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Increasing the number of cations in layered double
hydroxides via mechanochemically complemented
synthesis: the more the merrier, or not?+
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A series of layered double hydroxides Mg/Al, MgNi/Al, MgNi/Alln, MgNiCo/Alln, MgNiCo/AllnSc, and
MgNiCo/AlinScTm were obtained via mechanochemically complemented synthesis with subsequent
hydrothermal treatment and additional crystallization. All the samples, except for the Mg/Al one, which
was similar to the meixnerite structure, were phase pure. The samples were characterized via X-ray
diffraction, FTIR spectroscopy, Raman spectroscopy, and transmission electron microscopy. The
peroxidase-like activity of the samples was estimated, and the crystal lattice parameters were calculated.
Samples with five, six, and seven cations were characterized by X-ray fluorescence, according to which
the cation ratios of the samples and the values of configurational entropy were calculated, which
allowed them to be classified as high-entropy materials. For the six-cation sample, elemental mapping
was additionally performed, which revealed a uniform distribution of elements over the sample area,
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1. Introduction

The term “high-entropy materials” was first applied to high-
entropy alloys (HEAs) (also known as multi-major-component
alloys) in 2004.* Since then, their use and understanding of
their properties have expanded significantly. They are multi-
component solid solutions that contain five or more elements
in near-equiatomic proportions, in which structure stabiliza-
tion is assumed to occur by maximizing configurational
entropy. These new materials are characterized by phase
stability and mechanical properties while maintaining high
strength and ductility.” There are different points of view con-
cerning whether they are stabilized by entropy or not,* but at the
current moment, the following point of view is predominant. It
is proposed to call the new phases formed, because of the
configuration entropy, “entropy stabilized” because multicom-
ponent conventional solid solutions also have a high entropy of
configuration but are generally not entropy stabilized.*
However, the name “high-entropy” is still widely used for such
materials. Four features are believed to contribute to the
excellent performance of HEAs: high entropy, lattice distortion,
slow diffusion, and the “cocktail” effect (the synergy of
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along with high-temperature X-ray diffraction, which was also carried out for the five-cation sample.

a mixture of components with the result that is not the mere
sum of all components), each of which significantly influences
the structural properties of the resulting compound.?

In subsequent years, it was possible to obtain high-entropy
representatives for other classes of compounds: oxides,®
metallic glass nanoparticles,” borides,® sulfides,” carbides,*®
nitrides," chalcogenides', and antimonides.*

Compared with conventional materials, these materials
exhibit improved characteristics in various fields of application,
such as catalysis,™ the creation of new electrodes for batteries,
supercapacitors, and others.’® However, only HEAs are well
studied, and existing correlations between the structure and
characteristics of other classes of high-entropy materials have
yet to be explored.

In recent years, there have been reports on other potential
substances that could also exist in high-entropy configurations.
One of them is the group of layered double hydroxides (LDHs)
due to the characteristics of their structure. In addition to high-
entropy layered double hydroxides (HE-LDHs), one can find
more general term high-entropy hydroxides,*® including non-
layered hydroxides. Layered rare earth hydroxides, as well as
their high-entropy representatives, should also be singled out as
a separate group."’

Layered double hydroxides (LDHs), known as hydrotalcite-
like compounds (when produced synthetically), constitute
a large family of anionic clay materials. The structure of LDHs
includes brucite-like plates separated by anionic particles and
water. LDHs with various substituted cations are widely used in
many fields, such as catalysis,’ biomedicine® and
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environmental remediation.”® Additionally, LDHs can be used
as precursors for oxide structures such as spinels, where the
incorporation of multiple cations into LDHs can be used to tune
the final chemical composition of the spinel and its shape and
size.*® HE-LDHs remain insufficiently explored owing to the
recent development of this topic and because most studies on
LDHs focus on the inclusion of two or three cations, which does
not allow them to be classified as high-entropy materials.

The number of cations that must be incorporated to increase
entropy varies depending on the structure and sublattice posi-
tion of the cation.”” Some authors suggest that for the spinel
structure, the difference in high entropy begins with only 7
cations or more.”® However, other authors have adhered to
a more traditional concept in which LDHs with 5 or more
cations can be considered high-entropy ones.

To date, several HE-LDHs have been prepared, showing that
multication LDHs can act as electrocatalysts and confirming
that they can be used as precursors for high-entropy oxides.**>¢

Typically, layered double hydroxides are synthesized via the
coprecipitation of metal salts. However, hydroxides of different
metals can have quite different pH values of complete precipitation,
as well as pH values of dissolution. Considering that high-entropy
layered double hydroxides are a multi-metal component system,
a high probability of the formation of foreign phases during
coprecipitation seems inevitable.

To avoid this, we chose a mechanochemically complemented
method of synthesis. According to our assumption, this method
allows, owing to the limited volume of water (represented by
crystal hydrate water released during the mechanical grinding
of salts) in the synthesis space, to increase the probability of the
simultaneous incorporation of many different metals into the
LDH structure. This method has been successfully applied for
the synthesis of non-multicomponent LDHs, with prospects for
industrial scaling.”” Also, the addition of hydrothermal treat-
ment after mechanochemical synthesis is beneficial for the
crystallization and regularity of LDHs.®

2. Results and discussion
2.1 X-ray diffraction

According to X-ray diffraction, the reflections of all the samples
coincided with those typical for hydrotalcite (Mg/Al LDH, JCPDS
card #14-0191) (Fig. 1 (normalized intensity), Fig. S1-S77). With
an increase in the number of cations in the sample, the degree
of crystallinity decreases, which is expressed by a decrease and
expansion (however, (012), (015) and (018), starting from the
five-cation sample, are narrow again) of high-intensity reflec-
tions and complete disappearance of low-intensity ones. This
can be explained by the fact that distorted by the addition of
new elements, the lattice will eventually collapse into an
amorphous structure since the lattice distortion energy would
be very high for retaining a crystalline configuration. Jien-Wei
Yeh also noted the easier formation of amorphous or nano-
crystalline (which are not registered by X-rays since they are
smaller than their wavelength) structures for a greater number
of elements in high-entropy alloys since the growth and even
nucleation of crystal phases is gradually inhibited.*

308 | RSC Mechanochem., 2025, 2, 307-316

View Article Online

Paper

(003)
- (006)

MgNiCo/AlInScTm

MgNiCo/AlinSc

MgNiCo/Alin

MgNi/Alln

Relative intensity

MgNi/Al

2 theta, deg.

Fig.1 X-ray diffraction of the LDHs from Mg/Al to MgNiCo/AlInScTm.

A shift of reflections to the left relative to the Mg/Al LDH
sample is also noticeable, which is traditionally interpreted in
LDHs as an increase in the interlayer space. However, if we
zoom in on the most intense reflection (003), on the basis of the
position at which the parameter ¢ of the crystal lattice is
calculated, the penta- and hexacation samples again shift to the
right relative to the others (Fig. 2, normalized). It should be
remembered that the cation size is not the only factor influ-
encing the interlayer distance in the LDH structure. A certain
influence is exerted by the electrostatic interaction between the
brucite-like layers and the interlayer anions, which in turn
depends on the uncompensated charge of the layers. Probably,
in our samples, a fairly significant distortion of the brucite-like
structure is observed, caused by the large number of elements
in its composition. In such cases, the correlations among the
interlayer distance, the position of reflections, and the number
of cations may be absent.

An unexpected result was the production of completely
crystalline single-phase samples with 2-7 cations and a trace
second phase in the Mg/Al sample. Despite the fact that it was
reproduced several times, the presence of a small diffuse phase
between 25 and 35° (2 theta) was detected. This sample itself is
remarkable in that, according to the Match databases, it
completely corresponds to meixnerite (JCPDS card #38-0478),

)
o
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Fig. 2 Close-up of the (003) reflection of synthesized LDHs.
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a natural LDH with the formula MgsAl,(OH),5-4H,0. Meixner-
ite is very difficult to obtain synthetically since this type of
compound has only OH™ as a compensating anion, which can
usually be achieved only in a carbonate-free environment.

However, there are articles describing such synthesis, and
the article by Pavel et al. shows a diffraction pattern of synthetic
meixnerite, which also has a foreign phase similar to that found
in our sample, which the authors attributed to the broad and
very low intensity diffraction of amorphous Al(OH);.*° Tongamp
et al. succeeded in obtaining meixnerite by the mechano-
chemical method.**

Notably, our Mg/Al LDH sample, as well as the typical
meixnerite diffraction pattern from the JCPDS database,
contains rare characteristic LDH reflections such as (101), (107),
(10.10), (10.13), and (116). The reflection (104) is recorded only
for the MgNiCo/AlIn and MgNiCo/AlInSc samples. The peak at
approximately 11° (2 theta) may indicate the presence of two
anions in the interlayer space of Mg/Al sample. In the case of
our sample, we assume that the second anion is the residual
amount of nitrate anions from the original salts used in the
synthesis.

2.2 Crystal lattice parameters

For the heptacation sample (MgNiCo/AlInScTm), it was possible
to calculate only the degree of crystallinity and the lattice
parameter ¢ because of the low intensity and broadening of the
XRD reflections (Table 1). The (110) reflection, necessary for
calculating the lattice parameter a, which characterizes the
distance between neighboring cations, was represented by
awide rise in the XRD data line, probably combining broadened
reflections (110), (113), and (10.13). This is explained by the
random arrangement of thulium cations with very different
ionic radii in the crystal lattice, which causes different X-ray
diffractions in different places of the sample crystals, leading
to broadening of the reflections.

The average crystallite size agreed well with the data calcu-
lated via the Scherrer equation and the Halder-Wagner-Land-
ford (HWL) method. First, a decrease in the crystallite size is
observed from the two-cation (Mg/Al LDH) to the four-cation
(MgNi/AllIn LDH) samples. The opposite trend is then
observed, where starting from the five-cation (MgNiCo/Alln)
sample, there is an increase in the average crystallite size. It
was expected that the microstrain value would increase with the
number of cations, but its highest value was observed for the

Table 1 Crystal lattice parameters of the samples®
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four-cation sample, after which it began to decrease without
reaching, however, the value calculated for the two- and three-
cation samples.

The degree of crystallinity was expectedly high for the two-,
three-, and four-cation samples, after which it began to decrease.

The parameter a of the crystal lattice increased throughout
the entire series of LDH samples, which indicates an increase in
the distance between neighboring cations in the crystal lattice
with increasing number of cations with different ionic radii.

The parameter ¢, which characterizes the interplanar
distance of the brucite-like LDH layers, tended to increase in the
three-cation sample and further decreased up to the seven-
cation sample, where its increase was again observed.

The volume V of the unit cell was the largest in the four-
cation sample, after which it began to decrease.

It should be noted that the cell parameters of Mg/Al LDH
were closer to those of meixnerite than to those of hydrotalcite,
which serves as additional confirmation of its formation in the
course of our work.*>

2.3 FTIR spectroscopy

All the samples show a typical pattern for the FTIR spectra of the
layered double hydroxides (Fig. 3, normalized). The broad
absorption band at approximately 3500 cm ™" is attributed to
O-H stretching vibrations. Overlapping of the stretching
vibrations of structural OH™ and physically adsorbed water and
the vibrations of OH™ bonded with carbonate ions caused
broadening. A weak band at approximately 3000 cm ™" can be
related to solvation water molecules in the micropores of the

3464 2922 2368

1645 1365 1054 750 590

MgNiCo/AllnScTm

T\ MgNiCo/AllnSc

MgNiCo/Alln

MgNi/Alln

MgNi/Al

Mg/Al

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™

Fig. 3 FTIR spectroscopy of LDHs from Mg/Al to MgNiCo/AlInScTm.

Sample Average crystallite size, nm Microstrain, x 103 Crystallinity index% a, A ¢, A v, A
Mg/Al 17.3 (19.6%) 5.1 77.6 3.04 22.63 181.7
MgNi/Al 8.4 (9.4%) 3.3 83.4 3.05 23.35 188.4
MgNi/Alln 7.4 (8.4%) 14.3 78.5 3.11 23.31 195.2
MgNiCo/Alln 9.8 (11.4%) 13.1 66.9 3.12 23.06 194.1
MgNiCo/AlInSc 12.9 (14.5%) 9.9 63.9 3.13 22.75 192.7
MgNiCo/AlInScTm — — 53.2 — 23.06 —

% *Calculated with the HWL method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LDH structure.® In our experience, weak peaks at approximately
2400 cm™' are possibly related to CO, molecules physically
adsorbed from the air. The bending vibration of the water
interlayer was reflected at 1645 cm ™. The absorption band at
approximately 1365 cm ™" is related to carbonate anions. The
following bands at a lower wavenumber are typically attributed
to Me-O and O-Me-O stretching vibrations.*® The band
broadening at approximately 1054 cm ™" for MgNiCo/AlInScTm
is possibly caused by the incorporation of large Tm cations into
the octahedral layers.

2.4 Raman spectroscopy

Fig. 4 shows the normalized Raman spectra of the obtained
LDHs. The band at approximately 483 cm ™" can be attributed to
vibrations of the Me-O-Me present in the brucite-like layers of
the LDHs. In the region of approximately 518 cm ', a charac-
teristic band of the octahedral structure of the brucite-like
layers is observed, ie., stretching of Me”>~O-Me*" bonds.*
The band in the region of 1050 cm ™' is characteristic of all
intercalated anions; in the case of our samples, it is represented
by carbonate anions. The signal at the lower wavenumber
(approximately 950 cm™') can be assigned to carbonate ions
that are bonded to neither brucite-like layers nor interlayer
water, whereas that at the higher wavenumber corresponds to
carbonate ions that are strongly hydrogen-bonded to water
molecules.’*® Notably, a single signal was present in the Mg/Al
sample at about 950 cm ™', whereas the other signals were
absent. Since meixnerite does not have carbonate anions in the
interlayer space, the absence of a signal in the region of
1050 cm ™! is expected, but at the moment we find it difficult to
explain the nature of the absence of other peaks characteristic
of brucite-like LDH layers, since we have not found examples of
recorded Raman spectra for minerals of the meixnerite type for
comparison.

The signal intensity of the remaining samples does not
correlate with the increase in the number of cations and most
likely depends only on the nature of the introduced cations.

2.5 Transmission electron microscopy

Morphologically, the obtained samples are represented by
particles with shapes close to hexagonal, which is typical for

483 518 953 1061
MgNiCo/AlInScTm
2 MgNiCo/AllnSc
2
L '
£ : : ) MgNiCo/Alln
2 ik 3 :
© - !
© ' A MgNi/Alln
S /\,_77 MgNi/Al
J¥\ Mg/Al

T T T T T T T T T
400 500 600 700 800 900 1000 1100 1200

Raman shift, cm™

Fig. 4 Raman spectroscopy of LDHs from Mg/Al to MgNiCo/
AllInScTm.
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Fig. 5 Transmission electron microscopy pictures: 1 — Mg/Al, 2 -
MgNi/Al, 3 — MgNi/Alln, 4 — MgNiCo/Alin, 5 — MgNiCo/AlinSc, 6 -
MgNiCo/AlINScTm:; (a) — close-up of part of picture 2, (b) — close-up of
part of picture 4, (c) — close-up of part of picture 3.

LDHs (Fig. 5 1-6). The most clearly expressed plates are
observed in two-, three- and four-cation samples; in the subse-
quent samples, very small particles of nanometer size and large
layered agglomerates can be observed. However, individual
large hexagonal particles with a diameter of 150-200 nm fall
into the field of view (Fig. 5a-c), the presence of which is
recorded even in the seven-cation sample MgNiCo/AlInScTm.

2.6 Elemental mapping

Elemental mapping of the hexacation MgNiCo/AllnSc LDH
sample revealed the presence of all the elements incorporated
during the synthesis and revealed the homogeneous distribu-
tion of all six cations in the sample (Fig. 6).

2.7 Me**/Me** ratio and configurational entropy

The S.ons and Me*'/Me*" ratio values were calculated for the
penta-, hexa-, and heptacation samples according to the X-ray
fluorescence data (Table 2). For the hexacation sample, EDAX
was also performed. The obtained ratios of divalent cations to

Fig. 6 Elemental distribution of the MgNiCo/AlInSc.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calculated entropy and the cation ratio of the samples
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LDH sample Seconf Expected Me**/Me*" ratio Experimental Me*'/Me*" ratio
MgNiCo/Alln 1.52 R 3:1 3.7:1

MgNiCo/AlInSc 1.56 R (1.62 RY) 3:1 3.2:1(2.9:19
MgNiCo/AlInScTm 1.62 R 3:1 3.5:1

Mg/Al 0.57 R? 3:1 —

MgNi/Al 1.08 R? 3:1 —

“ According to EDAX data.  Evaluative calculation.

trivalent cations for all three LDHs lie in the range of 3-3.7:1,
corresponding to 1.5-4 : 1, which is acceptable for the formation
of LDHs.*”

The Scons for all three samples exceeds 1.5 R, which allows
them to be classified as high-entropy materials according to the
classification of entropy degrees by Murty et al.*® Notably, the
sample with five cations, MgNiCo/AlIn, is essentially on the
border between high and medium entropy values. The actual
molar fractions of elements in the resulting synthetic LDHs are
often lower than those initially assumed during their synthesis,
so we admit the possibility of obtaining a five-cation sample,
which will nevertheless have the S.on¢ Oof the medium-entropy
material. Remembering that the value of the configurational
entropy is affected by both the equimolar ratio of elements and
their number, and taking into account the classification of
Zhang et al., it can be assumed that it is more reliable to
consider LDHs with a cation number = 6 as high-entropy, but
for them, it is also necessary to measure the actual molar frac-
tions of elements in the composition.*

2.8 Cation mole fractions

Based on the X-ray fluorescence analysis of the MgNiCo/Alln,
MgNiCo/AlInSc, and MgNiCo/AlInScTm LDH samples, which
showed a configurational entropy value that allows them to be
classified as high-entropy materials, mole fractions were
calculated separately for divalent and trivalent cations (Table 3).
Overall, the results were close to the precalculated equimolar
values with a few exceptions. The magnesium in the six-cation
sample and scandium in the seven-cation sample turned out
to be significantly less than the precalculated values, while the
percentage of thulium in the total amount of trivalent cations of
the seven-cation sample turned out to be higher than it was
expected.

This confirms our opinion that when synthesizing high-
entropy LDHs, one should focus on both the equimolar ratio

Table 3 Composition of high-entropy LDHs

of cations and their number, since due to the uneven incorpo-
ration of cations into the crystal lattice of LDHs, there is
a possibility of obtaining a pentacation but not high-entropy
sample if several of the cations are incorporated in small
quantities.

2.9 High-temperature X-ray diffraction

A study of the thermal transformations of MgNiCo/AllnSc
(Fig. 7) and MgNiCo/Alln LDHs (Fig. 8) revealed that the
samples behave in a typical manner for LDHs when heated — at
temperatures above 200 °C, they decompose through the stage
of metastable dehydrated forms with the final formation of
nonstoichiometric mixed oxides during subsequent heating. In
case of high-entropy LDHs these oxides are also correspondent
high-entropy oxides.>®

2.10 Peroxidase-like activity

Tetramethylbenzidine (TMB) acts as an electron donor for the
reduction of hydrogen peroxide to water by the five-, six-, and
seven-cation LDHs. The resulting one-electron oxidation

° ——1000 °C
R o ——900°C
- 0o o 5 ——800°C
"’ O“““g‘ < ——700°C
" P ———600 °C
o ———500°C
———400°C
— ——300°C
e e e AR e A Sttt oeesmpn b ——200°C
e 100 °0
jw ——35°C
3 . . QO - oxide phase

@ - LDH phase

2 theta, deg.

Fig. 7 High-temperature X-ray diffraction of MgNiCo/AllnSc.

Mole fractions, experimental (expected), %

Divalent cations

Trivalent cations

Sample Mg Ni Co Al In Sc Tm
MgNiCo/AlIn 27.8 (33.4) 36.7 (33.3) 35.4 (33.3) 50 (50) 50 (50) — —
MgNiCo/AlInSc 13.2 (33.4) 46 (33.3) 40.8 (33.3) 37.5 (33.4) 37.5 (33.3) 25 (33.3) —
MgNiCo/AllnScTm 28.2 (33.4) 37.2 (33.3) 34.6 (33.3) 40.9 (31.7) 45.4 (31.7) 4.5 (31.7) 9.1 (5)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 High-temperature X-ray diffraction of MgNiCo/Alln.

— Mg/Al
e MgNI/Al

e MgNi/Alln

s MigNiCo/AlIN
= MgNiCo/AlInSc
e MgNiCo/AlINSCTmM

0,25

0,20

0,15

0,10

Absorbance, a.u.

0,05

0,00 T T T T T 1
500 550 600 650 700 750 800

Wavelength, nm

Fig. 9 Spectrum of the TMB solution after the addition of LDHs.

product is a diimine-diamine complex with a blue color,
resulting in the appearance of a characteristic absorption
maximum at a wavelength of 650 nm (Fig. 9).

Presumably, this occurs due to the incorporation of the
cobalt cation Co**, which is able to reduce hydrogen peroxide.
In this case, one could expect a decrease in the degree of
oxidation of the dye with an increase in the number of cations.

However, Fig. 9 shows that the intensity of the maximum of
the colored fraction of the dye in the solution decreases slightly
from the five- to six-cation samples and increases with the
incorporation of thulium cations into the LDH.

3. Materials and methods
3.1 Synthesis

The following reagents were used: magnesium(u) nitrate hexa-
hydrate Mg(NO;),-6H,O, nickel(n) nitrate hexahydrate
Ni(NO3),-6H,0, cobalt(u) nitrate hexahydrate Co(NOj3),-6H,O0,
aluminum(m) nitrate nonahydrate Al(NO3);-9H,0, indium(u)
nitrate 4,5-hydrate In(NOs);-4.5H,0, scandium(m) nitrate tet-
rahydrate Sc(NO;);-4H,0, thulium(m) nitrate pentahydrate
Tm(NO;);-5H,0, sodium hydroxide NaOH, and sodium
carbonate Na,CO;.

All the samples (Fig. 10), from left to right: Mg/Al, MgNi/Al,
MgNi/Alln, MgNiCo/Alln, MgNiCo/AlInSc, MgNiCo/AlInScTm
were synthesized via a method generally described as manual
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Fig. 10 Pictures of LDHs powders, from left to right: Mg/Al, Mg/Ni/Al,
MgNi/Alln, MgNiCo/Alln, MgNiCo/AlInSc, and MgNiCo/AllInScTm.

mechanochemical synthesis with subsequent soft hydro-
thermal treatment and additional crystallization in a saturated
alkali solution. The expanded description of the synthesis has
been added to the ESL.t

During the synthesis, we adhered to the classic molar ratio of
elements for LDHs of 3:1 for Me*": Me®", respectively. All
divalent elements, as well as trivalent ones, were taken in
equimolar ratios to each other. Thulium was an exception
because, in our previous studies, we showed that it is possible to
achieve a single-phase sample of LDHs with no more than 5% of
rare-earth metal cations included in the crystal lattice, with few
exceptions.*® However, according to our experience, for scan-
dium, it is possible to achieve even binary Mg/Sc LDH.*" In turn,
for indium we also obtained well-crystallized samples of Co/In
LDH.** Reagents were mixed in an agate mortar and manually
ground for 5 minutes at room temperature. After a homoge-
neous powder was obtained, Na,CO; (25 mmol) and NaOH (5
mmol) were added to it, which was subsequently ground for 30
minutes to obtain a viscous homogeneous paste. The paste was
washed with distilled water (100 ml) into the hydrothermal
synthesis vessel. The vessel was sealed and left for one day at
98 °C. We found experimentally that adding a saturated alkaline
solution in the middle of the hydrothermal treatment promoted
the crystallization of the samples (Fig. SOt). We hypothesized
that this was due to hydroxyl adsorption, which increases with
increasing pH which was lowered by the previous water dilution
step. So, after 24 hours, the vessel was opened, and a 0.1 M
Na,CO; (100 ml) solution was added to the reaction mixture,
which was left for two days at 98 °C. The mixture was then kept
in a cooling vessel for another day, after which the resulting
precipitate was separated by centrifugation, washed with
distilled water until a neutral pH was reached, and then dried at
50 °C.

3.2 Data processing and visualization

The data were graphed and analysed via OriginPro software
(Version 2021, OriginLab Corporation, Northampton, MA, USA).

3.3 Configurational entropy calculation

Currently, work on mathematical models for calculating the
entropy of crystalline substances is still in progress. Various
calculation methods yield a wide range of results depending on
the chosen technique. Thus, the considered technique may not

© 2025 The Author(s). Published by the Royal Society of Chemistry
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be universal and provides only selective consistency with the
experiment.

The most common method is the calculation of configura-
tional entropy Scont.*® In the case of high-entropy alloys, the
term entropy of mixing Sy also exists.*® It can take into account
the anions included:

N N
E Xi In Xi + E X In Xj
i=1 cation-site J=1 anion-site

Here, R is the universal gas constant, and x; and x; are the mole
fractions of elements in the cationic and anionic units,
respectively. This formula has been proposed for use with high-
entropy oxides.**** It is also proposed to consider the number of
possible configurations of structural elements in all sublattices
of the compound when calculating the configurational entropy
of complex compounds.*

However, we assume that in the case of layered double
hydroxides, otherwise called anion-exchange clays, the contri-
bution of anions to the total entropy of the system can vary
significantly, since their position between layers is unstable,
and both their nature and quantity can change even within the
same sample during its use and storage.

Thus, in our work, we calculate only the configurational
entropy of cations in the brucite-like layers of LDH:

Sconf =-R

N
Seonf = —R § Xi In Xi
i=1

It is proposed what alloys with S..n¢ < 1 R are low-entropy, those
with 1 R = S.on¢ = 1.5 R are medium-entropy, and those with Scon¢
= 1.5 R are high-entropy.*® This decrease in free energy causes the
solid solution phases to have a greater ability to compete with
intermetallic compounds. This means that the tendency to form
the mixing state of elements increases with increasing Scont-

However, this entropy borderline has not yet been estab-
lished, and one can find also a definition of it as S¢ons = 1.61 R
for high-entropy materials.*

The configurational entropy calculation example has been
added to the ESL.}

3.4 X-ray fluorescence

X-ray fluorescence analysis of the MgNiCo/AlIn, MgNiCo/AlInSc,
and MgNiCo/AlInScTm LDH's samples was performed on an
ARL™ PERFORM'X Sequential X-Ray Fluorescence Spectrom-
eter (Thermo Fisher Scientific, 2012).

3.5 X-ray crystallography

X-ray diffraction (XRD) analysis was carried out via a Rigaku
Ultima IV X-ray diffractometer with CuKa (A = 015 418 740 nm)
radiation (Rigaku, 2008). The patterns were scanned from 5 to
80° (26) at a step size of 0.02° (26).

The phase analysis was performed in Match! software with
PDF-2 diffraction database using powder diffraction data.*

The XRD profiles were compared to standards compiled by
the Joint Committee on Powder Diffraction and Standards

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(JcPDS), which included cards #14-0191 for hydrotalcite and
#38-0478 for meixnerite.

The average crystallite size was calculated via the Scherrer
equation and Halder-Wagner-Landford method, which was
also used to calculate the microstrain. A link to the method has
been added to the ESL.f

The basal (003) reflection corresponds to successive orders of
the basal spacing ¢ = 3d(go3). The intense (110) reflection
utilized for the calculation of the lattice parameter a = 2d(;10)
depends on the ionic radius of the cations included.*

The crystallinity index was calculated as the ratio of the
crystalline XRD peak area to the crystalline plus amorphous
peaks of the obtained XRD data. A link to the method has been
added to the ESL.t

The unit cell volume (V) was also calculated via the following
equation:*’

V = d’csin 60°

3.6 High-temperature X-ray diffraction

All the equipment and parameters were the same as those used
for the XRD analysis. The patterns were scanned first at 35 °C,
and then in the range of 100-1000 °C at a step size of 100 °C.
The heating rate was 25 °C per minute, and the holding time at
each temperature was 10 minutes.

3.7 Transmission electron microscopy

The morphology of the obtained LDHs was studied via a JEM-
2100 electron microscope (JEOL, Japan, 2007). One drop of
a sample suspension in anhydrous isopropyl alcohol, pretreated
in an ultrasonic bath, was applied to a copper mesh coated with
a thin carbon film. A few images at 50kx and 100kx magnifi-
cation were taken from each sample. Additionally, energy
dispersive X-ray (EDX) analysis with element mapping of 12
different points on a sample was performed to characterize the
elemental composition of the 6-cation sample MgNiCo/AlInSc.

3.8 FTIR spectroscopy

IR spectra of the synthesized LDHs were obtained on an FSM
2201 Fourier spectrometer (INFRASPEK, Russia). The samples
were prepared by pressing a mixture of potassium bromide with
the synthesized sample at a ratio of 300: 1.

3.9 Raman spectroscopy

Raman spectra were recorded on a LabRam HR Evolution
Raman confocal microspectrometer (HORIBA Jobin Yvon S.A.S.,
Japan). The patterns were scanned via a green Nd:YAG laser

with a wavelength of 532 nm in the range of 200-2000 cm ™.

3.10 Peroxidase-like activity evaluation

The peroxidase-like activity of the obtained samples was
assessed via a ready-made stabilized aqueous solution of
3,3/,5,5"-tetramethylbenzidine (TMB) (TMB Core+, Bio-Rad,
USA). The typical process was implemented as follows: 2 ml of
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TMB solution and 0.002 grams of sample were mixed and
incubated for 30 minutes at 35 °C. The characteristic absor-
bance of oxidized TMB at approximately 650 nm was measured
via a UV-Vis spectrophotometer (Specord 210 plus) (Analytik
Jena, Germany, 2014).

4. Conclusions

In our study, we demonstrated the possibility of obtaining
phase-pure layered double hydroxides with several cations
ranging from two to seven via a mechanochemically com-
plemented synthesis with subsequent hydrothermal treatment
and additional crystallization. Due to the greater affinity of
LDHs for carbonate anions than for nitrate ones, and the large
amount of sodium carbonate used in the synthesis of our
samples, we assume that the majority of anions in our samples
are carbonate with some nitrate anion residues.

With an increase in the number of cations, a decrease in the
degree of crystallinity of the samples was noted.

According to X-ray diffraction and calculations of the crystal
lattice parameters, the two-cation sample was more similar to
meixnerite than to hydrotalcite. Thus, we additionally demon-
strated the possibility of synthesizing a meixnerite-like material
via the described method.

The calculated Scon¢ values allow us to classify samples with
= 5 cations as high-entropy materials; however, this threshold
is taken from the field of alloy research, and mathematical
models of entropy changes have not yet been developed for
crystalline substances. Some trends in the changes in sample
characteristics and properties, such as the average crystallite
size, microstrain, lattice parameter c, cell unit volume, and
peroxidase-like activity, broke when the number of cations was
increased to four or five.

However, this may depend on the properties of the included
cation rather than on the synergistic properties of the high-
entropy system.

Data availability
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