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1. Introduction

Pulsed laser-induced dewetting for the production
of noble-metal high-entropy-alloy nanoparticlest

Sye Ghebretnsae, (22 Tyler Joe Ziehl,” Sarah Purdy,© Peng Zhang, (9°
Tsun-Kong Sham® and Yujun Shi (2 *@

We report the production of quinary AgCuPdPtAu high-entropy-alloy (HEA) nanoparticles using the
pulsed laser-induced dewetting (PLiD) technique, which is shown to be a facile approach applicable to
both low- and high-melting-point metals. In addition, the atomic composition in the HEA nanoparticles
can be controlled by varying the thickness of composite metal in the multi-layer thin films prior to dewet-
ting. The instantaneous heating from the interaction of nanosecond laser pulse with metal and the ultra-
fast cooling rate involved in the PLiD process has uniquely positioned it as a non-equilibrium approach to
facilitating the formation of HEA nanoparticles with the uniform atomic mixing of different metal
elements. We studied the electronic structure and the charge redistribution in the produced AgCuPdPtAu
HEA NPs by X-ray photoelectron spectroscopy (XPS) and X-ray absorption near edge structure (XANES).
The XPS valence band spectra with significant narrowing in the overall d band and the centroid further
away from the Fermi level provide strong evidence for the d-orbital mixing and randomization of different
metal components in the HEA nanoparticles. The d-charge redistributions among the constituent metal
atoms of Ag, Cu, Pd, Pt, and Au have been further investigated using the XPS core-level spectra and
XANES spectra of the five metals. The demonstrated viability of PLIiD for the fabrication of HEA NPs and
the results on the electronic structure and charge redistribution in the HEA NPs revealed by XPS/XANES
would open up many opportunities for the future study of HEA NPs by X-ray spectroscopic techniques.

material discovery and advanced applications in catalysis.®
Recently, quinary HEA NPs have been demonstrated to serve as

High-entropy alloys (HEAs), composed of 5 or more principal
elements with near-equal atomic compositions, are a novel
alloy design concept first introduced in 2004."*> HEAs enable
the incorporation of multiple immiscible elements into a
homogenously mixed solid solution driven by the entropy-
induced stabilization. They have since become a burgeoning
research area attracting enormous interest.>* Compared to the
traditional binary and ternary alloys, multi-component HEA
metal nanoparticles (NPs) possess a huge space for compo-
sition and configuration tunability, providing diverse surface
sites for enhancing the activity and selectivity in catalysis.”
This accordingly provides an excellent platform for new
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highly efficient catalysts in thermo-catalytic reactions such as
ammonia oxidation” and ammonia decomposition.® HEA NPs
have also shown superior performances catalyzing a wide
range of electrochemical reactions including CO, reduction,’
nitrogen reduction,'® hydrogen evolution,"* and alcohol oxi-
dation reactions."” To make full use of the power that multi-
elemental HEA NPs bring for catalysis, successful synthesis of
these NPs that have control over their composition is
necessary.

HEA NPs can be synthesized using multiple methods.
Wet chemical synthesis methods involving the concurrent
reduction of all metal salt precursors in colloidal solutions>*®
have been used to obtain HEA NPs at relatively low tempera-
tures of ~200-250 °C. This technique requires the use of
capping and stabilizing agents to have control over the size of
the NPs and to prevent their agglomeration. Most other
approaches rely on non-equilibrium processes to achieve
uniform atomic mixing of different metal elements for the for-
mation of single-phase solid-solution HEA NPs. To this end,
Yao et al. reported the pioneering carbothermal shock syn-
thesis of HEA NPs consisting of up to eight dissimilar metal
elements,” where they used a two-step flash heating and
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cooling of metal precursors on the carbon nanofiber support.
The rapid heating at a rate of 10°> K s™* promoted the atomic
mixing of various metals, and the subsequent ultrafast cooling
at the same rate allowed for the kinetic trapping of metal
atoms in the as-formed single-phase crystalline lattice. The
success of the carbothermal shock method has stimulated the
development of similar non-equilibrium approaches, such as
the ultrasonication-assisted wet chemical synthesis,"” aerosol-
droplet mediated synthesis,'® fast moving bed pyrolysis,'" and
wireless microwave heating."® All the above non-equilibrium
approaches involve the conversion of the mixed metal salt pre-
cursors to multi-element HEA NPs by co-reduction or pyrolysis
via fast heating and cooling. Most of the mixed metal salt pre-
cursors are in the solution phase, making it challenging to
selectively heat the metal ions without the interference of
solvent heating." In addition, special requirements for the
support substrate may exist in some of the approaches, for
example, the presence of functional groups for the absorbance
of specific electromagnetic radiation. Hence, more efforts are
needed to explore other methods for the synthesis of HEA NPs.

The nanosecond pulsed laser can deliver high energy
within an ultra-short duration, it is therefore well suited for
providing the fast heating and cooling. Recently, Jiang et al.
reported the method of laser-induced thermionic emission
reduction (LITER) of metal salt precursors under ambient con-
ditions to produce HEA NPs on carbonaceous support.’’ In
LITER, free electrons released from the laser-induced thermio-
nic emission in graphene support acted as the reducing agent
for an ultrafast reduction of metal ions followed by rapid
cooling to form HEA NPs. Rawat et al. used the pulsed laser
ablation in liquid (PLAL) method for the formation of
AlICrCuFeNi NPs, where they found that PLA in deionized
water produced phase-segregated core-shell NPs, whereas
solid-solution HEA NPs were formed via PLA in ethanol.*!
Another method assisted by a pulsed laser to make metallic
NPs is known as pulsed laser-induced dewetting (PLiD) of thin
metallic films.>*** PLiD is a liquid-state dewetting process
where thin metallic films undergo morphological changes and
break into NPs upon the rapid heating of the metal to its
melting point caused by the incident nanosecond laser pulses,
followed by ultra-fast cooling for re-solidification.>*** The
morphological changes in thin metallic films, leading to the
formation of NPs, are driven by the tendency to reduce the free
energy of the film-substrate-ambient system.>® The method of
PLiD, with its fast processing speed and applicability for a
wide variety of metals (including both low- and high-melting-
point metals) and substrates, has become a powerful and ver-
satile method for the production of monometallic (e.g., Au,?®
Ag,”” Cu,”® Pt,*® Co,” and Ni*°) and bimetallic (e.g., Au-Ag,*'
Au-Pt,*> Ag-Co,** Pt-Co,** and Cu-Ni*®) NPs with mono-
disperse size distribution and long-range order.

The instantaneous heating due to the interaction of the
nanosecond laser pulse with metal and the ultrafast cooling
rate (up to 10" K s™")** involved in PLiD makes it comparable
to the above-mentioned non-equilibrium approaches, allowing
for the kinetic entrapment of the as-formed alloy lattice. It is
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therefore uniquely positioned for its potential use in produ-
cing atomically mixed HEA NPs. In this work, PLiD was
explored to synthesize multi-element metallic NPs composed
of Au, Ag, Pt, Pd, and Cu from the multi-layer thin films of the
five metals on Si substrates. The specific atomic combination
of the five metals in this work serves as a proof-of-principle
system to test the applicability of PLiD for the production of
noble-metal HEA NPs. PLiD involves fast melting and re-solidi-
fication of metals to form metal NPs, where no chemical reac-
tions occur. Therefore, it circumvents the need for metal salt
precursors and reducing agents, with the dewetting occurring
on multi-layer metallic films. Various parameters critical to the
PLiD process, such as the laser fluence and the thickness of
the initial multi-layer thin films, were tested. The morphology
of the produced NPs was investigated by the field emission
scanning electron microscopy (FESEM), and the crystal struc-
ture was studied by the high-resolution transmission electron
microscopy (HRTEM). Energy dispersive X-ray (EDX) spec-
troscopy, X-ray photoelectron spectroscopy (XPS), and X-ray
absorption spectroscopy (XAS) were used to shed light on the
atomic configuration of the metal components and the elec-
tronic structures in the produced NPs, which demonstrated
the formation of the quinary AgCuPdPtAu HEA NPs.

2. Experimental methods

Si (100) wafers (n-type, phosphorous-doped) with a thickness
of 525 + 25 pm and a resistivity of 1-20 Q cm (Wafer World
Inc.) were cut to sizes of 15 mm x 5 mm and used as substrates
for the coating of multi-layer metallic films. Previous investi-
gation of these substrates has demonstrated the presence of a
native layer of SiO, with 3 nm in thickness on the wafer
surface.”**® Prior to sputter coating, the Si substrates were first
cleaned through sequential rinsing of acetone (ACS reagent
grade, >99.5%, Sigma-Aldrich), ethanol (absolute, >99.8%,
Sigma-Aldrich), and methanol (anhydrous, 99.8%, Sigma-
Aldrich), followed by drying under a stream of high-purity N,
gas (99.999% Praxair). All chemicals were used as received.
The multi-layer metallic films of Ag, Cu, Pd, Pt, and Au
were prepared by sequentially sputtering each metal layer with
varying thicknesses (1.4-3.7 nm) on the Si substrates using an
SCD 500 sputter deposition system (BAL-TEC) under a high-
purity argon (99.998%, Praxair) atmosphere at a current of
41 mA and a pressure of 10 mTorr. The thickness of each
metal layer was determined by an internal QSG 100 quartz
crystal film thickness monitor (BAL-TEC). High-purity metal
targets of Ag (99.99%), Cu (99.99%), Pd (99.95%), Pt (99.99%),
and Au (99.99%) used in the sputtering were all obtained from
the Refining Systems Inc. The three as-sputtered multi-layer
thin film samples investigated in this work were Ag(1.6 nm)Cu
(1.5 nm)Pd(1.4 nm)Pt(1.5 nm)Au(1.6 nm), Ag(1.6 nm)Cu
(1.6 nm)Pd(1.5 nm)Pt(2.7 nm)Au(1.5 nm), and Ag(1.6 nm)Cu
(1.6 nm)Pd(1.5 nm)Pt(3.7 nm)Au(1.5 nm). The above sample
names have the order of metal indicating the sputtering order
and the thickness of each layer represented in the bracket after

This journal is © The Royal Society of Chemistry 2025
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the element symbol. It can be seen that the thickness of Pt in
the three samples was varied from 1.5 nm, 2.7 nm, to 3.7 nm,
and the thicknesses of all other four metal components were
kept at ~1.5 nm. The atomic concentrations (in percentage) of
each metal in the three as-sputtered thin films were calculated
to be AgigCu,sPd;oPticAuye, AgysCuysPdi,PtzoAuss, and
Ag,,Cu,oPd;5Pt3,Auy 5, respectively. Considering that only the
Pt film thickness was significantly varied, leading to the differ-
ence in the Pt atomic composition, in the three as-sputtered
films, we have adopted a short label indicating only the Pt
atomic percentage for the three samples as MM-Pt;o, MM-Pt;,
and MM-Pt;,, respectively, where MM represents multi-
metallic.

PLiD of the as-sputtered multi-layer metallic thin films was
carried out in ambient by irradiating the samples with the
355 nm UV output from a Q-switched Nd:YAG laser (Spectra-
Physics, LAB-170-10). The 355 nm laser irradiation has a pulse
width of 9 ns and a repetition rate of 10 Hz. Various laser flu-
ences ranging from 25 mJ cm™> to 500 mJ cm™ > were investi-
gated in this work to explore its effect on the morphology evol-
ution of the thin films, from which the threshold fluence for
full dewetting was determined. These laser fluences are well
below the ablation threshold fluence for the five constituent
metals to ensure that the laser energy only causes the heating
of metals, rather than the ablation. The morphologies of the
samples were examined using a field emission scanning elec-
tron microscope (FESEM, Zeiss Sigma VP) under ultra-high
vacuum (<107'° Torr) at an accelerating voltage of 10 kV.
FESEM images were analysed using the software Image] to
determine the size and the size distribution of the NPs. EDX
spectroscopic analysis was performed on the multi-metallic
NPs to determine their elemental composition and to obtain
elemental mapping, using an INCA x-act EDX instrument
(Oxford Instruments). The crystal structure of the produced
multi-metallic NPs was investigated using high-resolution
transmission electron microscope (HRTEM). For this, the
AgCuPdPtAu NPs produced from PLiD of multi-layer thin films
were removed from the Si substrates into colloidal solution,
following a procedure as described in our previous work.*®
They were then drop-cast onto the TEM grid (Lacey carbon-Ni,
Electron Microscopy Sciences) for analysis. The HRTEM was
carried out using a Talos F200X G2 S/TEM (Thermo Fisher)
operating at an acceleration voltage of 200 kV.

XPS measurements were carried out on as-sputtered thin
films composed of Ag, Cu, Pd, Pt, and Au as well as the multi-
metallic NPs after PLiD using an AXIS Supra X-ray photo-
electron spectrometer (Kratos Analytical). A monochromatic
aluminum (Al) K, source at a photon energy of 1486.6 eV was
used, with a spot size of 300 x 700 um, a pass energy of 20 €V,
and a step size of 0.05 eV, for collecting high-resolution scans.
The base pressure of the system was 9 x 10~° Torr. The X-ray
source was operated with an accelerating voltage of 15 keV and
an emission current of 15 mA. The binding energy values in
the valence band spectra were referenced to the Fermi level in
the region, and those in the core-level spectra were calibrated
to carbon (C) 1s at 284.5 eV. Data fitting was performed in

This journal is © The Royal Society of Chemistry 2025
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The XAS spectra for the Cu, Ag, and Pd K edges, and Pt and
Au L; edges were collected at the Sector 25 beamline at the
Advanced Photon Source at Argonne National Laboratory in
Lemont, Illinois. Spinners were used to rotate the samples to
avoid diffraction peaks from the thick Si-wafer substrate. The
spectra were collected in fluorescence mode using a Vortex
detector to improve the sensitivity of the measurements due to
low concentrations of the metals on the Si-wafer substrate.
Bulk metallic foils for the respective elements were measured
simultaneously in transmission mode for calibration during
data processing and analysis. All samples were measured in
ambient conditions. The XAS spectra were normalized using
standard procedures.>®

and asymmetric

3. Results and discussion

PLiD, a liquid-state dewetting method, of metallic thin films
only occurs when the laser energy density (ie., fluence) is
above the melting threshold of the metal.”>** Above the
threshold fluence, the processes of rapid melting (in approxi-
mately 0.1-1 ps) and subsequent re-solidification (in approxi-
mately 10 ps)*® of metals take place within a single nano-
second laser pulse. It is therefore important to first determine
the threshold laser fluence for a successful PLiD process
leading to the formation of metal NPs. For this, varied fluence
ranging from 25 to 500 m] cm™> was explored. PLiD was
carried out for the as-sputtered MM-Pt,, thin film samples at a
constant laser irradiation time of 10 s (ie., 100 pulses).
Fig. 1a-j shows the FESEM images of the thin film both prior
to and after PLiD at the varying fluences. No dewetting occurs
at the two lowest fluences of 25 and 50 mJ cm™2, as indicated
by the nearly identical morphology of the sample at 50 m]
em~? (Fig. 1b) to that of the as-sputtered film (Fig. 1a). At the
next higher fluence of 75 mJ ecm™> (Fig. 1c), initial film break-
ing occurs with the formation of holes. Partial dewetting of
thin film continues at 100 and 150 mJ cm™> (Fig. 1d and e)
with further film breaking, forming some isolated NPs.
Complete dewetting into NPs was observed at 200 mJ cm™
and above (Fig. 1f-j). Therefore, the threshold fluence required
for complete PLiD of multi-layer MM-Pt;4 thin films into iso-
lated NPs, was determined to be between 150 and 200 m]
cm™>. Previous studies of PLiD of single-layer Ag (melting
point (m.p.) 1235 K) and Au (m.p. 1337 K) films on Si sub-
strates using the same laser wavelength of 355 nm have
reported the threshold fluence of 50-81 mJ cm™ (ref. 27) and
49-75 mJ] ecm>,** respectively, whereas that of the single-layer
Pt (m.p. 2041 K) on Si substrates was determined to be
322-400 mJ em2.*° When compared to the threshold fluences
of Ag, Au and Pt, it is interesting to note that the value for the
multi-layer quinary films of AgCuPdPtAu at 150-200 mJ cm 2
is higher than the two with the lowest m.p. (e.g., Ag, Au), but
significantly lower than the one for Pt, which is the metal of
the highest m.p. among the five. This suggests that less energy

2
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Fig. 1 FESEM images of the (a) the as-sputtered Ag;gCuzsPd;9Pti9Ausg (MM-Pty9) multilayer thin films, and the MM-Pt;9 samples after PLIiD for 10 s
at a laser fluence of (b) 50 mJ cm™2 (c) 75 mJ cm2, (d) 100 mJ cm~2, (e) 150 mJ cm~2, (f) 200 mJ cm~2, (g) 250 mJ cm2, (h) 300 mJ cm~2, (i)

400 mJ cm~2, and (j) 500 mJ cm™2,

is required to melt Pt in the presence of four other metal com-
ponents, likely due to the favorable mixing when there are five
metal components. At the varying fluence of 200-500 mJ cm™?,
the average metal NP sizes ranged from 21 + 4 nm to 40 =
7 nm, showing an initial increase in NP size when the fluence
changed from 200 to 300 mJ cm™>, then stayed relatively con-
stant from 300-500 mJ] cm™2, as illustrated in the plot of NP
size vs. the laser fluence in Fig. S1.7

To test whether PLiD can be employed to produce multi-
metallic quinary NPs of different atomic composition, three
samples of multi-layer AgCuPdPtAu thin films, i.e., MM-Pt,,,
MM-Pt;,, and MM-Pt;, each having a different composition of
Pt due to the different Pt film thickness of 1.5 nm, 2.7 nm,
and 3.7 nm, respectively, were investigated. The PLiD experi-
ments were performed at a laser fluence of 250 mJ] cm™2 and

an irradiation time of 10 s. The FESEM images of the three
samples after PLiD were shown in Fig. 2, showing the for-
mation of NPs for all three samples by the complete dewetting
regardless of the atomic composition. The average NP size for
samples MM-Pt;9, MM-Pt3,, and MM-Pt;, were 25 + 4 nm, 23 +
4 nm, and 26 + 5 nm, respectively. The produced NPs showed
little variation in their size with increasing Pt thickness in the
initial thin film, which is in good agreement with the similar
independent relationship between the NP size and initial film
thickness in the PLiD of single-layer Pt** and Ag?” films on Si
substrates, explained by the fact that the dewetting process
follows the mechanism of nucleation and growth of holes.
EDX spectroscopic analysis was performed to investigate if
multi-metallic quinary NPs were formed and to determine the
elemental composition of the produced metallic NPs from

Fig. 2 FESEM images of the metallic NPs produced from PLiD of (a) MM-Pt;o, (b) MM-Pt30, and (c) MM-Pts; samples at a laser fluence of 250 mJ
cm™2 and an irradiation time of 10 s. The high-magnification images corresponding to (a), (b), and (c) are shown in (d), (e), and (f), respectively.
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ponding EDX line scan across the NPs for the sample of MM-Ptz,.

PLiD. Fig. 3a-d shows the EDX line scans across NPs produced
from PLiD of the two samples of MM-Pt;q and MM-Pt;, at
250 mJ cm™? for 10 s, along with the corresponding FESEM
images. The EDX line scans across the multiple NPs show the
presence of all 5 metals of Ag, Cu, Pd, Pt, and Au, coupled
with the concurrent reduction of signals from Si, due to the
NPs covering the Si substrates. The elemental maps illustrated
in Fig. 4 for the same two samples also show the presence of
each metal in the NP area, all of which are distributed uni-
formly, with no observed regions rich in one metal, indicating
no phase segregated region in the NPs being formed. The
same was observed for MM-Pt;, NP samples, whose EDX line
scans and elemental maps are shown in Fig. S2 and S3,f
respectively.

The EDX analysis was also used to determine the atomic
concentration of each metal in the NPs for the three samples,
and the results are summarized in Table 1. The corresponding
atomic compositions of the as-sputtered thin films are also
listed for comparison. The atomic concentrations of Pt in the
NPs were observed to increase with its thickness in the initial
metal films. This indicates that the technique of PLiD can
control the atomic concentration of the multi-metallic NPs by
varying the thickness of the sputtered films, which provides a
facile way to control the atomic composition using PLiD.

To understand the crystal structure of the produced
AgCuPdPtAu NPs, HRTEM analysis was performed. Fig. 5
shows the HRTEM images of the MM-Pt,4 NPs, with the corres-
ponding lattice spacing show in Fig. 5c. The d-spacing deter-
mined from the HRTEM is 2.175 A. All five constituent metals
of Ag, Cu, Pd, Pt, and Au in our HEA NPs have face-centered

This journal is © The Royal Society of Chemistry 2025
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(a) FESEM image and (b) the corresponding EDX line scan across the NPs for the sample of MM-Pt;q, and (c) FESEM image and (d) the corres-

cubic (FCC) lattice with the space group of Fm3m. By applying
the Vegard’s law, the predicted lattice constant for the
MM-Pt,, alloy is 3.8987 A, and the corresponding d-spacing for
the (111) plane is 2.251 A. Based on this, the d-spacing deter-
mined from the HRTEM for the MM-Pt;, NPs at 2.175 A is
most likely from the (111) plane of the alloy lattice. This pro-
vides strong evidence that the five metals in the MM-Pt;4 NPs
are alloyed, and the NPs are crystalline, possessing the FCC
lattice, as expected. The lattice constant for the MM-Pt;4 NPs is
calculated to be 3.767 A.

The electronic structure of the synthesized quinary HEA
NPs was investigated using XPS. Fig. 6 shows the valence band
(VB) spectra of all three NP samples of MM-Pt;4, MM-Pt3,, and
MM-Pt;-, along with those from the as-sputtered films prior to
PLiD for comparison. The VB region in the thin film samples
is clearly dominated by the Au and Pt character, as seen in the
doublet peaks at 6.5 eV and 4.0 eV corresponding to the Au 5d
spin-orbit split bands,*® and the distinct Femi edge of Pt 5d
band,*" represented by the high intensity in the density of
state (DOS) near the Fermi level. This is expected as Au and Pt
are the two topmost layers of the sputtered films, which was
observed in similar work.*” It is also noted that the Fermi edge
relative to the d band maximum is higher with increasing Pt
content underneath the top Au layer. In the AgCuPdPtAu HEA
NP samples after PLiD, the DOS intensity at the Fermi level
drops significantly and the Au 5d splitting is lost. This
decrease in the Pt and Au character suggests that both Au and
Pt are diluted, forming alloys.”” The overall d band also
narrows significantly and moves away from the Fermi level,
indicating that randomization of different metal components

Nanoscale, 2025, 17,15423-15435 | 15427
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Fig. 4 FESEM images of quinary AQCuPdPtAu NPs and corresponding EDX elemental maps of (a) MM-Pt;9 and (b) MM-Ptzo NPs via PLiD at 250 mJ
-2
cm™“and 10 s.

Table 1 Atomic concentrations (in percentage) of the AgCuPdPtAu NP
samples for MM-Pt;g9, MM-Pt3o, and MM-Pts; from the EDX analysis as
compared to those of the initial thin films

Sample Ag Cu Pd Pt Au

MM-Pty, thin film 18+1 25+1 19+1 19+1 19+1
MM-Pt;9 NPs 13+2 33+3 24 +2 17 £2 13+£2
MM-Pt;, thin film 16+1 23+1 17 +1 301 15+1
MM-Pt;, NPs 15+2 26+3 19+2 28+2 12£2
MM-Pt;; thin film 141 20+1 15+1 37+1 13+1
MM-Pt;; NPs 13+2 20+2 16 £2 41+2 11£2

most likely occur upon laser irradiation, leading to alloying in
the produced NPs.*>** Furthermore, the VB spectra of
AgCuPdPtAu HEA NPs appear to show no clear peaks from the
individual metal constituents. For example, the characteristic
spin-orbit splitting of the Au-Au interaction in Au 5d band
disappears and the sharp VB edge at the Fermi level from the
strong Pt-Pt interaction diminishes. Wu et al. have demon-
strated in their work that the featureless VB spectra is a charac-
teristic feature for HEA NPs caused by the hybridization of

15428 | Nanoscale, 2025, 17, 15423-15435
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Hence, the observed
featureless VB spectra for our HEA NP samples provide a
further strong support for the feasibility of PLiD in producing
HEA NPs. There is little variance in the VB spectra for all three
HEA NP samples, indicating that the method of PLiD can fully
the different regardless of the Pt
concentration.

High-resolution XPS spectra of the core-level regions of the
composite metals were investigated to provide further insight
into the charge redistribution following PLiD. The Au 4f and
Pt 4f XPS spectra of the multi-layer thin films are shown in
Fig. S4a and S4b,} respectively, with the fitting component
binding energies (BEs) presented in Table S1.f The Pt and Au
in the multi-layer thin film samples prior to PLiD are essen-
tially pure Au and Pt, giving the two Au® 4f doublet peaks at
84.0-84.1 eV (4f,,,) and 87.6-87.8 eV (4fs;,) and the two Pt° 4f
peaks at 71.0-71.1 eV (4f;,) and 74.4-74.5 eV (4f5;,). The XPS
spectra of the AgCuPdPtAu HEA NPs achieved after PLiD are
shown in Fig. 7. In the Au 4f regions (Fig. 7a), the metallic Au®
peaks were observed; however, an additional doublet with

disperse metals

higher BE was observed with appreciable intensities at

This journal is © The Royal Society of Chemistry 2025
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Fig. 5

(a and b) HRTEM images with (c) the corresponding lattice spacing on the HEA NP of MM-Pt;g on the TEM grid after removal from the sub-

strate. The MM-Pt,5 NPs were produced from PLIiD at 300 mJ cm~2 and 20 s.

(a) (b) (©)
~  |—MM-Pt, Film E, —— MM-Pt, Film E; ——MM-P1, Film E,
3 MM Nps | ——MM-Pt, NPs I ———MM-Pt, NPs |
2z J | |
B
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= | | |
e | |
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Binding Energy (eV)

Fig. 6 Normalized XPS valence band spectra of the three samples of (a) MM-Pt;q, (b) MM-Pt3zo, and (c) MM-Pts; for both as-sputtered thin films
prior to dewetting (black) and HEA NPs (red) after PLiD at 250 mJ cm~2 and 10 s.

85.0-85.2 eV (Au’" 4f,,) and 88.7-88.8 eV (Au®" 4fy,). The shift
in BE (+1.0-1.2 eV) is lower than what would be expected for
Au,0/AuO (+1.4-1.5 eV) and Au,0; (+1.8-2.1 eV) NPs.*® This
relatively small BE shift in the Au®" 4f peaks suggests that it is
not from the Au oxides, but rather indicates the presence of
slightly positively charged Au®" species in the HEA NPs, which is
in good agreement with the charge compensation behavior at
the Au site upon alloying.’®*”*® According to the charge com-
pensation model, Au loses d electrons, but the d-charge
depletion is overcompensated by a gain of the s-like conduction
electrons. This effect has been observed in many Au binary
alloys.*”*”*® The loss of d electrons in Au leads to a positive 4f
BE shift due to the higher coulombic potential caused by the
larger screening effect from the d electrons. Therefore, the pres-
ence of the positive charged Au®* species suggests the alloying
of Au with other metal atoms in the HEA NPs.

The Pt 4f region represented in Fig. 7b showed that the
HEA NP surface contained at least two new components with a
noticeable positive and a negative shift in BE, respectively, rela-
tive to the Pt° metal. Specifically, for Pt 4f,,, the two com-
ponents of Pt*" and Pt’~ appeared at 72.7-72.9 eV and

This journal is © The Royal Society of Chemistry 2025

70.8-70.9 eV, respectively, showing a BE shift relative to Pt° of
+1.7-1.8 eV and —0.2 eV, respectively. All the BEs for the Au 4f
and Pt 4f peaks in the AgCuPdPtAu HEA NPs are listed in
Table 2. In their study of the charge redistribution behavior of
Pt-Au alloys, Wang et al.*® reported a negative shift in the BE
of Pt 4f core level when forming alloys with Au. In addition,
Belkhou et al.*® showed a shift of the Pt 4f,, to a lower BE (i.e.,
70.64-70.75 eV) when it formed an alloy with Cu. Therefore,
the Pt°~ component is mostly likely from the Pt-Au interaction
with also the contribution from the presence of Pt-Cu alloy in
the AgCuPdPtAu HEA NPs. The Pt oxide species are expected
to have BE shifts of +1.3 eV (PtO) and +3.0 eV (PtO,),*° indicat-
ing that the Pt>" component is not likely to be assigned to Pt
oxides. Hence, this component suggests the presence of some
electron-deficient Pt species from the randomization of Pt in
the HEA NPs. A third component, Pt*', was observed for 4f,,
at 71.7 eV and 4fs, at 75.0 eV only in the MM-Pt;, sample with
the highest Pt concentration.

Additionally, in this spectral region for Pt 4f, the Cu 3p con-
tribution (3ps,, at 75.5 eV and 3p,,, at 77.5 €V), absent in the
thin film samples prior to PLiD, can be seen in the two NP

Nanoscale, 2025,17,15423-15435 | 15429
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Fig. 7 High-resolution core-level XPS spectra and peak fit of the AgCuPdPtAu HEA NP samples of MM-Pt;g9, MM-Pt3o, and MM-Pt3; for (a) Au 4f, (b)
Pt 4f, and (c) Ag 3d regions.

Table 2 Binding energies of Au 4f, Pt 4f, and Ag 3d peaks and peak widths represented by the full-width at half-maximum (FWHM) from the XPS
analysis of the AgCuPdPtAu HEA nanoparticle samples of MM-Pt;9, MM-Ptzo, and MM-Pts,

Au 4f

MM-Pt,o
MM-Pt;,
MM-Pt,,

Pt 4f
MM-Pt,
MM-Pts,
MM-Pt;,
Ag 3d
MM-Pt;q

MM-Pt;,
MM-Pt,,

samples

Au 4f,, FWHM
(eV) (eV)
84.0 0.7
84.0 0.7
84.0 0.7
Pt>- FWHM
4f7/2 (eV)
(eV)

70.8 0.8
70.9 0.8
70.9 0.7

Ag 3ds, FWHM
(eV) (eV)
367.9 0.8
367.8 0.9
367.9 1.1

Au 4f5, FWHM
(eV) (eV)
87.7 0.7
87.7 0.7
87.7 0.8
Pt~ FWHM
4f5/2 (eV)
(eV)

74.1 0.8
74.3 0.8
74.2 0.7
Ag3d;, FWHM
(eV) (eV)
373.9 0.8
373.8 0.9
373.9 1.1

Au5+
af;
(ev)
85.0
85.1
85.2

Pt o+
afy),
(V)
72.7
72.9
72.8

Ag™
3ds),
(eV)
368.1
368.1
368.1

FWHM  Au®
(eV) 4fs)
(eV)
1.0 88.7
1.2 88.8
1.1 88.8
FWHM  Pt°" 4f;,
(eV) (eV)
0.8 76.1
0.8 76.2
0.7 76.2
FWHM  Ag”"
(eV) 3ds2
(eV)
0.8 374.1
0.9 374.1
1.1 374.1

of MM-Pt;, and MM-Pt;, with lower Pt concen-
trations, and therefore higher Cu concentrations (Cu,s and
Cu,;, respectively), suggesting the presence of Cu on the

15430 | Nanoscale, 2025, 17, 15423-15435

FWHM
(ev)

1.03
1.13
1

FWHM
(eV)

0.8
0.8
0.7

FWHM
(ev)

0.8
0.9
1.1

pidt
af;
(eV)

71.7

FWHM
(ev)

0.7

PtA+
afs5),
(eV)

FWHM
(ev)

0.7

surface of the HEA NPs achieved after PLiD. These peaks are
diminished in the MM-Pt;; sample with the lowest concen-
tration of Cu (i.e., Cuyg).

This journal is © The Royal Society of Chemistry 2025
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The XPS spectra of Ag 3d in the as-sputtered multi-layer
films shown in Fig. S4ct yielded the metallic Ag®’ peaks of
3ds/, at 367.8-367.9 eV and 3d;,, at 373.8-373.9 eV. After PLiD,
as shown in Fig. 7c and Table 2, the NP samples showed the
two Ag® 3d peaks and a second pair of Ag’* 3d peaks at higher
BE of 368.1 eV (ABE = +0.2-0.3 €V) and 374.1 eV (ABE =
+0.2-0.3 eV). Previous studies on the charge redistribution in
Au-Ag?” and Pd-Ag®! binary alloys have shown that Ag gains
4d charge and loses non-d charge (i.e., s-p conduction elec-
trons) upon alloying, leading to a negative shift in Ag 3d core-
level BE. The observed Ag®" species in the HEA NPs may indi-
cate that Ag also interacts with metal atoms other than Au and
Pd, e.g., Pt and Cu, in the NPs.

Fig. 8 shows the high-resolution XPS spectra in the Pd 3d
region for both the as-sputtered thin film and HEA NP
samples after PLiD for MM-Pt; 9, MM-Pt;,, and MM-Pt;,. In the
thin film samples, the Au 4d;/, (at 335.2 eV) contribution dom-
inates this region as it is the topmost layer. The Pt 4ds/, (at
330.5 eV) from the second topmost layer was also present. The
Pd 3d peaks are from the metallic Pd° at 335.4-335.7 eV (3ds,,)
and 340.7-340.9 eV (3d3,,). XPS spectra of HEA NP samples in
this region showed very different features from those in the

View Article Online

Paper

thin films. The Au 4d contribution is no longer dominant in
the NPs but is replaced by multiple Pd components in this
region. This confirms the randomization of Au atoms derived
from the analysis of the VB spectra. Among the Pd com-
ponents, the two stronger ones are the metallic Pd° observed
at 3ds), 335.4-335.6 eV and the Pd’" component at higher BE
at 3ds, 337.0-337.2 eV. A relatively weak component is from
Pd®"* at even higher BE at 3ds/, 338.7 eV. This further shows
the mixing of metals upon laser dewetting. The BEs for all the
Pd 3d peaks in the AgCuPdPtAu HEA NPs are listed in Table 3.
In a previous study for the bimetallic Pd-Pt alloy NP system by
Li et al.,”> where d-charge redistribution occurs from Pt to Pd,
the Pd 3d peaks showed a splitting into Pd° and Pd®', indica-
tive of an electron-rich environment. Hence, the presence of
multiple Pd components in the Pd 3d region suggests also a
flow of electrons to Pd from other metallic sites such as Au
and Pt in the NPs, as will be further discussed in the analysis
of X-ray absorption spectra.

The high-resolution Cu 2p;,, XPS spectra collected for both
the thin films and HEA NPs via PLiD for the three samples of
MM-Pt;5, MM-Pt3,, and MM-Pt;, are shown in Fig. 9 and
Table 3. Similarly, the thin film samples show dominantly

+ CPS——Envelope CPS ——Pd 3d,,——Pd 3d,,
——Au4d,, Pt4d,, ——Pd" 3d,, Pd" 3d,,
—pd"" 3d,, Pd”7:3d. Background CPS
3354 eV 3354 eV
MM-Pt,; Film MM-Pt ; NPs
i
".""..' l"""""'.""""
MM-Pt,, Film MM-Pt,, NPs
£
Q 1l
—
 RAREEBES R REEEEREEEY B L | B
MM-Pt,_ Film MM-Pt, NPs

345 340 335 330 325

345 340 335 330 325

Binding Energy (eV)

Fig. 8 XPS spectra and peak fit in the Pd 3d region for the AgCuPdPtAu HEA NP samples of MM-Pt;g, MM-Pt3g, and MM-Ptz.
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Table 3 Binding energies of Pd 3d and Cu 2ps,, peaks and peak widths (FWHM) from the XPS analysis of the AgCuPdPtAu HEA nanoparticle

samples of MM-Pt;9, MM-Pt3z, and MM-Pts;

Pd 3d Pd3ds;, FWHM  Pd3d;, FWHM  Pd’ FWHM  Pd® FWHM  Pd®" FWHM  Pd®" FWHM
(eV) (eV) (eV) (eV) 3ds; (eV) 3ds)2 (eV) 3ds> (eV) 3ds) (eV)
(ev) (ev) (eV) (eV)
MM-Pt;9g 335.4 1.0 340.7 1.0 337.0 1.0 342.3 1.0 338.7 1.0 343.9 1.0
MM-Pt;  335.5 1.0 340.7 1.0 337.2 1.0 342.4 1.0 338.7 1.0 344.0 1.0
MM-Pt;; 335.6 0.9 340.8 0.9 337.2 0.9 342.5 0.9 338.7 0.9 344.0 0.9
Cu2ps, Cu” FWHM  CuO’ FWHM
2ps2 (eV) 2p32 (eV)  (eV)
(eV)
MM-Pt;y 933.0 1.7 935.2 1.7
MM-Pt;, 932.6 1.7 935.0 1.7
MM-Pt;; 932.8 1.9 935.3 1.9
CPS —— Envelope CPS Cu2p,, Cu0 2p._. X-ray absorption spectroscopy (XAS) was pursued to further
Cu2psat | Cu2psat2 Background CPS characterize the electronic properties of the HEA NPs through
932.3 eV 932.3 eV the examination of the X-ray absorption near edge structure
MM-Pt,, Film MM-Pt,, NPs (XANES) of the alloyed NPs at the L; edge for Au and Pt and
the K edge for Ag, Pd, and Cu. Fig. 10 shows the XANES
spectra of the HEA NP samples of MM-Pt,, for all five metal
components along with those from the pure metal foil refer-
e ences. The Au L;-edge XANES spectra (Fig. 10a) show similar
near edge features for both the reference foil and the HEA
_\'|_\'1.'|11'M'|."||;,' PSR RL ;,;l_'}," '_\,'P: e Ty Al NPs. However, the intensities of the absorption edges, i.e., the
i white-line intensity, for the two samples vary, with the NPs
2 having a greater intensity compared to the foil. Typically, this
O change in the absorption intensity would be from an increase
in the metal’s oxidation state. However, due to the low ten-
SNSRI s [} FNNISNIN— S— dency of Au to be oxidized, and the lack of Au oxide observed
MM-Pt Film MM-Pt, NPs in the NPs from the XPS spectra, this increase in intensity is
related to the electron donation occurring between the 5d orbi-
tals in Au with other elements as has been observed
previously.”**® This also agrees with the Au 5d depletion
e upon alloying, following the charge compensation model that
aannasnnsnnanannnnnll seaas s s o has been shown in many Au-containing binary alloys such as
950 945 940 935 930 950 945 940 935 930 Au-Pt*° and Au-Cu.”’” In the Pt Lj;-edge XANES spectra

Binding Energy (eV)

Fig. 9 XPS spectra and peak fit of the AgCuPdPtAu HEA NP samples of
MM-Pt;9, MM-Pt30, and MM-Ptz; in the Cu 2p region.

metallic Cu® peaks at 2ps, 932.2-932.3 eV. However, appreci-
able contribution from CuO at 2p3/, 934.5-934.8 eV (ref. 53) is
also present, indicating the oxidation of Cu in the films prior
to PLID. In the NP samples, both peaks have shifted to higher
BEs with Cu®" 2p;, at 932.6-933.0 eV and (CuO)*" 2p;, at
935.0-935.3 eV. In the NP samples, the contribution of the
CuO, in the form of (CuO)’*, however appeared with much
reduced relative intensities to those from Cu®’, indicating that
the treatment of the films through PLiD results in the
depletion of the Cu oxides in the NPs. This would suggest that
the Cu atoms are more stable in the HEA NPs as compared
to those in the thin films, yielding more metallic Cu in the
HEA NPs.

15432 | Nanoscale, 2025, 17, 15423-15435

(Fig. 10b), the NP sample shows an evidently higher white-line
intensity for the L; edge when compared to the XANES spectra
of the reference foil. As with Au, since there was no presence
of Pt oxides observed in the XPS spectra, this increase in
absorption intensity could be associated with some amount of
electron donation occurring from the 5d orbitals of Pt in the
NPs. Similar observation in the Pt L;-edge white-line intensity
was reported in the Pt-Pd alloy NPs where d-charge redistribu-
tion was shown to occur from Pt (d-charge depletion) to Pd
(d-charge gain).>?

The K-edge spectra for Ag, Pd, and Cu were also shown in
Fig. 10. The shape of the near edge feature in the Ag K-edge
XANES spectra (Fig. 10c) for the HEA NPs is similar to that of
the reference foil but is observed to occur at a lower energy for
the NP sample. This shift to the lower energy indicates a
potential decrease in the Ag oxidation state, suggesting elec-
tron gaining into the Ag 4d orbitals. This agrees with the be-
havior of Ag in both Au-Ag *® and Pd-Ag °" alloys that Ag gains
d-charge and loses s-p conduction electrons. The Pd K-edge

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 XANES spectra of the MM-Pt;9 NP sample for the (a) Au Lz edge, (b) Pt L3 edge, (c) Ag K edge, (d) Pd K edge, and (e) Cu K edge. The spectra

from the reference foil for each metal are also shown.

(Fig. 10d) shows metallic Pd. The same cannot be said for the
near edge structure of Cu in the HEA NPs, shown in Fig. 10e,
which varied greatly when compared to the reference foil.
While the near edge energies and intensities for the two
samples are similar, the NP sample lacks the pre-edge feature,
typical of 3d transition metals,”” indicating the presence of Cu
oxide in the NPs, in agreement with the XPS results.

Noble-metal HEA NPs have attracted great interest for elec-
trocatalysts due to the high activity they display toward a
variety of electrochemical processes, such as CO, reduction
reaction (CO,RR),” hydrogen evolution reaction (HER),'”***>
and alcohol oxidation reaction.'® The potential applications of
the synthesized AgCuPdPtAu HEA nanoparticles are geared
toward their use as electrocatalysts for HER and CO,RR. Of the
five noble metals in the HEA nanoparticles, Pt and Pd have
demonstrated great catalytic performance for HER.”®® It will
be interesting to see whether the AuCuPdPtAu HEA nano-
particles provide enhanced HER activity due to the synergistic
effect by alloying the five elements, which is currently pursued
in our lab. For the application for the electrochemical CO,RR,
Au, Ag, and Pd have been identified as promising catalysts to
selectively form CO, whereas Pt can be introduced to explore
the geometric effect.®*®® Cu, on the other hand, is known to
catalyze the formation of a mixture of C2+ products such as
hydrocarbons and oxygenates.®>®® Tuning the atomic compo-
sition in the AuCuPdPtAu HEA nanoparticles to have one
metal component rich in particular will allow us to investigate
the product distribution in the electrochemical CO,RR and
understand the process better.

This journal is © The Royal Society of Chemistry 2025

4. Conclusions

In summary, we have produced the quinary AgCuPdPtAu HEA
NPs using the liquid-state dewetting technique of PLiD. This
production method is a facile approach applicable to metals of
both low (e.g., Au, Ag, and Cu) and high (e.g., Pt and Pd)
melting points. The instantaneous heating and rapid cooling
in PLiD allow for the successful mixing of different metal
atoms, forming the quinary HEA NPs. We have shown that the
atomic composition in the HEA NPs can be controlled by
varying the thickness of composite metal in the multi-layer thin
films prior to dewetting. The electronic structure and the charge
redistribution in the produced AgCuPdPtAu HEA NPs were
studied by XPS and XANES. The XPS valence band spectra
provide strong evidence of randomization of different metal
components in the HEA NPs by the significant narrowing in the
overall d band and the featureless VB spectra. The XPS core-level
spectra and XANES spectra of the composite metals lend further
support for the d-charge redistributions among the five metal
atoms of Ag, Cu, Pd, Pt, and Au. These results clearly indicate
that PLiD is a viable technique for controlled fabrication of HEA
NPs and X-ray spectroscopic techniques are powerful in the ana-
lysis of these materials. These works open up immense opportu-
nities for future investigation of noble metal HEA NPs, which in
turn will provide a testing ground for the advancement of X-ray
spectroscopic techniques such as high energy resolution fluo-
rescence detection (HERFD) XAS, valence to core transition, res-
onant inelastic X-ray scattering (RIXS)/resonant X-ray emission
spectroscopy (RXES), among others.
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