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Materials with multiple principal elements (middle- and high-entropy
materials), are used in emerging applications in various fields due to
their unique properties, driven by configuration entropy. Improved
understanding and experimental investigations of the impact of the
entropy of mixing on the properties of these materials are of large
practical interest. Here we show a simplified limited area calculation
approach for assessing the entropy of mixing using a CoCuFeNi
model nanoalloy. Based on our calculations we propose a new
parametric entropy-based criterion, which defines critical scale para-
meter transition from the maximal entropy state to the entropy-
depleted state of the system. The criterion could be used for general-
ized mechanistic assessment of the effect of the entropy of mixing
on the characteristics of the materials with multiple principal ele-
ments and for the development and characterization of existing and
new middle- and high-entropy materials with both simple single-,
and more complex, multiple-sublattice structures.

1. Introduction

Middle- and high-entropy materials (ME and HE, respectively)
are a class of materials, composed of multiple (4 for ME and >5
for HE) principal elements in proportions varying from 5 to 35
at%, which form a single crystal phase driven by the configu-
ration entropy.' ™ Such a combination of elements of different
types in a wide range of concentrations in the same crystal
lattice could lead to the emergence of entropy-related configu-
ration effects, including lattice distortion, high-entropy effect,
and cocktail effect, to name a few. These effects are often
accompanied by the appearance of unpredictable and unique
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properties in the materials that surpass those of their single-
element counterparts.>™ For instance, HE materials show
superb catalytic activity’® and thermoelectric properties,”"°
while HE ceramics exhibit excellent oxidation resistance and
mechanical characteristics.”™* HE oxides are used as
advanced materials for energy storage and conversion.'>™®
However, the degree of manifestation of the entropy effects is
related to the configurational entropy of the structure. Its
highest state is achieved only in a random mixed system and
can be expressed through the entropy of mixing (™),
described by Boltzmann’s equation (eqn (1)):

smix — —RZN:x,- In(x;) (1)

where x; is the mole fraction of the component i in the system
of N components, and R is a gas constant. The assessment of
S™X by eqn (1) is generally considered to give a result with an
error of 20% and is commonly used for general characterization
of the possible effect of the entropy on the properties of ME and
HE materials. The assessment of S™* and predicting the impact
of entropy-related effects on the properties of the ME and HE
materials becomes even more complicated for materials with
multiple sublattices, significant phase separation, or short-range
ordering (SRO) - non-random arrangement of atoms or mole-
cules within a limited region of the material, typically over a few
atomic distances. Thus, it is common, that the materials with
the same nominal S™* may show different trends in their
properties due to element segregation. Furthermore, in contrast
to the general positive effect of the homogenic mixing of
elements, it has been shown, that the slight element segregation
and SRO may improve the mechanical properties of the ME and
HE materials.’®>* This makes direct use of the S™* for materials
characterization hard and unreliable. Despite intensive research
efforts, to the best of our knowledge, there is no reliable general
parametric structural entropy-based criterion that could be used
for the assessment of the entropy impact.
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Here we described a simple experimental approach for the
assessment of the S™* and propose a new entropy-based
parametric criterion that can be potentially used for the pre-
diction of the impact of the S™* on the properties of ME and
HE materials. The experimental approach and criterion calcu-
lation allow consideration of the real distribution of the atoms
of different types in the crystal structure and to define critical
scale parameters transition from the maximal entropy state to
the entropy-depleted state of the system.

2. Experimental

2.1. Chemicals and synthesis

MEA NPs of CoCuFeNi were prepared via the sol-gel (auto)-
combustion synthesis (SGCS) using a mixture of copper nitrate
trihydrate (Cu(NO;),-3H,0, 99.99%; Sigma-Aldrich, USA),
cobalt nitrate hexahydrate (Co(NO;),-6H,0), iron nitrate non-
ahydrate (Fe(NO3);-9H,0), and nickel nitrate hexahydrate
(Ni(NOs),-6H,0) as a corresponding metal atoms sources and
oxidizers, as well as hexamethylenetetramine (C¢H;,N,, HTM)
(all 98% purity, Chimmed, Russia) as an organic fuel/reducer.
All chemicals were used without any additional purification.
For the synthesis, the required amount of metal nitrates with a
nominal equiatomic molar concentration of metal atoms was
first dissolved in a minimal volume of hot distilled water. The
HTM fuel was then gradually added to the solution of nitrates
upon continuously stirring. The reducer-to-oxidized molar ratio
() was kept at 3 to create a reducing atmosphere during the
synthesis.>**> The obtained solution was dried in a ceramic
beaker for the next 24 h at 80 °C until all unbound water was
completely evaporated and a gel-like precursor formed. The
auto-combustion reaction in the precursor was initiated in a
constant pressure lab reactor by means of a resistively heated
wire at an inert ambient Ar atmosphere. A homogeneous
powder of the ME alloy (MEA) NPs was formed as a result of
a rapid self-sustained high-temperature combustion wave pro-
pagating through the gel.

2.2. Characterization

X-ray diffractometry. The phase composition and crystal
structure of the NPs were studied by means of X-ray diffracto-
metry (XRD) using a D8 ADVANCE diffractometer (Bruker,
Germany) with a rotating copper anode and CuKo radiation.
Rietveld refinement of the XRD profiles, crystallite size, and
lattice parameters calculations, were conducted with HighScore
Plus software.

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX). The microstructure of the CoCuFeNi
NPs was investigated using a JSM 7600F (JEOL, Japan) field
emission scanning electron microscope with a spatial resolu-
tion of ~1 nm, equipped with an elemental microanalysis
system (EDX, Oxford Instruments, Abingdon-on-Thames, UK)
with the spatial resolution of ~80 nm.

Transmission electron microscopy (TEM). Particle size and
morphology of the CoCuFeNi NPs were investigated using a
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Hitachi HT7700 transmission electron microscope (TEM). The
accelerating voltage used for the measurements was 100 kV.
The TEM samples were prepared by dispersing the NPs in
ethanol at a concentration of 1 ¢ L™! by means of tip sonication
of NPs in a glass beaker for 15 min, followed by deposition onto
Formvar copper grids (Ted Pella, USA). The grids were left to dry
overnight in a desiccator before the analysis.

Atom probe tomography. Detailed atomic composition and
coordination of the CoCuFeNi NPs were studied by Atom Probe
Tomography (APT) using a CAMECA™ EiKOS-UV instrument in
a laser mode with the following experimental parameters: 65 K,
0.2% detection rate, 10 nJ laser pulse energy, 355 nm wave-
length, and 125 kHz pulse frequency. Reconstructions were
performed in APSuite 6.3 using the voltage model with an
image compression of 1.7 and a field factor of 4.0. Local
range-assisted background subtraction with 0.15 Da sidebands
was used for composition background correction. The instru-
ment is equipped with a wide-angle reflector,*® with a detection
efficiency of 37%. The ideal spatial resolution in depth of the
instrument is ~0.1 nm. The effective resolution in multicom-
ponent systems is, however, not ideal.”” Thus, in this work, the
selected minimum binning volume was 1 nm?® or ~ 25 atoms.

Focused ion beam scanning electron microscopy. The sam-
ples for the APT were prepared using Focused Ion Beam
Scanning electron microscopy (FIB/SEM). A FEI Nova 600
NanoLab dual beam FIB/SEM was used for basic lift-out and
annular milling.”® At first, the CoCuFeNi NP powder was
deposited on Cu tape, and a pre-sharpened W support tip was
used to deposit the lamella. For the cut off samples, the region
without obvious porosities was chosen and protected with a
2.0 x 14.0 x 0.05 um?® layer of Pt using the gas injection system
(GIS) operating at 5 kV and 6.3 nA. In the second step, the
sample was tilted to 52° to make the surface perpendicular to
the FIB. The second layer of Pt (2.0 x 14.0 x 0.1 pm®) was
deposited using 30 kv and 100 pA, and an additional Pt strip
was deposited to the side of the tip (30 kv, 10 pA) to increase
the conductivity. The final cleaning of the sample was per-
formed at 5 kV and 30 pA.

3. Results

The CoCuFeNi NPs obtained by the SGCS approach have a
microstructure, typical for the materials synthesized by the
combustion type method.>>*® The SEM images of the NPs
(Fig. 1a and b) show the NPs to be agglomerated into rough,
both large- (up to tens of um) and small-sized (tens of nm)
dendritic structures. The NPs are stacked upon the surface of
each other, forming separate layers of flat structures as a direct
consequence of the combustion wave propagation during the
synthesis.

The detailed investigation of the NPs by means of TEM
showed that the separate layers, forming during intensive
tip sonication, consist of aggregated NPs (sized ~5-10 nm)
covered with a thin carbon (graphene) layer. Such types of
structures, as well as mechanisms of graphene formation in
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Fig. 1 Microstructure of the CoCuFeNi NPs. (a) Low- and (b) high-magnification SEM images of the CoCuFeNi powders, showing the typical dendritic
porous structure of agglomerated NPs obtained by the SGCS method. (c) Typical TEM image of the layered agglomerated structure, shown to consist of

NPs sized ~5-10 nm, covered by a thin carbon (graphene) layer.

(metal nitrate)-(organic fuel) systems during self-combustion
type synthesis, are described elsewhere.*'"**

The XRD profile of the synthesized CoCuFeNi NPs revealed
(Fig. 2a and Table 1) a homogeneous polymetallic phase
composition with a face-centered cubic (fcc) polymorph
(Fm3m space group) with the main XRD peaks observed at
43.757° (111), 50.964° (200), and 74.929° (220). No other crystal-
line phases were observed. According to the results of the
Rietveld refinement, the cell parameter a value was 3.5834 A,
which is close to the previously reported Cog 55Cug 25F€0.25Nig 25
crystal phase.®® The calculated size of the crystallites of the
material was 23.8 nm.

The elemental mapping results (Fig. 2b) show a close to
homogeneous distribution of the metal atoms in the material
structure. The metal content of the CoCuFeNi NPs was shown
to be close to equal for all 4 metals in the NPs; 26.6 at% Co,
24.8 at% Fe, 24.5 at% Ni, and 24.1 at% Cu. The content of
carbon and oxygen was excluded as adhesive tape was used for
the sample preparation, containing both elements.

Based on the analysis of the data provided by XRD and EDX,
it was concluded that the CoCuFeNi NPs had a sufficient
homogeneity of structure and randomness of elements distri-
bution to be classified as middle-entropy alloy according to
the commonly accepted practice, i.e. ideal mixing assumption
(IMA).>**> APT investigations were conducted to gain a more
detailed understanding of the features of the CoCuFeNi struc-
ture and composition. A visual representation of the measured
atom distribution density is presented in Fig. 3.
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Table 1 XRD crystal cell parameters of the CoCuFeNi NPs

Material ~ Crystal structure a, A v, A® d, nm Goodness of fit

CoCuFeNi Cubic Fm3m 3.5834 46.0136 23.8 0.55

From the analysis of the distribution of the nearest neighbours
in the APT spectra of the CoCuFeNi sample, we can conclude a
good homogeneous distribution of the metal atoms across the
whole structure of the sample. However, the calculation of the
metal composition revealed a slightly higher bulk concentration
of Ni (30.6 at%) compared to the concentration of the other metal
atoms (26.7 at% Cu, 21.9 at% Co and 20.8 at% Fe) in the
investigated area.

The presence of the carbon and oxygen atoms could be
explained by the presence of the graphene (Fig. 1c) and other
forms of carbon with adsorbed oxygen-containing groups,
residual from fuel decomposition. Furthermore, oxygen could
indicate the presence of metal oxides, which were formed in the
intermediate stages of the synthesis and not fully reduced.>”>®

A more detailed investigation of the structural characteris-
tics and S™> of the CoCuFeNi composite required a detailed
analysis of the APT data on the distribution of the atoms in the
NP structure. For this purpose, a limited area calculation (LAC)
approach to the element distribution and S™> concentration
was developed and employed. At first, a cubic area sized 40 x
40 x 40 nm inside the sample, reasonably far from the sample’s
edges, was selected. This area was in turn divided into smaller

500 nm

Fig. 2 Phase and chemical composition of the CoCuFeNi NPs. (a) Rietveld refined the XRD profile and (b) EDX elemental mapping (Co, Cu, Fe, Ni).

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 11271-11276 | 11273


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00776j

Open Access Article. Published on 26 March 2024. Downloaded on 3/27/2026 7:20:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

1004

0

0 g
020 0204640 0 200 355540

20+

60

1004

1404 o Lo £

1 .-"‘“?-40‘ "‘\"""/‘?»—40 14 40

0207 520»40400 0200 »21'0400 020 o »20~4o400 M
Fig. 3 APT volumetric atom distribution density. The visual representation
of the density was reduced to 2% for metal atoms and to 10% for O and C
atoms for a better view. The bottom right corner is an SEM image of the
FIB-prepared sample. The tip of the sample was excluded from the analysis
to improve the accuracy of reconstruction.

cubes (20 x 20 x 20 nm), which were also divided. This was
repeated until a cube size of 1 x 1 x 1 nm was obtained, see
Fig. 4a (insert). 5 (for 40 x 40 x 40 nm) and 9 (all other sizes)
cubes were chosen for further calculation of the concentration
of atoms and subsequent calculation of the average S™ for
every area size (S™¥*?) by using eqn (1). The results of the
calculation of the S™¥™ are presented in Fig. 4a.

The results of Fig. 4a show that the S™¥2" for the areas
sized > 5 x 5 x 5 nm inclusive was equal to the bulk s™*4PT
(—1.373R) and decreased with decreased area size to a level of
—1.226R £ 0.16 for the 1 x 1 x 1 nm area. The intersection
tangent to the linear sections of the ‘bulk’ and ‘descending’
branches of the curve was 3.01 x 3.01 x 3.01 nm. The reduction
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of S™¥area js mainly associated with the clustering of the Ni
and Cu atoms, noticeably manifested below the scale of 3 x 3 x
3 nm and seen from the increasing standard deviation of the
concentration of the different metals (Fig. 4b). This is a
common phenomenon and has been reported earlier.>” The
results further show that the concentration of the atoms above
the 3 x 3 x 3 nm scale shows a low variability with increasing
calculation area size.

4. Discussion

The S™* of the 4-component ideal equimolar randomly mixed
system calculated by eqn (1) is —1.386R, representing the
highest possible entropy of the system. The EDX-calculated
composition of the metals of the CoCuFeNi NPs is very close to
an equimolar mixture of the components. The EDX-calculated
value of entropy of mixing S™EPX ysing the IMA approach
equals —1.385R. In comparison, the APT-calculated entropy of
mixing S™*PT yalue as the bulk concentration of the metallic
atoms of all types in the system equals —1.373R. In both cases,
the calculated S™*PX and §™A*T values are less than 1R%
smaller than S™* values calculated for the ideal equimolar
randomly mixed system. However, it should be noted, that any
bulk-based assessment of the phase composition and elemen-
tal distribution cannot provide sufficient information regarding
the degrees of local randomness of distribution of the atoms
and SRO in the system. Thus, any calculation of the S™* based
on this assessment of the bulk concentrations, using IMA
where the ideal case would be an equal probability of occupa-
tion of the equivalent position in the crystal structure by the 4
metal atoms, cannot automatically be considered equivalent to
the real ™™, In the latter case, the complexity of mixing of
atoms of different types, the tendency of formation of the
clusters of the atoms of the same type during the NPs crystallite
formation, and the SRO effect could reduce the values of the

mix
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Fig. 4 The entropy of mixing and atom content in CoCuFeNi NPs. (a) Change of entropy of mixing S™ over change of size of a limited calculation area.
Average values of the S™ for every area size were calculated based on S™ of the individual cubes of the same size. The insert is an example of how 9 of
the 5 x 5 x 5 nm sub-volumes were selected in the 40 x 40 x 40 nm area (atoms are displayed as spheres in the volume). (b) The atomic concentration

of Co, Cu, Fe and Ni atoms in areas of different sizes.
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entropy of the mixing in the local area S™/!°° in separate areas
of the NPs. From this follows that the $™*™ should be
represented as the sum of the S™!°° of areas m considering
the concentrations of the specific atoms x; in the area j, and the
fractions of all atoms # present in the specific area j, as
described by eqn (2).

Smix/real _ Z AST/T_niX/IOC’,Ij7 (2)
j=1

Jj=

From this follows a modified eqn (1) as described in eqn (3):
m N
gmix/real _ _p Z " Z x; In(x;) 3)
j=1 =l

The number of the local areas depends on the size of the
NPs, i.e. the number of atoms in the crystal structure which are
the individual area centres. The size of these local areas is
defined by the choice of the order of the closest neighbours
included. Thus, the smallest area includes only the central
atom and the first-order neighbours (only the central atom will
not form any crystal structure and cannot be considered), and
the largest area includes the entire NP. It should be noted that
there is a minimal size transition area where S™°¢ becomes
~smixreal which can be considered as the smallest unit of
maximal entropy (SUME). In the case of ideal random mixing of
atoms of different types, the SUME has the size of one or several
crystal cells, where there are enough atoms for the formation of
a structure with a random distribution of atoms with concen-
trations of elements equal to the bulk concentration. However,
despite that the APT measurements were able to provide the
necessary data for the calculation of the $™*°¢, the calculation
of the S™ for any large enough sample with millions of
atoms by eqn (3) would require a significant amount of com-
putation time to complete the computational calculations. The
simplified approach, as described above, was therefore applied.

Analysis of Fig. 4a shows, that in the case of the CoCuFeNi
sample, the SUME was ~(3.01)> nm. Considering the XRD-
calculated fec crystal cell parameter of 3.5834 A, the SUME
hence consists of ~594 cells and exceeds angstrom-level SRO.
Below that number of cells, the deviation in composition of the
separate areas became high enough to affect the general
entropy of mixing of the area, i.e. separate clusters of metals
of one of several types can be detected on this scale. This may
already be considered as phase separation and could thus
require the use of sublattice (SL) or many phase models for
calculating S™> for all phases separately instead of Boltzmann’s
equation.’” In any case, the S™™2™2 of the chosen area will be
smaller compared with the S™* of the SUME. Thus, the SUME
value can potentially be used as a characteristic scale parameter
for the assessment of the effect of the S™* on the properties of
the ME and HE materials. For instance, we can speculate, that
the materials with SUME values comparable to SRO distance
should show enhanced mechanical properties, defined by the
SRO effect.?**® If the SUME value exceeds SRO distance, the
effect of SRO on the properties should decrease while influence
of S™*Xrelated effects increases. In this case, it should be

This journal is © the Owner Societies 2024

View Article Online

Communication

expected that for the materials with the same nominal compo-
sition, one with a smaller SUME value should show a more
pronounced SRO or cocktail effect, whereas the effect will be
negligible for large SUMEs. Furthermore, the SUME could be an
important criterion for the characterization of extremely small
MEA and HEA NPs. In this case, SUME is a significant part of
the NPs volume of the size 4, thus the effect of ™ will only be
well pronounced for NPs with large A/SUME ratios. Overall, the
difference in the SUME may be one of the explanations for the
difference in the properties of the nominally similar ME and
HE materials.

We believe that the same LAC approach for the assessment
of the SUME can also be used for ME and HE materials with
more complex structures containing two or more sublattices,
like AB alloys, carbides, oxides, etc. In these cases, the calcula-
tion of S™¥3™ requires consideration of the concentration of
all elements in all sublattices and can be assessed using SL or
entropy metric*® approaches.

5. Conclusions

In summary, the current study addresses the fundamental need
for the development of an experimental approach to calculate
the ™ of ME and HE materials. Our limited area calculation
approach has enabled the development of a new fundamental
entropy-based parametric criterion representing the smallest
unit of maximal entropy. The criterion defines the critical scale
parameters of transition from the maximal entropy state to the
entropy-depleted state of the system. The criterion holds the
potential for mechanistically predicting the degree to which
entropy-related effects influence the properties of both ME and
HE materials.
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