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4Institut de Chimie Moléculaire et des Matériaux d’Orsay,
CNRS, Paris Sud, U. Paris-Saclay, Orsay, 91045, France

At the nanometric scale, the synthesis of a random alloy (i.e. without phase segregation, whatever
the composition) by chemical synthesis remains a not easy task, even for simple binary type systems.
In this context, a unique approach based on the colloidal route is proposed enabling the synthe-
sis of face-centred cubic and monodisperse bimetallic, trimetallic, tetrametallic and pentametallic
nanoparticles with diameters around 5 nm as solid solutions. The Fe-Co-Ni-Pt-Ru alloy and its sub-
sets are considered which is a challenging task as each element has fairly different physico-chemical
properties. Nanoparticles are prepared by temperature-assisted co-reduction of metal acetylace-
tonate precursors in the presence of surfactants. It is highlighted how the correlation between
precursors’ degradation temperatures and reduction potentials values of the metal cations is the
driving force to achieve a homogenous distribution of all elements within the nanoparticles.

I. INTRODUCTION

Nowadays, metallic nanoparticles (NPs) are widely
studied in many combined scientific fields for their
specific reactivity and/or physical properties resulting
from their reduced size. Their nanometric dimension
gives them different properties compared with their
bulk counterparts1. This is particularly true in case of
bimetallic alloys (or nano-alloys) where the combination
of two metals within a nanoparticle could lead to very
high synergistic effects, attractive in many fields such as
catalysis reactions, optics, optoelectronics and medical
applications2. A particularly exciting development is
the extension to nanoalloys with more than two metals
present at the same time to form multicomponent
metallic alloys usually called high-entropy alloy (HEA)
nanoparticles. With their dynamic expansion, high
entropy alloys (HEAs) in bulk form3,4, have become
an active area of research in the materials science
community, particularly for their mechanical proper-
ties5. These materials, containing multiple elements
(4 to 6) in a composition range of 5-35 at.%6, tend to
form simple solid solution microstructures partly due
to their configurational entropy that increases with
the number of elements. This class of random alloys
with impressive strength and toughness7 is foreseen
as a new design axis in metallurgy to control a wide
range of mechanisms8. Four fundamental effects are
put forward to explain the extraordinary properties
of bulk HEA: high configurational entropy, large lat-
tice distortion, slow diffusion of atoms, and cocktail
effects6. Due to the remarkable changes demonstrated
by pure metals and alloys downsizing in a wide range
of fields, the concept of HEA has naturally extended to
nanoscale. Although research on HEA NPs is still in
its infancy, very promising results have revealed their
unique physical and chemical properties, expecting to
exceed those of conventional metallic nanoalloys in

various applications. Typical example includes quinary
PtPdRhRuCe NPs as ammonia oxidation catalysts9 or
oxidized FeCoNiCuPt HEA for applications targeting
H2 formation and storage10. As a result, this spectrum
of impressive properties makes this new broad class
of structural materials attractive11–18. To take full
advantage of their potential as structural and functional
materials for future nanotechnologies, it is crucial to
thoroughly understand the structure-property relation-
ship in HEA-NPs. Consequently, the development of
innovative synthesis protocols is required to gain control
over the size, shape composition and structural phase
of HEA NPs. In this context, high temperature (HT)
methods such as carbothermal shock and plasma arc
discharge syntheses have been proposed with varying
degrees of efficiency9,19. Despite these outstanding
successes, the very extreme synthesis conditions make
it difficult to control the resulting HEA NPs, which is
an obstacle to scaling up their use in various industrial
applications. Besides, more appropriate approaches
to produce HEA NPs in soft conditions have been
proposed deriving from wet-chemistry synthesis20–22.
However, most studies have resulted in NPs with poor
control of size23, monodispersity24, shape15 or require
a post-processing steps25. Recently, several ternary
systems in solid solution have been synthesized using
colloidal route to highlight their potential in various cat-
alytic applications15,22,24. If more elements are present,
structures with undesirable phase separation, are ob-
tained26. Despite these relative achievements15,27,28,
little effort has been devoted to the synthesis of NPs
and more precisely to the relevance of the experimental
parameters impacting the physico-chemical properties of
the obtained NPs.

In the present work, we present a simple and versa-
tile one-pot approach to produce HEA NPs under soft
synthesis conditions ensuring the formation of simple
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solid solution microstructures, the structural signature
of HEAs. To achieve this goal, we extend our new col-
loidal procedure for the synthesis of bimetallic NixPt1−x
with controlled size and chemical composition to fabri-
cate HEA NPs29. A major difficulty in optimising the
synthesis parameters is to characterise the obtained NPs.
Typically, X-Ray Diffraction (XRD) analyses can been
used but in case of small NPs, very broad and low in-
tensity peaks are observed22 making the analysis diffi-
cult for elements with the same crystallographic structure
and close lattice parameters as discussed in the present
work. Here, the structural properties of the synthesized
NPs are studied by High-Resolution transmission Elec-
tron Microscopy (HRTEM) using different modes. More
precisely, to assert that the NP do not present any phase
segregation and to quantify their chemical compositions,
Energy Dispersive X-Ray analysis (EDX) are performed
at the single particle level. The targeted material is the
Fe-Co-Ni-Pt-Ru alloy (and its subsets), a perfect model
system having several advantages to highlight the poten-
tial of our method. Indeed, this particular HEA alloy
is based on individual elements crystallizing into vari-
ous structures such as hcp, fcc and bcc. Moreover, it
contains elements across different transition-metal series
(3d, 4d and 5d) with a broad disparity of atomic radius.
All these factors make complex and challenging the elab-
oration of Fe-Co-Ni-Pt-Ru NPs in a FCC solid solution
with controlled size and shape.

II. COLLOIDAL SYNTHESIS OF HEA NPS

The colloidal route is widely used in case of pure NPs
as an efficient and accurate way to obtain nano-objects
with controlled structure (size and shape)30–32. It is
based on the reduction of metallic precursors by a
reducing agent and the presence of surfactants immersed
in an organic environment at a given temperature33.
Using this colloidal route, bimetallic nickel-platinum
NPs have been recently obtained with a specific con-
trolled chemical composition, ranging from pure Ni
to pure Pt and well-defined size below 5 nm29. More
precisely, the synthesis temperature proved to be crucial
to produce NPs in solid solution phase, i.e. without
phase segregation such as core-shell or Janus structures.
After such a success, we will seek to extend this synthesis
route to overcome an additional difficulties and achieve
multi-elements (from 3 to 5 in solid solution), truly
allowed NPs.

As seen in Figure 1, colloidal synthesis involves three
key stages driven by experimental parameters (redox
potential, temperature and surfactants). The first one
corresponds to the reduction of metallic precursors
containing metal cations (Mn+) down to their zero
oxidation states by a reducing agent (here a diol) as
electrons source. Such mechanism is rationalised by the
redox potential (E0) of the different species involved,

FIG. 1. Mechanism of colloidal synthesis of metal nanopar-
ticles. Stage (I) : metallic cations reduction. Stage (II) :
nucleation of thermally activated NPs. Stage (III) : Stabili-
sation of NPs by surfactant binding.

a helpful empirical value to predict the tendency of
chemical species to acquire or lose electron(s). In the
case of the bimetallic NPs synthesis, the redox reaction
involves three redox couples (two metal cations and the
reducing agent) whose classification by their potential
E0 enables to predict which reaction is possible. More
precisely, such reaction can only be achieved between
the strongest oxidant of a couple with the strongest re-
ductant of the other couple. This is perfectly illustrated
by the gamma rule which can forecast the direction of
the reaction as well as its relative kinetics. First, let

FIG. 2. Direction prediction, probability and kinetics of a
redox reaction using the gamma rule for a reaction with (a)
two and (b) three redox couples.

us consider two redox couples in a solution between a
metallic cation (Oxy1/Red1) and the reducing agent
(Oxy2/Red2) with standard redox potentials E0

1 and E0
2 ,

respectively such as E0
1 > E0

2 and ∆E0
1−2 = E0

2 − E0
1 .

Following the gamma rule (see Figure 2a), the stronger
oxidant (Oxy1) will react with the stronger reductant
(Red2) to produce Oxy2 and Red1 species. In this
reduction process, the more positive ∆E0

1−2 is, the more
thermodynamically favored the following reaction is :
Oxy1 + Red2 −−→ Oxy2 + Red1. The reduction ability
is also reflected in the degradation temperature of the
precursor containing the cation. The more easily a
cation is reduced, the lower its degradation temperature.
Interestingly, the gamma rule can be extended to several
redox couples in solution. As seen in Figure 2b, we can
predict that the redox reaction Oxy3 +Red2 −−→ Oxy2 +
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Red3 is the more thermodynamically and kinetically
favourable compared to the others. At this point, note
that the presence of ligands bonded to metal cations
may influence this reduction reaction. According to
Marcus’ theory34, the redox potential of Mn+/M0 pair
is modified by the nature of the coordination sphere
around the metal cations. This potential modification
is function of the nature of the ligands, i.e. the bond
strength between ligands and metal atoms. In case
of strong bonds, a precursor stabilization, associated
with a decrease of the redox potential of the cation
is observed due to electrons density transfer from the
ligand to the metal. To take these ligand effects into
account, the metal precursors used have all the same
coordination sphere made of acetylacetonate groups.
Following this approach, different bimetallic NPs have
been synthesized in the literature. Typical examples
include AuRu35 and NiRu36 NPs. This gamma rule
can therefore be extended to several elements but very
surprisingly such an approach has never been adapted
to synthesize nanoparticles containing more than two
metallic elements. At the end of the reduction process,
a second phase starts, where the different zerovalent
metal atoms previously produced bind together as small
clusters that keep growing (as long as metallic atoms
are still produced in solution) during the third phase
of the synthetic process. This growth process gives rise
to particles which turn out to be very unstable, due to
their strong tendency to form aggregates precipitating
out of the solution. To overcome this difficulty, the
second and third steps of the colloidal synthesis make
use of surfactants, able to bind to the surface of the
metallic nanoparticules to stabilize them and make these
nanoobjects soluble in various solvents (Figure 1). Under
these conditions, NPs with controlled size and shape
are obtained, with two key parameters : the nature
of the surfactants and the temperature. Surfactants
are amphiphilic species that link to specific facets to
prevent their growth, thus controlling the morphology
of the NPs37–43. It is also interesting to notice that the
presence of surfactants prevents the coalescence of NPs
allowing a better control of the size of the synthesized
nanomaterials44,45. Consequently, the choice of the
surfactant is crucial in the colloidal synthesis. Regarding
the role of the temperature in chemical synthesis in
general, it is obviously considerable on NPs formation
as it is involved in the nucleation-growth mechanism,
ripening phenomena, solubilisation, etc.31.

The synthesis of NPs with controlled structures (size,
composition) is therefore a subtle balance involving many
steps driven by experimental parameters that are neces-
sarily interconnected, making the task even more deli-
cate. A specific difficulty of our study is to obtain a solid
solution of NPs, the typical signature of a HEA system.
Recently, a quinary NP alloy consisting of five platinum
group metals have been synthesized using chemical route
showing the promise of such an approach23,24. However,

the relevance of the synthesis parameters or the versatil-
ity of the method was not addressed. Indeed, only eas-
ily reduced metals were considered to achieve a quinary
alloy and not its subset. To achieve this goal, the tar-
get system in the present study is CoFeNiPtRu whose
redox potentials and degradation temperatures for each
element are given in Table I. The surfactants used are
oleic acid and oleylamine (in equimolar proportion), a
widely used mixture allowing to get spherical type NPs
with controllable sizes. Given the broad range of the
quantities reported in Table I, the reduction kinetics for
each cation are expected to be very different with signif-
icant consequences on the structure of the NPs. Indeed,
if one element reduces before the others, it will be the
first to nucleate giving rise to core-shell structures. As
highlighted in case of bimetallic NixPt1−x NPs29, the key
point to obtain solid solution NPs is to compensate the
differences in the reactivities of the metallic precursors
by increasing the temperature of the synthesis. We es-
tablished a linear correlation between the difference in
the standard redox potentials of the cations used and
the temperature required to obtain bimetallic solid solu-
tion nano-alloys29. The synthesis is therefore carried out
at a suitable temperature which ensures that all metal
precursors are reduced at the same rate. To sustain this
temperature, we have developed a hot injection technique
where a combined solution of metal precursors and reduc-
ing agent contained in a minimum volume of solvent is
rapidly injected into a much larger volume of hot solvent
containing the surface stabilising agents. This process
limits the cooling effect and helps to include metal atoms
inside the growing NPs at the same rate throughout the
synthesis to produce solid solution NPs.

We used this approach to the synthesis of Fe-Co-Ni-
Pt-Ru NPs in a FCC solid solution with controlled size.
This system is very ambitious because it involves ele-
ments with very different physical properties. Indeed, it
consists of transition metals crystallising individually in
FCC phases with the exception of iron (bcc) and cobalt
(hcp). In addition, it contains elements of different tran-
sition metal series (3d, 4d and 5d) with a large disparity
of atomic radii up to 20 % but also different types of
chemical bonds. Finally, the case of Ru is particularly
interesting since it involves a complete reduction in two
steps (see Table I), which makes the synthesis of HEA
NPs via the colloidal route very challenging. In the fol-
lowing, it is not the aim to describe a precise synthesis
of the different subsets of the CoFeNiPtRu system, but
rather to show the versatility and efficiency of our method
by proposing a step-by-step approach (considering some
model subsets) where the influence of the experimental
parameters will be discussed. As a result, we will prove
how this method is particularly simple to obtain HEA
NPs.
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Metallic precursors Thermal degradation (◦C) Redox reaction E0/V (V)46

Pt(acac)2 150 - 16047 Pt2+ + 2e− 
 Pt + 1.18
Ni(acac)2 22048 - 23049 Ni2+ + 2e− 
 Ni - 0.257
Co(acac)2 26050 Co2+ + 2e− 
 Co - 0.28

Ru(acac)3 26051 Ru3+ + 1e− 
 Ru2+ + 0.249
Ru2+ + 2e− 
 Ru + 0.455

Fe(acac)3 18052 Fe3+ + 3e− 
 Fe - 0.037

TABLE I. Standard redox potentials and thermal degradation temperature of metal precursors for each element present in the
targeted Fe-Co-Ni-Pt-Ru HEA NPs. Values are given at room temperature and atmospheric pressure.

III. BIMETALLIC ALLOYS

In this section, two bimetallic NPs are considered,
namely NiPt and FePt. For the first one, we sim-
ply recall our previous results29 where the different
parameters were optimized to obtain NixPt1−x NPs
with different compositions (Ni0.75Pt0.25, Ni0.50Pt0.50
and Ni0.25Pt0.75). Note that these two elements crys-
tallise in an FCC phase in the bulk state and have lattice
parameter differences of about 11 %. As seen in Figure 3a
from transmission electron microscopy (TEM) images,
NiPt NPs of equiatomic composition and average size of
4 nm were obtained according to the previously described
hot injection technique29. As discussed in Ref29, a linear
correlation between the difference in the standard redox
potentials of the cations used (∆E0) and the temperature
required to obtain bimetallic solid solution nano-alloys is
evidenced. Consequently, increasing the synthesis tem-
perature (here 280 ◦C) results in the formation of a truly
alloyed and not a core-shell structure. The homogeneous
distribution of Ni and Pt atoms within the nanoparti-
cle is confirmed from chemical mappings using energy-
dispersive X-ray spectroscopy (EDX). Figure 3a show the
high-angle annular dark-field (HAADF) imaging in scan-
ning transmission electron microscopy (STEM) mode as
well as the corresponding EDX maps of Ni and Pt. Av-
erage values of the chemical compositions extracted from
the EDX spectra (Ni=(56±6) %at, Pt= (44±7) %at.)
confirm that chemical compositions are close to the tar-
get stoechimoetry showing that all the precursors are in-
deed consumed during the reaction. In order to show the
robustness and reproducibility of our synthesis method,
we seek to apply the same approach to FexPt1−x NPs.
Contrary to the NixPt1−x cases, an additional difficulty
is to obtain a fcc solid solution from iron which crys-
tallises in the bcc phase in the bulk state. In this partic-
ular system, the chosen temperature is equal to 295 ◦C53

knowing that ∆E0 = 1.14 V46. A series of samples with
targeted compositions Fe3Pt, FePt and FePt3 have been
synthesized by adjusting Fe : Pt ratios (Fe3Pt, and FePt3
are not shown here). In case of equiatomic composi-
tion, TEM analysis and electron diffraction emphasize
that NPs have an average diameter of around 4 nm and
are crystallised in a disordered FCC structure (see Fig-
ure 3b). No chemical order on the FCC lattice is ob-
served which is expected to be the stable state in the

FIG. 3. (a) NiPt (Ni=(56±6) %at, Pt= (44±6) %at.) and
(b) FePt (Fe=47±7 %at., Pt= 53±7 %at.) bimetallic NPs.
(Left) Bright-field micrography of sample representative of
the NP dispersion for all samples studied. As inset, electron
diffraction patterns corresponding to FCC structure. (Cen-
ter) HAADF-STEM image of NPs. (Right) EDX chemical
mappings showing the spatial correlation between the differ-
ent elements present in a set of NPs of the sample. (Scale bar
= 5 nm)

bulk phase54. To go further EDX measurements have
been performed on different areas of the TEM grids in
a statistical way showing the formation of a truly al-
loyed where Fe and Pt atoms are randomly distributed
within the NP. Interestingly, the chemical composition
from the EDX analysis shows an equiatomic distribution
as targeted by our synthesis. As seen in Figure 3b for
equiatomic composition where a stoichiometry equal to
Fe= 48 %.at, Pt= 52 %.at is highlighted. By considering
a set of NPs, an average composition and standard de-
viation of composition, measured about thirty particles,
equal to : Fe= (47± 7) %.at, Pt= (53± 7) %.at is found.

By correlating the synthesis temperature and the re-
dox potential of the metallic precursors, the formation
of FexPt1−x NPs in FCC solid solution and with a given
composition has been successfully achieved highlighting
the versatility of our colloidal route.

IV. BEYOND BIMETALLIC ALLOYS

We now focus on Co-Ni-Pt NPs of around 6 nm di-
ameter, to make structural analysis by TEM easier. In
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this context, bimetallic systems synthesis was extended
by dividing the amount of Ni (Ni(acac)2), Pt (Pt(acac)2)
and Co (Co(acac)2) metal precursors in three equal mo-
lar proportions. To determine the temperature required

FIG. 4. Co-Ni-Pt NPs synthesized at (a) 280 ◦C and (b)
290 ◦C. (Left) Bright-field micrography of sample represen-
tative of the NP dispersion for all samples studied. As inset,
electron diffraction patterns corresponding to FCC structure.
(Right) EDX chemical mappings showing the spatial corre-
lation between the different elements present in individual
CoNiPt NPs of the sample. Concentration of each element
within the NP are indicated. (Scale bar = 5 nm).

for producing Co-Ni-Pt NPs in solid solution, redox po-
tentials of the different elements are compared. As seen
in Table I, Ni2+ and Co2+ redox potentials are very
close suggesting that the deduced temperature for Co-
Ni-Pt system is therefore the same as for the Ni-Pt sys-
tem, namely 280 ◦C. However, synthesis performed at
this temperature leads to an inhomogeneous distribution
of Co, Ni, Pt atoms within about twenty NPs (slight
distribution of Ni in NP core) with a poor concentra-
tion of Co : Co= (8 ± 2) %.at, Ni= (54 ± 5) %.at and
Pt= (37± 7) %.at (see Figure 4a). This failure is due to
the degradation temperatures of Ni(acac)2 and Co(acac)2
precursors which are significantly different (≈ 40 ◦C as
seen in Table I). This leads to disparities in degrada-
tion kinetics between the precursors during the synthesis
which is an obstacle to reach nano-alloys in solid solu-
tion of equimolar composition. To overcome this bottle-
neck, the injection temperature of the metal precursors
is increased to 290 ◦C, 10 ◦C higher than the one used
for Ni-Pt system syntheses. Through this simple adjust-
ment, a homogeneous distribution of Co, Ni and Pt atoms
within about thirty NPs are obtained with an average
composition close to equimolarity : Co= (32 ± 2) %.at,
Ni= (23±8) %.at and Pt= (45±10) %.at (Figure 4b). Us-
ing electron diffraction, a FCC structure is clearly identi-
fied with a lattice parameter a equal to 0.370± 0.005 nm
as expected by the Vegard law. Moreover, no ordered
structures have been observed.

After this successful synthesis of the ternary system,
the same procedure including an additional metal ele-
ment is performed. Our choice lies with the Co-Fe-Ni-Pt
alloy, where iron is added with the supplementary diffi-

FIG. 5. Fe-Co-Ni-Pt NPs. To keep the temperature con-
stant at 297 ◦C, the quantity of precursors is reduced during
the synthesis from (a) Fe=14±1 %at., Co= 22±2 %at., Ni=
27±2 %at., Pt= 37±4 %at. (around twenty particles). (b)
Fe=12±2 %at., Co= 19±4 %at., Ni= 26±5 %at., Pt= 43±8
%at. (around thirty particles). (Top) Bright-field microg-
raphy of sample representative of the NP dispersion for all
samples studied. As inset, electron diffraction patterns cor-
responding to FCC structure. HAADF-STEM image (high-
resolution mode) of NPs showing an inhomogeneous distri-
bution within the NP for (a) and perfectly crystalline ho-
mogeneous structures as well as twinned NP. (Middle) EDX
chemical mappings showing the spatial correlation between
the different elements present in individual FeCoNiPt NPs of
the sample. (Bottom) Intensity profiles of all elements along
the radius of the NP. (Scale bar = 5 nm)

culty of incorporating a bcc-type element to obtain a fcc
solid solution. As the FeIII(acac)3 precursor degrades
and reduces according to the same mechanisms as the
precursors used so far, the synthesis temperature (here
T = 297 ◦C) is simply adapted according to the ∆E0.
As seen in Figure 5a, the resulting NPs display the same
characteristics as the previous ones. Indeed, we obtain
NPs of monodisperse diameter d = (4.7 ± 1.3) nm and
of FCC type. However, the chemical composition anal-
yses show a non-homogeneous dispersion of the different
elements within the NPs as seen in STEM-HAADF im-
age whose contrast is related to Z, the atomic number
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difference between elements. The chemical mappings us-
ing EDX mode coupled to the intensity profiles along
the radius of the NP confirm this trend by revealing a
homogeneous distribution of Fe and Co and a core and
surface enriched in Ni and Pt, respectively. Again, the
role of temperature was found to be very important. In-
deed, we found necessary to increase the volume of the
injected solution to keep the mixture of the four metallic
precursors soluble. This resulted in a strong tempera-
ture drop after the injection, explaining the previously
described features for the nanoparticles. Under these
conditions, a sufficiently high temperature is maintained
throughout the synthesis process. In order to overcome
this difficulty, the quantity of precursors was reduced and
therefore the volume too so that so that the temperature
is maintained sufficiently high. As seen in Figure 5b,
all metallic elements are now homogeneously distributed
within the NP in a disordered FCC structure. HAADF-
STEM images exhibits a homogeneous contrast consis-
tent with a random distribution of elements within the
NP. Moreover, they also reveal the presence of perfectly
crystalline nanoparticles but also many twinned ones.
From the chemical mapping analysis and the intensity
profiles along the NPs, we can clearly state that no seg-
regation is reported. Consequently, the colloidal route is
perfectly adapted to produce solid solution alloyed FCC
tetrametallic NPs with controlled size.

To further emphasize the versatility of our method, a
ruthenium precursor (Ru(acac)3) is added to the previous
system. As its acetylacetonate complex, Ru is in its +III
oxidation state. Unlike the other species, this requires a
transition to an intermediate +II state (well known for
its kinetical inertness) before reaching its zero oxidation
(see Table I). Such a particular feature may a priori be
a real difficulty in optimising the synthesis conditions to
ensure a homogeneous distribution of the Ru within the
NP and not a possible segregation. This difficulty was
overcome thanks to the experience acquired on different
systems studied earlier. According to comparison of the
redox potentials involved in the Fe-Co-Ni-Pt-Ru system,
the injection temperature was set at 290 ◦C. As seen in
Figure 6, our colloidal approach leads to the formation of
pentametallic NPs in a straightforward manner. Fe-Co-
Ni-Pt-Ru NPs have the same characteristics as the pre-
vious ones: a FCC structure where no order is identified.
STEM-HAADF image reveal the formation of perfectly
crystallised NPs. Thanks to EDX analysis in mapping
mode (Figure 6), the presence of all metal atoms within
NPs is highlighted. No phase segregation is observed
which satisfies the definition of an HEA.

V. CONCLUSION

In summary, we have presented a simple, fast and suc-
cessful method for producing HEA NPs. Despite the
presence of many parameters that are necessarily cor-
related, we have shown that it is possible to optimise the

synthesis conditions very easily in order to obtain NPs
with an FCC structure and homogeneously distributed
elements. We have proven the efficiency of the colloidal
route for the Fe-Co-Ni-Pt-Ru system, quite a challenging
one considering the structural and chemical differences
of all the constituting elements. There is no doubt that
our method can be extended to other intrinsically sim-
pler systems, even if this implies some adjustments of
the experimental parameters, i.e. by comparing the re-
ducibility of metal cations/synthesis temperature. Typi-
cally, the control of the chemical composition within the
NP is a relevant point but it is beyond the scope of the
paper. Indeed, our present work clearly demonstrates
the viability of the colloidal route to make HEAs in a
versatile way based on the correlation between the dif-
ference in redox potentials and temperature. This should
be the guideline to adjust the experimental conditions to
obtain NPs in FCC solid solution of controlled size and
chemical composition. Interestingly, its simplicity of use,
implementation and also its relatively low cost make the
colloidal route perfectly suited to meet the requirements
of industrial applications of NPs55. This work constitutes
therefore a major step in the mastery of HEA NPs syn-
thesis which is still a challenge. The colloidal route opens
up new prospects for the development of new families of
materials with as yet unsuspected properties.
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Appendix A: Nanoparticules synthesis

The procedure used to synthesize multimetallic nanoal-
loys is an extension of the method described elsewhere29.
To prevent contaminations, all laboratory glasswares
were washed by aqua regia (nitric acid 1 : 3 hydrochloric
acid) during (at least) five hours and rinsed with large
amounts of distilled water, dichloromethane (DCM) and
acetone. Synthesis were carried out under argon blan-
ket. Commercial reagents were used without purifica-
tion. Typically, to obtain NPs with 5.5 to 6.5 nm in di-
ameter, a first solution of 35 mL of benzyl ether (BE)
(Sigma Aldrich, 99 %), 0.2 mL of oleylamine (OAm)
(Acros Organics, 80 - 90 %) and 0.2 mL of oleic acid
(OAc) (Acros Organics, 80 - 90 %) was loaded in a 100
mL round-bottom flask containing a PTFE coated mag-
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FIG. 6. Fe-Co-Ni-Pt-Ru NPs of composition : Fe=12±2 %at., Co= 22±2 %at., Ni= 23±2 %at., Pt= 37±2 %at., Ru= 6±3
%at. (measure on about twenty particles.) (Left) Bright-field micrography of sample representative of the NP dispersion
for all samples studied. As inset, electron diffraction patterns corresponding to FCC structure. HAADF-STEM image (high-
resolution mode) of NP. (Middle) EDX chemical mappings showing the spatial correlation between the different elements present
in individual FeCoNiPtRu NPs of the sample. (Left) Intensity profiles of all elements along the radius of the NP. (Scale bar =
5 nm)

netic stirring bar. The mixture was purged by three vac-
uum/argon cycles and heated during 10 min at 100 ◦C,
to remove any water trace and prevent particle oxida-
tion. The temperature was then raised and kept at
the synthesis temperature. By the same time, a sec-
ond solution of 0.33 mmol of acetyl or acetylacetonate
metallic precursors divided in equimolar proportion be-
tween the various constituents (here Fe(III) acetylace-
tonate (Sigma Aldrich, 97 %), Co(II) acetylacetonate
(Sigma Aldrich, 97 %), Ni(II) acetylacetonate (Sigma
Aldrich, 95 %), Pt(II) acetylacetonate (Sigma Aldrich,
≥ 99.98 %), Ru(III) acetylacetonate (Sigma Aldrich,
97 %)) and 3.1 mmol of 1,2-hexadecanediol (TCI 98 %)
in 1.3 mL of BE, 0.2 mL of OAc and 0.2 mL of OAm
was prepared under vigorous stirring. This second solu-
tion was then quickly added to the first heated one in
the round-bottom flask. The resulting solution became
instantly black, proof of NPs nucleation. The suspen-
sion was kept during 8 min before cooling it under an
argon blanket down to 40 ◦C. Then, 20 mL of ethanol
(EtOH) for 10 mL of the mixture were then added, and
the resulting suspension was centrifuged at 10 000 rpm
for 20 min. The supernatant was separated and the pre-
cipitate was washed again with EtOH and centrifuged.

The precipitate was redispersed in dichloromethane for
further characterizations.

Appendix B: TEM analysis

As-synthesized NPs were characterized by the Trans-
mission Electron Microscopy (TEM) technique. A drop
of colloidal suspension was deposited and dried on a
copper TEM grid with a suspended thin carbon film.
Size distribution (on population of 500 particles in 5
distinct zones on TEM grid and counted with Image J
software) and electron diffraction (ED) were measured
using a TFS-CM 20 TEM (200 kV). High-Resolution
Transmission Electron Microscopy (HRTEM), High-
Angle Annular Dark-Field imaging (STEM-HAADF)
and STEM/chemical mapping were performed using a
Titan G2 Cs-corrected FEI TEM operating at 200 kV
on individual particles. (Nickel, Iron, Cobalt) and (Plat-
inum, Ruthenium) signals are obtained from their Kα

and Lα line intensities, respectively. The results of the
chemical compositions obtained on the isolated particles
are verified by EDX spectra obtained on large areas con-
taining about 100 particles.
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