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Abstract: For the first time, a spinel-type high entropy oxide (Zng »5Cug 2sMgo »5C00 25)
ALO, as well as its derivative lithiated high entropy oxyfluoride Lig5(Zng »sCug s
Mg 25C00.25)0.5A1,05.5F .5 and oxychloride Lio 5(Zng 25Ct0 25M80.25C00.25)0.5A1:03.5Clo 5
are prepared in the nanostructured state via high-energy co-milling of the simple
oxide precursors and the halides (LiF or LiCl) as sources of lithium, fluorine and
chlorine. Their nanostructure is investigated by XRD, HR-TEM, EDX and XPS
spectroscopy. It is revealed that incorporation of lithium into the structure of spinel
oxide together with the anionic substitution has significant effect on its short-range
order, size and morphology of crystallites as well as on its oxidation/reduction
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processes. The charge capacity of the as-prepared nanomaterials tested by cyclic
voltammetry is found to be rather poor despite lithiation of the samples in com-
parison to previously reported spinel-type high entropy oxides. Nevertheless, the
present work offers the alternative one-step mechanochemical route to novel classes
of high entropy oxides as well as to lithiated oxyfluorides and oxychlorides with the
possibility to vary their cationic and anionic elemental composition.

Keywords: high-entropy spinel; lithiation; mechanosynthesis; oxychloride;
oxyfluoride.

1 Introduction

Nowadays, new classes of materials are being intensely developed in order to
fulfil requirements of present challenges. Among others, high entropy materials
containing five or more elements in near-equiatomic ratios with the concept of
well-known high entropy alloys (HEAs) offer promising solutions. Since their
development in 2005, many research centres have focused their interest to expand
this field of multi-component materials [1]. The unique properties of HEAs moti-
vated further exploration towards high entropy nitrides, oxides (HEOs), metal
diborides, carbides, sulfides, fluorides and very recently aluminosilicates [2].

In particular, HEOs have attracted consideration due to their several unique
technical applications in conjunction with, e.g., dielectric [3], energy storage [4],
magnetic [5], catalytic [6], electrical/thermal conductivity [7, 8], mechanical [9]
and optical properties [10]. The first synthesis of a single phase HEO with rocksalt
structure was reported by Rost et al. in 2015 [11]. It has prompted the interest to
prepare various classes of simple or complex oxides including fluorite, bixbyite,
perovskite, spinel, monoclinic, magnetoplumbite, pyrochlore, rutile and defect
fluorite structures [2]. Together with recent progress in development of novel
attractive electrode materials for next-generation lithium-ion batteries (LIBs),
spinel-type HEOs have been characterized by robust lithium storage capacity. It is
known that spinel structure (see Figure 1) possesses typical electrode architecture
with a huge contribution of free spaces for ion pathways [12].

To the best of our knowledge, there are only few reports on LIB electrode
candidates from the family of spinel-type HEOs including, e.g., (Mg ,Tig»Zng »-
Cuo2Feo )30, [13], (Nig 2Coo,Mng 5Feq 5 Tig 2)30, [14], (FeCoNiCrMn);0, [12, 15], as
well as oxygen-deficient (CoCrFeMnNi)g ¢0,4.5 and (Aly ,CoCrFeMnNi)g 5504.5 [16].
Itis assumed that spinel structure is characterized by its unique three-dimensional
Li* transport pathways [15] due to the two different Wyckoff sites for cations,
i.e., tetrahedrally coordinated (A) and octahedrally coordinated [B] sites. This
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Figure 1: Idealized spinel structure of (Zng 5Cug.25M80.25C0¢ 25)Al,0,4. Octahedra and
tetrahedral are occupied by Al and Zn, Cu, Co, Mg cations, respectively.

allows for the existence of trivalent cations, which can increase the range of
valence state variation and thus the reversible capacity during the lithiation/
delithiation process. On top of that, the particular cations can be distributed within
the (A) and [B] sites of the spinel lattice and thus might result in various valence
states of other constituent cations and in the formation of oxygen vacancies. The
latter increases the configurational entropy and thus promotes Li* transport [17]
taking place by Li-ion hopping between tetrahedral and octahedral sites. The
transport through the Wyckoff spinel positions 8a(A) — 16c[B] — 8a(A) provides
the shortest and energetically most favourable pathway for expected fast diffusion
[18]. Apart from the transition metal (TM)-containing high entropy spinels, a high-
density Li-doped MgAl,0, has also been investigated as a potential solid electro-
lyte for an all-spinel Li-ion battery [19]. Although its Li-ion conductivity was found
to be very low, the study reflected the necessity of further investigation of
TM-containing spinels as potential candidates for Li-ion batteries components. In
order to modify electrochemical performance of high entropy materials, Wang
et al. [20] introduced a new class of high entropy materials, i.e., rocksalt-type
lithiated oxyfluorides, Li,(Cog >Cug,Mgg -Nig »Zng »)OF,, as promising candidates
for energy storage applications based on multi-anionic and -cationic compounds.

In our previous work [21-23] nanostructured spinel oxides in a far-from-
equilibrium structural state have been prepared by means of mechanochemical
routes. The potential of mechanochemistry to have paradigm-changing impact across
the chemical sciences has placed the field amongst IUPAC’s ‘10 chemical innovations
that will change our world’ [24]. Motivated by the present interest in spinel-type HEO
materials, here we report, for the first time, on the mechanosynthesis of the high
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entropy spinel oxide (Zng »5Cug.sMgo »5C00.25)AL0, and its lithiated derivatives of
oxyfluoride Lip 5(Zng 25Cup.25M80.25C00.25)0.5A1,03 5F 0.5 and oxychloride Lig 5(Zno 25
Cug 2sMgo 25C00.25)0.5A1,05 5Clg 5. Despite the multi-element composition of the
as-synthesized samples, the easy-to-handle one-step process of mechanosynthesis
provides phase-pure spinel products in the nanocrystalline state. By means of the
combination of diffraction (Rietveld analysis of XRD data), spectroscopy (XPS)
and microscopy (HR-TEM) the detailed structural information on the mechano-
synthesized nanomaterials is provided. Moreover, the electrochemical behaviour
(charge capacity) of the as-synthesized samples is investigated by cyclic
voltammetry.

2 Experimental

The high entropy spinel-type (Zng »5Cug sMgo 25C00.25)ALL0, (further denoted as HEOAI) was
synthesized by high-energy ball milling of stoichiometric mixtures of metal oxide precursors: zinc
(1) oxide (Zn0, 99.9%, Sigma Aldrich), copper (II) oxide (CuO, 99.9%, Acros Organics), magne-
sium oxide (MgO, 99.9%, Acros Organics), cobalt (II) oxide (CoO prepared by thermal decompo-
sition of Co(OH),, 95%, Acros Organics, at 180 °C in vacuum) and aluminijum (III) oxide (y-Al,0s,
99.9%, Sigma Aldrich). Milling experiments were carried out in air atmosphere at 600 rpm using a
Pulverisette 7 Premium Line (Fritsch) planetary mill with vial (80 cm’ in volume) and balls (10 mm
in diameter) made of tungsten carbide. The ball-to-powder ratio was 30:1 (corresponding to 5 g of
the starting precursors and 150 g of balls). The lithiated oxyfluoride and oxychloride were prepared
by co-milling of the above mentioned metal oxide precursors with lithium (I) fluoride (LiF, 99.9%,
Acros Organics) and lithium (I) chloride (LiCl, 98%, Alfa Aesar), respectively, in stoichiometric
amounts under the same reaction conditions. The estimated chemical composition of the final
lithiated products was Lig 5(Zng »5Cug 25Mg0.25C00.25)0.5A1,03 5F 5 (further denoted as LiIHEOAIF)
and Lip.5(Zno.25Cu0.25Mg0.25C00.25)0.5A1,03 5Clo 5 (LIHEOAICI).

The mechanically induced phase evolution was monitored by XRD using a D8 Advance X-ray
diffractometer (Bruker), operating in Bragg configuration and using Cu Ka radiation. The XRD
scans were collected from 20° to 80° (2 Theta), using a step of 0.04° and scan rate of 10 s/step. The
phase identification was utilized by the ICSD database [25]. The Rietveld refinement of the XRD
data was performed using FullProf Suite software [26] and LaBg as an internal standard for the
accurate lattice parameter determination. The average crystallite size was estimated by the
Williamson-Hall plot analysis of XRD data [27].

The morphology of powders was investigated using a combined field-emission (scanning)
transmission electron microscope (S)TEM (JEOL JEM-2100 UHR) operated at 200 kV, equipped with
EDX detector (Oxford Instruments). The (S)TEM-bright field mode was used for imaging of pow-
ders. For (S)TEM analysis, the powdered samples were diluted in distilled water and ultra-
sonicated. The crystallite size distribution was evaluated using the ImageJ software [28].

X-ray photoelectron spectroscopic measurements were carried out using the ESCALAB MKII
(VG Scientific) spectrometer at a base pressure inside the analysis chamber of 5 x 107'° mbar. A
twin anode MgKa/AlKa X-ray source was used with excitation energies of 1253.6 and 1486.6 eV,
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respectively. The spectra were recorded at the total instrumental resolution (as it was measured
with the FWHM of Ag3ds,, photoelectron line) of 1.06 and 1.18 eV for MgKa and AlKa excitation
sources, respectively. The energy scale was calibrated by normalizing the Cls line of adsorbed
adventitious hydrocarbons to 285.0 eV. The processing of the measured spectra includes a sub-
traction of X-ray satellites and Shirley-type background [29]. The peak positions and areas were
estimated by a symmetrical Gaussian-Lorentzian curve fitting. The relative concentrations of
chemical species were determined on the basis of normalization of the peak areas to their
photoionization cross-sections, calculated by Scofield [30].

For electrochemical measurements, the powdered mechanosynthesized materials were
mixed with C65 (carbon black, Timcal) in a mass ratio 4:1 and mortared carefully. The mixtures
were then suspended in 2% carboxymethylcellulose in water to a consistency of viscous paste,
stirred overnight and coated by doctor-blading on Al foil. After drying at room temperature and
then in vacuum at 100 °C overnight the coated Al foil was cut into disc electrodes of 15 mm in
diameter. The electrodes were stored in a glove box with Ar atmosphere. Electrochemical mea-
surements were carried out using Autolab 302N apparatus (Metrohm) controlled by Nova SW in a
Swagelok-type cell with Li-metal anode, polypropylene separator (Targray) and 1 M LiPFg in
ethylene carbonate/dimethyl carbonate (1:1 by volume) as an electrolyte in an Ar-filled glove box.

3 Results and discussion

As it is seen in Figure 2, the XRD pattern for the starting (unmilled)
Zn0 + CuO + MgO + CoO + y-Al,05 mixture is characterized by sharp diffraction
peaks corresponding to the ZnO, CuO and MgO precursors. The diffraction peaks of
CoO and y-Al,05 are not visible due to their amorphous character. After 10 min of
ball milling the diffraction peaks become broadened and with increasing milling
time, several diffraction peaks (denoted by Miller indices hkl) can be attributed to
the formed spinel phase. After 60 min of mechanical treatment, the majority of
diffraction peaks above the background belongs to the mechanosynthesized
HEOAI. The mechanochemical formation reaction is completed after 390 min of
intensive ball milling; the spinel phase is represented here by fully symmetrical
diffraction peaks. Thus, the present mechanosynthesis of HEOAI can be expressed
by the following chemical reaction:

0.25Zn0 + 0.25 CuO + 0.25 MgO + 0.25 CoO + y—Al,05
— (Zn.25Cu1025Mg( 25C00.25) AL O, )]

Accordingly, the XRD patterns of the lithiated samples LiIHEOAIF and LiHEOAICI]
prepared by co-milling of the mechanosynthesized HEOAl with LiF and LiCl,
respectively, are shown in Figure 3. The XRD peaks are attributed to the spinel
structure (S.G. Fd3m). In this context, the mechanochemically induced formation
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Figure 2: XRD patterns of the mixture of oxide precursors (ZnO + CuO + MgO + CoO + y-Al,05)
milled for various times (up to 390 min). The milling time, t,,, is shown in the figure. Note that
diffraction peaks of highly porous y-Al,05 and CoO are not visible due to amorphous nature of
the oxides. Diffraction peaks of the final product (Zng >5Cug.25Mgo 25C00.25)Al,0, are denoted by
Miller indices.
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Figure 3: Comparison of the XRD patterns of mechanosynthesized HEOAIL, LiHEOAIF and
LiHEOAICLin the range (a) from 25°to 80°and (b) from 25°to 50° (2 Theta). Vertical lines represent
a guide to eye to accent a shift of XRD peaks due to the formation of the particular Li-doped
oxyfluoride and oxychloride.
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of LiHEOAIF and LiHEOAICI crystallites can be described by the following
reactions:

0.5LiF + 0.125Zn0 + 0.125 CuO + 0.125MgO + 0.125 CoO + y—AL 05
— Li.5Z10,125CU0.12sM8( 125C00.125A1,035F o 5 2

and

0.5LiCl + 0.125Zn0 + 0.125 CuO + 0.125MgO + 0.125 CoO + y—-Al,03
— Li0.5Zn,1255CU0.12sMgp, 125C00.125A1,035Clo 5 3)

The XRD diffraction peaks for the mechanosynthesized compounds containing
lithium and fluorine/chlorine are shifted towards higher degrees (2 Theta); see
Figure 3b. It clearly demonstrates that the mechanochemically synthesized
Li-containing high entropy spinels possess modified value of lattice parameter in
comparison with that of the HEOAI sample. The crystal lattice parameters of the
as-prepared materials derived from their XRD data are listed in Table 1. The
observed lattice contraction is a consequence of both the incorporation of
Li+ cations into the spinel structure with smaller Shannon radii (in comparison to
that of M ions) [31] and the formation of oxygen defects for electroneutrality
compensation. In addition, the broad shape of XRD peaks reflects the nanoscale
character of the as-prepared spinels. Their average crystallite sizes estimated by
Williamson-Hall plot analysis of XRD data are given in Table 1.

The representative STEM micrographs of the mechanosynthesized nano-
materials (Figure 4) show agglomerated state of nanoparticles with the average
size ~ 16, 17 and 6 nm for HEOAI, LiHEOAIF and LiHEOAICI, respectively. The
selected area electron diffraction (SAED) patterns, presented in Figure 4, also
confirm the presence of the HEOAI, LiIHEOAIF and LiHEOAICI spinel phases in the
nanostructured state. In addition, the HR-TEM images reveal lattice fringes cor-
responding to the spinel crystallographic planes with the average interplanar
distances d(so0) = 2.7 A, dg10) = 5.6 A and d(syy) = 2.4 A for HEOAL, LiHEOAIF and
LiHEOAICI, respectively.

Table 1: The lattice parameter (a), interplanar distance (d) and average crystallite size (D) for
HEOAI, LiHEOAIF and LiHEOAICL.

Sample Lattice Interplanar Interplanar Crystallite Crystallite
parameter, a (&) distance, distance, size, Dxrp size, Dyem

d observed (A)  d calculated (A) (nm) (nm)

HEOAI 8.1024(3) 2.7¢0r (hki = 300)  2-7for (hid = 300) 15 16
LiHEOAIF 8.0443(6) 5.6f°r (hkl = 110) 5.7f0r (hkl = 110) 15 17
LiHEOAICI 8.0331(1) 2.4¢or (it = 317)  2-Bfor (hkl = 311) 11 6

The indices (300) and (300) belong to the forbidden XRD reflections and thus are observed by HR-TEM only.
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LIHEOAIF [ STEM BF

LIHEOAICI [ STEM BF ]

Figure 4: From left to right: STEM (inset: SAED) and HR-TEM micrographs (inset: crystallite size
distribution) of the mechanosynthesized (a) HEOAL, (b) LIHEOAIF and (c) LIHEOAICL. The interplanar
distances, d, correspond to the particular spinel crystallographic planes denoted by Miller indices.

For comparison, the values of interplanar distances dn) were also calculated
from the values of lattice parameter (a) derived from Rietveld refinement of XRD
data according to the formula:

1dhyy = (R +1+T) /@ )
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It is evident (see Table 1) that estimated d values are in well agreement with those
directly observed in HR-TEM micrographs. Figure 5 displays the EDX mapping of
Al, Co, Cu, Zn, Mg, O, F and Cl elements present in the mechanosynthesized
nanomaterials. The EDX analyses reveal a homogeneous distribution of the con-
stituent elements within the as-prepared spinels.

The high-resolution XPS measurements of the as-prepared nanomaterials
were performed to investigate the effect of the mechanochemical preparation
method on the oxidation state of the constituent elements. As it is shown in
Figure 6, the oxidation-reduction processes took place during the mechanosyn-
theses, and various oxidation states of several elements are revealed. In the case of
Al2p (Figure 6a), the measured binding energies in the range of 74.0-74.5 eV are
typical for AI’* in Al-O bonds [32, 33].

The two different oxidation states of cobalt (analysis of Co2py),), i.e., Co**
located at ~ 797.3 eV and Co®" located at ~ 796.0 eV are distinguished in the
spectrum of the nanomaterials (see Figure 6b). In addition, the satellite for both
peaks can be observed at + ~ 6.5 eV for Co?* and + ~ 9 eV for Co®>" [34, 35]. It is
evident from quantitative data summarized in Table 2 that the Co®*/Co’" ratio
decreases as the Li and F/Cl are incorporated into the structure of HEOAL The main
Cu2ps;/, peakislocated at 933.1-933.9 eV (Figure 6c). The shape of the satellite peak
located at ~ 942.5 eV indicates that the reduction of Cu (from Cu®* to Cu!") is
facilitated by the Li and Cl incorporation [36]. On the other hand, the oxidation
states of Zn (Zn2p at ~ 1021.4 eV) and Mg (Mgls at ~ 1303.5 eV) are not affected by

Figure5: The EDX mapping of (a) HEOAL, (b) LIHEOAIF and (c) LIHEOAILCL. The micrographs show a
homogeneous distribution of the constituent elements within the as-prepared high entropy
nanomaterials.
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Figure 6: High-resolution XPS spectra of the mechanosynthesized HEOAL, LiIHEOAIF and
LiIHEOAICI compounds showing the signals corresponding to (a) Al2p, (b) Co2p, (c) Cu2p,

(d) Zn2p, (e) Mg1s, (f) Lits, (g) F1s, (h) Cl2p and (i) O1s. Note that XPS spectra of Mgls are partly

overlapped with the subspectrum of Cl Auger electrons.
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the elemental composition of the samples [37, 38], see Figure 6d and e, respectively.
The Lils (at ~ 55.3 eV) was determined for lithiated samples (Figure 6f). The binding
energies of the Fis (at ~ 685.1 eV) and Cl2p (at ~ 198.6 eV) subspectra shown in
Figure 6g and h, respectively, correspond to the metal-fluoride and metal—chloride
bonds, respectively [39, 40]. The O1s peak (Figure 6i) can be fitted into three regions;
the peak located at ~ 530.5 eV is attributed to the typical metal-oxygen bond, the
peak located at ~ 532.7 eV represents the chemically and physically adsorbed water
on the sample surface and the peak centred at ~ 531.5 eV is connected with oxygen
defect sites with low oxygen coordination [41]. The peak related to the formation of
oxygen vacancies increases in intensity as Li and F/Cl are incorporated into HEOAl
and becomes the most dominant in the spectrum for LIHEOAICI (see Table 2). Thus,
the incorporation of Li and F/Cl creates more defective structure of crystals and
increases the concentration of defects. However, in the present study it is difficult
to distinguish the origin of progress in oxidation and reduction processes of
particular elements in LIHEOAIF and LiHEOAICI samples.

The electrochemical performance of the HEOAI], LiHEOAIF and LiHEOAICI]
samples is investigated by cyclic voltammetry of Li insertion in the potential
window of 0.01-3.0 V versus Li*/Li at a scan rate of 0.1 mV s~ as shown in Figure 7.
The charge capacity of HEOAI determined from the cyclic voltammogram is found
to be 54 mAh g'. The value of the charge capacity slightly increased for LIHEOAIF
(to about 71 mAh g™*), while there is no significant effect of lithiation and anionic
exchange observed in LiHEOAIC], whose charge capacity is found to be about
52 mAh g, It should be noted that the estimated values of the charge capacity for
the mechanosynthesized HEOAI, LiHEOAIF and LiHEOAICI spinels are signifi-
cantly lower in comparison to those reported for spinel-type HEOs in Refs [12-16].

Despite this fact, the main message of the present study is that one-step
mechanosynthesis is capable to deliver nanocrystalline high entropy spinel oxides
with various chemical composition including lithiated high entropy oxyfluorides/
oxychlorides and opens the pathway towards further optimization of synthesis
resulting in improved charge capacity of the products.

Table 2: The Co®"/Co®" and Cu?*/Cu’* ratios as well as the 0>~ vacancy concentration in the
mechanosynthesized HEOAL, LiHEOALF and LiHEOAICI compounds determined by XPS analysis.

HEOAL LiHEOAIF LiHEOAICL
Co**/Co* (at.%) 0.42/0.22 0.16/0.12 0.10/0.21
Cu**/Cu® (at.%) - 0.86/0.07 0.11/0.53

07" (vacancy) (at.%) 12.50 16.69 22.01
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Figure 7: Cyclic voltammogram of Li insertion into the HEOAL, LiIHEOAIF and LiHEOAICl samples
at a scan rate of 0.1 mV s,

4 Conclusions

The spinel-type high entropy aluminate (Zng »5Cug.2sMgo 25C00.25)AL0, as well as
the spinel-type lithiated oxyfluoride Lig 5(Zng »5Cu 25Mg0.25C00.25)0.5815,055Fg 5
and oxychloride Lig 5(Zng »5Cug 5Mg0 25C00.25)0.5A1,05 5Clg 5 were prepared for the
first time by mechanosynthesis. The contracted cubic lattice observed for both
oxyfluoride and oxychloride is a consequence of the incorporation of Li* cations
into the spinel structure and the formation of oxygen vacancies. These structural
variations derived from Rietveld refinements of XRD data are also supported at the
local scale by HR-TEM. The latter reveals the nanostructured state of the as-
prepared spinels with the average crystallite size of about 16, 17 and 6 nm for the
aluminate, oxyfluoride and oxychloride, respectively. The homogeneous distri-
bution of the constituent elements within the high entropy nanospinels is
confirmed by EDX analyses. The results of XPS measurements reveal various
oxidation states of several constituent elements as well as different concentrations
of oxygen vacancies in high entropy spinels, depending on their chemical
composition and crystallites size. The mechanosynthesized spinel-type nano-
materials exhibit a relatively low charge capacity when compared to that reported
for other spinel-type high entropy oxides.
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