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Introduction particular strength in catalyst screening applications,

Metal alloys shaped the history of humankind like no
other class of material. Cu and Sn formed the first
manmade alloy, i.e. bronze, which lent its name to an
entire age of man. The increased hardness and wear
resistance of bronze compared to its parent metals
paved its way as a universal tool and weapon mate-
rial. As history progressed, steel alloys, as the most
important material class of the new age, took over.
From their domination of the macroscopic world,
alloys started entering the nanoscale. Intriguing
properties of nanoparticles like the visible local sur-
face plasmon resonance found for Au and Ag parti-
cles, for example, can be tuned by alloying both
metals in desired compositions [1, 2]. The high
specific surface, often required in catalytic processes,
makes nanoparticles excellent catalysts. Particular
interest lies in alloy nanoparticles, where an
increased activity may be recorded for bimetallic
compositions due to either a synergy between the
two metals or due to ligand or electronic effects,
which may affect the adsorption energy of reactants
to the catalyst surface and thus the catalytic activity
and selectivity [3, 4]. Besides these, variation of the
composition of alloy nanoparticles can also be used to
control magnetic properties [5, 6].

Several synthesis routes to colloidal alloy
nanoparticles emerged [7]. Laser synthesis of colloids
(LSC) represents a relatively new but high-potential
synthesis method among these [8, 9]. The method has
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as molar fraction series of alloy catalysts are easily
accessible [10, 11]. In LSC, a laser beam of high
intensity ablates the surface of a bulk material cov-
ered by a liquid layer, generating thus nanoparticles
that disperse in the liquid. LSC enabled the synthesis
of colloidal particles of various alloys, for example,
brass [12], bronze [13], Ag—Cu [14], Au-Ag [15], Co-
Pt [16], Fe-Rh [17], Ir-Pt [18], Ni-Pd [19], Pd-Pt [20],
Pd-Y [21], and Co-Fe-Cr-Mn-Ni [22], by ablation of
the corresponding bulk alloys.

Neumeister et al. synthesized homogeneous Au-
Ag alloy nanoparticles by nanosecond-pulsed laser
ablation of compacted mixtures of the single-metal
micropowders [23]. Adjusting the ratio of single-
metal Ag and Au grains in the target enabled the
synthesis of alloy nanoparticles with the same com-
position of Ag and Au. Homogeneous alloy
nanoparticles of Au and Pt, which have limited
miscibility [24], were also reported by Zhang et al. by
nanosecond-pulsed laser ablation of compacted
micropowder mixtures of the single metals [25].
Although both studies prove mixing on the nanoscale
during nanosecond-pulsed LSC of microscale metal
mixtures, only limited information on how and at
which stage of the process mixing occurs is provided.

It is well known that laser irradiation of colloidally
mixed, single-metal nanoparticles enables the for-
mation of alloy nanoparticles. This was demonstrated
by Chen and Yeh using a nanosecond-pulsed laser
for the synthesis of Au-Ag alloy nanoparticles of
different compositions controlled by the mixing ratio
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of Au and Ag colloids [26]. The path of alloying
includes the agglomeration of single nanoparticles of
both metals [27] followed by interdiffusion of Ag
atoms into the Au lattice probably having core—shell
intermediates [28]. Besner and Meunier later showed
that the synthesis approach can also be successfully
performed with femtosecond-pulsed lasers [29]. The
authors also found strong indication for interdiffu-
sion of Ag into Au. LSC is often carried out as a batch
process with a long process time, which makes it
difficult to distinguish between ablation and post-ir-
radiation effects. Therefore, the formation of alloy
nanoparticles due to post-irradiation often cannot be
excluded in laser ablation studies.

Amendola et al. demonstrated the formation of
bimetallic Au-Fe nanoparticles, solid-solution and
core-shell structures, by nanosecond-pulsed LSC of
thin-film stacks of the single metals performed in
water or ethanol [30]. The authors exclusively
observed the formation of bimetallic nanoparticles
regardless of the experimental variations, which were
the stacking order of the metals and the thickness of
the films. In a follow-up study, the effect of
nanosecond- and picosecond-pulsed LSC on the
ultrastructure of the generated Fe-Au nanoparticles
was investigated, this time in acetone [31]. While it
was again proved that the stacking order does not
influence the formation of the bimetallic nanoparti-
cles, the study revealed that solid-solution alloy
particles are formed more frequently during
picosecond-pulsed LSC while core-shell particles are
preferably formed during nanosecond-pulsed LSC. In
both studies, the authors separated single laser pulses
spatially on the stacked thin film during LSC and
ablated each position on the surface only once to
exclude multi-pulse effects on the target. Conse-
quently, single laser pulses induce mixing in the
ablated matter from depths of some 10 to a few
100 nm during LSC of metals.

Recently, Shih et al. investigated the dynamics of
ultrashort-single-pulse LSC of nanometer-thin,
stacked bilayers of Ag and Cu [32]. Their atomistic
simulations predicted low elemental mixing of the
two metals, independent of which element was on
top. Mainly Cu- and Ag-rich nanoparticles formed
during the early stage, i.e., the first 3.5 ns after the
laser pulse. Their predictions were experimentally
confirmed by picosecond-pulsed LSC in the same
study. Interestingly, Ag—Cu alloy nanoparticles have
been successfully synthesized before, but only with
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nanosecond laser pulses and during conditions of
multiple-pulse irradiation of the target and the col-
loid [14].

The just reported findings indicate mixing of atoms
of different metals in nanoscale volumes of the
ablated matter from the target during LSC. The
boundary region of two microparticles of different
metals resembles such a volume in compacted mix-
tures of micropowders. However, little information
on intermixing in microscale volumes of the ablated
matter during LSC exists. The contribution of narrow
border regions to the ablated volume potentially
decreases with increasing diameter of the used metal
grains. The high yields of alloy nanoparticles
observed by Neumeister et al. [23] and Zhang et al.
[25], who used grains with up to 10 um in diameter,
indicate that either larger mixing volumes exist in the
ablated matter of a single nanosecond laser pulse or
that microscale mixing is a multi-pulse event.

Herein, we present an experimental study specially
designed to comprehensively investigate the mixing
path in alloy nanoparticle synthesis via LSC of com-
pacted mixtures of single-metal micropowders. The
Co-Fe system was explored as alloy system due to its
wide-range solubility of atoms of both metals in a
single crystal lattice. A molar ratio of 2:1 Fe:Co was
targeted, which lies in the center of the solid-solution
phase of the Co-Fe system [33]. Evaluation of the
lateral mixing of the two elements was done from
energy-dispersive X-ray spectroscopy (EDX) element
maps recorded during scanning electron microscopy
(SEM) of the surfaces of the ablation targets. We
developed an analytical procedure to quantify and
compare the intermixing of Co and Fe of different
samples from recorded EDX element maps. For cho-
sen samples, we investigated the chemical composi-
tion of the bulk and the surface of single
nanoparticles using scanning transmission electron
microscopy (STEM)-EDX and cyclic voltammetry
(CV), respectively. We also report correlations of the
extent of mixing with the electrocatalytic activity for
the oxygen evolution reaction (OER).

Materials and methods
Laser synthesis of colloids experiments
Nanoparticle colloids were produced using a

picosecond- and a nanosecond-pulsed Nd:YAG laser

@ Springer



3044

system each operated at the fundamental wavelength
of 1.064 nm. The picosecond-pulsed laser (Atlantic;
Ekspla, Vilnius, Lithuania) was used at a pulse length
of 10 ps, a pulse repetition rate of 100 kHz, and an
average power of 10 W. The pulse energy was 0.1 mJ.
The nanosecond-pulsed laser (Powerline E20; Rofin-
Sinar, Plymouth, United States) was used at a pulse
length of 5 ns, a repetition rate of 10 kHz, and an
average power of 5 W. The pulse energy was 0.5 mJ.

For LSC, the target was placed into a glass vessel
and was covered with a 4 mm layer of ethanol cor-
responding to a volume of 8 ml. Ethanol was chosen
in order to limit the oxidation of Co and Fe during
LSC. The laser beam scanned the target surface in
spiral patterns with a 3 mm diameter and a scanning
speed of 4 m s™'. An f-theta lens with 100 mm focal
length was used to focus the circular, Gaussian laser
beam. We varied the following experimental param-
eters: initial state of mixing of the target, ablation
time, laser spot diameter, and laser pulse duration
(Fig. 1). All these parameters may affect if and on
what scale atoms of Co and Fe mix during LSC. We
explain the possible effects in the specific results
sections. Variation of the laser spot size on the target
surface was done by changing the distance between
the lens and the target surface. In each LSC experi-
ment, 30 s of ablation were applied if not mentioned
differently. For longer ablation times, the liquid vol-
ume was replaced every 30 s.

The laser spot diameter was calculated at a level of
e 2 of the laser energy density, assuming an ideal
Gaussian laser beam. Light refraction of the air-
ethanol interface was considered. All laser beam

laser pulse duration
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Figure 1 Overview of the experimentally performed parameter
variations. Varied parameters are the initial state of mixing of the

target, the laser pulse duration, the laser spot diameter, and the
ablation time.
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parameters were extracted from the manufacturer’s
documentation.

Preparation of ablation targets

The ablation targets were prepared using microp-
owders of Co (1.6 um, 99.8%, metals basis; Alfa
Aesar, Ward Hill, United States) and Fe (Spheri-
cal, < 10 pm, 99.9+ %, metals basis; Alfa Aesar, Ward
Hill, United States). For a single ablation target,al g
mixture of Co and Fe was used while using a molar
ratio of 2:1 (Fe:Co). The average grain sizes (weighted
by cross-section) of 0.9 pm (Co) and 2.3 pm (Fe) for
the micropowders of Co and Fe, respectively (Fig. 2a,
b), was determined using SEM. The powder mixtures
of each target were mechanically mixed for 10 min
and were further compressed to cylindrical pellets of
a diameter of 13.5 mm and a thickness of 1.35 mm
using a pressure of 560 MPa. One target was heat-
treated at 1,000 °C in Ar at atmospheric pressure for
20 h to initiate diffusive mixing of Co and Fe on the
nanoscale. Slight surface oxidation was found after
the heat treatment. The oxide layer was mechanically
removed prior to LSC by polishing with super fine
sandpaper (P1200). In this manuscript, the compacted
powder mixture is labeled as raw target, and the
additionally heat-treated mixture is labeled as sin-
tered target. EDX analysis demonstrates the different
initial states of mixing in both types of targets
(Fig. 2¢).

Analysis of micropowders and ablation
targets

The morphology and size distributions of the
micropowders were investigated using SEM (XL30;
Philips, Amsterdam, Netherlands). All samples were
fixed with double-sided adhesive and conductive
patches attached to aluminum sample holders. EDX
element maps were recorded at magnifications of
500x (two per parameter set) and 1000x (one per
parameter set). The acceleration voltage was 15 kV.
64 frames with 512 px x 400 px were sampled. The
analyzed areas had dimensions of 256 ym x 200 um
(magnification of 500x) and 128 pm x 100 pm (mag-
nification of 1000x). All maps were quantitatively
analyzed as described in the next two paragraphs.
The results obtained from the 500x-maps are pre-
sented in the main manuscript, and those extracted
from the 1000x-maps are shown in the
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Figure 2 Metal micropowders and ablation targets. Secondary
electron SEM images of the used metal powders (a), their size
distributions weighted by the cross-section (b), and secondary

Supplementary Material (Figure S1). The exemplary
element maps shown in the figures of the manuscript
were recorded at 1000x magnification.

The software Fiji (Fiji contributors) was used to
transform the element maps (Fig. 3a) to binary ima-
ges (Fig. 3b, c), in which white pixels mark the
detection of the element and black pixels resemble
the background. (Multiple detections of one element
in a single pixel of the map cannot be processed by

(a)

200
150
100

50

0
200
150
100

50

0 8 16 24
X index

~
]
~

y length / um

0
200
150
100

50

y index

o o

0 100 200 0 8
x length / um

16 24
X index

Figure 3 Extraction of the extent of mixing from element maps.
Secondary electron SEM image and element maps of the target
surface (a), binary transformations of the element maps of Co
(b) and Fe (c) with indexing grids, counts of white pixels related to
Co (d) and Fe (e) in indexed boxes of the grids, logarithmic count
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electron SEM images as well as EDX element maps of a raw
target, a sintered target with oxidized surface, and a sintered target
after sanding (c). In (b), lognormal fits were applied.

the EDX software.) The binary maps were separated
into boxes of 16 px x 16 px, representing 8 pm x 8
pm (magnification of 500x) or 4 pm x 4 um (magni-
fication of 1,000x), and the number of white pixels
was counted in each box (Fig. 3d, e). We used a code
written in LabVIEW (National Instruments, Austin,
United States) for this operation. Characteristic
X-rays were generated in a sample volume of
approximately 0.5 to 1 pm in diameter [34], which
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ratio in indexed boxes (f), and frequency distribution of different
log count ratios in the grid (g). In (g), a Gaussian fit and its
distribution parameters standard deviation (std. dev.) and mean
value (mean) are shown.
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corresponds to the lateral resolution limit of the
applied SEM-EDX analysis. The box size of the image
processing of the EDX element maps should be well
above that limit. All atomic fraction data of Co and Fe
determined by EDX are estimated to be accurate
to = 1 at.%. The logarithm of the ratio of counts of Fe
and Co was calculated for all single boxes (Fig. 3f).
We numerically analyzed the frequency of specific
logarithmic count ratios and fitted Gaussian distri-
butions (Fig. 3g). The mean value of the distribution
represents the average composition. A mean value of
0.3 corresponds to the expected Fe:Co ratio of 2:1
(logarithm). The standard deviation represents the
range of compositions. Low values represent good
mixing of Co and Fe.

For the analysis of the size of the ablation areas, i.e.,
craters, on the targets (after 1 s of ablation for the
picosecond laser and 10s of ablation for the
nanosecond laser), a light microscope (CX40; Olym-
pus, Tokyo, Japan) was used in reflection mode. The
ablation areas and the average grain cross-section
were used to calculate the number of grains per spot.
The average grain cross-section calculated from the
grain size distributions (Fig. 2b) was 4 pm?. Spherical
grains were assumed, and porosity was not consid-
ered. About 205 Co grains and 224 Fe grains were
measured from secondary electron SEM images. The
number of metal grains per spot was calculated using
the ablation area diameter assuming circularity.

Analysis of nanoparticles

The size distributions of the laser-generated
nanoparticles were determined from micrographs
recorded with a transmission electron microscope
(TEM, JEM-2200FS; JEOL, Akishima, Japan). More
than 500 nanoparticles were analyzed for each sam-
ple in the present study. The chemical composition of
single nanoparticles was extracted from (STEM-)EDX
element maps. We analyzed only isolated particles,
which had diameters of 5 to 150 nm with an average
diameter of 35 nm. A minimum of 20 particles per
sample was analyzed. The average was 27. A
dependence of the composition on the particle size
was not found. Mean values and standard deviations
of the distributions of compositions of single
nanoparticles of a sample were calculated
descriptively.
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Electrochemical characterization
of the nanoparticles

All electrochemical experiments were performed
using a potentiostat (VersaSTAT 3F; AMETEK, Ber-
wyn, United states). The rotating disk electrode
(RDE) technique was used to evaluate the surface
composition of the synthesized Co-Fe nanoparticles
as well as their oxygen evolution reaction (OER)
electrocatalytic activity. The measurements were
performed in 0.1 M KOH using a three-electrode
setup containing a RDE made of glassy carbon as a
working electrode, a Ag/AgCl 3 M KCI electrode as
reference electrode and a Pt wire as counter elec-
trode. 4.9 mg nanoparticles supported on C (20 wt%)
were dispersed by sonication in 5mL iso-
propanol:MilliQQ water solution (50/50 v/v) contain-
ing 40 uL Nafion solution. A certain volume of the
resulting ink was used to drop coat a uniform catalyst
film on the electrode with a mass loading of
0.05 mg cm 2. The electrochemical measurements
were performed by cyclic voltammetry (CV). An
initial potential of —1 V vs. Ag/AgCl 3 M KCI was
applied and was further increased by scanning in the
anodic direction with a scan rate of 5mV s ' up to a
vertex potential of 1V vs. Ag/AgCl 3 M KCl. All
potentials were measured with respect to Ag/AgCl
3 M KCI reference electrode and later converted to
the RHE scale using the following equation:

Erue = Eag/agciamkal + EOAg/AgcmMKCI +0.059 * pH

where Exg/agciamicr is the applied potential vs. the
reference electrode, Egg /AeCI3MKCI represents the

potential of the Ag/AgCl 3 M KCI reference elec-
trode (0.21 V) with respect to the normal hydrogen
electrode, and the pH value was approximated to be
13. The experiments were performed three times for
each material to ensure the reproducibility of the
experiment.

Results and discussion

Laser spot diameter and the initial mixing
state of the target

We started our study by evaluating the influence of
the laser spot diameter used during the LSC of a raw
(compacted micropowder mixture) and of a sintered
ablation target. The laser spot size was changed by
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variation of the distance between the focusing lens
and the ablation target. Three characteristic positions
were chosen: (1) close to the focus, (2) at the highest
nanoparticle productivity, and (3) at the maximized
ablation area. We used picosecond laser pulses and
ablated for 30 s. Targets with two different initial
states of mixing were used to test for segregation
processes during LSC.

We induced a change in the number of metal
grains in the laser spot by variation of the laser spot
size and thus increased the probability of achieving
the desired composition of both metals in the total
ablated matter. Additionally, the laser energy density
was decreased when larger spot diameters were
applied. As demonstrated in our previous study, the
heat loss in the ablation target during picosecond-
pulsed LSC strongly depends on the energy density
of the laser pulse [35]. Table 1 shows the impact of the
laser spot diameter on the relevant experimental
parameters. In addition, we found the threshold
energy density for ablation of the used targets to be in
the range of 0.05 to 0.2 mJ cm ™%

Figure 4a shows secondary electron SEM images
and element maps of the ablation area on the surface
of a raw and a sintered target using a laser spot
diameter of 1250 um. No difference was found when
using the other laser spot diameters. The topogra-
phies of raw and sintered targets differed in their
appearance after LSC. Figure S2 shows larger SEM
images of the target topographies. In both topogra-
phies, the laser-induced periodic structures and
micron-sized bumps can be observed, with a more
homogeneous bump size in the case of the sintered
target. In the case of the raw target, some bumps
looked similar to the initial grains indicating that
material transport on the microscale was limited in
the target during LSC.

The element maps (Fig. 4a) indicate no change in
the extent of mixing during LSC for both types of
targets in relation to the non-ablated ones (Fig. 2¢).
The corresponding distributions of the count ratios
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confirm this observation (Fig. 4b), as shown by the
extracted standard deviations (Fig. 4c). Furthermore,
they confirm the better initial state of mixing in sin-
tered targets compared to raw ones. We relate the
variations of the mean value (Fig. 4d), which were
much stronger for the raw target, to a more inho-
mogeneous composition.

In conclusion, we found stronger mixing of Co and
Fe in the sintered targets compared to the raw ones.
The initial state of mixing preserved during picosec-
ond-pulsed LSC in ethanol regardless of the applied
laser spot diameter. The number of metal grains
contributing to a single ablation pulse and the laser
energy density had no apparent effect on the mixing
of Co and Fe in the target. This was probably due to
the high values of grains per spot at all parameter
sets (Table 1), that statistically guaranteed the abun-
dance of both metals in the ablated material. A
missing effect due to stronger heat loss in the target at
lower laser energy densities (larger laser spots) was
most likely related to the ultrashort pulse duration.

Variation of the ablation time and the laser
pulse duration

Further, we investigated the effect of the ablation
time and the laser pulse duration during LSC. The
laser spot diameter was 550 um and a raw target was
used. Time plays an essential role in conventional
mixing processes, which we addressed with the
ablation time. The pulse duration strongly influences
the interaction of the target and the laser pulse. Laser-
excited electrons transfer their energy to lattice pho-
nons in a timeframe of hundred femtoseconds to
single picoseconds [36, 37]. Nanosecond pulses
therefore have a much stronger thermal impact on a
metal target than short picosecond pulses [38, 39].
Figure 5a shows secondary electron images and
element maps of the target surface after 300 s ablation
time. No difference was found when shorter ablation
times were applied. For picosecond pulses, the

Table 1 The values of relevant LSC parameters during LSC as a function of the laser spot diameter

Laser spot diameter (1m) Ablation area diameter (pm)

Metal grains per spot (—)

Laser energy density (mJ cm™2)

200 400
550 700
1250 1200

31,000 89
93,000 11
276,000 2
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topography resembled the one found on the raw
target after 30 s LSC with a laser spot diameter of
1,250 um (Fig. 4a). After nanosecond-pulsed LSC, we
found a network of frozen melt structures on the raw
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ablation target, indicating material transport. Pores
and height differences in the topography appeared
larger after nanosecond-pulsed LSC.
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The element maps (Fig. 5a) show apparent differ-
ences in the extent of mixing induced by picosecond
and nanosecond laser pulses. After picosecond-
pulsed LSC, Co and Fe remained well separated and
could be assigned to clear microstructures as already
observed during the variation of the laser spot
diameter. The reader is also referred to the high-
magnification element maps in Figure S3. The
nanosecond pulses induced mixing of Co and Fe in
the target, but some inhomogeneity remained in the
composition on the microscale. The distributions of
the count ratios of Co and Fe (Fig. 5b) as well as the
extracted standard deviations of the Gaussian fits
(Fig. 5¢) underline the observations. In nanosecond-
pulsed LSC, the extent of mixing already improved
during the first 30 s of ablation and remained
unchanged at longer times. The improvement of
mixing was less strong than what we observed dur-
ing target sintering (Fig. 4c). No clear dependence
between the standard deviation (Fig.5c) and the
mean value (Fig. 5d) was found.

In conclusion, nanosecond pulses led to a strong
structural change in the target topography in contrast
to picosecond pulses, where no structural change was
found. The appearance of the target surface after
nanosecond-pulsed LSC suggested its origin in melt
processes. Microscale mixing accompanied the
structural changes of the ablation target. The target
topography and the extent of mixing experienced no
further changes for ablation times longer than 30 s.
However, the extent of mixing achieved by sintering
was not reached. Consequently, the mixing processes
were slower than the material removal rate.

Variation of the initial mixing state
of the target and the laser pulse duration

As discussed in the previous two results sections,
pre-LSC sintering and LSC with nanosecond laser
pulses influenced the extent of mixing in the ablation
target the strongest. In this section, we compare the
effect of both parameters on the extent of mixing in
the targets as well as in the generated nanoparticles
in more detail. Moreover, we include nanosecond-
pulsed LSC of a sintered target to the consideration.
In the comparison, the parameters ablation time and
laser spot diameter remained constant at 30 s and
550 pm, respectively.

The laser pulse duration and the initial state of
mixing of the target influenced the topography of the
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target surface after LSC (Fig. 6a and Figure 52). More
regular structures emerged on the sintered target and
larger pores evolved during nanosecond-pulsed LSC.
The grains of the raw target formed a solid structure
mainly due to friction between single grains and only
partly due to sinter bridges induced by powder
compression. Moreover, thin oxide layers covered the
surfaces of the grains. Consequently, laser-induced
heat accumulated in grains close to the target surface
during LSC and probably led to the formation of
different structures during LSC of raw compared to
sintered targets. In addition, the differences in the
initial porosity of raw and sintered targets and their
different mechanical strengths may have contributed
to the laser-induced structures.

Nanosecond pulses had a clear thermal impact on
the raw target. Frozen melt structures appeared.
Merging of initial pores to larger ones potentially
accompanied the fusion of metal grains. The irregular
structure further favored inhomogeneous ablation
and the formation of the large differences in height.
The laser-made structure on the sintered target dif-
fered from the one observed on the raw target. Still, it
had large pores and height differences but appeared
more regular. The strong height differences in the
case of the raw target could have also been influenced
by the higher initial porosity and the lower
mechanical strength. Creating a high target density
(low porosity) by sintering the target is key to avoid
mechanical ablation side effects, as has been reported
by Schmitz et al. [40].

The element maps (Fig. 6a) illustrate that the
applied picosecond pulses induced no mixing of Co
and Fe on the resolvable scale of the maps. At the
applied conditions, nanosecond pulses induced
mixing but to a lower extent than could be realized
by solid-state sintering. The extracted standard
deviations of the Gaussian fits of the frequency dis-
tributions of the log count ratios (Fig. 6c) demon-
strate that the high extent of mixing of the sintered
target was preserved during LSC with both pulse
durations. Only slight deviations from the ideal mean
occurred.

The composition of single nanoparticles generated
during the different experiments was analyzed
(Fig. 6b). Nanoparticles containing Co as well as Fe
were formed in all samples, independent of the used
target or laser, validating the successful synthesis of
Co-Fe alloy nanoparticles by LSC in ethanol. The
Supplementary Material contains additional EDX
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(a) targets Co Fe
ps, raw

Figure 6 Variation of the initial mixing state of the target and the
laser pulse duration. Secondary electron SEM images and EDX
element maps of a raw and a sintered target after 30 s of
picosecond- and nanosecond-pulsed LSC with a laser spot
diameter of 550 um (a), STEM images and element maps of
nanoparticles produced during the different LSC experiments (b),
and the distribution parameters standard deviation (std. dev, top)

element maps of the samples that underline the
results (Figure S4). A similar trend regarding the
narrowness (standard deviation) of the range of sin-
gle-particle compositions was found as for the stan-
dard deviation of the extent of mixing of the target
surfaces after LSC (Fig. 6¢). This highlights that the
LSC-induced mixing of Co and Fe in the target
determined the quality of the synthesized
nanoparticles.

We found almost exclusively spherical nanoparti-
cles with diameters in the range of a few nanometers

(b)

(b) particles o Fe
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and mean value (mean, bottom) of the frequency distributions of
logarithmic count ratios calculated from element maps of the
targets and single nanoparticles (c). In (a, b), all images have the
same scale as the respective first image. In (c, bottom), the orange
line marks the ideal Fe:Co log ratio of 0.3. In (c), the bar symbol
(-) in the x-scale labels identifies the targets which were not laser-
irradiated.

up to 150 nm in all samples (Fig. 7a, b and Figure S5).
More than 90% of the particles were smaller than
30 nm with a mean value of 8 to 10 nm. We also
could not observe any differences between the
nanoparticles of the different samples neither in their
size distribution nor in the ultrastructure. The EDX
element maps of the nanoparticles in Fig. 6b and
Figure S5 show that Co and Fe were homogeneously
distributed in individual particles in all samples.
However, single particles with more strongly oxi-
dized shell compared to the core were also found, as

Figure 7 Morphology and ultrastructure of Co—Fe nanoparticles.
Exemplary TEM images of laser-generated Co—Fe nanoparticle at
10kx (a) and 60kx (b) magnification, exemplary STEM images
and EDX element maps of nanoparticles produced by picosecond-
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pulsed LSC of a sintered (c) and a raw (d) target, including
surface-oxidized particles as indicated by the EDX oxygen signal.
Note that we also found surface-oxidized particles produced by
nanosecond-pulsed LSC.
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shown by the EDX element maps in Fig. 7c, d. The
surface oxides were Fe-rich. Selective oxidation of Fe
was not surprising due to its higher oxygen affinity.
Similar element-specific surface oxidation has
recently been reported for laser-generated Mn-rich
high entropy alloy metallic glass nanoparticles,
where the slight manganese oxide/hydroxide surface
segregation has been observed, which increased with
Mn content in the alloy [41].

Despite using ethanol as a dispersant, we were able
to detect oxygen in the Co—Fe nanoparticles (Fig. 7c,
d). Variation of the dispersant is an important tool for
structure manipulation in the synthesis of colloidal
nanoparticles by LSC, especially in the synthesis of
nanoparticles of reactive metals. For example,
Amendola et al. demonstrated the formation of iron-
based nanoparticles (metal, oxides, and carbide)
during the nanosecond-pulsed laser ablation of Fe in
different organic solvents [42]. Kanitz et al. did sim-
ilar experiments utilizing a femtosecond-pulsed laser
[43]. The authors found a lower extent of oxidized Fe
in nanoparticles prepared in acetone compared to
ethanol. In addition, they observed more iron carbide
in acetone compared to ethanol. In case of Co, Chen
et al. found that nanosecond-pulsed laser ablation of
the metal in ethanol leads to much less oxidized
nanoparticles compared to water [44]. The formation
of Co carbide nanoparticles was observed by Zhang
et al. during the nanosecond-pulsed laser ablation of
cobalt in acetone [45]. More recently, Nadarajah et al.
systematically investigated the suppression of
nanoparticle oxidation in both acetone, which con-
tains oxygen in its molecular structure, and acetoni-
trile, which is an oxygen-free molecule, by degassing
and drying the organic solvents [17]. They found that
independent of the solvent, a combination of both
solvent purification methods leads to oxidation-
minimized Fe-Rh nanoparticles, proven even by
atom probe tomography, and no impact of the bound
oxygen in the molecule of the organic solvent could
be found. But Johny et al. recently discovered that
acetonitrile as dispersant leads to amorphous
(metallic glass) nanoparticles if a quinary or senary
alloy is ablated and discussed the role of solvent-
delivered carbon as glass morphology stabilizer [41].
This amorphization phenomenon was not observed
for quinary alloy nanoparticles produced by lases
ablation in ethanol [46].

To qualitatively and statistically investigate the
surface composition of the nanoparticles synthesized
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by LSC using different pulse durations as well as raw
or sintered targets, CV was used. Considering that
previously to the measurement, the samples were
exposed to the air, surface oxidation cannot be
excluded. Therefore, we decided to apply a reductive
potential (-1 V vs. Ag/AgCl 3 M KCI) prior to the CV
measurement. We then increased the potential with a
scan rate of 5mV s in the anodic direction up to
1V vs. Ag/AgCl 3 M KCl aiming to identify possible
oxidation processes of Co on the nanoparticle surface
(Fig. 8). Considering the relatively high amount of Fe
in the targets used for LSC (Fe:Co = 2:1), we did not
expect any oxidation peak to be visible in the CVs
[47]. Still, for the raw target, a clear oxidation peak,
more pronounced in the case of nanosecond pulses, is
observed at ~ 1.2V versus RHE, which can be
attributed to the Co*"/Co’" oxidation. Previous
reports show that the potential at which Co*" oxi-
dation to Co®" occurs is strongly influenced by the
Fe:Co ratio and shifts to more anodic potentials with
increased Fe concentration [48]. This indicates a dif-
ference in the composition of the surface of the
nanoparticles compared to the composition of the
overall target. Considering the relative intensity of
the Co*"/Co’*" oxidation peak, it can be concluded
that a slightly higher Co amount is electrochemically
active in nanoparticles produced from raw targets
than from sintered targets and in nanoparticles syn-
thesized by nanosecond-pulsed LSC than by
picosecond-pulsed LSC. Nanoparticles produced by
picosecond-pulsed LSC from sintered targets show
no visible Co**/Co’* oxidation peak indicating that
the best Co and Fe mixing is achieved. This
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Figure 8 Electrochemical data. Cyclic voltammograms recorded
using the synthesized Co—Fe nanoparticles using RDE technique
in 0.1 M KOH using a scan rate of 5 mV s™'.
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observation is in line with the conclusion extracted
from the EDX element maps (Figs. 4b, 6¢), where
better mixing was observed when sintered targets
were used.

The availability of an increased amount of Co on
the nanopaticles’ surface is confirmed also by the
OER catalytic performance. While Fe is the active site
for OER, the in situ formed FeOOH shows poor
conductivity compared to CoOOH, and therefore Fe-
rich catalyst films often show inferior electrocatalytic
activity compared to Co-rich ones. Still, the small
compositional difference observed for the four
investigated systems does not seem to significantly
impact the OER electrocatalytic activity. The small
differences were expressed in slightly lower activities
of the nanoparticles from the sintered targets with the
lowest value for the particles from the picosecond-
pulsed LSC. Since all samples had very similar par-
ticle size distributions (Figure S5) and were processed
in the same way to heterogeneous catalysts, the
deviations could be due to the homogeneity of the
composition of individual particles. It is possible that
the selected Fe:Co ratio of 2:1 is not optimal for
maximum OER activity. In that case, greater hetero-
geneity in particle composition, as achieved during
ablation of raw targets, could be beneficial for higher
activity. It would be interesting to investigate this
aspect further in follow-up studies.

Mixing processes during LSC

We can conclude that the mixing of Co and Fe mainly
occurred in the laser-irradiated and heat-affected but
initially not ablated parts of the target. Mixing during
the ablation process and the particle formation from
ablated material contributed only to a low extent to
the generation of alloy nanoparticles (Fig. 9).
During ultrashort-pulsed LSC, we could not detect
any mixing of Co and Fe in the raw ablation target at
the micrometer level, yet we found alloy nanoparti-
cles, albeit with very different compositions. We
conclude that material from neighboring grains could
mix during ablation, but presumably only in a very
short period of time and thus only in very small
volumes. This is in agreement with the results of Shih
et al. mentioned earlier, who found limited mixing of
Ag and Cu from a few nanometer-thick layers in their
atomistic models and in subsequent experiments [32].
Note that the authors focused their study on material
transport processes along the propagation direction
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Figure 9 Schematic illustration of the effect of picosecond and
nanosecond laser pulses on the extent of mixing of bimetallic
ablation targets and laser-generated nanoparticles.

of the laser beam. Our interest was in material
transport in the perpendicular direction across the
border of neighboring micrograins.

The applied nanosecond laser pulses visibly chan-
ged the topography of the ablation targets during
LSC and induced the transport of melted, non-ab-
lated material on the microscale. The extent of mixing
of Co and Fe in the ablation target reached an opti-
mum already after 30 s LSC but was still far from the
quality we achieved by solid-state sintering. Thus,
the melted, non-ablated material did not have suffi-
cient time and energy to reach the thermodynami-
cally desired extent of mixing until its ablation. The
layer of melted, non-ablated material probably
reached only a few micrometers deep into the metal
target after one short nanosecond pulse and was
probably ablated by the subsequent one or two pul-
ses irradiating the same position [49]. A higher extent
of mixing during nanosecond-pulsed LSC should be
achievable by either decreasing the laser energy
density or increasing the pulse duration to increase
the thermal impact on the target.

Conclusion

The compositionally controllable properties of alloy
nanoparticles make them interesting for many
applications, especially in (optical) sensing and
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catalysis. Our results demonstrate that different
approaches of LSC yield alloy nanoparticles. How-
ever, the amount of alloy nanoparticles in the total
colloid as well as the range of compositions of single
particles differ significantly. We achieved the best
results, i.e., the highest yield of alloy particles with
the narrowest composition range, by laser ablation of
a sintered target, regardless of the laser pulse dura-
tion. Consequently, targets with element mixing on
the nanoscale should be used to synthesize multi-
element nanoparticles if possible. However, since not
all elements can be easily mixed on the nanoscale in
all conceivable compositions, ablation targets with
microscale elemental segregation must be used in
some cases for the generation of alloy nanoparticles
by LSC. Such targets should be processed with
nanosecond pulses to increase the yield and quality
of alloy nanoparticles.

In all experiments, the extend of mixing of Co and
Fe in the target after LSC corresponded well to the
homogeneity of the composition of the nanoparticles.
A good mixture of the elements in the target indi-
cated a narrow composition range of the generated
alloy nanoparticles. We, therefore, conclude that
during LSC, mixing processes with significant mate-
rial transport over micrometer distances take place
only in the ablation target and only when sufficiently
long laser pulse lengths are applied.

The influence of the laser pulse length on material
transport processes in the ablation target should be
further investigated in future studies. It is of partic-
ular interest if transport processes can be intensified
with longer pulse durations or lower energy densities
(for nanosecond pulses) and if there is a minimum
pulse length required to start these processes.
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