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Monophasic ligand-free alloy nanoparticle
synthesis determinants during pulsed laser
ablation of bulk alloy and consolidated
microparticles in waterf
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Stephan Barcikowski*

Chemical syntheses of homogenous solid solution alloy nanoparticles of noble metals require high
temperature above 100 °C. Beside this, aqueous co-reduction methods lead to phase separation. In contrast,
pulsed laser ablation in liquid (PLAL) allows synthesis of alloy nanoparticles with totally homogeneous
ultrastructure in aqueous media at room temperature without reducing agents or organic ligands. However,
to date, the dominant alloy formation process during PLAL is not fully understood. Based on the model of
Ag—Au alloy, we elucidate that the underlying mechanism is not affected by post-irradiation or interactions
with colloidal particles in solution but is caused directly by ablation. In this context we analyzed nanoparticles
generated from alloy targets with 9 different compositions as well as pure Ag and Au references using UV-Vis
spectroscopy, TEM and TEM-EDX line scans. The obtained results highlight that the total composition but not
the microstructure of the applied target is the dominant parameter ruling elemental composition in the
resulting solid solution alloy nanoparticles. Based on these findings, the application of pressed targets of
metal powder mixtures in a continuous laser process with residence time <60 s allows economical
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Introduction

Alloy nanoparticles (NPs) are of increasing interest due to their
beneficial properties in contrast to their monometallic consti-
tuents."” They particularly benefit from the fact that their
optical, catalytic as well as magnetic properties are tunable
based on the elemental compositions of the particles.*™ A well-
studied bimetallic system is the combination of Ag and Au
which possess similar lattice constants while the two elements
are completely miscible over the entire composition range.®
Furthermore, both metals display intense and well-defined surface
plasmon resonance (SPR) bands in the visible range and the optical
absorption spectra of Ag-Au alloy NPs generally exhibit one SPR
band whose maximum depends on the alloy composition.””

Fig. 1 shows the SPR peak positions of Ag-Au NP colloids in
aqueous solutions as a function of the gold molar fraction (GMF).
Here, data taken from the literature as well as our results are
grouped by the corresponding synthesis route (biological, chemical,
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fabrication of alloy nanoparticles ideally suited for applications in catalysis or biomedicine.
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Fig. 1 Surface plasmon resonance peak of Ag—Au nanoparticle colloids
as a function of gold molar fraction (GMF) and synthesis method. All data
derived from biological, chemical and laser-based synthesis methods
reveal a linear correlation of the SPR peak maximum with the GMF.
Deviating SPR peak positions of NPs from different methods are attributed
to surface ligand influences.® "

and laser-based). Overall, the SPR peak position linearly increases
with the GMF, whereas recent calculations have emphasized not
strongly linear dependency.'® Additionally, these data clearly show
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that the SPR peak position depends on the synthesis method that is
used to generate the NPs. In contrast to laser-generated alloy NPs, a
red-shift of the SPR peak occurs in chemically and biologically
synthesized alloy NPs. These differences may be attributed to the
fact that during biological and chemical synthesis NPs are
invariably stabilized with ligands. The presence of ligands
increases the refractive index in the nanovicinity of the particle
surface and hence induces a bathochromic shift of the SPR peak
maximum,'®" with laser-generated alloy nanoparticles having
the lowest SPR wavelengths.

In contrast to the previously mentioned fabrication methods,
pulsed laser ablation in liquids (PLAL) enables the generation of
ligand-free NPs.**>* This is a prerequisite for a variety of applica-
tions, in order to ensure e.g. high catalytic activity, exclusion of
toxic effects in biomedical applications or an improved sensitivity
in analytical applications.>>*>*° Beside these effects, the control
of the chemical reaction method for generation of homogeneous
Ag-Au nanoparticles is difficult due to the different reduction
potentials.>” Therefore, co-teduction of Ag and Au precursors
leads to the formation of nanoparticles with a gradient, where
more noble metal (Au) is reduced first and is hence more
abundant in the core of the formed nanoparticle.”®

Thus, motivated by the superior nanomaterial properties
several studies on laser-based Ag-Au nanoparticle synthesis
have been carried out over the last few years,'>'7:?331:32:44

The formation of NPs during PLAL entails a number of
physicochemical processes which are summarized in Fig. 2.
Briefly, the incoming laser pulse is adsorbed by the bulk
material forming a plasma (C2). This is followed by the generation
of an expanding cavitation bubble, while crystalline NPs are formed
inside the cavitation bubble by nucleation and coalescence (C1).2*°
Related to materials that escape this confined volume, mecha-
nism B involves ejecting diffusion and interaction of activated
species like ions or atom clusters with colloidal NPs present
in the surrounding medium. Under stationary conditions,
which are generally used for studies of PLAL, the next incoming
laser pulse will irradiate the currently generated NPs leading
to scattering, absorption, and inciting fragmentation effects
(mechanism A).
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Fig. 2 Mechanisms of nanoparticle synthesis using pulsed laser ablation in
liquids with different steps like (a) post-irradiation (interaction of colloidal
particles with the laser beam), (b) coalescence and reaction of the generated
species with colloidal particles and (c) ablation and cavitation bubble formation.
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Accordingly, PLAL-based ligand-free alloy NP synthesis has
been successfully conducted based on three methods:

(a) Post-irradiation of Ag and Au NP colloids generated
during PLAL*>'731

(b) PLAL of Ag or Au bulk targets in Ag or Au NP colloidal
solutions™

(c) PLAL of bulk alloy targets'>?>33244

Method (a) is an extensively studied method to fabricate
Ag-Au-NPs based on post-irradiation of a colloidal mixture of
previously generated Ag- and Au-NPs. This method is sketched
as mechanism A of the formerly described processes in Fig. 2.
Depending on the pulse length and the laser wavelength,
fragmentation of the NPs and subsequent sintering,** melting
and diffusion processes are discussed to occur during the
formation of bimetallic NPs.>* Compagnini et al. showed that
re-irradiation first leads to core-shell NPs, later (¢ > 10 min)
succeeded by alloy NP formation.?' In accordance, Besner et al.
proposed that after colloidal mixtures of Ag and Au are post-
irradiated for 20 minutes by femtosecond white light filaments,
Ag atoms diffuse into Au NPs and homogenous NP alloys are
formed."” Another study showed that post-irradiation of a
colloidal mixture of Au and Ag resulted in alloy NP formation
after 25 min.? Furthermore, the bimetallic composition of the
nanoparticles is controlled via the initial molar ratio of Au and
Ag nanoparticles in solution."”*?

A second method (b) to generate Ag-Au alloy NPs has
recently been studied by Intartaglia et al. Thereby, pulsed laser
ablation of Ag or Au bulk is carried out in a colloidal solution of the
other constituent. This experimental approach covers combinations
of mechanisms A and B sketched in Fig. 2. During this process, both
might occur, an Ag-Au-NP formation directly during ablation of one
component due to the presence of NPs of the other constituent
(mechanism B of Fig. 2) as well as an alloying afterwards through
re-irradiation (mechanism A of Fig. 2). But the experimental
design of method (b) inherently makes the differentiation
between the dominant mechanisms difficult. The composition
of the Ag-Au alloy NPs is tunable by adjusting the concentration
of the colloidal solution prior to the irradiation process, the laser
wavelength and the irradiation time.*

In contrast to (a) and (b), the third synthesis method (c)
involves ablation of a bulk target by PLAL in a one-step process.
Lee et al. previously demonstrated that Ag-Au-NPs preserve the
stoichiometry of the target during 30 min of PLAL." At such long
processing times, two processes, ablation and post-irradiation, take
place and differentiation between them is difficult. However, it is
yet unclear at which stage of the formerly described mechanisms A,
B, C during PLAL the alloying NP formation dominantly occurs.
Derived from the three interacting mechanisms, we designed the
experimental approach as depicted in Fig. 3 which allows us to
clearly differentiate between A-C. In contrast to the literature, we
examined the mechanism during shorter ablation or irradiation
times in order to simulate quasi single pulse experiments. In
addition, the influence of both, the target composition and its
microstructure on the NP alloy formation process during PLAL is
studied using bulk alloy targets as well as a mixture of Ag and Au
microparticles pressed as pellet targets.
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Experimental Approach
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Fig. 3 Experimental approach divided into (A) post-irradiation, (B) pulsed
laser ablation in colloidal solution and (C) pulsed laser ablation of (1) bulk
alloy and (2) pressed Ag—Au microparticle powder target.

Experimental
Materials

Ag100_x—Au, alloy bulk (x = 10 to 90 mol% in 10% intervals)
were obtained from Research Institute for Precious Metals and
Metals Chemistry (FEM, Germany). For the measured density of
alloy targets see ESIT (Fig. S1). The pure silver foil (99.99%) was
purchased from Goodfellow GmbH (Germany) and gold foil
(99.99%) from Allgemeine Gold und Silberscheidenanstalt AG
(Germany). Ag micro powder (>99.9%, 4-7 pm) and Au micro
powder (=99.9%, 5.5-9.0 um) were purchased from Alfa Aesar.

The water used for all experiments was purified using a
Millipore Ultrapure water system to a resistivity of 18.2 MQ cm
at 25 °C.

Methods

Nanoparticle synthesis was performed using a Nd:YAG ns-laser
(Innolas SpitLight DPSS250-100) at a wavelength of 1064 nm
and 532 nm with a repetition rate of 100 Hz and a laser fluence
of 575 mJ] ecm~ > (calculated for unfocussed laser beam in
ambient gas). During PLAL, targets were placed on the bottom
of a glass vessel filled with 5 mL of water (Fig. 3C) or Ag and Au
colloidal solution (Fig. 3B). The liquid layer above the target
was 20 mm. If not stated otherwise the experiments were
carried out at the same fluence without focusing of the beam
with a raw beam diameter of 4 mm, using the fundamental
wavelength of 1064 nm and a process time of 60 s. The detected
spot size on the target surface after ablation was 1.8 mm
(Fig. S2, ESIf). The measured particle size from the TEM
micrographs for all nanoparticle compositions was around
10 nm (Fig. S3, ESIY).

Post-irradiation experiments were performed after mixing
Ag and Au colloids generated during PLAL in water (Fig. 3A).
The molar concentrations of the colloidal Ag and Au NPs
corresponded to half of the concentration of NPs in solution
achieved during 15 s of laser ablation of Au and Ag bulk targets,
respectively.

Ag and Au powders at different ratios (Ag,Au;oo_x, X = 0, 20,
40, 50, 60, 80 mol%) were mechanically stirred for 30 minutes
prior to compression molding. The mixture was pressed with a
total pressure of 10 tons (0.739 GPa) for 10 min to form
compact targets based on a procedure previously used by Zhang
et al.*® All the operations were performed at room temperature.
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The targets had a thickness of 0.2 mm and a diameter of
13 mm. For a digital microscope image of the target surface
see ESIt (Fig. S2).

Characterization

The optical absorption spectra of the colloids were recorded in
a quartz cuvette (Helma Analytics, 10 mm) at room temperature
using an Evolution 201 UV-Vis spectrometer in the range of 300
to 800 nm. The extinction signal of the spectrometer has been
calibrated by 667.305-UV standard (Hellma GmbH & Co. KG).

Transmission electron microscopy (TEM) images were
acquired using a Philips CM 12 at an acceleration voltage of
120 kv. The TEM-EDX measurements were carried out using a FEI
Tecnai F20 transmission electron microscope (acceleration voltage
200 KV). For sample preparation, a small droplet of freshly prepared
colloidal solution was deposited onto a carbon-coated copper grid
and air dried. The particle size was determined by measuring the
diameter of more than 1000 individually dispersed particles
identified in TEM images by using the software Image]J.

The pressed micropowder targets were characterized by
scanning electron microscopy with a Hitachi TM3000. The
composition of the target was detected using an energy dispersive
X-ray (EDX) spectrometer Quantax 70 from Bruker Nano GmbH.

Ablation rates were determined by weighing the target prior
to and after the ablation process using a microbalance (Precisa
40SM-200A, Precisa Gravimetrics AG, Switzerland) with a 10 pg
accuracy.

Results and discussion
Results

Post-irradiation of mixed Ag and Au colloidal solution. Fig. 4
shows the UV-Vis spectra of a colloidal mixture of Au and Ag
NPs at a 1:1 molar ratio after post-irradiation for up to 90 s.
Over the whole irradiation time range, spectra reveal two distinct
absorbance maxima located at around 397 and 509 nm, corres-
ponding to Ag and Au plasmon bands, respectively. Hence, no alloy
formation is spectroscopically detectable for an irradiation time of
90 s. Ag nanoparticles normally show more intense plasmonic
features in comparison to Au nanostructures of similar size
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Fig. 4 Post-irradiation of Au and Ag colloidal mixtures reveals no alloy
formation but isolated particle fractions. (a) Wavelength of surface plasmon
resonance of Ag and Au, respectively, as a function of irradiation time; (b) spectra
of Ag and Au colloidal solution after different times of post-irradiation.
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and shape. The plasmon band absorption of Ag NPs is narrower
and higher compared to plasmon band absorption of Au NPs due
to the higher molar extinction coefficient and narrower plasmon
band width of Ag NPs.*® Even if there would be a formation of
Ag-Au alloy NPs, this fraction is not dominant and does not
contribute to the extinction signal detected in our experiments.

PLA in colloidal solution. At the same fluence of the post-
irradiation experiment, pulsed laser ablation of targets immersed
in colloids has been carried out. Pulsed laser ablation of Au was
carried out in a Ag NPs solution. Fig. 5a shows the wavelength of
the SPR peak of Au and Ag at variable ablation times. As the
ablation time increases, the SPR peak position of Ag remains
unchanged while the SPR peak position of Au is slightly shifted
towards shorter wavelengths. Within the first 90 s the SPR peak
position of Au is higher than 500 nm, which indicates that during
the first minute of ablation no alloy formation occurs or is
detectable. Furthermore, spectra show almost no difference in
NPs generated using the fundamental wavelength (1 = 1064 nm)
in comparison to spectra of NPs fabricated using the second
harmonic wavelength (1 = 532 nm).

In Fig. 5b the ratio between the intensity of Au and Ag is
depicted and shows a linear incline with increasing ablation
time. As expected, the Au NP concentration increases with
longer Au target ablation times. No dominant shielding effect
of the laser beam due to the presence of Ag NPs in solution is
therefore detectable during this short time period.

In the following experimental series target and colloid material
were switched. The results of PLAL of Ag in Au NP colloidal solution

14

sl - " o 121 k| ¢ 5320m
F 500 8cde B g >4 .| = 1084nm
= 480 107188
& T 08
& 460, e .
< A ©0532nm = 064 g =
S 44071 ¥ »o1064nm 2 ol
S 420 0.4+ .
> Ag & L]
Saodyyune, 1 Y 02 el

380 b———————— 00—+

0 25 50 75 100 125 0 25 50 75 100 125

a) ablation time [s] b) ablation time [s]
520 - 4
800000 ” ° < 1.0 f A L
T 500 Al 8 ; M B
= 0.84 J
c S o.
= 480 £ (
E 8 r —10s
o 460+ .I. g 067 | ---20s
< . {
S 440 . : % ——50s
g I g 044 ¢ \- ...-180 o
3 420 g , R
s £ o024} -\
3400- fassnm, o Ag § ) '4,\‘~
380 - 0.0 e

0 25 50 75 100 125 300 400 500 600 700
ablation time [s] d) wavelength [nm]

Fig. 5 Nanosecond laser ablation of metal targets in the presence of colloidal
nanoparticles (a and b: Au targets + Ag colloids; ¢ and d: Ag targets + Au
colloids) shows no significant alloying. (a) Wavelength of SPR peak position of
Ag and Au versus the ablation time and (b) SPR peak intensity of Au in relation
to Ag as a function of ablation time during PLAL (at a laser wavelength of
1064 nm and 532 nm) of Au in Ag NP colloidal solution; (c) wavelength of SPR
of Au and Ag as a function of ablation time during PLAL of Ag in Au NP colloidal
solution; (d) peak-normalized spectra of Ag and Au NP colloidal solution during
PLAL of Ag in Au NP colloidal solution at different ablation times.
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are demonstrated in Fig. 5c and d. Fig. 5¢ shows the wavelength of
the SPR peak of Ag and Au with increasing ablation time of the Ag
target. Up to an ablation time of 120 s there is no shift of the SPR
band of Ag detectable while a slight initial decrease of the SPR band
of Au from 520 nm to 500 nm within 10 s is observed. Exemplary
UV-Vis spectra in Fig. 5d show that the SPR peak contribution of Au
diminishes continuously in its contribution of the total SPR
spectrum with higher ablation times due to increasing concentra-
tions of Ag NPs in solution. No shift of the plasmon peak position
and no new SPR peak are observed indicating no formation of alloy
NPs under these short irradiation time conditions.

In summary, during the first minute of ablation, no alloy NP
formation induced by post-irradiation or interactions with
previously released Au or Ag NP is detectable. Hence, an
ablation time of 60 s was used for the following experiments
allowing us to exclude potential side-effects from previously
investigated mechanisms.

PLAL of bulk alloy targets. Pulsed laser ablation of solid alloy
targets in water was carried out with the same laser fluence as
mentioned above. Fig. 6 shows the results of PLAL of alloy bulk
targets with varying gold and silver molar fraction. The wave-
length of the SPR of NPs generated during PLAL is plotted
against the GMF in Fig. 6a. The plasmon band is red-shifted
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Fig. 6 PLAL of bulk alloy targets in pure water causes homogeneous alloy
NP formation. (a) Wavelength of surface plasmon resonance peak of Ag—Au
nanoparticle colloids generated during 60 s PLAL of alloy bulk as a function
of GMF and (b) peak-normalized UV-Vis spectra of colloids; (c) extinction at
SPR at a molarity of 0.14 mmol L™t and (d) extinction coefficient as a
function of GMF. Red circles represent values taken from Link et al®
(e) Number weighted particle size as a function of GMF. These values were
taken from the peak maxima of log normal-fitted particle size distributions
from TEM images. (f) Correlation of GMF of laser-generated nanoparticles
measured by TEM-EDX with GMF of the bulk alloy targets.
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(between 393 nm (Ag) and 529 nm (Au)) with an increasing
amount of gold following a linear relationship corresponding
to results found in the literature (Fig. 1 and 6a; compare
ablation in acetone and methanol in Fig. S4 in ESIf). Even
though slight deviations from linearity were found, they are
<4.2%. This is well within the error range of the experiment
(compare error bars in Fig. 6a) and does not constitute a
significant trend. Furthermore, it is generally known that the
SPR peak position in pure Au and Ag nanoparticles is size
dependent.***° However, this factor seems to be negligible in
our experiments as the particle size did not significantly change
with the GMF (Fig. 6e). Maybe effects attributed to particle
composition clearly overshadow possible crystal size effects.
Plasmon resonance spectra have been recorded in the colloidal
state, so that hydrodynamic phenomena like plasmon coupling
caused by agglomeration may also be a contributing factor.®
The spectra of the generated NPs, which are depicted in Fig. 6b,
show distinct and single peaks clearly indicating formation of
homogenous (solid solution) alloy NPs. Two bands would be
expected in the case of NPs with a phase segregation or
pronounced core-shell structure.*®

In order to compare the extinction characteristics of ligand-
free Ag-Au NPs in solution, Fig. 6¢ shows the extinction at the
SPR maximum at an equal molarity of 0.14 mmol L™ ", As the
GMF increases the extinction of the SPR peak maximum
decreases exponentially. In the same manner the extinction
coefficient (integrated over the whole UV-Vis spectrum)
decreases with increasing GMF, depicted in Fig. 6d. The extinc-
tion coefficient is found to be almost constant for GMF > 0.4.

In this diagram, data of extinction coefficients reported by
Link et al. are added for comparison which are in good agree-
ment with our results.® For instance, an extinction coefficient for
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Au NPs of 4400 M~ ' em™" derived from our study is comparable
with 4000 M~" ecm ™" taken from the literature. The extinction
coefficient of GMF below 0.5 measured by Link et al. is higher
which might be due to differences in the sizes of the generated
NPs since the extinction coefficient is strongly size-dependent.
Correspondingly, an exponential relationship is found between
the extinction coefficient and GMF in the literature and our data
consistently.

To validate the UV-Vis measurements of the colloids indicating
monophasic alloy nanoparticles, analysis of the intra-particle
element distribution and nanoparticle composition was carried
out by TEM-EDX analysis. The representative line scans and
selected-area composition measurements of nanoparticles are
shown together with associated UV-Vis spectra of the colloids in
Fig. 7. According to the line scans, both elements are homo-
genously distributed in the analysed nanoparticles. Formation
of phase boundaries or segregation of the elements, which
is well detectable with this technique as recently shown by
Malviya et al.,*' was not detected. To verify these results, the
line scan analysis was done on ten differently sized nano-
particles for each GMF (see Fig. S5 in ESIt). Nevertheless, the
EDX analysis of selected nanoparticles indicates that their
composition slightly deviates from the bulk alloy material
(Fig. 6f) at low GMF. For these silver-rich compositions, the
resulting NPs contain less silver than their bulk counterpart.
This behaviour of silver-based nanoparticles in aqueous solu-
tions is well known and could be explained by Ag oxidation and
Ag" ion release.**** In our case, deviation of the silver content
for GMF 0.2 is 5 at% which corresponds to silver depletion up
to 8.6 nmol mL~*. This appears to be realistic in comparison
to the ion release of citrate stabilized silver nanoparticles
produced by chemical synthesis.*®
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Fig. 7 Comparison of UV-Vis spectra of Ag—Au colloids, element distribution (TEM-EDX line scans) and composition of single Ag—Au nanoparticles generated
during PLAL of bulk alloys with different GMF (EDX). The composition information of the bulk target is according to the X-ray fluorescence analysis. The analysis
confirms formation of homogeneous and monophasic alloy nanoparticles with composition similar to ablated bulk target (see also 120 line scans in Fig. S5, ESIT).
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In summary, it is evident that for the Ag-Au system aqueous
synthesis of monophasic nanoparticles with homogenously
distributed elements is possible over the whole molar fraction range.

In general, it is evident that in contrast to former results
during experimental approaches A and B, a process time of 60 s
is enough to form alloy NPs from alloy bulk during PLAL.
Consequently, the alloy formation does not require interaction
with dispersed colloids but is directly caused by the laser
impact on the bulk material. In order to further elucidate the
influence of the target material on alloy formation during PLAL
we switched from a homogeneously distributed bulk alloy target
to a pressed powder target consisting of micrometer-sized
particles.

PLAL of pressed micro powder mixture targets. Laser abla-
tion of pressed Ag and Au micro powder target with different
amounts of Au has been carried out in deionised water. Results
of the wavelength of the SPR as a function of GMF together with
results from PLAL of homogenous alloy bulk are shown in
Fig. 8. A good agreement could be found between NPs gener-
ated during PLAL of pressed micro powder and NPs generated
during PLAL of alloy bulk targets. Both targets allow fabrication
of alloy NPs (Fig. 8a). In order to explain these results, a
detailed analysis of the composition of the pressed micro
powder target was conducted.

Fig. 8b shows the EDX mapping of the pressed micro powder
target cross section. The inner structure of the target consists of
single spherical particles with distinct areas of Ag and Au
particle assemblies. It is shown that the target is bimetallic and
no solid-solution alloy was present. Ag and Au microparticles are
distributed randomly inside the target. Microparticles as a dry
powder are often agglomerated and mixing is frequently not
sufficient to completely separate all single particles. Since the
diameter of the laser spot on the target is 1.8 mm (Fig. S2, ESIt)
and the average particle size obtained from SEM images (Fig. 8c) of
the Ag and Au microparticles is 3 um, it results in the irradiation of
more than 0.36 x 10° consolidated microparticles per pulse. Thus,
the laser beam irradiates an area big enough to ensure an ablation
of Ag and Au microparticle fractions consistent with the ratio of
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Fig. 8 Comparison of SPR band position of Ag—Au colloids produced
with PLAL from bulk alloy and pressed Ag and Au micro powder target (a),
EDX mapping of pressed Ag—Au micro powder target cross section (b),
microparticle size distribution and SEM image (c) of pressed Ag and Au
micro powder target (GMF 0.4).
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Fig. 9 Representative TEM images and size distribution of NPs generated
during PLAL of homogeneous alloy bulk (a) and of pressed micro powder
target (b) with a GMF of 0.8.

Ag and Au fractions mixed prior to target fabrication. The size
distribution of the pressed microparticles shows slightly smaller
particles compared to the specifications of the manufacturer
(5.5-9 um for gold and 4-7 um for silver powder) probably due to
the different size measurement methods.

Exemplarily determined size distributions of generated NPs
are depicted in Fig. 9 and show a relatively broad distribution
for NPs generated during ablation of bulk alloy target (poly-
dispersity index (PDI) 0.9) as well as of NPs generated during
ablation of the pressed micro powder target (PDI 0.8). The
curves were fitted with a lognormal function and peak maxima
of alloy bulk (11 nm) and pressed targets (14 nm) are in a
comparable regime. The inset showing representative TEM
micrographs confirms the presence of spherical primary nano-
particles in both cases.

Discussion

During the post-irradiation experiments of Au and Ag colloids
in solution, short irradiation times (<90 s) revealed no detect-
able formation of alloy NPs. It cannot be excluded that a small
fraction of alloy NPs are formed during nanosecond-pulsed
laser irradiation but not dominant enough to be above the
detection limit of the spectrometer. During post-irradiation,
the colloidal monometallic NPs absorb the laser pulse. If the
absorbed energy is high enough, Ag and Au NPs can be heated
above their melting and boiling points inducing a reaction of
the NPs with other NPs, which is a concentration and time
controlled process.””?* Thus, post-irradiation methods used to
successfully fabricate homogenous Ag-Au alloy NPs were found
to require relatively long irradiation times (more than 10 min)
and/or high intensity pulses like femtosecond filaments found
in literature.®'”*! But in our case, nanosecond laser pulses and
short processing time conditions were chosen. In the determi-
nation of the dominant factor in the alloy formation process
during PLAL, post-irradiation (mechanism 4, in Fig. 2) might
therefore be excluded.

Furthermore, during PLA in colloidal solution no alloy
formation is detectable below an ablation time of 120 s. This
experimental approach was chosen in order to examine
whether activated species or atoms ejected during ablation of
Ag or Au, respectively, might interact with the NPs of the other
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component already present in solution besides or in combination
with post-irradiation effects. Using a similar experimental
approach, Intartaglia et al. fabricated alloy NPs after longer ablation
times of 10 min. This seems to indicate that during this alloying
process post-irradiation, high extinction cross sections of the
particles in order to absorb laser energy and ultrashort laser pulse
duration are necessary prerequisite.”> This was further backed by
examinations on the laser wavelength dependency. In contrast to
Intartaglia et al., we found no wavelength dependency indicating
that absorption effects during short ablation times are not
significant for alloying, at least in the nanosecond pulsed laser
regime. Furthermore, alloying by collision of activated nano-
particle species is also meant to be a concentration dependent
process which can be neglected due to the short time scale used
in our experimental design. As alloying by post-irradiation and
collision of activated nanoparticles can be excluded during
nanosecond-laser, short-interval processing, we suggest that
the dominant alloy formation is directly caused by ablation of
the target (Fig. 2, mechanism C).

This third experimental approach revealed that only 60 s
of ablation of Ag-Au alloy bulk is sufficient to dominantly
generate Ag-Au NPs with characteristic plasmon absorption
peaks and composition closely resembling the bulk target. This
confirms that the alloy formation is identified to occur directly
by ablation (Fig. 2, mechanism C).

Our results are consistent with the explanation for the
alloyed particle formation given by Lee et al who used
30 min to generate alloy NPs during PLAL of alloy bulk.™ The
authors of that study proposed that immediately after the laser
irradiation, atoms and/or small particles would be ejected
through vaporization, followed by the build-up of a dense cloud
of metal atoms (Ag and Au atoms) near the laser spot. Our last
experimental approach of changing the constitution of the
target from bulk alloy to a pressed mixture of Ag and Au
microparticles showed almost no difference in the formation
and composition of alloy NPs. Hence, the formation of nano-
particles and clusters is independent from the microstructure
of in the ablated target, at least for structures significantly
smaller than the laser spot diameter. The ablated spot of
pressed micro powder target in our experiments shows laterally
separated Ag and Au microparticles. Despite of this, homogeneous
alloy nanoparticles are found, which points at sufficient mixing in
plasma plume or cavitation bubble. A slight difference in the size of
the NPs fabricated from the alloy and the pressed target has been
determined which might be due to differences in the target’s
surface grain structure, which occurs during mixing of the element
atoms. It has been recently demonstrated that the grain size of
the target influences the size of the NP generated during laser
ablation.*®

It cannot be exactly determined if the formation happens
during laser-induced cavitation (Fig. 2, C1) or already in the
plasma plume (Fig. 2, C2) since the analytics applied in our
experiments is not sufficiently sensitive to discriminate
between these processes occurring on a very short time scale.
It is clear that inside the cavitation bubble crystalline NPs are
already formed and present during PLAL.>*”° However, the
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exact time point of solid solution formation of the Ag and Au
species cannot be elucidated.

Finally, it can be concluded that the alloy nanoparticle
formation process during ablation of alloy targets is fundamentally
different from the one occurring based on post-irradiation,
fragmentation, and melting. The main discriminator in this case
is the required irradiation time, which is much shorter for NP
generation during ablation based on an explosive rearrangement
of atoms in the cavitation bubble. Positively speaking, it seems
that nanosecond laser ablation is an appropriate method
to fabricate monophasic aqueous alloy nanoparticles, without
disturbance by post-irradiation effects.

Conclusion

The obtained results seem to indicate that alloy formation
during PLAL is found to happen either directly in the plasma
plume or inside the cavitation bubble during coalescence and
growth of the particles. This is backed by findings showing no
detectable side-effects due to post-irradiation at 60 s or colloi-
dal nanoparticles in solution. In order to fabricate ligand-free
alloy NPs with tunable compositions in a one-step process, we
recommend the use of PLAL carried out in a liquid flow
chamber with a residence time of <60 s. A mass yield of, e.g
AgAu (50:50) NPs of 840 mg per day is achievable at a laser
power of 14 W (see data of ablation rates in Fig. S6 in ESIT).
Assuming a continuous flow rate of 10 mL min~ ', the
permanent outflow concentration of ligand-free alloy NPs would
be 175 mg L.

Fabrication of Ag-Au alloy NPs is successful by PLAL of
either bulk alloy or pressed micro powder target composed of a
mixture of both elements. This indicated that the micro-
segregation of the target is mixed by the ablation process,
either in the early plasma or liquid spallation phase, or later
during the cavitation in the liquid confinement. Since Ag-Au
bulk alloys with tunable compositions are difficult to obtain,
the generation of alloy NPs during PLAL of pressed micro
powder target composed of a mixture of both elements is a
smart alternative method simple to fabricate. In these consoli-
dated targets, the composition of the later nanoparticle crystals
can be easily tuned by weighing the micropowder fractions
before mixing. Interestingly, even though the alloy constituents
are segregated on micro scale, mixing of the elements is caused by
laser ablation in liquid confinement. This allows the elemental
atoms to resolidify in the monophasic solid solution state,
homogeneous on the nanoscale. This method may be transfer-
able to other alloys found to be interesting for applications such
as optics,”>*’ catalysis'>*® or biomedicine.>***
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assistance in the generation of colloids for line scan and TEM-
EDX measurements.
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