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The combination of different metals into a discrete colloidal nanocrystal (NC) lattice to form solid solu-
tions can result in synergetic and non-additive effects, leading to physicochemical properties distinct
from those observed in monometallic NCs. However, these features are influenced by parameters that are
challenging to control simultaneously using conventional synthesis methods, including composition,
morphology, size, and elemental distribution. In this study, we present a methodology that exploits seed-
mediated growth routes and pulsed laser-induced ultrafast heating to synthesize bimetallic and trimetallic
colloidal alloy NCs with tailored compositions, well-defined spherical morphologies, and precise control
over the number of atoms per NC lattice. Initially, core—shell heterostructures with adjustable compo-
sitions and ca. 107 atoms per NC are formed, using Au as the core material and Pd and Pt as the shell
metals. In the subsequent stage, ultrafast heating of the heterostructure lattice via nanosecond pulsed
laser irradiation facilitates the formation of colloidal AuPd, AuPt and AuPdPt alloy nanospheres. The ability
of the proposed synthesis route to produce multimetallic NCs with distinct compositions, consistent mor-

Received 21st November 2024,
Accepted 4th March 2025

DOI: 10.1039/d4nr04898a

phology, and a fixed number of atoms provides exciting opportunities to investigate how multimetallic NC
composition influences catalytic properties. Accordingly, using the catalytic reduction of nitrophenol as a
reaction model, we observed a significantly enhanced catalytic performance for AuPdPt NCs compared
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Introduction

Metals and their mixtures play a fundamental role in modern
societies as critical materials for a wide range of technologies,
from energy and communication to transportation.’™ In nano-
technology, manipulating and combining metals at the nano-
scale has been revealed as a fruitful strategy to create
materials with functional properties not found in bulk, includ-
ing strong light-matter interactions or high catalytic activity.>”
For example, Pt and Ir nanocrystals (NCs) are benchmarking
catalysts for green hydrogen production via (electro)catalytic
water splitting processes.®* " Moreover, alloying such
noble metals with more abundant transition elements offers
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the possibility of surpassing the catalytic properties of their
monometallic counterparts while reducing their high cost. The
high chemical stability of noble metals also facilitates their
recovery and reuse, a critical aspect for successfully imple-
menting a circular economy in the quest for sustainable
societies."

Despite the potential of this class of nanomaterials, their
synthesis represents a significant challenge, especially in the
case of multimetallic NCs. An ideal synthesis method should
provide simultaneous control over the critical aspects that
determine the physicochemical features of metal NCs: shape,
size, crystallinity, composition, elemental distribution, and
surface chemistry.””® Bottom-up wet-chemical methods intro-
duced in the late 1990s and early 2000s have uncovered numer-
ous routes for growing single-component metal NCs.'*™
Among these, colloidal strategies offer unmatched control over
the nucleation and growth processes of metal NCs by reducing
metal ions and complexes under specific experimental
aqueous conditions.’®™° Thereby, the formation of metal NCs
with narrow size distributions, defined morphologies and
crystal defects, tailored surface chemistry, and distinct self-
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assembly behaviours (e.g., for their integration in solid-state
devices) can be successfully achieved.

However, in multimetallic NCs, the need to control elemen-
tal distribution imposes additional requirements that are
difficult to meet via colloidal syntheses. The different
reduction potentials of metal elements often lead to distinct
reduction rates, resulting in elemental segregation.””" Indeed,
this phenomenon can be advantageous for the synthesis of
heterostructured multimetallic NCs such as core-shell or
Janus structures, with novel or enhanced catalytic, optical, or
magnetic properties.”?*> However, undesired segregation
effects can often prevent the growth of targeted colloidal alloy
NCs. Moreover, the temperatures reached during wet-chemical
synthesis are limited by the solvent boiling point (typically
below 350 °C), which can significantly restrict the formation of
alloys that require high activation energy for elemental
mixing.6’7’23_25

Numerous synthesis strategies have been explored in the
last decade for overcoming the kinetic and thermodynamic
barriers to alloy NC growth. For example, the growth of col-
loidal core-shell structures followed by thermal annealing on
solid supports facilitates the formation of binary and ternary
alloys with random and ordered (intermetallic) atomic
distributions.”®*” Although this approach provides fine
control over NC size, composition, and elemental distribution,
the colloidal nature of the obtained alloy products is often
lost. Other strategies involve the direct co-reduction of various
metal precursors on solid carbon-based substrates using fast
Joule heating.*®° The thermal shock synthesis route has been
demonstrated to be successful for the growth of high-entropy
alloy NCs. Unfortunately, governing nucleation and growth
events is not straightforward in this case, which may explain
the difficulties encountered in tailoring size distributions.
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Similar challenges are faced by laser synthesis methods, where
pulsed laser ablation of alloy targets enables the formation of
colloidal alloy NCs with limited size control.**™* In some
cases, colloidal routes have shown great potential to produce
alloy NCs with narrow size dispersity and defined compo-
sitions in the liquid phase.'®**3* However, the optimized
experimental conditions tend to work for a specific final par-
ticle dimensions, making it difficult to tune both composition
and size.

Aiming to address current limitations in alloy NC
syntheses, we propose in this work a bottom-up wet-chemical
route where nanosecond pulsed laser irradiation assists in the
production of alloy AuPdPt NCs with tunable compositions
while size and shape are tightly controlled. Specifically, we
have developed a multistep seed-mediated growth strategy to
produce NCs of Au, Pd, and Pt with core-shell and core-shell-
shell heterostructures (Au@Pd, Au@Pt and Au@Pd@Pt NCs),
a fixed number of atoms per particle, 7 atomic% Au, and
varying proportions of Pd and Pt (Fig. 1). Subsequently, nano-
second laser irradiation was used to activate interdiffusion
phenomena and reshaping effects, resulting in the formation
of smooth AuPd, AuPt, and AuPdPt alloy spheres, as confirmed
by high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) and energy-dispersive X-ray
(EDX) spectroscopy. Notably, since the number of atoms per
particle is kept approximately constant, we were able to study
the impact of alloy composition on the catalytic behaviour of
synthesized NCs. The pulsed laser-assisted synthesis route
described herein represents an excellent opportunity to fabri-
cate colloidal alloy NCs with on-demand sizes and compo-
sitions, which are critical features of alloy nanomaterials
directly impacting their potential applications in technology.

Experimental
Chemicals

All starting materials were used without further purification:
1-decanol (n-decanol, 98%), hexadecyltrimethylammonium
bromide (CTAB, >99.9%), hexadecyltrimethylammonium
chloride (CTAC, 99.0%), sodium borohydride (NaBH,, 99%),
hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0, >99.9%),
sodium tetrachloropalladate (Na,PdCl,, 98%), silver nitrate
(AgNOs3, >99.0%), potassium hexachloroplatinate(v) (K,PtClzs,
ca. 40% Pt), r-ascorbic acid (>99%) and 4-nitrophenol, all pur-
chased from Merck. Milli-Q grade water (resistivity 18.2 MQ
cm at 25 °C) was used in all experiments.

Synthesis of 30 nm Au NCs

A 10 mL aqueous solution of CTAC (25 mM) was prepared for
the synthesis of single-crystal Au nanospheres. To this solu-
tion, 100 pL of a 50 mM HAuCl, solution (0.5 mM) was added
under magnetic stirring. The Au** ions were allowed to form a
complex with CTAC by heating the mixture at 30 °C for 5
minutes (min). Subsequently, 40 pL of a 100 mM ascorbic acid
solution was added, changing the colour from deep yellow to

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic view of the synthesis of AuPdPt alloy NCs. After the synthesis of the Au core (1), Pd is first deposited to form a cubic Pd shell (2)
followed by the reduction of Pt ions, leading to the growth of a dendritic Pt shell (3). The resulting core—shell-shell heterostructures are then
rapidly heated with ns-pulsed laser irradiation to induce the formation of alloy NCs.

pale yellow. Small volumes (2 or 1 pL) of the 100 mM ascorbic
acid solution were then added to reduce ca. 99% Au®" ions to
Au’, as monitored via the decrease in absorbance at 320 nm
(corresponding to Au*-CTAC complex absorbance band
maxima) remained below 0.05 (1 cm path length). This pro-
cedure ensures the presence of a small concentration of Au**
ions (0.5 mM HAuCl, vs. 0.495 mM ascorbic acid) to avoid
undesired homogeneous nucleation phenomena. Then, 25 pL
of a 10 mM AgNO; solution (0.025 mM) was added, followed
by the injection of 9.5 x 4.8 nm Au nanorods (final Au® con-
centration of 0.006 mM; 9.5 x 4.8 nm Au nanorods were syn-
thesized according to a modified protocol described by
Gonzalez-Rubio et al.?’) as seeds to trigger the formation of
single-crystal Au nanospheres. The mixture was shaken by
hand and heated to 80 °C in a water bath while stirring to
ensure homogeneous heating. After the growth mixture
reached the targeted temperature (ca. 10 min), the magnet was
removed, and the solution was left at 80 °C in the oven over-
night. The obtained deep red colloid was centrifuged in 2 mL
tubes at 9000 rpm for 60 min, and the precipitate was redis-
persed with 5 mM CTAC solution. This process was repeated
twice, and the precipitated Au nanospheres were redispersed
in 5 mM CTAC solution to obtain a final [Au’] of 8 mM (as
determined from the Abs,oo nm: 1.92, optical path of 0.1 cm).

Synthesis of Au@Pd NCs

The seeded growth method, with some modifications, was
used to prepare core-shell Au@Pd NCs.>® Specifically, 8 mL of
a 5 mM Na,PdCl, (0.4 mM) solution and 1 mL of a 100 mM
ascorbic acid (1 mM) solution were added to 100 mL of a
freshly prepared CTAB solution (50 mM). Then, a given volume
of the prepared 8 mM 30 nm single-crystal Au nanospheres
solution was added to obtain Au@Pd with different compo-
sitions: 375 pL for Au;@Pdg3, 550 pL for Au,,@Pdgg, and 1.05
mL for Au,;3s@Pdg, (see Table S1f for more details on the
experimental feeding ratios). The growth mixture was then
heated on an aluminium block or in a water bath at 65 °C
under stirring at 300-500 rpm. After 30 min, the stirring was
stopped, and the growth solution was left undisturbed on an
aluminium block or in an oven at 65 °C for at least 12 hours.
The resulting Au@Pd NCs were sedimented at 6600-10 600 RFC

This journal is © The Royal Society of Chemistry 2025

for 15 min and redispersed in 5 mM CTAC solution. This pro-
cedure was repeated twice, and the NCs were finally redis-
persed in a 2 mM CTAC solution.

Synthesis of Au@Pt and Au@Pd@Pt NCs

A procedure similar to that described for Pd shell growth was
used for Pt shell growth.>® Specifically, 8 mL of a 5 mM K,PtClg
(0.4 mM) solution and 5 mL of a 100 mM ascorbic acid (5 mM)
solution were added to 100 mL of a freshly prepared CTAB solu-
tion (50 mM). Then, a given volume of the Au nanospheres
([Au®] = 8 mM; 376 uL), Au;s@Pds, NCs ([Pd°] = 8 mM; 2.75
mL) or Au;,@Pdg NCs ([Pd°] = 8 mM; 10.5 mL) was added to
grow Au;@Ptyz NCs, Au,@Pd;;@Ptso NCs or Au,@Pdg;@Ptsq
NCs, respectively (see Table S1} for more details on the experi-
mental feeding ratios). The growth mixture was then heated on
an aluminium block at 65 °C under stirring at 300-500 rpm.
After 30 min, the stirring was stopped, and the growth solution
was left undisturbed on an aluminium block or in an oven at
65 °C for at least 12 hours. The resulting Au@Pt NCs were sedi-
mented at 6600-10600 RFC for 15 min and redispersed in
2 mM CTAC solution. This procedure was repeated twice, and
the NCs were finally redispersed with 5 mM CTAC solution. To
determine the concentration of Pd°, UV-vis-NIR spectra of the
as-synthesized Au;,@Pdg, and Au;s@Pdg, NCs were recorded,
and the absorbance at 500 nm (or other wavelength above
300 nm, where ascorbic acid absorption band does not inter-
fere with the plasmon bands) was determined. Since the
reduction of Pd** was found to be quantitative (as supported by
the EDX analysis of the Au: Pd ratios of the final Au@Pd NCs,
corresponding to the feeding ratios; see Results and discussion
section), the measured absorbance at 500 nm corresponds to
0.4 mM of Pd (i.e., the concentration of Pd*" in the growth solu-
tion). This relationship was then exploited to adjust the concen-
tration of Pd° to 8 mM in the Au,;3@Pdg, and Au,;,@Pd, NCs
solutions after the purification stage via centrifugation.

Irradiation experiments

Au@Pt, Au@Pd and Au@Pd@Pt NCs with different compo-
sitions were irradiated using 5 ns laser pulses at 532 nm, gener-
ated by an amplified Nd:YAG laser system. Non-focused beam
irradiation regimes were applied. The selected irradiation

Nanoscale, 2025,17, 8577-8587 | 8579
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fluence was 64 ] m™> with a beam diameter of ca. 1 cm and
irradiation times of 30 min. The NCs were first redispersed in a
5 mM CTAC solution. The absorbance was adjusted to a range
between 0.4 and 0.6 at a wavelength of 500 nm. Subsequently,
30 mL of the sample was irradiated in an Erlenmeyer flask by
directing the laser from above under constant stirring at 300
rpm using a magnetic stir bar, and at room temperature.

Catalytic reduction of 4-nitrophenol to 4-aminophenol

In a 1 cm quartz cuvette, 1.34 mL of Milli-Q water and 13 pL of a
9.61 mM aqueous 4-nitrophenol solution (54.32 pM) were
added. Then, 750 pL of a freshly prepared 9.1 mM NaOH solu-
tion (2.967 mM) containing either 1.74 mg (20 mM), 3.48 mg
(40 mM), 5.22 mg (60 mM), 6.96 mg (80 mM) or 8.7 mg
(100 mM) of NaBH, was added, followed by the addition of
150 pL of a 5 mM CTAC solution and 50 pL of a 1.34 mM AuPt,
AuPd or AuPdPt NCs solution (0.0292 mM). The reduction
process was monitored via UV-vis spectroscopy. The consump-
tion of 4-nitrophenol was identified by tracking the absorbance
changes over time at 400 nm, where the maximum variations
occur. The apparent rate constants were calculated from the
absorbance vs. time plots using the first-order rate law
equation:*”

A=A+ AA-eH (1)

where 4, is the absorbance of the reaction mixture at time ¢, A¢
is the final absorbance, and k is the observed first-order rate
constant of the reaction (k,pp). Each experiment was replicated
at least three times to ensure the reliability of the results.

An exact concentration of metal atoms, 0.0292 mM, was
used for all experiments. The concentration of metal atoms
was calculated by determining the mass of NCs per mL of solu-
tion using an ultra-precision mass balance. After determining
the weight of a 2 mL Eppendorf tube, 1 mL of the selected NC
dispersion was centrifuged and redispersed twice in water to
remove any remaining CTAC. Subsequently, the sample was
redispersed in ethanol and centrifuged again to facilitate the
removal of CTAC and water. The sample was then dried to
evaporate the ethanol, and the Eppendorf tube was finally
weighed to determine the mass of NCs. This process was
repeated three times to ensure reliable results.

Transmission electron microscopy and EDX analysis. Low-
magnification TEM images were obtained by using a JEOL
JEM-1400PLUS transmission electron microscope operating at an
acceleration voltage of 200 kV. EDX elemental analyses were per-
formed using a detector (Super-X) with 0.23 sr solid angle at the
same microscope. STEM images were acquired using a JEOL
JEM-3000F transmission electron microscope operating at an
acceleration voltage of 200 kv in HAADF-STEM mode. EDX-based
elemental maps were recorded using an Oxford X-max 80 detector
at the same microscope at acquisition times of 120 seconds.

UV-Vis-NIR spectra. All experiments were carried out using
a Varian Cary 5G at 298 K and quartz cuvettes with optical
paths of 1 cm.
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Results and discussion

The envisaged methodology for alloy NC synthesis seeks sim-
ultaneous control over several critical aspects: composition,
elemental distribution, size and morphology. Among advanced
synthesis methods, colloidal seed-mediated growth routes are
particularly suitable for controlling the size or number of
atoms per NC.?° This is achieved through spatiotemporal sep-
aration of the early stages of NC formation, i.e., homogeneous
nucleation and the growth event. When different metals are
consecutively deposited onto the initial seeds, such a bottom-
up wet-chemical strategy also facilitates the growth of multime-
tallic heterostructures with targeted compositions. For these
reasons, we have adopted a seed-mediated approach to syn-
thesize Au@Pd@Pt NCs, which constitutes one of the two cor-
nerstones of the proposed methodology (Fig. 1). The other
involves the use of nanosecond pulsed laser irradiation to
ensure a homogeneous atomic distribution of Au, Pd and Pt
within the NC lattice, facilitating the formation of colloidal
alloy AuPdPt NCs.

Additionally, laser excitation enables the removal of facets
and roughness, favouring the formation of NCs with smooth
spherical morphology.®® It is important to note that metals
such as Au, Pd and Pt crystallize in a highly symmetric fcc
lattice and, accordingly, they tend to grow into highly faceted
shapes typically enclosed by low-Miller index facets such as
cubes ({100}), triangles ({111}), or cuboctahedra ({100} and
{111}).%*>*° Not surprisingly, most protocols for the synthesis
of noble metal smooth nanospheres are limited to dimensions
typically below 10 nm or involve etching processes to remove
facets, corners and vertices.***?

Morphology control in multimetallic NCs, including the
growth of colloidal alloy nanospheres, can be even more
challenging.”**** The main reasons for this can be related to
the interactions between different metal constituents (i.e.,
having distinct bond energies, crystal structures or atomic
radii) and metal-surface ligands (i.e., molecules and capping
agents used to control colloidal stability and surface energies),
leading to morphology evolution strongly dependent on the
metal NC composition.”*>**™** Moreover, due to the coexis-
tence of different reduced and oxidized metal species during
the colloidal growth process, galvanic replacement reactions
can also play an active role in the evolution of multimetallic
NC morphology.”*®*” For these reasons, pulsed laser
irradiation of multielemental NCs represents an exciting
approach to overcome the limitations of bottom-up wet-chemi-
cal methods in the synthesis of alloy NCs with homogeneous
elemental distributions and smooth spherical morphology.

Hence, we combined the capacity of seed-mediated routes
to control NC quality, composition and number of atoms per
lattice with the ability of pulsed laser irradiation to induce the
alloying process.*®*° A number of atoms per NCs of ca. 107
was selected, and the material of choice for the core was Au
owing to its high reduction potential: (i) ensuring high chemi-
cal stability, and (ii) preventing galvanic replacement reactions
during the growth of Pd and Pt shells (metals with lower

This journal is © The Royal Society of Chemistry 2025
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reduction potentials), which could eventually complicate com-
position control.

Moreover, Au offers the possibility of finely controlling the
nucleation and growth of Au NCs with narrow size distri-
butions between 1 and 200 nm, ie., a size tunability not
offered by other noble metals.>**%*° Thus, we hypothesized
that using single-crystal Au NCs as the core could eventually
allow us to synthesize alloy NCs of a wide range of sizes. This
is a significant advantage compared to most alloy NCs
reported in the literature, which typically display sizes between
2 and 20 nm due to challenges in simultaneously controlling
nucleation, growth and co-reduction processes. To maintain
the fraction of Au atoms close to 7 atomic%, we specifically
synthesized Au NCs with pseudo-spherical morphology (as
confirmed by the analysis of transmission electron microscopy
(TEM) images, Fig. 2A and Fig. S1}) containing (7.5 + 0.7) x
10° atoms (29 + 2 nm, Table 1). The synthesis process was
carried out in water using CTAC as a colloidal stabilizer and
ascorbic acid as a reductant. The growth was seeded with
single-crystal Au nanorods of 4.8 x 9.5 nm, which facilitated
the formation of high yield single-crystal Au NCs.*® Control
over the core crystal habit is crucial to ensure homogeneous
Pd shell growth, as the presence of twin-plane defects can
promote distinct shape evolutions and potentially lead to a
broad distribution of compositions (i.e., different amounts of
Pd deposited on the Au core depending on the crystal habit
due to different growth kinetics of twinned NCs compared to
single-crystal NCs).>%>">?

Au,@Pd.@Pt,,

Fig. 2 Synthesis of Au@Pt, Au@Pd and Au@Pd@Pt NCs. (A) Low-mag-
nification TEM image of Au nanospheres used as seeds during the
coating process. (B—E) TEM images of Au@Pd@Pt NCs with different
compositions of metals: Au;@Pdgz NCs (B), Au;@Ptgs NCs (C),
Au;@Pdgz@Ptzp NCs (D), and Au;@Pdsz@Ptgo NCs (E). Scale bars:
100 nm.
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Table 1 Number of Au, Pd and Pt metal atoms in the synthesized
heterostructures (estimated composition standard deviation of ca. 10%)

Number of metal atoms

NCs Au Pd Pt
Au,@Pdg; NCs 7.5 % 10° 9.9 x 10°

Au;,@Pdg, NCs 6.7 x 10°

Au;s@Pdg, NCs 3.5 x 10°
Au,@Pdg;@Pt;o NCs 6.7 x 10° 3.2 x 10°
Au,@Pd;;@Pts, NCs 3.5 x10° 6.4 x 10°
Au,@Pto; NCs 9.9 x 10°

In the next stage, Pd** was deposited on the synthesized
30 nm single-crystal Au NCs at 65 °C using CTAB as the col-
loidal stabilizer (and shape-directing agent) and ascorbic acid
to reduce Pd*>" on the Au core surface (seeds for the hetero-
geneous nucleation of the Pd shell). Three distinct Au:Pd
atomic ratios were explored: 7:93 (Au,@Pdoe; NCs), 10:90
(Au;p@Pdyy NCs) and 18:82 (Au;g@Pdg, NCs) by experi-
mentally tuning the concentration of Au cores in the growth
solution (i.e., at a constant [Pd>*]; see Experimental section,
Fig. 2B and Fig. S2-4t). These ratios correspond to Pd shells
containing ca. 9.95 x 10°, 6.75 x 10° and 3.5 x 10° Pd atoms,
respectively (Table 1). Analysis of TEM images of the three
different Au@Pd NCs revealed the growth of NCs with cubic
morphology in yields above 98%. In the presence of bromide
ions and using single-crystal seeds, the Pd shell growth follows
a conformal mode, where {100} facets are preferentially stabil-
ized, forming Pd shells enclosed by {100} facets.’*>* The pres-
ence of Au@Pd NCs with different morphologies and larger
dimensions could be attributed to a minor fraction of Au cores
having lattice defects. Notably, the use of single-crystal Au NCs
as core allowed us to prepare Au@Pd NCs with narrow size dis-
tributions, successfully facilitating control over compositions.
The observed increase of the edge length from 48 + 3 nm in
Au,3@Pdg, NCs to 60 + 3 nm in Au;(@Pdg, NCs and 73 =
2 nm in Au;@Pd¢; NCs nm shows that the Au : Pd atomic ratio
was effectively varied (Fig. 2B and Fig. S2-4f). Quantitative
elemental composition analysis via EDX spectroscopy revealed
experimental Au:Pd ratios very close to the feeding ratios,
indicating quantitative deposition of the Pd precursors and
reinforcing the suitability of the investigated synthesis route to
control NC compositions (Tables S1 and S27).

In the next stage, we investigated the growth of Pt shells on
the synthesized Au, Au;s@Pdg, and Au;,@Pdg, NCs. Three
samples were prepared with distinct Au : Pt atomic ratios: 7: 93
(Au,@Pto; NCs, Fig. 2C), 7: 30 (Au,@Pd;@Pt3, NCs, Fig. 2D)
and 7:60 (Au,@Pd;3@Ptsy NCs, Fig. 2E). The growth process
was carried out following a similar strategy to that used for the
Pd shell, using CTAB and ascorbic acid as colloidal stabilizer
and reductant, respectively (see Experimental section and
Fig. S5-71). TEM images of the products revealed Pt shells with
dendritic morphology, suggesting a growth mechanism that devi-
ates from the conformal growth mode observed in the case of Pd
(Fig. 2).”** This shape evolution of Pt shell is typically observed
in aqueous-based growth synthesis of Pt NCs.****>¢ Notably, the
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resulting NCs displayed narrow size distributions ranging from
95 + 3 nm (Au,;@Pto3; NCs) and 78 + 4 nm (Au,@Pd;3@Pts, NCs)
to 73 + 5 nm (Au;@Pde;@Ptso NCs).

Moreover, compositions were found to be close to the
theoretical values, supporting the suitability of the designed
methodology to grow multimetallic heterostructures with
defined elemental contents (Tables S1 and S27). As mentioned
above, the final step in the synthesis of alloy NCs proposed
herein relies upon the excitation of the prepared bimetallic
and trimetallic heterostructures with nanosecond pulsed laser
irradiation to promote the combination of the different metals
at atomic level (i.e., by increasing the mobility of the metal
atoms and enhancing interdiffusion).

This approach offers several advantages, including the
ability to preserve the colloidal stability of excited NCs and
achieve temperatures well above the melting point of most
metals (>1000-3000 K), which are critical to favour desired
alloying processes in colloidal NCs.*®*”° The fast heating
(between 10° and 10" K s™' depending on the pulse width)
and cooling (up to 10" K s~ depending on the environment)
dynamics help prevent aggregation and represent conditions
that are challenging to achieve with standard colloidal heating
methods (0.1-10 K s7%).2%**%° In previous studies, we demon-
strated the formation of alloyed AuAg and hollow AuAgPd NCs
through excitation with 800 nm femtosecond laser pulses.*®*°
However, the noble metal heterostructures obtained in this
work exhibit broad plasmon bands in the UV-vis wavelength
region (Fig. S8t). Therefore, the alloying process was investi-
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gated using 532 nm pulsed laser irradiation from a 5 ns-
pulsed 10 Hz Nd:YAG laser.

In this scenario, pulse fluence was found to be the most
critical parameter for the success of the alloying process. For
instance, excessively high fluences (i.e., 96 ] m~2) resulted in
undesired NC fragmentation, an effect well reported in Au NCs
excited with ns-laser pulses (Fig. $9-131).*®*° The optimal
pulse fluence and irradiation time were determined to be 64 J
m~? and 30 min, respectively. The dimensions of the irradiated
NCs ranged between 70 and 75 nm: 75 + 8 nm (Au,Pty; NCs),
70 + 4 nm (Au,Pd3;Pts, NCs), 73 + 4 nm, (Au,Pdg;Pt;y NCs)
and 75 + 5 nm (Au,Pdo; NCs) (Fig. 3 and 4). Moreover, the size
dispersity was practically maintained after the reshaping
process, with only the Au,@Pd; NCs showing a slight increase
in size dispersity. It is important to note that the colloidal
stability of the excited NCs was preserved due to the presence
of an excess of CTAC molecules in solution (5 mM). This
excess allowed for the replacement of surfactant molecules
that stabilize the NCs and may have degraded during the
irradiation process. As a result, it was not observed an undesir-
able loss of colloidal stability and z-potential measurements
showed no difference in the charge of the NCs before (40 mV)
and after (41 mV) irradiation with nanosecond laser pulses.

To determine whether the mixing of the constituents occurred
alongside the NC laser-mediated reshaping, we employed scan-
ning transmission electron microscopy STEM-EDX imaging
(Fig. 3 and 4) and line scans (Fig. S14t). The heterostructured
nature of the as-synthesized Au, Pd and Pt-based NCs was effec-

Fig. 3 Synthesis of bimetallic alloy NCs via excitation of bimetallic core—shell heterostructures using 30 min of excitation with a 532 nm, 5 ns-
pulsed laser irradiation from a Nd:YAG laser at a fluence of 64 J m~2. HAADF-STEM images (A—D) and EDX maps (E—H) of Au;@Pdoz (A and E) and
Au;@Pty3 (C and G) heterostructures, along with the resulting Au;Pdgs (B and F) and Au,Ptgs (D and H) alloy NCs obtained after laser irradiation.

Scale bar: 50 nm.
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Fig. 4 Synthesis of trimetallic alloy NCs via excitation of trimetallic core—shell-shell heterostructures using 30 min of excitation with a 532 nm,
5 ns-pulsed laser irradiation from a Nd:YAG laser at a fluence of 64 J m~2. HAADF-STEM images (A—D) and EDX maps (E—H) of Au;@Pds3@Ptgo NCs
(A and E) and Au;@Pdez@Ptso NCs (C and G) heterostructures, along with the resulting Au,PdszPteo NCs (B and F) and Au,PdgzPtso (D and H) alloy

NCs obtained after laser irradiation. Scale bar: 50 nm.

tively confirmed, and at the applied pulse fluences, the alloying
process was successfully achieved for all compositions. This is
particularly significant for the Au-Pt system, as Au is highly in-
soluble in Pt at room temperature (already at temperatures below
400 °C, in the composition range from ca. 15 to 100 weight% of
Pt).*" Likely, the formation and stabilization of such a metastable
AuPt alloy could be ascribed to: (i) the capacity of ns-pulsed laser
irradiation to heat NC lattice to high temperatures where Au and
Pt are miscible (>1073-1173 K), and (ii) the fast quenching of the
metastable phase due to the ultrafast cooling (at rates up to 10"~
10" K s7) of the colloidal NC lattice after the laser excitation.®>°
However, other effects associated to the nanoscale dimensions of
the studied AuPt NCs should not be discarded. These results vali-
date the advantages of the proposed synthesis strategy for prepar-
ing alloy NCs with precisely tailored compositions along with
control over morphology. More importantly, the synthesized alloy
NCs exhibit nearly identical number of atoms, which implies
similar amount of surface atoms. Alloy NC with distinct compo-
sitions and exact number of surface atoms will always present
different volumes and surface areas due to the distinct densities
of their component (i.e., Pd, Au and Pt in this work).

In this scenario, this methodology offers an exciting oppor-
tunity to disentangle the role of composition from those of
shape and number of atoms per NC lattice on the catalytic
behaviour of multimetallic NCs. In this regard, we investigated
the catalytic properties of the synthesized AuPd, AuPt, and
AuPdPt alloy NCs to gain preliminary insights into this
concept. Specifically, we selected the reduction of 4-nitro-

This journal is © The Royal Society of Chemistry 2025

phenol using sodium borohydride, a reaction commonly used
to determine the catalytic activity of relevant nanocatalysts.®?
This reaction serves as a model because it can proceed at
ambient temperature and pressure in aqueous solution, and it
does not proceed in the absence of a catalyst.**®?

This reaction evolution can be quantitatively monitored
using UV-vis spectroscopy, as nitrophenolate ions (the reaction
is carried out at basic pH, see Experimental section) and the
primary product, 4-aminophenol, have distinct absorption
bands at 400 nm and 300 nm, respectively. During the
reduction of nitrophenolate ions, the intensity of the 400 nm
band gradually decreases while the 4-aminophenol band at
300 nm concurrently increases.® In the present case, the time-
dependent evolution of the 400 nm band was strongly influ-
enced by the alloy NC composition. Au,Pdg;Pts, and
Au,Pd;;Ptso NCs showed higher catalytic activity than Au,Pdg;
and Au,Pty; NCs (Fig. 5A). Notably, the concentration of metal
atoms was 2.92 x 107> mM in all experiments, which corres-
ponds to NC masses of 5.70 x 107> mg ml™" (Au,Pte; NCs),
4.87 x 107> mg ml™" (Au,Pd3;Ptgo NCs), 4.07 x 107> mg ml™*
(Au,Pdg;Pts NCs), and 3.29 x 107> mg ml™" (Au,Pde; NCs). It
must be noted that the observed catalyst-dependent induction
period has been attributed to the time interval required for the
concentration of dissolved oxygen (which outcompetes 4-nitro-
phenol for borohydride) to fall below a critical threshold.®

It is worth noting that the concentrations of 4-nitrophenol
and sodium borohydride were fixed at 54.32 pM and 80 mM,
respectively. The large excess of sodium borohydride with

Nanoscale, 2025, 17, 8577-8587 | 8583
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Fig. 5 Investigation of the catalytic activity of synthesized alloy NCs in

the reduction of 4-NP with sodium borohydride. (A) Evolution of the
absorption maxima of 4-NP (at 400 nm) with time during the reduction
reaction catalysed by Au;Pdgz (black), Au;Ptys (yellow), Au,PdszPtgo
(cyan), and AuyPdgzPtzo (red) NCs. Reaction conditions: [4-NP] =
0.05 mM, [metal atoms] = 0.029 mM and [NaBH4] = 0.08 M, T = 25 °C.
(B) Time evolution of the absorbance at 400 nm during the reduction of
4-NP catalysed by Au;PdgzPtso NCs and linearized data for first-order
analysis corresponding to (A). (C) Comparison of the different ko,
obtained for the investigated alloy NCs.

respect to 4-nitrophenol was necessary for the reaction to
advance in a pseudo-first-order regime (Fig. $15-187):*”°°

_ @ = kapP [4NP] = obsS[NaBHd [4NP] (2)
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where k,p;, is the apparent rate constant, [4NP] is the concen-
tration of 4-nitrophenol at a given time ¢, ks is the second
order rate constant, S represents the metal catalyst surface,
and [NaBH4| is the sodium borohydride concentration
(assumed to be constant). Since the concentration of 4-nitro-
phenol can be determined via UV-vis spectroscopy, the inte-
grated pseudo-first-order rate law takes the following form:

- ln(::—;) — Kuppt 3)

where A, is the absorbance of the reaction mixture at time ¢,
and 4, is the absorbance at the end of the induction period.
The apparent rate constants of the reaction catalysed by the
different alloy NCs were determined from the fit of —In(4,/A,)
vs. the reaction time (Fig. 5B). The linearized analysis con-
firmed the high-quality first-order nature of the reaction
(Fig. $19-23f1). The retrieved k,p, values showed clear differ-
ences between the catalytic activity of bimetallic and trimetallic
alloy NCs, consistent with the time evolution of spectra at
400 nm presented in Fig. 5A. Specifically, the apparent rate con-
stants for Au,Pd;;Pteo, (6.8 + 0.5) x 107> s™', and Au,Pdg;Pts,
NCs, (6 + 1) x 107> s, were very similar and almost two orders
of magnitude higher than those of Au,Ptos, (2.0 + 0.3) x 1073
s™!, and Au,Pdo; NCs, (5 + 1) x 107> s7* (Table 2). These results
highlight the potential of increasing compositional complexity
in metal alloy NCs for catalytic applications.

In this context, the normalized rate constant (kn,;) was
determined to gain insights into our results compared with
previous reports:

kq
knor = ———22____ 4
""" Near - [NaBH,] )
where k,p, is normalized with respect to the total amount of

catalyst (n.ar, moles of metal atoms) and the borohydride con-
centration ([NaBH,]).

Table 2 Exemplary cases found in literature of catalytic performance
of several metal NCs typically used for the reduction of 4-nitrophenol
with sodium borohydride as reducing agent

knor Size

Catalyst (mol™s™*M™") (nm) Morphology Ref.
Au,Pty; NCs 3.70 x 10° 75 Sphere This work
Au,Pdy; NCs 9.00 x 10° 75 Sphere This work
Au,Pd;;Pteo NCs  1.30 x 107 70 Sphere This work
Au,Pdg;Pt;o NCs  1.10 x 107 73 Sphere This work
Pt NCs 4.95 x 10" 5 Sphere 70

Pd NCs 7.70 x 10* 58  Spherical 70

Aggregates

Au NCs 2.35x 10" 4.6  Sphere 70

Pt NCs 4.55 x 10" 21 Nanoflowers 66
Au@Pd, NCs 2.89 x 10° 36 Sphere 71
Au;,@Pdgg NCs  5.29 x 10° 77 Nanoflower 72

Pd NCs 5.67 x 10° 60  Cubic 73

Pd NCs 9.47 x 10° 2 Sphere 74

Au NCs 4.80 x 10° 2.6  Sphere 74

Au NCs 4.35x10° 5.6  Sphere 75

Au NCs 2.55 %107 13.4  Sphere 75

This journal is © The Royal Society of Chemistry 2025
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It is worth noting that the number of moles of catalyst, rather
than their masses, is provided here, as we aimed to compare the
catalytic performance of NCs containing multiple elements. The
distinct atomic masses of Au (196.97 g mol™'), Pt (195.08 g
mol™) and Pd (106.42 g mol™") imply that when ky, is
expressed in mass units, it is systematically higher for Pd-
enriched catalysts as compared to those with higher Pt content.
This is also in agreement with the fact that the concentration of
catalyst atoms was kept constant across all the performed cata-
lytic experiments. Moreover, utilization of moles of catalyst
enables a more direct evaluation of atomic efficiency of distinct
nanocatalysts, regardless, for example, of their dimensions, mor-
phology, surface area and composition (Table 2).

The normalized rate constant values obtained for the syn-
thesized bimetallic and trimetallic alloy NCs were approximately
(3.7 £ 0.5) x 10> mol ™" s M™" for Au,Pty; NCs, (9 + 2) x 10°
mol™* s7* M for Au,Pde; NCs, (1.3 + 0.1) x 10’ mol ' s™* M™*
for Au,Pd;;Ptso NCs, and (1.1 + 0.2) x 10’ mol™ s™* M™" for
Au,Pdg;Pt;o NCs (Fig. 5C). These values are among the highest
reported to date in literature for the reduction of 4-nitrophenol
catalysed by metal NCs with NaBH, as reducing agent, especially
for the case of trimetallic NCs, that is, Au,Pd;;Pts, and
Au,Pdg;Pt;, NCs, which highlight the potential of alloying
different metals at the nanoscale to produce a new generation of
advanced catalysts. This fact is particularly important when we
note that the dimensions of the synthesized trimetallic AuPdPt
NCs are significantly larger than those of typical nanocatalysts.
This results in a smaller surface area available for the catalytic
process, which could potentially decrease atomic efficiency
(Table 2). Finally, we investigated the reusability of the
Au,Pd;;Ptso NCs, the composition displaying the highest activity.
Importantly, the obtained results indicate that only a slight loss
of activity occurs after eight cycles, suggesting a relatively high
stability of the trimetallic alloy nanocatalyst (Fig S247).

The presence of three different elements homogeneously
distributed within the NC lattice can significantly modify the
electronic structure of the NC (ie., d-band center position)
and, consequently, the catalytic behaviour. Various effects can
be enhanced as the complexity of NC increases, including
ligand effects (arising from composition modification by intro-
ducing other transition metals), geometric (due to introduc-
tion of lattice strain by metals with distinct atomic radii), and/
or ensemble (synergistic effect resulting from the presence of
more thanone reactive site) effects.’®” % Nevertheless, further
investigations are needed to fully understand the high catalytic
activity exhibited by alloy AuPdPt NCs in the reduction of
4-nitrophenol using sodium borohydride.

Conclusions

In summary, we have developed a methodology to address a
major synthesis challenge in nanoscience: the fabrication of alloy
multielemental NCs with smooth morphology, tunable compo-
sitions, and a fixed number of atoms per NCs. The
proposed strategy combines colloidal growth methods and

This journal is © The Royal Society of Chemistry 2025
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ns-pulsed laser irradiation. Wet-chemical bottom-up approaches
offer fine control over composition and the number of metal
atoms per particle, while pulsed laser irradiation facilitates the
alloying process and the formation of smooth spherical NCs.

The process begins with the synthesis of 30 nm single-
crystal Au nanospheres, which serve as seeds for the growth of
core-shell Au@Pd NCs with distinct Au:Pd ratios: Au;@Pdog,
Au;@Pde; and Au,@Pds;; NCs. In the next stage, different
amounts of Pt atoms were deposited on the Au,@Pds; and
Au,@Pd;; NCs, as well as on the 30 nm Au nanospheres, result-
ing in the formation of Au,@Pdgs;@Ptso, Au,@Pd;;@Pts,
Au,;@Pty; and Au,@Pdy; NCs. This process led to the synthesis
of four types of heterostructure NCs with distinct compositions
but an equal number of metal atoms per NC lattice, as
confirmed by TEM and EDX analysis. Subsequently, the inter-
diffusion and mixing of the different metals within the
distinct NCs was triggered by irradiation with 532 nm, 8 ns Nd:
YAG laser pulses at a fluence of 64 ] m ™2, inducing the formation
of alloy Au,Pdyz;, Au,Ptez Au,Pde3Ptsy and Au,Pd;;Pts, NCs, as
confirmed by EDX elemental analysis. The excitation with ns-
pulsed laser irradiation also modified the NC morphology,
enabling the formation of alloy NCs with smooth, spherical
shapes. Therefore, the major difference between the obtained
alloy NCs lies solely in their composition, which facilitates
reliable studies on the composition-catalytic activity relationship
of colloidal NCs. A preliminary exploration of this idea revealed
that the catalytic reduction of 4-nitrophenol to 4-aminophenol
with sodium borohydride was significantly enhanced by trimetal-
lic Au,Pd;;Ptso and Au,Pde;Pt;o NCs as compared to bimetallic
Au,Pty; and Au,Pdy; NCs.

Thereby, we have productively demonstrated a wet-chem-
istry approach to fabricate multimetallic spherical NCs with
unprecedented control over both the composition and number
of atoms per particle. The combination of seed-mediated
growth routes with ns-pulsed laser irradiation may be appli-
cable for synthesizing more complex alloys, for example high
entropy alloys, as far as core-multishell metal NCs can be syn-
thesized successfully.
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