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Abstract

In this work we report the synthesis of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0O, in a single-phase spinel
structure (space group Fd3m). The chemical homogeneity and purity of the sample were checked through X-
ray diffraction, high resolution transmission electron microscopy and energy dispersive X-ray spectroscopy.
The analysis of the pre-edge peaks of the X-ray absorption spectra for all the transition metals clearly
indicated the presence of a partial degree of inversion in the spinel structure. This material is characterized
by a particularly large configurational entropy, regarding both the A and the B sites, leading to a total value
equal to 3.3 in R unit.

Keywords: high entropy oxides; spinels; configurational entropy; inversion

In the recent years, the concept of high entropy has been explored in numerous classes of materials, ranging
from high entropy alloys (HEAS)[1], to high entropy carbides (HECs) [2], borides (HEBSs)[3], and to high
entropy oxides (HEOSs)[4]. In high entropy alloys, at least 5 components are mixed in a near-equimolar
guantity, resulting into a single-phase structure where the large value of configurational entropy leads to
unusual and unique properties [5,6]. The possibility to extend this same concept for the synthesis of oxides
has first been considered in a pioneering work by Rost et al. in 2015 [4], where CuO, CoO, MgO, NiO and
ZnO were mixed together in equimolar ratio and heated up to 900 °C resulting into single-phase
(C00.2Cup2Mgq2Nip2ZNn,,)O with a rock-salt structure. It should be noted that not all the corresponding

parent compounds are stable in the rock-salt structure at ambient pressure and room temperature: CuO has a



monoclinic structure, where Cu is in a highly distorted octahedral geometry. The stabilization of CuO in a
perfect cubic geometry is, in fact, strongly hindered by the Jahn Teller contribution, particularly large in the
case of d° electronic configuration. Analogously, ZnO is usually stable in the wurtzite structure. The
possibility of stabilizing all these binary compounds into a single rock-salt phase is a direct effect of the
value of the configurational entropy, exceptionally large in case of a multicomponent (generally up to 5
components) equimolar mixture, which compensates for the unfavourable correspondent enthalpic
contribution.

The seminal work by Rost raised much interest in the research community, offering a new paradigm where
the so-called cocktail effect can lead to the synthesis and design of innovative oxide materials with new
physical and structural properties. The same properties of (CoCuMgNiZn)O are currently being investigated,
and it has emerged that this material can be promising for future applications in catalysis [7,8] and for energy
production and storage, e.g.. as anode material in Li-ion batteries [9,10], or as large k dielectric material [11].
It is therefore not surprising that the possibility of stabilizing high entropy oxides in crystal structures other
than the rock-salt has immediately attracted great attention. The possibility of obtaining high-entropy
perovskite oxides was reported by Jiang et al. [12] while, concurrently, Sarkar et al. could synthetize for the
first time a pure 10-cationic high entropy oxide in the perovskite phase, namely
(Gdg.oLagNdg 2Smg2Y.2)(C0g2Cro 2Fee Mg 2Nig )05 [13]. High entropy fluorites oxides and pyrochlore
oxides were also reported[14,15]. The first high entropy oxide with spinel structure, (Co,Cr,Fe,Mn,Ni);0y,
was obtained in 2018 [16], and other possible cation combinations have very recently appeared in literature
[17-19]. It is well known that spinels dominate the field of materials chemistry, having many applications
ranging from magnetism [20] to anodes/cathodes for Li and Na-ion batteries [21-23], catalysis [24] and
many others.

The spinel phase has general formula AB,O,: in the so-called normal spinels, A is a bivalent cation,
occupying tetrahedral sites, while B is a trivalent cation occupying the octahedral sites. In this work, we
report for the first time the synthesis of the single-phase 8-cation high entropy spinel
(C00.2Mgo.2Mng 2Nig2ZNg 2) (Al 2C0g 2Cro 2Fe 2Mng 2),04, Where both the A site and the B site are occupied by
5 cations and are therefore characterized by an unprecedented high value of configurational entropy for a
spinel phase.

The HE spinel was obtained via solid-state reaction starting from the correspondent oxides (the details can be
found in the Supplementary Information); the oxides were mixed in an agar mortar and treated at 1200 °C
(10 °C/min ramp rate) for 6 hours and quenched to room temperature. A single-phase HE was then obtained
after a further treatment at 1500 °C (10 °C/min ramp rate) for 6 hours. The sample was first characterized by
X-ray diffraction (XRD) using a D8 Advance diffractometer (Bruker) with Cu Ko radiation and by Scanning
Electron Microscopy (SEM) and checked for chemical homogeneity by Energy Dispersive X-ray
Spectroscopy (EDS). These measurements were performed using a Tescan Mira3XMU microscope operating
at 20 kV and equipped with an EDAX EDS analysis system; the sample was impregnated by epoxy resin,

polished with finer grained abrasive paper and then coated with a carbon thin film using a Cressington



208carbon coater. The XRD diffraction pattern is shown in Fig. 1a. The pattern confirms the formation of a
single phase, where all the visible reflections can be attributed to the spinel structure (space group Fd3m).
The lattice constant was found to be a = 8.3207 (+0.001) A (more details can be found in the Supplementary
Information). The SEM and the EDS analysis, shown in Fig. 1b, demonstrated the homogeneity of the

sample on the micrometric scale from both a structural and a chemical point of view.
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Fig. 1: a) X-ray diffraction pattern of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0, synthetized as described in the main text.
All the reflections can be indexed according to the spinel phase (space group Fd3m). b) EDS maps for all the 8 cations

in the spinel phase; the uniformity of all the maps shows that the sample is chemically homogeneous.

The morphology and the crystalline and chemical homogeneity of the material were further investigated by
transmission electron microscopy (TEM, see Fig. S1 in the Supplementary Information), high resolution
TEM (HR-TEM) and field emission (FE) SEM (for more details refer to the Supplementary Information).
The TEM measurements were performed using a side entry Jeol JEM 3010 (300 kV) microscope equipped
with a LaBg filament and fitted with X-ray EDS analysis by a Link ISIS 200 detector. For analyses, the

powdered samples were deposited on a copper grid, coated with a porous carbon film. All digital



micrographs were acquired using an Ultrascan 1000 camera and the images were processed by Gatan digital
micrograph. It is worth noting that the synthetized (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0, sample proved to
be stable to prolonged exposition under the electron beam of the instrument. A representative HR-TEM
image of the spinel is shown in Fig. 2a, where the Fourier Transform of the image reported in Fig. 2b, as well
as the presence of diffraction fringes with spacing typical of the (113) plane of the cubic phase (Fig. 2c),
indicate uniform crystallinity of the whole region. Moreover, the EDS analysis demonstrated the
homogeneous distribution of the different elements within the mapped region also at high magnification (Fig.
2d and 2e), which points out an extremely uniform distribution of the cations in the material from both
micro- and nanometric scales (additional experimental evidences have been reported in Figs. S3 and S4 of
the Supplementary Information). The EDS spectrum of the zone shown in Figure 2a is reported in the
Supplementary Information (Fig. S5). The results of the FESEM characterization (summarized in the

Supplementary Information, Figs. S6-S9) further corroborate these findings.

Mg Kal_2 Mn Ka1

5nm

CrKa1 Co Ka1 Ni Ka1 Zn Ka1 AlKal 0 Ka1

Fig. 2: a) HR-TEM image of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0,. b) Fourier Transform of the image in a). c)
Measure of the spacing between the diffraction fringes observed in the zone of the sample shown in a). d) and e) EDS
maps of the region shown in a) for all the 8 cations and oxygen in the spinel phase. Instrumental magnification:

400000x.



It is well known that spinels can exist in either normal or inverse structure; while the EDS gives information
on the homogeneity of the sample, no information is given about the cation distribution. For a more detailed
investigation on the structural and electronic properties of each transition metal in the spinel phase, X-ray
Absorption Spectroscopy (XAS) measurements were performed at the Co, Mn, Ni, Zn, Fe and Cr K-edge
(see Fig. 3); all the measurements were done at the XAFS beamline of the ELETTRA synchrotron radiation
facility. For 3d transition metals, the so-called pre-edge peaks are particularly informative and allow
discriminating between different coordination geometries by a brief analysis of their intensity and shape
[25,26]. The pre-edge peaks are small features at the base of the main edge in the XAS spectrum and result
from the dipole forbidden transition from filled 1s orbitals to empty 3d orbitals.
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Fig. 3: XAS spectra of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0, at the Co, Mn, Ni, Zn, Fe and Cr K-edge.

The pre-edge peaks of metals in perfect octahedral coordination display a very low intensity (u« ~ 0.1-0.2),
having only a quadrupolar nature. In case of other coordination geometries (e.g. tetrahedral, distorted
octahedral etc.), the lack of the inversion centre leads to a partial hybridization between d and p orbitals:

since the transition to orbitals of p symmetry is dipole allowed, the resulting peaks usually have a higher



intensity. The pre-edge peaks were extracted and background-subtracted for each absorption edge and are
shown in Fig. 4. More details on data acquisition and treatment can be found in the Supplementary
Information; here we note that to obtain more accurate information on the local chemical environment of the
transition metals, the pre-edge peak was fitted with the minimum number of Gaussians. According to the
expected stoichiometry (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0O,, cobalt and manganese should occupy both
tetrahedral and octahedral sites. If we look at the pre-edge region at the Co K-edge in Fig. 4, it can be seen
that it is dominated by an intense peak, slightly asymmetric at higher energies. This peak was therefore fitted
with two Gaussian functions: one of higher intensity, centred at 7110.4 eV, that accounts for an allowed
dipole-transition with cobalt in the tetrahedral coordination, and one of much lower intensity, 2 eV above,
accounting for Co* in an octahedral environment.
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Fig. 4: Pre-edge peaks obtained after background subtraction at the Co, Mn, Ni, Zn, Fe and Cr K-edge. The dotted lines
represent the experimental curve, while the black solid line is the resulting fit, obtained with the corresponding
Gaussian functions (the green Gaussian peaks correspond to the 1s - 3d transition in case of tetrahedrally coordinated
metals, while the red ones are in case of octahedrally coordinated metals).

It should be noted that this last transition should result into two distinct peaks, due to the electronic transition
from 1s to empty 3d orbitals with t,4 or e, symmetry, respectively. However, the t,q peak, at lower energies,
is hidden by the first Gaussian and cannot be discerned. The pre-edge region at the Mn K-edge can be
simulated in a similar way as for cobalt, with a first Gaussian function at 6539 eV attributed to Mn?*in a
tetrahedral coordination and a second Gaussian function (at 6541 eV) for Mn*" in the octahedral sites. In this
case, however, the first peak is not the dominating feature and the two peaks are well distinct: this is in
agreement with what is expected for Mn in mixed tetrahedral/octahedral sites (for instance, the pre-edge

peak at the Mn K-edge of Mn3;0, is analogous[27]). The pre-edge profile which is found for Co indicates,



therefore, that differently to what happens for Mn, the A sites are not only occupied by divalent Co, but also
partially by Co®": this clearly suggests the presence of a certain degree of inversion in the HE spinel.

As evident from Fig. 3, the spectrum at the Zn K-edge does not present any pre-edge region, since Zn** is in
electronic configuration [Ar]3d'?; the spectrum profile is in total agreement with Zn** occupying A sites, as
found, for instance, for ZnFe,O, [28]. On the contrary, the pre-edge peak at the Ni K-edge is weak,
demonstrating the Ni predominantly occupies the B site; the signal can be efficiently simulated by one
Gaussian function which accounts for the only possible transition to ey orbitals. Finally, according to the
expected stoichiometry, Cr and Fe are expected to occupy the B sites. The spectrum at the Cr K-edge
presents two weak peaks in the pre-edge region that are characteristic of Cr** in an octahedral environment
and correspond to the two transitions to t,y and e4 orbitals. On the contrary, the pre-edge peaks at the Fe K-
edge can be fitted with two Gaussian functions, one of high intensity, related to Fe** occupying tetrahedral
sites, and one of lower intensity related to Fe** in octahedral sites. Again, the two possible transitions to ty,
and eq orbitals cannot be distinguished.

The above results show that the HE spinel presents a high degree of inversion, where Ni ions preferentially
occupies the B sites, Fe occupies both A and B sites and Co ions are predominantly found in the A sites. This
is not surprising, considering that both NiFe,O, and NiCo0,0, are usually found with an inverse spinel
structure at room temperature and atmospheric pressure [29-31], while CoFe,0, often shows a partial degree
of inversion under the same conditions [30]. In summary, the above data allow assessing the location of Cr
and Ni in the octahedral site, of Zn in the tetrahedral site and mixed location for Mn, Fe and Co. By
assuming that Al occupies only the octahedral site, while Mg is located in the tetrahedral site only, and
recalling the original stoichiometry, we can obtain a sensible evaluation of the site distribution of the present
spinel as (Mgo.Mng»Zng,Feq.1C0g3) (Alg2Cro>Mng2Feq 15C0q.15Ni0.1), 04 With this chemical formula, and
applying the following equation:

nr Nop
Sconfig = —R(z Xirlnyir + Z XiolnXio)
iT 70

where y; are the molar fraction and T and O refer to the tetrahedral and octahedral sites, respectively, we
obtain a figure of 3.3R for the configurational entropy in this spinel, which is more than the double compared
to 1.5R, considered the lower limit for the so called high entropy compounds [32] .

To conclude, in this study we reported the synthesis of the inverse high entropy
(Co,Mg,Mn,Ni,zZn)(Al,Co,Cr,Fe,Mn),O, spinel. This material presents an unprecedented high value of the
configurational entropy for both the A and B site of the spinel structure: this is expected to have a strong
influence in several physical properties, e.g. in magnetic and catalytic properties. In addition, we believe that
this material can be a starting point for novel applications in energetics as well as for the investigation and

stabilization of other HE spinels with a different range of compositions and/or including different cations.



Moreover, we report the analysis of the pre-edge XAS peaks as a powerful instrument in the field of HEOs,

allowing to get specific electronic and structural information on each transition metal in the structure.
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Supplementary Information

Synthesis

Crystalline (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0, was synthetized starting from C0;04, Fe,03, MnzO,,
Cr,03, Al,O5, NiO, ZnO, MgO. All the reagents were purchased with high purity (> 99.7 %) from Sigma
Aldrich. The oxides were weighted in stoichiometric proportion and vigorously grinded with an agar mortar
and pestle. The resulting powder was treated at 1200 °C (ramp rate 10 °C/min) for 6 hours and then
quenched in air to room temperature. Afterwards, a single-phase spinel with micrometric size was obtained

with an additional treatment at 1500 °C for 6 hours (ramp rate 10 °C/min).

X-ray diffraction (XRD)

The diffraction pattern was analysed through the Rietveld method. The average atomic humber of the atoms
in the A site is 24.4, close to the atomic number of Cr (24); the average atomic number of the atoms in the B
site is in turn 23, correspondent to the atomic number of V. Consequently, we decided to simulate the pattern
starting from a cubic AB,0O, spinel (space group Fd3m), with Cr occupying the A site and V occupying the
B site.

® Observed
P Calculated

Intensity (arb. un.)

50 30 40 B0 60 70 80 0
20(°)

Fig. S1: XRD experimental pattern (green dotted line) and calculated through Rietveld refinement (black solid line).

The goodness of factor of the Rietveld simulation is x* = 12.6. It can be seen from Fig. S1 that all the
reflections correspond to the spinel phase. The position of the peaks is also well-determined, and is directly
connected to the lattice constant, whose value obtained after the refinement is a = 8.3207 A. The intensity of
the peaks, however, is not very well determined, especially for the reflections at 26 = 30.5° and 43.5°, which
usually present lower intensity in the spinel structure. This is probably due to the inversion degree, which is
however difficult to handle due to the complicate formula and to the close atomic number of the major part
of the cations.



Transmission electron microscopy (TEM) and high resolution (HR) TEM

Fig. S2: a) Low magnification TEM image of the (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0, sample. b) zoom of the
region highlighted by the orange box in a). ¢) zoom of the region highlighted by the orange box in b). Instrumental
magnification: 25000x, 100000x and 200000x.

5 nm

Fig. S3: a) HR-TEM image of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0,. b). Measure of the spacing between the
diffraction fringes observed in the zone of the sample shown in a). c) Fourier Transform of the image in a). d) EDS sum

spectrum of the HRTEM image shown in a). Instrumental magnification: 400000x.
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Fig. S4: a) HR-TEM image of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0,. b), ¢) and d) EDS maps of the region shown in

a) for all the 8 cations and oxygen in the spinel phase. Instrumental magnification: 400000x.

Sum Spectrum

Fig. S5: EDS sum spectrum of the HRTEM image shown in Fig. 2.



Field emission scanning electron microscopy (FESEM)
The FESEM measurements were performed using a Tescan S9000G FESEM 3010 microscope (30 kV)

equipped with a high brightness Schottky emitter and fitted with Energy Dispersive X-ray Spectroscopy
(EDS) analysis by a Ultim Max Silicon Drift Detector (SDD, Oxford). For analyses, the powdered samples

were deposited on a stub and inserted in the chamber by a fully motorized procedure.

n 37.8 ym 225 pA joum

ANALYSIS 20 keV 7.49 kx

Fig. S6: FESEM image of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0,. Image collected at 20 kV with the standard SE

detector. Instrumental magnification; 7490x.
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Fig. S7: FESEM image of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0,. Image collected at 5 kV with the In-Beam SE

detector. Instrumental magnification: 14200x.



EDS Layered Image 4

Electron Image 4

B = e O )

50nm 250nm
O Kal Mn La1,2 Al Kal Mg Kal.2
f 500nm 1 f 500nm ! f 500nm ' f 500nm ! 500nm
Zn Lal,2 C Kal 2 Ni La1,2 Co Lal,2
300nm f 500nm ! f 500nm ! f 500nm 1 500nm !

Fig. S8: a) FESEM image and b) EDS layered image of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0,. ¢) EDS maps of the
region shown in a) for all the 8 cations, oxygen (and carbon) in the spinel phase. Image collected at 25 kV with the

standard SE detector. Instrumental magnification: 310000x.
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Fig. S9: a) FESEM image and b) EDS layered image of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn),0,. ¢) EDS maps of the

region shown in a) for all the 8 cations, oxygen (and carbon) in the spinel phase. Image collected at 25 kV with the

standard SE detector. Instrumental magnification: 310000x.



X-ray Absorption spectroscopy (XAS)

The XAS spectra were measured at the XAFS beamline operating at the Elettra synchrotron radiation facility
in Trieste, Italy [1]. The spectra were acquired at room temperature at the Co, Mn, Ni, Zn, Fe and Cr K-edge
in transmission mode. The ring current and energy were 200 mA and 2.4 GeV, respectively. A Si(111)
double crystal monochromator was used ensuring high-order harmonic rejection by de-tuning of the second
crystal and a water cooled Pt-coated silicon mirror was used to obtain vertical collimation of the beam. For
the measurements, a proper amount of sample (as to give a unit jump into the absorption coefficient) was
mixed with cellulose and pressed into a pellet. The signal extraction was performed with the Athena code,
belonging to the set of interactive programs IFEFFIT[2,3]. The pre-edge background was fitted by means of
a straight line, while the post-edge by a cubic spline. All spectra were then normalized at unit absorption
after the edge, where the EXAFS oscillations were no more visible.

For the fitting of the pre-edge peaks, the background due to the rising edge was simulated through a second-
order polynomial function, and then subtracted to the experimental signal. The resulting curve was modelled

using the minimum number of Gaussian functions.
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