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AuCu bimetallic nanocluster-modified titania nanotubes for
photoelectrochemical water splitting: composition-dependent
atomic arrangement and activity

Vana Chinnappa Chinnabathini®?, Karthick Raj AgP, Thi Hong Trang Nguyen?, Zviadi Zarkua?,
Imran Abbas?, Thi Hang Hoang?, Peter Lievens?, Didier Grandjean®*, Sammy W. Verbruggen®*,
Ewald Janssens®*

The photoelectrochemical (PEC) water splitting reaction on bimetallic Au,Cu,, (x = 1, 0.75, 0.5, 0.25 and 0) nanocluster-
decorated TiO, nanotubes (TNTs) photoanode was investigated using a solar simulator. A strong enhancement in the anodic
photocurrent relative to pristine TNTs was found with a clear composition-dependent PEC activity, increasing with Cu
content and peaking at Aug,sCug 5. Electron microscopy and X-ray Absorption Fine Structure measured at both Au and Cu
edges identified a clear composition-dependent atomic arrangement of the spherical nanoclusters on anatase TNTs,
resulting mostly from a time-dependent restructuring of the original metallic nanoalloys in the ambient. Upon time, Cu
segregates from the alloy to form a surface oxide layer surrounding a pure gold metallic core in the gold-rich nanoclusters
(x =0.75 and 0.50) or an face centered tetragonal(fct)-intermetallic AuysCug s nanoalloy in copper-rich (x = 0.25) particles. In
the pure Cu nanoclusters, a metallic Cu core is stabilized by surrounding Cu,0 and CuO. The enhanced PEC activity is
attributed to a synergy between Au and Cu that upon segregation produce bifunctional catalytic sites consisting of metallic
Au/AuCu alloy and copper oxide at the surface of the nanoclusters. The photoactivity under solar light illumination is boosted
by the plasmonic response of the metal. The ordered structure of the ftc-AuCu alloy present in the most active Aug,sCug s
may explain its higher stability and photocatalytic performance. Hence, this work provides insight in the relationship
between the atomic-level structure of Au,Cu;., nanoalloys on TNTs and their PEC activity.

1. Introduction

The n-type semiconductor titanium dioxide is known for its
good stability, high resistance to corrosion, non-toxicity, bio-
compatibility, and low production cost. TiO, nanostructures,
including nanoparticles,® nanowires,? nanorods,® nanotubes,* and
nanopores® are intensively studied, particularly for photocatalysis.
Anodic oxidation of a metallic titanium foil allows for straightforward
and efficient synthesis of highly ordered titania nanotubes (TNTs),
whose length and diameter can be conveniently tuned by the applied
voltage, anodizing time, annealing temperature, and the
composition of the electrolyte.5® Since the pioneering work of
Zwilling et. al.1® on the anodic oxidation of titanium into highly
ordered titania nanotubes, the morphology of TNTs and their
potential applications in catalysis has been studied extensively. Self-
assembled TNT arrays possess exceptional structural, electrical,
thermal and optical properties.1*2® They have a highly ordered
structure, high mechanical and chemical stability, good corrosion
resistance, high specific surface area,”'® enhanced charge transfer,
and a large number of active sites.!®20 Those properties make TNTs
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useful for applications in photocatalysis,?! solar cells, environmental
purification, water photolysis, gas sensing, and bio-medicine.???3 By
diminishing dimensions to the nanoscale, the specific surface area
increases, while the modified electronic structure of the TNTs
diminishes the electron-hole recombination rate. The large effective
surface area in direct contact with the electrolyte enables diffusive
transport of photogenerated holes to the oxidizable species in the
electrolyte of photoelectrochemical (PEC) cells. The effects of
annealing temperature, crystallinity, wall thickness, tube length and
diameter of the TNTs on the PEC activity has been discussed in
several reviews.2426

TiO, has suitable band-edge positions for electrochemical water
splitting with the bottom of the conduction band being more
negative than the H,/H,0 redox potential (0O V) and the top of the
valence band being more positive than the H,0/0, redox potential
(-1.23 V).27.28 A drawback is its relatively large bandgap (=3.2 eV in
the anatase phase), requiring UV light for efficient operation. Various
modifications, particularly the incorporation of metal nanoparticles,
have been employed to enable visible light driven processes. Cu, Ag,
and Au nanoparticles possess a strong ability to absorb solar photons
due to the localized surface plasmon resonance (LSPR) effect,?® and
can transfer energetic electrons formed in the LSPR process to a
nearby semiconductor.3® LSPR-induced near-field enhancement at
the surface of the metallic nanostructures can contribute to the
generation of electron-hole pairs. It has been well established that
metal nanoparticles on the surface of TiO, can act as traps for photo-
induced electrons, preventing fast recombination of charge
carriers,3%32 and thus enhancing the PEC activity of TNT electrodes.
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Several examples of improved photocurrents in TNTs decorated with
monometallic Cu, Ag, or Au nanoparticles can be found in
literature.3®37 For instance, photocurrent densities of about 90
pA/cm?and 80 pA/cm? were recorded under 350 nm irradiation and
an applied voltage of 1V versus the saturated calomel electrode,
1Vsee for TNTs modified with Cu and Ag, respectively.3® The
modification of TNTs with plasmonic bimetallic nanoparticles
combines the LSPR effect with properties from both metals, 3°4? and
provides highly active metal-support interfaces suitable for PEC
reactions.*! For example, TNTs modified with atomically precise
AuCu alloy nanoparticles were found to exhibit an improved
photocurrent under visible light irradiation in comparison with a
blank TNT substrate.*® Also TNTs modified with AuCu nanoparticles
that are thermally treated in argon exhibited a higher photocurrent
(64 pA/cm?at -0.2 V) under UV-Vis light as a pristine TNT electrode
(32 pA/cm?2).44

The modification of TNTs with bimetallic AuCu nanoalloys takes
advantage of a synergy between the highly stable and plasmonic
active noble metal Au and the less stable but also less expensive and
more electrocatalytically active metal Cu. Utilising this promising
combination requires good understanding of the effect of
composition on the structural arrangement. Such information is, to
the best of our knowledge, lacking.

The aim of the current study is to modify TNTs with well-defined
gas-phase prepared AuCu particles with nanometer sizes, hereafter
called nanoclusters (NCs) and explore the composition-dependent
relationship between their PEC performance for water splitting and
the atomic NC arrangement. For this purpose, we have synthesized
and deposited small-sized (< 5 nm) AuCu NCs at a low metal loading
(about 1 pg/cm?) on TNTs with a good control over the composition
and coverage and tested their PEC water splitting performance. The
AuCu-modified TNTs photoanodes exhibit an excellent photostability
and high composition-dependent photoactivity in the visible range of
the solar spectrum. Alloy NCs with different compositions were
synthesized through the physical cluster beam deposition (CBD)
process*® that produces ligand-free, size- and composition-tuneable
NCs with high degree of purity and uniform coverage.

2. Results

2.1. Structural characterization

The gas-phase size distribution of Au,Cuy., clusters, produced in
a laser ablation source by ablating alloy targets with x =1, 0.75, 0.5,
0.25, and 0 followed by inert gas condensation, is recorded using in
situ time-of-flight mass spectrometry. Assuming a spherical shape
and bulk density for all NC compositions, the diameter distribution of
the clusters prior to deposition has a maximum around 2 nm (see
supplementary information, Figure S1). Because the detection
efficiency of larger clusters by the microchannel plate detector is
lower, the real average size of the clusters in the gas phase is likely
larger. The loading of the NCs is determined by the deposition time
and the mass flux measured before and after cluster deposition using
a quartz crystal microbalance (QCM). Typical fluxes are 0.062 ug
/cm2/minute. A total mass loading of 1.1 pug /cm? has been deposited
for the samples discussed in this work, which can also be expressed
in an equivalent height of a hypothetical thin film of 4 atomic
monolayers (ML, i.e. a thickness equivalent to a film of 0.25 nm).
X-ray diffraction (XRD) patterns of the annealed TNTs modified
by AuCu NCs measured after PEC measurements are provided as
supplementary information, Figure S2. The characteristic diffraction
peaks of TiO, anatase are observed as well as the underlying metallic

2 | J. Name., 2024, 00, 1-12

titanium substrate of the electrode on which the TNTg were grown.
In line with previous studies on TNTs modifiedowitin/smakopretel
clusters,*>46 no diffraction peaks of the deposited clusters could be
detected, likely due to the low loading. The intense (004) diffraction
peak observed for all samples indicates a preferred [001]-oriented
anatase phase in TNT with the (004) lattice plane perpendicular to
their axis. The variation in the relative intensity of the anatase (004)
and (101) peaks reflect variations of the orientation of the TNTs
relative to the Ti substrate.?”

Figure 1. SEM images of a) top-view of pristine TNTs with a cross-
sectional image in the inset. TNTs covered with 4 ML of b) Au, c)
Aug 75CuUq 25, d) AugsCugs, €) Aug5Cug s, and f) Cu NCs. The NCs are
visible in the insets that zoom in on a 140 x 140 nm? area.

Figure 1 shows top-view and cross-sectional scanning electron
microscopy (SEM) images of the pristine and NC decorated TNTs. The
TNTs have an ordered nano-morphology with an average tube
diameter of ca. 60 nm, a wall thickness of ca. 15 nm, or an inner
diameter of ca. 30 nm, and a tube length of ca. 2.5 um (Figure 1a).
The metal decorated samples present randomly distributed clusters
(i.e. the small bright dots in Figures 1) on the top surface and the
inner walls of the TNTs. Although no apparent sign of cluster
agglomeration is observed, it cannot be excluded as the resolution of
the SEM (0.8 nm @ 30 keV) is of the order of the size of the clusters.
Pure gold NCs appear brighter and slightly larger (Figure 1b).

More information about the morphology, size, structure and
composition of alloy NCs is obtained by high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM) studies.
Figure 2a presents an electron microscopy image of a sample with a
0.67 ML loading of Aug,5Cug 75 NCs deposited on a carbon TEM grid.
The NCs are uniformly dispersed and have an average diameter of
3.5+0.5 nm. Energy dispersive x-ray (EDX) mapping of the
AU 25Cug 75 NCs shows that many clusters have an alloyed surface
(pale yellow) covered by a significant amount of pure copper patches
consisting likely of Cu oxide and a limited amount of pure gold ones
(Figure 2b). EDX elemental mapping over a larger area indicates that
the composition of an ensemble of deposited Aug,5Cug7s NCs is
22.7% Au and 77.3% Cu, in line with the composition of the ablated
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alloy target (see supplementary information, Figure S3).%84% We
assume the same holds for the average compositions of the other
AuCu NCs based on our observations for NCs with different Au/Ag
ratios that were produced using the same cluster source.*%>°

Figure 2. (a) HAADF-STEM with size distribution of NCs obtained from
image analysis and b) EDX elemental mapping Cu (green), Au (red) of
the AUO.ZSCUO.75 NCs.

The slightly larger size distribution observed with TEM
compared to the mean diameters obtained by mass spectrometry in
the gas-phase may be attributed to the above mentioned less
efficient detection of the larger mass clusters by the microchannel
plate detector of the mass spectrometer (particularly for the used
acceleration voltage < 3 kV).>° Additionally, flattening of the clusters
due to cluster-support interaction after deposition and some cluster
agglomeration may also contribute to the larger observed sizes.

More information on the composition and the oxidation states
of gold and copper in the Au,Cu4,/TiO, (x = 0.75, 0.50, and 0.25)
samples was obtained by X-Ray Photoelectron Spectroscopy (XPS).
The XPS survey spectrum (see supplementary information, Figure S4)
shows that O, C, Ti, Au and Cu are present on the surface of all
samples. The O 1s contribution is representative for the oxidation of
the Cu phase, while the peak intensity of C 1s is relatively consistent
for all the samples despite their varying compositions. Au 4f;;, and
4fs/, contributions are observed at binding energies of around 84 eV
and 88 eV, while the Au 4ds/, and 4d;/, core levels locate around
334 eV and 355 eV. Upon increasing the Cu concentration, a blue
shift of the Au 4ds/, binding energy to 337.8 eV is observed both in
AugsCug s and Aug,sCug 75, while it is 335.8 eV in Aug 75Cug s (Figure
3a). The observation that the Au 4ds/, binding energy in Aug 75Cug s
is close to that of bulk gold hints at the presence of pure gold in these
NCs. The large blue shift found for AugsCugs and AugsCuq 75 implies
a depletion of the Au d-states, which is indicative for the formation

This journal is © The Royal Society of Chemistry 20xx
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of an alloy, as reported for a variety of Au-based allpys, including
AuCu.>1>5 DOI: 10.1039/D4NR03219E

The detailed atomic structural arrangement in the Au,Cu;_, NCs
was further characterized by X-ray absorption spectroscopy carried
out at the Cu and Au edges before performing the PEC studies. X-Ray
Absorption Near Edge structure (XANES) spectra measured at the Au
Ls-edge of the alloy samples are presented in Figure 3b.
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Figure 3. a) XPS core level Au-4d spectra recorded for Au,Cuy.,/TNT
(x=0.75, 0.5, and 0.25). XANES spectra of b) Au-L; edge and c) Cu K-
edge.

The XANES profiles of Aug75Cug s and AugsCugs are similar to
that of the Au foil reference, indicating that mostly pure gold is
present in these two alloy samples. On the other hand, in Aug ,5Cug 75
one can see a sharp increase of the absorption near the edge, which
is called the white line intensity and reflects for the Au Ls-edge the
unoccupied density of d states above the Fermi level. This increase
indicates a clear charge loss from the Au d states, which is likely due
to charge transfer from Au to Cu, occurring upon the formation of an
AuCu alloy.%® Similar observations were made for AuAg nanoalloys
produced in the same source.*® This is supported by the observation
of an increase of the Au 4d binding energy in the XPS data.
Unoccupied d states above the Fermi level in Cu, Ag, and Au alloys
are generally compensated by a gain of mainly s-p charge from
Cu.>35738 |In AugsCugs a discrepancy is observed between the XPS

J. Name., 2013, 00, 1-3 | 3
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measured a few days after the synthesis, showing the formation of
an alloy, and the XANES measured a few months later, pointing out
an Au rich phase. This could be due to a lower stability of the
AugsCugs NCs where Cu tends to segregate from the alloy in the
ambient. All alloy Au,Cu,.,/TiO, samples contain a significant amount
of copper oxide as shown by the systematic blue shift of the Cu K-
edge position, accompanied by the marked increase in the white line
intensity (Figure 3c). AugsCuq s contains a large amount of CuO, while
a complex mixture of metallic Cu, Cu,0 and CuO is found in
Aug.75CUg.25 and Aug 25Cug 7.

o5
Auy €Uy o 30 Au, Cu,

54d b
) A AuMSCu ) Auo.vscuu.zs
f

Cu Al C

u
| Yo.25 Y075 0.75

UO.ZS

FT Magnitude k’y(k)
FT Magnitude k®(k)

2

3
R(A)

Figure 4. Phase-corrected Fourier-transformed a) Au L; -edge
and b) Cu K-edge XAFS spectra of the AuCu NCs/TNT samples.

Extended X-ray Absorption Fine Structure (EXAFS) allows for a
precise detection of the alloyed structure in nanostructured
bimetallic AuCu systems.>%6° The Fourier transformed spectra of Au
L;-edge k3-weighted EXAFS of Aug75Cug s and AugsCug s are similar,
while that of Aug »5Cuq s is distinct (Figure 4a). Detailed fitting of the
Au L3-edge EXAFS data was carried out with a 2-shell structure model
based on Au—Au and Au-Cu (see supplementary information Figure
S7 and Table S1). No Au-0 interactions could be detected, indicating
the fully metallic state of Au in the clusters. Au-Au atomic bond
distances sharply decrease with increasing Cu content from 2.85 Ain
gold-rich Aug75Cuq.s, over 2.84 A in AugsCugs, to 2.81 A in copper-
rich Aug,sCug 7s. The first two distances are similar to the contracted
distances of 2.85 A (relative to the bulk value of 2.88 A61.62) measured
in pure gold clusters,®? indicating the presence of nearly pure gold
phase in these materials in line with the XANES analysis. The small
Au-Cu contribution of 0.6 Cu with bond distance of 2.64 A in
Aug 75Cuq 5 implies the presence of a small fraction of a copper-rich
alloy in this sample. No Au-Cu contribution could be detected in
Aug sCug s, while in Aug 25Cug 75 the Au-Cu contribution (5.5 Cu at 2.66
R) is comparable to the Au-Au signal, indicative for the formation of
an ordered intermetallic face centered tetragonal (fct) AuCu alloy.
Also, this prediction is consistent with the XANES profile in Figure 3b.

Fourier transforms of Cu K-edge k3-weighted EXAFS in Figure 4b
show distinct profiles for the different samples, but they have a
common peak below 2 A indicative for the presence of a significant
fraction of oxides. EXAFS fitting results at the copper edge of
bimetallic AuCu and pure Cu clusters (see supplementary
information Figure S8 and Table S2) show that the first coordination
shell consists of 2.27 O at 1.93 A in pure Cu, 1.8 O at 1.93 A in
Aug75CUg,s, 2.9 O at 1.96 A in AugsCugs, and 1.93 O at 1.94 A in
AugsCug 7s. As Cu is four-fold coordinated to O at 1.96 A in CuO and
two-fold coordinated at 1.85 A, the fraction of copper oxide in each
sample, either CuO or Cu,0, can be calculated using a simple
combination of both coordination numbers and bond distances.
Fractions of ca. 15 % (7% of Cu,0 and 8% of Cu0), 36% of CuO,, 42%
(13% of Cu,0 and 29% of Cu0), and 73% (40% of Cu,0 and 33% of
CuO) are obtained for Aug75Cug s, AugsCugs, AugasCugys, and Cu,
respectively. Cu-Au contributions of 1.9 Au at 2.63 A and 4.56 Au at

4| J. Name., 2024, 00, 1-12

2.63 A could be respectively fitted in Aug7sCuo.s and AuoasClos
confirming the presence of AuCu alloys in these) mabeérialsk(GaiCa
contributions are 2.3 Cu at 2.57 A (bulk metal value is 2.56 A), 1.5 Cu
at 2.52 A, 1.16 Cu at 2.53 A and 1.37 Cu at 2.56 A in Aup75Cugs,
AugsCugs, and Aug,sCug 75 and pure Cu, respectively.

Aug75CuUq 55 Aug 55Cug 75
€u0,15%
(CuD-8% Cu0 29%
Cu,0-7%
Au 2 ) 1
73% AuCu - Cu013%
alloy {125%) Cu metal 8%
Aug 5Cuq 5 Cuo, 36%
A Cu metal 8%
t Cu metal
50% AuCu 27%
alloy (6%)

Figure 5. Schematic representations of predicted NC cross-
section as implied from the XAFS data analysis.

Based on the obtained bond lengths, coordination numbers,
and the fractions of copper oxide, structural models for the different
NCs could be proposed (see Figure 5). All the Cu containing samples
present a significant fraction of copper oxide at the outer shell
resulting from the segregation and oxidation of Cu at the surface of
the NCs. Pure Cu clusters have the highest fraction of oxides of ca.
73%, as Cu is prone to oxidation in ambient conditions, while
Aug 75Cuq 25 has the highest metallic fraction (85%), surrounded by
15% of copper oxide due to the protecting effect of gold. AugsCuqs
has ca. 50% of Au at the core covered by 14% of AuCu alloy and pure
metallic Cu followed by 36% of copper oxide. Interestingly in
Aug »5Cuq 75 ca. 50% of intermetallic AugsCug s alloy forms at the core
covered by 8% Cu metal and 42% copper oxide on the surface. These
results highlight the very distinct and complex restructuring
processes occurring in the initially alloyed Au,Cuy, NCs as a function
of time and composition when they are exposed to ambient
conditions. We generally observe the formation of a copper oxide
shell consisting of CuO species at the surface and a Cu,0 layer
between the CuO and the metallic core. The segregation of copper
to the surface results in the formation of a mostly pure Au core in the
gold-rich samples. However, the high stability of the AuCu
intermetallic alloy combined with the thick Cu oxide passivation layer
stop the Cu segregation in copper-rich nanoalloys when the 1:1
stoichiometry is reached. In AugsCugs the same AuCu intermetallic
alloy is likely formed originally over the whole cluster and remains
stable in air for a few days as demonstrated by the XPS. However, on
longer times the stability of the intermetallic alloy is not sufficient to
prevent segregation. Oxidation of copper and destabilisation of the
intermetallic structure by departing from the 1:1 stoichiometry and
a full copper segregation is observed after a few months. This
detailed structural characterisation highlights the very distinctive
atomic arrangement occurring in the bimetallic NCs as a function of
their composition leading to different surface and cores (pure metal,
random and/or ordered intermetallic alloys) that are expected to
affect significantly their stability and photocatalytic activity.
Although Cu oxide is located at the surface of the clusters, it is not
forming a complete layer but rather grains on the surface of the
metallic alloy as shown by the EDX-STEM images of the Aug,5Cug 75
clusters in Figure 2. This structural configuration likely results in the
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formation of a dual structure with both phases accessible for the
catalytic reaction.

As photocatalysis is a complex process, involving plasmonic,
catalytic, and charge transfer and separation processes between the
TNTs and the nanoalloys, the nature and size of the metallic core of
the NCs as well as the nature of their surface are expected to be
important for the PEC activity and stability.

2.2 Optical characterization

Figure 6a presents the UV-Vis absorption spectra of pristine and
Au,Cuq, (x =1, 0.75, 0.5, 0.25 and 0) NC-modified TNTs with 4 ML
loading. All samples exhibit a photoresponse below 400 nm, which
can be attributed to the intrinsic band gap of TiO,. This indicates that
surface modification of the TNTs with NCs does not affect the
inherent absorption of TiO, in the ultraviolet range. At wavelengths
above 400 nm, the absorption significantly changes by the presence
of the NCs. All cluster-modified samples have a higher absorption in
the visible range and the absorption maximum shifts to longer
wavelengths compared to bare TNTs. The LSPR intensity of Cu NCs is
damped, likely due to their oxidation in air to Cu,0 and Cu0.%%%5

Although the photoresponse of TiO, is usually exclusively in the
ultraviolet region with wavelengths below 390 nm, the pure TNTs
studied in this work show a broad absorption band in the visible
range, be it less intense than the one after Au,Cu;., NC deposition.
This band can result from light scattering caused by pores and cracks
in the nanotubes and/or to oxygen vacancies and Ti3* states
positioned below the TiO, conduction band.%%7 Finally, the
absorption in the visible range may also stem from absorption in the
underlying Ti metal related to interband d-d transitions.5® However,
incident  photon-to-electron  conversion  efficiency  (IPCE)
measurements show that no significant photocurrent is generated
when the pristine TNTs are illuminated with purely visible light.%°
Therefore, the absorption above 500 nm in all the samples could
arise not only from the distinctive highly periodically porous
structure of TNTs, as previously reported’®7! but also from the LSPR
of NCs active in the visible range.

a) TNTs Auy Cuy o b) TNTs
Au Cu Au
AuUJECUEZS
AuU‘ScuD.S
Al Cu

Uo2s 075
Cu

Absorbance (a.u.)

Normalized PL intensity (a.u.)

350 400 450 500 550 600 650 700 750 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 6. a) UV-Vis absorbance spectra (300 - 750 nm) of pristine and
Au,Cuq, (x= 1, 0.75, 0.5, 0.25 and 0) cluster-modified TNTs with a
loading of 4 ML. The absorbance spectra are baseline corrected but
not normalized. b) Photoluminescence spectra at an excitation
wavelength of 310 nm, normalized for the optical absorbance at the
excitation wavelength.

The photoluminescence (PL) spectra of Au,Cuy, (x =1, 0.75, 0.5,
0.25 and 0) NC-decorated TNTs samples, measured at an excitation
of 310 nm, are presented in Figure 6b. Since the radiative

This journal is © The Royal Society of Chemistry 20xx
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recombination of photogenerated carriers and holes_takes_place
close to the surface,”> PL spectra are Bensitive3toD4nalecular
adsorption and chemical reactions at the surface of the
semiconductor. The PL intensity quantifies the recombination
efficiency of photogenerated charges, which is one of the most
important limiting factors for photocatalytic efficiency. The intense
PL in the visible range observed for pristine TNTs indicates a rapid
recombination. All NC-modified samples exhibited a much lower PL
intensity than the bare TNTs, which suggests a significant reduction
of the electron-hole recombination.®®7374 The lowest PL emission is
seen for pure Au NCs on TNT, followed by different alloys Aug >5Cug 75
< Aug5Cug 5 < Aug 75CUq .25, While the pure Cu NCs reduce the PL of the
TNTs the least. When the NCs are deposited on TNTs, migration of
excited electrons from the semiconductor to the metal occurs until
the two Fermi levels are aligned and a Schottky barrier forms at the
Au,Cu,,/TNTs interface, which serves as an efficient electron trap
and prevents electron-hole recombination.”> Those trapped
electrons are available for redox reactions.

2.3. Photoelectrochemical performances

The photoelectrochemical activity of the pristine and Au,Cu., (x
=1, 0.75,0.5, 0.25 and 0) NC-modified TNT electrodes was tested
using a standard three electrode PEC cell in 0.5 M Na,SO, electrolyte
(at pH 7.2) under AM 1.5G illumination (100 mW/cm?2). When the
semiconductor's Fermi level aligns with the redox potential of the
electrolyte solution in the PEC cell, band bending takes place and an
electric field is generated. This field facilitates the movement of
photogenerated charges towards the semiconductor-electrolyte
interface. For an n-type semiconductor photoanode, water can
oxidize to oxygen.

Linear sweep voltammetry (LSV) with the illuminated pristine
and Au,Cu;., NC-modified TNT electrodes (Figure 7a) shows, except
for pure Au NCs, an increasing photocurrent density with increasing
applied potential. The photocurrent density of the Au/TNTs increases
up to 0.6 V versus the reversible hydrogen electrode (RHE) and
stabilizes above this value. The pristine TNT electrode shows a linear
trend up to 0.3 Vyye, followed by a plateau in photocurrent density
until 1.2 Vgzye, after which the current increases again. Under
illumination TNTs and Au,Cu,,/TNTs electrodes can produce
photogenerated electron-hole pairs, whose holes oxidize the water
molecules at the anode and electrons reduce protons into molecular
hydrogen at the cathode. As summarized in Figure 7c, the
photocurrent density at 1.23 Vgye is strongly enhanced by the
presence of the NCs. In particular, the photoanode with Aug,5Cuq s
NCs produces 244 pA/cm? at 1.23 Vgyg, which is 3.5 times higher than
the corresponding value (68 pA/cm?) for pristine TNTs. This
Aug.5Cug 75/TNT result is significantly higher than the values reported
(150 pA/cm? and 64 pA/cm?) in the literature for PEC application
using AuCu nanoparticles on TNTs.*34* The photoresponse of the
electrodes under chopped illumination (switching the light source on
and off every 5 seconds) when performing LSV is presented in Figure
7b. It gives an indication of current under both light and dark
conditions exhibited by photoanodes. The current density at a bias
of 1.23 Vyye without light is also included in Figure 7c as a reference
for the photocurrent. The dark current probably arises from the
electrocatalytic performance of Cu,0. A detailed discussion of the
electrocatalytic nature of Cu,0 is beyond the scope of this work.
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Figure 7. a) LSV of the pristine and Au,Cu;, NC-modified TNT samples under AM 1.5G illumination; b) LSV under chopped illumination;
c) Current density of the different photoanodes at 1.23 Vgye, without light and under illumination; d) Chronoamperometry under chopped

illumination at 1.23 Vgue.

Chronoamperometric measurements at 1.23 Vgye (Figure 7d)
show a steady photocurrent for all electrodes and confirm the
photocurrent enhancement upon NC modification, particularly with
bimetallic Au,Cu;, NCs. The Aug ,5Cug 75 modified TNTs photoanode
performs the best. It was found to be photostable at 1.23 Vg for at
least 1 hour (see supplementary information Figure S5). The small
activity drop observed at the beginning of the measurements can be
related to the re-oxidation of a fraction of copper in the first seconds
(see assessment of the possible current generated by the oxidation
of copper in the supplementary information), because the
photoanodes were reduced before PEC testing. After a period of 90
days, this electrode retained 90% from its initial activity confirming
its resistance to ambient conditions.

The applied bias to photon conversion efficiency (ABPE), as
calculated using equation (1) discussed in section 5.3 from values
obtained by LSV under illumination, is depicted in Figures 8a and 8b.
The pristine TNTs electrode exhibits the lowest ABPE of 0.023 at 0.6
Veue, While Aug75Cugos/TNTs demonstrates a maximum ABPE of
0.061% at 0.6 Vgue. The Aug,s5Cugzs/TNTs sample which has the
highest photocurrent at 1.23 Vgye, shows a slightly lower ABPE of
0.044 % at 0.6 Vrye.

The interfacial charge transfer efficiency of the photoelectrodes
at their interface with the electrolyte was evaluated using
electrochemical impedance spectroscopy (EIS) measured in 0.5 M
Na,SO, electrolyte at pH 7.2 under AM 1.5G illumination. The Nyquist

6 | J. Name., 2024, 00, 1-12

plot in Figure 8c shows that Aug,5Cuqgss-modified TNTs exhibits the
smallest circle arc followed successively by Aug sCug s Aug 75Cug s, Cu,
and Au NC-modified TNTs, while the pristine TNTs sample exhibits
the largest arc. The smaller arc radii in AuCu/TNTs electrodes
indicates good electrode-electrolyte interfacial charge transfer with
lower charge transfer resistance as compared with pristine TNTs.

The hole relaxation lifetime can be calculated through the Bode
phase analysis presented in Figure 8d. An accelerated lifetime and a
minimal hole diffusion length are key factors for a rapid charge
transfer process at the interface, resulting in an improved water
oxidation performance. Using equation (2) the hole-relaxation time
for Aug 25Cug 75/TNTs is 40 ms, which is substantially shorter than the
corresponding lifetime of bare TNTs of 160 ms. This results, using
equation (3), in a shorter hole diffusion length for Aug ,5Cug 75/TNTs
(0.45 mm) than in the bare TNTs (0.91 mm). The dark current
densities cannot be ignored since all bimetallic AuCu/TNTs
electrodes exhibit a nonzero dark current as seen in LSV under
chopped illumination (Figure 7b and 7c), originating from the
electrocatalytic performance of AuCu in oxidative reactions.”®# The
total current generated by the copper containing electrodes is a
combination of electrocatalytic and photocatalytic reactions
facilitating a synergistic interaction between the photons and
electricity. This synergy contributes to achieving optimal PEC
performance.

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. a) ABPE plot of all electrodes; b) ABPE values at 0.6 Vgyg; c) EIS spectra of pristine and AuCu,., /TNT (x= 1, 0.75, 0.5, 0.25 and 0)
electrodes measured under AM 1.5G illumination d) Bode plot of pristine TNT and Aug »5Cug 75 / TNT, measured in 0.5 M Na,SO, at pH 7.2.

3. Discussion

CBD technology enabled the production of NCs/TNTs with an
optimal 4 ML metal loading which allows the TNTs photocatalyst to
harvest sunlight effectively and generate more charge carriers, while
samples with higher loading of 6 ML and 8 ML exhibit a lower
photocurrent density (see supplementary information Figure S6). At
those higher loadings, the direct exposure of the TNT to the light
gradually gets blocked. A similar loading dependence was found in
earlier work on the photocatalytic stearic acid degradation using
titania nanoparticles decorated with pure gold and alloy AuAg
NCS_40,81

Electrodes modified by Au,Cu;, NCs present composition-
dependent atomic arrangements that exhibit very distinctive PEC
activity suggesting a direct composition-to-PEC performance
relationship. We cannot exclude that small differences in the NC sizes
of the different Au,Cu;,NC modified electrodes have an influence on
the PEC activity as well, but we expect this influence to be limited
since the main contribution of the NCs on the PEC activity is through
their plasmonic effect and the plasmonic properties of the NCs vary
only slightly with size in the size range of a few nanometers.8?
Monometallic Au and Cu cluster-modified electrodes exhibit a
relatively limited photocurrent enhancement compared to the
pristine TNTs. The 40% enhanced PEC activity of Au NCs/TNT
compared to pristine TNTs likely originates from the strong
plasmonic properties of the metallic gold clusters, as well as from
their low charge carrier recombination, highlighted by the low PL
emission intensity. This is supported by the very low dark current of
this electrode. The Au/TNT electrode suffers however from a high
charge transfer resistance at the electrode-electrolyte interface as

This journal is © The Royal Society of Chemistry 20xx

observed by EIS measurements that may limit the PEC activity
enhancement. On the other hand, the Cu NCs, consisting of a small
core of Cu metal surrounded by Cu,0 and CuO on the surface, feature
a remarkable 80% increase in PEC activity compared to pristine TNTs
at 1.23 Vgye. The small dark current of 13 pA/cm? can originate from
the 2 eV band gap of the 33% Cu,0 oxide layer, while 89% of activity
(108 pA/cm?) is triggered by light. The improvement of the
photogenerated charge carrier separation, reflected in the limited
attenuation of the PL, as well as its poor stability, may limit the PEC
performance of the monometallic Cu/TNT electrode.

All bimetallic Au,Cu;, NCs/TNTs electrodes deliver higher
photocurrent densities than the monometallic ones. Upon alloying
gold with copper, the current density increases by 68%, 91%, and
152% for x=0.75, 0.5, and 0.25, respectively, compared to that of Au
NCs/TNT. This composition-dependent PEC activity, peaking at
Aug.»5Cuq 75, can be attributed to a synergy between both metals,8%83
possibly in the form of the Au-CuO heterostructures observed by
STEM-EDS at the surface of the NPs that consist of two
complementary active sites as highlighted previously under CO
oxidation where CO adsorbed on Au reacts with a contiguous labile
CuO oxygen.”” This synergy is further illustrated by the higher
stability of the bimetallic NCs especially Aug,5Cug 75/TNTs and by the
composition-dependent quenching of the PL, which is stronger for
higher copper content in the alloy.

Au-rich Aug75Cug,s/TNTs demonstrates the highest ABPE at
0.6 Vgye and shows a 68 % photocurrent increase at 1.23 6 Vgye
compared to pure Au NCs. On the other hand, Aug 75Cug »5/TNT shows
a higher recombination of charge carriers compared to its pure Au
counterpart as observed by its higher PL intensity but lower charge
transfer resistance. It exhibits a dark current of 65 pA/cm?, and
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98 uA/cm? under light exposure (Figure 7c) at 1.23 Vgye As the
structural arrangement of Aug5Cug s NCs consists of a large pure
gold or gold-rich metallic core (around 85%) surrounded by a thin
Cu,0/ CuO layer at the surface, it features a higher plasmon intensity
than the other alloy electrodes. As Aug75Cug s differs mostly from
pure Au by the presence of a thin CuO, layer, this copper oxide may
be responsible for its higher activity.

AugsCuos/TNTs demonstrates a 25% increase in activity
compared to Aug75Cug s at 1.23 Vyye. On the other hand, it shows
lower recombination of charge carriers and charge transfer
resistances as observed by its lower PL intensity and EIS, respectively.
AugsCugs NCs consist of a pure gold / gold-rich random alloy at the
core (56%). They differ from Aug 75Cug 5 NCs by their smaller metallic
core and thicker CuO, (36%) surface layer. This structural
arrangement is expected to further reduce the plasmon intensity,
while the higher amount of copper oxide at the surface may be at the
origin of its higher activity. The discrepancy between XPS and XAFS
measurements indicate that NCs with this composition are unstable
and their actual in situ structural arrangement may thus be different
from the one presented in Figure 5.

Finally, the copper-rich Aug »5Cug 75/ TNT exhibits the highest PEC
activity of all tested electrodes. The main structural difference with
AugsCugs lies in the presence of an intermetallic AugsCugs alloyed
structure with small amount (58%) of pure Cu metal in the core. As
similar amounts of copper oxide are positioned at the surface of the
metallic cores in Aug,5Cug7s and AugsCugs NCs, the presence on an
intermetallic alloy may be at the origin of the activity increase of
Aug»5Cuq75/TNT.

All bimetallic Au,Cu;, NCs have core/shell structures in the
ambient, resulting from the segregation and oxidation of copper at
the surface of the NC leading. Similar core/shell structures have been
reported for AuCu nanoalloys under oxidative conditions.®83 This
phase segregation leads to the formation of surface CuO, that boosts
the CO oxidation catalytic activity,”7-8%8 due to a bifunctional
mechanism where CO activation takes place on Au atoms, while the
0, species are activated on Cu rich sites.® A similar mechanism is
supported by the present study where we find a significant activity
of bimetallic NCs in the absence of light (65 to 72 uA/cm?), opposed
to the negligible activity of their monometallic counterparts. The
segregation process depends on the composition and structure of
the AuCu alloys as fcc-AuCu and fct-AuCu nanoparticles tend to
transform into different Au/CuO and AuCu/CuO core/shell
structures, due to distinct Cu diffusion properties, that in turn confer
them distinct catalytic activities.””

The bimetallic Au,Cuy, NCs/TNTs electrodes all present reduced
recombination of charge carriers, as indicated by the low PL intensity,
implying the generated charge carriers are efficiently separated by
the NCs, which act as electron sinks. They also demonstrate a good
interfacial charge transfer efficiency as evidenced by the EIS results.
Beside the photophysical activity of the Cu,0 oxide layer at their
surface, all bimetallic Au,Cu,., NCs feature a large plasmonic metallic
core accounting for 56 to 85% of the cluster atoms that will resonate
under visible light illumination. The resulting hot carriers have longer
relaxation times and mean free paths and thus become efficient LSPR
materials as shown in literature.8”8 The distinct electronic
properties of the fct-AuCu intermetallic alloys may also contribute to
the higher activity of Aug,5Cug s as the crystallographic ordering of
atoms is indeed expected to significantly affect the band structure of
the NPs as this one depends critically on the directional overlap of

8 | J. Name., 2024, 00, 1-12

atomic orbitals.”” Intermetallic compounds show larger hot carrier
generation, originating mainly from direct inbertants@nd NFHEROPE
assisted indirect electronic transitions.®” The resulting hot carriers
are energetically higher than those in their monometallic
counterparts, which may explain the highest photoactivity of
Aug 5Cuq 75, featuring an intermetallic core. The improved stability in
time of the intermetallic structure in Aug,5Cug.75 NCs that unlike the
AupsCugs counterparts do not segregate after a few days in the
ambient as well as under reaction conditions may also explain their
higher activity. Hence, the highest activity of Aug 5Cug 5 results from
a combination of factors highlighting the complex and tunable
structure-activity relationship in these photocatalysts.

4. Conclusion

In summary, dispersed ligand-free Au,Cu, (x =1, 0.75, 0.5, 0.25
and 0) NCs were grown and deposited, by the CBD method, on TNTs.
It was observed that surface modification of TNTs with Au,Cu;., NCs
leads to enhanced PEC activity under solar irradiation peaking for the
Aug 5Cug 75 NC composition, which shows a four-fold enhancement
in photocurrent compared to pristine TNTs. Reduced recombination
of charge carriers as indicated by the lowest PL intensity, and the
highest interfacial charge transfer efficiency as evidenced by the
impedance spectroscopy, contribute to the superior performance of
this electrode. The enhancement is attributed to a synergy between
Au and Cu in the NCs that upon segregation produces bifunctional
sites consisting of metallic Au/AuCu alloy and surface copper oxide,
whose activity is boosted mostly by the photophysical plasmonic
response of the metal under solar light illumination. The distinct ftc-
AuCu ordered structure of the alloy, present in the most active
Aup 5Cuq 75 NCs, may also contribute to the activity as it may improve
the NC stability and the photophysical and chemical catalytic
performance. Finally, this work highlights the potential of the CBD
technique that produces ligand-free NCs of tuneable size and
composition with a high degree of purity and high uniformity, which
serves as an ideal technology to investigate cluster properties and at
the same time to design efficient cluster-based photocatalysts for
PEC water oxidation.

5. Experimental section

5.1. Preparation of AuCu NCs modified samples

A one-step anodization process was used to convert metallic
titanium in a porous titanium oxide film with controllable pore size
and good uniformity.®? The Ti foil (1 mm thick, 1 x 1 cm?) was first
ultrasonically cleaned and rinsed with acetone, ethanol, distilled
water, and then dried under N, gas flow for a few seconds and finally
anodized for 2 h in an electrolyte mixture containing 40 ml of
ethylene glycol, 0.5 wt% of ammonium fluoride, and 2 vol% water. A
platinum foil (1 x 1 cm?) was used as the cathode and a 30 V DC
voltage was applied (Voltcraft PPS DC power supply). The grown TNTs
were cleaned with distilled water and dried under a N, stream.
Subsequently, the samples were subjected to a 2 h heat treatment
at 450 °C, aiming to transform the amorphous regions of the
nanotube walls into the titania anatase phase.?%°! This step reduces

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 13


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr03219e

Page 9 of 13

Open Access Article. Published on 14 novembro 2024. Downloaded on 15/11/2024 08:25:12.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

the presence of charge carrier recombination centers. Next, the
prepared TNT substrates were modified with AuCu NCs with
equivalent atomic coverages of 4 ML.

The NCs are produced by pulsed laser (10 Hz, Nd:YAG laser, INDI,
Spectra Physics) ablation of mono and bimetallic Au,Cu, (x =1, 0.75,
0.5, 0.25 and 0) plate targets (ACI Alloy, purity 99.995%) and
condensation in a helium atmosphere (introduced though a pulsed
valve with a backing pressure of 7 bar). Following expansion into
vacuum a beam of clusters is formed. The cluster size distribution can

Ti foil

TNTs

—

Anodizationat
30V 2h

1x1cm?

Heat treatment at
450°C, 2h

Nanoscale

be tuned by adjusting the laser energy density, the helium, pressure,
and the time lag between the target ablationtdndithediFtoauk ticr of
the He carrier gas.*®°293 The AuCu NCs are deposited on the TNTs
supports by simply placing the supports perpendicular to the
molecular beam in a high vacuum deposition chamber (6.8 x 108 h
Pa). The deposition occurs under soft-landing conditions, given a
speed of the cluster beam of about 700 m s (corresponding to a
kinetic energy of 0.3 eV per atom).

TNTs in anatase phase

Au,Cu,,/TNTs

Cluster Beam
Deposition (CBD)

Figure 9: Schematic illustration summarizing the synthesis of TNTs from a titanium foil and the subsequent deposition of Au,Cu; NCs.

5.2. Characterization

Different characterization techniques were applied to investigate
the structural (X-ray diffraction, electron microscopy), optical (UV-Vis
and photoluminescence), and photoelectrochemical properties of
the TNTs modified with the Au,Cu;., NCs.

XRD was performed on all Au,Cu;, NC-modified TNT samples
using a Bruker D8 advance diffractometer equipped with a LYNXEYE
XE-T detector and Cu Ko source emitting radiation of 1.54 A.
Measurements spanned a 26 range from 10° to 90°, with a scan rate
of 0.5 s step. The diffractograms were analyzed using Bruker’s
DIFFRAC.EVA software, with phase identification achieved by
comparison with the ICDD database.

The surface morphology of the as-prepared samples was
characterized with SEM using a FEI Helios Nanolab G3 CX system
(acceleration voltage of 10 kV). The cluster size distributions and
compositions were analyzed with Transmission Electron Microscopy
(TEM) using an aberration corrected Thermo Fischer Scientific Titan
instrument. For the TEM studies, the Au,Cu;., NCs were deposited on
molybdenum grids. The TEM was used at an accelerating voltage of
120 kV. Particle size distributions were obtained via the ‘ImageJ)’
image analysis software.

Ultraviolet-Visible light absorbance spectra (UV-Vis) of cluster
decorated TNTs samples were obtained in the 300-700 nm
wavelength range using a double beam UV 2600 photospectrometer
(Shimadzu, Kyoto, Japan) equipped with film holders attached to a
BaSO, coated integrating sphere of 60 mm in diameter. Steady state
photoluminescence (PL) spectra were measured at room
temperature using Shimadzu RF-6000 fluorescence spectro-
photometer equipped with a 150 W xenon lamp and a 1nm
resolution of the measured emission spectra. All PL measurements
were performed at an excitation wavelength of 310 nm.

XPS measurements were performed at room temperature using
a laboratory setup equipped with a Mg KaX-ray and an Alpha 110
hemispherical Analyzer.

EXAFS and XANES experiments were performed at the LISA
beamline (BM08)%* of the European Synchrotron Radiation Facility
(ESRF, Grenoble, France), operating in a 7/8 multi bunch mode with

This journal is © The Royal Society of Chemistry 20xx

a current of 200 mA. Data was collected at the Au L;-edge (E=11919
eV) and the Cu K-edge (E = 8979 eV) in grazing incidence (incidence
angle ~ 2° with the beam polarization perpendicular to the surface)
and using fluorescence detection mode.

5.3. Photoelectrochemical applications

The photoelectrochemical performance of the pristine and AuCu
alloy NC-modified TNTs was studied using a three-electrode
configuration in 0.5 M Na,SO,4 at pH = 7.21. The pristine and NC
modified electrodes (1x1 cm?), platinum foil and aqueous
silver/silver chloride (Ag/AgCl) electrodes were used as a working,
counter, and reference electrodes, respectively. The performance of
each  working electrode was evaluated using LSV,
chronoamperometry, and EIS. EIS of prepared photoanodes was
measured, in the dark and under illumination, by applying an AC
voltage amplitude of 10 mV at open circuit potentials (OCV) with a
frequency ranging from 100 mHz to 100 kHz. All measured potentials
were converted to reversible hydrogen electrode (RHE) scale using
the Nernst equation.

The Scisun-300 solar simulator from Sciencetech, equipped with
a xenon arc lamp and AM 1.5G filter, was used as a light source. The
intensity of the light source was adjusted to 100 mW/cm? by
changing the working distance and was measured using an Avantes
photospectrometer. To check and screen the PEC performance, the
prepared electrodes were tested in a single PEC cell and the
electrodes were positioned as close as possible to the front of quartz
window to minimize the influence of light absorption by water.

The ABPE was calculated from the LSV data.

ABPE = len(mA cm—2)x(1.23-V)(V) (1)

Protar(mW cm—2)

Where J,, is the photocurrent obtained under applied potential
V and Py is the intensity of the light source. The charge transfer at
the interface between the electrode and the electrolyte was studied
through Bode phase analysis. The hole-relaxation time or electron
lifetime 7and the hole diffusion length L, are given by:
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with fr.qx the frequency corresponding to the maximum phase in the 9
range of 10 to 100 Hz and D is hole diffusion coefficient = 5 x 102cm?
61,9596 10
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