO,NTs equals 3.84 x 107 em®,
In the case of the AR-10AuCu/TiO,NTs, the dependence of the

Mott=Schottky plot shows a complex shape because the material s

includes a greater amount of conductive oxide nanostructures.

Determination of the donor concentration will be here significantly s

435
536
557
538
539

burdened with an error because of the dielectric constant that is used 353

in the calculations will be different for those materials. Assuming that
titanium dioxide included in the 10AuCu/TiO,NTs makes the larger
share, comparing both slopes in section 3 indicates the higher
concentration of donors in the modified electrode. The concentration

of donors for the 10AuCu/TiO,NTs electrode is equal to ca. 1.52 X s

10" cm® assuming that the dielectric constant for the TiO,

semiconductor is 65 F/m."® According to Radecka et al,"® the flat s

band potential as well as donor density were counted for the Cr-
doped TiO, electrode despite the non-linear behavior of the Mott—
Schottky plot. Similar to Xu et al’s® report concerning the
Ca,Nb;0,,/FTO electrode, three regions of the different slopes
were observed. In our case, this phenomenon results not only from
the presence of three types of semiconductors such as TiO,, Cu,0,
and CuQ but is also affected by the nature of their conductivity.
According to Ding et al,™ TiO, is a n-type, whereas Cu,0 and CuO
are p-type semiconductors. As a result of the combination of these
oxides, a p—n heterojunction can be formed. The slope obtained from

the Mott—Schottky curve can define the type of semiconductor: n- s
type, the positive slope; p-type, the negative slope.” Although, TiO,

NTs are covered by AuCu NPs containing Cu,0 as well as CuO

oxides, it should be kept in mind that TiO, NTs take the greater part s

of the electrode. For this reason, no negative slope is visible indicatin

that the obtained material as a whole is an n-type semiconductor.
To gain a better understanding of this material, the schematic energy
band diagrams of electrodes are presented in Figure 10b. When the
AR-10AuCu/TiO;NT electrode is illuminated with light, the

electrons on the valence band of CuO, Cu,0, and TiO, are excited s

to the conduction band. The photo-generated electrons from CuO

and Cu,0 can be transferred to TiO, owing to their higher flat band s

potential. In addition, a synergetic effect between SPR of AuCuNPs
and their light adsorption ability enhances the photoactivity. The
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sa7 linear fit of region 1 defined as the potential range between +0.1 and
s88 —0.3 V provides a flat band potential of ca. —0.7 V versus Ag/AgCl/
s89 0.1 M KCL. It is possible that this change is related to the space charge
590 layer capacitance of CuO. When the electrode is more cathodically
91 polarized and reaches the range of —0.6——0.3 V, the second slope has
591 been determined while the flat band potential equals to ca. —=0.9 V.
593 This segment of the Mott—Schottky plot can result from Cu, 0. As it
s94 was shown on the CV curves, the reduction process of Cu,O takes
95 place at —0.5 V versus Ag/AgCl/0.1 M KCI, which can be interpreted
s96 as a faradaic reaction on the Mott—Schottky plot. The third region,
597 placed in the most cathodic limit, is characterized by the lowest slope
598 of a linear relationship of C™ versus E than others. The flat band
599 potential determined in this range for the 10AuCu/TiO,NT electrode
600 equals ca. —1.3 V, The modified electrode flat band potential is
601 cathodically shifted in comparison to pure TiO, (from —1 to —1.3 V).
02 The shift toward more negative values can result in more defects,”
603 Additionally, the shift of the potential indicates the shift of the Fermi
604 level. Therefore, the Fermi level of the TiO,-modified AuCu electrode
605 is lower compared to that of pure TiO,NTs. The Fermi energy of the
606 electrode after immersion into the electrolyte tends to achieve
607 equilibrium with the Fermi level of the redox pair in the electrolyte. It
608 means that it affects the charge transfer and the efficiency of
609 reactions.”* In summary, the formation of AuCu NPs on TiO,NTs
610 leads to the increase of the donor concentration, the formation of
611 more defects on the electrode surface, and an enhanced electron
612 mobility.

a3 l CONCLUSIONS

614 In this work, we presented the influence of various annealing
615 atmospheres such as air, vacuum, argon, and hydrogen on
616 properties of bimetallic NPs formed over TiO, NTs. The
617 materials were fabricated via the electrochemical anodization
618 process of Ti, AuCu layer magnetron sputtering, and thermal
619 treatment at 450 °C. The different atmospheres have a great
620 impact especially on the chemical structure and electro-
621 chemical and photoelectrochemical activities. The XPS spectra
21 confirmed the changes in the ratio of metallic copper to copper
623 oxide. The highest at. % of metallic copper in the form of an
624 AuCu alloy was detected in the electrodes annealed in vacuum
625 and hydrogen. Furthermore, thermal treatment in the argon
626 atmosphere leads to the formation of the CuAuTi alloy on the
627 electrode surface. The CV measurements carried out in 0.1 M
528 NaOH showed intense faradaic peaks for SAuCu/TiO,NT and
629 10AuCu/TiO,NT electrodes annealed in vacuum, argon, and
&0 hydrogen in comparison to the samples fabricated in the air
631 atmosphere. Moreover, TiO, NTs modified with AuCu NPs
631 thermally treated in argon exhibited the highest photocurrent
&3 in both the visible and UV—vis light range. Furthermore, an
634 investigation using EIS and the Mott—Schottky analysis for
635 doped and pure TiO, NTs confirmed the increase of the donor
636 concentration for the AuCu-modified electrode. To sum up,
637 the results reported in this article showed an efficient method
a8 for enhancing the photoresponse through annealing in an
639 argon atmosphere.
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Fig.S1 EDX mapping of a) Au, b) Cu, ¢) Ti and d) EDX map overlay in SEM images
for the AR-10AuCu/TiO,NTs electrode.
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Table S1 The binding energies of TiO,NTs and 10AuCw/TiO,NTs electrodes annealed in

various atmospheres
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Peak | Component | BE/eV | At. % Peak | Component |BE/eV | At. %
A-TiO,NTs A-TiO.NTs
Ti2p 3/2 | TiO, 14589 | 34.05 Ols | O* 5300 [65.95
A-10AuCWTiO,NTs Ols | OH- 5322 |-
Ti2p 3/2 | TiO, 14590 |14.72 A-10AuCu/TiO,NTs
V-TiO,NTs Ols | O* 5302 | 48.68
Ti2p 3/2 | TiO, 1459.0 | 34.69 Ols | OH- 5323 |-
V-10AuCwTiO,NTs V-TiO.NTs
Ti2p 3/2 | TiO, 1459.0 |17.16 Ols | 0> 5302 | 65.31
AR-TiO:NTs Ols | OH- 5321 |-
Ti2p 3/2 | TiO, | 4588  [34.25 V-10AuCu/TiO.NTs
AR-10AuCu/TiO,NTs Ols [O* 5302 [31.76
Ti2p 3/2 | Ti(CuAuTi) | 457.6 3.00 Ols | OH- 5322 | -
Ti2p 3/2 | TiO, 458.9 15.91 AR-TiO:NTs
H-TiO;NTs Ols | O* 530.1 | 65.75
Ti2p 3/2 | TiO, 1458.8 | 34.42 Ols | OH- 5321 |-
H-10AuCwTiO,NTs AR-10AuCuw/TiO;NTs
Ti2p 3/2 | TiO, 14589 | 19.11 Ols | O* 5289 |8.27
Ols | O* 5302 | 36.7
Ols | OH 5817 |-
H-TiO,NTs
Ols |O* 530.1 | 65.58
Ols | OH- 5321 |-
H-10AuCu/TiO,NTs
Ols |O* 5302 | 42.15
Ols | OH- 532.1 | -
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Fig.S4 The chronoamperometry curves registered in 0.1M NaOH for TiO,NTs and
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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 methanol??®,

glycerol??® as well as benzyl alcohol oxidation?*°

. Therefore, | wanted to find the answer if AuCu
bimetallic structures deposited on TiO>NTs 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
registered®12%, 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.

Positive
0.06 - " spikes
0.15 4 Transient
] maximum
- 000l " State pfotocurreft
5 c 5
' I N o 2
T 0.05- N ’ £ &
— 1 : =
-l-‘ 1 | 4
0.00 - L 0.02
'0-05 T T T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 06 0.8 1.0 0.00 -
E/Vvs. Ag/AgCl/0.1M KCI T
-0.2

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 C>H4(OH)2
and CsHe(OH)3 oxidation are located at +0.3 V and +1 V2*, 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 pA cm™?to 3.6 mA cm™ 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 surface?3.

a) og] b) |
0.4.
102 44
N 0.6 5
Y o 3
0.2
g 0.4 -o.aA-c::.:tr 00 04 08 12 g st
n- n-
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0.2
T v T L) T ¥ T v T L T v T v T T T T T T T
09 -06 -03 00 03 068 09 1.2 09 06 03 00 03 06 09 12

E/V vs. Ag/AgCl/0.1M KCI E/V vs. Ag/AgCl/0.1M KCI

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.

paoptg'n';gl +0.3 V vs. Ag/AgCI/0.1 M KCl +1.0 V vs. Ag/ACI/0.1 M KCl
0.1 M NaOH + 0.1 M NaOH +
electrolyte 0.1 M NaOH 0.5 M ethylene glycol 0.1 MNaOH 0.5 M ethylene glycol
j/pA cm? j/ A cm?
n-ACT 4 330 149 97
an-ACT 40 800 300 800
0.1 M NaOH + 0.1 M NaOH +
electrolyte 0.1 M NaOH 0.5 M glycerine 0.1 M NaOH 0.5 M glycerine
j/pA cm? j/uA cm?
n-ACT 19 1.4 mA cm™ 267 326
an-ACT 38 3.6 mA cm™ 505 4.6 mA cm™

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 pA cm2at +0.3 and +1 V vs. Ag/AgCl/0.1 M KCI.

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 Cu20 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).

j! mA cm?

0.5M GLY dark

0.1M NaOH dark

0.1M NaOH vis
21 ©2 03 04 05 08
- —
; an-ACT
09 06 -03 0.0 0.3 0.6 09 1.2

E IV vs. Ag/AgCl/0.1M KCI
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 KCI.
The value increased ca. 90 times from 38 pA cm™ to 3.6 mA cm?. Moreover, the highest
photocurrent  under  visible  light illumination  was also  registered for

the an-ACT electrode in glycerine solution.

A6) W. Lipinska, 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)
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Introduction

Non-renewable energy fuels represent most of the
contribution to the world energy production. Raw
materials have a limited amount; their extraction and
exploitation result in the Earth balance disability and
its destruction. It can be seen as climate changes and
ecosystem disturbance.

Therefore, nowadays novel energy conversion
devices are extremely significant. First fuel cell was
discovered 180 years ago and has become extensively
studied since that days because of its more environ-
mentally friendly properties than conventional
energy sources such as coil or gas [1]. Such devices
allow to convert chemical energy into electrical one
without pollutant gasses emission [2]. As a fuel, one
can distinguish hydrogen [3], methane [4] or alcohol
such as methanol, ethanol, glycol and glycerine.

The study of alcohol electrooxidation is of major
importance for fuel and electrolytic cells used as a
power generation source. Furthermore, the alkaline
electrolyte used in those devices can offer a number
of advantages comparing to acidic media, such as
improved kinetics at both anode and cathode for
alcohol oxidation, reduced adsorption of spectator
ions as well as lower corrosion rate [5]. The com-
mercial electrodes used in cells are based on Pt plate
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[6], and therefore, the alternative and economic
electrocatalytic materials for alcohol oxidation are of
increasing urgency. The Pt catalyst can be replaced
with bimetallic gold-copper metallic nanoparticles
(NPs) or AuCu NPs supported on platform material
which improves their catalytic activity, stability as
well as influences on dispersion and size distribution
of NPs [7, 8].

In recent years, bimetallic NPs have attracted
increasing attention in view of synergistic effect
which triggers unique chemical and physical prop-
erties of nanoparticles. The bimetallic NPs can be
produced by many advanced synthetic methods
which allow to control their size, shape, crystal
structure and composition [9]. Various morphologies
and compositions can enhance catalytic activity of
nanoparticles. As far as copper is concerned, it plays
a prominent part in improvement of catalytic activity
for noble metal such as Au, Pt and Pd owing to
weaker strength of metal-CO bonds and better
regeneration of active sites [10]. Especially, AuCu
NPs are widely used for alcohol oxidation [10, 11]
such as methanol, ethanol, glycol, glycerine, benzyl
alcohol as well as CO [12] or H-O, [13] oxidation.
According to Sobczak and Wolski [14], the AuCu
system based on Nb,Os was active toward methanol
and glycerol oxidation processes. The addition of
copper to Au-Nb>O; increases the activity in contrast
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to monometallic gold electrode. Copper which was
present in the form of CuO, oligonuclear [Cu®"
<0 ..Cu®1, clusters and isolated cations, led to
changes in the chemical nature of gold resulting in
increase in metallic gold content. Moreover, Biswas
et al. [15] investigated more efficient methanol oxi-
dation reaction on the AuCu bimetallic nanostruc-

tures than on their monometallic counterparts.
Furthermore, Palacio et al. [16] converted glycerol in
aqueous media at high reaction temperature of
200 °C on the AuCu/CeO, catalyst and showed that
copper improved gold activity owing to higher
selectivity and longer catalytic lifetime. Apart from
pure catalytic processes, also photocatalytic oxidation
of alcohols is strongly developed field [17] since the
process can be supported by the solar radiation. Then
photons are responsible for initiation of the chemical
reaction on metal/semiconductor interface [17] in
contrast to electrocatalysis where metal active sites
are responsible for it. Higher photocatalytic activity
resulting from light harvesting in visible light and
promotion of charge separation is facilitated by sur-
face plasmon resonance of Au and Cu NPs [18].
According to Chen et al. [18], AuCu@CeO, bimetal-
lic-core CeO; shell nanocomposite exhibits high
activity toward benzyl alcohol photocatalytic oxida-
tion. Furthermore, the Cu species improve the cat-
alytic oxidation via AuCu alloy and oxygen vacancy
formation. The AuCu NPs can be fabricated using
bottom-up or top-down methods. The synthesis of
such nanoparticles by bottom-up technique can be
performed using HAuCl,H;O and Cu(CH;COO),.
H>O liquid solutions with heating at the tempera-
tures in the range of 80-300 °C [19]. As an example of
top-down method, Au and Cu magnetron sputtering
with further heating up to ca. 300 °C in Ar or N,
atmosphere can be performed [20].

In our work, we present the properties of gold-
copper-modified titania nanotubes (TiO,NTs) fabri-
cated via electrochemical anodization of Ti foil, thin
AuCu layers magnetron sputtering and rapid ther-
mal annealing (RTA) in argon atmosphere. Nano-
materials morphology was characterized using
scanning and transmission electron microscopy
(SEM, TEM) techniques. The electrocatalytic and
photocatalytic activities were tested toward metha-
nol, ethylene glycol and glycerine oxidation. The
electrochemical measurements were carried out in
0.1 M NaOH solution containing alcohol using cyclic
voltammetry (CV), linear voltammetry (LV) and
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electrochemical impedance spectroscopy (EIS) in
dark and under visible light electrode illumination. It
should be highlighted that, attention has been also
paid to the comparison between catalytic efficiency of
non-annealed and annealed bimetallic electrodes.
Thermally treated materials have larger active sur-
face and more active sites used for alcohol oxidation.
As it was expected, thermal treatment strongly
influences on stability and activity of fabricated
materials.

Experimental
Materials

Titanium foil (99.7%, Strem), acetone (99.5%, Chem-
pur), ethanol (96%, Chempur), ammonium fluoride
(Chempur), diethylene glycol (99.5% Chempur),
hydrofluoric acid (Chempur) were used for the elec-
trochemical anodization process. The AuCu target
(Au50/Cub0 At%, Goodfellow) and targets of gold
(99.99%, Quorum Technologies) and copper (99.99%,
Quorum Technologies) were exploited for metal
layer deposition. The Ar gas (Air Liquide Polska Sp. z
o o.) was used for thermal annealing as well as
electrolyte deaeration. NaOH (P.P.H “STANLAB” Sp.
J), methanol (ME, 99.8%, POCH), ethylene glycol (GE,
99.5%, Chempur), glycerine (GLY, POCH) were used
for electrochemical measurements.

Electrode fabrication

Firstly, the Ti foil was cut into 2 x 3 cm? plates and
ultrasonically cleaned in acetone, ethanol and water
for 10 min. Titania nanotubes were fabricated via
electrochemical anodization process in a two-elec-
trode system, where Ti was an anode and Pt mesh
was used as a cathode. The electrolyte contained
0.09 M NH4F/1.3% vol. HF/6.2% vol. H,0/92.5%
vol. diethylene glycol. The anodization was carried
out in thermostated glass cell at the temperature of
40°C and the voltage of 30V for 2h. After
anodization TiO; nanotubes were rinsed with ethanol
and dried in cold air. Secondly, nanotubes were
covered by thin 10 nm thick AuCu alloy layer by
magnetron sputtering (QI50T S system, Quorum
Technologies). Samples which were fabricated up to
this step are labeled as n-ACT. Next electrodes were
thermally treated in a Rapid Thermal Annealing
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furnace (MILA 5000 P-N) at 450 °C for 1 h in argon
atmosphere. TiO; nanotubes modified by AuCu alloy
and annealed in RTA are assigned as an-ACT.
Moreover, as a reference sample pure TiO, nanotubes
were thermally treated also in the same conditions
and an-ACT was used as their label. The applied
fabrication procedure for monometallic electrodes
consisted of electrochemical anodization of Ti plate,
magnetron sputtering of thin 5 nm Au or Cu layers
and thermal treatment also (assigned as an-AT and
an-CT, respectively).

Samples characterization

The morphology and cross section of the samples
were investigated by the field emission scanning
electron microscope (FEI Quanta FEG250) equipped
with an ET secondary detector and with the beam
accelerating voltage kept at 10 kV. The nanotubes
and nanoparticles size was analyzed by Gwyddion.
The an-ACT sample was measured in aberration-
corrected high-resolution transmission electron
microscope (JEOL ARM 200F) equipped with an EDX
(energy-dispersive X-ray) detector. Measurements
were performed at an accelerating voltage of 200 eV.
The electrochemical and photoelectrochemical mea-
surements of pure and modified nanotubes were
conducted using potentiostat—galvanostat system
(AutoLab PGStat 302 N) in three-electrode arrange-
ment, where TiO;NTs, n-ACT and an-ACT served as
working electrodes (WE), Pt mesh as counter elec-
trode (CE) and Ag/AgCl/0.1 M KCl as a reference
electrode (RE). All electrochemical measurements
were carried out in deaerated 0.1 M NaOH solution
and 0.1 M NaOH with 0.5 M methanol, 0.5 M ethy-
lene glycol or 0.5 M glycerine. Cyclic and linear
voltammetry curves were registered from -0.8 V
to + 1 V with a scan rate of 50 mV/s and 10 mV/s,
respectively. LV scans under visible light illumina-
tion were measured using xenon lamp (LOT-Quan-
tumDesign GmbH). Electrochemical impedance
spectroscopy measurements were conducted for an-
ACT sample at frequency from 20 kHz to 0.1 Hz
covering 20 points per decade and with 0.01V
amplitude at the open circuit potential (OCP) in dark
and during electrode illumination. The impedance
data were analyzed on the basis of an electrical
equivalent circuit (EEQC) via EIS Spectrum Analyser.
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Results and discussion
Morphology

Figure 1 shows the morphology of the pure titania
nanotubes and nanotubes modified by gold—copper
nanoparticles. The diameter of TiO,NTs is equal to
101 £+ 13 nm and the wall thickness to 13 £+ 3 nm.
Moreover, cross section image of nanotubes allows
the determination of length: 709 £ 53 nm. Nanotubes
were covered by thin AuCu layer using magnetron
sputtering resulting in increase in wall thickness up
to 20 £ 4 nm. After thermal treatment spherical
gold—copper nanoparticles with a diameter of
38 + 5 nm were formed on the NTs surface. The
AuCu NPs are present in the crown position [21] as
well as on nanotubes walls. The TEM images showed
that particles are consistently bigger at the top of the
TiO; nanotubes (Fig. 2). The diameter changes from
ca. 60 to ca. 5 nm. EDX images allow to confirm the
presence of AuCu nanoparticles and their distribu-
tion mostly in the upper part of nanotubes. The
thorough studies of other physicochemical properties
of prepared material can be found in our previous
work [22].

Electrochemical performance

The electrochemical activity toward alcohol elec-
trooxidation of non-annealed and annealed ACT as
well as TiO,NTs electrodes was characterized using
cyclic voltammetry. In this work, the measurements
were carried out in 0.1 M NaOH solution containing
methanol, ethylene glycol or glycerine with a con-
centration of 0.5 M. The results are shown in Fig. 3.
The reactions of alcohol electrooxidation in alkaline
media (1-3) consume OH™ depending on the number
of hydroxyl groups per molecule. The number of
electrons captured can be different:

CH3;0H + 80H — CO% + 6H,0 + 6e” (1)
C,H,(OH),+140H" — 2CO3™ + 10H,0 +10e~  (2)
C3H5(OH); +200H™ — 3CO5 + 14H,0 +14e”  (3)

The number of electrons indicates the available
amount of energy accumulated in particular alcohol
[23] for further utilization toward energy conversion
and storage. After the addition of methanol, no
intense peaks related to the alcohol oxidation were
observed (Fig. 3a). Moreover, capacitance currents
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Figure 1 SEM images of

a TiOsNTs, b cross section of
TiO>NTS, ¢ n-ACT, d cross
section of n-ACT, e an-ACT
and f cross section of an-ACT
[22].

densities from — 0.8 V to + 0.1 V were lower in the
0.5 M methanol solution comparing to 0.1 M NaOH,
especially for the an-ACT electrode for the reduction
peaks at — 0.8 V and — 0.5 V as well as the oxidation
peaks at — 0.2 V and + 1 V versus Ag/AgCl/0.1 M
KCI. Therefore, the TiO,NTs, n-ACT and an-ACT
materials do not enable electrocatalytic methanol
oxidation. According to Biswas et al. [15] pure Cu, Au
or Au/Cu nanoparticles exhibited activity for the

13349

methanol oxidation at the potential of + 0.55 V, +
052V and + 046 V versus Ag/AgCl in 05M
methanol solution. The X-ray photoelectron spec-
troscopy measurements confirmed metallic states of
Au located at 83.67 eV and Cu at 932.77 eV in the

Au/Cu nanostructure and absence of oxide species
[22]. However, in our case, for the an-ACT electrode
thermally treated in argon four copper and two gold
separate chemical states were identified [22].
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Figure 2 a, b TEM and c-
g EDX images of an-ACT
electrode.

Additionally, CuAuTi, AuCu, CuO, Cu(OH),.
x CuCO;5 and Au,O were present on the electrode
surface. It can indicate that formation of oxides
decreases materials activity toward methanol oxida-
tion due to the less-exposed surface atoms of Au and
Cu. In the case of ethylene glycol, the oxidation
process takes place both for non-annealed AuCu
electrode as well as annealed AuCu sample (Fig. 3b).
The proposed oxidation mechanism of C,H;(OH),
can be found in the literature [24-27]. The ethylene
glycol can be oxidase to oxalate (COO ), formate
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(HCOO™) or carbonate (CO;%7). Two intense anodic
peaks located at+ 0.3V and + 1V versus Ag/
AgCl1/0.1 M KCI can be found for the an-ACT elec-
trode, whereas for the n-ACT sample the second peak
is shifted by — 0.25 V. The anodic current density
registered at + 0.3 V for the annealed AuCu material
increases from ca. 40 pA em 2 to 800 pA cm 2 after
the ethylene glycol addition while at + 1 V the value
enhances from ca. 300 pA cm™? to 800 pA cm ™2 The
current density due to the glycol oxidation registered
at+ 03V is 2 times higher for thermally treated
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Figure 3 Cyclic voltammetry curves for TiO;NTs, n-ACT and an-ACT electrodes in 0.1 M NaOH with or without 0.5 M: a methanol,

b ethylene glycol, ¢ glycerine and d 0.1 M NaOH.

bimetallic electrode than for the non-annealed one.
Moreover, the value of current density at + 1V is
about 8 times higher for the an-ACT electrode than
for the n-ACT sample. As for the ACT sample fabri-
cated using the RTA furnace, the electrocatalytic
activity toward glycol oxidation is much more
intensive than for materials without the thermal
treatment which is caused by the larger electro-
chemical active surface area and a greater amount of
active sites [28]. Besides, it should be evoked here
that TiO,NTs alone are not sensitive to glycol.
According to Marelli et al. [9], the highest activity
toward benzyl alcohol oxidation with respect to Au
monometallic electrode was achieved for sample
containing low amount of CuO oxide which partially
covers the Au-rich core of the NPs that indicated that
the synergistic effect occurs. Whereas, when the CuO
completely covers the AuNPs, the reaction is inhib-
ited. It should be highlighted that the catalysis pro-
cess takes place on Au and Cu metallic components
while Cu,O, CuO or TiO, semiconductors are regar-
ded here only as the catalyst support [29]. According
to Fashedemi et al. [30], the FeCo@Fe@Pd/C

electrode has shown activity in the electrooxidation
of ethylene, ethylene glycol and glycerol. The current
densities of ca. 4mAcm? 5mAcm?
4.8 mA cm ™ at 0 V versus Ag/AgCl/KCl were reg-
istered in 0.5 M KOH with 0.5 M ethanol, GE and
GLY, respectively. Therefore, the palladium-based
material exhibits the best electrocatalytic perfor-
mance toward ethylene glycol. In our work, the
AuCu electrodes are electrocatalytically active both
toward glycol and glycerine. The CV scans recorded
in alkaline solution with 0.5 M glycerine are shown in
Fig. 3c. The peaks located at + 0.3 V and + 1 V cor-
respond to C3Hs(OH)s oxidation process [31]. The
proposed mechanism can be found in the literature
[24, 26, 27], where two various intermediates are
possible to be formed during reaction such as glyceric
acid CHOHCHOH(COO™) and dihydroxyacetone
CH,OHCOCH,OH. Similarly as for ethylene glycol
reaction oxalate, formate and carbonate might be the
final products. The significant enhancement of the
current density from 38 pA cm  to 3.6 mA cm % is
recorded for the an-ACT sample at + 0.3 V versus
Ag/AgCl/0.1 M KCI after glycerine addition to the
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electrolyte. When the electrode is polarized toward
more anodic direction the current increase from 505
pA cm~? to even 4.56 mA cm ™2 at + 1 V is observed.
The materials annealed at the RTA furnace exhibit
improved activity toward glycerine oxidation than
non-annealed ones. The current density of alcohol
oxidation was 3 or even 11 times higher at + 0.3V
and + 1V, respectively. Such improvement was
reported by Houache et al., [32] for Ni electrode that
was electrochemically treated in the solution of 0.1 M
Na,SO, with 30 mM ascorbic acid and 4 times higher
current density for glycerol electrooxidation was
noted than for the untreated sample. Such behavior
was justified by the formation of active sites of nickel
oxyhydroxide where catalytic reaction takes place. In
the case of our material, we regard that similar phe-
nomena take place. Moreover, we should take into
account the CuAuTi alloy which is present only at the
an-ACT material [22]. As far as the TiO,NTs electrode
is concerned, no electrocatalytic activity toward
glycerine was registered.

Figure 3d presents electrochemical response for
n-ACT and an-ACT electrodes registered in 0.1 M
NaOH solution. The intense faradic peaks can be
observed for the thermally treated sample in contrast
to non-annealed material with only one reduction
peak located at ca. 0V which may correspond to
reduction of gold oxides [33]. According to Liu et al.
[34], unidirectional diffusion from the Au shell to Cu
core was explored via thermal alloying. The core-
shell samples were heated up to 260 °C finally
forming AuCu intermetallic compound. Therefore,
various shapes of CVs curves are observed resulting
from different internal structures of bimetallic AuCu
compounds that underwent change during thermal
treatment. For the an-ACT electrode, two anodic and
two cathodic peaks associated with copper oxides
redox reactions can be distinguished [35]. It can be
claimed that two-stage oxidation process of Cu to
CuO and reduction of CuO to Cu can be observed for
this material [36]. The CV scans correlate with the
XPS data for an-ACT electrode where copper was
detected in two forms such as metallic Cu (CuAuTi,
AuCu) as well as copper (II) oxides [22].

The cyclic voltammetry curves for Au and Cu
deposited on TiO,NTs registered in alkaline solution
without and with 0.5 M methanol, ethylene glycol or
glycerine are shown in Fig. 4. In the case of methanol,
after its addition to the solution no oxidation peak
can be observed (Fig. 4a). For ethylene glycol, the
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oxidation takes place only on gold-modified elec-
trode (Fig. 4b). One oxidation peak at + 1 V versus
Ag/AgCl1/0.1 M KClI can be distinguished for the an-
AT electrode, whereas for the bimetallic AuCu elec-
trodes two anodic peaks located at + 0.3 V and + 1
V were observed. The addition of copper to gold
nanoparticles is responsible for synergistic effect and
formation of second oxidation peak at lower poten-
tials. Taking into account current density at + 0.3 V
for the an-AT electrode its value increased from 23 to
408 pA/cm® which is two times lower than for
bimetallic an-ACT electrode at the same potential.
This behavior confirmed the positive effect of the
alloy on the catalytic activity toward ethylene glycol
oxidation providing reduction of oxidation potential
as well as increase in current density. In the case of
glycerine, the activity was also obtained only for
gold-modified electrode (Fig. 4c). Here, also only one
oxidation peak can be found for the an-AT electrode
at + 0.6 V. However, current density recorded at +
0.3 V for the an-AT electrode is 2.5 times higher than
for AuCu bimetallic samples.

In order to evaluate the photoactivity of the fabri-
cated nanomaterials, the linear voltammetry mea-
surements in dark and under vis illumination were
carried out (Fig. 5). The LV scans were recorded in
01M NaOH and in 0.1M NaOH with 05 M
methanol, ethylene glycol or glycerine solution. The
n-ACT electrode measured in 0.1 M NaOH as well as
with methanol does not show any photocurrent
growth, moreover the decrease in current density
during illumination can be seen above + 0.75 V ver-
sus Ag/AgCl/0.1 M KCI (Fig. 5a). This activity can
result from the presence of amorphous TiO; in con-
trast to thermally treated samples. As far as the an-
ACT sample is concerned, where TiO,NTs are pre-
sent in the crystalline form [22], the addition of
methanol caused the increase in photoactivity in the
range from — 0.5 V to + 0.8 V (Fig. 5b). It should be
highlighted that the presence of bimetallic AuCu
structures has got significant effect on LVs results
obtained in methanol solution. As it was described
above, materials which contain gold and copper are
electroactive, namely the oxidation of ethylene glycol
and glycerine occurs at their surface. Not only above
presented reactions take place but also radical-cat-
alyzed alcohol oxidation by photogenerated holes
(photocatalytic activity). According to our earlier
work [22], the positive photocurrent spikes for the
structures containing AuCu were observed from
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Figure 4 Cyclic voltammetry curves for an-AT and an-CT electrodes in 0.1 M NaOH with or without 0.5 M: a methanol, b ethylene

glycol and ¢ glycerine.

— 0.8 to + 0.6 V when the electrode is exposed to
light. The mechanism of ethylene glycol oxidation by
photogenerated holes is shown in Scheme 1 [37-39].

The electron-hole pairs are generated on TiO,,
Cu,0 and CuO, sequentially holes which come from
copper oxides are consumed in the photocatalytic
alcohol oxidation. For the n-ACT electrode, the
enhancement of current density from 67 pA cm™? to
277 uA cm at ca. + 0.3 V in ethylene glycol solution
was achieved during light illumination (Fig. 5¢). The
increase in photocurrent above — 0.3 V versus Ag/
AgCl/0.1M KCl was registered for the an-ACT
sample immersed in 0.1 M NaOH with 05M
C,H4(OH) (Fig. 5d) due to the activity of AuCu
annealed at 450 °C in argon atmosphere. Besides, the
current grows from 0.5 mA cm ” to 0.73 mA cm  at
the potential of ca. + 0.3 V. The values of photocur-
rent density defined as the difference between cur-
rent recorded under illumination and in dark
obtained for the non-annealed electrode and the
annealed one are quite similar and are equal to 210
pA em ? and 230 pA em? at + 0.3 V, respectively
(Table 1). Therefore, it may be related to synergistic
effect of copper oxides active under visible light and
AuCu presence [40]. Moreover, the photocurrent
enhancement for the an-ACT electrode at+ 1V
equals to 223 pA cm 2. Furthermore, the photopro-
moted catalysis of glycerine leads to the increase in
current density for the n-ACT and the an-ACT
materials. The proposed mechanism is shown in
Scheme 2[37, 38, 41].

The n-ACT electrode exhibits the photocurrent
increase of 200 pA em 2 registered in 0.1 M NaOH
with 0.5 M glycerine at 4+ 0.3 V versus Ag/AgCl/
0.1 M KCl, whereas the an-ACT sample—120 pA
cm ™2 (Table 1). However, higher photocurrent of 360
HA cm 2 was obtained at+ 1V for the AuCu

annealed nanomaterial and the current density at this
potential was equal to ca. 3.3 mA cm™ 2.

Figures 6 and 7 show the CV curves recorded in
the solution of ethylene glycol and glycerine,
respectively, and clearly the alcohol oxidation at the
an-ACT electrode is observed. As it can be seen, in
Figs. 6a and 7a with the increase in the scan rate the
oxidation peak current density also grows up. A
linear relationship between the peak current density
and the square root of the scan rate was found up to
90 mV s ' and 120 mV s~! for GE and GLY, respec-
tively (see Figs. 6b and 7b). The results indicate that
the oxidation of GE and GLY is diffusion-controlled
process [42]. However, it can be also stated that it is
not a fully diffusion-controlled process due to the
nonzero intercept of the equation [43]. According to
Shahrokhian et al. [44], trimetallic Pt-Pd—Co/rGO
nanomaterial exhibited dual linear region for the
dependency of the anodic peak current density of
ethylene oxidation versus scan rate with slopes equal
to 812 mA cm * and 210 mA cm >, Dual behavior
was ascribed to the decreasing rate of GE diffusion to
electrode at higher scan rates. The measurements
were performed from 0.2 mV/s to 600 mV/s [44]
According to Etesami et al. [43], the effect of scan rate
on glycerol electrooxidation on the AuNPs/PG elec-
trode showed increase in anodic peak with increasing
scan rate up to 1000 mV/s with a slope of 2.1 mA/
cm?. In the case of ethylene glycol for our materials,
two peaks located at 4+ 0.3 V and + 1V show the
same slope equals to 17 pA em > mV ™! s in contrast
to glycerine where 51 and 81 pA cm > mV ™' s were
determined. The higher value of slope of a Randles—
Sevcik (RDS) plot for glycerine in contrast to ethylene
glycol can be correlated with the amount of hydroxyl
groups—more hydroxyl groups the greater slope
value. According to Khouchaf et al. [45], the peak
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Figure 5 Linear voltammetry curves registered in 0.1 M NaOH
without and with 0.5 M a, b methanol, ¢, d ethylene glycol and e,
f glycerine for n-ACT and an-ACT electrodes in dark and under vis

located at c.a. 0.0 V versus Ag/AgCl was attributed
to Cu/Cu(l) and Cu(l)/Cu(Il) oxidation process in
alkaline solution, and also it was the potential of
methanol oxidation. However, at the potential of +
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n-ACT 0.1 M NaOH vis).

0.57 V, where Cu(IIl) was formed in NaOH solution,
higher anodic peak resulting from methanol oxida-
tion was obtained. In our case, considering the glyc-
erol containing electrolyte, one may assume that
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redox reaction involving high oxidation states of
copper is replaced by GLY oxidation and the alcohol
oxidation reaction is more promoted at + 1 V than at
lower potentials (+ 0.3 V). Difference between
C,Hy(OH), and CsHs(OH); oxidation can be also
caused by the interaction strength between the sub-
strate and the adsorbate intermediates [30]. The
interaction between the metal d states and the
adsorbate states can be measured by density func-
tional (DFT) calculations. As the scan rate exceeded

AuCu/TiO,NTs + hv — e +h*
C,H,(OH), + h* — C,H;(OH),* + H*

Scheme. 1 Oxidation reaction steps of ethylene glycol during
material illumination.

Table 1 The photocurrent values for n-ACT and an-ACT
electrode at + 0.3 Vand + 1V

0.1 M NaOH + GE 0.1 M NaOH + GLY

Aj/uA em™? EV Aj/uA em™? E/V
n-ACT 210 + 0.3 200 + 0.3
an-ACT 230 + 0.3 120 + 03

233 41 360 41

AuCu/TiO,NTs + hv — e +h*
C,H(OH), + h* — C,H,(OH)," + H*

Scheme. 2 Oxidation reaction steps of glycerine during material
illumination.
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90 mV/s and 120 mV /s for glycol and glycerine, the
current density approaches a plateau due to the
reduction of the diffusion barrier resulting in the
same concentration of alcohols in the solution and at
the electrode surface.

Electrochemical impedance spectroscopy mea-
surements were performed to obtain deeper insight
into the electrical performance of the an-ACT elec-
trode immersed in the solutions of different alcohols.
The reaction not only depends on the applied
potential but also on the availability of the charge
carriers, therefore the experiments were carried out at
the open circuit potential. Thus, the mechanism of
reaction concerned charge transfer between solution
and semiconductor as well as chemical bounds and
compounds formed at the surface [46]. The Nyquist
plots are shown in Fig. 8 while the equivalent elec-
trical circuit used for fitting procedure (Rg(CPERct
Wo)) is presented in Fig. 9.

The Rg element corresponds to the electrolyte
resistance, the Rer is the charge transfer resistance,
the Wg is the Warburg open element and the CPE
corresponds to the constant phase element. The
impedance data obtained from Fig. 8 are listed in
Tables 2 and 3. After immersion of the electrodes into
the electrolyte their potentials have to compensate
[47]. In the case of the semiconductor, it is Fermi
level, whereas for the electrolyte—the chemical
potential. If the Fermi level and the electrolyte
potential are not equal, the electron transfer between
them occurs. Schematic representation of energy
levels and the possible charge transfer at the an-ACT

(b)g.54]

® ®

0.51 4 o ©® O

. 1TuA cm (mV-'s) "2

0.48 4
0.45

0.42 -

jI mAcem?

0.39 4

0.36 -

0.33 T T T T T T T T
2 4 6 8 10 12 14 16 18

v 12 ! (mv 5-1}1F2

Figure 6 a CV curves of ethylene glycol oxidation at the an-ACT electrode at different scan rates in 0.1 M NaOH with 0.5 M GE solution

and b corresponding calibration curves.
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Figure 7 a CV curves of glycerine oxidation at the an-ACT electrode at different scan rates in 0.1 M NaOH with 0.5 M GLY solution and

b corresponding calibration curves.
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Figure 8 Impedance plots of the an-ACT electrode in methanol, ethylene glycol and glycerine solutions a in dark and b under vis light

illumination.

CPE
|2
i<

= LW

Rer W,

Figure 9 Model of the equivalent electrical circuit.

electrode/electrolyte interface is presented in Fig. 10.
The values of potential presented in Fig. 10 above
pink and blue bubbles correspond to the maximum of
first alcohol oxidation peak on CV curves (Fig. 2).
Taking into account values of the ARct between
samples resistance measured in the alkaline solution

@ Springer

without and with methanol, ethylene glycol or glyc-
erine was equal to 200, 1000 and 1790 Q cm?,
respectively. However, the lowest value of Rer
equaled to ca. 10 Qcm ™2 was measured for electrode
immersed in glycerine solution. Such a small value of
charge transfer resistance for GLY confirms the
highly facilitated electron transfer between glycerine
compound and electrode. These results can be cor-
related with the cyclic voltammetry scans where the
highest current density was obtained for the glycer-
ine oxidation. The decrease in the Rcy for all the
electrodes under their illumination indicates their
photoactivity, shift of the energy bands at the
boundary of the electrode/electrolyte and a high
mobility of carriers in TiO, [48]. Moreover, the
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Table 2 Electrochemical impedance data for the an-ACT electrode carried out in methanol, ethylene glycol and glycerine solution in dark

Element Unit 0.1 M NaOH 0.1 M NaOH + ME 0.1 M NaOH + GE 0.1 M NaOH + GLY
Ry Qem’ 9.3 93 11.3 9.7

Rer Qe 1.8 x 10° 1.6 x 10° 0.8 x 10° 10.2

Q Fem ™ 7.5 % 107 7.9 % 1079 1.67 x 107* 292 x 107

n 0.886 0.882 0.835 0.767

W, Qem?® 5712 41.7 305.6 13.5 288.3

W,o Qem?® 5772 0.0102 0.0594 0.0105 0.0112

7 145 x 107 1.84 x 1077 1.26 x 107 7.34 x 107

Table 3 Electrochemical impedance data for the an-ACT electrode carried out in methanol, ethylene glycol and glycerine solution under

visible light illumination

Element Unit 0.1 M NaOH 0.1 M NaOH + ME 0.1 M NaOH + GE 0.1 M NaOH + GLY
Rg Qem’ 8.3 8.0 10.1 9.5

Rer Qem? 0.6 x 10* 5.6 1.2 0.5

Q Fem ™2 1.97 x 107* 353 x 107 245 x 107 2.54 % 107

n 0.796 0.674 0.695 0.805

Wor Qem? 7172 6.2 10.4 149.9 124.2

Woo Qem” 712 0.0037 0.0003 0.0414 0.0337

e 1.76 x 107 1.24 x 107 734 x 107 7.36 x 107

carriers’ mobility is enhanced by the addition of
alcohol to the electrolyte. As far as the constant phase
element is concerned, it can be described by equation:
Zepg = 1/Q(jw)" where Q is CPE parameter and n is
CPE exponent with a value of 0 < n <1 [49]. In the
case when the n =1 the impedance corresponds to
the pure capacitor, while for n=0 the CPE is
assigned to the resistor. The exponent n determines
the surface heterogeneity, whereas Q is a quasi-ca-
pacitance of the electrode described as a double layer
capacitance or a functionalized layer capacitance [50].
In our case the quasi-capacitance results from the
absorbed hydroxyl groups of NaOH, methanol,
ethylene glycol and glycerine on nanoparticles, while
the heterogeneity originates from the alloy structure
and the adsorption sites of alcohols and its coverage.
For solid electrodes immersed in the electrolyte typ-
ical n value is in the range from 0.7 to 0.9 [51]. The
influence of the position of hydroxyl groups of the
dihydroxybenzene isomers on the adsorption mech-
anism was reported by Ryl et al. [52] Resorcinol, the
compound containing two hydroxyl groups linked to
the benzene ring, was characterized by impedance
measurements and the best inhibitor efficiency at the
high concentration equals to 100 mM in contrast to
the ligand exchange model of adsorption for catechol

and quinol at lower concentrations (1 and 10 mM).
According to Wysocka et al. [51] when the carboxylic
acids corrosion inhibitors fully covered the electrode
surface in the form of monolayer, the value of the
homogeneity increased and resulted in increase in n
values. Therefore, in our case there is a visible
decrease in homogeneity along with the growing
number of OH groups with simultaneous increase in
a quasi-capacitance for experiments carried out in
dark. The Warburg open element is attributed to the
finite-length diffusion with refractive boundary
ascribed by the equation:

Vjﬂ' (1 — f)coth [w&. \/;E] (4)

Zwo(@) = w

where Wg, is equal to Warburg coefficient and
Wae = d/D% where d is the thickness of modified
layer and D is the diffusion coefficient. The We,
increases after methanol addition to the 0.1 M NaOH
solution in dark as well as in light illumination. In the
case of electrode immersed in the pure alkaline
solution Cu(OH),4s [53] and Au(OH). [54] are
formed on the surface. For the an-ACT sample in
methanol solution, additional alcohol adsorption
layer causes increase in the Warburg impedance.
Furthermore, after light illumination in both cases,
with and without methanol, decrease in Wg, and
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Figure 10 Schematic representation of energy levels and charge transfer for an-ACT electrode in dark in the solution of a ethylene glycol

and b glycerine in 0.1 M NaOH.

Wo. impedance takes place which can be attributed
to the photoconductivity of material [55]. Other
phenomena can be observed for samples measured in
ethylene glycol and glycerine solution where not only
alcohol adsorption layer and charge transfer under
light illumination but also alcohol oxidation pro-
cesses are taken into account. According to CV scans,
at the OCP potential the beginning of glycol as well
as glycerine oxidation, observed as current increase,
can be seen, and therefore, not only Cu(OH),4s and
alcohol adsorption layer but also intermediates can
be present at the electrode/electrolyte interface. The
glycol oxidation process is slower than glycerine
oxidation. The diffusion coefficient [56] of OH™ is
higher for electrode immersed in ethylene glycol than
in glycerine which can result in sparser layer at the
electrode surface.

@ Springer

Conclusion

In this work, we presented detailed electrochemical
results of catalytic active AuCu-modified TiO, nan-
otubes toward ethylene glycol and glycerine oxida-
tion. The electrodes were fabricated via anodization
of Ti, AuCu layer sputtering and rapid thermal
treatment in an argon atmosphere which resulted in
ordered TiO, nanostructure with spherical bimetallic
nanoparticles. The prepared electrode material
exhibited at + 0.3 V versus Ag/AgCl/0.1 M KClI ca.
20 times higher current density after glycol addition
and 90 times after glycerine addition to the alkaline
electrolyte. It should be highlighted that, annealed
bimetallic structures are more catalytically active
toward alcohol oxidation than non-annealed ones
because of the increased number of Au and Cu active
sites. Furthermore, AuCu-modified nanotubes exhi-
bit enhancement of photocurrent under visible light
illumination from photocatalytic alcohol oxidation
caused by Cu,O and CuO oxides presence. Moreover,
pure titania nanotubes are not sensitive to ethylene
glycol and glycerine. Additionally, rapid thermal
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annealing in Ar atmosphere of bimetallic electrodes
enhanced materials activity toward alcohol oxidation.
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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 TiO. 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 Al 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, Cu.O and CuO play as visible light
absorbers where generate e-h pairs are generated, and then generate electrons are transported by
Au to TiO- 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 Cu20 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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number: JIMSC-D-23-05052, Journal of Materials Science
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1. W. Lipinska, 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. Lipinska, 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. Lipinska, 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. Lipinska, 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. Lipinska, K. Grochowska, J. Karczewski, J. Ryl, K. Siuzdak, **Effect of annealing
atmosphere on the TiO, nanotubes modified with AuCu nanoparticles™ poster, NanoTech
Poland 2021, (online, 9-11.06.2021)

6. W. Lipinska, 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 Lipinska, K. Grochowska, J. Ryl, J. Karczewski, K. Siuzdak, “Electrocatalytic
activity of Au-Cu nanomosaic towards CO: reduction” poster, 71st Annual ISE Online Meeting
(online, 31-04.09.2020)

8. W. Lipinska, 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. Lipinska, K. Siuzdak, J. Karczewski, A. Dolega, 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. Lipinska, K. Siuzdak, J. Ryl, P. Slepski, K. Grochowska, “Studies of the charge
transfer kinetics and surface inhomogeneities of enzyme-functionalized Au-Ti electrode”
poster, 9th SMCBS (stationary, Zelechéw, Poland, 8-12.11.2019)

11. W. Lipinska, K. Siuzdak, P. Barski, A. Lindstaedt, K. Grochowska, ,,Modyfikacja
nanostrukturyzowanej powierzchni Au-Ti oksydazq glukozowq przy uzyciu samoorganizujgcej
si¢ monowarstwy organicznej” (Au-Ti platform modified by glucose oxidase using self-
assembled monolayers) poster, Nano&BioMateriaty (stationary, Torun, Poland, 6-7.06.2019)

12. K. Siuzdak, Z. Molenda, W. Lipifiska, A. Cenian, G. Sliwifiski, K. Grochowska,
wEnzymatic glucose sensor based on Au-Ti heterostructure” poster, 13th NANOSMAT
(stationary, Gdansk, 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 0.0., 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 (2020/39/1/ST5/01781) “Solar Reduction of CO 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: ,Sposob wytwarzania enzymatycznych elektrod”

(Fabrication method for enzymatic electrodes), (nr. P.435033), submission 20.08.2020,
Warszawa, Poland, W. Lipinska, K. Grochowska, K. Siuzdak

Science popularization

1. Festiwal Nauki w Jablonnie — Nauka z Palacem w tle (Science Festival with
the Palace) (23.09.2023 and 24-25.09.2022, Jabtonna, 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.
»Wygrywaé w nowoczesnych technologiach — spotkanie z laureatkami Konkursu
im. R. Szczesnego oraz o Projekcie InnovaBio Pomorze i warsztatach w Bio Laboratorium dla

uczniow szkot ponadpodstawowych”

Courses
. Artificial intelligence and ChatGPT in Academic Writing, 2023
. Agile Project Management — fundaments, theory and practise, 2023
. Project Management by International Project Management Association NCB 4.0, 2023
. Legal aspects in the R+D project management, 2023
. Blender 3D Modelling and Graphic Design, 2020
. MBLC Mindfulness Based Living Course, 2019

. Coating inspector in accordance with the IMO SOLAS convention, 2018
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. 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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. 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

. Award for the presentation of scientific results on 72" 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)

. The Professor Romuald Szczesny Award for the best master thesis in the field of modern
technologies (12.2020)

. Diploma of the year 2019 Award for the best master thesis on the Faculty of Chemistry Gdansk
University of Technology (10.2020)

. Polish Chemical Society Award for the best master thesis on the Faculty of Chemistry Gdansk
University of Technology 2018/2019 (12.2019)

. 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)

. Gdansk University of Technology Gold Badge for the graduate with honors (08.2019)

. Gdansk University of Technology Rector’s scholarship for the best students (2015, 2016,
2017, 2018, 2019)

Societies

. The Electrochemical Society ECS Member, ECS ID: 532626, 07.2023 — present
. RedOx student research club on Gdansk University of Technology, 07.2023 - present

Scientific activity in numbers

Name MSc Eng Wiktoria Lipinska
h-index 7
Citations 164
Number of articles (JCR) 13
Participation in conferences 12
Participation in science projects 4
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