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ARTICLE INFO ABSTRACT

Keywords: Transition metal antimonides form a class of intermetallic compounds, which has drawn considerable attention
Intermetallic compounds due to their potential applications in various fields. However, the formation of nanostructures containing mul-
Nanostructures

tiple transition metal elements has been a challenge. Here, a new class of multicomponent antimonide nano-
particles with chemical composition ranging from quaternary to senary were synthesized via a simple,
reproducible, and scalable thermal treatment method. This method allows uniform elemental distributions in a
single nanoparticle, demonstrating the ability to obtain medium- and high-entropy antimonide nanostructures.
The mechanism of formation was proposed and the characteristics of obtained nanoparticles were investigated
by X-ray diffraction, field emission scanning electron microscopy, and high-resolution transmission electron
microscopy. Under the achieved optimal synthesis conditions, the formation of a single-phase with a hexagonal
structure (P63/mmc) was observed for the quaternary and quinary samples, whereas in the case of the senary

Electron microscopy
X-ray diffraction
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samples, a trace of minor impurity can be observed.

1. Introduction

Alloys are combinations of different metallic elements whose prop-
erties are often quite different from those of their individual constitu-
ents. New or unique properties are obtained by changing either the
constituent elements or by changing the composition. In general, there
are two major types of alloys, namely, solid solution alloys and alloys
containing intermetallic compounds. Solid solution alloys are random
mixtures of metals, typically with a simple stacking of the metal atoms in
the crystal structure of one of the constituent elements or in a random
amorphous structure [1]. Intermetallic alloys contain compounds with a
defined stoichiometry and crystal structure, in which the atoms of the
constituent elements are assigned to specific sites [2].

As the number of elements and their concentrations increase in a
solid solution alloy, the configurational entropy increases. The large
configurational entropy of mixing can yield a reduction in free energy
overcoming a possible enthalpy gain by de-mixing or compound for-
mation. This thus stabilizes solid solutions of otherwise immiscible el-
ements in typically simple crystal structures. This entropy stabilization
constitutes a novel materials-design paradigm for the realization of new
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compounds with possibly widely tunable properties [3-7]. Variation in
components, stoichiometry, and crystal structure of multicomponent
metallic allows for the realization of unique properties and tuning to-
ward a broad range of applications in the fields of catalysis, energy,
medicine, and electronics [8-11].

The interest in high entropy alloy (HEA) materials has been growing
dramatically in the last decades within fundamental and applied mate-
rial science [11-15], and many synthesis methods have been developed
for synthesizing both bulk and nanoscale HEAs. Synthesis of bulk HEAs
currently relies mostly on vacuum arc-melting [14] powder metallurgy,
mechanical alloying, and spark plasma sintering [16,17]. The ap-
proaches to synthesize HEA nanoparticles (NPs) include carbothermal
shock [18], fast-moving bed pyrolysis [19], sol-gel combustion [20],
mechanical grinding [21], wet chemistry methods [22-25], ultrasound
and laser-synthesis [26-28].

It has been reported that a reduction in the particle size to nanometer
scale is expected to improve the properties and increase the application
potential of high-entropy alloys [20]. The formation of nano multi-
component intermetallic precipitations in bulk superalloys and HEAs
drastically increases their ultimate tensile strengths [29-32]. It seems
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that some principles behind the stability enhancement of HEA solid
solution NPs by entropy can be extended to intermetallic NPs. However,
most research groups focus primarily on random HEA NPs, ignoring
isolated high entropy intermetallic NPs because substituting the lattice
sites of the intermetallic compound by a variety of metals in the nano-
scale regime appears more challenging than the same thing for simple
solid solutions NPs. Therefore, it is important to work on the develop-
ment of new strategies for synthesizing high entropy intermetallic NPs to
design new compounds with the desired physical properties.

Amongst many intermetallic compounds, transition metal antimo-
nides form an important class that has drawn considerable attention due
to their highly stable nature and potential applications in thermoelec-
trics [33,34], anode material in lithium and sodium-ion batteries
[35-37], catalytic activity in hydrogenation [38,39], electrocatalytic
activity in hydrogen evolution reaction [40], etc. Among these anti-
monides are Sb-based half-Heusler compounds [41,42], skutterudites
[43] [44], clathrates [45], zintl-antimonides [46], and binary antimo-
nide with NiAs type crystal structure [47-50], which show a wide va-
riety of composition-dependent electrical and magnetic properties that
makes them interesting materials in metallurgy and solid-state science.

Nevertheless, forming transition metal antimonides nanostructures
containing more than three metal elements using wet chemistry ap-
proaches are usually restricted by difficulties arising from balancing the
diverse reduction rates of different metal precursors [51]. This often
results in site-selective nucleation of each metal and formation of NPs
with structures and components varying from particle to particle,
especially when incompatible metal elements such as Cu and Co are
used.

The studies presented herein verify the feasibility of synthesizing
isolated multicomponent/ high entropy antimonide NPs via a simple,
reproducible, and scalable thermal treatment method. The remarkable
method allows uniform elemental distributions in single NPs with
chemical compositions ranging from quaternary to senary. The obtained
NPs have a hexagonal structure, which can be described as a hcp
arrangement of unary antimony atoms with transition metal atoms
filling the octahedral voids randomly to exploit the configurational
entropy.

2. Materials and methods

Metal salts of antimony chloride SbClg (>99%), zinc chloride ZnCly
(>98%), nickel chloride NiCl,e6H,O (>97%), cobalt chloride
CoClye6H0 (>98%), copper chloride CuCly (99%), and iron chloride
FeCls (>97%) were used as metal precursors. Polyvinyl pyrrolidone
(PVP25 with mol wt=25,000 / PVP40 with mol wt=40,000) was used as
a stabilizer and capping agent. All chemical reagents were purchased
from Sigma-Aldrich and used without further purification. Ethanol
(99.96%) was purchased from VWR chemicals and used as a solvent.

A thermal treatment method that has been applied for the synthesis
of metal oxide NPs without using any catalyst, and described and dis-
cussed elsewhere [52], has been adopted in this work with some mod-
ifications. First, because of the reaction of antimony chloride with water,
ethanol was chosen as an alternative solvent based on solubility tests for
the different metal chlorides. Second, a post-treatment of calcination in
the hydrogen atmosphere was added to remove oxygen content.

In a typical procedure, the appropriate amount of PVP was dissolved
in ethanol at a temperature of 60 °C under continuous stirring. Subse-
quently, the designed molar amount of metal chlorides were added to
the PVP solution one by one under stirring (500 rpm) followed by ultra-
sonication for homogenization. The final solution was dispensed into a
petri dish and dried in air at 60 °C for 24 h in a controlled environment.
The resulting green solid material was crushed and ground into powder,
and calcined in a two steps procedure. The first step was carried out in
air at a temperature of 600 °C for 2 h to decompose the polymer and to
crystallize the metal oxide NPs. The second step of calcination was
performed in a hydrogen atmosphere using a ProboStat™ cell (NORECS
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AS) in a vertical tube furnace at temperatures of 400-510 °C in a
retention time of 2-15 h to remove oxygen and obtain transition metal
antimonide NPs.

3. Characterization

X-ray diffraction (XRD) characterization was made utilizing the
Bruker AXS D8 Discover system. The X-ray source was Cu Ka (A =
1.5406A), and a Ge (220) double bounce monochromator was used to
filter out the Koy signal (A = 1.5444A). XRD analysis was done using the
powder difracrion files (PDF) found in the Inorganic Crystal Structure
Database (ICSD) [53]. Surface morphology analysis of products was
performed by scanning electron microscopy (SEM) using a field emission
microscope (FEI Quanta 200 FEG SEM). The average size and size dis-
tribution of the NPs were evaluated from at least 100 NPs for each
sample in high resolution images. The compositional analysis was car-
ried out using energy-dispersive X-rays (EDX) spectroscopy by an
attachment to SEM instrument. High-resolution scanning transmission
electron microscopy (HR-STEM) with EDX was employed using a
probed-corrected FEI Titan G2 60-300 microscope operated at 300 kV.
The samples were suspended in ethanol and put onto a gold grid. The
chemical interaction of PVP with NPs was investigated using a Fourier
Transform Infrared (FTIR) Spectrometer (Nicolet Summit).

4. Results and discussion

A proposed mechanism for the synthesis of multi-component tran-
sition metal antimonide NPs using the thermal treatment method is
schematically shown in Fig. 1. In the first step of making the initial so-
lution, PVP works as a stabilizer or a mediator for dissolving metallic
salts through steric and electrostatic stabilization of the pyrrolidone
rings (amide functions) and methylene groups. By dissolving metal
chlorides in the PVP solution, the stable complexes are formed by strong
ionic bonds between the amide group of polymeric chains and metallic
ions. These mechanisms terminate by loss of solvent in the drying step.
After drying, the uniform immobilization of metallic ions in the cavities
of the polymer chains permits local stoichiometry and favors the for-
mation of uniformly distributed metal oxide solid solution NPs in the
calcination process [52].

The influence of PVP is not restricted to the liquid medium and
drying step; PVP also affects the formation of the nuclei in the first step
of calcination. The combined stabilizing and surface protecting prop-
erties of PVP prevented the NPs from uncontrolled growth and
agglomerating, and initial multi-metallic oxides form inside the porous
carbonaceous matrix. Thermal degradation of PVP takes place at around
480 °C and emits gasses such as CO, or CO,, NO, and water vapor that
maintain the combustion energy loss and prevent the aggregation of
small particles [54]. Hence, the calcination step in air should be carried
out at a temperature higher than 500 °C to ensure decomposition of the
polymer as well as reduction and coalescence of the aggregate metal ion
precursors into a single NP. The second step of calcination is carried out
under flowing Hj, which results in the reduction of multi-metallic oxide
NPs into multicomponent transition metal antimonide NPs. Due to the
elimination of the polymer in this stage, it is difficult to obtain well
separated, monodisperse NPs. However, the small particle size of the
reactants and low reaction temperatures ensure the formation of nano-
sized particles.

Based on the literature reports on the synthesis of binary NiSb, CoSb,
and FeSb [48], attempts were made primarily to synthesis quaternary
(NiCoFe)Sbs NPs, and then we tried to introduce additional elements of
Cu and Zn into the structure. These five dissimilar transition elements,
Ni, Co, Fe, Cu, and Zn, have a range of reduction potentials, —0.76 V to
0.34 V, versus the standard hydrogen electrode. They have atomic radii
of 1.24 A t0 1.33 10\, and melting temperatures of 420 °C to 1535 °C.

Since no prior synthesis of these compounds has been reported, we
determined optimum conditions by investigating the influence of several
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Fig. 1. Schematic representation of synthesis and mechanism of formation of quinary antimonide NPs.

parameters: concentration and molecular weight of PVP, calcination
time and temperature, the initial composition of the elements, heating
and cooling rate, and hydrogen flow. The products were examined
before and after different synthesis steps by XRD, SEM, HR-STEM, and
EDX. The synthesis conditions for the formation of different antimonides
were optimized in terms of particle size and distribution, oxygen
removal, phase purity, and crystallinity.

To understand the role of PVP molecular weight, and to determine
the required amount of PVP in the reactions, a series of samples con-
taining 50 at.% Sb and equimolar proportions of the other elements were
synthesized using PVP25 and PVP40 by varying the molar ratio of PVP
to metal chlorides (i.e., 0, 0.5, 1, and 1.5). The molar concentration of
PVP was calculated in terms of the repeating unit of PVP with a mo-
lecular weight of 111.14 g/mol. The results show that both PVP mo-
lecular weight and concentration affect the size distribution and
dispersion of the resulting NPs, especially in the first step of calcination.
Fig. 2 shows representative SEM images and corresponding size
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distribution histograms of multi-metallic oxide NPs synthesized with
different PVP molecular weights and concentrations. The high resolu-
tion images were used for evaluation of particle sizes. As can be seen in
Fig. 2(a), in the absence of PVP, despite using a lower temperature and
shorter calcination time, the sample contains agglomerated particles
with non-uniform shapes and relatively large sizes, which can promote
the growth of particles in the second step of calcination.

Conversely, the presence of PVP leads to the formation of spongy and
fragile material with pores and voids that are attributed to the release of
gasses during the decomposition of PVP. At low PVP concentrations
(Fig. 2(b)), the polymer cannot entirely cover the metal ions, and
consequently, agglomerated particles with quite large sizes and broad
size distribution are produced. However, with PVP, the NPs become
more regular in shape than they are for the case without PVP.

When the molar ratio of PVP to metal chlorides is increased to 1,
more ions can be covered by the polymer. Thereby the size of the NPs
decreases and monodispersed particles are obtained for both PVP25 and
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Fig. 2. SEM images (high and low magnification) and corresponding particle size distribution histograms with Gaussian-fitteng curve (solid line) of the synthesized
sample (a) in the absence of PVP, and with PVP25 and molar ratio of polymer to chloride of (b) 0.5, (¢) 1, and (d) 1.5, and with PVP40 and molar ratio of (e) 1, and

® 1.5.
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PVP40 and the surface morphologies are quite similar. Nevertheless, the
NPs obtained with PVP25 are smaller than those prepared with PVP40
and have a narrower size distribution (Fig. 2(c) and 2(e)). In particular,
polymers with higher molecular weights can provide stronger adsorp-
tion and better stabilization due to their lesser freedom of motion.
However, from the contrary results, we conclude that the amount of
metal ions that can be coverd by polymer in these cases is directly
proportional to the number of PVP chains.

With a further increase of PVP25 (Fig. 2(d)), well isolated and
monodispersed particles were obtained at the expense of increased
particle size. The increase in particle size might be caused by the accu-
mulation of small NPs with excess PVP [55] and the growth of primary
NPs due to the Ostwald ripening phenomenon.

In contrast, with increasing PVP40 concentration (Fig. 2(f)), the size
of the NPs increases noticeably and a very broad size distribution is
obtained. The difference can be attributed to the larger polymer chains
and stronger steric effect of PVP40. Those differences make it more
difficult for the polymer to adsorb the metal ions. It was observed that
the metal chlorides are dissolved in PVP40 solution for longer ultra-
sonication time than the case for PVP25.

Generally, the particle nucleation and growth kinetic determines the
final NP size [56] and the monodispersed particles are favorably formed
when the rate of nucleation is much higher than the growth rate [57].
According to the obtained results, PVP25 with a molar concentration of
~1.2 was selected as the optimum for the rest of the experiments. These
values for the molecular weight and concentration are the key param-
eters for the efficient binding of PVP and metal ions, and can provide the
kinetic conditions required to fabricate well dispersed NPs with a suf-
ficiently small mean size and narrow size distribution.

The reported reaction temperatures and time for the above-
mentioned samples are the lowest possible ones allowing the chlorine
removal (in the absence of PVP) and complete decomposition of PVP. To
ensure PVP decomposition, FTIR analysis of the samples was carried out
and the obtained data were compared to the FTIR spectra of the pure
PVP and the synthesized sample in the absence of polymer. As shown in
Fig. 3, the dominant absorption peaks of polymers corresponding to
functional O—H, C—H, C = O, and C—N bands were completely
removed for all samples after calcination in air at temperature up to
600 °C. The observed peaks for wavenumbers lower than 850 cm ™! are
similar to the peaks of the synthesized samples in the absence of polymer
and can be attributed to transition metal-oxide bands [58].

To optimize the temperature and time in the first step of calcination
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(in air), a series of quinary samples containing 50 at.% Sb and equimolar
proportions of other elements (Ni, Co, Fe, and Cu) were synthesized with
a sufficient amount of polymer for different calcination temperatures
ranging from 500 to 800 °C and different calcination times ranging from
2 to 4 h. Fig. 4 shows the SEM images and XRD patterns of samples
calcined in air at different temperatures for 2 h. As illustrated in the SEM
images, by increasing the calcination temperature, the spongy and
fragile form of the samples decreases in extent and agglomerated par-
ticles with larger sizes are produced. This can be attributed to the rapid
decomposition of the polymer at high temperatures. As a result, in the
absence of polymer at the highest reaction temperature, the particles can
fuse together and form larger particles.

The observation of sharp peaks in the XRD pattern (Fig. 4(b)) in-
dicates high crystallinity of the products. In all samples, the dominant
diffraction peaks match those listed for the tetragonal rutile-type com-
pound (FeSb)O4 (ICSD PDF No 01-074-4589) which is found in the
mineral called squawcreekite. This compound has the crystallographic
symmetry P4,/mnm and spacegroup 136. Sb and Fe occupy the metal
site in this structure with no ordering. The compound is then a pseudo-
solid-solution of FeO5 and SbO5 with rutile structure. It is feasable that
all the transition metals used here could enter in similar pseudo-solid-
solutions. The minor diffraction peaks in Fig 4(b) are related to a
cubic lattice and space group 227 with Fd3m symmetry and are from
impurity phases (possibly spinel-type, Co3O4 structures). By increasing
the temperature, the intensity and number of the impurity peaks in-
creases. Similar results were obtained by increasing the calcination time.
Analysis of the peak broadening (using the Scherrer equation) provides
an estimate of the average crystallite size. Other broadening effects such
as strain are not accounted for in this analysis, but importantly, the data
provide very reliable estimates of the relative changes. The average
crystallite size with respect to calcination temperature indicates growth
in all directions. From 500 to 700 °C, a linear increase in size with a
temperature coefficient about 0.02 nm/ °C can be observed in all di-
rections, but from 700 to 800 °C, the temperature coefficient dramati-
cally increases in some directions up to ~0.10 nm/ °C. This causes the
crystalites to become increasingly elongated in those directions.

Analogous experiments were performed for the senary samples and
similar results were obtained. Taking into account the various parame-
ters, the lowest calcination temperature and time of 600 °C and 2 h were
chosen as the optimum ones in the first step of calcination (in air) for all
samples.

The calcination conditions in the second step (in hydrogen) depend
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Fig. 4. (a) SEM images (high and low magnification) and corresponding particle size distribution histograms with Gaussian-fitteng curve (solid line) and (b) XRD
patterns of quinary samples containing 50 at.% Sb and equimolar portions of other elements (Ni, Co, Fe, and Cu) calcined at different temperatures for 2 h in air. The
planar indexing annotated above the XRD peaks are for the tetragonal structure (FeSb)O,4 (P4,/mnm) and the positions are indicated as green bars. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

strongly on the composition of the sample. In the quaternary and qui-
nary samples, the oxygen content can be completely removed after
heating at a relatively low temperature of 400 °C in a constant hydrogen
flow whereas for the senary sample, a higher temperature is needed, as
will be discussed in detail later.

The quaternary sample with a nominal composition of 50 at.% Sb
and equimolar proportions of the other elements (Ni, Co, and Fe) was
prepared using a sufficient amount of polymer and calcined in air under
the achieved optimal conditions of 600 °C and 2 h. In the second step of
calcination in hydrogen, low temperature is preferred to ensure the
formation of nanosized particles in the absence of polymer. In contrast,
to achieve full conversion of metal oxides to metal antimonides, a
relatively long reaction time is required to allow the constituent metals
to adopt a stable configuration (based on element compatibility). The
optimal calcination temperature and time for this particular sample
were found to be 400 °C and 15 h, respectively. EDX mapping in SEM for
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this sample shows that each of the elements is homogeneously distrib-
uted throughout the entire sample. The metal ratios in the sample reflect
metal ratios in the precursor solution and tell that the composition of the
final products can be tuned by simply adjusting the ratio of metal salts in
the precursor solution. As shown in Fig. 5, the XRD profiles of the
calcined sample in both air and hydrogen do not show any peaks cor-
responding to impurities, indicating the formation of the single-phase
NPs. All the XRD peaks of the calcined sample in air can be accurately
indexed to a pure-phase of the tetragonal structure of space group 136
(P4,/mnm) corresponding to (FeSb)O4 structure. The estimated crys-
tallite size of the oxide NPs using the (110) reflection of the XRD patterns
and the Scherrer equation, is 25.7 nm. The XRD pattern of the calcined
sample in hydrogen shows a series of sharp and well-defined peaks
associated with a single-phase hexagonal structure in space group 194
(P63/mmc) corresponding to the NiAs structure (nickel arsenide). The
estimated crystallite size of antimonide NPs derived from the (101)

Fig. 5. (a) XRD patterns of the quaternary sample (top) after calcination in air at 600 °C for 2 h yielding a tetragonal (FeSb)O4 structure and (bottom) after
calcination in hydrogen at 400 °C for 15 h yieldining a hexagonal NiAs structure. (b) SEM image and EDX maps of quaternary sample after calcination in hydrogen
with corresponding EDX spectrum and quantities analysis.
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reflection of the XRD patterns is 32.3 nm. These results show that the
synthesized quaternary NPs are atomically mixed without any phase
segregation. The formation of multicomponent compounds from metal
salt or metal oxide precursors necessarily involves the reduction of the
metals, and it is difficult to reduce the precursors of four different metals
(Ni, Co, Fe, and Sb) simultaneously and merge them into a homogenous
NP. Nevertheless, phase control is possible for these systems because the
initial core structure is thermodynamically favorable, and the polymer
provides the local stoichiometry during the drying step.

From the Boltzmann-Planck equation for entropy in statistical me-
chanics, the molar configurational entropy, ASyy, of a crystalline ma-
terial containing n different metal atoms in solution is given by the
following Eq. [5,20]:

ASpix = —RZ::llen (x,-) m

where R is the gas constant (8.314 J/K mol) and x; is the fraction of
available lattice sites for occupancy of metal atoms of type j. In the case
of multicomponent antimonides with NiAs structure, the Sb atoms are
located in the As sublattice sites, with a molar fraction of 1, while the Ni
sites in the structure can be occupied randomly with the other transition
metal atoms. Hence, the configurational entropy of quaternary anti-
monide NPs considering n = 4, xsp=1, xc,=18.7/54.3, xp.=18.6/54.3,
and xn;=17.0/54.3 (Fig. 5) is ASpix=1.1R. Based on some classifications
of solid solutions in the literature [15,59], the AS;;; calculated above is
consistent with the value for a medium entropy alloy (MEA). In reality,
the entropy of mixing may be larger because it will also have contri-
butions from vibrational, magnetic, and electronic entropy [60,61]. For
compunds, there are also other parameter combinations that are sug-
gested as descriptors indicating the stability of compounds [62], but the
configurational entropy is important.

For quinary samples synthesized with a nominal composition of 50
at.% Sb and equimolar proportions of the other elements (Ni, Co, Fe, and
Cu), it is observed that the optimal calcination conditions (Alloy 5-1)
produce major crystallographic phases which are the same as those for
the quaternary sample. The strongest lines shown in Fig. 4(b) are from
the tetragonal phase (rutile type, P4,/mnm symmetry, and space group
136). The configurational entropy of this phase would be higher for
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quinary samples than for quaternary samples, and the free energy would
be less for the quinary sample if a rutile type pseudu-solid-solution is
formed. That would be favorable for the production of quinary samples.
The dominant diffraction peaks in the XRD profiles of Alloy 5-1 in Fig. 6
(b) can be indexed as the hexagonal phase (P63/mmc symmetry, and
space group 194) which is in accordance with the observed phase in the
quaternary sample. The formation of minor impurities for both calcined
samples in air (Fig. 4) and in hydrogen (Fig. 6) indicate that entropy
alone does not explain the observed product distributions in the inter-
metallic compounds and the kinetics of the reduction reaction and the
thermodynamics of product formation may be more important for
determining the product distributions.

Copper has the highest standard reduction potential among the metal
elements in the quinary samples, and, consequently, was reduced pref-
erentially at the beginning of the reaction. The resulting overabundance
of copper monomers during the early part of the reaction could result in
the production of copper-rich compounds, which would also affect the
product composition over the course of the reaction. Moreover, the
enthalpy of mixing of Cu with the other three elements (Ni, Co, and Fe) is
positive, while those between the other three elements are negative. So,
the difficulty of mixing Cu with other elements is leading to less
contribution of the Cu element in the main phase [12]. Accordingly,
attempts were made to minimize impurities in the product by varying
the nominal composition of samples (Table 1). First, by decreasing the
initial atomic percentage of copper to 7.5 and increasing the atomic
percentage of nickel and cobalt to 15 (Alloy 5-2). This reduces the
amount of copper-rich phase but leads to the formation of iron-rich
phase as the second impurity (Fig. 6) which is likely due to competing
kinetics. Another sample was prepared by adjusting the initial molar
ratio according to the average atomic composition obtained from the
EDX-STEM analysis of the main phase NPs (Alloy 5-3). The obtained
result for this sample was similar to the previous one. Finally, the initial
composition of 50 at.% Sb, 25 at.% Ni, 12 at.% Co, 8 at.% Fe and 5 at.%
Cu was selected as the optimal combination (Alloy 5-4) which can
produce almost a single-phase product by applying the fast heating and
quenching rates in hydrogen reduction to prevent the multicomponent
NPs from reaching their favorable thermodynamically phase-separation
state [11]. The estimated crystallite sizes of antimonide NPs in different
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Fig. 6. (a) High-resolution HAADF-STEM images of the quinary antimonide NPs (main phase) and the corresponding fast Fourier transform (FFT) diffractograms
along the [001] and [110] zone axes of the hexagonal structure. (b) XRD patterns of quinary samples with different compositions synthesized under the optimal
calcination conditions. The planar indexing annotated above the XRD peaks are for the hexagonal (P63/mmc) NiAs structure (main phase) and the positions are
indicated as green bars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The nominal atomic percentage of elements in the quinary samples, the crystallite size of the main phase derived from the (101) reflection of the XRD patterns and

lattice parameters.

The nominal atomic percentage of elements

Crystallite size(nm) Lattice parameters

sample Sb (at.%) Ni (at.%) Co (at.%) Fe (at.%) Cu (at.%) a (A% c(A°)
Alloy 5-1 50.0 12.5 12.5 12.5 12.5 38.8 3.934 5.126
Alloy 5-2 50.0 15.0 15.0 12.5 07.5 33.4 3.926 5.151
Alloy 5-3 48.6 17.7 15.5 09.7 08.5 34.8 3.933 5.163
Alloy 5-4 50.0 25.0 12.0 08.0 05.0 35.4 3.942 5.134
quinary samples from the (101) reflection of the XRD patterns and lat- bl
Table 2

tice parameters are listed in Table 1 showing a slight difference
depending on composition.

As shown in Fig. 6, the dominant crystal phase for all quinary anti-
monide samples is hexagonal NiAs structure with a high degree of
crystallinity, which is further confirmed by high angle annular dark field
STEM (HAADF-STEM) imaging and the corresponding FFT diffracto-
grams along the [001] and [110] zone axes. The arrangement of atoms
in this structure can be described by the A-B-A-B stacking sequence
along the [001] direction in which it consists of unary antimony atoms
in a hexagonal close-packed structure with the transition metal atoms
randomly distributed in the octahedral voids (Fig. 1). The copper-rich
phase has a tetragonal structure corresponding to CupSb and the iron-
rich phase has a cubic structure corresponding to Fe.

Further analysis was performed on the quinary antimonide samples
by EDX in STEM-mode of individual NPs to investigate the elemental
distribution within a single NP in the samples (Fig. 7). The result is a
homogeneous distribution of all five elements in the entire NP of the
main phase. The average atomic fractions of the five elements extracted
from EDX mapping of different regions shown in Fig. 7 are tabulated in
Table 2. It shows the minor contribution of Ni, Co, and Fe in the Cu-rich
phase and Ni in the Fe-rich phase.

The STEM image of a large area of the optimal quinary sample (Alloy
5-4) along with EDX mapping of the elements provided in Fig. 8 reveal
that all NPs contain all five elements. EDX maps showed that Sb, Ni, Co,
and Cu exhibit similarity in their distribution, however, the distribution

Main phase-Hexagonal Sb

Main phase (2) and Cu-rich phase (3)

Fe-rich phase

20 nm 20 nm

20 nm

The quantitative EDX-STEM analysis of different mapping regions shown in
Fig. 7.

Sb (at. Ni (at. Co (at. Fe (at. Cu (at.
%) %) %) %) %)
Main phase (1) 47.77 17.19 13.30 09.49 12.24
Main phase (2) 49.31 16.30 13.98 12.78 07.73
Cu-rich phase 40,50 03.00 00.70 03.60 52.20
3)
Fe-rich phase 16.97 01.70 06.40 62.48 12.45
4)

of Fe is slightly different. To have a more detailed understanding of the
distribution of elements, mixed EDX map of Ni and Fe and line scan
across a region of interest have been performed for this sample. The
mixed EDX shows that the distribution of Ni and Fe is similar except for
at some small points at the boundaries showing the formation of very
tiny Fe-rich grains. The line scan confirmed that all the elements are
evenly distributed through the particles following the target composi-
tion with a small deviation for Fe on the surface of the NPs. The average
atomic percentage of the elements determined by the quantitative EDX
analysis are in good agreement with the nominal percentage of the el-
ements. Based on the EDX analysis of the main phase NPs in different
quinary samples, the configurational entropy of quinary antimonide NPs
were calculated to be in the range of 1.2R to 1.4R, which are classified as
MEAs [15,59]. The presence of the sixth element in the NPs can increase

Co Fe Cu

20 nm

20 nm

20 nm

Fig. 7. STEM images and their corresponding EDX maps of individual NPs of the main-hexagonal phase, Cu-rich phase, and Fe-rich phase in the non-optimized

quinary samples.
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Fig. 8. HAADF-STEM image and its corresponding EDX maps and EDX line scan of the optimal quinary sample (Alloy 5-4).

the entropy further and possibly enhance the stability of antimonide NPs
[3].

The first senary sample was prepared with a nominal composition of
50 at.% Sb and equimolar percentages of the other elements (Ni, Co, Fe,
Cu, and Zn). It used a sufficient amount of polymer and was calcined in
air at 600 °C for 2 h similar to the previous samples. However, due to the
high stability of zinc oxide compounds and the volatile nature of zinc,
the second step of calcination (in hydrogen) cannot function at 400 °C
for 15 h, but requires a quite higher temperature and shorter time. At
calcination temperatures below 510 °C, the oxygen content cannot be
completely removed and at a higher temperature, the zinc content is
evaporated away. In addition, at temperatures between 450 and 510 °C,
copper-zinc compounds are formed. Further, at temperatures between
400 and 450 °C, copper and cobalt-rich compounds, corresponding to
CuySb and CoSbs structures are formed as impurity phases. Thus, the
calcination temperature and time for this sample were selected to be
500-510 °C and 2-2.5 h, respectively. Moreover, since the volatile
element of Zn is involved in the synthesis, a precursor compensation
approach to balance the atomic ratio of Zn (i.e., add more of Zn
component) was employed and the calcination of samples was done in a
stagnant hydrogen atmosphere without flow. The dominant phase in
senary samples is the hexagonal (P63/mmc) phase similar to quaternary
and quinary samples and zinc oxide impurities are present in all samples
because the calcination temperature does not exceed 510 °C to prevent
zinc loss.

Further optimization to minimize impurities in the product was
performed by varying the nominal composition of samples (Table 3).
First, by increasing the molar percentage of nickel to 20 and decreasing
the initial concentration of other elements to 7.5 at.% (Alloy 6-2). This
reduces the amount of copper-zinc compound but leads to the formation

of copper-rich phase corresponding to CusSb as the other impurity phase
(Fig. 9). Moreover, the content of oxygen in this sample is 12 at.% which
is a relatively large amount compared to the zinc content. Another
sample was prepared by further decreasing the Cu and Zn initial molar
ratio (Alloy 6-3). In addition to the main phase and ZnO, an extra peak is
observed in the XRD pattern of this sample. The content of oxygen in this
sample is 4.5 at.%, which is comparable with the zinc amount and
confirms the low contribution of Zn in the main phase. Finally, by re-
increasing the zinc amount, the initial composition of 50 at.% Sb, 16
at.% Ni, 10 at.% Co, 7 at.% Fe, 7 at,% Cu, and 10 at.% Zn was selected as
the optimal combination (Alloy 6-4) showing only ZnO as an impurity.
The estimated crystallite sizes of antimonide NPs in different senary
samples from the (101) reflection of the XRD patterns (Table 3) are in
the range of 31.6 to 42.5 nm depending on composition and calcination
temperature and time. The lattice parameters also show a slight differ-
ence depending on composition.

The STEM image of a large area in the optimal senary sample (Alloy
6-4) is shown in Fig. 9 along with EDX mapping of the elements.They
reveal that all the NPs contain all six elements but their distribution is
somewhat different. EDX mapping of Sb and Cu exhibit a homogeneous
distribution of these elements throughout the entire sample, which is
consistent with the line scan results. Ni and Co maps show a similar
trend. The distribution of those elements are correlated. The NPs that are
Ni-rich are also Co-rich. The distribution of Fe, on the other hand, shows
a complementary distribution to that of Ni and Co. NPs that are rich in Ni
and Co have less Fe and vice versa. This can be seen in the mixed EDX
maps of Fe and Ni as well as the line scan diagram and is attributed to the
concentration dependence of the enthalpy (if kinetic effects can be
ignored). The EDX map of Zn is completely different than those from the
other elements, which is due to the formation of ZnO impurity in the

Table 3
The nominal atomic percentage of elements in the senary samples, the crystallite size of the main phase derived from the (101) reflection of the XRD patterns and lattice
parameters.
The nominal atomic percentage of elements Crystallite size (nm) Lattice parameters

Sample Sb(at.%) Ni(at.%) Co(at.%) Fe(at.%) Cu(at.%) Zn(at.%) a(A®) c(A°)

Alloy 6-1 50.0 10.0 10.0 10.0 10.0 10.0 31.6 3.954 5.137

Alloy 6-2 50.0 20.0 07.5 07.5 07.5 07.5 34.4 3.960 5.158

Alloy 6-3 50.0 20.0 10.0 08.0 06.0 06.0 36.1 3.945 5.131

Alloy 6-4 50.0 16.0 10.0 07.0 07.0 10.0 42.5 3.952 5.136
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Fig. 9. (a) XRD patterns of senary samples of Alloy 6-1 and Alloy 6-2 calcined at 500 °C for 2 h, and Alloy 6-3, and Alloy 64 calcined at 510 °C for 2.5 h. The planar
indexing annotated above the XRD peaks are for the hexagonal (P63/mmc) NiAs structure (main phase) and the position is indicated as green bars. (b) HAADF-STEM
image and its corresponding EDX maps and (c) EDX line scan of the optimal senary sample (Alloy6-4). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

sample. The overall EDX analysis reveals uniform elemental distribu-
tions in single senary antimonide NPs, but the composition of NPs varies
from particle to particle.

The calculated configurational entropy of senary antimonide NPs
based on quantitative EDX analysis is in the range of 1.4R to 1.6R, which
are classified as MEA and HEAs [15,59].

The possibility of introducing other elements to this nanostructure
using the proposed method depends strongly on the stability of their
oxide phases. The oxides of the selected elements must be reduced under
hydrogen at a relatively low temperature to ensure the formation of NPs.
For instance, transition metal elements such as Mn and Cr, which have
highly stable oxide phases, cannot be used in this method. The Mn and
Cr oxides require high reduction temperatures of 650 and 850 °C,
respectively, which lead to surface melting and penetration of NPs to

each other to form bulk materials. However, this method can be used for
synthesizing a wide range of intermetallic and oxide nanoparticles with
multinary composition and large potential for applications in different
fields and can be easily upscaled to industrial applications.

Finally, to verify the robustness of the present thermal treatment
method, the reproducibility was tested by duplicate syntheses of optimal
samples under identical conditions and confirmed by XRD analysis. In
addition, XRD and EDX-SEM analysis of various samples were re-
recorded after several months of storage under normal conditions
(ambient temperature in the dark) to determine the stability of NPs. No
significant changes were observed in the characteristics of the samples
and their oxygen content after prolonged storage.
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5. Conclusion

We have demonstrated a thermal treatment technique towards
scalable synthesis of isolated medium/high entropy antimonide NPs
with atomic-level mixing of metal elements in a hexagonal NiAs type
structure. The elemental distributions are uniform in a single antimo-
nide NP but the composition varies somewhat from particle to particle.

The synthetic reactions involve a complex competition between the
thermodynamics of the different product species. However, by careful
control of the reaction conditions and initial composition; single-phase
antimonide NPs can be obtained. We believe that this facile thermal
treatment synthesis technique is a powerful strategy, has enough flexi-
bility to achieve a multitude of multicomponent/high entropy inter-
metallic and oxide NPs, and has the potential to transcend fundamental
research to industrial applications.
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