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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, electrochemical activity towards the oxygen and
hydrogen evolution reaction (OER, HER) as well as improved photoresponse 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 fabricated 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
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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 A>420 nm. Upon exposure to visible
light, the current density for 5Au/5Cu and 5Cu/5Au electrodes reached 1.32 mA cm™2and 1.26
mA cm?, respectively, while in the case of monometallic structures the current was below 10
1A cm2. Both optical and electrochemical behaviour indicate a strong synergistic effect arising

within the bimetallic mosaic formed over the TiND.

Keywords
Au-Cu bimetallic nanostructures, broad band absorbance, oxygen evolution reaction,

electrochemical activity, photoelectrochemical activity

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 targeted 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
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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'. Among others, gold nanostructures have been widely explored
and successfully applied in organic photovoltaic cells, photocatalysis and electrochemical
sensors>3*, However, the depletion and rising price of precious metals as well as the safety
concerns relating to the use of auric acid® 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%”8 as well as the application of physical top-down technique® 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 properties is not surprising!'®!-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 oscillations of free electrons, by light
resulting in the enhancement of electromagnetic 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 520-530 nm'3. On the other hand, Cu nanoparticles with
diameter of 20 nm show the maximum absorption peak at 580 nm'3. However, when one
combines gold and copper together, it is possible to achieve broadband absorption in the visible

range' and its tuning within the several tens of nm is achievable. For the NPs of 10 nm in
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diameter surrounded by a medium of 1.4 refractive index, the SPR maxima for Au, Au;Cu,
AuCu, AuCu;, Cu were located at 532 nm, 538 nm, 561 nm, 567 nm, 578 nm, respectively'“.
Apart from the optical features, Au-Cu NPs are characterized by attractive catalytical properties
especially towards the electrocatalytic reduction of CO,!3 and selective alcohol oxidation'!.
Moreover, reports on the Au/Cu,O porous heterostructures indicate their higher photoresponse
comparing to the pure Cu,O structure'®. The oxygen evolution reaction (OER), as well as
hydrogen evolution reaction (HER) running efficiently at Au-Cu bimetallic structures, were
confirmed!”. Therefore, the Au-Cu NPs can be successfully used in processes dealing with the
environmental pollution present in liquid media.

It should be also noted, that the synthesis of Au-Cu bimetallic material not only takes
advantage of the lower price of Cu cf Au but also take advantage of the high stability of gold!.
In such materials, the improved properties of bimetallic structures occur due to the synergistic
effect between both metals and this interaction depends on the structure inside the particular
Au-Cu NP. The bimetallic nanoparticles can be classified into alloy/intermetallic or core-
shell/layer-by-layer structures. In the case of Au-Cu, one can distinguish three different
structures of specific stoichiometry such as AuCus;, AuCu and Au;Cu depending on the
composition of individual elements'®. Analyzing the Au-Cu phase diagram, it can be seen that
at 410°C (1:1 atomic ratio) there is an order-disorder transformation'®, which is related to
ordered intermetallic structures or disordered alloy creation. It was found that control of the
ordering degree of Au-Cu nanoparticles significantly impacts the electrocatalytic activity?’. The
ordered structures exhibit high catalytic properties towards CO, to CO reduction, however the
disordered ones enable enhanced hydrogen evolution?’. 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

environmental point of view.


http://mostwiedzy.pl

A\ MOST

In this paper, the synthesis of Au-Cu bimetallic nanomosaics over the textured Ti
substrate as well as their morphology, structural, optical, 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 analysed. 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
experimentally proven that the synergistic effect between the Au and Cu can be achieved via

simple thermal treatment of sputtered gold and copper films.

Experimental

Au-Cu electrode fabrication
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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 2x3 cm? rectangles and ultrasonically cleaned in acetone,
ethanol and deionized water for 10 minutes 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 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 NHy4F 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 hours and the second 6 hours. 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 nanostructured 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
minutes. 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 established

temperature. After processing they were taken out of the oven and left freely to cool down.
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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 accelerating 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 accessory for reflectance spectra registration. The reflectance spectra
registered 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 conducted using the
AutoLab PGStat 302N 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/0.1M 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 V to +0.8 V vs. Ag/AgCl/0.1M KCI. For CV the

scan rate was equal to 50 mV/s whereas for LV to 10 mV/s. In the case of photoelectrochemical
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tests, the light source was a xenon lamp equipped with filters: AM 1.5 and UV cut-off (GG40,
Schott). The irradiation intensity was established to be 100 mW/cm? using Si reference 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.

Results and discussion

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 minutes 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 Fig. 1b the
annealing at elevated temperature changes the 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?!. 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'amosaic-like structure composed of Au NPs located in the host titanium dimples as presented
in Fig. 1c which is in agreement with our previous works?>?3, 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 therefore 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.
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SEM images provided in Fig. le and Fig. 1f show the copper species formed over the
Ti and in both cases, in contrast to gold, no well separated NPs can be revealed. The only
difference in material morphology 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. 1g and Fig. 1i. 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 dimensions
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. S1) and described in the

Supplementary Information file.


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

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), €) 10Cu (450°C), f) 10Cu (600°C), g) SAu/5Cu (450°C), h) SAW/SCu (600°C), i)

10
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5Cu/5Au (450°C), j) 5Cu/5Au (600°C). The temperature treatment was indicated in the round

brackets.

Fig. 2. Topographical AFM 3D image for TiND annealed at a) 450°C, b) 600°C.

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 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 5SAu/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 Skowronski et al.?4, similar observations regarding 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 interaction of the light and

periodical lattice of NDs that allow to describe obtained material as a photonic crystal.

11
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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. ?° and red shift was noted for Ti platforms composed of the uniformly distributed
nanobowls fabricated 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, 5SAu/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!# and for the
experimental results?® 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.?” and Li et al.?® the
absorbance maximum situated at ca. 580 nm results from the exciton formation in Cu,O. It
should be also highlighted that the absorbance spectra significantly depend on the substrate
used for NPs immobilization?* 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 substrate the absorbance maxima is located at 340 and 460 nm,
respectively. Additionally, as was reported by Padikkaparambil et al.3 decoration of the TiO,
surface with gold led to a change in the intensity of the dioxide titanium absorption band. Two

absorption maxima around 320 — 350 nm and 540 — 570 nm were correlated with different

12
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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 interaction, 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.?! 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.3? the maximum of absorbance band
for CuNPs/FTO was positioned at 350 nm, while Pham et al.>3 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 Cu,O/GO configuration34. Those
experimental findings support the explanation that the big shift of SPR band is determined by

the type of platform used for further NPs deposition.

10Au 10Cu

I

5Au/5Cu 5Cu/5Au

Fig. 3. Images of sample surfaces showing their colour changes due to

TiND

450°C

600°C

different annealing temperature.
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Fig. 4. Reflectance spectra of a) electrodes annealed at 450°C,

b) electrodes annealed at 600°C.

Regarding the bimetallic configurations, it should be highlighted that in both
temperature regimes the shape of reflectance spectra for SAu/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 materials 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 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.? 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 SAu/5Cu and

5Cu/5Au electrodes manufactured in 450°C are strongly influenced by the TiND substrate as

14
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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 distinguished 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'. The similar character for
Au@Cu,0 reported by Liu et al.>¢ and the significant red shift of the absorbance comparing to
bare gold structure was explained by the introduction of Cu,O to the system that is related with
the increasing of the effective dielectric constant between the Au core and Cu,O 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.

Characterization of the chemical nature of samples

The chemical states of gold Au4f (Fig. 5a), copper CuZp (Fig. 5b), titanium 7i2p (Fig.
5¢) and oxygen Ols (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 4u4f appears as a peak doublet (Fig. 5a) and
confirms the presence of metallic Au (84.0 V) on the surface®’.

In the case of the high-resolution XPS spectrum for copper, the analysis revealed the
diversity of CuZp chemical states. Three separate chemical states were identified and
considered for the spectral deconvolution, as shown in Fig. 5b. This element is present primarily
as Cu(Il) in two various forms: CuZp3/2 peak at 935.0 eV present in the energy range
characteristic for Cu(OH), and/or CuCO3% 3%, while CuO*® was confirmed by the signal located
at 933.5 eV. The third component arising at 932.8 eV#! in the case of 10Cu sample was assigned
to the metallic Cu with no contributions from other copper oxides*>*3. Notably, regarding

5Au/5Cu as well as 5Cu/5Au alloys, the location of metallic Cu peak is negatively shifted by

15
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0.4 and 0.5 eV, respectively*’. 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®**. The dominance of the various Cu(Il) species within the
analysed spectra is confirmed with satellite feature at approx. 940-945 eV, as well as Cuppmm
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)*®.

In the case of titanium, its chemical states vary depending on the investigated material.
For 10Au electrode the 7i2p3/2 peak at 459.2 eV was characterized as TiO, which is present at
the Au/Ti interface (Fig. 5c). 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,03% (Fig.
5¢). Although, it is worth mentioning that the Ti share was minor compared to other components
since it is covered by gold and copper metal species. Titanium was not detected for the 10Cu
electrode, most likely due to the higher thickness of Cu because 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 O/s spectrum (Fig. 5d) reveals a similar
nature of oxygen species present in 10Cu, SAu/5Cu and 5Cu/5Au electrodes. The strong peak
at 529.6 eV was ascribed to the lattice oxygen in CuO*’. 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) located 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*®.
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Fig.5 XPS high resolution spectra registered for 10Au, 10Cu, SAu/5Cu and 5Cu/5Au samples

annealed at 450°C: a) Au4f, b) Cu2p, ¢) 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 | At. %
10Au 10Cu
Audf 7/2 Au 84.0 26.5 - - -
Cu2p 3/2 - - - Cu(OH); and 935.0 10.4
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CuCO;
Culp 3/2 - - - CuO 933.5 21.6
Culp 3/2 - - - Cu 932.8 4.8
Ti2p 3/2 TiO, 459.2 21.5 - - -
Ols non-lattice 532.0 59 OH- 531.3 19.9
oxygen / OH-
Ols o> 530.5 46.1 o> 529.6 43.3
5Au/5Cu SCu/5Au
Audf 7/2 Au 84.1 7.1 Au 84.1 5.5
Cu2p 3/2 Cu(OH), and 935.0 12.9 Cu(OH), and 935.0 13.4
CuCO;4 CuCO;
Cu2p 3/2 CuO 933.5 13.5 CuO 933.5 13.1
Cu2p 3/2 Cu (Cu-Au) 9324 8.6 Cu (Cu-Au) 932.3 6.1
Ti2p 3/2 Ti,0; 458.4 0.7 Ti,0; 458.3 0.6
Ols OH- 5314 19.1 OH- 531.3 22.1
Ols o~ 529.6 38.1 o~ 529.6 39.3

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?-0-15233 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
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temperature 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/0.1M KCI for 10Au
electrode corresponds to the formation of Au,0Os, while at 0 V the reduction of gold oxides is
recognized™® (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 c.a. +0.5 V is assigned to the oxidation of Cu(I)
to Cu(I1)*2. Comparing 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. !5 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 arrangements 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 AusoCusg and Au,sCuys samples and those oxidation peaks were ascribed by Liu et
al.’d to the formation of Cu(OH), and then surface part of electrode material exhibits a duplex
nature consisting of Cu,O 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.’4, concluding that such
electrochemical activity of copper species present in the bimetallic 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> 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 supports 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/AgCl1/0.1M KClI, the OER is initiated. In this process the molecular oxygen is
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generated via electrochemical oxidation of hydroxyl ions present in the basic solution: 4OH- —
O, + 2H,0 + 47365738, Such behaviour for other AuCu based structures was not reported in the
literature and the electrochemical activity of such kind of electrodes is generally limited to the
cathodic range and reduction processes as reported e.g. by Liu et al.13, Chen et al.>® and Wang
et al.®%, 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®!. It could be stated that such low electrochemical
response results from the formation of highly resistive titania film identified as the rutile
phase®>63. The significantly diminished activity of both mono- and bimetallic mosaic structures
does not favour application of high temperature for the material processing despite morphology
inspection indicating the ordered distribution of nanoparticles over the hosted TiNDs.
Additionally, according to Lukaszewski et al.®, 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. S3, the slope value for 5SAu/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 electrochemically active one. Taking above into account and the
values of slopes, the real surface area for SAu/5Cu sample is 10.3 times higher comparing to

the flat gold surface that positively impacts onto the overall electrochemical response.
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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.

In order to study the photoactivity of the fabricated materials, the linear voltammetry
measurements in dark and under visible illumination were carried out (Fig. 7). For the reference
samples, namely TiND, 10Au and 10Cu one may observe very low photoresponse (several
dozens of pA cm?) 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 illumination while the photocurrent improvement starts above +0.6 V. However,
the signal at +0.8 V might rather correspond to the oxidation of Au(110)% 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/0.1M KCl was recognised which is typical
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for copper-containing electrode materials®®. Under illumination of 10Cu the overpotential
increases (Fig. 8b). However, from -0.4 V to the anodic regime the sample exhibits photoanode
character®” but its activity towards effective OER is negligible. The small changes between
current density in dark and under electrode illumination for TiND (Fig. 8c) are noticed due to
the very thin TiO, layer. It is well known that photocurrent is strongly determined by the layer
thickness®®%%, 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 monometallic
materials, namely 10Au, 10Cu and TiND some increase of photocurrent exists but it is much
lower than observed for 5SAu/5Cu and 5Cu/5Au structures.

To track the difference value, the comparison of current densities recorded at +0.8 V vs.
Ag/AgCl/0.1M KCl in dark and under irradiation were listed in Table 2. As could be observed,
the 5SAu/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

distinguished (Fig. 7a).
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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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Fig. 8 Linear voltammetry curves registered in 0.1 M NaOH in dark and under visible

illumination for samples annealed at 450°C: a) 10Au, b) 10Cu, ¢) TiND.

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 *%!7 takes place.
According to other reports such a feature could be ascribed to the AuCu'” and CuO7° 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? whereas for the 5Cu/5Au configuration is lower and equals 90 pA cm.
This discrepancy results from the better separation of photogenerated charges onto the outer
film composed of Cu species’! 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 bimetallic nanostructures where even microlong wires’?
or rods” are applied indicating high loading of precious metal but first of all usage of auric
acid’*7>. Moreover, according to Gong et al.!” and Pawar et al.”’ the OER onset potential was
much higher and equals even +1.7 V vs. RHE (ca. + 1.4 vs. Ag/AgCl/0.1M KCI) for AuCu
branched nanostructures in 0.1 M KOH and +1.6 V vs. RHE (ca. +1.3 vs. Ag/AgCl1/0.1M KCI)
for CuO nanosheet in 1 M KOH.
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Additionally, the oxidation process significantly enhanced by light took place at the
potential of -0.18 V for SAu/5Cu and 5Cu/5Au. Described electrode behaviour is repeatable as
was verified by sequentially registered LV curves while any material detachment out of TiND
support was not observed. In dark conditions the current density equals only 35 pA cm and 50
tA cm? for 5Au/5Cu and 5Cu/5Au respectively, whereas almost 0.3 and 0.23 mA c¢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,O core shell
nanowires’! as well as Au-CuO/n-Si’%, Au-WzCulnS,/ITO”’, ZnO/Au/p-nCu,O and
ZnO/Au/nCu, 078 electrodes. However, according to Minggu et al.”, this enhanced process is
related to the Cu,O oxidation (Cu,O + 20H- = 2CuO + H,O + 2¢°) and the further current
decrease may be related to the peeling of the copper oxide film. Following that, we regard that
under irradiation the photogenerated holes are used in the oxidation process of Cu,O while
electrons are transferred via thin titania film towards the metallic substrate and in consequence
a substantial current increase is recorded®’. Since the absorbance spectra for SAu/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.8!, the synergistic effect within Au-Cu alloy positively impacts
on the oxidation process while as was indicated by Liu et al.’? copper affects intraband

transition and ultimately promotes visible-light activity.

Table 2 The values of current density at +0.8 V vs. Ag/AgCl/0.1M KCl in dark and under

visible light illumination for samples annealed at 450°C (Fig. 7).

sample j (dark) / mA cm sample j (vis)/ mA cm?
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10 Au 0.04 10 Au 0.09
10 Cu 0.03 10 Cu 0.04
5Au/5Cu 1.14 5Au/5Cu 1.26
5Cu/5Au 1.23 5Cu/5Au 1.32
TiND 0.01 TiND 0.01

The other unique activity of Au/Cu systems was also recognized in the cathodic
potential range. The values of current densities for particular materials treated at 450°C
recorded in dark and under visible irradiation when the electrode was polarized at -0.8 V vs.
Ag/AgCl/0.1M KCI were listed in Table 3 (also see Fig. 9). The cathodic current density for
5Au/5Cu increases from -50 to -190 pA cm™ and for 5Cu/5Au changes from -60 to -170 pA
cm 2 while for pure gold and bare titania never exceeded a few pA cm2. 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®?. Proposed interpretation is in accordance
with the explanation given for other copper containing systems e.g. ZnO/Cu,O-CuO with
embedded Cu(I) and Cu(Il) oxides®*, TiO,/CuO/Cu mesoporous nanofibers® and CuNPs on
glass carbon or platinum electrodes® 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? and the time dependent attenuation of photoactivity was registered®. A similar
slight increment of photocurrent density was reported by Fu et al.}” for ZnO@Au@Cu,O

nanotubes and by Xue et al.? for the Cu,O cubes decorated with Au NPs.
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It should be also underlined that the most active bimetallic structure 5SAu/5Cu annealed
at 450°C exhibits also high stability. The consecutive cyclic voltammetry scans almost overlap
while the linear voltammetry curve recorded when the working electrode is exposed to the
visible light (see Fig. S4) 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 confirming resistance towards photocorosion.

Table 3 The values of current densities at -0.8 V vs. Ag/AgCl/0.1M KCl in dark and under

visible light illumination for samples annealed at 450°C (Fig. 9a).

sample j (dark) / pA cm? sample j (vis)/ A cm?
10 Au -2.5 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
0.10 0.10 1.4
a) = b)
0.05]===5Aul/5Cu 0.054 =
s ECU/5AU
o TiND 1.0
IE 0.00 0.00 .
o
< 095 -0.05] 0.6
= 0.4
~ .0.104 o010
=~ vis 0.2
= =====.-========-(;.:2’==- oo
I e T

E/V vs. Ag/AgCl/0.1M KCI E 'V vs. Ag/AgCl/0.1M KCI
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Fig. 9 The selected segments from a) cathodic and b) anodic range of linear voltammetry
curves (from Fig. 7a) registered in 0.1 M NaOH in dark and under visible illumination for

samples annealed at 450°C.

Regarding the LV studies carried out for the TiND electrodes annealed at 600°C, they
all exhibit the resistor-like characteristics® (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.

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 heated 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 different 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 5SAu/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
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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 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 5Au/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/0.1M KCIl. 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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Au-Cu nanomosaic onto titanium dimples formation via facile approach
Shift in the absorbance band maximum for the bimetallic materials from 470 nm to 900 nm

Combination of Au and Cu metals results in current density almost 15 times higher than for

pure Au nanostructures

Synergistic effect between the Au and Cu can be achieved via simple thermal treatment of

sputtered films
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