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Received: 19 February 2022

Accepted: 13 July 2022

Published online:

6 August 2022

� The Author(s) 2022

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 (Fe2O3, TiO2)

[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 SiO2 [12], TiO2 [13], TiO2/MoS2

[14], TiSi [15], CeO2 [16], rGO [8], and g-C3N4 [17],

providing improved photoresponse or catalytic

properties, e.g. towards methanol oxidation or the

reduction of dioxygen and hydrogen peroxide [18].

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 reactions, 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 Cu2O 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/Cu2O 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 TiO2 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], CO2-to-CH4 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 (TiO2NTs).

After selective etching of titania, a platform com-

posed of highly ordered titanium nanodimples

(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 TiO2 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 9 3 cm2 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 NH4F 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 TiO2 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 TiND. 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 CuKa
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

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 Au4f, Cu2p, Ti2p, and O1s

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 KCl 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 ? 0.5 V 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 ? 0.3 V 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. 1a) 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,

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

Fig. 1 SEM images of

10AuCu electrode a without

thermal treatment, and after

thermal annealing at b 100 �C,
c 200 �C, d 300 �C, e 400 �C,
f 500 �C, g 600 �C
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shape and the average size equalled 70 ± 34 nm. At

the temperatures of 500 �C (Fig. 1e) 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 TiO2 layers was reported

by L. Skowroński et al. [42]. Nevertheless, in our case,

it was most likely the presence of copper, and

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 AuxCu@TiO2 structures,

and are located at 430, 470, and 550 nm for Au3Cu,

AuCu, and AuCu3 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,

Fig. 2 Dependence of colour of the prepared samples on the annealing temperature
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namely 400 �C. Above this temperature, AuCu

nanoparticles were formed on the surface, and

broadband absorbance from c.a. 400 to 1000 nm was

observed. According to Scaiano et al. [45], CuNPs

show a surface plasmon absorption band between

575 and 580 nm. Nguyen et al. reported that AuNPs/

TiO2 nanostructures exhibited increased absorbance

in the UV region below 380 nm, corresponding to the

bandgap of anatase TiO2, and in the visible light

region from 490 to 650 nm, attributed to the SPR

effect of AuNPs [46]. In our case, no anatase phase

presence was demonstrated, however, the rutile

phase for the materials fabricated at 500 and 600 �C
was established from the Raman spectroscopy mea-

surements. Even though the substrate was titanium

on its surface, a passivation layer of TiO2 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 TiO2 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).

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,

62.7, 70.4, 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

Fig. 3 Reflectance spectra of a 10AuCu, b 5Au5Cu, c 5Cu5Au and selected results for electrodes annealed at d 300 �C, e 400 �C,
f 600 �C

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

temperatures
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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

TiO2 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

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-1 [52]. The

location of CuO bands is calculated to occur in the

350–370 cm-1 region [53]. According to Kalaivani

and Anilkumar[54], bands located at c.a. 230, 440, and

605 cm-1 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-1 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 cm-1, but are also probably

hidden in the spectrum at 230 cm-1. However, for the

10AuCu electrode, a shift for the AuCu compound

from 252 to 268 cm-1 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

Fig. 5 Raman spectra of the samples annealed at a 500 �C and b 600 �C
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phenomenon can dominate over rutile formation. The

blueshift of the band associated with CuO 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 cm-1 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 Au4f 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)2*-

CuCO3. 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 TiO2 (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 O1s spectrum is shown in Fig. 6d. The

most notable component at - 529.7 eV should be

related to the O2- 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)2 [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. 1e).

Comparing the Ti foil and the 10AuCu electrode

depth profiles allows us to draw some conclusions on

the thickness of the passivation TiO2 layer. The nat-

urally grown oxides on the Ti foil are formed pri-

marily of TiO2 but also of some Ti2O3. Their share at

the surface is over four times higher when compared

with the 10AuCu sample, but the TiO2 was present in

both cases (see Fig. S1b). The surface Ti2p3/2 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. S1a, it should be concluded that for the 10AuCu

sample, the TiO2 oxide layer is dominant after

roughly 100–440 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

Table 1 Location of Raman

bands derived from Fig. 5 Compound Temperature/�C Raman shifts/cm-1 References

10AuCu 5Au5Cu 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
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Fig. 6 XPS high-resolution spectra registered for 10AuCu electrode annealed at 200 �C, 300 �C, 400 �C, 500 �C: a Au4f, b Cu2p,

c Ti2p, and d O1s
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structure of the TiO2 layer combined with some

chemical changes within the layer. These are best

observed in Fig. S1c, where the primary Ti2p3/2
spectral component is shifted from 458.7 eV,

characteristic of TiO2, 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,

Table 2 Binding energies

(BE) of 10AuCu electrodes:

annealed at 200 �C, 300 �C,
400 �C, 500 �C

Peak Component BE/eV At.% Peak Component BE/eV At.%

200 �C 200 �C
Au4f 7/2 Au 84.1 0.83 Ti2p 3/2 – –

300 �C 300 �C
Au4f 7/2 Au 84.2 1.4 Ti2p 3/2 TiO2 458.6 0.6

400 �C 400 �C
Au4f 7/2 Au 84.0 12.4 Ti2p 3/2 TiO2 458.4 4.4

500 �C 500 �C
Au4f 7/2 Au (CuAuTi) 83.3 1.4 Ti2p 3/2 Ti (CuAuTi) 457.3 3.7

Au4f 7/2 Au 84.2 3.7 Ti2p 3/2 TiO2 458.4 15.6

200 �C 200 �C
Cu2p 3/2 Cu (AuCu) 932.6 13.6 O1s O2- 529.5 44.6

Cu2p 3/2 CuO 933.8 14.6 O1s OH- 531.3 27.7

Cu2p 3/2 Cu(OH)2*CuCO3 935.2 7.9

300 �C 300 �C
Cu2p 3/2 Cu (AuCu) 932.6 6.7 O1s O2- 529.8 41.1

Cu2p 3/2 CuO 933.6 16.7 O1s OH- 531.5 22.0

Cu2p 3/2 Cu(OH)2*CuCO3 935.2 9.7

400 �C 400 �C
Cu2p 3/2 Cu (AuCu) 932.6 10.7 O1s O2- 529.7 37.8

Cu2p 3/2 CuO 933.8 11.1 O1s OH- 531.4 16.9

Cu2p 3/2 Cu(OH)2*CuCO3 935.2 6.8

500 �C 500 �C
Cu2p 3/2 Cu (CuAuTi) 931.2 1.2 O1s O2- 528.8 10.9

Cu2p 3/2 Cu (AuCu) 932.5 2.2 O1s O2- 529.7 34.4

Cu2p 3/2 CuO 933.8 2.1 O1s OH- 531.6 23.6

Cu2p 3/2 Cu(OH)2*CuCO3 935.0 1.3

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(II) species, c metallic Cu share
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originating primarily from three factors. First, the

etching rate for the pure TiO2 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

TiO2 and Ti2O3 was summarised to present the depth

profile in Fig. S1a. 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 Ti2p3/2 TiO2 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 Cu2O (2) occurs, while during the reverse,

cathodic scan, the reduction of copper oxides (3), (4)

takes place [59]:

2Cu þ 2OH� ! Cu2O þ 2e� þ H2O ð1Þ

Cu2O þ 2OH� ! 2CuO þ 2e� þ H2O ð2Þ

CuO þ 2e� þ H2O ! Cu2O þ 2OH� ð3Þ

Cu2O þ 2e� þ H2O ! 2Cu þ 2OH� ð4Þ

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(II). In

addition, the peak observed at ca. - 0.1 V can be

interpreted as the reduction of Cu(II) to Cu(I), 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

Au2O3. For the electrodes annealed at 500 �C and

600 �C, no faradaic peaks were noticed. Moreover,

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. - 0.15

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 - 0.4 V can be inter-

preted as a transformation of Cu(II) into Cu(I) (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 TiO2 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 KCl,

which can be assigned to the oxidation of Cu(0) to

Cu(I) (1), and Cu(I) to Cu(II) (2), respectively. Fur-

thermore, the cathodic signals at - 0.1 and - 0.45 V

correspond to a reduction of Cu(II) to Cu(I) (3), and

Cu(I) 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, i.e. 10AuCu,

5Au5Cu, and 5Cu5Au, 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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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

TiCu3 and Ti3Cu4 intermetallic phases, as was

reported by Li et al. [64]. In our case, CuAuTi alloy

was obtained.

Fig. 8 Cyclic voltammetry curves registered in 0.1 M NaOH for 10AuCu, 5Au5Cu, 5Cu5Au electrodes a without annealing and

thermally treated at b 100 �C, c 200 �C, d) 300 �C, e) 400 �C, f 500 �C, g 600 �C, and for h TiND substrate
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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 - 0.8 V, and in the

anodic regime at ? 0.8 V vs. Ag/AgCl/0.1 M KCl

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-2 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

density for 5Au/5Cu and 5Cu/5Au electrodes at ?

0.8 V vs. Ag/AgCl/0.1 M KCl under visible light

illumination reached 1.32 and 1.26 mA cm-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 Cu2? to Cu3? [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 lA 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 Cu2O and TiO2

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

Fig. 9 Energy band diagrams in AuCu NPs on TiNDs when a gold is closer to TiO2, b copper oxides are closer to TiO2
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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 TiO2 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 KCl 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 lA cm-2) 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 S4. 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 TiO2, Cu2O, and CuO [67, 70]. At

the same time, the Au and Cu generate hot electrons.

It is possible that a more efficient electron transfer

process can be found when the gold is closer to the

TiO2, and the copper oxides are on the surface

CuO ? Cu2O ? AuCu ? TiO2 (Fig. 10). In our case,

in one nanoparticle, a mixture of the abovementioned

components is present, however, for the 5Au5Cu

electrode configuration CuO/Cu2O/AuCu/TiO2 can

dominate. According to Oh et al. [13], Au/Cu2O

core–shell NPs on TiO2 nanorods, in which Au

nanoparticles are the core while Cu2O is the shell, can

enhance photocatalytic activity. This may indicate

Table 3 Values of current

density at - 0.8 V

and ? 0.8 V vs. Ag/AgCl/

0.1 M KCl under UV–vis

illumination for bimetallic

nanostructures

Current density at - 0.8 V/mA cm-2 Current density at ? 0.8 V/mA cm-2

10AuCu 5Au5Cu 5Cu5Au 10AuCu 5Au5Cu 5Cu5Au

NA - 0.08 - 0.15 - 0.1 0.83 0.88 1.22

100 �C - 0.09 - 0.16 - 0.02 0.73 0.92 1.21

200 �C - 0.15 - 0.16 2 0.15 1.27 1.37 1.38

300 �C - 0.14 2 0.38 - 0.02 1.5 0.11 1.49

400 �C 2 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, 5Au5Cu,

5Cu5Au) at the particular potential

Table 4 Values of current

density at - 0.17 V vs. Ag/

AgCl/0.1 M KCl under UV–

vis illumination for bimetallic

nanostructures

j at - 0.17 V/lA cm-2

NA 100 �C 200 �C 300 �C 400 �C 500 �C 600 �C

10AuCu 31.2 54.5 299.8 349.1 77.8 - 0.5 0.1

5Au5Cu 233.8 141.4 152.5 30.4 1.9 - 0.3 0.3

5Cu5Au 119.2 192.2 182.5 370.0 1.8 - 0.3 0.1

Bold values indicate the highest current density obtained for the specific electrode 10AuCu, 5Au5Cu

and 5Cu5Au at - 0.17 V

Table 5 Values of current density at ? 0.3 V vs. Ag/AgCl/0.1 M

KCl under UV–vis illumination for bimetallic nanostructures

Sample Temperature/�C j/lA cm-2

10AuCu NA 14.3

500 47.7

600 75.7

5Au5Cu NA 17.6

500 49.4

600 91.4

5Cu5Au NA 39.3

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
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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

higher than for Au@TiO2/Cu2O and AR-10AuCu/

TiO2NTs samples. In the case of the 5Au5Cu elec-

trode, there is only a thin layer of TiO2 which comes

from naturally grown oxide onto the patterned Ti foil,

whereas Au@TiO2/Cu2O and AR-10AuCu/TiO2NTs

are based on TiO2 nanorods or TiO2 nanotubes. The

Fig. 10 Linear voltammetry curves registered in 0.1 M NaOH under UV-vis illumination for a 10AuCu, b 5Au5Cu, c 5Cu5Au electrodes

annealed at different temperatures
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highest value of photocurrent density which equals

to 750 lA cm-2 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 KCl 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-2.

This phenomenon can be related to the presence of

Cu2O, 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-

Table6 Values of photocurrent density for materials containing Au and copper oxides

Electrode material Photocurrent density/lA cm-2 Potential/V vs. Ag/AgCl/0.1 M KCl Electrolyte References

Au@TiO2/Cu2O 17 ? 0.5 0.1 M PBS [68]

AR-10AuCu/TiO2NTs 64 - 0.2 0.1 M NaOH [71]

Au_ZnO:Cu NRs 750 - 0.1 0.5 M Na2SO4 [28]

10AuCu 76 ? 0.3 0.1 M NaOH This work

5Au5Cu 91 ? 0.3 0.1 M NaOH This work

5Cu5Au 64 ? 0.3 0.1 M NaOH This work

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

c 5Cu5Au without and with thermal treatment at 300 �C
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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

TiO2 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(I),

and Cu(I) to Cu(II), as well as the reduction of Cu(II)

to Cu(I), and Cu(I) 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/0.1 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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