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Multi-Method Characterization of the High-Entropy Spinel
Oxide Mn,,Co,,Ni,,Cu,,Zn,,Fe,0,: Entropy Evidence,
Microstructure, and Magnetic Properties

Svenja Senkale,” Marius Kamp,™ Stefan Mangold," Sylvio Indris," Lorenz Kienle,"®

Reinhard K. Kremer,” and Wolfgang Bensch*™

The novel spinel Cugy,Co,,Mng-Nig,Zng,Fe,0, comprising six
transition metal cations was successfully prepared by a
solution-combustion method followed by distinct thermal treat-
ments. The entropic stabilization of this hexa-metallic material
is demonstrated using in situ high temperature powder X-ray
diffraction (PXRD) and directed removal of some of the
constituting elements. Thorough evaluation of the PXRD data
yields sizes of coherently scattering domains in the nanometre-
range. Transmission electron microscopy based methods sup-
port this finding and indicate a homogeneous distribution of

Introduction

Entropy stabilized metallic alloys have attracted increasing
attention and are widely studied due to their versatile and
adjustable properties. Yeh et al. define such alloys as solid
solutions containing more than five principal elements with
equal or near equal atomic percentage.”! Another definition
was given by Mirakel etal. based on the entropy concept.
According to this definition the requirement for an entropy
stabilized compound is a 45, larger than 1.61 R, where R is the
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the elements in the samples. The combination of *Fe
Mossbauer spectroscopy with X-ray absorption near edge
spectroscopy allowed determination of the cation occupancy
on the tetrahedral and octahedral sites in the cubic spinel
structure. Magnetic studies show long-range magnetic ex-
change interactions which are of ferri- or ferromagnetic nature
with an exceptionally high saturation magnetization in the
range of 92-108 emug™' at low temperature, but also an
anomaly in the hysteresis of a sample calcined at 500°C.

universal gas constant, 8314 J/molK¥ In 2015 Rost etal.
extended this concept to high entropy stabilized oxides
(HESQO's) based on a five component rock salt structure. A
configurational entropy value is generated by the random
distribution of the constituent metal cations on the cation
sublattice, which competes with the formation enthalpies of
intermediate compounds.”! Because the phase stability is
dictated by Gibb’s energy [Eq. (1)], the single-phase is stabilized
with increasing temperatures and increasing number of
elements, because the configurational entropy counteracts the
enthalpy controlled phase separation.®

AGmix = AHmix - TASmix = AHmix + RTZX,-I”(X,-) (1)

i=1

With T=temperature, 4AH,=enthalpy of mixing, 4G, =
free enthalpy of mixing, R=universal gas constant, x;=molar
concentration of each component

Rost etal. have established some requirements for such
entropy controlled systems:"

- Low temperature equilibration should transform a single
phase back to its multiphase state

- Removing components should result in a non-single phase
structure at the same temperature

— The transformation from multiphase to single phase should
be endothermic.

So far not only rock salt type structures have been
synthesized and investigated, but also spinels,”"” fluorite-
oxides™ and perovskites."”” Through entropy stabilization,
novel element combinations can be obtained in an oxide phase,
which may exhibit innovative physical properties. In order to
design such systems, however, it is necessary to develop a
deeper understanding of these complex multi-element materi-
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als. Especially, spinels have a very wide range of applications,
which makes them of great interest for entropic systems.
Adjustable properties for, for example, catalytic oxidation or for
use as DNA-based biosensors are conceivable here.?” Different
synthetic approaches have already been successfully applied to
obtain entropy stabilized spinels.”?" The spinels reported in the
literature cited above were all synthesized according to the
nominal composition of the following type:

(Ao, A2y, A3, A4y, A5,,);0, with (A=transition metal).

For expanding the area of spinel-based entropy stabilized
solids we developed a new approach according to the following
concept:

(Aly, A2y, A3y, A4y, A5y,)Fe,0, with (A=2+transition
metal cations).

This approach has been poorly investigated so far and, in
the case of iron as a trivalent cation, to the best of our
knowledge just in two similar cases.”>* For example, Musicé
et al. prepared different high entropy spinels using a high
temperature synthesis, which showed varying interesting mag-
netic properties depending on the elemental composition.”!
Hosseini Mohammadabadi etal. studied among others the
magnetic and structural properties of an entropic spinel with
increasing Mn content and fascinating results were obtained.””
Despite various studies, the magnetic interactions are still not
fully understood due to the complexity of occupation and
oxidation states of the cations.”™?” The first impressive studies
have been performed to unravel the complex spin-electronic
models.”®

Due to the fact that in this system the equal atomic
percentages only refer to the used divalent metals, evidences of
entropy stabilization are provided in the present work. Since it
is known that manganese-containing ferrites decompose at
certain temperatures, this is a useful property to demonstrate
whether an entropy stabilized spinel was obtained, since a
multiphase state can be obtained that can be used to verify the
first two requirements (see below).””*" To gain a deeper insight
and understanding of the compounds, we investigated the
homogeneity at the nanoscale by TEM and determined the
oxidation states and the distribution of cations on the
octahedral and tetrahedral sites using X-Ray Absorption Spec-
troscopy (XAS) and Mdssbauer spectroscopy. The temperature
dependent magnetic properties were also examined.

Results and Discussion
Influence of the amount of glucose on the particle size

A possibility to adjust the crystallite size directly during
synthesis is to vary the amount of glucose. Figure 1 shows the
different PXRD patterns for different glucose contents and its
influence on the products after annealing at 500 °C. The more
fuel is used in the combustion reaction, the smaller are the
coherently scattering domains of the products. Sizes of the
coherently scattering domains vary between 5 and 27 nm
(determined by Rietveld refinements) while maintaining the
spinel structure (Table 1). The lattice parameter increases with
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Figure 1. XRD patterns revealing the influence of the amount of glucose on
the particle size.

Table 1. Crystallite sizes and lattice parameters of HES1s produced with
different amounts of glucose.

Amount of glucose [mmol]  Crystallite size [nm]  Lattice parameter [A]

8 27.1(3) 8.3867(2)
12 10.0(2) 8.3835(4)
16 9.7(2) 8.3843(4)
20 5.3(1) 8.376(1)

increasing particle sizes which can be explained by, for
example, the high surface-to-volume ratio, stress and strain,
and disorder of the constituents.

Structural investigation of the synthesized and sintered
samples of Cu,,Co,,Mn,,Ni,,Zn,,Fe,0, (HEST)

Figure 2 shows the PXRD pattern of Cu,,Co,,Mn,,Ni;,Zn,,Fe,0,
(HESTs) in the as synthesized (a.s.) state and the patterns of the
sintered samples obtained at T=500, 650, and 1000 °C together
with the results of the Rietveld refinements. The lattice
parameters and sizes of coherently scattering domains are listed
in Table 2. It is unambiguous that the main fraction of the a.s.
sample crystallized in the spinel-type structure with space
group Fd3m, whose lattice parameter was determined as a=
8.4382(2) A (similar to ICSD 184064). In addition to the spinel
phase, reflections of another phase are visible and these are
assigned to fcc-metals. Due to the calculated amount of 85.1 %
for the spinel, at least three metal species are present in this
phase mixture. A Rietveld refinement including three metals
gives a satisfactory result and the refined lattice parameters of
3.605(1), 3.564(1) and 3.50(1) A can be assigned to Cu, 8-Co and
Ni. The electrochemical redox potential, XAS measurements,
and magnetic properties (see below) support this assumption.
A broadening of the Bragg reflections is observed presumably
caused by nanosized coherently scattering domains. The sizes

© 2022 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Results of Rietveld refinements against the PXRD patterns of HES1s a.s.; 500°C, 650 °C and 1000 °C. Observed (black dots), calculated (red) and

difference (blue) profiles. Reflection positions are marked as vertical bars.

Table 2. Crystallite size and lattice constant obtained from Rietveld refinements and average crystallite size determined by TEM. Note that an average value
of the lattice parameter is given for the metals in HES1 a.s. sample. Estimated standard deviations are given in parentheses.

Samples Diameter [nm] Weight percent [%] Lattice parameter a [A] Diameter (TEM) [nm] Lattice parameter (TEM) a [A]
HES1s a.s. Spinel 25.5(6) 86(1) 8.4382(2) 13.9(6) 8.52(6)
Metals 8-10 14.9(3) @ 3.5814(4)
500°C Spinel 27.0(3) 100 8.3867(2) 16.1(6) 8.44(6)
650°C Spinel 40.8(5) 79.5(2) 8.3916(1) 28.8(6) 8.52(6)
Haematite 68(3) 20.5(2) 5.0361(4), 13.7403(6)
1000°C Spinel cryst.(176) 100 8.40668(5) cryst. 8.44(6)

of the domains were determined to be 26 nm for the spinel
phase and around 8-10 nm for the metals. As illustrated in
Figure 2a the experimental pattern matches well with the
refined pattern resulting in a very low value for R,, of 2.22%.
After heating to 500°C, the reflections of the metals completely
disappeared in the PXRD pattern indicating incorporation into
the spinel structure and a phase-pure spinel is obtained with
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lattice parameter a=8.3867(2) A and a crystallite size of 27 nm
(Figure 2b), similar to the size determined for the as synthesized
sample. The lattice parameter is about 0.05 A smaller than that
of the a.s. sample, which could be explained either by the
incorporation of the three metal species as cations and/or by a
redistribution of the cations within the different tetrahedral and
octahedral positions, due to this incorporation. Further heating
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leads to precipitation of haematite (Fe,O; ICSD 161290) at
about 600 °C reaching its maximum content of ca. 20.5 wt.% at
650°C (Figure 2c). This process is accompanied by a slight
increase of the unit cell volume of the spinel and a significant
growth of the domain sizes to ~41 nm (Table 2). Another
increase of the temperature results in a successive disappear-
ance of reflections of haematite, and at about 1000°C no
reflections of this impurity can be detected (Figure 2d). At this
temperature a spinel is formed with a lattice parameter of a=
8.40668(5) A and high crystallinity. The alterations of the unit
cell volume of the spinel during the heating processes are
related to various effects like surface distortion of particles
induced by the size effects of nanoparticles®™ as well as the
distribution of cations between tetrahedral and octahedral
positions.®¥ The increasing interactions between the various
defect-related dipoles will also have an effect® as well as
stacking faults often observed in fcc materials.

Evaluation of the PDF data (see Figure S1 in Supporting
Information) confirms the results obtained by the Rietveld
refinements regarding domain sizes (determined by spherical
damping), lattice parameters, and chemical compositions
(Table 3) from samples a.s., 650°C, and 1000°C. The volume-
averaged mean crystallite morphology could be obtained by
evaluating the anisotropic broadening of the Bragg reflections.
At lower temperatures the shape is almost spherical, whereas at
higher calcination temperatures the shape becomes more
edged (Figure S3).

The chemical composition determined by SEM-EDX analysis
yields Mng5,C0451Niq 10CUg20ZNg 1oF€; 000, after 500°C treatment
which agrees well with the intended atomic ratios. The surface
topology was investigated by using SEM images, and they
indicate a certain porosity, which decreases with increasing
sintering temperature (Figure S4).

Requirements for high entropy stabilization

Rost et al. convincingly demonstrated that the system (Mg; Ni;
Co; Cu; Zn)O with rocksalt structure is entropy stabilized and we
performed the same experiments to verify the entropy stabiliza-
tion of the spinel. To demonstrate reversibility, which is a basic
requirement for entropy driven systems, the as synthesized
sample was heated in an oven between 27 and 900°C and the
changes were monitored with insitu PXRD (Figure 3a). The
selected Bragg angles from 29 to 34° 20 represent a good range
to show the structural changes. At the beginning just the
reflections of the spinel and the reference material ZrO, are

Table 3. Crystallite size and lattice parameters obtained from PDF refine-
ments. Estimated standard deviations are given in parentheses.
Samples Diameter [nm] Lattice parameters [A]
HES1s a.s. Spinel 30 8.4509(1)

Metals 5 3.5832(4)
HES1s 650 °C Spinel 49 8.4030(1)

Haematite 63 5.0458(8), 13.763(4)
HES1s 1000°C Spinel Cryst. 8.4098(1)
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Figure 3. a) In situ XRD intensity map as a function of 26 and temperature;
note that ZrO, is used as reference material b) Ex situ XRD analysis of
samples heat-treated at different temperatures (RE for returned to).

c) removal of components from the initial material and heat treatments at
650°C (blue) and 1000°C (red).

visible. Further heating to T=650°C led to the development of
reflections of Fe,O; like observed during the ex situ experi-
ments. With increasing temperature, the intensity of the
reflections of Fe,0; is significantly reduced until they are hardly
detectable at 900°C. When the sample is cooled down, the

© 2022 The Authors. Published by Wiley-VCH GmbH
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intensity of reflections of Fe,O; significantly increases again.
Hence, the reversibility of this reaction is impressively demon-
strated. Due to the temperature limitation of our in situ stage
we were not able to heat to temperatures higher than 900°C,
and therefore an additional ex situ experiment was performed
(Figure 3b). It is obvious that heating to 1000°C leads to
formation of a phase pure spinel phase. Low temperature
equilibration at 650°C (Figure 3b, RE650°C, green pattern)
transforms the spinel back into the multiphase state and
annealing of this phase mixture at 1000°C again (Figure 3b,
RE1000C, pink pattern) results in crystallization of a single-phase
spinel.

Another requirement for entropy-stabilized samples is that
removing single components from the mixture results in an

increase of the transition temperature for the transformation
into the phase-pure product due to the lowered entropy.
Removing either Co or Co/Ni it can be undoubtedly demon-
strated that at 1000 °C no single-phase product is obtained due
to the increased transition temperature, which additionally
proves the entropy stabilization of our system (Figure 3c).

TEM investigations

The combination of different TEM methods (HRTEM, SAED and
STEM-EDX) was mainly used to study the homogeneity of HES1
samples at 500°C and 1000°C. An overview TEM image in
Figure 4a displays the crystallite sizes of the HEST 500°C

Figure 4. TEM analysis of HES 500 °C sample, a) TEM image shows agglomeration of the powder. b) Reflection intensity on concentric rings in the SAED
pattern can be assigned to a spinel phase (described before), the respective crystallographic planes are marked. The crystal structure was verified by c) an
HRTEM micrograph showing different crystallites (the marked area is magnified in d)) and d) a magnified HRTEM micrograph with a fast Fourier transform

indicating the spinel phase in a [110] zone axis orientation.

Chemistry—Methods 2022, €202200043 (5 of 16)
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sample. The respective SAED pattern (Figure 4b) from the same
sample position shows reflection intensity on concentric rings
that can be assigned to a single-phase spinel structure. In
particular, no reflection intensities of additional phases such as
copper, cobalt, or nickel were observed. The spinel phase
formation was verified by HRTEM and respective fast Fourier
transforms (Figure 4c and d), showing a pattern that indicates
the spinel phase crystallites in the [011] zone axis. However, the
STEM-EDX elemental mapping (Figure S5 and S6) evidences an
inhomogeneous distribution of the Cu signal, while the Zn, Mn,
Co, Fe, and O signals are homogeneously distributed. This
observation indicates partial segregation of Cu, however, the
absence of reflection intensities of elemental Cu suggests the
formation of an amorphous phase (e.g., CuO, or CuO,H,). It is
possible that the segregation of a Cu phase might be induced
by the electron beam during STEM-EDX elemental mapping.
Figures S6b and S6c show the sample after electron beam
irradiation with obvious contrast variations in HAADF-STEM and
TEM imaging, respectively. The absence of reflection intensities
of a Cu phase before (Figure S6d) and after (Figure S6e) beam
irradiation suggests the formation of an amorphous Cu-rich
phase. These Cu-rich precipitates can be intrinsic to the sample
or formed by the electron beam. In both cases, their amorphous
structure would explain why they are not evident in XRD.

The TEM investigation of the HES1 1000 °C sample demon-
strates the presence of the spinel phase with a large crystallite
size, which is verified by SAED and HRTEM micrographs. A SAED
pattern in the [—14—1] zone axis and a HRTEM micrograph
with a Fourier transform in the [130] zone axis is depicted in
Figure 5a) and b), respectively. STEM-EDX elemental mapping
(c) indicates a homogeneous distribution of all elements on the
given scale, without the partial segregation of Cu, which was
observed for the HES1 500°C sample. This observation might
be attributed to the large crystallite size of the HES1 1000°C
sample.

Furthermore, dark-field TEM imaging can be used to obtain
crystallite size distributions of all four HES1s samples. In dark-
field TEM the randomly distributed crystallites partially fulfill the
Bragg condition resulting in bright contrast of the crystallites in
the images. The increase of average crystallite size with the
increasing sintering temperature verifies the results from the
Rietveld refinements (Table 2). The histograms (Figure S7) are
fitted with a Lognormal distribution function which gives an
average crystallite size of 13.94+0.2nm, 16.1+0.6 nm, and

28.8+ 1.4 nm for the HES1 a.s., 500°C, and 650°C samples,
respectively. In accordance to the results of the Rietveld
refinement, the HES1 1000°C sample shows an almost single
crystalline structure (crystallite size > 150 nm).

Determination of Fe>**+ distribution with Méssbauer
spectroscopy

Figure 6 shows the room-temperature *’Fe Mossbauer spectra
of the high-entropy spinel oxides. The sample heated to 1000°C
clearly shows a sextet pattern revealing magnetic ordering in
the spinel structure, even at room temperature. The broad lines
in this sextet show an asymmetry that can be described either
by superposition of multiple sextets or by a distribution of
hyperfine fields. A reasonable fit can be achieved with two
sextets with isomer shifts (IS) of 0.29 mm/s and 0.36 mm/s,
respectively (Table 4). These values evidence that exclusively
trivalent Fe’" is present in the sample. The values of the
quadrupole splitting (QS) for the two spectra (Table 4) undoubt-
edly support the assignment of Fe**. The hyperfine field of the
major sextet (68%) amounts to 47.8 T, while that of the minor
sextet (32%) is 44.0 T. Similar values have been reported for
MgFe,0,°* while for MnFe,0, slightly larger hyperfine fields
have been observed.”® This is reasonable since MnFe,O,
contains a larger concentration of paramagnetic cations in
comparison to the high-entropy spinels. The broad lines (see T’
values in Table 4) in these sextets and the asymmetry of the
single lines are caused by the mixing of the multiple metal ions
on the different cation sites in the spinel structure resulting in
many different next-nearest neighbor environments around the
Fe** cations. The intensity ratio of 2:1 suggests a random
distribution of Fe’" ions on the octahedral and tetrahedral sites
of the spinel structure.

The sample heated to 650°C also shows these two
contributions, with similar values for IS, T', QS, and a similar
intensity ratio of about 2:1 (Table 4). In addition, a third sextet
contribution is clearly visible (blue sextet in Figure 6) with IS=
0.37 mm/s, QS=—0.23 mm/s, and a hyperfine field B of 51.4 T.
These values are consistent with the presence of a-Fe,O,
(hematite),®” in accordance with the PXRD results discussed
above. Again, only trivalent Fe’" is present in this sample. It is
interesting to note that the splitting of the main sextets is
reduced in the sample heated to 650°C (B,;=46.4 and 42.2 T,

sample represents the modelling of the background.

Table 4. Fit parameters used to describe the Mossbauer spectra of the high-entropy spinel oxides: isomer shift (IS), quadrupole splitting (QS), hyperfine field
(Byg), line width (I'), and area fraction. IS, QS, and I are given in mm/s. B, is given in T. Note that the second fitted contribution of the spectrum of the a.s.

sample IS QS B¢ T area frac.
500°C 0.289(1) —0.007(2) 47.2(1) 0.608(5) 67.8%
0.333(5) —0.055(9) 43.2 (1) 1.01(2) 322%
650°C 0.281(2) —0.010(4) 46.4(1) 0.62(1) 50.0%
0.341(8) —0.08(2) 42.2(1) 1.02(3) 25.6%
0.371(1) —0.231(3) 51.4(1) 0.324(5) 24.4%
1000°C 0.287(1) —0.006(1) 47.8(1) 0.568(3) 68.2%
0.355(3) —0.046(7) 44.0(1) 0.95(1) 31.8%
a.s 0.336(2) 0.771(3) - 0.904(8) 45.8%
0.250(2) 7.094+0.135 - 8.0(4) 54.2%
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a)

Figure 5. TEM analysis of the HES 1000 °C sample: a) SAED pattern in [—14—1] zone axis verifies the one-phase spinel formation with large (> 150 nm in
diameter) crystallite sizes, underlined by a HRTEM micrograph and a fast Fourier transform from a single crystallite with [13 0] zone axis orientation. ¢) STEM-
EDX elemental mapping shows a homogeneous distribution of the elements, darker contrast in the HAADF-STEM-image seems to be based on thickness

variation.

cf. Table 1) compared to the phase obtained at 1000°C (47.8
and 44.0 T), probably due to the loss of some Fe in the spinel
phase caused by the formation of a-Fe,O;.

The spectrum of the material heated to 500 °C is very similar
to that of the sample annealed at 1000°C and gives almost
identical fit parameters (Table 4). The fact that the intensity
ratio of the two sextets of the main phase (dark red and light
red sextets in Figure 6) is always 2:1 for all sintering temper-
atures (500°C, 650°C, and 1000°C) reveals that Fe cations
forming hematite are removed from both crystallographic sites
at 650°C and they are also reinserted on both sites at 1000 °C.

The spectrum of the as-prepared sample shows a doublet
with isomer shift IS=0.34 mm/s and quadrupole splitting QS=

Chemistry—Methods 2022, 202200043 (7 of 16)

0.77 mm/s. The IS value reveals Fe*" ions on the octahedral
sites in the spinel structure. The large line width of this doublet
(I'=0.90 mm/s) again shows the good mixing of the multiple
metal ions around the Fe’" ions. The fact that only a doublet
can be observed in this case shows that a magnetic ordering
does not occur in the nanocrystalline sample at room temper-
ature. This might be caused by a broad distribution of crystallite
sizes, and at least for some fraction of the sample the small
crystallite sizes seem to lower the Curie temperature, as it was
observed earlier for other nanocrystalline materials.*®*? A
broader background contribution in this spectrum is described
with a second doublet with large splitting and large line width
of the single lines. This broad component reveals the poor

© 2022 The Authors. Published by Wiley-VCH GmbH

85UB01 SUOWIWOD SAIE8ID (dedl|dde ey Aq peusenob afe Sapie YO ‘8Sn Jo sejni Joj A%l 8Ul|UO /8|1 UO (SUOTPUOD-PUB-SWBIW0D" AB 1M AReIq U1 UO//STY) SUOTPUOD PUe SW 1 81 88S *[2202/2T/7T] Uo ARiqiiauliuo A8|im ‘a1Bojouyos 1“4 1su| Jeynss|iey A £r0002202 PILIO/Z00T OT/10p/wod A8 im Ariqijeuljuoadoine-Ansiweyd;/sdny woiy pepeojumod ‘0 ‘52268292



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—Methods doi.org/10.1002/cmtd.202200043

100 &
98
96
94
92
90
88

100

99
98
97
96
95

100 &
99
98
97
96
95

transmission (%)

100 L

as synth.
98

96 |

94 |

velocity (mm/s)

Figure 6. *’Fe Mdssbauer spectra of the as-synthesized high-entropy spinel oxide and the samples heated to 500°C, 650°C, and 1000 °C. The experimental
data points are shown as white spheres, the overall fit as red line, and the subspectra are shown as blue and red doublets/sextets.

crystallinity of this sample and the high degree of disorder.
Furthermore, the presence of metallic Ni and Co particles might
result in a large variation of local magnetic fields.

Since the crystallite size of the 500°C sample differs only
slightly from that of the a.s. sample, these results confirm that
the incorporation of the metals -still present in elemental form
in the a.s. sample- drastically changes the magnetic properties
(see section 2.7).

The random distribution of Fe*" also supports the assump-
tion of an entropy stabilized spinel.

Investigation of the local environments via X-ray absorption
spectroscopy
The XAS results will be discussed in more detail per element in

the XANES and EXAFS region. While the XANES region will be
used to extract the oxidation state, the structural information

Chemistry—Methods 2022, 202200043 (8 of 16)

will be extracted by using the EXAFS part. The edge position in
comparison to reference spectra with well-known oxidation
state can be used to get information about average oxidation
states in the respective sample. As expected the lower R-region
in the Fourier transform (FT) is for most of the samples with
oxidation state larger than zero and a nearest neighbor oxygen
pretty similar. The region from 2.2-3.5A gives valuable
information about the environment of the metal cations in the
spinel. An octahedral coordination will show two peaks, the
tetrahedral coordination only one significant peak at a higher R-
value (Figure 7).

The Mn K-edge region
The edge position of the XANES spectra (Figure 8a) indicates an
average oxidation state of three for HES1s a.s. and HES1s 1000,

while it is slightly larger for HES1s 500 and 650 (3.5+0.2).

© 2022 The Authors. Published by Wiley-VCH GmbH
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Figure 7. Simulated Fourier Transform (FT) spectra for a backscatter atom in
tetrahedral or octahedral crystallographic site in the spinel structure and the
spectrum for the mixed case.

The EXAFS spectra show a more complex picture (Figure 8a).
In the HES1s 500 and 650 samples Mn cations are mainly

octahedrally coordinated, while in HES1s 1000 may be a half-
half mix of octahedral and tetrahedral coordinated Mn atoms
are present (Figure 8b, compare also Figure 7).

Fe K-edge region

The edge position of the XANES spectra indicates an average
oxidation state of three for all samples, and only the Fe cations
in HES1s 500 may have a slightly lower oxidation state
(Figure 8c).

For HES1s 650 most of the Fe cations seem to be located on
octahedral sites (more than 80%) and for the remaining
samples a distribution of ~2/3 on octahedral and ~1/3 on
tetrahedral sites is observed, that is, a random distribution of Fe
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Figure 8. The XANES region of the a) Mn K-edge c) Fe K-edge and e) Co K-edge of the spin samples and of selected reference compounds for comparison;
b), d) and f) R-region of the corresponding samples and metal foils (b) Mn, d) Fe, f) Co).
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on the available sites. The limited possible measurement range
and a Si111 crystal glitch do not allow a more detailed analysis.
The oxidation state of 3+ and the random distribution of Fe on
tetrahedral/octahedral sites are in good agreement with the
Méossbauer results described above.

Co K-edge region

Figure 8e demonstrates that the Co K-edge position of the
XANES spectra indicates an average oxidation state of two or
slightly higher for samples HES1s 500, HES1s 650, and HES1s
1000. The sample HES1s a.s. contains 2/3 Co in oxidation state
zero and 1/3 in oxidation state 2+. The FT of the HESTs a.s. is
in good agreement with the XANES results. The blue curve in
Figure 8f shows a broad peak together with three additional
peaks: one at low R value and two at high R values. The centre
of the broad peaks matches with that of the metallic Co foil,
that is, it represents the typical Co—Co distance. While the
HES1s 1000 sample has a slightly lower amount of occupied
tetrahedral sites, the Co atoms in HES1s 500 and 650 show 2/3
octahedral and 1/3 tetrahedral coordination.

Ni K-edge region

The extractable information for the XANES at the Ni K-edge is
very similar to that for the Co K-edge. The Ni K-edge position of
the XANES spectra indicates an average oxidation state of +2
or slightly higher for samples HES1s 500, HES1s 650, and HES1s
1000. The sample HES1s a.s. consists of 2/3 Ni in oxidation state
zero and 1/3 oxidation state 2+ (Figure 9a).

Due to the longer measureble k-range the extractable
information of the FT shows much more details compared to
the Mn and Fe K-edges. For HES1s 500, HES1s 650, and HES1s
1000 Ni is mainly in an octahedral coordination in the FT. The
FT of the HES1s a.s. is in perfect agreement with the XANES
results. The violet curve in Figure 9b shows a broad peak with a
shoulder at low and high R values, and the centre of the main
and broad peak matches with that of metallic Ni evidencing the
presence Ni(0) particles.

Cu K-edge region

The XANES spectra at the Cu K-edge can be interpreted similar
to those of Ni and Co. A mixture of ~2/3 Cu® and ~1/3 Cu*" is

present in HES1s a.s., while for the remaining samples the
average oxidation state is +2 (Figure 9c). The octahedral
coordination of Cu”* is evidenced by the two signals located at
~14 and ~2.6 A in the FT (Figure 9d) for HES1s 500, HES1s
650, and HES1s 1000. The presence of ~2/3 metal environment
is clearly detected in the FT of HES1s a.s. as the intense signal
at ~2.2 A matches with that of the Cu foil. The remaining ~1/3
Cu®" cations are most probably in an octahedral coordination
environment.

Zn K-edge region

The XANES spectra of all samples agree well with the presence
of most Zn atoms in the oxidation state 2+ (Figure 9e). In
contrast to the other elements, the Zn’" cations are solely in a
tetrahedral coordination as can be extracted from the FT curves
shown in Figure 9f. The HES1s a.s. shows a much lower peak
intensity, which may indicate very small particles.

Magnetic properties

Magnetic hysteresis loops were measured at room temperature
and at 5K up to 90 kOe, which are displayed in Figure 10. In
addition, zfc/fc curves were collected at H=250 and 1000 Oe
from 293 to 2 K (Figure 11). The relevant parameters extracted
from the hysteresis loops such as maximal magnetization (M,,),
remanent magnetization (Mg) and coercivity (Hc) are listed in
Table 5.

The magnetization curves collected at 5K of the as
synthesized sample already exhibits hysteresis. The coercive
fields markedly increase for the 500°C and the 650°C annealed
samples indicative of substantial ferri- or ferromagnetic aniso-
tropy, whereas magnetic hysteresis for the sample annealed at
1000°C decreases and almost vanishes, resembling a soft
ferromagnetic behaviour (Figure 10a-d). The coercive fields
correlate with the crystallinity of the sample. For the 500°C,
650°C, and 1000°C samples Figure 11 reveals a linear increase
of the coercive fields as a function of the inverse average
crystallite size (see Table 2), that is, the smaller the average
crystallite size the larger is the coercive field (see Equation (4)).

For all samples hysteresis disappears at room temperature
(Figure 10a-d). For the a.s. and the 500 °C sample full saturation
cannot be reached even at the largest external magnetic field
which is a hint to magnetic frustration and/or a very large
crystalline anisotropy, which may be associated with substantial

Table 5. Magnetic properties of the as synthesized sample and samples sintered at 500 °C and 1000 °C.
sample TIK] M,, [emu/g] Magnetic moments [pg] Hc [Oe] Mg [emu/q] K 10° [erg/g]
a.s. 5 60.9 26 824.3 16.8 523
300 46.5 2.0 29.2 1.2 1.4
500°C 5 92.6 3.9 24144 56.9 2329
300 71.2 3.0 50.1 5.5 37
1000°C 5 107.7 4.6 101.8 12.2 11.42
300 81.2 34 6.4 0.9 0.5

Chemistry—Methods 2022, e202200043 (10 of 16)
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Figure 9. The XANES region of the a) Ni K-edge c¢) Cu K-edge and e) Zn K-edge of the spinel samples and of selected reference compounds for comparison;
b), d) and f) R region of the corresponding samples and metal foils (b) Ni, d) Cu, f) Zn).

surface disorder of the crystallites.***?, The shape of the
hysteresis curves of the a.s. samples can possibly be attributed
to the presence of two different magnetic contributions, one of
the spinel and a softer contribution which we tentatively assign
to a minor phase or to intrinsic structural inhomogeneity. For
the a.s. sample it is highly likely that the cation distribution is
inhomogeneous at the atomic level and one may assume that
different small magnetic regions coexist. In addition, nano-
particles are prone to structural defects which also affect the
magnetic properties. Impact of Co and Ni metallic nanoparticles
to the observed behaviour may also be considered. The value
of My, (Figure 10a) at H=90 kOe is estimated to be 60.1 emug™’

Chemistry—Methods 2022, e202200043 (11 of 16)

at 5 K. But taking into account that =~ 15% of the phase mixture
consists of the metals Co, Ni, and Cu of where only Cu is non-
magnetic, the real value for M,, of the spinel phase cannot be
seriously estimated. The values for Hc and Mg indicate that the
ferri-/ferromagnetic components are soft magnets. After heat-
ing the sample to 500°C (Figure 10b) slight changes of the
shape of the hysteresis loop are seen and like for the as
synthesized sample two magnetic components seem to contrib-
ute to the hysteresis. Initial considerations suggested that an
impurity of hematite, not visible in the XRD data, is responsible
for this anomaly. However, the hysteresis loop of the 650°C
sample demonstrates that this is not the case and the origin

© 2022 The Authors. Published by Wiley-VCH GmbH
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Figure 10. Magnetic hysteresis loops of a) HES1 a.s., b) HES1 500 °C, c) HES1 650 °C and d) HES1 1000°C at 300 K (black) and 5 K (red), the inset shows the
coercivity region.

2500 500°Cq 27 nm, respectively, and the crystalline order is still not well

(b 0 developed, magnetic domain effects could also be responsible
Q 2000 L ’," :. for the shape of the hysteresis curve (also for the a.s. sample).
o - e i The splitting of the zfc-fc curve of the 500°C sample occurs at
QG__J 1500 L 630 C,G' i much higher temperature than for the 1000°C sample indicat-
2 ’/' ‘-l ing a pronounced domain pinning, and taking into account
= L : domain rotations the shape of the hysteresis curve is caused by
O 1000 | ’," \ these effects. Like for the a.s. sample the M(H) cycle is not
8 ’," :S. closed at low magnetic fields up to ~11kOe, that is, the
O 500t L7 magnetic irreversibility is still present but clearly reduced
,." . compared to the a.s. sample. In the highest field the hysteresis

0 Qo 10.00 |C ! L curve of the 500°C sample is almost indicating reduction of the

L 1 "
0 0.01 0.02 0.03 0.04 surface spin disordered layer and/or of the magnetic frustration.
These effects as well as the incorporation of Co, Ni, and Cu into
the spinel, which may result in a redistribution of the cations to
the tetrahedral/octahedral sites, contribute to the increase in
My, to 92.6 emug™". We note that this is an exceptionally high
saturation magnetization for 27 nm particles. The strong

increase in coercivity from 1648 to 4827 Oe may also be

Inverse diameter/nm™

Figure 11. Diagram of linear dependence of the coercivity field versus
inverse average crystallite size.

must be different (Figure 10c). Since the crystallite size of the
a.s. and 500°C samples is still on the nanoscale with 25 and

Chemistry—Methods 2022, e202200043 (12 of 16)

explained by incorporation of Co and Ni into the spinel
structure because especially cobalt ferrites possess a high
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magnetic anisotropy.”**” The precipitation of hematite leads to

a slight decrease of the saturation magnetization, which is more
pronounced at 5K, which is quite conclusive due to the
magnetic behavior of hematite (Figure 10c).*

Sintering at 1000°C leads to much larger particles and a
larger M,, of 107.7 emu/g (Figure 10c). In contrast to the other
samples the M(H) curve is now closed suggesting the removal
of magnetic irreversibility. Possible explanations for the
enhanced M,, are the reduction of surface effects such as spin
canting as evidenced by saturation of the magnetization at
relatively low magnetic fields and/or the higher crystallinity,
better cation ordering and lower amounts of structural
defects.*? For spinels with general formula AB,0, three differ-
ent superexchange interactions mainly contribute to the net
magnetization: A—A, B—B and A-B with the latter being the
strongest one. The B—B interaction is antiferromagnetic but less
strong than the ferromagnetic A-B exchange. Hence, the
increased value for M,, indicates a redistribution of the cations
over the tetrahedral and octahedral sites strengthening the
magnetic exchange interactions.

The calculated magnetic moments using Equation (2)
increase from 2.6 to 3.9 yj (Table 5).1¢

emu

sl = WS x Mo /585,80 @

where ps_magnetic moments, My =maximal magnetization
and M=molecular weight

These M,, values are significantly higher than those reported
for ferrites containing divalent transition metal cations (Table 6)
indicating a better exchange interaction.

The coercivity is strongly dependent on the particle size and
in the single domain region it decreases with increasing particle
size according to Equation (3),5”

b
HC:a+5 (3)

where a and b=constants and D=diameter of the particle,

while in the multi-domain region it decreases with increasing
particle size according to Equation (4):

h
Hc/‘zg_m (4)

where g and h=constants and D=diameter of the particle

This explains the decrease in coercivity with increasing
crystallite size and proves that the multi domain state
dominates (see also Figure 11).

The total magnetic anisotropy constant K (see Table 5) was
calculated via Equation (5):°°

Ms x Hc
K="09% )
But the values for K should be considered as a first estimate
because the Stoner-Wohlfahrt model is only applicable if the
magnetic nanoparticles do not interact.

For the as synthesized sample the zfc-fc curves show a clear
splitting for both applied magnetic fields (Figure 12a). Next to
nanosized metal particles, the spinel type material is the main
fraction and one can assume that the crystallites of the spinel
phase dominate the magnetic anisotropy behaviour. For the
500°C sample the magnetic anisotropy is even larger than for
the as synthesized sample, which is reflected in the zfc-fc curves
where the magnetic anisotropy field significantly influences the
shape of the curves. A small magnetic field is applied after zfc
and due to the large magnetic anisotropy, the magnetization is
low until there is enough thermal energy to overcome the
energy barrier for alignment of the spins (Figure 12b). Hence, a
large splitting of the zfc and fc curves occurs for the 500°C
sample. The blocking temperature T; and the curve splitting at
irreversible temperature T, (the largest size of unblocked
particles) were determined to be 273 and 297 K, respectively. In
contrast to many superparamagnetic materials the zfc curve
does not pass a well pronounced cusp and the broad maximum
indicates a wide energy barrier distribution. The high thermo-
magnetic irreversibility (TMI) evidenced by the strong diver-
gence between the zfc and fc curves in the 500°C sample is
significantly reduced for the compound obtained at 1000°C
which contains large multidomain crystallites and less disorder
(Figure 12¢) leading also to a shift of the splitting of the zfc-fc
curves to lower temperatures.

Conclusions

We demonstrated that solution combustion is a powerful
method to prepare a starting material for high-entropy spinels
consisting of six transition metal cations. Due to the reductive
atmosphere during the combustion reaction, metallic nano-
particles precipitated which was evidenced by PXRD and XANES

Table 6. Comparison of the saturation magnetization of the divalent ferrites in comparison to HES1s.

composition My Bulk [emu/g] My, Nano (~ 15 nm) [emu/g] Reference
MnFe,O, 98 (5 K) 54 (RT) [47]

Fe;0, 92 (5K) 56 (RT) [48,49]
CoFe,0, 94 (5 K) 30 (RT) [50,51]
NiFe,O, 53 (4.2 K) 23 (RT) [48],[52]
CuFe,0O, 33 (4.2K) 27-51 (RT) [53]
ZnFe,0, 0 65 (RT) [54]

HEO 500°C - 71 (RT) actual work
HEO 1000°C 108 (5 K) - actual work
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Figure 12. ZFC-FC curves of a) HES1 a.s., b) HES1 500 °C and ¢) HES1 1000 °C
with an applied magnetic field of 1000 Oe and 250 Oe.

investigations. These nanoparticles, however, were completely
integrated into the spinel structure by moderate thermal
treatment without changing the sizes of coherently scattering
domains in the nano-regime. Only at the highest temperature
(1000°C), a well crystalline sample was formed. Thus, we were
able to synthesize and study a new class of high-entropy
spinels, both as nanoscopic and as highly crystalline materials
to get a deeper insight into the nature of such materials. The
entropic stabilization of the spinel with general composition
(A1,,A2,,A3,,A4,,A5,,)Fe,0, (A1-A5 represent transition metal
cations) was evidenced by insitu PXRD and by removal of
single constituents of the spinel. The excellent microscopic
homogeneity is demonstrated by the PXRD data, SAED and
HRTEM micrographs as well as STEM elemental mapping (for
the 1000°C sample). The results of Mdssbauer measurements
and the information extracted from XANES spectra indicate that
~2/3 of the Fe®* occupies the octahedral sites and ~1/3
occupies the tetrahedral sites in the spinel structure, resulting
in a degree of inversion of about 66%. The XANES data
collected on the K-edges of the other elements suggest that a
majority of the cations are randomly distributed between the
octahedral and tetrahedral sites, except for Zn>* which is solely
in a tetrahedral coordination geometry and Cu>* and eventually
Ni?* in an octahedral coordination. Ignoring the measurement

Chemistry—Methods 2022, €202200043 (14 of 16)

uncertainties and assuming full occupancy of the oxygen
positions, the following spinel results from these data:
(C00.07MnNg1ZNg 2Feq67)1(COg.13Nip U6 ,MNg 1 Fey 33) 004

Magnetic studies show a remarkable high saturation
magnetization, where the non-magnetic zinc on the tetrahedral
sites is beneficial by inducing an imbalance of the magnetic
moments in this antiferromagnetic system. In the present
sample the random distribution of the magnetic cations over
the crystallographic sites has a positive impact. While TEM and
PXRD studies of the 500°C sample indicate a single phase, the
magnetic data show that there may be two magnetic
components contributing to the hysteresis, raising the question
of whether the magnetic studies are more sensitive and
therefore reveal more subtleties of the microstructure. Spinels
exhibit a number of outstanding physical properties that have
long made them the target of numerous research efforts for a
wide range of applications, such as energy storage or catalytic
applications.””~* Therefore, research into this new class of
spinels is an ideal prerequisite for the development of new
innovative materials.

Experimental

Chemicals

Metal nitrates and glucose were purchased from Merck and
Griissing. All chemicals used in this study were used as received
without further purification.

Synthesis of Cu,,Co,,Mng,Niy,Zn,,Fe,0, (HES1s)

0479 (1.6 mmol) Co(NO,),-6H,0, 039g (1.6 mmol) Cu-
(NO5),-3H,0, 0.40 g (1.6 mmol) Mn(NOs),-4H,0, 0.47 g (1.6 mmol)
Ni(NO;),-6H,0, 0.48g (1.6 mmol) Zn(NO,),-6H,0, 6459
(16.0 mmol) Fe(NO;);-9H,0 and 1.6g (8.0 mmol) glucose were
placed in a mortar and 2 drops of water were added until a
homogenous viscous material was formed. The sample was trans-
ferred to a pre-heated (T=400°C, 30 min) round bottom flask with
a heating coat and maintained at this temperature for 20 min.
During the synthesis, gases evolved which were passed into a
washing flask. The formed black powder was naturally cooled to
room temperature through a drying column. Afterwards, the
samples were subsequently sintered at different temperatures.
Accordingly, the samples are labeled as HES1s a.s. (as synthesized)
and HES1s T (T=500, 650 and 1000 °C).

Materials characterization

Powder X-ray diffraction (PXRD) investigations were carried out in
transmission and reflexion geometry on a Panalytical Empyrean
with Cuy, radiation (A=1.54058A), a focusing mirror and a
PIXcel1D detector. Rietveld refinements® against the powder
patterns were performed with the program Topas Academic 6.0.°"

For the in situ temperature resolved XRPD experiments, an X'Pert
Pro MPD diffractometer from PANalytical (Ni-filtered Cuy, radiation)
with a PIXcel detector equipped with an Anton Paar HTK 1200 N
high temperature chamber was used. The detector settings were
adjusted to reduce the effect of sample fluorescence. Heating steps
of 100°C were applied in the temperature range 100-500 °C, above
this range the increment was 25°C until a temperature of 900°C
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was reached. All patterns were measured for ~20 min at constant
temperature covering a 20 range of 22-45°.

Total scattering X-ray experiments were performed in Debye-
Scherrer geometry using high-energy synchrotron radiation
(60 keV, A=0.20708 A) at beamline P02.1 at Petra Il (DESY,
Hamburg). The total scattering patterns, collected with a XRD1621
Perkin EImer amorphous silicon image plate detector at a distance
of 354 mm, were transformed into atomic pair distribution
functions (PDF), G(r), using xPDFsuite.®? An empty capillary was
measured under identical conditions in order to subtract glass
contributions to the PDF of the sample. LaB, (NIST 660b) was used
as standard material to calibrate the instrumental contribution.
Theoretical models were fit to the PDF data in the range of 1.7 to
50.0 A with PDFgui (details in the Supporting Information).’®

SEM images and EDX data were recorded with a Gemini Ultra55Plus
from Zeiss with a SD-Detector from Oxford. Acceleration voltage of
20 kV was applied to detect the K-lines of the elements.

Transmission electron microscopy (TEM): The crystallite size and the
morphology were investigated by dark-field and bright-field TEM
imaging, while the crystal structure analysis was performed by
high-resolution TEM (HRTEM) and selected area electron diffraction
(SAED) using a FEI Tecnai F30 STwin G? microscope with 300 kV
acceleration voltage. For the chemical analysis scanning TEM
(STEM), a high-angle annular dark-field detector, and energy
dispersive X-ray spectroscopy (Si(Li) detector with EDAX system)
was used. The TEM samples were prepared on Al grids with a thin
carbon carrier film, therefore the sample powder was dispersed in
butanol and drop-casted on the grid.

Analyses of the magnetic properties were done with a Quantum
Design PPMS Model 600 in the ACMS setup applying magnetic
fields between 1 and 9Tesla at temperatures of 2-300 K. The
samples were prepared from finely ground powder that was
encapsulated into a gelatine capsule. The magnetization of the as
synthesized sample (a.s.) sample was corrected for the amount of
spinel obtained from the Rietveld refinement. A diamagnetic
correction was not applied because the standard deviation of the
measuring instrument is higher than the diamagnetic value of the
samples.

’Fe Mdssbauer spectroscopy was performed at room temperature
in transmission mode with a constant acceleration spectrometer
and a *’Co(Rh) source. All isomer shifts are given relative to that of
a-Fe at room temperature.

X-Ray absorption spectroscopy: All samples were measured
synchronously in fluorescence and transmission mode at the XAS
beamline at the synchrotron at the KIT. Measurements were done
with a Si<111>-crystal pair of the double crystal fixed exit
monochromator (DCM). Oxford X-Spec ionizations chambers (filling
adjusted to 15% in the first chamber, 30% in the second chamber,
60% signal absorption in the third chamber, calculated at 7.5 keV)
were used as transmission detectors and an one-element Vortex®-
90EX Silicon Drift Detector with XIA xMap detector-electronic for
the fluorescence detection. Depending on the resulting signal-to-
noise ratio either the transmission or the fluorescence signal was
used for the XANES and EXAFS data evaluation. The measurements
were undertaken inside a vacuum chamber to maximize the signal-
to-noise ratio and reduce the possibility of beam-based sample
damage. The samples were transferred with a sample transfer
system. Data acquisition was done in step-by-step mode using
constant steps of 5, 2 before and 0.5 eV before and in the edge
region. After the edge region passed through, constant k-incre-
ments of 0.05 were used until the next absorption edge (12-13 &,
Mn, Fe, Co, Ni) or until 16 k. Except for Zn K-edge scans the length
of the spectra were limited by the start of the next absorption
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edge. The k-range and thus the spatial resolution of EXAFS
measurements were not limited by the noise but due to the limited
k-range (especially Mn and Fe). These multiple absorption edges
lead to a complex background, which is why software based on
EXAFS123 in IgorPro (wavemetrics) was used for data analy-
sis.(https://web.archive.org/web/20051031210215/http://www.ha-
verford.edu/chem/Scarrow/EXAFS123/). The core functions of EX-
AFS123 allow one to analyze the data more accurately than many
other EXAFS data analysis programs. In addition to the XANES and
EXAFS background subtraction, PCA component analyses were
applied based on the existing functions implemented in IgorPro.
The XANES and EXAFS curves were extracted for all spectra and
were added up as pd data.

Supporting Information Summary

Supporting Information contains graphics of PDF analysis and
crystallite morphology, SEM and TEM images and histograms of
the crystallite sizes.
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RESEARCH ARTICLE

A high entropy spinel with the
formula A1,,A2,,A3,,A4,,A5,,Fe,0,
was synthesized via a solution com-
bustion method and treated at
different annealing temperatures.
During all the steps the product was
investigated via a multi-method
approach with some astonishing
results regarding the truth of its
single-phase nature.
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Multi-Method Characterization of
the High-Entropy Spinel Oxide
Mn, ,Co, ;Nig ,Cug2ZN, ;Fe,0,:
Entropy Evidence, Microstructure,
and Magnetic Properties
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