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ABSTRACT

Plasmonic noble metal nanoparticles exhibit intense interactions with light but are inherently
chemically unreactive. Alloying gold with catalytic palladium forms a hybrid nanostructured catalyst
incorporating each metal’s benefits. In this work we demonstrate a robust method for preparing
alloyed nanoparticles without the need for colloidal synthesis or time-consuming lithography. This
method results in uniform, densely packed monolayers of AuPd alloyed nanoparticles suitable for
inclusion in electromagnetic perfect absorbers that further strengthen existing light-matter
interactions. These materials demonstrate a strong photocathodic response not possible using
monometallic Au nanoparticles on a n-type spacer and exhibit higher photon-to-energy efficiencies
than Pd analogues. The alloying of plasmonic Au and catalytic Pd and subsequent incorporation in a
highly absorbing material represents a promising step towards efficient photoelectrocatalysts that
operate under real-world conditions.
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Introduction

Photoelectrochemical water splitting promises the storage of solar energy as high-energy hydrogen
fuel, while also a green alternative to steam reforming for hydrogen production. A successful
photocatalyst must both strongly absorb light and demonstrate a high reaction efficiency. Plasmonic
noble metal nanoparticles are effective visible light harvesters that generate energetic electrons
through the excitation of localised surface plasmon resonances.’® When coupled with a suitable
semiconductor, such as TiO,, these hot electrons are extracted across a Schottky junction, leaving an
energetic hole that affords water oxidation at the nanoparticle surface.”® The efficiency of electron
extraction across the Schottky junction is theoretically defined by the work function of both the metal
and the semiconductor, however the properties of the metal-semiconductor interface also play a
decisive role.®>¥° Charge-transfer is further impeded by competitive electron relaxation pathways'! and
there remains a significant need for highly photon-to-hydrogen efficient plasmonic
photoelectrochemical systems.1>13

Noble metals that yield optically active plasmonic nanoparticles, i.e. Au and Ag, typically exhibit poor
reactivity compared with transition metals common in catalysis, like Pd or Pt. Combining the best
properties of each is possible using bimetallic heterostructures where a plasmonic antenna absorbs
and transfers energy to the catalytic reactor.'*'” Alloyed nanoparticles can achieve similar synergistic
results in a single particle, without the difficult preparation often necessary for fused bimetallic
systems.!® Unlike fused systems, the electronic states of alloyed atoms is affected by the difference in
electronegativity of the constituent elements, changing the electron density of their respective
valence bands.’®2! These differences can change the enthalpy of reactant adsorption and charge-
transfer within alloyed nanostructures leading to enhanced reaction rates.?>* Finally, alloying can
suppress light-induced interband excitations of Au and instead favour intraband excitations that result
in higher hot-electron energies and injection efficiencies.?

Further improvements to light absorption and charge-extraction are possible when nanoparticles are
incorporated in electromagnetic perfect absorbers.?®?” Our development of plasmonic near-perfect
absorbers, which strongly absorb incident light and localize this energy at the nanoparticle surface,
promises photocatalysts that maintain high activity whilst minimizing the cost of precious metal
components.?3! These materials, typically fabricated via vapour deposition, comprise of three thin
layers: a metallic mirror, an optically transparent spacer and the absorbing nanostructured layer.
Alloyed nanoparticles are rarely used in such solid-state devices due to their wet-chemical synthesis.3*
33 Integrating colloidal nanoparticles onto a thin film as a self-assembled monolayer is often difficult,
particularly with the high-surface coverage often desired in catalysis.3* Similarly, time-intensive nano-
lithography is typically required when alloyed nanostructures are fabricated using evaporative
techniques.®*% As such, easy to fabricate alloy nanoparticles with well-defined size, shape and
composition remain an attractive target in heterogenous photocatalytic design.

Here we present the fabrication of a plasmonic near-perfect absorber with a dense, uniform
monolayer of AuPd alloyed nanoparticles as the absorbing layer. The nanoparticles were prepared by
dewetting thin films (<4 nm) of each metal on a dielectric surface and extensive characterisation
confirmed the lack of other bimetallic phases (i.e. antenna-reactor or core-shell structures). Plasmonic
near-perfect absorbers containing an alloyed nanoparticle layer demonstrated both strong on-
resonance absorption of incident light (up to 97%) and an improved photocatalytic response,
compared to either monometallic derivative, for the photoelectrochemical reduction of water.



Results and Discussion

Fabrication of alloyed near perfect absorbers

The fabrication of an alloyed plasmonic near-perfect absorber using an entirely physical vapour
deposition-based approach extends on our previous work with monometallic analogues.?®3° This
architecture comprised a metallic mirror and absorbing layer separated by a high bandgap
semiconductor (Figure 1A). Consecutive electron beam evaporation of Au (100 nm) and TiOz (30 nm)
thin films onto glass substrates gave the mirror and semiconductor spacer layer, respectively. Spacer
thickness was carefully selected to ensure strong coupling between the localised surface plasmon of
the nanoparticles and the Fabry-Pérot cavity mode.?” The absorbing layer consisted of alloyed AuPd
nanoparticles, fabricated by physical vapour deposition of thin Au and Pd films (1-3 nm each) prior to
annealing in a tube furnace under inert atmosphere (Ar, 500 °C, 30 min). Annealing in air formed
significant amounts of PdO, as identified by X-ray diffraction (XRD, see Supporting Information Figure
S1). Inductively coupled plasma mass spectrometry (ICP-MS) confirmed the accuracy of thin film
deposition; alloyed nanoparticles fabricated on a Si wafer using 2 nm films of each metal exhibited
equimolar amounts of Au and Pd (19 nmol cm?) after digestion and analysis (Table 1). X-ray
photoelectron spectroscopy (XPS) indicated the formation of a Schottky barrier; characterized by a
slight positive shift in Ti 2ps/2 binding energy, regardless of alloy composition, resulting from electron
donation to the absorbing nanoparticles (Table 1).

Scanning electron microscopy (SEM) of the plasmonic near perfect absorber before annealing
revealed a continuous coarse surface that coalesced into homogeneous, uniformly distributed
nanoparticles once annealed (Figure 1B, C). We found it crucial to initially deposit Au due to greater
wetting of Pd on the TiO, surface; direct deposition of Pd onto the semiconductor caused significant
ripening during annealing and discreet nanoparticles did not form (Figure S2). Grazing incidence XRD
further supported the formation of AuPd alloy nanoparticles (Figure 1D). The measured lattice
constant (3.97 A) indicated a homogeneous alloy across the TiO, surface, intermediate between Au
(4.08 A) and Pd (3.89 A). We also observed both nanocrystalline anatase TiO, of the semiconductor
spacer along with a pure Au phase, which we assigned to the metallic mirror, at high grazing angles
(w>0.35°).
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Figure 1. (a) Plasmonic near-perfect absorbers were fabricated via thin film vapour deposition and annealing
under inert atmosphere. (b) Scanning electron microscopy of surface before (top) and after annealing (bottom)
along with (c) photographs of entire glass slide substrate. (d) Grazing incidence X-ray diffraction of fabricated
plasmonic near-perfect absorbers.



Scanning transmission electron microscopy (STEM) revealed spheroid nanoparticles 10-15 nm in size,
with a projected aspect ratio between 1-2 (Figure 2A, Figure S3). Elemental mapping of approximately
100 nanoparticles using energy-dispersive X-ray spectroscopy found an even distribution (¥5%) of Au
and Pd both within and between individual nanoparticles without any segregation (additional images
Figure S4). The consistent contrast across hundreds of nanoparticles using high-angle annular dark
field (HAADF-)STEM measurements (Figure 2B) also supported alloy formation. This technique is
sensitive to atomic number (Z, where higher Z values exhibit greater signal intensity), yet we saw no
evidence over the many hundred nanoparticles imaged of the high contrast expected from either pure
Au (Z=79) or Pd (Z=46) nanoparticles. High-resolution STEM images revealed numerous defects and
twin boundaries within the crystalline nanoparticles (Figure 2C) however, the lattice spacings
measured from selected area electron diffraction patterns obtained from hundreds of nanoparticles
revealed only a single AuPd face-centred cubic phase. No evidence of split rings, resulting from the
different lattice parameters of phase separated crystalline Au and Pd, was observed (Figure 2D).

(B) HAADF-STEM

Figure 2. Scanning transmission electron microscopy (STEM) of alloyed AuPd nanoparticles: (a) Bright-field image,
with inset showing the elemental mapping using energy-dispersive X-ray (EDX) spectroscopy of area framed in
black; (b) High-angle annular dark field (HAADF) image with inset showing a magnified view of the area framed
in yellow. White lines indicate twin planes; (c) High resolution bright-field image with inset showing a magnified
view of the area framed in yellow. The (002) and (111) lattice planes are clearly visible; (d) Selected-area electron
diffraction pattern of a group of nanoparticles, rings indexed according to the AuPd crystal structure.

The atomic ratio of alloyed nanoparticles calculated using X-ray spectroscopy slightly differed to those
obtained via ICP-MS (Table 1). We found that surface-sensitive XPS consistently detected a reduced
Au content, although grazing incidence measurements did shift closer to the expected value for AuPd
ratios of 1:3 and 2:2. As deposited film thicknesses are below the percolation limit of each metal, we
speculate that this discrepancy arises from small amounts of Pd that deposit directly on to the
dielectric surface. The better wetting of Pd on TiO,, when compared with Au, likely results in residual
Pd not coalescing into the final alloyed nanoparticles, thereby lowering the measured molar ratio.
Contrary to XPS quantification, atomic ratios calculated from extended X-ray absorption fine structure
(EXAFS) spectroscopy were consistently higher in Au content, although the associated error of this
technique is around 15%. Additionally, artefacts that arise during EXAFS data analysis often result in
discrepant results when compared to elemental compositions measured using more direct
spectroscopies.*! Finally, we emphasise that the small surface-to-volume ratio of these fabricated



AuPd nanoparticles (10-15 nm), compared with most oxide-supported metallic catalysts (typically
<5 nm), renders EXAFS analysis unsuitable for elucidating increased amounts of one element at the
nanoparticle surface.***?

Electronic Properties of Alloyed Nanoparticles

We next investigated the electronic properties and coordination environment of metal atoms within
the alloyed nanoparticles. Photoelectron emission from Au 4f (Figure S5, for fitting of XPS spectra see
Figure S6) shifted to lower binding energies upon alloying due to net electron transfer from the less
electronegative Pd. We observed a concordant shift in work function using photoelectron
spectroscopy in air; alloying with Pd slightly decreased the energy required (5.03 eV) to remove an
electron compared to the monometallic Au plasmonic near-perfect absorber (5.10 eV, Figure S7).
Increasing Au from 25-75% exhibited a concomitant decrease in the resulting shift of the XPS 4f;,
peak from —0.5 to —0.2 eV, respectively.

The XPS spectrum in the binding energy region of 330-360 eV corresponds to spin-orbit splitting for
both Pd 3d (split into 3ds/; and 3ds/2) and Au 4d (4ds/; and 4ds/;). While the Au band exists in a single
metallic state, the Pd 3d contributions were peak fitted with four distinct doublets using a fixed peak
separation of 5.3 eV and an additional singlet representing Pd(0) plasmon loss around 346.6 eV (Figure
3A-C).®* Both the Pd(0) 3ds/; peak (labelled as Pd1, around 334.8 eV), and Au 4f,,, peaks shift to lower
binding energies in a 1:1 alloy (—0.4 and —0.7 eV, respectively) and at least 35% of all Pd is found in this
Pd(0) state.

(A) —Pd 1 3d,, (B) —Pd 1 3d,
——Pd2 ! ——Pd 2
——Pd3 * —Pd3 .
Pd 4 . Pd 4 )
~ Au4d 3d : -~ Au 4d o
S 3 ¢
s s o
2 2 H
kS 1S 4d,,

T ¥ T ) T ¥ T ) T L T Y T T T Y T L T 4 T . T Ly T
360 355 350 345 340 335 330 360 355 350 345 340 335 330

Binding Energy (eV) Binding Energy (eV)
D
(C) —Pd 1 3'dS/2 ( ) Annealed 3d,,
—Pd 2 q Annealed, Ar-GCIS etch
—Pd.3 .'T -~
Pd 4 i =
- Au 4d | >
S Y ?‘. ‘;;)“ 3d3/2
s 3 2
ol 4d3,2 3d3/2 ' 2 E
5 3
g o
== (]
E
o
z
T % T N T ¥ T v T LI T ¥ T T T T ¥ T T T
360 355 350 345 340 335 330 355 350 345 340 335 330
Binding Energy (eV) Binding Energy (eV)

Figure 3 Selected, representative high-resolution XPS spectra of the Pd 3d spectral region for AuPd alloyed
nanoparticles with elemental ratios A) 1:3, B) 2:2 and C) 3:1. D) Normalized XPS Pd 3d spectra for alloyed
nanoparticles before and after a short (10s) etch with an Ar gas cluster ion source (Ar-GCIS).

The Pd 3d doublets at higher binding energies, relative to Pd(0), correspond to various higher oxidation
states of Pd. We have assigned the Pd2 component, at approximately 335.6 eV, as Pd coordinated to



oxygen through carbonyl, carboxyl and hydroxyl groups present in adventitious carbon or oxygen
spillover from the TiO, support (resulting from strong metal-support interaction).** The Pd3
component at 337 eV corresponds to PdO and the Pd4 doublet, with the 3ds,; peak at around 338.4
eV, we assign to Pd0,.** While bulk PdO, is unstable, and XPS assighment using validated data is
limited, it has been assigned in a range of nanoparticulate systems.** 4% The contribution of oxide
species is significantly reduced by a short (10 s) argon gas cluster ion etch (Figure 3D), indicating it is
highly localized at the nanoparticle surface. Interestingly, the relative fraction of the Pd4 component
decreased from 29 to 8% as the alloy Pd content decreased from 75-25% (Figure 3A-C), indicating
PdO; is less prevalent when neighboring more Au atoms.

The negative shift in binding energy of both Au 4f and Pd 3d electrons upon alloying is ascribed to the
orbital hybridization of Au and Pd atoms. In brief, the loss and gain of respective sp and d electrons
(i.e. negative charge) in Au corresponds to analogous positive charge loss and gain in Pd. This intra-
atomic charge redistribution of both metals, rather than the interatomic electron transfer from Pd to
more electronegative Au, is responsible for the widely observed composition-dependent catalysis of
AuPd alloys.

The X-ray absorption near edge structure (XANES) spectra, measured over the Au Lz-edge and Pd K-
edge at the Australian Synchrotron,*? revealed only metallic Au and Pd in all alloyed samples. The Au
Ls-edge white line intensity for Au nanoparticles was lower relative to that of a gold foil, due to lower
hybridisation of 5d and 6sp orbitals in nanoscaled structures (Figure S8), and reduced further still in
all alloyed samples. Increasing the Pd concentration in alloyed particles decreased the Au Ls-edge
white line intensity (Figure S9) due to enhanced filling of the Au 5d band by Pd, i.e. the Au d-hole count
reduces with increasing Pd content.>®>! The Pd K-edge spectra showed metallic-like Pd in all alloy
compositions (Figure $10,11), with the slight increases in energy of the 1s—>5p and 1s—>4f transitions
corresponding to changes in both lattice spacing and d-band filling due to dilution of Pd in the Au
matrix.”>? Furthermore, the use of different substrates (Al mirror, SiO; spacer, TiO, deposited via
atomic layer deposition, absence of mirror layer, Figure S8B, S10B) did not appreciably change the
XANES spectra for either Au or Pd.

The matching coordination numbers (CN) of Au and Pd across all samples (Table 1), determined using
extended X-ray absorption fine structure (EXAFS, for spectra and fitting see Figures S12-14 and
discussion in Supporting Information), suggest that nanoparticles contained homogeneous
distributions of atoms throughout. Furthermore, the metal bond lengths demonstrated that the lattice
contracts similarly for Au-Au, Pd-Pd, and Au-Pd bonds as the Au:Pd ratio decreased, also consistent
with a homogeneous alloy (Table 1). The magnitude and sign of the Cowley short-range order
parameters corroborated this interpretation (Table 1), describing an environment where atoms of the
same metal are unlikely to cluster.*! Core-shell Au@Pd nanoparticles (Figure S15) resulted in a Cowley
parameter similar to thin Au and Pd films before annealing (Table S1). Furthermore, neither changing
the Au:Pd ratio (Table 1) nor any alternative substrate (Table S1) greatly differed the Cowley
parameter, confirming that the fabrication of alloyed nanoparticle via physical vapour deposition was
robust and reproducible.

Table 1. Composition and electronic structure of alloyed AuPd nanoparticles.

Au:Pd deposited thickness (nm) ‘ 1:3 ‘ 2:2 ‘ 3:1
Inductively coupled plasma mass spectrometry

Xau/ Xpd | os7 | 119 | 332
X-ray photoelectron spectroscopy®

Xau/Xpd 0.48(0) 0.71(2) 1.52(7)
Xau/Xpd [GI-XPS] 0.54(1) 0.89(0) —b
Shift in Au 4f;/; due to alloying (eV) -0.5 -0.7 -0.2
Shift in Pd 3ds/, due to alloying (eV) -0.2 -0.4 0.0
Shift in Ti 2ps/> due to metal deposition (eV) 0.5 0.1 0.4




Extended X-ray absorption fine structure®

Xau/Xpd 0.88(19) 1.62(13) 4.10(54)
Nav-au 3.4(6) 5.8(5) 8.0(5)
Npd-pd 5.1(6) 3.7(5) 1.3(8)
Nau-pd 6.1(4) 4.4(3) 2.2(3)
Npg-au 5.4(12) 7.1(7) 9.1(18)
CNau 9.5(14) 10.2(9) 10.2(18)
CNpg 10.4(13) 10.7(9) 10.4(19)
Rav-au (A) 2.789(6) 2.817(3) 2.839(3)
Rea-pa (A) 2.786(3) 2.797(4) 2.822(16)
Rau-rd (A) 2.786(3) 2.804(3) 2.824(4)
Cowley short range parameter (Au) -0.2 -0.1 -0.1
Cowley short range order parameter (Pd) -0.1 -0.1 -0.1
2Error in parentheses, "Not measured.

Optical properties and hot-carrier generation

We determined the optical absorption (A) of the fabricated plasmonic near-perfect absorbers using
experimental transmission (T) and reflection (R) spectra, according to the conservation of energy
(A=1-R-T, experimental spectra Figure S16). The bare TiO, film exhibits no significant absorption
bands across the visible spectrum, as expected for a high band-gap semiconductor (Figure 4A, cyan
curve). Alloyed nanoparticles prepared on a semiconductor substrate reveal a broad but weak
absorption across the visible spectrum with a small peak at 500 nm, which we assign to the diminished
plasmon resonance of Au in alloyed particles (green curve). The complete plasmonic near-perfect
absorbers (Au/TiO,/AuPd of the type mirror/spacer/absorber) exhibited a distinct broadband
absorption spanning 400-1000 nm with dual maxima at 470 and 570 nm, the latter reaching a
maximum absorption of 97% incident light (blue curve). Such high absorption arises from the
drastically reduced reflectance of light (transmission remains negligible across the visible spectrum),
which results from destructive interference among all possible light-scattering pathways in the
structure.? The critical coupling condition required to achieve high optical absorption is partly
controlled by the thickness and refractive index of the TiO; spacer layer.*° Altering the Au:Pd ratio saw
little change in band maxima although higher Pd content led to lower absorption intensities, ~80% in
the 1:3 sample (Figure S17). We attribute this to the increasing imaginary part of the dielectric
function as Pd content increases; as a lossy metal Pd dissipates more electronic energy than Au, which
is implicated in efficient charge-carrier generation.>

Fabricated plasmonic near-perfect absorbers exhibited anodic and cathodic photocurrents in both
acidic (100 mM H,S0.) and alkaline (500 mM KOH) solutions without degrading the electrode. We
attributed the large background photocurrent in acidic media (Figure $18) to capacitive behaviour
induced by strong adsorption of H* to the electrode and therefore used alkaline conditions in all
subsequent experiments. The observation of both photoanodic and cathodic behaviour (Figure S19)
surprised us, as plasmonic near-perfect absorbers that contain monometallic Au nanoparticles on an
n-type spacer act only as a photoanode; hot electrons, generated from excitation of the surface
plasmon, are injected across the Schottky barrier into TiO, to evolve oxygen.?® > We instead assign
the photocathodic mechanism to the direct reduction of adsorbed water molecules by hot electrons
at the nanoparticle/solvent interface, evolving hydrogen via the two-step Volmer-Heyrovsky
mechanism (Figure 4B).>> This same mechanism is also invoked in photocathodes comprised of
monometallic Au nanoparticles deposited on a p-type NiOy spacer.?
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Figure 4. (a) Absorption spectra of fabricated plasmonic near-perfect absorber. (b) Schematic illustration of the
photocurrent generation process in the PEC cell, Hads is hydrogen atom adsorbed to the nanoparticle surface. (c)
Linear sweep voltammogram under alkaline conditions (500 mM KOH) at 5 mV s with chopped visible-light
irradiation (3 s, >495 nm). (d) Action spectra using monochromatic light at 700 mV vs RHE.

We assessed the photoresponse of plasmonic near-perfect absorbers via linear sweep voltammetry
with chopped visible-light excitation, using a long-pass filter (>495 nm) to remove high-energy photons
(Figure 4C). In the absence of a filter, we observed mild photoanodic currents at 1.0 V vs the reversible
hydrogen electrode (RHE), which we assigned to direct excitation of electron—hole pairs in TiO, (Figure
$20). With an onset potential of 1.0 V vs RHE, Au/TiO»/AuPd near-perfect absorbers displayed cathodic
photocurrents across the potential sweep, achieving a current density Jpnoto = 8.3 HA cm?? at a fixed
potential of 0.52 V vs RHE. In contrast, the control electrodes, Au/TiO, and TiO,/AuPd, showed no
photoresponse (Figure 4C). Plasmonic near-perfect absorbers containing alloyed nanoparticles also
exhibited significantly greater current densities than monometallic analogues, Jphoto = 1.1 and
0.6 pA cm™ at 0.5 V vs RHE for Au/TiO2/Au and Au/TiO»/Pd, respectively (Figures S21). It is important
to note that we observed considerable variance in the photoresponse of the studied plasmonic near-
perfect absorbers, sometimes as great as +1 pA between different sample batches (Figure $22). Given
the reproducibility of our alloyed nanoparticles, this variability likely arises from TiO, deposition via
electron-beam evaporation, which is highly sensitive to vacuum-chamber conditions and is difficult to
control.>® We also observed that the annealing conditions used to form nanoparticles also significantly
altered the photoelectrochemical behaviour of Au/TiO, control substrates (further discussion in
Supporting Information, Figures S23).

The measured action spectra demonstrate the incident photon-to-electron conversion efficiency (IPCE)
of plasmonic near-perfect absorbers as a function of wavelength. All three components (mirror, spacer,
and absorbing nanoparticles) were required for efficient water reduction, with an IPCE that closely
mirrored the absorption spectrum of the plasmonic near-perfect absorber (Figure 4D, Figure S24). The



maximum measured efficiency, 0.07%, occurred at wavelengths between 600-700 nm. In contrast,
control samples containing either Au/TiO; or TiO,/AuPd showed virtually no photocatalytic activity
until irradiation energy was large enough to directly excite the semiconductor (<~400 nm). We were
surprised by the minimal response from the TiO,/AuPd sample containing no mirror, as alloyed
particles do absorb visible light (Figure 4A), but this observation reinforces the significant
enhancement that the near-perfect absorber architecture affords. Notably, we were able to measure
an IPCE response without the addition of a sacrificial agent previously required for monometallic
derivatives.?®

Most importantly, the alloyed particles exhibited a greater conversion efficiency than the analogous
Au/TiO,/Pd that reached a maximum IPCE of 0.03% at 600 nm (Figure 4D). While not generally
considered a plasmonic metal, we have shown that Pd nanoparticles incorporated in a near-perfect
absorber are capable of localizing the energy of absorbed photons.® These results demonstrate that
alloying Au and Pd increases the optical response relative to monometallic Pd nanoparticles, thus
increasing the conversion efficiency. Action spectra for water reduction could not be measured with
monometallic Au/TiO,/Au substrates as they are unable to engage in this mechanistic pathway. A
comparison of action spectra for the alternative photoanodic reaction (evolving oxygen) revealed that
alloying had a negative impact on catalytic activity relative to plasmonic near-perfect absorbers that
contained Au nanoparticles (Figure $25). The lossy Pd metal dampens the plasmonic properties of Au,
therefore reducing hot electron formation and subsequent injection into the TiO; layer.

In addition to the improved optical response afforded by both the near-perfect absorber and alloying
Au with Pd, strong binding of water molecules to the catalyst surface is critical for ensuring efficient
hydrogen evolution under alkaline conditions.>> >’ Adsorption of molecules at a heterogenous
transition metal surface is understood by d-band theory; stronger adsorption occurs when the d-band
centre (g4 is defined as the central position of the metal d-orbitals) is close to the metal’s Fermi level.>®
Hybridization of Au 5ds/; and Pd 4d bands, as shown by XPS, shifts €4 closer to the Fermi level (Figure
5, step (i)) and increases the binding affinity of water. A similar increase in adsorption strength
compared to monometallic analogues is observed for primary alcohols.>® The shift in g4 also
strengthens the adsorption of hydrogen atoms (Ha.gs), resulting in the hybridized bonding (d-o) and
anti-bonding orbitals (d-o*) between H.4s and the metal d-band (Figure 5, step (ii)) that provide a
sufficient driving force for hot electron injection (step (iii)) and subsequent desorption of the H,
product.>%-6°
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Figure 5. Representative energy diagram of fabricated near-perfect absorber and the orbital hybridization that
occurs when Hags binds to the catalyst surface.



Conclusions

In summary, we outline a robust and reproducible protocol for preparing alloyed nanoparticles using
lithographic-free physical vapour deposition. The extensive characterisation of AuPd nanoparticles
prepared via this protocol revealed uniform distribution of both metals across many individual
particles. The prepared nanoparticles were incorporated into the absorbing layer of a plasmonic near-
perfect absorber that demonstrated up to 97% absorption of incident light. The fabricated plasmonic
near-perfect absorbers demonstrated a strong photocathodic response, opposite to the anodic
behaviour observed in plasmonic Au photoelectrodes on a n-type spacer. The AuPd alloy exhibited an
increased optical response (in measured current density and IPCE) compared to monometallic
palladium nanoparticles for photoelectrochemical hydrogen evolution under alkaline conditions. We
attribute the overall improvement in photocurrent to the combined photon-to-energy conversion of
Au (via plasmonic transitions) and Pd (via interband transitions) along with the improved surface
adsorption of both H,0 and Ha.gs that the catalytic Pd affords. Incorporating alloyed particles into an
electromagnetic absorber further enhances the efficiency of hot-electron transfer and these materials
represent a promising step towards photoelectrochemical catalysts that operate under real-world
conditions without the need for chemical additives.

Experimental Section
Plasmonic near-perfect absorber fabrication

All films were deposited in a Nanochrome Il electron beam evaporation system (Intlvac, Colorado, USA)
using a 10 kV power supply in a Class 10,000 cleanroom. First, a thin layer of Cr (5 nm, 0.5 A/s) was
deposited as an adhesion layer onto cleanroom-grade glass slides (SCHOTT, Nexterion® B). Sequential
deposition of a Au mirror layer (100 nm, 1.0 A/s), TiO spacer layer (30 nm, 0.5 A/s), and thin layers of
Au and Pd (2 nm each, 0.1-0.4 A/s) was performed without exposing substrates to air. Coalescence of
alloyed nanoparticles was achieved via annealing in a tube furnace at 500 °C for 30 min under Ar.

Inductively coupled plasma mass spectrometry

Thin films of Au and Pd deposited on glass slides were digested in aqua regia (4 mL) heated to 100 "C
for 3 h. After cooling, solutions were diluted to 50 mL using water. Analysis was performed on 7700
Series ICP-MS (Agilent, Mulgrave, Australia). This solution was analysed with appropriate standards
using the ICP-MS.

Microscopy

Scanning electron microscope images of alloyed nanoparticles were obtained using a Merlin field-
emission scanning electron microscope (Zeiss, North Ryde, Australia) equipped with an In lens
detector, operated at 3 kV. Samples were mounted on an aluminum stub with double-sided
conductive carbon tape and imaged in secondary electron mode to highlight topographical features.

To prepare TEM samples the AuPd NPA substrate was gently scratched and detached particles
suspended in ethanol. The suspended particles were transferred to a Cu grid and the solvent allowed
to fully evaporate before imaging.

Transmission electron microscopy (TEM), scanning transmission electron microscopy (STEM) and
selected area electron diffraction (SAED) were performed on a JEM2100F field-emission gun TEM
(JEOL, Tokyo, Japan) operated at 200 kV equipped with an Ultrascan1000 CCD (Gatan, Pleasanton,
USA). STEM and energy dispersive X-ray (EDX) spectroscopy were carried out on a dual-aberration-
corrected Titan® 80-300 TEM (FEl, Hillsboro, USA) operated at 300 kV equipped with a Bruker 60 mm?
windowless SDD X-ray detector and analyser system. STEM imaging used both high-angle annular dark
field and bright field image modes. The HAADF inner collection semi-angle was >50 mrad, ensuring
contrast was dominated by atomic number (Z).
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X-Ray Diffraction

A SmartLab X-ray diffractometer (Rigaku, Tokyo, Japan) equipped with a rotating anode CuKa source
(45 kV, 200 mA) and HyPix-3000 detector (Rigaku, Tokyo, Japan) was employed to obtain grazing
incidence X-ray diffractograms. The diffractometer was configured with 0.35-0.55 mm incidence slits
and a beam limiting mask of 5 mm. Data was collected over the 28 range 10-115° with a step size of
0.02° and a scan rate of 1° per minute. Data was collected for each sample with w fixed at 0.35°, 0.45°
and 0.55°. The incidence slit, beam limiting mask and w setting combine to maintain a beam footprint
of 18 mm ~6 mm, and the sample was also sat atop a Si zero background plate to ensure no
contribution from the sample stage.

Analyses were performed on the collected XRD data using the EVA™ v5 software package (Bruker,
Billerica, USA). Crystalline phases were identified using the ICDD-JCPDS powder diffraction database.
Pawley analyses were performed on the data using TOPAS™ v6 (Bruker, Billerica, USA) for lattice
parameter calculations. Background signal was described using a combination of Chebyshev
polynomial linear interpolation function and 1/x function. Cell parameters, vertical sample
displacement, peak full width at half maximum, and peak scale factors were all refined. Error ranges
were calculated on the basis of three estimated standard deviations as calculated using TOPAS™.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Nova and AXIS Ultra
DLD spectrometers (Kratos Analytical Inc., Manchester, UK) using our standard protocol detailed
elsewhere.®! The following parameters were employed during analysis: X-ray source and power —
monochromated Al K, source at 180 W; system pressure — between 10 and 10® mbar; pass energy —
160 eV (survey) and 20 eV or 40 eV (high resolution); step size — 0.5 eV (survey) and 0.1 eV (high
resolution); emission angle — 0° as measured from the surface normal; charge neutraliser — on.

In-situ etching was conducted using an Ar Gas Cluster lon Source (GCIS; Kratos Analytical Inc.
Minibeam 6) operated at a cluster size of Arseo+ With an impact energy of 10 keV, equating to a partition
energy of 20 eV per atom. For the ion beam a raster size of 1.5 x 1.5 mm? was employed. A stable
beam current was confirmed prior to performing the depth profile experiment by measuring the
sample current on the earthed sample platen (between 10 and 20 nA). The sample was etched once
for 10s.

Data processing was performed using CasaXPS processing software version 2.3.15 (Casa Software Ltd.,
Teignmouth, UK). The atomic concentrations of the detected elements were calculated using integral
peak intensities and the sensitivity factors supplied by the manufacturer. Binding energies were
referenced to the Fermi edge measured by XPS at 0 eV. Protocol employed for peak fitting of spectra
is detailed in the SI.

X-ray Absorption Spectroscopy

Au Ls-edge and Pd K-edge XAS spectra were recorded on the multipole 1.9T wiggler XAS beam-line 12
ID in operational mode 1 and 2 at the Australian Synchrotron. The beam energy was 3.0 GeV. Samples
were prepared on cleanroom glass slides (BOROFLOAT® 33, NEXTERION® Glass B) via physical vapor
deposition, and cooled to 10 K using a liquid helium cryostat. Absorption spectra of reference foils was
measured in transmission, while sample spectra were measured in fluorescence mode up to k = 16 A-
! post-edge.

The EXAFS spectra were reduced and analysed using the IFEFFIT library and DEMETER software
package.®? x(k) was Fourier-transformed from k to R space over the k-window 3-14 A'and fit in R-
space between 1.6-3.25 A. To extract coordination numbers of Au and Pd as well as their bond lengths,
only the first coordination shell was fitted.
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For all the samples measured, analysis was done by fitting theoretical FEFF6 signals to multi-edge data
sets simultaneously. The single scattering monometallic paths (Au—Au and Pd-Pd) were calculated
using FEFF calculations on their fcc bulk crystal structures. Heterometallic paths (Au—Pd and Pd—Au)
were generated through replacing all the nearest neighbours with the opposite element in the
coordinate list, i.e. for Au-Pd paths the Au FEFF input file was used with a Au core and all other lattice
points occupied by a Pd atom. The amplitudes (So?) was fixed to 0.85 and 0.83 for Au and Pd
respectively, and the AE correction to the photoelectron energy was different for each edge measured.
The bond lengths and mean squared bond length disorders for the Au-Pd bond were constrained

between the measurements at the different edges as: Raurd = Rpg.au and o%aurd = 0%pg.au. The Au:Pd

ratio was extracted through the relationship: Ny, _pq = mNPd—Au . These constraints, along with
Au

X
fitting the number of nearest neighbours led to a total of 12 fit parameters, and the data in the fit
window contained 23 independent points. Inclusion of any Pd-O scattering paths did not improve the
fits and, in most instances, increased the reduced chi-square of the fit.

Optical spectroscopy

The diffuse and specular reflectance (R) and transmittance (T) spectra were measured using a Lambda
1050 spectrophotometer equipped with a 150 mm InGaAs integrating sphere (Perkin Elmer, Glen
Waverly, Australia). With these two measurements, the absorbance (A) was calculated as A = 1-R-T.

Photoelectrochemistry

Photoresponse measurements were carried out in a three-electrode cell using a PGSTAT2-4
potentiostat (Metrohm Autolab, Utrecht, Netherlands). Fabricated plasmonic near-perfect absorbers
served as the working electrode, combined with a reversible hydrogen reference electrode and Pt
mesh counter electrode. Devices were illuminated (0.64 cm? exposure area) with simulated light (AM
1.5G) from a UXL-302-O 300 W xenon gas discharge lamp (Ushio, Tokyo, Japan) using a 495 nm long-
pass filter unless otherwise specified, (Thorlabs, Newton, USA). Light intensity was calibrated to 100
mW cm~2 (in the absence of filter) prior to each experiment using a PM100D optical power and energy
meter (Thorlabs, Newton, USA). Acidic (100 mM H,SO4) and basic (500 mM KOH) electrolyte solutions
were used to study the photocatalytic behaviour of plasmonic near-perfect absorbers. All the
electrolyte solutions were made using ultrapure water (MilliQ) and sparged with Ar for 15 min prior
to measurement. Polarization curves for photoelectrodes were swept linearly from positive to
negative at a scan rate of 5 mV s™%. The IPCE experiments were carried out using Oriel Cornerstone
130 1/8 m Monochromator (Newport, Irvine, USA) without altering individual wavelength intensities,
which were calibrated using an optical power meter and calculated according to the following formula:
1 (A/cm?) 1240

IPCE =100
x P(W /cm?) x A(nm)
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