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Abstract. Multi-component alloys containing 5 and 6 platinum group metals have been
prepared by thermal decomposition of single-source precursors. It is the first successful
example of high-entropy alloy preparation not requiring direct melting at high
temperature or mechanical alloying, and can be further extended to other

multicomponent metallic systems. Our single-source precursor strategy for the



preparation of multicomponent alloys can be considered as a new approach in the
design and optimization of refractory high-entropy alloys for a broad range of
applications. Thermal decomposition occurs at low temperatures (below 800°C in H>
flow). The resulting hexagonal Iro.190s0.22Re0.2:Rho20RU0.19 alloy is the first example of
a single-phase hexagonal high-entropy alloy. Heat treatment does not result in any
phase changes up to 1500 K, which is a record temperature stability for a single-phase
high-entropy alloy. Room temperature hydrostatic compression up to 45 GPa also
highlights the system’s stability as a single phase, with a bulk modulus smaller then
individual platinum group metals (except Rh). The prepared alloys show pronounced
electrocatalytic activity in methanol oxidation, which opens a route for the use of high-
entropy alloys as materials for sustainable energy conversion.

Keywords: high-entropy alloys; high-pressure; high-temperature; single-source
precursors; methanol electro-catalytic oxidation

1. Introduction

Multicomponent alloys with principal element concentration between 5 and 35 at. %
are often referred to as High-Entropy Alloys (HEAS) and are attractive as materials with
promising high-temperature, mechanical and chemical stability. Their name emphasizes
the role of entropy in favouring the formation of single-phase disordered alloys without
precipitation of multiple ordered and partially disordered phases [1].

Since the single-phase disordered structures which are typical for HEAs are
considered responsible for their outstanding properties, a detailed investigation of model
single-phase alloys would give an understanding of the general trends in their formation
and stability. However, the formation of inter-grain precipitates also plays an important

role in their mechanical and chemical features. Truly single-phase HEAs are relatively



rare and the search for systems with high thermal stability is challenging due to the
large number of experimental parameters to be taken into consideration [2]. Many
single-phase HEAs prepared from the melt display a metastable nature and undergo
phase separation during or after heating. The formation enthalpy of intermetallic
compounds is often high and cannot be compensated by configuration entropy.

The most widely studied single-phase HEAs consist of low-density first-row
transition metals (Al, Co, Cr, Fe, Ni) or of refractory elements (Mo, Nb, Ta, W, Zr). Up
to now, it is mainly body-centred cubic (bcc) and face-centred cubic (fcc) HEAS that
have been investigated. Recently, several experimental and theoretical works were
performed to develop hcp-structured HEAS. In the 4f transition metal alloy family,
GdHoLaTbY, DyGdLUTbTm and DyGdLuTbY were found to contain a mixture of hcp-
structured alloy and unknown admixture phases [4]; whereas AILiMQosScTiis was
reported to be mainly hcp phase after heat treatment of mechanically-alloyed powders
[5]. The melting of hexagonal metals leads only to three- or four-component hcp-
structured alloys, which are normally in equilibrium with ordered phases or
quasicrystals, as in AlICuMgxMnzZn [4,6]. These results mark the failure of the
traditional melting route for the synthesis of single-phase hcp-structured HEAs and
thermodynamic limitations in the relative stability of hcp-structured alloys, in
comparison with intermetallic phases.

Heavy hexagonal close packed (hcp) metals (mainly Os, Re, Ru, and Zr) exhibit high
hardness, as well as excellent mechanical and chemical stability. The design of hcp-
structured HEAs based on these elements can open tantalizing possibilities for material

development. As an example, the improvement of mechanical properties and oxidation



stability in rhenium alloys is known as the “rhenium effect” and plays an important role
in refractory alloy design and development [3].

Platinum group (PGM) and refractory metals (i.e. rhenium) can therefore be
considered ideal candidates for a new class of hcp-structured HEAs. Ir, Pd, Pt and Rh
have fcc crystal structures, while Os, Ru and Re have hcp crystal structures in ambient
conditions. All metals have high importance as construction materials for extreme
conditions, and are active heterogeneous catalysts. However, due to their high melting
points, PGM-based alloys are not easily accessible for development. They have barely
been considered as principal elements for multicomponent alloys and HEAs. Pd, Rh and
Ru were used as principal elements in seven multicomponent alloys, mainly as a family
of 4-component hcp-structured MoPdRhRu alloys [2]; to the best of our knowledge, Ir,
Os, Pt and Re have never been considered as principal elements in HEAs [2]. The latter
elements are particularly promising candidates for single-phase HEA development,
because they form continuous solid solutions in a broad range of compositions with
each other, and display high catalytic activity and exceptional mechanical, chemical and
thermal stability under extreme conditions.

The purpose of the presented study is the rational development of hcp-structured
HEAs based on PGMs. A single-phase hcp-structured alloy has been successfully
prepared by thermal decomposition of a single-source precursor. High-temperature,
high-pressure stability and electrocatalytic activity for methanol oxidation in an acidic
medium was experimentally proven by powder X-ray diffraction and cyclic

voltammetry.



2. Experimental details

hcp-1ro.100s0.22Re0.21RNo20RU0.19 and fcc-1ro.26050.0sPt0.31RNo.23R U015 Single-phase
HEAs, as well as three two-phase samples (compositions can be found in Tables 1 and
S1), were prepared by thermal decomposition of single-source precursors. The starting
salts [Ir(NH3)sCI]Cl2, [Rh(NH3)sCI]Cl2, and [Ru(NHz3)sCI]Cl> were prepared according
to published protocols [7-9] from soluble chlorides IrClsexH20, RhCl3exH20 and
RuClzexH20. (NHas)2[IrCle], (NH4)2[OsCle], (NHa4)2[PtCls] and (NHai)2[ReCls] were
obtained from Sigma Aldrich. Precursors were synthesised from water solutions
according to the following procedure, where the amounts of [M(NHzs)sCI]Cl> and
(NH4)2[MCle] were calculated according to the general equation listed below in the
main text: a mixture of chloropentaammine salts was dissolved in hot water and a
mixture of hexachlorometallates was also dissolved in hot water. 2-3 drops of
concentrated HCI solution were added to suppress hydrolysis. The hot solutions were
mixed with intensive stirring and cooled to room temperature. The brownish crystalline
precipitates were filtered, washed with cold water and acetone, and dried in air. The
compounds are air stable and did not need any protective atmosphere. Metallic alloys
were prepared by thermal decomposition of single-source precursors in 5-vol.%-H2/95-
vol.%-N> stream (25-30 minutes at 1073 K with cooling to RT for 10-12 h).

Morphology and elemental composition were analysed using a Hitachi S-4800
Field Emission scanning-electron microscope equipped for energy dispersive X-ray
spectroscopy (EDS). The average elemental composition was obtained from 20
individual points. High-resolution transmission electron microscopy was performed
with a probe-corrected FEI Titan G2 60-300 transmission electron microscope equipped

with a SuperX EDS Bruker spectrometer and operated at 300 eV. The observations



were performed by bright-field transmission electron microscopy (TEM), by high-
resolution transmission electron microscopy (HRTEM) as well as by high-angle annular
dark field (HAADF) scanning TEM (STEM) using a probe current of ~ 100 pA and
convergence and collection semi-angles of 32 mrad and 76-200 mrad range,
respectively, with resulting spatial resolution ~ 0.8 A.

In situ high-temperature powder X-ray diffraction data were collected at the 111
beam-line at the DIAMOND light source (A = 0.494984 A). A wide-angle position
sensitive detector based on Mythen-2 Si strip modules was applied to collect the
diffraction data. The detector was moved at constant angular speed with 10 s scan time
at each temperature, and 60 s waiting time in order to let the temperature stabilize. hcp-
Ir0.100S0.22Re0.21RNo20RU0.19 Was sealed in 0.5 mm quartz capillary in vacuum, and
heated in the capillary furnace from 25 to 1200 °C with axial rotation [10].

Room temperature compressibility curve was collected up to 45 GPa at the ID-
15B beam-line, ESRF, (A = 0.410962 A, MAR 555 flat panel detector, beam size
10(v)x10(h) um?). The diffraction images were recorded under continuous w-rotation of
the DAC from -3 to +3° with an acquisition time of 1 second. The sample was loaded in
a diamond anvil cell equipped with conically supported Boehler Almax type diamond
anvils (300 um culet sizes) [11]. The pressure was determined using a ruby placed in
the pressure chamber and solid Ne as internal standard. Neon, serving as a pressure-
transmitting medium, was loaded at about 1.5 kbar using the gas-loading system
installed at the ID-15B beam-line. High-temperature and high-pressure radial diffraction
data were calibrated, corrected and integrated using of the FIT2D [12] and refined using

TOPAS [13]. Si (NIST SRM 640c) was used as an external standard for calibration.



Cyclic voltammetry was performed using an Autolab PGSTAT potentiostat (Eco-
Chemie) controlled by a PC with GPES software from the same manufacturer.
Background measurements were performed in a drop of 1 M H2SOs. A few milligrams
of powder were dispensed on screen-printed glassy carbon electrodes (GC-SPEs,
DropSens C110, S = 0.12 cm?). Electro-catalytic tests were performed in a drop of 1 M
MeOH /1 M H»SOg after 5 minutes of conditioning at 0.55 V (vs. SHE).

3. Results and discussion.

Our single-source strategy is based on the fact that isoformular solid crystalline
salts containing coordination cations and coordination anions are usually isostructural,
and can be co-crystallized with the formation of multicomponent salt solid solutions.
Their thermal decomposition in a hydrogen stream or in an inert atmosphere results in
the formation of multicomponent metallic alloys under relatively mild conditions
(below 700-800 °C). For example, the reaction of water solutions of [Ir(NH3)sCI]Cl>
and (NHa4)2[OsCls] results in precipitation of [Ir(NHs)sCI][OsCls] [20-22].
[Ir(NH3)sCI][OsClg] salt, which has low solubility in water and can be easily filtered.
Further thermal decomposition below 800 °C in a hydrogen stream results in the
formation of the metastable nanostructured hcp-Iros500sos0 alloy. Similar reactions can
be performed with other cations and anions including [Ru(NHs)sCI]?*, [Rh(NH3)sCI]?*,
[IrClg])%, [PtCls]*, and [ReCls]? to co-crystallize 5- and 6-component salts:
a[Ir(NH3)sCI]Cl;  + b[Rh(NH3)sCI]Cl;  + (1-a-b)[Ru(NH3)sCI]Cl,  + c(NHJ)[IrClg] +
d(NHa)-[OsCle] + e(NHa4)2[PtCle] + (1-c-d-e)(NHa4)2[ReCls] —
[Ir(NH3)sClJa[Rh(NHs)sClo[Ru(NHz)sCl] 1.0y [IrCls] [OSClsJa[PtCls]e[ReCl] -c.e) + 2NH4CI.

Thermal decomposition in a hydrogen flow follows the general scheme, forming a

multicomponent alloy:



[Ir(NH3)sCl]a[Rh(NH3)sCl]s[Ru(NH3)s5Cl]1-a-5)[IrCle]c[OsCle]a[PtCle]e[ReCle] (1-c-d-e)
+7/2H2(gas) — Iro.5(a+c)RNo.5bRUo.5(1-a-6)O0S0.50Pto.seRe0.5(1-c-d-¢) + SNH4Cl(gas) + 2HCl(gas).

Based on the co-crystallization of insoluble salts, several 5- and 6-component salts
were prepared as single-source precursors for PGM-based HEAs (Table S1). All metals
are equally distributed along the precursor, which ensures a higher probability of
forming homogeneous multicomponent alloys, and suppressing aggregation and
clustering of the resulting metallic phase. All solid individual precursors were
decomposed in the reducing flow at 1073 K with the formation of hcp- and fcc single-
phase metallic powders and fcc+hcp two-phase samples (Table 1).

Phase diagrams for multicomponent PGM-based alloy systems are not described
in the literature [23]. However, several binary and ternary systems have been
completely or partially investigated experimentally. The 6 metals (Pt, Ir, Rh, Ru, Os and
Re) have 15 binary phase diagrams, including 3 fcc—fcc and 3 hcp—hcp binary phase
diagrams with complete solubility in the solid state at high temperatures, as well as 9
fcc—hep peritectic diagrams with a miscibility gap between fcc- and hep alloys.

Binary and ternary PGM-based phase diagrams do not show large deviations from
ideal-solution alloys, which also suggest minor deviation from the ideal situation in
multicomponent systems. A 6-component Ir—Os—Pt—Re—Rh—Ru system can be
constructed from two ternary sub-systems Os—Re—Ru (an all-hcp ternary system) and
Ir—Pt—Rh (an all-fcc ternary system) with complete solubility in the solid state.
Multicomponent alloys in 5- or 6-component systems should have a miscibility gap in
solidus between fcc and hcp alloys which is similar to binary and ternary systems

between fcc and hep metals.



5- and 6-component alloys can therefore be classified by their ratio between fcc-
structured (Rh, Ir, Pt, Pd) and hcp-structured (Ru, Re, Os) metals (Tables 1 and S1). The
hcp-1ro.100s0.22Re0.21RNo.20RU0.19 HEA has a simplified composition of hcpo.sifcco.ze. Our
data for multicomponent alloys suggest the maximum solubility of fcc metals in hcp to
be <40 at.%, and the solubility of hcp metals in fcc to be <20 at.% (Table 1). This can
be used to predict the formation of single-phase compositions in PGM-based
multicomponent hcpxfccax alloys.

4- and 5-component systems based only on fcc-structured metals (Ir—Pd—Pt—Rh)
might be multiphase at moderate temperatures, due to the presence of a miscibility gap
in solid state below ca. 1000°C between two fcc-structured alloys (fcct+fcc?) in Ir—Pt,
Ir—Pd, Ir—Rh and Pd—Rh binaries [23]. Miscibility gaps in binary sub-systems should
result in the formation of multiphase areas in the solidus region of multicomponent
systems. The addition of other fcc-structured metals such as Cu, Ag and Au might result
in the formation of intermetallic ordered phases, as occurs in Au—Pd, Cu—Pt and
Cu—Pd systems. The miscibility gap in fcc-based 4- and 5-component alloys makes
such systems less promising as precursors for single-phase HEAs. Nevertheless, phase
diagrams and phase relations in fcc-based systems should be proven experimentally.

In contrast, light hcp-structured multicomponent systems such as
Co—Sc—Ti—Y—Zr, which have been proposed as potential candidates for single-phase
hcp-structured HEAs [4], show preferable formation of a number of ordered phases
(CoSc, AuzCu- and Bo-type intermetallics). In other words, the hcp-structured single-
phase HEA 1ro.100s0.22Re0.21Rho.20RU0.19, and its many combinations, currently represent

the only candidates to be the forefathers of a large new class of hcp refractory alloys.



The single-phase Iro.190s0.22Re0.21Rho.20RU0.19 HEA adopts an hcp structure with
P63/mmc, a = 2,728(1), ¢ = 4,338(2) A, V/Z = 13,979(2) A3, dx = 18,364(1) g/cm?® (room
temperature cell parameters, Fig. S1). Atomic volumes taken additively, according to
alloy composition, suggest V/Z = 13,877 A3, which corresponds to a 1 % negative
deviation from the linear dependence of the alloys’ atomic volumes (Zen'’s law) [24].

It is well known that single-phase HEAs are quite rare and usually stable only in a
limited temperature interval. For example, a well-documented reversible phase
separation in the bcc-AlkCoCrFeNi HEA family occurs above ca. 600 °C [25]. In
contrast, a PGM-based single-phase hcp—Iro.240S0.21Reo.16Rho.18RU0.20 HEA was heated
in vacuum up to 1500 K to determine its thermal stability by high-temperature powder
X-ray diffraction (Fig. 1). The volumetric thermal expansion coefficient for hcp-
Ir0.19050.22R€0.21RNo.20RU0 19 Was estimated as: a(T) = 1.98(5) - 107> + 1.5(2) - 1077 -
T, by fitting the corresponding dataset to @ = @exp [ f;; a(T)dT], where V(To)/Z
is the atomic volume at reference temperature (293 K), and with Z = 2 for the hcp alloy.
The HEA shows regular thermal expansion as a single phase, without distortions or
phase transformations, up to 1500 K. hcp—Iro240s0.21Reo.16Rho.18RU0c20 HEA has
relatively high thermal expansion and a small a1 parameter, which is typical for Os and
Re (Table 2). The corresponding c/a ratio increases with temperature, which is
characteristic for Os and Ru. In contrast, the c/a ratio for pure Re decreases with
temperature, which is quite rare for hcp-structured metals.

A higher concentration of fcc-structured metals in the alloy results in the
formation of two-phase mixtures. Nevertheless, an hcpo.2ofcco.so alloy has been prepared
as a single-phase fcc-structured alloy. Single-phase 1ro.26050.05Pto.31Rho.23RU0 15 has fcc

crystal structure with space group Fm 3 m, a = 3.838(1) A, V/Z = 14,134(2) A3, dyx =



18,655(1) g/cm® (room temperature cell parameters, Fig. S4). Atomic volumes taken
additively according to alloy composition suggest V/Z = 14,254 A3, corresponding to a
1 % positive deviation from Zen’s law.

The phase stabilities of pure PGMs and Re have been intensively investigated
under high pressure up to 304 GPa for Pt, 50 GPa for Rh, 56 GPa for Ru, 77 GPa for Pd,
640 for Re and 750 GPa for Os [26-28]. All of these metals seem to be incompressible
(Table 2). Only elemental Ir, investigated up to 65 GPa, shows a 14-layered hcp-based
superstructure above 59 GPa [29]. The corresponding equations of state for all PGM
and Re are known in detail, and the pure metals (except Ir) show no HP—HT
transformations. Pure Os investigated up to 750 GPa shows anomalies in the cell
parameter ratio at 150 GPa and 440 GPa, which has been attributed to the change of the
Fermi surface for valence electrons [30]. This electronic topological transition is mainly
characteristic for hcp-structured metals and can be detected as an anomaly in the c/a
behaviour under pressure. Despite this, the same transition has been predicted to occur
in pure Ir at the much lower pressure of 80 GPa.

Since their development, HEAs have barely been investigated under high pressure.
A hydrostatic compression of fcc-CrMnFeCoNi HEA reveals its martensitic
transformation to the hcp phase at 14 GPa, which suggests a structural instability in
HEASs under high pressure even at room temperature [31].

To prove its stability under extreme conditions, we investigated hcp-
Ir0.100S0.22Re0.21Rho.20RU0.19 at room temperature under compression up to 45 GPa, using
Ne as a pressure transmitting medium. Its compressibility curve can be fitted with the

third-order Birch-Murnaghan equation of state:
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where Vo is the atomic volume at ambient pressure, Bo the bulk modulus, and Bo™ the
pressure derivative of the bulk modulus (Table 2, Fig. 1). The hcp-
Ir0.19050.22Re0.21Rho.20RU0.19 HEA has low bulk modulus in comparison with pure PGMs.
Only Rh shows lower bulk modulus, which was only measured by ultrasound
measurements and should be proven by compressibility in diamond anvils. This can be
a result of the large differences in compressibility for Os and other metals. The c/a ratio
for hcp-HEA increases with pressure without any anomaly, which suggests no
electronic topological transition above 45 GPa.

Transmission electron microscopy revealed that thermal decomposition in a N2/Hz
gas stream produced foam-like polycrystalline aggregates with shapes similar to the
starting single-source precursors (Fig. 2 (a) and (b)). High density of structural defects
such as stacking faults and intergrowth were expected due to the relatively low
preparation temperature. Nevertheless, few twin domains and planar defects were
observed in the hcp-1ro.100s0.22Re0.21Rho20RU0.10 HEA. On the other hand, nanometric
porosity was detected both at inter-granular and intra-granular regions (arrows in Fig. 2
(c) and (d), respectively). According to EDS data, all elements are homogeneously
distributed within the phase (Fig. S8).

The two-phase sample presented similar foam-like polycrystalline aggregates
without clear phase separation, which would be expected from the PXRD data (Fig. 3
and Fig. S3). Each particle contains regions of fcc- and hcp-intergrowths and high
density of planar defects (Fig. 3b). Such structure is also typical for nano-twinned fcc-
and hcp-structured alloys, and plays an important role in their mechanical properties,
especially mechanical deformation. In the two-phase sample with nominal composition

Ir0.18050.18Pto.16R€0.17Ro.16RU0.15, elements show detectable segregation; Ir, Re and Os



concentrate inside grains while the presence of Pt, Ru and Rh is enhanced at grain
boundaries (Fig. 3c-e). Segregation can be associated with a mechanism of thermal
decomposition where metals are individually reduced at various temperatures.

Recently, several ternary [32-35] and quaternary [36] alloys based on PGMs were
proposed as heterogeneous substrates for electro-catalysis. Particular attention has been
given to active PGM-based multicomponent catalysts for methanol electro-oxidation,
including the CoPtRu, OsPtRu, IrOsPtRu, NiPtRuZr, and NiPtRhRu systems [37-39].

The investigation of the catalytic activity of HEASs is at a very early stage. In fact,
only Ago.0sC00.10CUo.10F€0.11Ni0.11Pto.52, CoCuFeNiPt and CulrOsRuPt HEAs have been
probed for methanol electro-oxidation [40-43]. The AICoCrTiZn alloy was successfully
tested for the catalytic degradation of azo-dye solutions [44]. In all cases, HEAs were
prepared by spattering or ball milling, techniques which are notoriously difficult to scale
up. All studies concluded by reporting the high electro-catalytic activity of HEAs
compared to binary and ternary alloys.

In the current study, methanol electro-oxidation has been chosen as a model
reaction. The electro-oxidation of methanol in acidic media can be briefly described as a
two-step process including the absorption and dehydrogenation of the molecule on the
metallic surface and the oxidation of the adsorbate to CO,. So far, the best activity in
this process has been shown by Pt—Ru alloys; but investigations have also been
performed for Pd—Pt—Rh, Ir—Pt and Os [45-47].

We recorded the cyclic voltammograms following the adsorption of methanol at
0.55 V versus a standard hydrogen electrode (SHE) on pure metals and HEAs prepared
via a single-phase precursor route. All platinum-group metals catalyse methanol

oxidation (Fig. S5 and S6). The hcp-Iro.190s0.22R€0.21Rho.20RU019 HEA and the two-



phase 1ro.18050.18Pto.16R€0.17RNo.16RU0.15 also show a significant catalytic effect in the
anodic oxidation of methanol in a sulfuric acid solution (Fig. 4).

Enhancement of the kinetics of methanol electro-oxidation is a well-documented
effect for PGM alloys acting on transition metals, but the reason is still unclear. Either
the alloying metal modifies the electronic structure of platinum valence bonds, therefore
weakening the COags binding and allowing the adsorbate to be removed more easily; or
platinum atoms are responsible for the adsorption of methanol molecules, and the
transition metal provides surface oxides which can oxidize the adsorbate at lower
potentials. The latter might entail that nanostructured alloys favour electro-oxidation, as
shown by the oxidation potential of the two-phase 1ro.18050.18Pt0.16R€0.17Rho.16RU0.15 VS.
the single-phase hcp-1ro.1908022R€0.21RNo 20RU0.19 (Figure 5: Eoyo-Phase HEA= 0 503 v/,
Eox"P"EA = 0.505 V vs. SHE).

4. Conclusions.

Our single-source precursor strategy can be further extended to a large number of
systems, such as salts with [M(NH3)sCI]** (M = Co, Cr, Ir, Os, Rh, Ru) and hexa-
halogeno-metallates [M7s]> (M = Ir, Os, Pd, Pt, Re, Ti, V, Zr, " = F, Cl, Br, I). A
similar approach can be used to prepare multicomponent metallic alloys using other
cations and anions, which can form isoformular isostructural salts. The chemical nature
and composition of the single-source precursor affect the decomposition temperature,
and potentially control the phase composition and morphology of the metallic alloys.
Since the precursors are stable salts obtained from water solutions, our approach can be
easily scaled up and used as an environmentally friendly chemical route for the

preparation of multi-component supported catalysts for fuel cells. The decomposition of



single-source precursors occurs at low temperatures in non-equilibrium conditions. In

some cases it offers metallic alloys unavailable by direct melting [7].

The first hcp-structured PGM-based 5-component HEA shows extraordinary
stability under extreme conditions. The alloy has higher thermal expansion and lower
bulk modulus in comparison with individual PGMs, an unexpected result, which
requires further investigation. The high electro-catalytic activity of the investigated
HEA systems could be related to the electronic effects often associated with alloys, or to
the synergic effect inherent to HEAs and often referred to as “cocktail effect”. So far, a
deeper understanding of the catalytic activity of HEAs has been hindered by the
sensitivity of the alloy to its production route. The synthetic pathway herein reported, on

the other hand, leads to highly reproducible results.

In perspective, our approach can be extended to other multicomponent systems
and further improve catalytic activity. The small amounts of powder used for each
experiment suggest an application as a micro-preparative technique in new alloy
screening, as well as a fast tool for phase diagram construction of multicomponent
systems. Our high-entropy alloys prepared from single-source precursors can be used as
prototypes for metallic foams due to a present of nano-pores.
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Figure 1. Thermal expansion curves for hcp-Iro.190S0.22Re0.21Rho20RU0.19 (hcp-HEA),
pure PGMs [14-18] and rhenium [19] (left); temperature dependence of c/a ratio
(middle); room temperature compressibility curve for hcp-1ro.190S0.220Re0.21Rho.20RU0.19
HEA in comparison with PGMs (orange — Os, blue — Ir, green — Re, red — Ru, grey line

— Rh; insert shows c/a pressure dependence) (right).

Figure 2. (a) STEM HAADF image of metallic polycrystalline particles in single-phase
hcp-1ro.190s0.22Re0.21Rho 20RU0.19  HEA. (b) Magnified detail of (a). (¢) TEM image of a
similar region. (c) High resolution HAADF images of grain boundaries. Pores at grain

boundaries (c) and in grains (d) are indicated by arrows.

Figure 3. (a) TEM image of polycrystalline particle in two-phase HEA with nominal
composition 1ro.180S0.18Pto.16R€0.17RNo.16RU0.15. (b) HRTEM image of squared detail in
(@). (c) STEM HAADF image where the star and dashed line represent the same regions
as in (b)). Pores are indicated by arrows. (d) Composition profile along the dashed line

across a grain boundary. (e) Elemental distribution of Pt and Os in region (c).

Figure 4. Cyclic voltammograms (scan rate 0.1 Vs?) recorded in 1 M MeOH / 1 M
H>SO4 after 5 min of methanol absorption at 0.55 V on (a) single-phase hcp-
Ir0.190050.22Re0.21Rho.20RU0.19 HEAS.; (b) two-phase Iro.18050.18Pto.16R€0.17Rho.16RU0.15.
Blue line — first cycle after absorption; grey line — second cycle after absorption
(background). Current is normalised for the working electrode surface area. Potentials
are reported against the standard hydrogen electrode (SHE) by using the ferrocyanide |

ferricyanide redox couple as an internal standard.



