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In this work, commercial titania (TiO,-P25) is modified with mono- and bi-metallic (Au, Pd, and AuPd)
nanoparticles synthesized by chemical reduction method using NaBH, as a strong reducing agent at room
temperature. Bimetallic AuPd nanoalloys homogeneous in size and well dispersed on the TiO, surface are
obtained. The charge carrier dynamics, which is a key factor in photocatalysis, is studied by Time
Resolved Microwave Conductivity (TRMC). The results reveal that surface modification plays a crucial
role in charge-carriers separation, increasing the activity under UV-visible light irradiation. The
bimetallic AuPd nanoalloys formation is confirmed by High-Angle Annular Dark Field Scanning
Transmission Electron Microscopy (HAADF-STEM) and corroborated by semiempirical molecular

dynamics simulations (Gupta-LAMMPS). The surface-modified TiO, with bimetallic AuPd nanoalloys



exhibit higher photocatalytic activity compared to TiO, modified with their monometallic counterparts.
Our experimental results are also supported by Density Functional Theory (DFT) and Density Functional
Tight Binding (DFTB+) calculations, which show that alloying AuPd with low Pd content presents
significant synergetic effects for hydrogen generation under UV-visible light from aqueous

triethanolamine (TEOA) solutions. Additionally, the AuPd/TiO, photocatalysts are stable with cycling.

1. Introduction

Humanity is facing major crises such as air pollution and climate change. The exponential increase in
global demand in energy, along with the growth of the world population, as well the still widely use of
fossil fuels causes huge CO, emissions, responsible for greenhouse effects and climate change.™ To
mitigate these challenges, the development of renewable, clean energy sources is crucial for replacing
fossil fuels and limiting CO, emissions, and hydrogen is projected to be not only the cleanest energy, it
will also be consolidated as energy vector that moves us forward in the transition towards a zero carbon

footprint, as committed by Hydrogen Europe, among other worldwide initiatives.

Since the petroleum crisis in 1973, alternatives have been sought for energy carriers like hydrogen.!?!
Hydrogen as fuel produces higher energy power (122 kJg™?) than gasoline (40 kig?),®! and can be
obtained from different sources.”! Currently, 95 % of hydrogen production comes from fossil fuels and
only 5% from water electrolysis.! Recently, hydrogen production by solar water splitting has attracted
much interest because it uses light energy and only emits water and oxygen.®” Solar energy is a green,
abundant and renewable source due to its natural availability, which offers a promising way to solve
environmental and energy issues.®® Hydrogen generation by photocatalytic water splitting requires a
semiconductor with a bandgap energy wider than 1.23 eV (redox potential of water).['>™!) Titania (TiO,)
is a semiconductor widely used in photocatalysis because of its excellent properties such as high reactivity,
photochemical and biological stability, low toxicity, and low price.***® The limitation of TiO,

application in photocatalysis is mainly due to the fast charge-carriers’ recombination and its large band



gap (3.1-3.2 eV for anatase and rutile phases, respectively), which induces excitation only under UV light

irradiation. However, UV light constitutes only 4 % of the solar light impinging on the Earth's surface.™

In this work, we used commercial titania (TiO,-P25) as photocatalytic material because it is considered
more stable and more efficient than other semiconductors at the adequate redox potentials for water
splitting. TiO,-P25 consists of a mixture of anatase-rutile crystalline phases and exhibits better
photocatalytic activity than other types of TiO, due to the anatase-rutile heterojunction,*>*® which is
responsible of longer charge carriers’ lifetime (compared to pure anatase phase) under UV
excitation.!"18°! However, modification of titania for its activation under visible light is essential to
better harvest solar light. Doping TiO, with plasmonic metal-NPs allows light absorption in the visible
region of the spectrum due to the Localized Surface Plasmon Resonance (LSPR) phenomenon.[*#221 |
addition, the photocatalytic activity under UV light is enhanced because the metal-nanoparticles (NPs)
can act as electron traps inhibiting the charge carriers recombination.*?? The LSPR is the collective
oscillation of conduction-free electrons excited by the incident photons in constructive interference with
the electric field of the incident light.[*?*25281 The LSPR depends strongly on the metal nature, size, and
morphology of the nanoparticles.?”?2%° Among the noble metals, platinum (Pt) is the best co-catalyst for
photocatalytic hydrogen generation.”?**% However, Pt is costly and scarce, and thus, it is important to
replace it with other more abundant metals, such as for example, gold (Au), that has been widely applied

for photocatalytic hydrogen generation because it is an efficient cocatalyst, and it is also cheaper and

more abundant than Pt. Au NPs can also activate TiO, under visible light due to its LSPR.

Bimetallic nanoparticles like AuPd,**4 Aupt,>%*1 AuNi® and AuCu,** have been reported to
demonstrate improvements in their electrical, optical, and catalytic properties. These nanoalloys exhibit
superior catalytic performance, particularly in selectivity and stability, compared to their individual metal
components. Therefore, they are highly desirable for a range of applications in catalysis and

electrocatalysis.



Pd has gained attention due to its efficiency as catalyst in various applications, including catalytic and
electrocatalytic processes, hydrogen storage, sensors, nanomedicine, hydrogenation reactions, C-C
coupling  reactions,  mitigating  environmental  pollution and  automotive  emissions

#243,44,45,4647.48:495051] pgd_Ay bimetallic nanoparticles exhibit higher selectivity compared to

regulation.*
monometallic Pd nanoparticles for hydrogenation reactions 3*“®*! Porous Pdgnei—Aucore NANOStructures
are very promising for application in direct ethanol fuel cells as they exhibit a very good electrocatalytic
activity and a high stability.[* Surface-modification of TiO, with bimetallic nanoparticles (NPs) based on
gold has attracted much interest since higher activities for photocatalytic hydrogen generation can be

obtained compared with their monometallic counterparts. 263323

Hereby, we report the application of AuPd nanoalloys on TiO, surface for hydrogen generation by
photocatalysis, showing a synergetic effect under UV-visible light for H, production. The metal loading
of both metals was optimized and the role of Au and Pd on the photocatalytic activity was studied using

molecular simulations.

2. Results and Discussion

2.1 Alloying, Chemical Order and Electronic Structure Characterization

The morphology, size, elemental composition, and crystalline structure of 1 wt% AuPd/TiO, samples
with the mass ratios of Au:Pd (9:1. 1:1. 1:9) were analyzed by TEM, HRTEM, and EDX techniques.
TEM images in bright field (Figures 1a, Sla, and S2a) and Z contrast mode (Figures 1b, S1b, and S2b)
show small and spherical AuPd-NPs with an average size of ~2.5-3 nm (Figures le, Sle, and S2e) well-
dispersed on TiO, surface. Table S1, shows the AuPd-NPs average size for 1 wt% AuPd/TiO, samples
with different mass ratios. HRTEM images of 1 wt% AuPd/TiO, samples show the localization of AuPd-
NPs on the anatase phase (Figure 1c, S1c, and S2c). The electronic interaction with AuPd-NPs and the
anatase phase inhibits the growth and agglomeration of the metal nanoparticles.™ The interplanar

distances were d=0.35 nm, corresponding to (101) planes of the anatase phase (JCPDS No. 21-1272). The



interplanar distances were measured using the Digital Micrograph software deduced by fast Fourier
transformation process. The elemental composition was confirmed by EDX analysis showing the
presence of Au, Pd, Ti, and Cu from the TEM grid (Figure 1d, S1d, and S2d). Small signals of Au and
Pd were observed for 1 wt% AugPd;/TiO, and 1 wt% Au;Pdyo/TiO; due to their low content, as shown in
Figure 1d and S2d, respectively. Moreover, for the sample 1 wt% Au;Pd:/TiO,, the EDX signals are

almost identical due to the same metal content (Figure S1d).
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Figure 1. TEM micrographs of 1 wt% AugPd;/TiO, sample in a) bright field and b) Z contrast show
spherical AuPd-NPs well-dispersed on TiO, surface, ¢) HRTEM micrograph showing the localization of
AuUPd-NPs on the anatase phase, d) EDS analysis showing the presence of the elements Au, Pd Ti, and Cu

(from the TEM grid), e) histogram of AuPd-NPs showing an average size of ~2.6 nm.



In Figure 2, we present HAADF-STEM micrograph (Figure 2a) that shows AugPd; nanoalloys with
brighter tiny points corresponding to Au and less bright tiny spots corresponding to Pd (due to the highest
atomic number of Au compared with Pd). Additionally, EDX analysis on single nanoparticles for the 1
wt% AugPd;/TiO, sample (Figure 2b) attests the presence of Pd on the surface of the nanoparticle, but
with homogeneous distribution over all the structure (Figure 2c). In order to elucidate the chemical
ordering of these alloys content, we performed a hybrid MD-MC (Molecular Dynamics-Monte Carlo,
with the reliable Gupta interatomic potential for Au-Pd, see details in Supporting Information) simulation
for each of the ratios, and then we simulated the line scan, shown in Figure 2d for the alloy content
AugPd;: The simulation is in good agreement with the experimental results. Also, the results show that the
alloy in all the systems is random, not ordered as in the AuPd bulk alloy previous studies.**®"

Inductively coupled plasma-optical emission spectrometry (ICP-OES) was utilized for elemental analysis,
providing insights into the mass content of AuPd nanoalloys on TiO, surface, see Table S2.

The bimetallic photocatalysts 1 wt% AuPd/TiO, and bare TiO, were characterized by X-ray diffraction
(XRD) to study the crystallinity of the samples (Figure S3). The diffracted peaks of the samples coincide
with the reference peaks of the anatase and rutile crystalline phases, according to the data JCPDS files No.
21-1272 and No. 21-1276, respectively. The junction between anatase and rutile phases in P25 induces
longer lifetime of the charge carriers increasing the photocatalytic activity.®® No diffraction peaks were

observed for AuPd-NPs due to the low metal loading and the small size of the NPs.[%*!
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Figure 2. For the AugPd; alloy, a) HAADF-STEM micrograph, b) Spectrum image and ¢) Au-M and Pd-
L energy levels profiles. d) Energy optimization structure of AugPd; NPs by hybrid MD-MC (Gupta)
calculation for the identified size and structural shape from the experiment (a 1289 atoms cuboctahedron
with ~3.5 nm); and e) simulated line scan on this nanoparticle and orientation shown, reflecting the

chemical ordering.

The UV-vis spectra of the samples showed absorption in the UV region due to TiO, support (Figures 3a-
3c). The UV-vis spectra of the monometallic samples Pd/TiO, show that the surface modification with
Pd-NPs does not influence the TiO, bandgap (Figure 3a). Pd-NPs do not introduce energy levels in the
bandgap, below the CB and above the VB because of their plasmon in the UV region.”! Moreover, the
monometallic samples of Au/TiO, show the surface plasmon resonance (LSPR) of gold with a maximum
absorption peak at 553 nm, 547 nm, and 553 nm for 0.1 wt%, 0.5 wt% and 0.9 wt% Au/TiO; (Figure 3b).
The dielectric constant of the TiO, support induces a shift of the LSPR of the metal nanoparticles toward
larger wavelengths (compared to the NPs in water).'% In the case of the bimetallic sample 1 wt%
AugPd;/TiO, (Figure 3c), the LSPR of Au induces an intense and continuous absorption over the entire
visible region due to the presence of AuPd nanoalloys rich in gold.? However, the sample 1 wt%
Au;Pdo/TiO, does not show this characteristic because of the lowest content in gold. Au NPs act as

visible absorption centers extending the light absorption of wide bandgap semiconductors to the visible



light due to their LSPR. Improving the UV-Vis absorption of the photocatalyst is important in

photocatalysis to better harvest the solar light.

The band gap energies of the bimetallic samples and bare TiO, were calculated by the Tauc plot method,
considering the indirect transition of anatase-phase.™ Figure 3d shows the Tauc plots for bare TiO,, 1
wit% AuiPdy/TiO,, 1 wt% AuiPdy/TiO, and 1 wt% AugPd,/TiO,. The estimated band gaps were 3.34 eV,
3.33 eV, 3.30 eV, and 3.30 eV, respectively. The optical band energy (E,) can be determined by the
following Equations 1 and 2 for reflectance function F(R), where R is the reflectance obtained by DRS,
while K and S are the absorptions and scattering coefficients, respectively. F(R) is proportional to the
absorption coefficient, where h is Planck's constant, v is the photon's frequency, Ej is the band gap
energy, and S is a factor depending on the transition probability and a constant in the optical frequency
range. The n factor depends on the nature of the electron transition and is equal to 2 or 1/2 for the direct

and indirect transition band gaps, respectively.

(1-R? K

F(R) = TSR "3 (1)

(FRM)" = B(hv — E,) (2)
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Figure 3. UV-vis DRS spectra of monometallic samples a) Pd/TiO, and b) Au/TiO,, and bimetallic

samples c¢) 1 wt% AuPd/TiO; and d) their corresponding Tauc plot.

TRMC signals of mono- and bimetallic photocatalysts and bare TiO, at 360 nm are shown in Figure 4.
TRMC signals show I« values reached for all the samples under UV light excitation, suggesting electron
migration from the VB to the CB of TiO,. Then, the Iy values decreased, and faster decays were
observed for the mono- and bi-metallic photocatalysts than bare TiO,. This can be explained by quick
trapping by Au, Pd and AuPd nanoparticles of photogenerated electrons in the CB of TiO,. Figure 4a
shows the signals of Au/TiO, samples: The decay of the signal increases with the metal loading 0.9 wt%
AU/TiO; > 0.5 wt% Au/TiO, > 0.1 wt% Au/TiO,. In the case of Pd/TiO, samples (Figure 4b), the decay
is not correlated with the metal loading and faster decay is obtained with 0.1 wt%. For the bimetallic
photocatalysts (Figure 4c), the decay increases with 1 wt% Au;Pd;/TiO, > 1 wit% AugPd1/TiO, > 1 wt%
Au;Pdo/TiO,. These TRMC results indicate that the AuPd nanoalloys are efficient in electron scavenging
reducing the charge-carrier recombination, which is beneficial for the photocatalytic activity. M At
420 nm (Figure S4), no signal from mono- and bimetallic samples was higher than the signal obtained by

TiO,. At 550 nm (Figure S5), the gold-based photocatalysts (mono- and bimetallic samples) show no



signal, indicating that at these wavelengths no hot electrons were detected in the CB of titania after Au-

LSPR excitation.
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Figure 4. TRMC signals of monometallic photocatalysts a) Au/TiO,, b) Pd/TiO, and c) bimetallic

photocatalysts 1 wt% AuPd/TiO, at 360 nm with a laser energy of 1.2 m/.

XPS analysis was performed on the sample surface in order to get information concerning the chemical
environment of Au and Pd. The obtained Au-4f and Pd-3d core-level spectra are presented in Figure 5.
Both Au-4f and Pd-3d doublets were fitted using asymmetrical line shapes derived from metallic Au and
Pd references. The binding energy scale was calibrated based on Ti-2ps/, peak, used as internal reference,
considered at 458.7 eV, which places the main O1s component corresponding to O in TiO, at 530 eV.[®
As a consequence, the spin-orbit coupling doublet of Au-4f is placed at 83.2 eV (Au-4f;) and 86.8 eV
(Au-4fs)2) and that of Pd-3d at 334.5 eV (Pd-3ds/2) and 339.8 eV (Pd-3dsp,). This XPS analysis confirms
that AuPd-NPs are in metallic states. In both cases, the binding energies of Au-4f and Pd-3d are shifted
toward lower values from those given in the literature.®® For instance, Au-4f;;, reported at 84 eV shifted
to 83.2 eV and Pd-3ds,, from 335 eV to 334.5 eV. Two points can explain the shift towards lower binding
energy values for Au-4f and Pd-3d, i.e., this first may be due to the interaction of the support (TiO2)
changing its electronic environment, the electron transfer from the TiO, to the AuPd-NPs,?"%! and
second, may be due to a strong electronic modification, and charge transfer between Au and Pd due to its
nanoalloy formation.[®”%%° Bimetallic AuPd nanoalloys have been reported to exhibit negative shifts in

both the Au 4f and Pd 3d core levels.[">"™
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Figure 5. XPS spectra signals of 1 wt% AugPd1/TiO, sample, a) Au-4f core level, and b) Au-4d and Pd-

3d core levels.
2.2. Photocatalytic Hydrogen Generation

The photocatalytic hydrogen generation for mono- and bi-metallic samples under UV-visible and visible
light are shown in (Figures 6a and 6b), respectively. The monometallic samples present higher hydrogen
generation rates than bare TiO, under UV-visible light (Figure 6a). The hydrogen generation rate for bare
TiO, was 77.5 umolg™*h™. The hydrogen generation rates for monometallic samples 0.1, 0.5 and 0.9 wt%
AU/TiO, were 482.6, 534.4 and 788.6 umolg™h™ respectively. For 0.05, 0.1, 0.5 and 0.9 wt% Pd/TiO,
metallic samples were 182.9, 1468.2, 1142.0, and 946.4 pmolg™h™, respectively. The higher hydrogen
generation rates of monometallic samples than bare TiO; is attributed to the work function: metals with
higher work functions such as Pd (5.3 eV) and Au (5.1 eV) than the electron affinity of TiO, (4.0 eV)
increase the Schottky barrier effect.’? The Schottky barrier is formed due to the interface contact
between Au and Pd-NPs (metallic system) and TiO, (semiconductor system).[’® The Schottky contact
creates an internal electric field helping the electron-hole transfer and inhibiting the recombination

process, which is confirmed by TRMC results (Figure 4a and 4b).

Most importantly, Figure 6a shows higher hydrogen generation rates for bimetallic samples AuPd/TiO,
compared with their monometallic counterparts. The hydrogen generation rates for 1 wt% AuiPdy/TiO,, 1
Wt% Au;Pdy/TiO; and 1 wit% AuePdy/TiO, were 1534.6, 1822.2 and 2325.0 pmolg™h™, respectively. The

hydrogen generation increases with the Au/Pd ratio (1 wt% AugPd:/TiO; > 1 wt% Au;Pd:/TiO; > 1 wt%



Au;Pde/TiO,). The sample 1 wt% AuePdy/TiO, shows the highest activity with 2325.0 pmolg™h™, which
is ~30 times higher than bare TiO, (77.5 umolg™h™). The photocatalytic activity enhancement of the
samples can be explained through their morphology, optical properties, crystallinity, and charge carrier
dynamics. TEM images showed smaller AuPd-NPs on TiO, surface for 1 wt% AugPd;/TiO, sample
(Figure 1e) than 1 wt% Au;Pdi/TiO; and 1 wt% Au;Pdy/TiO, samples. Smaller NPs have higher work
function than larger NPs improving the Schottky barrier effect and therefore reducing the charge carriers'
recombination.™* "™ TRMC results confirm that the AuPd nanoalloys are efficient in electron
scavenging reducing charge-carrier recombinations and raising the photocatalytic activity under UV light
excitation (Figure 4c). The decay increases when the TiO, surface is modified with AuPd nanoalloys.
The reactive surface sites are well dispersed on the titania surface scavenging electrons in the CB of TiO;
(which reduce H®) inhibitting the charge carrier recombination, reducing and promoting the

recombination of hydrogen atoms, and therefore raising the photocatalytic activity.

The photocatalytic hydrogen generation for mono- and bi-metallic samples under visible light is shown in
Figure 6b. As previously stated, TiO; is not active under visible light. Pd/TiO, samples show negligible
values for hydrogen generation under visible light. Pd-NPs do not modify the spectra of TiO; in the
visible region due to their LSPR in the UV region (Figure 3a).3™ Moreover, Au/TiO, samples show
photocatalytic activity under visible light due to their LSPR (Figure 3b). The hydrogen rates for 0.1, 0.5
and 0.9 wt% Au/TiO, samples were 2.4, 2.5, and 5.7 umolg™h™, respectively. Previous studies have
shown that hot electrons can be injected from Au-NPs into the CB of TiO, under visible irradiation.™
However, in our case, at 420 nm (Figure S4a) no signal was higher than the signal obtained with bare
TiO,. At 550 nm (Figure S5a), no detectable TRMC signals were obtained for Au/TiO; photocatalysts.
This can be explained because the electron transfer is quite fast, and even if TRMC technique allows to

obtain a signal at nanosecond scale, we cannot define the 10 first nanoseconds during the pulse.

The bimetallic samples AuPd/TiO, show higher hydrogen generation rates than the monometallic

counterparts under visible light. The hydrogen generation rates for 1 wt% Au;Pdy/TiO,, 1 wt%

12



Au;Pdy/TiO, and 1 wt% AugPdy/TiO, were 3.9, 8.5 and 13.0 umolgth™, respectively. The optical
properties were improved with higher Au/Pd ratio (1 wt% AugPd:/TiOy) showing an intense and
continuous absorption over the entire visible region (Figure 3c). Nevertheless, the same case occurs for
bimetallic samples, no signal was higher than the signal obtained with TiO; at 420 nm (Figure S4c). At
550 nm (Figure S5c), no detectable TRMC signals were found. The photocatalytic activity under visible
light suggests that hot electrons from Au NPs (in Au/TiO, and AuPd/TiO, samples) were injected into the

CB of TiO, due to the activation of Au-LSPR after visible excitation.
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Figure 6. (a-b) Photocatalytic hydrogen generation for mono- and bimetallic photocatalysts and bare

TiO, from 25 vol% TEOA aqueous solution under a) UV-visible and b) visible light.

Finally, decreasing the metal loading is important for large-scale hydrogen production due to the high
cost of Au and Pd. The photocatalysts 0.1, 0.2, and 0.5 wt% AuPd/TiO, with mass ratios of Au:Pd (1:9,
1:1, 9:1) were tested under UV-visible light (Figure 7). The samples demonstrate similar activity as 1

wt% AuPd/TiO, samples.
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Figure 7. Photocatalytic hydrogen generation of bimetallic photocatalysts with metal loadings of 0.1, 0.2,
0.5 and 1 wt% AuPd/TiO, with mass ratios of Au:Pd (1:9, 1:1, 9:1) and bare TiO; from 25 vol% TEOA

aqueous solution under UV-visible light irradiation.

The hydrogen generation increases with the ratio Au/Pd (AugPdi/TiO, > Au;Pd:/TiO, > Au1Pdg/Ti0,) for
all the metal loadings. Figure 8 presents a comparison between our optimal sample 0.5 wt% AugPd;/TiO;
and 1 wt% Pt/TiO, (our sample benchmark with high photocatlytic activity, the Pt NPs are about 1 nm
size and are well dispersed on TiO, surface), revealing quite similar (or slightly lower) photocatalytic
activities. As we mentioned earlier, Pt is the best co-catalyst for photocatalytic hydrogen generation.
Nevertheless, because of its high cost and limited abundance, replacing it with other more abundant
metals is important. Table S3, compares the photocatalytic hydrogen generation under UV-visible light
irradiation with data from literature. The comparison reveals notable differences in the efficiency of
different catalysts under distinct conditions. However, compared to other reported studies, our work
shows good photocatalytic activity under UV-visible radiation and a slight activity under visible light.
Luna et al. obtained synergistic effects with bimetallic Au-Ni and Ni-Pd NPs for hydrogen
generation.®?! Also, Su et al. reported strong synergistic effects with 1 Wt% PdgheiAlcore/ TiO for
photocatalytic hydrogen generation with a specific wavelength at 365 nm (UV LED) using a variety of

important feedstock chemicals. Nevertheless, they did not show any activity under visible light.®
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Figure 8. Comparison of the photocatalytic hydrogen generation of 0.5 wt% AugPd;/TiO, with 1 wt%

Pt/Ti0, from 25 vol% TEOA aqueous solution under UV-visible light irradiation.

2.3 Density Functional Theory (DFT) calculations

To improve the understanding of the higher hydrogenation rates in the case of bimetallic systems, the
adsorption of two hydrogen atoms on a model of Au-NP and AugPd;-NP was investigated at the DFT and
DFTB+ quantum levels (see Methods and Supporting Information for computational details). First, for
DFT calculations, the optimized geometries show a different adsorption mode on the metal surface, with
each H atom remaining on one Au for Au-NP, and with one H atom on gold and the other H shared
between the Pd and the neighbouring gold atoms (“Au-H-Pd”) for AugPd;-NP. This structural change
corresponds to different bond lengths, resulting in different electronic effects (Table S5). The Au-Pd and
Au-Au bond lengths around the shared H in the bimetallic cluster are shorter than Au-Au distances in Au-
NP. In addition, the Au-H and Pd-H distances are longer in AugPd;-NP for the shared H atom, leading to
a weaker hydrogen adsorption strength. The analysis of the electron density shows Au-H and Pd-H bonds
with a valence electronic population basin of 1.7 electron and 1.6 electron for Au-H and Au-H-Pd,
respectively. The strength of the bond was evaluated to be close to a single covalent bond with a Mayer
bond order of 0.86 for Au-H in Au-NP, and much weaker with a Mayer bond order of 0.37 for Au-H-Pd
in AugPd;-NP. This lower hydrogen atom adsorption strength for the bimetallic system may be one

explanation for the higher reactivity.

2.3 Density Functional Tight Binding (DFTB+) calculations

By DFTB+ using the GFN1-xTB parameterization, we performed molecular dynamics simulations of H
atoms with many different arrays (as described in Supplementary Information) over the surface of

optimized clusters (N=38 atoms, with cuboctahedral shape) for the three AugPd;, Au;Pd;, and Au;Pdg
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alloys. The systems were brought to a temperature of 298 K and then left at constant temperature during

20 picoseconds, and the main results are hereby briefly presented.

The case of AugPd; was the only system that led to the formation of H,, while for none (among 11
systems built) of the systems in the Au;Pdg case did the formation of H, occur. According with previous
DFT results, it seems that when the amount of Pd is higher, the hydrogen atomes are strongly attracted to
Pd, and thus their movement is restricted. For the case of Au;Pd;, the formation of H, also occurs for one
system (among 9 built), however, we notice that the inclusion of H in these 1:1 systems seems to
destabilize them (even more than the obtained structures after the energy optimization process), since
most of the calculated systems end up suffering a considerable deformation of the nanoparticle. More

details are given in the Supplementary Information file.

2.4 Proposed Photocatalytic Mechanism

Charge carriers’ dynamics, which is a key factor in photocatalysis was studied by TRMC. 2429315758591 a¢

360 nm excitation, the mono- and bimetallic systems and bare TiO, are activated meaning that electrons
migrate to the CB of TiO,, reaching Inax values. Moreover, when the surface of TiO; is modified with
mono- and bi-metallic nanoparticles, the Ihax value decreases compared with bare TiO, (Figure 4). This
indicates that the metal nanoparticles act as electron traps, inhibiting the charge carriers' recombination.
The electron migration from CB of TiO; to the metal nanoparticles occurs due to the work function and
Schottky junction, which creates an internal electric field helping the electron-hole transfer and inhibiting
the recombination process.l”>™® Figure 9a shows a scheme of the photocatalytic mechanism under UV

light excitation for bimetallic AuPd/TiO, sample.

. hv>E; _ +
TiO; —— TiO;(ecp + hyg) 3)
H,0 + e~ — H, + OH" @
H*+e - H (5)
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H +H - H, (6)

At 420 nm excitation, hot electrons are injected from AuPd nanoalloys to the CB of TiO, due to the Au-
LSPR excitation.™*! Water molecules or H* are reduced on the TiO, surface by the electrons to produce
H. (Figure 9b), as we mentioned before. Finally, to inhibit the oxidation reaction generated by the
photogenerated holes in the VB of TiO, and AuPd-NPs an electron donor was used (TEOA in our study),
which scavenges the holes to generate H, (Equations 7-10)."") TEOA can self-sustain the photocatalytic
hydrogen generation process, which can be obtained from industrial organic effluents related to dry

cleaning, cosmetics, shampoos, detergents, surfactants, textiles, and water repellents.[’”

TiO,(h*) + OH™ - OH" (7)

TiO,(h*) 4+ H,0 —» OH* + H* (8)
TEOA + OH® - HCHO + NH, (9)
HCHO + OH* - H, (10)

() (b)

2H*/H,0  H, .

H,
+
Work function 2H /HZO) :

Pd (53 eV)
Au (5.1eV)

. TiO2 (4.0 V)
~q Schottk o
s P:ar?;(tery CB
Ti0,-P25 TiO,-P25
VB r
L R '/TEOA R 4
Hy

Figure 9. Proposed photocatalytic mechanism of bimetallic AuPd/TiO, samples under a) UV, and b)

visible light irradiation.
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2.5 Stability with cycling

Finally, the photocatalyst stability was investigated for the 0.5 wt% AugPdi/TiO, sample,
which demonstrated a stable photocatalytic activity with a slight decrease with cycling
(Figure 10). The dispersion of AuPd nanoalloys, morphology, size, and crystalline structure
were analysed before and after cycling (Figure S6). TEM images in dark field show the
AuPd-NPs well-dispersed on the TiO, surface before and after cycling (Figures S6a and S6d).
HAADF-STEM micrographs show that the AuPd nanoalloys are quite stable after cycling,
showing brighter tiny points corresponding to Au due to its highest atomic number and less
brightness tiny spots corresponding to Pd (Figures S6b and S6e). The interplanar distance of
0.23 nm corresponds to (111) plane of Au (Figure S6c) and the one of 0.2 nm corresponds to
the plane (200) of Au (Figure S6f). The interplanar distances of 0.18 nm (Figures Séc and
S6f) and 0.16 nm (Figure S6c) can be assigned to (200) and (211) planes of the anatase phase
(JCPDS No. 21-1272), respectively. However, the AuPd-NPs size increases from ~2.5-2.7 nm
to ~3.0-3.2 nm after cycling (Figure S6g). This metal nanoparticles’ sintering probably
explains the slight decrease in photocatalytic hydrogen generation due to larger-NPs
decreasing the work function and diminishing the Schottky barrier effect, increasing charge
carriers' recombination. The surface chemical composition and oxidation states of AuPd
nanoalloys on the TiO, surface were analyzed by XPS after cycling. The comparison of the
XPS spectra for 0.5 wt% AuPd/TiO, sample before and after cycling for Au-4f and Pd-3d
states are shown in Figures S6h and S6i, respectively. After cycling, the XPS spectra are
noisy compared to those before cycling. This can be attributed to metal loss after recovering

the powder by centrifugation.
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Figure 10. The photocatalyst stability of 0.5 wt% AugPd;/TiO, sample from 25 vol% TEOA

aqueous solution under UV-visible light irradiation.

3. Conclusion
In summary, AuPd nanoalloys homogeneous in size (~2.5-3 nm) were deposited on the TiO,

surface by chemical reduction method using NaBH, at room temperature. The AuPd
nanoalloys formation was confirmed by HAADF-STEM and hybrid MD-MC calculations
validated this alloy structure. Synergetic effects were obtained with the AuPd nanoalloys: the
bimetallic AuPd/TiO, samples show higher photocatalytic activity for H, generation under
UV-visible light irradiation compared with their monometallic counterparts, The
photocatalytic hydrogen generation enhancement of bimetallic samples was explained through
their morphology, optical properties, crystallinity, charge carrier dynamics, electronic
structure (DFT) and molecular dynamics (DFTB+) calculations. The AugPd,/TiO, sample is
the most active and it is quite stable with cycling, with a slight decrease in hydrogen
generation. TRMC results demonstrated that the surface modification of TiO, with bimetallic
AuPd nanoalloys (electron traps) plays a role in charge-carrier separations increasing the
activity under UV light irradiation. AuPd nanoalloys can be used as efficient cocatalysts for

hydrogen generation with an activity comparable with that of Pt co-catalysts.
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4. Experimental Section

4.1 Chemical reagents

Commercial titanium dioxide (TiO2-P25, 80% anatase, and 20% rutile, Evonik) was used as
photocatalytic support. Gold (I11) chloride trihydrate (HAuCl4-3H,0, Sigma Aldrich, 99.9%),
palladium (I1) chloride (PdCl,, Sigma Aldrich, 99%) and platinum (I1) acetylacetonate
(Pt(CsH;0O,),, Sigma Aldrich, 97%) were used as metal precursors. Sodium borohydride
(NaBH,4, Sigma Aldrich > 99%), and triethanolamine (CgHisNOs, Sigma-Aldrich > 99%)
were used as reducing agent and hole scavenger, respectively. Deionized water (Milli-Q 18.2

MQ) was used in all experiments.

4.2 Photocatalysts Synthesis

The photocatalysts were synthesized by chemical reduction using NaBH, as reducing agent at
room temperature (Figure S7). Mother solutions of 0.01 M HAuCl, (30 mL) and 0.01 M
PdCl; (30 mL) were prepared. In a flask, 10 mL of deionized water were added to 250 mg of
TiO, under vigorous stirring for 30 min. Afterwards, an amount of each salt precursor
solution was added to the dispersed TiO, aqueous suspension to prepare photocatalysts with
different metal loadings keeping the vigorous stirring for 1 h. Immediately a fresh aqueous
solution of 2 mL NaBH4; 1 M was prepared in an ice-water bath because NaBH, reacts
violently and quickly with water at room temperature. Freezing water slows the reaction
sufficiently enough to allow the reduction of metal ions. Subsequently, 0.5 mL of NaBH, 1 M
was added to the mixture, maintaining vigorous stirring for 2 h. After, the photocatalysts were
washed with deionized water and separated by centrifugation three times at 6500 rpm for 10
min to remove the non-reduced, undesired ions, then dried at 60°C for 48 h. The supernatants
were transparent, indicating that most of the metals were deposited on the titania support. The
UV-vis spectra of the supernatants were flat (Figure S8) compared with the solutions of the
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salt precursors of HAuUCI, and PdCl,. The Au™ and Pd" complexes were reduced by NaBH,
in aqueous solutions at room temperature. The redox potentials are Ea,**/a’=1.5 V vs. NHE,
Epd> /pe’=0.83 V vs. NHE,®? and E°=—1.24 V vs. NHE.*** The concentration of NaBH, is a
crucial factor in the synthesis, higher concentration induces the reduction of the nanoparticle

size.[!

Mono- and bi-metallic (Au/TiO,, Pd/TiO, and AuPd/TiO;) samples were prepared with 1
wt% metal loading for comparison (Table S4). The monometallic photocatalysts containing
Au and Pd were respectively purple and gray, and the color is more intense with the metal
loading (Figure S9). The bimetallic photocatalysts 1 wt% Au;Pde/TiO, and 1 wt%
Au;Pdy/TiO, were gray in color. For 1 wt% AugPd;/TiO,, the color was gray-purple. Later,
the bimetallic photocatalysts with total metal loading of 0.1 wt%, 0.2 wt%, and 0.5 wt%
AUPd/TiO, were synthesized using the same mass ratios to study the effect of the loading on
the photocatalytic activity. Finally, Pt/TiO, was synthesized (the best co-catalyst for hydrogen
generation) to compare with the bimetallic samples AuPd/TiO,. The 1 wt% Pt/TiO, sample
was prepared by the radiolysis method. This method is very powerful to synthesize metal NPs
of controlled size and shape in solution and on support.®%*” Platinum (11) acetylacetonate was
used as salt precursor and ethanol as solvent. The solution was stirred one hour, sonicated for
five minutes, degassed with Ar gas (Air Liquide) and then irrradiated using a ®°Co panoramic
gamma source. The dose used was 3.2 kGy, which is sufficient for complete reduction of Pt"
complexes (at a concentration of 10 M) to their zerovalent state Pt°. After the radiolysis
process, the photocatalyst was separated by centrifugation and dried at 60°C for 24 h to

remove any remaining traces of the solvent.
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4.3 Photocatalysts Characterization

The optical properties were analyzed by Diffuse Reflectance Spectroscopy (DRS) with a UV-
Vis-NIR spectrophotometer (Cary 5000 Series, Agilent Technologies) recorded from 200 nm
to 800 nm region. The crystal structure of the synthesized photocatalysts was investigated by
X-ray diffraction (XRD) using a SmartLab RIGAKU with Cu K, radiation, 40 kV, 44 mA,
= 0.15406 nm over the 26 range from 20° to 80°, with steps of 0.01° s™. Transmission
Electron Microscopy (TEM) FEI TECNAI F30 microscope equipped with a tungsten field
emission gun operated at 300 keV was used to study the morphology, size, and dispersion of
bimetallic AuPd-NPs over the TiO, surface, equipped with an Energy-dispersive X-ray
spectroscopy (EDS) detector to identify the elemental composition of the samples. The AuPd
nanoalloy formation and crystalline structure was analyzed by High-Angle Annular Dark
Field Scanning Transmission Electron Microscopy (HAADF-STEM) using a High-Resolution
Transmission Electron Microscopy (HR-TEM), model JEOL 200F (200 keV). The powder
samples were dissolved in 2-propanol under sonication, and then few drops of the solution
were deposited on a holey carbon-coated copper grid (300 mesh). The surface elemental
composition and oxidation states were studied by X-ray Photoelectron Spectroscopy (XPS).
XPS measurements were performed on a K-Alpha spectrometer from ThermoFisher, equipped
with a monochromated X-ray Source (Al K,, 1486.68 eV) with a spot size of 400 pm,
corresponding to an irradiated area of ~ 1 mm?. The samples were measured in the powder
form. The base pressure was 3x10° mbar. The hemispherical analyzer was operated in CAE
(Constant Analyzer Energy) mode, with pass energy of 200 eV and a step of 1 eV for the
acquisition of surveys spectra, and pass energy of 50 eV and a step of 0.1 eV for the
acquisition of narrow spectra. A “dual beam” flood gun was used to neutralize the charge
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build-up. The binding energies were calibrated against the neutral carbon binding energy set
at 284.8 eV. The precision in binding energy is = 0.2 eV. The spectra were recorded and
treated by means of Avantage software provided by Thermo Fisher. The fitting procedure
implied the use of assymetrical lineshapes after the extraction of a Shirley-type background.

The photogenerated charge-carrier dynamics, which is a key factor in photocatalysis was
studied by Time Resolved Microwave Conductivity (TRMC) technique for the bimetallic
samples under UV and visible light excitations. A pulsed and tunable laser source (200 to
2000 nm) equipped with an optical parametric oscillator (OPO; EKSPLA, NT342B) was used
to excite the samples, and a Gunn diode (30 GHz) was used to generate microwaves. The

principle of this technique has been described in previous papers.}42%3L575851 TR\ C
technique measures the relative change (APTft)) in microwave power reflected from a

semiconductor material during its excitation by a laser pulse. This change (Aag(t)) could be

related to small perturbation of the sample's conductivity (Equation 11).

“’Tf” = AAo(t) = Aep,An,(t) (11)

In TiO,-based compounds, the electron mobility (u,) is much higher than the holes.

Therefore, Ao (t) is mainly due to excess electrons in the CB. An,(t) is the excess free
electrons number at time t. A (sensitivity factor) is time-independent and relies on the
conductivity of the semiconductor and the microwave frequency. The main data provided by
the TRMC technique gives the maximum value of the signal (I,,,,,), Which corresponds to the
number of excess free electrons generated by the laser pulse. The signal decay I(t)
(denominated photoconductivity) as a function of time (in us or ns) is owing to the decrease
of excess electrons after the laser pulse by charge -carriers’ recombination or

[14,29,31,57,58,59]

trapping.
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4.4 Photocatalytic hydrogen generation tests

The photocatalytic hydrogen generation tests were performed in a closed quartz reactor. 20
mg of the photocatalyst were dispersed in 20 mL of 25-vol% of triethanolamine (TEOA)
aqueous solution. TEOA was used as a sacrificial electron donor (or hole scavenger). Before
irradiation, the reactor was degassed with Ar for 20 min under vigorous stirring. After, the
samples were irradiated for 5 h using a Peschl photoreactor and a Xenon Lamp 300 W LOT-
Oriel (250 to 2000 nm) equipped with a water filter (a large quartz cell) between the lamp and
the reactor to screen the infrared light and avoid heating of the samples. An optical filter was
used to limit the irradiation to the visible (A > 420 nm). The hydrogen amount was measured
by gas chromatography every hour (Micro GC Fusion, INFICON). The photocatalyst stability
is an essential parameter that defines the materials'’ commercial significance. For the
photocatalyst stability, 20 mg of photocatalyst were once again dispersed in 20 mL of 25-
vol% of TEOA aqueous solution. The mixture was degassed with Ar for 20 minutes under
vigorous stirring before exposure to irradiation for 5 h in a Peschl photoreactor. The powder
was recovered through centrifugation and dried at 60°C for 24 h. After, the photocatalyst was
weighted and dispersed in a 25-vol% TEOA aqueous solution, maintaining a 1 mg mL™ ratio.

This process was repeated for 4 cycles.
5. Methods

The geometry optimization calculations were carried out at the DFT level using the ORCA
5.0.3 software.”® The PBE GGA functional was used in association with dispersion

corrections in the D3 framework proposed by Grimme with the addition of the Becke—
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Johnson damping (D3BJ)."¥ The SDD pseudopotential (with 19 and 18 valence-electrons
treated explicitly for Au and Pd atoms, respectively) and the associated basis set were used for
the metal atoms, and the def2-SVP basis set was used for hydrogen atoms. The gquantum
chemical analyses were performed with the Multiwfn code by analyzing the electron density
generated from ORCA.®Y The electron localization function (ELF) was calculated to
determine the valence basins.®!

An hybrid molecular dynamics and Monte Carlo approach (MD-MC) was used for obtain the
chemical order of the three NPs alloys concentrations, based on interatomic Gupta potential
and using LAMMPS code.®2#% For the reactivity dynamics of H, on alloys NPs, DFTB+ with

[84,85]

the GFN1-xTB parameterization was used , previosly optimizing the structures with the

hybrid MD-MC methodology. See the Supporting Information for details.
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Supporting Information is available from the Wiley Online Library or from the author.
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