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Composition-Controlled Laser-Induced Alloying of Colloidal
Au–Cu Hetero Nanoparticles

Daniel Kranz, Patrick Bessel, Marina Rosebrock, Max Niemeyer, and Dirk Dorfs*

Due to their optical properties (localized surface plasmon resonance, LSPR),
colloidally dispersed metal nanoparticles are well suited for selective heating
by high-energy laser radiation above their melting point without being limited
by the boiling point of the solvent, which represents an excellent complement
to wet-chemical nanoparticle synthesis. By combining wet-chemical synthesis
and postsynthesis laser treatment, the advantages of both methods can be
used to specifically control the properties of nanoparticles. Especially in the
colloidal synthesis of nanoalloys consisting of two or more metals with
different redox potentials, wet-chemical synthesis quickly reaches its limits in
terms of composition control and homogeneity. For this reason, the direct
synthesis path is divided into two parts to take the strengths of both methods.
After preparing Au–Cu hetero nanoparticles by wet-chemical synthesis,
nanoalloys with previous adjusted composition can be formed by
postsynthesis laser treatment. The formation of these nanoalloys can be
followed by different characterization methods, such as transmission electron
microscopy (TEM), where the fusion of both metal domains and the formation
of spherical and homogeneous Au–Cu nanoparticles can be observed.
Moreover, the alloy formation can be followed by different shifts of X-ray
diffraction (XRD) reflections and LSPR maxima depending on the composition.
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1. Introduction

Nanoparticles possess interesting new
properties compared to bulk materials.
For example, metallic nanoparticles show
high absorption cross sections due to
their plasmonic properties (localized sur-
face plasmon resonance, LSPR), which
make them well suitable for heating by
high-energy light sources. This process is
called plasmonic heating.[1,2] Due to their
monochromatic light and their high point
intensities, laser systems are well suited as
light sources for such processes. Heating
in colloidal solution is of particular interest
since this is only possible to a limited extent
by conventional ways such as heating of the
entire liquid phase due to the limitation of
the achievable temperature by the boiling
point of the solvent.[1,3] By absorbing a spe-
cific wavelength and simultaneous optical
transparency of the surrounding medium,
nanoparticles can be selectively heated
to temperatures well above their melting
point, while the surrounding medium

remains almost at room temperature.[4] In general, laser pro-
cesses involving colloidal particles are divided into various sub-
groups under the generic term laser synthesis and processing
of colloids (LSPC), which differ primarily in the starting mate-
rial (substrate, macro- or nanoparticles), the focusing of the laser
beam and the laser intensity.[5] In so-called laser ablation in liq-
uids (LAL) and laser fragmentation in liquids (LFL) processes,
nanoparticles are synthesized by vaporization and fragmentation
from target substrates or macro particles at high point intensi-
ties. In contrast, milder conditions are used in laser melting in
liquids (LML) processes, whereby only melting of the particles
is to be achieved.[5,6] In this way, for example, it is possible to
reshape rod-shaped gold particles into spherical nanoparticles.[7]

Furthermore, it is possible to influence the crystal structure and
to induce phase transitions.[8,9]

In addition to monometallic compounds, intermetallic
nanoparticles such as nanoparticle alloys exhibit new prop-
erties, which make them very interesting for applications in
catalysis,[10] electronics,[11] sensing[12] as well as for biomedical
applications.[13] Nanoparticle alloys can be synthesized by various
methods, such as chemical reduction, seed-mediated diffusion,
and electrochemical deposition. The mainly used method is
wet-chemical co-reduction, in which two metal precursors are
reduced simultaneously resulting in an alloy.[14–16] By adjusting
the ratio of the metal precursors, different compositions can
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be obtained.[15,17] To obtain a homogeneous alloy, similar redox
potentials are required, which is often difficult to achieve.[14,15,18]

Prunier et al. therefore compared the formation of an Au–Cu
alloy via two different methods. They observed that coreduction
of the Au and Cu precursor in a wet-chemical coreduction
process tends to result in an inhomogeneous compound with
monometallic domains. Furthermore, compositional control
proved to be difficult. In contrast by using a pulsed laser
deposition (PLD) process, homogeneous compounds with a
targeted composition could be obtained.[18] In the meantime,
laser processes have been added to the list of possible synthesis
methods for nanoparticle alloys. In general, commonly used
laser processes for the synthesis of nanoalloys are based on two
approaches, the irradiation of alloy substrates with a target com-
position and the laser treatment of a mixture of monometallic
colloids or metal salts in solution.[19,20–22] It is also possible to
form alloy nanoparticles by thermal diffusion of presynthesized
hetero nanoparticles. The possibility of such a procedure was
already published by Gonzáles-Rubio et al. who obtained Au–Ag
alloys starting from colloidal Au–Ag core–shell nanorods. They
further showed that the degree of alloying can be controlled
by appropriate laser parameters (laser fluence, number of laser
pulses).[23] The control of the degree of alloying by thermal dif-
fusion has also been shown by van der Hoeven et al. In contrast
to the previously mentioned laser procedure, they heated Au–Ag
core–shell nanoparticles inside a transmission electron micro-
scope (TEM) by using a heated sample holder to observe the
alloy formation in situ by energy dispersive X-ray spectroscopy
(EDX) as a function of temperature and composition.[24]

In this work, we continue the previous mentioned pioneer
work on this topic by the investigation of the composition-
controlled laser-induced alloying of colloidally dispersed Au–Cu
hetero nanoparticles. Apart from ablation/fragmentation laser
processes and the above-mentioned control of the degree of al-
loying, especially the composition-control of nanoalloys starting
from well-defined colloidal hetero nanoparticles by a LML pro-
cess has not been well studied. However, this process offers great
potential due the combination of the strengths of wet-chemical
synthesis and selective laser treatment of colloidal nanoparticles.
For this purpose, Au–Cu hetero nanoparticles with different
gold to copper ratios shall be prepared in the first step. By
wet-chemical synthesis the homogeneous growth of the copper
domains on gold nanoparticles can be controlled very well by
varying the amount of copper precursor. Alloy formation shall
then be achieved by laser treatment of the colloidal solution. Due
to the selective heating and melting process of the Au–Cu hetero
nanoparticles, fusion of the metal domains occurs. By heating
above the melting point, homogeneous mixing of the metal
atoms will be achieved, resulting in the formation of a nanoalloy
after resolidification. Due to the isochoric melting process, the
composition of the individual particles does not change com-
pared to the initial hetero nanoparticles. Thus, the composition
(gold to copper ratio) of the laser-induced nanoalloys can be
previously adjusted and controlled by wet chemical synthesis,
which opens the door for controllable alloying processes of a
variety of further metal systems such as Au–Ag,[21–23,25] Ag–Bi,[26]

Au–Fe,[20] Au–Zn,[27] Fe–Pt,[28] and Ag–Pt,[29] whose alloy for-
mation could already be observed by LAL and LFL methods. In
principle, the implementation of this method is conceivable for

all alloy-forming metal systems as long as they exhibit suitable
absorption properties in the range of the laser wavelength.

2. Results and Discussion

Au–Cu hetero nanoparticles were synthesized using a slightly
modified procedure described by Jia et al. (see Section 4 for de-
tails). The amount of copper precursor was varied to obtain Au–
Cu hetero nanoparticles with different sized copper domains on
gold nanoparticles. In addition, copper nanoparticles were pre-
pared using the same procedure without adding gold particles.
All particles are illustrated in Figure 1. The gold nanoparticles
have an average particle size of (39.9 ± 3.5) nm. The sizes of the
copper domains are approximately (13.9 ± 3.2) nm (3:1 Au–Cu-
ratio) nm, (26.7 ± 6.0) nm (1:1 Au–Cu-ratio) and (35.1 ± 12.1) nm
(1:3 Au–Cu-ratio). These sizes are difficult to evaluate by TEM
images due to their anisotropic shape. To get comparable particle
sizes, the thickest part of the copper domain was determined.
The synthesized copper nanoparticles have an average particle
size of (56.4 ± 7.4) nm (see Figures S1-S5 in the Supporting
Information for details). To consider the laser-induced heating
process of Au–Cu hetero nanoparticles more in detail, the absorp-
tion efficiencies of gold and copper nanoparticles were calculated
using Mie theory (see Figure S6 in the Supporting Information
for details). The calculations show that both the gold and the
copper nanoparticles exhibit high absorption efficiencies in the
range of the laser wavelength of 532 nm. According to these
results, both metal particles are well suited for laser-induced
heating experiments. In the particle size range considered here
(<50 nm), the absorption efficiency of gold is about twice as high
as the absorption efficiency of copper. For this reason, it can be
assumed that the gold domain can be heated to higher tempera-
tures and thus primarily induces the melting or alloying process.
The Au–Cu hetero nanoparticles were then irradiated with the
second harmonic of a nanosecond Nd:YAG laser (532 nm, 20 mJ
cm−2, 10 laser pulses). Figure 1 illustrates the particles before
(Figure 1A–F) and after the laser treatment (Figure 1G–J). After
the laser treatment, all particles are spherical in shape (thermo-
dynamically most favorite shape), which indicates a successful
laser-induced melting and resolidification process. The fusion
of the gold and copper domains leads to an increase in the entire
particle size. The volume of the particles corresponds approx-
imately to the summed volume of both metal domains before
the laser treatment (Figures S1–S5, Supporting Information).
A growth of the particles, as described in many reports on LML
processes mostly due to (pre-)agglomeration, cannot be observed
here.[8,30] This isochoric fusion is probably the result of a high
colloidal stability as well as a low laser fluence and a low number
of laser pulses.[31] The hetero structure of the Au–Cu hetero
nanoparticles disappears after the laser treatment, indicating the
formation of Au–Cu nanoalloys. In contrast, particles with differ-
ent contrasts are still visible in the case of the simple mixture of
gold and copper nanoparticles. To investigate if nanoalloys were
formed, TEM energy dispersive X-ray spectroscopy (TEM-EDX)
mappings of the Au–Cu hetero nanoparticles with an Au–Cu-
ratio of 1:3 and of the mixture before and after the laser treatment
were taken. Here, due to the expected equivalent behavior of
all three Au–Cu hetero particle solutions, the particles with the
largest copper domains were chosen for the TEM-EDX mapping
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Figure 1. A–F) Laser-induced composition-controlled alloying of Au–Cu hybrid nanoparticles with different ratios of Au and Cu and comparison with a
mixture of Au and Cu nanoparticles. G–J) After the laser treatment, the hetero particles were transformed into spherical alloy nanoparticles. In the case
of a mixture, the Au and Cu nanoparticles were also reshaped into spherical particles but not alloyed during the heating process.

and the observation of the alloying process. In the TEM-EDX
mappings, illustrated in Figure 2, the hetero nanoparticles show
different colored and separated gold (red) and copper domains
(blue) before the laser treatment (Figure 2A–H). After the irra-
diation process (Figure 2I–P), the gold and copper signals are
homogeneous distributed over the entire particle volume, which
in turn results from the formation of Au–Cu alloys without
monometallic domains. The slightly blue background of the
gold nanoparticles results from copper parts inside the TEM (in-
terference radiation). In contrast, the mixture of gold and copper
nanoparticles without direct particle contact to each other does
not result in the formation of alloys, showing that a direct contact
is required for the fusion of two metal domains in LML processes
compared to different laser processes with higher laser fluences,
like LFL processes. In addition to these results, reference ex-
periments were also performed to investigate if also a one-step
process of the synthesis solution would lead to equivalent results.
For this purpose, colloidally dispersed gold nanoparticles, a cop-
per(II) chloride solution and the wet-chemical synthesis mixture
without the addition of reducing agents were laser-treated. In
summary, no evidences of an alloying process were obtained,
confirming the requirement of the two-step process consisting
of wet-chemical synthesis and subsequent laser treatment (see
Figure S7 in the Supporting Information for details).

The formation of Au–Cu nanoalloys were also investigated by
X-ray diffraction (XRD). Figure 3 illustrates XRD diffractograms

of all three Au–Cu hetero particle solutions (Figure 3A–C) as well
as the mixture of gold and copper nanoparticles (Figure 3D). Be-
fore the laser treatment, all reflections can be assigned to either
elemental gold (38.2° 2𝜃, 44.4° 2𝜃, 64.7° 2𝜃, 77.7° 2𝜃) or copper
(43.5° 2𝜃, 50.6° 2𝜃, 74.3° 2𝜃). After laser treatment, in the case of
the mixture of gold and copper particles (Figure 3D), there is only
a slight change in the intensities of the reflections which results
from the reshaping of the particles due to the melting process.
In the case of the hetero nanoparticles (Figure 3A–C), the inten-
sity of the reflections which can be assigned to gold and copper
decreases, while new reflections appear which can be assigned to
Au–Cu alloys (Au3Cu: 39.8° 2𝜃, 46.0° 2𝜃, 67.2° 2𝜃; AuCu: 40.7°

2𝜃, 47.2° 2𝜃, 69.1° 2𝜃; AuCu3: 41.9° 2𝜃, 48.6° 2𝜃, 71.3° 2𝜃). The
yield of nanoalloys decreases with increasing copper domain size
(Figure 3A–C), which could be related to the optical density and
the energy profile of the laser beam. On the one hand, an increase
in particle size results in an increase in shadow effects. On the
other hand, more material must be heated. Since the heating of
the hetero nanoparticles occurs primarily via the gold domain,
more energy is required for the entire alloying process. Due to
the gaussian energy profile of the laser beam, the nanoparticles
must be localized closer to the center of the beam. As a result, less
particles in total can be heated to temperatures above the melting
point per laser pulse and the probability of nonheated hetero par-
ticles and intermediates increases. The position of these reflec-
tions varies depending on the Au–Cu ratio and are located closer
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Figure 2. A–H) TEM-EDX mappings before and I–P) after the laser treatment of Au–Cu hetero nanoparticles (Au:Cu – 1:3) and a mixture of gold
and copper nanoparticles. In contrast to the mixture, gold and copper domains fused together and the correspond signals (Au: red, Cu: blue) are
homogeneous distributed after the laser treatment in the case of the hetero particles. The slightly blue background of the gold nanoparticles results
from copper parts inside the TEM (interference radiation).

to the reflections of elemental gold or copper. These observations
are consistent with the existing literature. By laser ablation of Au–
Cu nanoalloys on a TiO2 substrate with increasing gold content,
Hong et al. also observed a shift of the reflection characteristic
for Cu towards the value for Au. The higher the gold content, the
closer to the characteristic gold position.[32] The higher the cop-
per content in the hetero particles and finally in the nanoalloy,
the further the XRD reflections of the alloys shift away from the
values of gold and approach the typical values for copper. This
results from the increasing occupation of the gold lattice struc-
ture by copper atoms. The position of the reflection can be used
to determine the respective lattice constant (see Figure S8 in the
Supporting Information for details). The lattice parameter can be
used to determine the percentage composition. According to Ve-
gard’s law, which describes the dependence of the lattice constant
of an alloy on its composition, the composition of the nanoalloys

was determined after the laser treatment.[33] The alloyed Au–Cu
hetero particles with a gold to copper ratio of 3:1 (Au:Cu) thus
contain 68.7% Au and 31.3% Cu. The alloy therefore contains a
slightly higher copper content than expected. In contrast, the al-
loyed hetero nanoparticles with a gold to copper ratio of 1:1 and
1:3 (Au:Cu) show very good agreements with the gold to copper
ratio used during the wet-chemical synthesis, with 49.2% Au and
50.8% Cu, and 25.1% Au and 74.9% Cu respectively (see Table
S1 in the Supporting Information). The reflections of the nanoal-
loys exhibit a higher full width at half maximum. Since the width
of the Scherrer reflections correlates directly with the size of the
crystalline domains, this could indicate a decrease in the domain
size after the laser treatment. On the one hand an increase of the
width of the reflections and a decrease of the crystalline domain
size therefore probably results from an increase of the polycrys-
tallinity of the nanoparticles during the laser treatment and after
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Figure 3. A–C) X-ray diffraction of the laser-induced, composition-controlled alloying of Au–Cu hetero nanoparticles. The composition of the alloy can
be controlled by the gold to copper ratio of the hetero particles. D) In the case of a mixture of gold and copper nanoparticles, no alloy is formed.

the resolidification process. Additionally, this could also be the
result of a mixture of different, not exactly stoichiometric alloy
phases. Since a certain size distribution can be expected both in
the synthesis of the gold nanoparticles and in the growth of the
copper domains, a slight deviation of individual particles from
the ideal composition is well in line with expectations. This is also
supported by the fact that the gold–copper system is a fully misci-
ble system and can be confirmed by TEM. Here, not all gold par-
ticles are exactly uniformly overgrown by copper domains. Addi-
tionally, it is also possible that the metal domains are not yet fully
but only partially fused, which would be expected especially with
increasing copper domain size and would also result in a slight
deviation from the ideal stoichiometric composition. Neverthe-
less, when comparing the previously determined percent com-
positions of the laser-treated nanoalloys by XRD, it clearly shows
that they agree well with the ratios of gold to copper used during
the wet-chemical synthesis.

In addition to the crystal structure, the particles were also op-
tically characterized before and after the laser treatment, illus-

trated in Figure 4. Initially, two maxima in the absorbance are
observed in all hetero particle solutions (Figure 4A–C) as well
as in the case of the mixture of gold and copper nanoparticles
(Figure 4D). These result from the localized surface plasmon res-
onance (LSPR) of the metal domains. The LSPR bands of the het-
ero particles at 540 nm can be assigned to gold and the LSPR band
at 585 nm can be assigned to copper. Both are bathochromically
shifted compared to the bands of the pure metal nanoparticles in
the mixed solution. This can be expected due to the direct par-
ticle contact and resulting change of the dielectric environment.
During the laser treatment, the absorbance of the LSPR bands of
all investigated particle solutions decreases, which results from
the reshaping of the particles because of the melting process. In
addition, after the laser treatment of the hetero nanoparticles, a
new band appears between the positions of the LSPR bands of
gold and copper, while the absorbance of the gold and copper
LSPR decreases with an increasing number of laser pulses. This
indicates a conversion of the monometallic domains into an alloy
structure. The position of this band depends on the Au–Cu ratio,
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Figure 4. UV–vis spectra of the composition controlled alloying of Au–Cu hybrid nanoparticles during laser irradiation. After the laser-induced heating
process, the typical bands for the localized surface plasmon resonances (LSPRs) of Au and Cu were transformed into one single band between both
positions. A–C) The position of the new band is dependent on the composition of the nanoalloy. D) In the case of the mixture of gold and copper
nanoparticles without direct particle contact, the LSPR bands of gold and copper are still visible and no additional appears.

like the position of the XRD reflections (Figure 3A–C), which is
consistent with the existing literature. Kuladeep et al. observed
this dependence of the LSPR band of nanoalloys on the composi-
tion also for Au–Ag alloys. They show a linear shift of the position
of the Au LSPR to the Ag LSPR with increasing silver content.[21]

Based on the position of the LSPR Maximum of the nanoalloy
compared to the position of the Au and Cu LSPR maxima, the
composition can also be determined, equivalent to the determi-
nations based on the positions of the XRD reflections and lattice
constants. In this case, a gold to copper ratio of 3:1 (Au:Cu) re-
sults in a percentage composition of 70.8% Au and 29.2% Cu.
Similar to the determination of the composition via the lattice
constants, a slightly higher copper content than expected can be
observed here. With gold to copper ratios of 1:1 and 1:3 (Au:Cu),
percentage compositions of 47.9% Au and 52.1% Cu, and 27.1%
Au and 72.9% Cu respectively could be determined which are well
in line with the gold to copper ratios used for the wet-chemical
synthesis of the hetero particles and the values determined via

the lattice constants (see Table S2 in the Supporting Information
for details). In contrast to the shifting of the LSPR Maxima in the
case of the hetero particles, in the case of the mixture of gold and
copper nanoparticles (Figure 4D), the LSPR bands of both metals
are preserved. To investigate if an accumulation of laser pulses is
required or if this alloying process is a single-pulse process, addi-
tional single pulse experiments, illustrated in Figure 5, were per-
formed. In all cases (Figure 5A–C), the formation of nanoalloys
occur already after one single pulse (Figure 5D–F, some alloyed
Au–Cu particles are highlighted in red circles), which demon-
strates that the melting or alloying of bimetallic nanoparticles is
a single-pulse process. Compared with the laser treated hetero
nanoparticles shown in Figure 1 (ten laser pulses), the number of
alloyed particles is significantly lower, although theoretically the
entire volume of the particle solution is irradiated by the laser.
This can be primarily explained by shadow effects and the en-
ergy profile of the laser beam. If several particles are arranged
one behind the other parallel to the beam direction this leads to
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Figure 5. A–C) Single pulse experiments of the hetero nanoparticles. D–F) One single laser pulse led to the formation of nanoalloys, which shows that
the laser-induced alloy formation is a one-pulse process (some alloyed particles are highlighted in red circles). The yield of nanoalloys can be increased
by an increasing number of laser pulses.

shadow effects and an axial decrease in the laser fluence. In addi-
tion, the gaussian energy profile of the laser beam causes a lateral
decrease of the laser fluence on the way from the center to edges
of the beam. Regular mixing of the nanoparticle solution during
the laser treatment is required to reduce the influence of these ef-
fects. Due to the need of certain amounts of nanoparticles for the
characterization methods, it is also beneficial to find a balance
between the concentration of the nanoparticle solution and the
thickness of a suitable cuvette for the laser treatment. Depending
on the gold to copper ratio (Figure 5A–C), the number of melted
and alloyed particles after the laser treatment differs from each
other. The yield of nanoalloys decreases with increasing copper
domain size (Figure 5D–F), which in turn could also be related
to shadowing effects and the energy profile of the laser beam as
discussed above.

Finally, we also performed supporting X-ray photoelectron
spectroscopy measurements (XPS), which are well in line with
the proposed alloy formation (see Figures S9–S12 in the Support-
ing Information for a detailed discussion).

3. Conclusion

We separate the wet-chemical synthesis of hetero nanoparticles
and the subsequent laser-induced alloy formation in two steps.
This separation allows to combine the strengths of both meth-
ods, wet-chemical synthesis and plasmonic heating of colloidally
dispersed nanoparticles without being limited by factors such
as different redox potentials or required alloying temperatures.
By varying the amount of copper precursor during the growth
synthesis of copper domains on gold nanoparticles, Au–Cu het-

ero nanoparticles with different Au–Cu-ratio could be obtained.
Subsequently, the hetero nanoparticles prepared in this way were
irradiated with the second harmonic of a nanosecond Nd:YAG
laser and heated up. This led to a fusion of the metal domains
and the formation of Au–Cu nanoalloys. In TEM-EDX map-
pings, homogeneous distributed nanoalloys can be observed.
The added-up volume of the metal domains also corresponds
to the volume of the nanoalloys, which shows that the melting
or alloying process is isochoric. In contrast to the alloying of
the hetero nanoparticles, only a reshaping of the particles can
be observed in the case of a simple mixture of gold and copper
nanoparticles, indicating that a direct domain contact is re-
quired in the LML-alloying process presented here. In addition,
single-pulse experiments demonstrated that an alloy formation
is principally a single-pulse process and that an increase in the
number of laser pulses only increases the yield of nanoalloys.
Both, the Au–Cu hetero nanoparticles and the mixture of gold
and copper nanoparticles were also investigated by energy
dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD),
UV–vis spectroscopy, and X-ray photoelectron spectroscopy
(XPS) before and after the laser treatment. All techniques show
that only in cases of the laser treatment of hetero nanoparticles
with direct particle contact, nanoalloys were formed. The compo-
sition of the nanoalloys depends on the ratio of gold to copper in
the respective hetero nanoparticles, which allows to control the
composition of the final alloy during the wet-chemical synthesis
of the hetero structures. In summary, the gold–copper-ratio of
the hetero nanoparticles can be well tuned and controlled by
wet-chemical synthesis. The subsequent laser-induced heating
process leads to an isochoric melting and fusion of both metal
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domains without changing the previous adjusted gold to copper
ratio. Due to its simplicity, the separation of the well-tunable
wet-chemical synthesis and the subsequent alloy formation via
laser treatment directly in colloidal solution offers great potential
for a variety of further multicomponent metal systems.

4. Experimental Section
Chemicals: Trisodium citrate dehydrate (99.0 %) was purchased from

ABCR. Hydrogen tetrachloroaurate(III) trihydrate (99.99 %) was pur-
chased from Alfa Aesar. Hexadecyltrimethylammonium bromide (CTAB,
>99 %) was purchased from Acros Organics. Hexadecylamine (HDA,
>95 %) was purchased from Merck. Copper(II) chloride (99%) was pur-
chased from Sigma Aldrich. l-Ascorbic Acid was purchased from VWR.

Synthesis of Au Nanoparticles: Au nanoparticles were prepared in a
seeded-growth synthesis according to the procedure described by Jia
et al.[34] For the preparation of the seeds, 0.032 g (0.11 mmol, 2.2 × 10−3

m) trisodium citrate dihydrate were dissolved in 50 mL MilliQ water in a
100 mL three-neck flask. The solution was heated to the boiling point un-
der stirring. After reaching the boiling point, 333 μL of a HAuCl4 solution
(25 × 10−3 m) was added. After 10 min, the temperature was set to 90 °C.
For the growth of Au nanoparticles, 333 μL of trisodium citrate solution
(60 × 10−3 m) was added followed by 333 μL of the HAuCl4 solution (25 ×
10−3 m) after two minutes. This step was 12 times repeated every 30 min.
Then, the solution was cooled to room temperature. The Particles were
separated by centrifugation (6000 g, 10 min), washed with water and re-
dispersed in 5 mL of water.

Synthesis of Au–Cu Hetero Nanoparticles: Au–Cu hybrid nanoparticles
were synthesized by a slightly modified procedure published by Jia et al.[34]

First, 0.5 mL of the Au nanoparticle solution was separated by centrifuga-
tion (6000 g, 10 min) and redispersed in 0.5 mL CTAB solution (0.5 × 10−3

m). For the synthesis of Au–Cu hybrid nanoparticles, 12 mg (0.05 mmol)
hexadecylamine was dissolved in 8.575 mL MilliQ water in a 25 mL three-
neck flask. The solution was heated to the boiling point. After the hexade-
cylamine was completely dissolved, a certain amount of CuCl2 solution
(0.1 m) was added. In the case of the 3:1 ratio (Au:Cu) 30 μL, for the 1:1
ratio (Au:Cu) 100 μL and for the 1:3 ratio (Au:Cu) 300 μL CuCl2 solution
was used. After 15 min, the Au nanoparticles in CTAB solution followed by
825 μL ascorbic acid solution (0.2 m) were then added and stirred for 1 h
under reflux. The solution was cooled to room temperature. The particles
were separated by centrifugation (6000 g, 10 min), washed with water, and
redispersed in 2 mL of water.

Synthesis of Cu Nanoparticles: The copper nanoparticles were prepared
according to the Au–Cu hybrid nanoparticles with the exception that no
gold particles were added. In contrast to the above-mentioned synthesis,
only 75 μL CuCl2 (0.1 m) solution was used in the case of monometallic
copper nanoparticles.

Laser Treatment of Colloidally Dispersed Nanoparticles: The colloidally
dispersed nanoparticles were irradiated in a quartz glass cuvette with
the second harmonic of a Continuum Surelite I-10 nanosecond-pulsed
Nd:YAG laser with a wavelength of 532 nm, a beam diameter of 6 mm
and a pulse width of 6 ns. For this, 5 μL of the particle solution (50 μL
in the case of XRD and XPS measurements) was dispersed in 500 μL of
water in a special quartz glass cuvette. The dimensions of this cuvette are
1 cm × 1 cm × 3 cm (L×W×H). To reduce the volume of the cuvette, the
cuvette was narrowed by two-thirds in one dimension by glass walls, re-
sulting in two sides with different solution cross-sections. To achieve the
highest possible irradiation efficiency, the cuvette was aligned accordingly
with the larger irradiation cross-section to the laser beam. The particle was
then irradiated with a laser fluence of 20 mJ cm−2 (incident laser fluence)
for a total of 10 laser pulses. After each laser pulse, the cuvette was shaken.
In this way, the influence of axial and lateral fluence gradients should be
kept as low as possible.

XRD: The X-ray diffraction measurements were performed by a Bruker
D8 Advance in reflection mode under the use of Cu K𝛼 radiation (30 kV and
40 mA). Before and after laser treatment respectively, the nanoparticles

were separated by centrifugation (6000 g, 5 min) and redispersed in 20 μL
of water. The solution was then drop-casted onto a Si wafer and dried at
air. Powder diffraction files from the ICSD database: Au: PDF no. 00-066-
0091, Cu: PDF no. 00-004-0836, Au3Cu: PDF no. 01-071-5023, AuCu: PDF
no. 01-074-7033, AuCu3: PDF no. 00-035-1357.

TEM: Transmission electron microscopy measurements were per-
formed using a Fei Tecnai G2 F20 with a field emission gun operating
at 200 kV. Before and after laser treatment respectively, the nanoparticles
were separated by centrifugation (6000 g, 5 min) and redispersed in 20 μL
of water. The nanoparticle solution was then drop-casted onto a Quantifoil
carbon-coated copper grid (300 mesh) and dried at air.

Optical Spectroscopy (UV–vis-Spectroscopy: The UV–vis spectra were
recorded with a modular spectrometer integrated into the laser setup. An
Ocean Optics DH-2000 was used as the light source and an Ocean Optics
HDX spectrometer as the detector. Both devices were connected to the
cuvette holder, in which the cuvette was located, with a fiber optic cable.
The light beam was perpendicular to the laser beam.
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the author.
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