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ABSTRACT

High entropy metallic glass nanoparticles (HEMG NPs) are very promising materials for energy conversion due to the wide tuning
possibilities of electrochemical potentials offered by their multimetallic character combined with an amorphous structure. Up until
now, the generation of these HEMG NPs involved tedious synthesis procedures where the generated particles were only
available on highly specialized supports, which limited their widespread use. Hence, more flexible synthetic approaches to obtain
colloidal HEMG NPs for applications in energy conversion and storage are highly desirable. We utilized pulsed laser ablation of
bulk high entropy alloy targets in acetonitrile to generate colloidal carbon-coated CrCoFeNiMn and CrCoFeNiMnMo HEMG NPs.
An in-depth analysis of the structure and elemental distribution of the obtained nanoparticles down to single-particle levels using
advanced transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), and X-
ray photoelectron spectroscopy (XPS) methods revealed amorphous quinary and senary alloy phases with slight manganese
oxide/hydroxide surface segregation, which were stabilized within graphitic shells. Studies on the catalytic activity of the
corresponding carbon-HEMG NPs during oxygen evolution and oxygen reduction reactions revealed an elevated activity upon
the incorporation of moderate amounts of Mo into the amorphous alloy, probably due to the defect generation by atomic size
mismatch. Furthermore, we demonstrate the superiority of these carbon-HEMG NPs over their crystalline analogies and highlight
the suitability of these amorphous multi-elemental NPs in electrocatalytic energy conversion.
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1 Introduction

Nanoparticles (NPs) containing multiple metallic elements are of
interest for various industrial and technological applications where
different mechanical [1] or catalytical [2] properties of each
constituent metal are combined within a single NP [3-7]. Among
the multimetallic systems, high entropy alloys (HEAs) represent a
relatively new material class of single-phase complex solid
solutions (CSS) [8-11]. The entropic part hereby supports the
formation of the solid solution often becoming significant for
equimolar mixtures of five or more principal elements arranged in
a simple, usually crystalline cubic (face-centered cubic (fcc) or
body-centered cubic (bcc)) structure. The configurational entropy
further stabilizes the active sites besides serving as high-
performance electrocatalysts [12]. Please note that the concept of
entropic stabilization is highly disputed in the community, and it
is currently believed that an interplay between mixing enthalpy
and mixing entropy is involved, while the predominance of either
effect is highly dependent on the material system [13,14].
Nonetheless, we will use the expression HEA throughout this

manuscript as it is deeply rooted in the discourse. It is well
established that a rational design of HEA composition allows
controlling their physicochemical properties at the nanoscale and
performance, e.g., in catalysis [12,15,16] and energy storage
[17-19]. Due to these unique interactions of distinct neighboring
metal atoms [2], HEA NPs are discussed and developed as very
promising candidates to replace established but scarce and
expensive noble metals in catalytic reactions such as oxygen
evolution [20-24], oxygen reduction [2,25,26], methanol
oxidation [27-29], CO, reduction [30, 31] and hydrogen evolution
[22,32,33]. As a potential reason for the outstanding catalytic
performance of HEA NPs, the presence of multiple, energetically
different adsorption sites on the catalyst [2] forming an adsorption
energy distribution pattern (AEDP) [34] is frequently discussed.
For instance, density functional theory calculations were used to
determine the AEDP in different CoCuGaNiZn and
AgAuCuPdPt alloys aiming at adsorption of OH and O species in
the oxygen reduction reaction [26] and the co-adsorption of H
and CO in CO, reduction reactions [31]. These findings revealed
patterns of adsorption energy peaks, each associated with a
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designated element. Further studies also highlighted that these
AEDP can be experimentally correlated with changes in the shape
of electrocatalytic response curves upon replacement of elements
[34] or changes in the alloy composition using inflection point
analysis [35]. Although crystalline HEAs have been at the center of
research so far, high entropy metallic glass (HEMG) NPs can
exhibit advanced electrocatalytic properties due to their disordered
atomic arrangement [22, 36, 37]. In the case of HEMG, the higher
concentration of coordinatively unsaturated sites, better corrosion
resistance, denser distribution of defects, more loosely bound
atoms, and larger potential energy are additional desirable features
[37-39]. While HEA usually refers to a multimetallic system
having a high entropy and a simple crystalline structure (e.g., fcc
or bec), HEMG denotes a system having an amorphous structure
where the associated high configurational entropy is preserved
[40].

Owing to their significant technological potential, nanometric
HEAs were successfully obtained through a number of synthetic
routes including physical vapor deposition [41], carbothermal
shockwave technique [42], aerosol synthesis [9], and wet chemical
synthesis [43]. Recently, monodisperse 2 nm HEA NPs consisting
of up to ten elements were obtained on granular supports by a fast-
moving bed pyrolysis method [32]. As in this example, most of the
previously mentioned synthesis methods give access to supported
or powdered HEA NPs when employing sophisticated
temperature and pressure conditions that need to be optimized for
each individual component and support used [12,42]. As a
complementary method, pulsed laser ablation in liquid (PLAL) is
an established and scalable room-temperature approach to
synthesize compositional series of colloidal and supported alloy
NPs for catalytic studies [44-46]. Here, the obtained colloidal alloy
NPs often resemble the composition of the bulk alloy targets used
for ablation [47, 48], though deviations may occur upon utilization
of ultrashort pulses and element systems with huge miscibility
gaps [49,50]. This synthesis route is already well established for
binary and ternary alloy NPs [48,51] and PLAL was recently
employed for generating HEA NPs as well [35,52]. Waag et al.
demonstrated the potential of the PLAL technique in bulk scale
production of HEA NPs by producing up to 3 grams of cantor
alloy (CrCoFeNiMn) NPs per hour [52]. However, it should be
noted that the HEA NPs obtained by this synthesis route were
primarily crystalline. With the high heating and cooling rates of
more than 10° K/s during some particle formation processes in
PLAL from the ablation plume, the NP formation is kinetically
quenched [46,48, 53, 54]. Under these favorable conditions, the
formation of amorphous oxide and carbide NPs [55-58], as well
as high defect densities favorable for catalysis [57, 58], have been
found previously in PLAL. Due to their enhanced electrochemical
properties, the synthesis of HEMG nanostructures is not only of
prime relevance for applications in energy conversion and
catalysis but also highly interesting from a fundamental point of
view.

Herein, we report the synthesis of quinary (CrCoFeNiMn) and
senary (CrCoFeNiMnMo) HEMG NPs by pulsed laser ablation in
acetonitrile. We exploit acetonitrile to produce thin graphitic
layers around the NPs to possibly stabilize the amorphous phase
in the high entropy systems. Furthermore, the inclusion of
different Mo molar fractions into the CrCoFeNiMn base alloy is
systematically investigated and correlated changes in structure,
elemental distribution, and surface composition are assessed.
Finally, we explore the suitability of the generated HEMG NPs as
electrocatalysts for oxygen evolution and oxygen reduction
reactions (OER and ORR, respectively) where the degree of
amorphization in the generated NP ensembles, as well as the
incorporated content of Mo, influence the catalytic performance.

Nano Res. 2022, 15(6): 4807-4819
2 Experimental

2.1 HEMG NPs synthesis

CrCoFeNiMn HEMG NPs with 30% Mn and the molar
composition of other elements (i: Cry;5Co;;sFe;;sNi;;sMns,) were
generated by pulsed laser ablation of a respective HEA target of
the given composition in acetonitrile (99.9%, VWR chemicals). To
study the effect of Mo on the gained nanoparticle structure and
catalytic activity, CrCoFeNiMnMo HEMG NPs with three
different Mo contents (Mog, Mo,,, and Mos,) were synthesized in
the same manner. Within each target used for the synthesis of
these three samples, 30% of Mn, previously found optimal for
ORR activity [35], was maintained. The respective Mo content was
induced by equally replacing the other four elements Cr, Co, Fe,
and Ni such that the following molar compositions were used:

ii: Cr,4Co,¢Fe; ¢NisMn;,Mog,

iii: Cr,4Co,4Fe ,Ni;;Mn;Mo, ,, and

iv: Cr,yCoyoFe oNij)Mnz;Mos,.

Each HEA bulk target was prepared by pressing mixed micro
powders (Alfa Aesar, Haverhill, USA, > 99%, < 10 um) of the
elements (Cr, Co, Fe, Ni, Mn, and Mo) at respective atomic ratios
in a hydraulic press followed by sintering in Ar atmosphere at
1,100 °C for 5 h. The chemical compositions of the HEA targets
were determined by scanning electron microscopy-energy-
dispersive X-ray spectroscopy (SEM-EDX, Philips-XL 30) as well
as X-ray fluorescence spectroscopy (XRF, S8 TIGER, Bruker,
Billerica, USA). EDX maps of the desired elements were acquired
for the representative Cr,¢Co,cFe (Ni,sMns,Mo, composition for
the elemental distribution. For the synthesis of colloidal NPs, a
nanosecond pulsed Nd:YAG laser (Rofin-Sinar RS-Marker 100D)
having a fundamental wavelength of 1064 nm, a repetition rate of
10 kHz, a laser pulse energy of 6 mJ, and a pulse duration of 40 ns
was used. The laser beam was focused using an f-theta lens (f =
63 mm) and scanned in a spiral pattern on the target surface
during the ablation using a galvanometric scanner. Laser ablation
was performed in a continuous flow chamber with a constant flow
rate of acetonitrile at 80 mL/min. The liquid flow during ablation
was controlled using a peristaltic pump (ISM321C, Ismatec). This
enabled minimum post-irradiation of the generated HEMG NPs
by the incoming laser pulses as well as continuous processing of
the HEMG NPs for catalysis applications. The so-obtained HEA
nanocolloids were stored in tight glass vials under ambient
conditions and subsequently used for further characterization and
catalysis.

2.2 Powder X-ray diffraction (XRD)

XRD (Bruker D8 Advance, CuKa with A = 1.54 A at 40 kV, 40
mA) was employed for the structural characterization of the laser-
generated HEMG NPs. The XRD samples were prepared by
drying drop-casted concentrated HEMG NP suspensions on
single-crystal Si sample holders to exclude scattering from the
sample holder. The measurements were carried out in the Bragg-
Brentano geometry using a step size of 0.01° and a counting time
of 15 s. The qualitative phase analysis was done with the
Diffrac.EVA VI software from Bruker using the NiFe fcc phase
(#03-1209) from the ICDD database as a reference. Rietveld
refinement was performed on collected diffractograms using
TOPAS 5.0 software from Bruker to determine the Ilattice
parameters and crystallite sizes of the fcc phase. Before acquiring
the diffractograms, an instrumental characterization with a
standard LaBg powder (SRM 660b from NIST) was performed.

2.3 Transmission electron microscopy (TEM)
TEM analysis including selected area electron diffraction (SAED),
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high-resolution TEM (HRTEM), scanning TEM (STEM), and
energy-dispersive X-ray spectroscopy (EDX) was performed with
a JEOL JEM 2100 and a FEI Talos F200X equipped with a
chemiSTEM EDX detector system. Imaging in high-angle annular
dark-field (HAADF)-STEM mode, permits atomic-number
dependent Z-contrast. The samples for the TEM analysis were
prepared by drop-casting NPs colloid on copper and aluminum
grids with a lacey carbon film (Plano GmbH) at ambient
temperature. After preparation, the TEM grids were permanently
stored in a vacuum chamber to avoid contamination and
oxidation from the ambient atmosphere.

24 X-ray photoelectron spectroscopy (XPS)

XPS was employed to gain information on the surface oxidation
state of different elements in the HEMG NPs. The XPS samples
were prepared by drying a few drops of the respective HEMG NPs
colloids on Si wafers followed by drying at ambient conditions.
XPS spectra were recorded with a VersaProbe IITM from Ulvac-
Phi using the Al-Ka line at 1,486.6 eV and a spot size of 100 pm at
an energetic resolution of 0.5 eV. A dual-beam charge
neutralization and a hemispherical analyzer (with an angle of 45°
between the sample surface and the analyzer) were used for the
measurements. The acquired high-resolution XPS spectra were
corrected according to the binding energy of the graphitic C
(284.8 V) determined during deconvolution of the C 1s spectrum
of each sample. The peak deconvolutions were performed using
the CasaXPS software applying a Shirley-type background [59]
and fitting parameters presented in Table S1 in the Electronic
Supplementary Material (ESM).

2.5 Electrochemical analysis

2.5.1 Catalyst preparation

The electrocatalysts were obtained by directly flowing the laser-
generated HEMG NPs into a suspension of carbon black
(VULCAN XC72R, Cabot Corporation, Boston, USA) in
acetonitrile. All catalysts were prepared at a constant mass loading
of 20 wt.% (HEMG NPs in HEMG/C). The produced HEMG/C
catalysts were first placed in an ultrasonic bath for 20 min and
then concentrated using a rotary evaporator. The final catalysts
were collected by centrifugation of the highly concentrated
HEMG/C dispersion and subsequently dried at ambient
conditions to obtain powder samples. A three-electrode
potentiostat (VersaSTAT F3, Princeton Applied Research,
Ametek, Berwyn, USA) was employed for the electrochemical
analysis.

2.5.2 OER measurement

The OER measurements were performed in a 0.1 M NaOH
electrolyte using the HEMG/C catalyst as the working electrode,
Pt wire as the counter electrode, and Ag/AgCl as the reference
electrode. The HEMG/C catalyst inks for the OER tests were
prepared by dispersing ~ 5 mg of the respective catalyst into 5 mL
Milli-Q water-isopropanol (Thermo Fisher Scientific) mixture (1:1
by volume) containing 40 uL Nafion ionomer solution (5 wt.%,
15%-20% water, Sigma Aldrich, St. Louis, USA) followed by
ultrasonication. Subsequently, 10 uL of the catalyst ink was drop-
casted on the glassy carbon electrode and dried by rotating at 700
rpm for 20 min. The electrolyte was degassed using N, for 15 min
before each measurement. A sweep rate of 100 mV/s was used for
acquiring the blank cyclic voltammograms where the electrodes
were not rotated. All linear sweep measurements were performed
at a scan rate of 20 mV/s in a potential window of 0.9 to 1.75 V vs.
reversible hydrogen electrode (RHE).
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2.5.3 ORR measurement

For the ORR measurements, Pt wire and Ag/AgCl were used as
the counter and reference electrodes, respectively. The catalyst inks
for ORR were prepared by dispersing ~ 5 mg of the respective
HEMG/C powder into a 1 mL water-ethanol mixture (1:1 by
volume) containing 2% Nafion and sonicated for 15 min. Then
8.27 pL of the ink was drop-casted on a glassy carbon electrode to
achieve a mass loading of 0.21 mg/cm’. The electrodes were dried
at atmospheric conditions for 1 h. 0.1 M NaOH was used as the
electrolyte for the ORR measurements. The ORR measurements
were started with a conditioning step comprising 40 cycles at 80
mV/s in a potential window of 1.0 to 0 V vs. RHE, followed by the
electrochemical impedance spectroscopy (EIS) measurement, and
a linear sweep voltammogram (LSV) in N,-saturated and O,
saturated electrolyte at 10 mV/s at 1,600 rpm. The EIS (with a
frequency ranging from 50 kHz to 10 Hz at open circuit potential
with an AC perturbation of 10 mVpp) data was used to determine
the iR drop in ORR. All measured potentials of the ORR-LSV's are
hence iR-compensated. Potentials of both OER and ORR were
calibrated with respect to the potential of a standard RHE. The
OER and ORR tests of the Cr ¢Co,¢Fe;sNi;(Mns, Mo, HEMG/C
catalysts were repeated 3 additional times for calculating the
experimental error in each case and the relative error from these
measurements were considered in all other HEA compositions.

3 Results and discussion

To characterize the structure, morphology, elemental distribution,
and surface composition of the colloidal quinary and senary
HEMG NPs obtained by laser ablation in acetonitrile using
nanosecond pulses, a combination of various nano-
characterization methods was conducted including TEM/STEM,
EDX, SAED, XRD, and XPS. Figure 1 shows the size distributions
of the laser-generated HEMG NPs obtained from the TEM
analysis by measuring the Ferret diameter of more than 250 NPs
in each sample. All samples show a broad size distribution in the
range of 10-30 nm irrespective of the compositions in the ablation
targets. Here, the sample with the highest Mo composition
exhibits a more pronounced bimodality which is known in PLAL
and has been linked to the dynamics of the hot molten plume that
is induced by the laser pulse when ablating the target [54, 60].
Particularly for longer pulse duration, three regimes were
identified by molecular dynamics (MD) simulation that lead to
different particle sizes and may have been affected by Mo due to
its nearly two times higher melting temperature compared to the
other elements present in the target. Consequently, a composition-
dependent dynamics of the plume is likely but has not yet been
addressed by the MD simulations up untl now. The
polydispersity index (PDI) of all samples was in the range of 0.16
to 0.84 while only size distributions with a PDI < 0.1 can be
referred to as monodisperse [61]. The higher PDI values and
presence of smaller (< 10 nm) and larger size fractions (~ 10-30)
of all samples indicate a rather bimodal nature [62, 63] of the HEA
NPs which is well known for colloidal NPs gained from PLAL and
is attributed to the dynamics of the plume [53] as previously
discussed. Numerous additional size reduction steps such as ex-
situ [64] or in-situ laser fragmentation [65], in-situ adsorption
[66], continuous tubular centrifugation [67], or size quenching
with electrostatic or steric additives [46] can be applied to gain
narrow monomodal size distributions. However, as size reduction
steps further interfere with particle growth and the structure of the
resulting NPs, these techniques were avoided in this compositional
study. Overall, all compositions were found to express a similar
specific surface area (Fig. 1) which was mandatory to compare the
compositions regarding their overall catalyst performance. STEM-
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Figure1 Particle size distribution of (a) Cr;;5Co,;sFe;;sNij;sMny, (b) Cr;cCoysFe;oNijgMnzMoy, (c) CryyCoy,Fe Nij,Mn;Mo,,, and (d) Cr;oCoyoFe;(NijoMnsMos,
NPs with a log-normal fitting. The size distributions were produced by measuring the Ferret diameter of 289-906 NPs from several TEM images of the corresponding
samples. Representative TEM images corresponding to each composition are given in the insets and the mean particle diameter, standard deviation, PDI, and specific

surface area (SSA) are given.

EDX elemental maps combined with EDX elemental line scans on
a single-particle level were conducted to validate the elemental
distribution in the NPs (Figs. 2 and 3).

Accordingly, all elements (Cr, Co, Fe, Ni, Mn, and Mo) present
in the HEA bulk target were also found in all the analyzed NPs of
different diameters, which indicates the formation of alloyed
particles in all cases. The EDX signals in the elemental maps (Figs.
2(a) and 3(a)) of Cr, Co, Fe, Ni, and Mn show homogeneous
distributions of each element within the NPs, which indicate the
absence of elemental segregations on this scale for these elements.
Therefore, we could exclude the formation of segregated NPs with
different phases, that was observed in other multi-metallic material
systems before [52]. However, when comparing the signal
intensities of the different NPs, a partially deviating intensity is
shown for the Mn and Mo maps, compared to the other elements,
in the Cr4Co,¢Fe;¢Ni;sMnsMoy NPs (Fig. 3(a)).

These signal intensities can be affected by various parameters
such as the particle diameter, average atomic number,
morphology, and chemical composition of the particles. Thereto,
chemical compositions of single NPs were quantified by STEM-
EDX area measurements. These measurements also show partial
deviations from the nominal chemical compositions (Table S2 in
the ESM), especially Mn-rich or Mo-rich NPs were occasionally
found where mostly only one of the two elements was enriched in
the corresponding particles (Fig. S1 in the ESM). The discrepancy
between the measured and nominal chemical compositions of the
HEA NPs could be partially explained based on the surface
compositions of the HEA ablation targets observed after their
ablation. Although the EDX-maps show a homogeneous
distribution of the desired elements on the target surface (Fig. S2
in the ESM), the averaged surface composition data from EDX
and XRF analysis both show small deviations (Tables S3 and S4 in
the ESM) from the nominal compositions, possibly mediated due
to partial surface metal oxidations. The EDX elemental maps of
Mn (green) also show an inhomogeneous lateral distribution with
a signal arising around the NP surfaces (Fig. 2(a)), which indicates
enrichment of Mn or the formation of a Mn-rich byproduct
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Figure2 TEM characterization of the Cr;5Co,;sFe ;sNij;sMns, NPs. (a)
HAADEF-STEM image and EDX elemental maps of Mn, Ni, Cr, C, O, Co, and
Fe. (b) EDX elemental line scan of the constituent elements (position is marked
in (a)), (c) HRTEM micrograph, and (inset) SAED pattern.

outside the NPs. Next to Mn, the formation of an O outer layer on
the NP surfaces is revealed by the EDX elemental maps of O
(orange) regardless of Mo being present in the target (Figs. 2(a)
and 3(a)). This seems to indicate partial oxidation of Mn next to
the NP surfaces by the formation of MnO,. However, the
oxidation of the NPs seems to be enhanced on the surfaces, which
is illustrated by the weak O signal inside the NPs. EDX elemental
line scans, depicted in Figs. 2(b) and 3(c), validate these
assumptions by showing lower counts of the O signal inside the
NPs, also in line with previous studies where surface atoms were
oxidized during PLAL [68]. Furthermore, the O enrichment on
the surface is validated by the respective signals of the elemental
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Figure 3 TEM characterization of the Cr,;Co,sFe;sNijsMn;Moy HEMG NPs. (a) HAADF-STEM image and EDX elemental maps of Ni, O, Mo, Mn, C, Fe, Cr, and
Co. (b) Magnified HAADF-STEM image of the upper NP shown in (a), (c) EDX elemental line scan (position marked in (b)) of the respective elements and (d)

HRTEM micrograph and (inset) SAED pattern.

line scans showing relatively stronger O signals on the NP surfaces
and next to the NPs. Given the high oxygen solubility of
acetonitrile and that acetonitrile molecules are free of oxygen, the
emergence of the surface oxide layers could be mainly attributed
to the dissolved oxygen and water in the surrounding medium
[69]. Similarly, Marzun et al. concluded that active oxygen species,
e.g, from the decomposition of water, are the main origin for
oxidation after PLAL while dissolved oxygen promotes post-
ablation oxidation processes [70]. In the example of porous
FeCoNiCrNb HEA NPs, the presence of oxides on the NPs
surface was found beneficial in promoting their catalytic OER
activity due to their extraordinarily large surface area, and fast
dynamics [71]. An additional oxygen source is the surface oxide
layer that might be present in the bulk targets (Fig. S2 and Table
S3 in the ESM).

The peak EDX elemental line scan signals of C (Figs. 2(b) and
3(c)) on the shells of the NPs indicate the formation of C-shells
around the laser-generated NPs. The presence of a C-shell is
further indicated by the HRTEM micrographs showing the
formation of a thin (~ 2 nm) layer around the NPs (Figs. 2(c) and
3(d)) and is well known for PLAL in organic solvents [45,46,
72-74]. Analysis by fast Fourier transform (Fig. S3 in the ESM)
supports the formation of graphitic carbon shells with a measured
lattice constant of ¢ = 6.8 A for consecutive shells (literature value
for graphite with space-group P6,/mmc: ¢ = 6.711 A) [75]. These
kinds of graphitic carbon layer formations were also shown for
laser ablation of many single transition metal targets (e.g., Cr, Mo,
Ni, Mn, and Fe) in organic solvents [74]. It was also reported in
the case of Pd [76], Au [77], and Ni [72] by different authors while
the metal targets were ablated in acetonitrile. The formation
mechanism of such a graphitic layer during the laser synthesis is
still under debate. Choi et al. discussed that the sufficiently high
temperature and pressure during laser ablation in acetonitrile
leads to the production of C, H, and N ions and/or atoms together
with CH; and CN radicals [72]. These C-species condense onto

the metal NP surfaces during the adiabatic cooling step thus
generating a carbon layer around the HEA NPs. Reichenberger et
al. on the other hand modeled the dependence of nanoparticle size
and carbon shell thickness [72] assuming the initial homogeneous
mixture of metal and carbon and found a very good agreement of
model and experimental results [46]. Hence, while both
interpretations provide potential boundary conditions, the exact
mechanism still remains to be investigated. The catalytic influence
of the transition metals in the HEA NPs might additionally favor
the dynamic catalytic reactions thereby generating hydrogen gas
and finally forming the graphitic shells [72, 78]. These C-shells are
favorable for the oxygen resistance of the NP core, thus
constituting a barrier towards oxidation of the particles [79].
Please note that the line scans indicate the co-existence of Mn, O,
and C in the shells. Hence it cannot be excluded that low amounts
of manganese oxides and hydroxides are also present in the shells.
Despite the graphitic shell formations, the absence of both the
periodic arrangements in the HRTEM micrographs (Figs. 2(c) and
3(d)) and the Bragg reflection intensities on concentric rings in the
SAED patterns (insets of Figs. 2(c) and 3(d)), acquired from
regions containing a large number of NPs, imply the amorphous
nature of the laser-generated NPs. In addition, the HRTEM
micrographs and SAED patterns of the Cr;,Co,,Fe ,Ni,,Mn3;,Mo,
and Cr,Co,,Fe (Ni;(Mn;Mos, NPs (Fig. $4 in the ESM) further
confirm that the amorphous nature is preserved even after the
incorporation of higher Mo contents. The high carbon signals on
the NPs indicate possible incorporation of carbon into the NPs,
but due to the superposition of the surrounding C-shell, the
carbon support film (TEM grid), and the residuals of the
acetonitrile solvent, further analytical methods exceeding the scope
of this paper would be needed to unambiguously prove the
presence of carbon inside the NPs. However, in accordance with
previous studies, the incorporation of carbon into the HEA NPs
could be expected due to the decomposition of the solvent
molecules to form active C-species (atoms, ions, etc.) during the
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plasma phase, thus providing the platform for diffusion into the
hot plume droplets from the laser ablation [57,72,74,80]. The
carbon helps to retard the precipitation of the crystalline phases
during NP formation and stabilizes the metallic liquid which
increases the chance of amorphization in such a complex alloy
system [57, 81, 82]. The amorphization behavior is expected to be
further enhanced when the particles are enclosed in graphitic
shells [83] where the dissolved carbon in high entropy alloy matrix
with a single solid solution phase may facilitate the stabilization of
an amorphous phase under a high quenching rate due to a more
negative mixing enthalpy and a larger atomic size difference [84].
Interestingly, the current results are different from the pulsed laser
ablation of a similar HEA in ethanol, where the generated NPs
were crystallized into a single fcc phase [52]. Since acetonitrile
contains a higher carbon:hydrogen ratio than ethanol [85], it
provides a more carbon-enriched environment in the plume
during ablation. Consequently, an enhanced carbon diffusion into
the core and a higher simultaneous C-shell formation rate during
the ablation process can be expected to facilitate the
amorphization of the HEMG NPs. A correlation of the C:H ratio
of the solvents with the C-shell thickness was also previously
proposed from a literature survey [46].

Given that amorphous structural features were observed in the
single NPs in HRTEM and SAED for different high entropy
systems on a limited number of particles, further confirmation of
the ensemble structure is needed, especially on a large scale. We
hence carried out powder XRD on laser-generated NPs of the
alloy systems (Fig.4). Mo-free Cr,;;Co,;sFe,;sNi;;sMn;y HEMG
NPs exhibit a combination of apparent broad diffuse diffraction
reflections at 26 regions of 30°-70°, and some low-intensity peaks
located on the broad hallows. This indicates that the NP ensemble
is mainly composed of the amorphous structure (as indicated in
the inset of Fig.4(a)) together with a low fraction of single fcc
structure with (111) and (200) planes at 42.9° and 50.0°
respectively. The single fcc phase is in good agreement with a
previous work of HEA NPs in ethanol [52], where the crystalline
fcc phase was well noted by the high-intensity sharp reflection
peaks. In contrast, as previously discussed in the context of the
SAED patterns in Figs. 2(c) and 3(d), the majority of the HEMG
NPs generated in acetonitrile exhibit a mostly amorphous
structure. Simultaneously, the incorporation of 6 at.% Mo
contributes to a higher degree of NP amorphization with a lower
intensity of the crystalline phase. The detection of the minor fcc
phase only by XRD (not in HRTEM and SAED) led to the
assumption that this crystalline part is originating from larger
particles (> 50 nm). The determined crystallite size (10-20 nm),
however, points towards the polycrystalline nature of the larger
NPs with domain sizes that are comparable to the mean size of the
amorphous NPs obtained from TEM (Fig. 4(b)). To validate our
assumption on larger particles contributing to the minor
crystalline phase, we extracted smaller (< 50 nm) NPs from the
CrsCoFe (Nij(Mn; Moy, sample by centrifugation and again
performed XRD on the particles in the supernatant (Fig. S5 in the
ESM). It was shown that the reflections of the fcc structure were
not present confirming that the fcc phase mainly originates from
the larger NPs. It should be noted that, although most of the NPs
constitute the amorphous phase, the detection of the fcc fraction
was still beneficial for confirming the Mo incorporation in the
Cry;5Coy75Fe;;5Ni;; sMny, lattice. Since the atomic radius of Mo
(0.139 nm) is much larger than those of Fe (0.126 nm), Co (0.125
nm), Ni (0.124 nm), Cr (0.128 nm), and Mn (0.127 nm), the
atomic substitution must be accompanied with an increase in the
unit cell parameter and interplanar spacing, as shown in Fig. 4(b)
and Fig. S6 in the ESM, respectively. Such an observation leads to
the assumption that the amorphous HEA NPs should also follow
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Figure4 (a) XRD diffractograms of Cry;sCoy;sFe;;sNi};sMns, CrcCoysFe;q
Ni;sMns,Moy, Cry4Co,4Fe ,Nij,;MnsMo,,, and Cr,;Co,oFe;(Ni;(Mns,Mo,, NPs
showing the (mostly) amorphous structure. The inset of (a) shows the large
abundance of the amorphous phase (red shaded region) as well as a small
contribution from the crystalline fcc phase separately for the representative
Cry;5Coy;5Fe;;5Ni;;sMng, sample. (b) Lattice parameters corresponding to the
fcc phase showing more incorporation of Mo into the lattice with increasing Mo
content and the crystallite sizes in the similar region of the particles sizes (yellow
shaded region).

the same trend of increasing Mo as the minor crystalline fraction.
At the same time, further addition of Mo (14 at.% and 30 at.%)
leads to the formation of different intermetallic phases in addition
to the fcc phase, as one can assume from the binary phase
diagrams, e.g., Ni-Mo [86] and Fe-Mo [87]. Due to the higher
number of constituents, the probability for such intermetallic
phase formations would be even higher in the HEA system which
may affect the resulting electrochemical properties. Supporting
this assumption, our XRD measurements indicated appearances
of additional weak reflection intensities with increasing Mo
content, as well denoted by the reflection at 26 of 36.5°, especially
for the Cr;CoFe(Nij(MnsMos, NPs. The Cr¢Co,.Fey
Ni;(Mns Moy, NPs are characterized by a higher degree of
crystallinity compared to the lower Mo compositions, where the
reflections at 20 values of 36.5° and 42.4° might be assigned to the
substituted Ni-Mo-based intermetallic phase (ICDD #50-1270),
while no fcc phase is detected. The larger fraction of the
amorphous phase at least in the Crj;5Co,;5Fe;;5Nij;sMnsy,
CrCo¢Fe¢NijgMnysMoy,,  and  Cry,Co,,Fe  Ni,Mn;;Mo,,
compositions are expected to contribute to better catalytic
properties in water oxidation due to the enhanced density of
coordinately unsaturated sites and metastable state with higher
Gibbs free energy in the amorphous structure [88, 89]. However,
they might differ in their electrochemical performance in terms of
the increasing contribution of the minor intermetallic phases. The
amorphization of the HEA NPs, in this case, could be mainly
attributed to the solvent (acetonitrile) which acts as the carbon
source. Diffusion of carbon atoms into the metallic matrix
depends on their affinity and enthalpy to form metal-carbon
bonds and significantly increases the mobility of the metallic
liquid, thereby promoting the NP’s amorphization ability during
the quenching process [57]. A confinement effect of the C-shell
can also be expected here thereby suppressing the recrystallization
and stabilizing the amorphous structure of the metallic cores [57].
In contrast, when using solvents with a lower tendency for
graphitization, such as ethanol which was used by Waag et al., the
effect of such carbon diffusion, as well as the graphitic layer
formation, is less pronounced such that HEA NPs with more
pronounced crystalline structures were gained [52].

In addition to the structural information, analysis of the surface
chemical states of the HEMG NPs is important, especially to
reveal the structure—property relation in the catalytic application
as catalysis mainly occurs at the surface of the particles. Thereto,
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high-resolution XPS studies were performed for analyzing the
dominant elements in HEMG NPs and shown for the
representative Cr,4Co,¢Fe;sNi;sMnsMoys composition in Fig. 5.
Obviously, all metal elements except Mn contain the significant
fraction at elemental state (zero-valent state), i.e., Cr 2p;, at 574.2
eV, Co 2ps;, at 778.2 eV, Fe 2p;;, at 707.5 eV, Ni 2p,, at 852.9 eV,
and Mo 3dj), at 228.1 eV, agreeing well with the binding energy
values reported for the amorphous structure [90]. According to
the STEM-EDX results in Fig. 3, O was found in the NP shell, thus
leading to the generation of surface metal oxides/hydroxides,
where they are supported by the detection of Cr** at 576.6 eV (Cr
2psp), Co*/Co™ at 779.9-781.6 eV (Co 2py,), Fe*/Fe* at
710.1-711.6 eV (Fe 2p;,), Ni** at 854.0 eV (Ni 2ps,), and Mo* at
228.9 eV, which coincide with the lattice oxygen O* in the form of
metal-oxygen bonds shown in the O 1s high-resolution XPS
spectrum (Fig. 5). Note that the main bonding of O at 532 eV
comes from the C-O as shown in the C 1s spectrum, but the
dominant component of the shell structure originates from the
graphitic C-enriched with C-C, which also agrees with our
observation in HRTEM (Fig. 3(d)). Also, our assumptions that (I)
the shell contains small amounts of metal hydroxides, primarily
manganese as it is most strongly oxidized and (II) that the
graphite shell is partially oxidized (C-O bonds), are confirmed by
XPS. The enrichment of carbon in the shell and potentially also
the bulk nanoparticle structure as discussed earlier indeed plays a
significant role in the formation of the amorphous structure in the
high entropy system due to the confinement effect thus
suppressing the heterogeneous recrystallization and stabilizing the
amorphous structure [57, 83]. By analyzing the XPS spectra, one
can assume that the laser-generated HEMG NPs are mainly
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composed of C-shell (dissolved with minor metal oxides and
carbon oxides) on the surface and zero-valent metals in the core.
In addition, Fig. 6 compares the nominal compositions (at.%) of
different HEMG NPs with the surface compositions measured
from the high-resolution XPS spectra, where Cr, Ni, Fe, and Co
show preservation of the nominal composition on the surface of
the NPs after ablation. However, surfaces enriched by Mn are
found and the surface composition of Mo in the NPs is always
lower than the nominal composition. Based on the Mn
enrichment on the surface of the as-synthesized HEMG NPs
shown by the STEM-EDX results, it can be assumed that the
surface of the HEMG NPs contains a higher fraction of Mn
oxides. The formation of oxides of Mn rather than other elements
in the cantor alloy can be expected due to the more negative Gibb’s
free energy of formation of the Mn-oxides [91]. For instance,
Douglass et al. observed Mn,O; surface layer formations for a Fe-
Mn-Cr-Ni-C-N austenitic alloy which resulted in the selective
removal of Mn from the alloy phase [92,93]. Based on the
characterization methods discussed above, the HEMG NPs
generated here are constituting a structure that is enclosed in thin
graphitic shells. Further, we can assume that some C-species are
incorporated inside the metallic core depending on the affinity
towards different transition metals.

After identifying the morphology, elemental distribution,
amorphous structure, and surface oxidation states, we will now
turn to the electrochemical application of the HEMG NPs. In
general, the different neighboring atomic environments and the
presence of several adsorption sites due to the multiple elements
make HEA NPs highly attractive for catalysis [12]. Moreover, the
noble metal-free HEA NPs also possess an additional advantage of
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cost-effectiveness for industry-level catalysis applications where
large quantities of NPs are required [94]. Since the HEA NPs have
been widely employed as electrocatalysts for OER and ORR, we
also tested the potential of the laser-generated HEMG NPs of
different compositions for these catalytic reactions (Fig. 7 and Fig.
S7 in the ESM).

The OER tests were performed in an alkaline (0.1 M NaOH)
electrolyte employing the HEMG NPs supported on carbon black
as the working electrode in a three-electrode potentiostat (see the
experimental section for details). The OER performance of the
HEMG NPs of different compositions is presented in Figs. 7(a)
and 7(b). A composition-dependent trend on the OER
performance of the HEMG NPs can be directly seen from the
differing overpotentials and current densities plotted in Fig. 7(b)
vs. the nominal Mo content. Note that, in Fig. 7(b), the current
density values at an overpotential of 0.47 V and the overpotentials
at a current density of 6 mA/cm’ are shown for each sample for
easy comparison. The current density values were obtained by
normalizing the measured currents using the geometrical area of
the glassy carbon electrode. Since the electrode area was covered
using a constant mass of the catalyst (ie., the same mass of the
HEMG NPs) in each case, the results are directly comparable and
an effect of the mass of the material can be excluded. The
CryCo,¢Fe (NijsMnsMoys HEMG NPs show the highest activity
with a current density of ~ 12.3 mA/cm,,’ at an overpotential of
0.47 V among the four tested compositions while the particles
containing 30 at.% Mo present the lowest OER activity (~ 9.8
mA/cmy,,” at 0.47 V). This indicates that the addition of a small
amount (~ 6 at.%) of Mo into the cantor alloy enhances the OER
activity while further Mo addition has a gradual negative impact.
The higher OER activity of the Cr,Co,sFe;sNi;(Mn;Mo, HEMG
NPs could be attributed to the slightly increased interplanar
distance in the amorphous phase due to the incorporated larger
Mo atoms compared to the cantor alloy NPs [95]. Such lattice
distortions can drive HEAs into nonequilibrium thermodynamic
states leading to lower potential energies and in turn lower energy
barriers during the catalytic processes [96]. But Cr,Co,Fe;,
Ni,MnyMo,, NPs show lower activities possibly due to the
presence of more crystalline intermetallic phases as also shown by
XRD (Fig. 4), especially for the CrjyCoyzFe(Nij,Mn;Mos, NPs
with the lowest OER activity. Tafel slopes acquired for the
different compositions also show the higher and lower efficiencies
of the CrCo,cFe;NijgMns Moy and Cr;yCo, Fe;oNijgMn;Mos,
NPs, with Tafel slopes of 93 and 100 mV/dec, respectively (Fig.
S8(a) in the ESM). Here, it should be noted that the electrocata-
Iytic performance depends heavily on the specific surface activity,
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which is influenced by the surface defects in the particles. Thus,
the amorphous nature of the HEA NPs generated here is highly
relevant as such structures always possess denser distribution of
defects, a higher concentration of coordinatively unsaturated sites,
higher potential energy, and more loosely bonded atoms [22, 36,
37]. It is known that the smaller particles usually present better
catalytic activity due to their increased surface area for a constant
mass. However, in our case, particle size is not the ruling factor as
the Cry;5Coy;5Fe);5Nij;sMny, and - CryyCoyFey,Nij,MngMoy,
HEMG NPs show different OER activities despite their
comparable mean particle size (~ 22 nm, Fig. 1). In fact, although
all HEMG compositions show a broad size distribution, the
specific surface areas of the samples were comparable (see Fig. 1)
such that the catalytic activity appears to be more dominantly
affected by compositional effects rather than size effects.

To evaluate the performance of our HEMG NPs-based
catalysts, the obtained current densities and overpotentials should
be compared with those reported in the literature. However, the
different approaches adopted in the catalyst preparations together
with the variations in the measurements (e.g., different electrolyte
concentrations) often make a direct comparison challenging.
Therefore, we compared the OER activity of the HEMG NPs
obtained here to that reported recently for laser-generated
CrCoFeNiMn HEA NPs in ethanol where the measurements and
the preparation of the catalysts were similar [52]. In that case, the
current densities were normalized to the total mass of the HEA
NPs, and the CryCoyFeyNiyMn,y HEA NPs generated in
ethanol showed a current density of ~ 0.6 A/mg at a potential of
1.7 V. This current density is much lower compared to the present
study (~ 1 A/mg) even accounting the small difference in the
composition (20 at.% equiatomic composition vs. Cr;,5Co;;sFe;; 5
Ni,;sMny, in the literature and the current work, respectively). It is
also worth noting that the crystalline HEA NPs generated in
ethanol show a lower average diameter (< 10 nm) [52] and hence
possess higher specific surface areas compared to the current
study. Furthermore, when 6 at.% Mo is incorporated into the
CrCoFeNiMn, the current density at 1.7 V is further increased to
1.2 A/mg, twice as the current density value of the cantor HEA
NPs bearing an equiatomic composition produced in ethanol [52].
Besides this, the HEMG NPs-based electrocatalysts are stable in
the given alkaline medium where only small deviations in the
measured current are noted over 10 consecutive cycles (Fig. S9 in
the ESM). Vassalini et al. reported the catalytic performance of the
Au-Fe NPs obtained from laser ablation in liquid [97]. In that
case, the highest activity was found for the AugFe;; composition
with an overpotential of ~ 0.8 V at 10 mA/cm’. All the HEMG
NPs generated in the current work, irrespective of their
composition, outperform these Au-Fe bimetallic alloy NPs where
the Cr;¢Coy¢Fe sNij¢MnsMogs NPs achieve a current density of 10
mA/cm’ at an overpotential as low as ~ 0.4 V. However, it should
be noted that the current OER tests were done in 0.1 M NaOH
while Vassalini and co-workers performed the tests in 1 M KOH
solution. In another work, Marzun et al. tested the OER activity of
laser-generated Ni-Mo alloy NPs where they exhibited a current
density of only ~ 7 mA/cm® at 0.75 V even after 150 cycles [98].
The catalysts based on the HEMG NPs generated here also possess
higher OER activities in comparison to the activities of Co;0,-
based catalysts [99] as well as laser-generated Co-Ni NPs [52] of
different compositions.

To further demonstrate the applicability of the HEMG NPs in
heterogeneous catalysis, we tested the ORR activities of HEMG/C
catalysts (Figs. 7(c) and 7(d)) as it is highly relevant in energy
conversion systems such as fuel cells [100]. In contrast to the OER
activities, here the Cr;;;Co,;sFe;;sNi;;sMns, and Cr,,Co, Fe,,
Ni;,Mn;,Mo,, NPs show better activities as characterized by lower
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Figure7 (a) OER LSV curves of Cry;5Co,;sFe;;sNij;sMny, CriCojgFeNijgMny Moy, Cr,Co,FeNij,MnzMoy,, and Cr,Co,oFe;(Ni;gMn;Moz, NPs in 0.1 M
NaOH and (b) current density at an overpotential of 0.47 V and overpotential at a current density of 6 mA/cm’ vs. the Mo content. (c) ORR LSV curves of the HEMG
NPs and (d) current density and overpotential of different samples at the first IP. The dotted lines in (b) and (d) are for guiding the eye in following the trends. The
green and red regions in (b) and (d) represent regions of higher and lower activities, respectively, based on the current densities. The error bars in (b) and (d) were
calculated by repeating the OER and ORR tests of the Cr;4Co,sFe;sNi;(MnzMoy NPs three times and considering the relative error in other compositions.

negative current densities at a given overpotential. The ORR LSV
curves are constituted by different current waves as shown in Fig.
7(c). Hence, to differentiate between these current waves and
quantitatively compare the activities, we employed inflection point
(IP) analysis. Recently, IP analysis was pioneered by Schuhmann
et al. for laser-generated CrCoFeNiMn CSS NPs for comparing
their composition-dependent ORR activity [35]. For the IP
analysis, the raw LSV curves were fitted with different polynomial
functions at respective intervals of the potentials where the curves
show different trends. Derivatives of such fittings indicated the
overpotential values at which maximum current densities are
achieved. Figure 7(d) shows the current densities and the
overpotentials obtained from the first IP as a function of the Mo
content. In analogy to the LSV curves in Fig. 7(c), it is found that
the Cry,CoFe ,Nij,Mn;Mo,, NPs show the highest negative
current density (~ 0.8 mA/cmy,,’) at an overpotential of ~ 0.708
V for the first IP. Although the Cr;Co,¢Fe (NisMn; Moy NPs
show comparable overpotential at this point, the negative current
density is much lower (~ -0.42 mA/cmy,,’), indicating a lower
density of the respective surface sites that are already active at this
potential in case only 6% of Mo was present. Hu et al. produced
PtCo/CoO, nanocomposites via laser ablation and employed them
as catalysts for both OER and ORR [101]. The highest ORR
activity was obtained for the PtCo sample having Pt:Co ratio 1:2
with a potential of 870 mV. This value is better than the current
work, however, this can be attributed to the presence of expensive
Pt in the samples with platinum-based catalysts still being the best
ORR catalysts to date. Laser-generated PdY NPs also show better
ORR activity than the HEMG NPs here due to the higher activity
associated with Pd [102].

Interestingly, the Cr,,Co,oFe;(Ni;gMnyMos, NPs present the
lowest activity at the 1* IP during ORR as well as in OER. It is
noteworthy that in this composition, in addition to the higher
degree of crystallinity (denoted by high-intensity diffraction peaks
in Fig. 4), the molar fractions of both Mn and Mo (30 at.%) are
explicitly high compared to other elements (10 at.% each) in the
system thus placing it far away from the conventional equiatomic
HEA composition. Hence, this points to the hypothesis that either

the absence/depletion of the other elements on the surface or the
reduced configurational entropy in the system might have also
been detrimental to the density of the most active surface sites
[12]. The Cr,,Co,yFe (Ni;(MnsMos, NPs yet continue to follow
the same trend showing the lowest ORR activity during the second
IP as well (Fig. S6(b) in the ESM). However, at the 2™ IP or in
other words, the 2™ set of active sites at about 0.4 V higher
overpotential (compared to the 1* IP), the CrCoFeNiMn cantor
HEMG NPs outperform the other compositions as also visible
from the corresponding LSV curves at lower potentials with
higher negative current density values. Accordingly, also the
Cr¢Co,¢Fe(NijsMns Moy, NPs exhibit a lower overpotential
compared to that of the Cr;,Co,,Fe ,Ni;;Mns;,Mo,, NPs at the 2™
IP (Fig. S8(b) in the ESM). Even though more IPs from other less
active sites could be extracted, it is not feasible due to the higher
overpotentials. Overall, for the 1* IP that is most favorable for
future applications due to its lowest overpotential, most active sites
seem to form in the case of Cr;,Coy,Fe;4NijMnsMo,, which
hence provides a good platform to identify their true nature in
future studies on alkaline ORR.

In short, laser-generated colloidal HEMG NPs with respective
compositions show reliable activities towards OER and ORR. It
can be assumed that the abundance of the amorphous phase,
presence of the different metallic elements, lattice distortion, high
entropy effects, graphitic shells, particle size, and different
adsorption sites all influence the final catalytic activities of these
HEMG NPs [2, 12, 15, 16].

Although the graphitic shells may limit access to the metal
atoms during the catalytic reactions, the highly oxidizing
conditions in OER are likely to oxidize the carbon next to the
metallic components leading to corrosion of the carbon [103, 104].
The detected redox peaks in the cyclic voltammograms are a very
good indication that the metal atoms take part in the catalytic
reactions during the potential scans also under ORR conditions
(Figs. S7 and S8 in the ESM). Particularly a nitrogen doping of
carbon which is likely in the case of carbon shells forming from
nitrogen-containing acetonitrile has been shown to facilitate water
diffusion through porous carbon [105]. Hence, a direct contact
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between the surface atoms of the HEMG NPs and the electrolyte
from carbon corrosion or directly through the nm-thick carbon
shell appears to render the latter still active in OER and ORR,
respectively. It is also known that, due to the extremely fast initial
cooling rates associated with PLAL [54], the generated NPs can
possess defect-rich surfaces and metastable phases [106] which in
turn impact their electrochemical properties [58,73,107]. In
addition, since the catalytic reactions occur at the particle surface,
the surface compositions of the HEMG NPs must be also seriously
considered, especially when the surfaces are partially occupied by
different intermetallic phases. For instance, some HEMG NPs in
the present study showed an Mn-oxide-rich surface irrespective of
the composition which can have a direct influence on the catalytic
activities [108]. According to the catalytic measurements
conducted, we find that the addition of a small amount (~ 6 at.%)
of Mo into the CrCoFeNiMn system enhances the OER
performance, while the incorporation of ~14 at.% Mo seems to
improve the ORR activity of the HEMG NPs. Interestingly, the
CryCo,oFe (Nij;Mns Moy, NPs, which are constituted by more
crystalline phases, present the lowest activity in both ORR and
OER. This underlines the promising impacts of the amorphous
nature as well as the lattice distortion and entropy effects induced
by the fractional addition of Mo in the CrCoFeNiMnMo HEMG
NPs in catalysis.

4 Conclusions

In summary, we demonstrated the generation of quinary
CrCoFeNiMn and senary CrCoFeNiMnMo HEMG NPs through
pulsed laser ablation of the respective bulk targets in acetonitrile.
We utilized acetonitrile not only as the solvent during ablation but
also as the carbon source thus the generated particles probably
contain some internalized C-species next to thin graphitic shells.
Such C-related formations stabilized the HEAs with amorphous
phases and resulted in the formation of the metallic glass
structures on the nanoscale. By employing complementary
HAADF-STEM, EDX, SAED, powder XRD, and XPS, the
formation of the HEA NPs without the occurrence of significant
segregation of single elements from the metallic glass structure was
verified. The degree of amorphization was further influenced by
the addition of different molar fractions of Mo into the
CrCoFeNiMn matrix enabling larger atomic size mismatches. The
generated HEA NPs were finally used as bifunctional
electrocatalysts in OER and ORR as a function of incorporated
Mo, and the obtained results were discussed in terms of the
structure, elemental distribution, and surface composition of the
particles. These HEA NPs present enhanced OER activities in
contrast to their similar crystalline counterparts possibly due to the
denser distribution of the defects, higher concentration of
coordinatively unsaturated sites, and more loosely bonded atoms
in the amorphous structures in addition to the synergistic effects
arising due to the multimetallic combination. Hence, a need for
more scientific research focused on this direction arises such that
studies using methods like laser fragmentation [64] and addition/
replacement of the elements by more catalytically active ones for
the aimed application could be considered to achieve further size
reduction, amorphization, and higher defect density of the HEMG
NPs. Altogether, the simplicity of PLAL in making highly complex
HEMG nanostructures is explored with huge possibilities of
tuning their performance together with the flexibility on the
material system for potential applications in electrocatalysis.
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