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Broader context

Multi-anionic and -cationic compounds: new high
entropy materials for advanced Li-ion batteriest

Qingsong Wang, (2 *@ Abhishek Sarkar, 2 ®° Di Wang,’® Leonardo Velasco, {22
Raheleh Azmi, (2@ Subramshu S. Bhattacharya,® Thomas Bergfeldt,

Andre Duvel, @2 Paul Heitjans, 2" Torsten Brezesinski, (22 Horst Hahn {2 *3°9 and
Ben Breitung (=) *3¢

In the present work, a new class of high entropy materials for energy storage applications is introduced.
Multi-anionic and -cationic compounds are prepared by facile mechanochemistry using a recently
designed multi-cationic transition-metal-based high entropy oxide as the precursor and LiF or NaCl as
the reactant, leading to formation of lithiated or sodiated materials. Notably, the Li-containing entropy-
stabilized oxyfluoride described herein (Li,(Cog 2Cug 2Mgo 2Nig 2ZNng 2)OF,) exhibits a working potential of
3.4 V vs. Li*/Li, enabling its use as a cathode active material. Unlike conventional (non-entropy-
stabilized) oxyfluorides, this new material shows enhanced Li storage properties due to entropy
stabilization, which, in general, facilitates tailoring the cycling performance by varying the constituent
elements in yet unprecedented ways. In addition, we demonstrate that the concept of entropy
stabilization is also applicable to Na-containing oxychlorides with a rock-salt structure, thus paving the
way toward development of (next-generation) post-Li battery technologies.

The continuous pursuit of new and advanced materials to enable next-generation applications is a grand challenge facing materials science. In the

electrochemical energy storage field, lithium-ion batteries are being considered indispensable for large-scale applications such as in hybrid and full-electric

vehicles. Cathode active materials are crucial for further improving the energy density to allow for longer driving ranges of battery-powered vehicles. Herein, a

new class of high entropy materials is introduced, with the anion and cation lattices contributing to the configurational entropy. Specifically, Li-containing high
entropy oxyfluoride, exhibiting a working potential of 3.4 V vs. Li/Li, shows enhanced lithium storage properties due to entropy stabilization. Notably,

mechanochemical synthesis enabled the incorporation of not only lithium but also sodium, thus paving the way toward rational design of post-lithium battery

technologies. Taken together, multi-anionic and multi-cationic high entropy compounds represent a potentially transformative materials class with

unprecedented properties.
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entropy (Sconfig) to stabilize a single-phase structure. A prominent
and already well-established group of HEMs are the metallic high
entropy alloys (HEAs).” ® Recently, the same concept was applied
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such high entropy compounds have been synthesized and
reported, including carbides,"""® diborides,> nitrides,'*"
1216 and oxides,"'”"*° with wide-ranging applica-
tions as thermoelectrics,'>'® dielectrics’® and for lithium-ion
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batteries.?®*!

The latter HEMs, named high entropy oxides
(HEOSs), have been reported only since 2015 by the pioneering
work of Rost et al."

However, until now, there are no literature reports on HEM
compounds with more than one anion. Hence, the stabilizing
Scontig effect only results from the cations present in the crystal
structure (eqn (S1), ESIT), since the contribution from the anion
site is zero. For this reason, the preparation of a multi-anionic
and multi-cationic single-phase structure, showing clear
indications of entropy stabilization, is of great interest, espe-
cially considering that the configurational entropy gain would
be even larger compared to the transition-metal-based HEO
systems.

Herein, we report, to the best of our knowledge for the
first time, on multi-anionic and multi-cationic high entropy
oxyhalides with application in electrochemical energy storage.
A multi-cationic transition-metal-based HEO (i.e., only oxygen
ions occupy the anion site) was used as the precursor and
additional halide (X) and alkali metal ions were introduced to
produce a multi-anionic and multi-cationic rock-salt type
compound (HEOX). The introduction of monovalent fluorine
into the anion lattice of HEO, occupied by divalent oxygen, is
charge compensated by incorporation of monovalent lithium
(or sodium) into the cation lattice. Since fluorine and oxygen
have similar ionic radii (1.33 A vs. 1.40 A, respectively),?* such
substitution can be achieved without inducing significant strain
in the single-phase rock-salt structure. Despite their chemical
complexity, the preparation of HEOXs is simple and easily
scalable, using a facile mechanochemical (ball-milling) process
with HEO and LiF or NaCl as the precursor and reactant,
respectively. Specifically, Li,(Cog,Cuo,Mgy,Nig,Zn,,)OF, and
Nay,(Coy,Cuy Mg »Nig ,Zn, ,)OCl,, referred to as Li(HEO)F and
Na(HEO)CI in the following, were synthesized and characterized,
with special emphasis placed on the Li(HEO)F compound.

Considering the crystal field concept, metal fluorides, in
general, possess higher electrochemical potential than oxides
due to the strongly ionic character of M—F bonds.>*** This is
also why metal oxides and fluorides have been explored as
potential anode and cathode active materials, respectively, in
the past.>®>° Here, the incorporation of fluorine increased
the working potential to 3.4 V vs. Li"/Li, compared to around
1.0 V for the respective transition-metal-based HEOs,>®?!3%3
thus rendering Li(HEO)F interesting for application as a (next-
generation) positive electrode material. The overall redox
mechanism appears to be similar to that observed for Li-rich
disordered rock-salt oxides, as indicated by X-ray diffraction,
transmission electron microscopy and X-ray photoelectron
spectroscopy.>?

Results and discussion
Materials characterization

The most commonly known HEOs are transition-metal-based
rock-salt oxides such as (Cog,Cug,Mgg,Nig,Zng,)0.52%3%34
Very recently, HEOs were utilized as anode active materials in
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Li-ion cells, showing high specific capacity while maintaining
good capacity retention.”’”*! It is assumed that this materials
system undergoes a conversion reaction within an entropy-
stabilized matrix, facilitating the re-integration of redox-active
ions into the lattice during delithiation. Based on the work on
HEOs, both Li(HEO)F and Na(HEO)Cl were synthesized by
means of high-energy ball-milling. Because none of the late
3d transition metals (Mn, Co, Ni, Cu, Zn) has been reported to
form oxyfluorides through soft chemistry or solid-state reaction
routes,*>° ball-milling appears to be the most efficient way to
prepare such solid solution phases.>”°

Fig. 1a shows X-ray diffraction (XRD) patterns obtained on
the as-prepared Li(HEO)F and a mixture of pristine HEO and
LiF. The latter compounds exhibit a rock-salt structure with
lattice parameter aygo = 4.233 A and apr = 4.035 A (from
Rietveld analysis, Fig. S1, ESIt). After 24 h of ball-milling a
1:1 molar mixture of HEO and LiF, single-phase Li(HEO)F was
obtained. The diffraction pattern can still be indexed to a cubic
rock-salt phase, but with a lattice parameter a = 4.185 A, clearly
lying between that of pristine HEO and LiF. For the Rietveld
refinement, the instrumental parameters were taken into
account using reference data obtained on LaBs (NIST 660a).
The microstructural parameters (crystallite size and micro-
strain) were adequately refined to adjust the peak shapes.
Thermal displacement parameters were constrained to be the
same for all of the atoms to minimize quantification errors. As
shown in the inset of Fig. 1 and in Table S1 (ESI{), the Li and F
atoms are randomly distributed on the respective cation and
anion sub-lattices of the rock-salt HEO. The substitution of
transition-metal cations by Li is evident from the decrease in
intensity of the (111) reflection. This is due to the lower atomic
number of Li compared to the other transition metals. For
O and F, the atomic numbers and ionic radii are similar, and in
a rock-salt lattice, there is typically only one site (4b) where the
F~ ions can reside. Overall, XRD indicates that the LiF is
successfully incorporated into the HEO structure.

In order to confirm the presence of lithium and fluorine in
the lattice structure, solid-state magic angle spinning (MAS)
nuclear magnetic resonance (NMR) spectroscopy measure-
ments were conducted on the as-prepared material. Fig. 1b
shows the "Li- and "F-MAS-NMR spectra of both Li(HEO)F and
a physical mixture of HEO and LiF (see ref. 40-42 for reviews of
“Li- and "F-NMR on energy-related materials). The incorpora-
tion of Li* and F~ into the HEO leads to a different chemical
environment compared to the LiF reference material. Because
the local elemental distribution in Li(HEO)F is random, the
number of chemical environments is rather large, therefore,
line broadening occurs. In addition, the paramagnetic Co>"
causes a strong line broadening. The narrow lines at —38 ppm
and —1.05 ppm in the *’F- and "Li-MAS-NMR spectrum, respec-
tively, can be assigned to unreacted LiF. Curve fitting revealed
the presence of around 8% LiF (Fig. S2, ESIt). Because LiF was
neither detected by selected-area electron diffraction (SAED)
nor by XRD, it seems reasonable to assume that the ball-milling
process left behind some amorphous material, as also reported
for Li,VO,F compounds.®” High-resolution X-ray photoelectron

This journal is © The Royal Society of Chemistry 2019
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(a) XRD pattern obtained on both a physical mixture of LiF and HEO and the as-prepared Li(HEO)F. Dashed lines denote the position of the (220)

reflection of LiF and HEO. For Li(HEO)F, the (220) reflection is located between that of LiF and HEO, indicating successful incorporation of Li* and F~ into
the HEO lattice. Oxygen is in red, fluorine in white, nickel in pink, cobalt in blue, magnesium in orange, copper in green, zinc in grey and lithium in violet in

the cubic structures shown in the inset. (b) ’Li- and **F-MAS-NMR of LiF and

the as-prepared Li(HEO)F (recorded with v,o; = 55 kHz, vo(’Li) = 233.3 MHz,

vo(*°F) = 564.8 MHz). Distinct line broadening is observed in the LI(HEO)F case due to changes in chemical environment.

spectroscopy (XPS) measurements were conducted on a powder
sample to gain further insights into the oxidation state(s) of the
respective elements. The F 1s peaks (Fig. S3, ESIt) at 685.2 eV
and 686.5 eV seem to indicate the successful incorporation of
fluorine into the HEO structure, since these binding energies
can be referred to MOF, MF and MOF, binding motifs.**** The
Li 1s spectrum reveals two peaks at binding energies of 55.2 eV
and 56.1 eV, indicating two different Li* chemical environ-
ments, namely, oxygen and fluorine. The Co species are identi-
fied as being mainly Co*" (91% Co0>"/9% Co>"), while Ni exists
as mixture of Ni** (37% of total Ni ions) and Ni** (63% of total
Ni ions).*>*® The Cu 2p spectrum is found to only exhibit a
single peak at 933 eV. The lack of a satellite peak hints at either
Cu'" or Cu’. However, a clear distinction using the Cu LMM
Auger peak was not possible, since it overlaps with that of the
Zn LMM."” Nevertheless, Cu'" is assumed to be present in the
Li(HEO)F compound. The peak at 1303.8 eV in the Mg 1s
spectrum can be attributed to Mg>*,*®*° and the Zn 2p;, at
1021.3 eV and Zn LMM at 988.6 eV are indicative of Zn*'.>*?

‘NaCl’ has also been successfully added to the HEO structure
through an identical ball-milling approach. Because the ionic
radius of Cl~ is much larger than that of 0>~ or F~, and Na' is
larger than Li* (CI” = 1.81 A, 0*" = 1.40 A, F” = 1.33 A, Na' =
1.02 A, Li* = 0.76 A),?? it is more difficult to achieve an entropy-
stabilized single-phase structure. The incorporation of a rea-
sonable fraction of different size ions (Na*, Cl~) would lead to a
major distortion of the lattice, destabilizing the structure.
Hence, in the NaCl case, the maximum fraction that can be
added to the entropy-stabilized HEO material is expected to be

This journal is © The Royal Society of Chemistry 2019

much lower than for LiF. According to XRD (Fig. 2), the
Na(HEO)CI compound also exhibits a single-phase rock-salt
structure with the characteristic reflections shifted toward
smaller Bragg angles as compared to pristine HEO (12 : 1 molar
ratio of HEO and NaCl, anamurojcr = 4.244 A, anaci = 5.642 A,
see Fig. S1, ESIt).

The concept of entropy stabilization was evaluated for
Li(HEO)F in the present work. Because a single-phase
entropy-stabilized structure segregates into multiple phases at
low temperature (TAS is small), but will re-form a single phase
at high temperature (TAS is large), as shown previously,'>* this
behavior can be used to corroborate the entropy stabilization
effect. To this end, the XRD pattern obtained on single-phase
Li(HEO)F heated to 750 °C was analyzed in some more detail
(Fig. S1, ESIt). As it is evident from the splitting of reflections
(apparently, LiF and different metal oxide phases form), phase
segregation indeed occurs. This provides clear evidence that
entropy plays a major role in stabilizing the chemically complex
system Li,(Cop ,Cu Mg »Nip 2Zng 5)OxFy.

Fig. 3 shows results from high-resolution transmission
electron microscopy (HRTEM) and SAED on the Li(HEO)F.
The aggregates have an average size of 100 nm (Fig. 3a), with
good crystallinity (Fig. 3b) of the rock-salt structure, while SAED
indicates that the as-prepared material is obtained without
other (crystalline) secondary phases.

The lattice parameter of the rock-salt structure was calcu-
lated from both the SAED and HRTEM data and agrees well
with the Rietveld refinement result (Fig. S1, ESIt). The homo-
geneous distribution of elements, as mentioned above, was

Energy Environ. Sci., 2019, 12, 2433-2442 | 2435
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Fig. 2 (a) XRD patterns of HEO, Li(HEO)F and Na(HEO)CL. The shift in reflection position toward smaller and larger Bragg angles for Na(HEO)Cl and

LiI(HEO)F, respectively, relative to pristine HEO, is denoted by a dashed line in (b).

Fig. 3 (aand b) TEM images at different magnification of the as-prepared
LiI(HEO)F showing crystalline particles around 100 nm in size. The inset in
(b) is an SAED pattern obtained on the same material. The (200) and (220)
reflections are denoted by red and blue circles, respectively. (c) EFTEM
mapping results revealing uniform element distribution.

confirmed by energy-filtered TEM (EFTEM) mapping (Fig. 3c).
Of note, both Mg and Zn are not depicted because of the lack of
sufficient signal intensity for the corresponding core-loss
edges. Nevertheless, the uniform distribution of each single
element in the Li(HEO)F was also corroborated by spectrum
imaging using energy dispersive X-ray (EDX) spectroscopy in
scanning TEM (STEM) mode (Fig. S4, ESIt). Within the resolu-
tion of the two methods (both approaching the sub-nanometer

2436 | Energy Environ. Sci, 2019, 12, 2433-2442

level), there is no notable elemental segregation or clustering,
both of which would lead to a decrease in the number of
possible microstates, and therefore, lower the configurational
entropy. Finally, inductively-coupled plasma optical emission
spectroscopy (ICP-OES) measurements were conducted on the
Li(HEO)F to examine the chemical composition. The combined
results from ICP-OES, NMR and EDX reveal an overall composi-
tion of Lij 94(C0g.21Nig.21Z1n¢9 2Mgo ,CUy 15)O01F0 g7, as shown and
discussed in Fig. S5 (ESIY).

Electrochemical characterization

The introduction of the multi-anionic concept enabled the use
of the high entropy oxyfluoride as a new cathode active material
for rechargeable Li-ion cells. Notably, the incorporation of
fluorine into the structure increased the working potential
significantly. In the present work, we show, to the best of our
knowledge for the first time, the utilization of an entropy-
stabilized compound as a cathode active material for reversible
energy storage. The benefits arising from the high entropy
crystal structure with respect to the electrochemical perfor-
mance comprise the capacity retention and Li-extraction ability
of the compound. In general, oxyfluorides represent an impor-
tant class of electrode materials, owing to their ability to
suppress oxygen loss during cycling operation. The latter is
often observed for state-of-the-art cathode materials and can
lead to capacity degradation.’***” The incorporated fluorine
renders the material resistant against HF etching. Note
that HF is usually formed in the electrolyte due to reaction of
trace water (or protic species) with LiPF¢/PF5.°® Therefore,
oxyfluoride-based electrode materials have been the subject of
3961 With our approach,
we aim at combining the advantages of oxyfluorides with the
benefits arising from the entropy stabilization. However, the
objective of this study was not to optimize the cycling perfor-
mance, but rather to demonstrate the applicability of high
entropy cathode active materials in the forefront field of

intense investigations in recent years.

electrochemical energy storage. Optimization regarding choice
of binder, electrolyte, material preparation, additives etc. needs

This journal is © The Royal Society of Chemistry 2019
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to be done in the next step. Here, the electrochemical proper-
ties of Li(HEO)F are compared with rock-salt type LiNiOF,
which was prepared in the same way. Because LiNiOF shows
a much lower Scqngig than Li(HEO)F, but also contains Ni as the
redox active cation, it is an ideal reference compound to
evaluate the entropy stabilization concept for Li-insertion
materials.

Electrochemical testing of the as-prepared Li(HEO)F and
pure HEO was performed on half-cells with a Li metal counter
electrode. For HEO, cyclic voltammetry (CV) shows the already
reported cathodic peak around 0.5 V in the initial cycle and

View Article Online

Paper

around 0.8 V in the subsequent cycles, characteristic of the
anode conversion reaction upon lithiation (Fig. 4a).>° In con-
trast, for Li(HEO)F, a cathodic peak around 3.4 V is observed
from the CV curves (Fig. 4b), which is in agreement with the
galvanostatic discharge profiles shown in Fig. 4c. Regarding
energy density, a middle discharge potential of 3.4 V is superior
to most disordered rock-salt oxyfluoride materials reported in
the literature, showing potentials closer to 2.5 V6376263
The higher working potential compared to pure HEO is due
in part to the fact that the overall (de)lithiation mechanism
changed from a conversion to an insertion type reaction.
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Fig. 4 Cyclic voltammetric curves at a sweep rate of 0.1 mV s~ for (a) pure HEO cycled in the voltage range between 0.01 and 3.0 V vs. Li*/Li and (b)
Li(HEO)F between 2.5 and 4.5 V vs. Li*/Li. (c) Charge/discharge curves for LI(HEO)F-based half-cells at rates of C/20 (10 mA g~%) and C/10 (20 mA g™%).
The cut-off potentials were set at 2.0 and 4.5 V vs. Li*/Li. (d) Specific capacities as a function of cycle number for rates ranging from C/10 to 5C. (e)
Comparison of the capacity retention at C/10 of Li(HEO)F and LiNiOF.
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More importantly, the incorporation of fluorine leads to an
increase in the Gibbs free energy of the system, and therefore,
to a higher theoretical potential of the redox reaction (see
discussion in the ESIt).** Note that the application of
Li(HEO)F in rechargeable Li-ion batteries is also fostered by its
relatively high lithium content. Overall, this entropy-stabilized
oxyfluoride compound fulfills one of the most important require-
ments of a cathode active material for graphite-based cells—it is
capable of serving as the lithium source.

As shown in Fig. 4c, specific capacities of 168 and 161 mAh g ™"
were achieved in the initial charge cycle (with a constant voltage
step at 4.5 V) at C/20 and C/10, respectively. The specific
discharge capacity was around 120 mA h g~' at both rates.
The initial capacity loss is due in part to electrolyte degradation
and formation of a solid electrolyte interphase (SEI) layer.*®
During the course of cycling, the specific capacity, especially at
low C-rates, decreases slightly, as can be seen from the rate
performance data in Fig. 4d. However, other side reactions
associated with the cathode active material cannot be ruled out,
accounting for the difference in the charge and discharge
capacities at low C-rates. It should be noted that the cell chemistry
has not been optimized yet. Nevertheless, the specific capacity at
C/10 can be recovered virtually completely after applying high
rates of up to 5C.

A direct comparison of the cyclability at C/10 of Li(HEO)F to
LiNiOF is presented in Fig. 4e. From the data shown, it is
evident that the Li(HEO)F delivers higher specific capacities
than LiNiOF. This is noteworthy because the redox-active nickel
has been replaced by other elements; both cobalt and nickel are
likely the only species to be oxidized during delithiation.
The molar fraction of Co and Ni together amounts to only 0.4
instead of 1 for LiNiOF. This means that despite the decrease in
redox-active ion fraction, the specific capacity is increased.

After around 150 cycles, the Coulombic efficiency clearly
shows differences between the entropy-stabilized Li(HEO)F
and the non-entropy stabilized LiNiOF. While the Coulombic
efficiency tends to decrease rapidly for the LiNiOF system, in
the Li(HEO)F, it remains fairly stable. The entropy stabilization
seems to play a key role in maintaining high reversible capa-
cities and stabilizing the Coulombic efficiency. In general,
oxide and/or oxyfluoride cathode active materials show some
oxygen (anion) redox activity at high potential, leading to
oxygen evolution at the particle/electrolyte interface, and there-
fore, formation of an oxygen deficient material.*>***° Note that
oxygen release adversely affects the cycling stability of any
electrode material. In a nutshell, the entropy stabilization of
the Li(HEO)F compound is capable of somewhat counteracting
this kind of degradation. Nevertheless, in this regard, it is
important to note that the Coulombic efficiencies for both
materials are lower compared to state-of-the-art cathode active
materials.

A higher reversible capacity directly relates to the capability
of the material in providing access to mobile Li in the structure.
Most commonly, not all of the Li in the lattice is accessible,
since it is contributing to some degree to the structural
stability. Using the entropy stabilization approach, it seems
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that more Li can be extracted, thus leading to the observed
increase in specific capacity compared to LiNiOF. The theo-
retical specific capacities of Li(HEO)F and LiNiOF are similar
with 278 and 266 mA h g%, respectively, when assuming a one-
electron redox process per formula unit. However, because only
0.8 Li" can presumably be extracted from the Li(HEO)F, the
theoretical specific capacity drops to 222 mA h g~ *. This can be
explained as follows: Cu®" (after the initial cycle; see section on
redox mechanism below), Mg>* and Zn** in the Li(HEO)F
structure cannot be oxidized, and therefore, Ni** and Co>" are
the only remaining redox-reactive cations in the potential range
applied (based on the assumption that the divalent state of the
cations is prevailing). Finally, we note that improvements in
cycling performance, especially the specific capacity, can be
expected when even more lithium is incorporated into the rock-
salt lattice, as shown recently for Li-rich disordered rock-salt
materials.*>°°

Reaction mechanism

XRD and TEM experiments were conducted on the Li(HEO)F at
different states of charge (SOC) during cycling to gain more
insight into the reaction mechanism (Fig. 5a). The parent rock-
salt structure was preserved throughout cycling and no second-
ary (crystalline) phases were detected. As can be seen in Fig. 5a,
the reflections in the ex situ XRD pattern clearly shift toward
larger Bragg angles (smaller lattice parameter) in the charge
cycle, thus hinting at an insertion mechanism.?” Li extraction
from the Li(HEO)F is accompanied by transition-metal oxida-
tion (presumably Ni** and/or Co*"), leading to a decrease in
ionic radius, and therefore, to a smaller unit cell. Yet, the
reflections shift back to their original position upon sub-
sequent lithiation, emphasizing the reversibility of the Li
insertion/extraction process. These findings are also supported
by SAED. The patterns shown in Fig. 5a confirm the preserva-
tion of the rock-salt lattice upon cycling.

The changes in oxidation state of the elements upon cycling
were examined by ex situ XPS. The corresponding measure-
ments were performed on electrodes with different states of
charge/discharge (equivalent to ex situ XRD in Fig. 5a). The Li
1s, F 1s and Co 2p spectra in Fig. 5b emphasize the reversibility
of the Li extraction/insertion during charge/discharge. Note
that utilizing a multiplet splitting approach for quantified
oxidation state analysis of Co ions was hampered by the low
concentration of active material at the top surface of the
electrode, leading to the presence of very low intensity peaks.
Qualitative analysis reveals that in the pristine electrode, the Co
ions are predominantly present as Co>". This is due to the
existence of a strong satellite peak about 6 eV higher in binding
energy than the main peak, which can be considered character-
istic of Co**.*® This satellite peak disappears after delithiation,
thus indicating oxidation of Co®>" to Co®". After lithiation,
the re-appearance of a less intense satellite peak suggests
co-existence of Co®" and Co”* ions.*®*”'*? In the F 1s spectra,
the peak at 685.2 eV can be assigned to the fluorine ions in the
Li(HEO)F rock-salt structure, as discussed above (Fig. S3, ESIT).
This peak slightly shifts to lower binding energy (684.4 eV) after

This journal is © The Royal Society of Chemistry 2019
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(a) Initial charge/discharge curve at C/10 (20 mA g~?) in the voltage range between 2.0 and 4.5 V (left) and the corresponding ex situ XRD patterns

collected under an Ar atmosphere using a protective Kapton film (middle) as well as SAED data (right). The (220) reflection is denoted by an asterisk in the
SAED patterns. (b) XPS spectra of the Li 1s, F 1s, Co 2p, Cu 2p, Zn 2p and Mg 1s core levels — before and after cycling (A: pristine state, B: after delithiation

and C: after re-lithiation).

delithiation, probably because of a lower electron density
around the fluorine atoms after Li extraction. As expected, it
shifts back to 685.2 eV with re-lithiation. The major peak
located at around 687.9 eV in the F 1s spectra is due to the
polyvinylidene difluoride (PVAF) binder used, which remains
unaltered during cycling.®” In the Cu 2p spectra, the appear-
ance of a satellite peak (~942 eV) after delithiation and
subsequently re-lithiation is indicative of the oxidation of
Cu'" to Cu*"."” Such (surface) oxidation, which apparently is
not reversible, seems to contribute to some extent to the
irreversible capacity loss in the initial cycle (Fig. 4c). As
expected, both Mg and Zn remain in divalent state during
cycling, thus providing evidence that they are indeed redox-
inactive. Unfortunately, the analysis of Ni oxidation state was
hampered by superposition of the Ni 2p and F KLL peaks
(Fig. S6, ESIT). The XPS results were also confirmed by electron
energy loss spectroscopy (EELS, data not shown). In addition,

This journal is © The Royal Society of Chemistry 2019

EELS indicated that the bulk Cu in the as-prepared material
has a mixed oxidation state of Cu'*/Cu?".

Conclusions

With the incorporation of multiple anions into an entropy-
stabilized multi-cationic compound, we were able to show, for
the first time, that not only the cations but also the anions can
be varied while preserving a single-phase rock-salt structure.
These compounds constitute a new class of entropy-stabilized
materials, with the anion lattice also contributing to the con-
figurational entropy, resulting in an additional structural
stabilization gain. Using this approach, we successfully synthe-
sized an oxyfluoride cathode active material with a rock-salt
structure for next-generation Li-ion battery applications. Notably,
the entropy stabilization improved the cycling performance
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considerably. Additionally, this approach enables the reduction
of toxic and costly elements in battery cathodes, without
significantly affecting the energy density. Taken together,
the concept of multi-anionic and multi-cationic high entropy
compounds introduces a new class of energy storage materials
with unprecedented properties.

Methods

Synthesis

HEO was prepared by a reverse co-precipitation process,
followed by high-temperature calcination, the details of which
can be found elsewhere.”® For the synthesis of LiHEO)F, a 1:1
molar ratio of LiF (Alfa Aesar, 99.99%) and HEO was ball-milled
using a high-energy planetary ball-mill (Retsch PM 100, Retsch
GmbH). Na(HEO)C] was prepared in the same way but with
a 12:1 molar ratio of HEO and NaCl (Alfa Aesar, >99%).
Specifically, WC vials (50 ml in volume) and WC balls (4 mm
in diameter) were used, with a 40 : 1 ball-to-powder weight ratio.
The milling process was carried out at 500 rpm for 24 h in an Ar
atmosphere. The as-prepared powder was collected and stored
inside an Ar-filled glovebox.

Electrochemistry

For the cathode preparation, active material (100 mg), Super
C65 carbon black (28.6 mg, Timcal) and polyvinylidene difluoride
(14.3 mg, Solef 5130) were uniformly dispersed into N-methyl-2-
pyrrolidone. The resulting slurry was doctor-bladed onto an Al
current collector and dried in a vacuum oven at 80 °C for 12 h.
Circular electrodes (13 mm in diameter) were cut from the
cathode sheet, assembled in an Ar-filled glovebox and tested in
CR2032 coin cells. 1 M LiPF, in a 3:7 weight mixture of ethylene
carbonate/ethyl methyl carbonate (Selectilyte LP57, BASF SE),
glass microfiber filter paper (GF/C, Whatman™) and Li metal foil
(Gelon LIB Co., Ltd) were used as the electrolyte, separator
and counter electrode, respectively. Galvanostatic cycling mea-
surements were performed on an Arbin battery test system
(BT-2000) at room temperature. Cyclic voltammetry was per-
formed on a Bio-logic potentiostat (VMP3). The areal cathode
active material loading was about 1 mg cm 2. The specific
capacity was calculated based on the total weight of cathode
active material in the electrode.

Characterization

XRD patterns for the as-prepared compounds were recorded
using a STOE Stadi P diffractometer with Cu-Ka radiation. The
powder was filled into borosilicate glass capillaries (Hilgen-
berg) with inner diameter of 0.48 mm and wall thickness of
0.01 mm. For the cycled samples, the powder was collected
from the electrode inside an Ar-filled glovebox and measured
under inert conditions using a STOE Stadi P diffractometer,
equipped with a Ga-jet X-ray source (Ga-Kf} radiation).
ICP-OES spectroscopy (iCAP 7600 ICP-OES DUO, Thermo
Fisher Scientific) was conducted on 5 to 6 mg samples
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(£0.05 mg accuracy) dissolved into hydrochloric and nitric
acid. More details can be found in the ESI.}

TEM measurements were conducted on powder samples
dispersed on a holey carbon-coated gold grid. The samples
were loaded onto a Gatan vacuum-transfer holder inside an
Ar-filled glovebox and transferred to the TEM without exposure
to air. TEM, SAED, EFTEM and STEM-EDX/EELS data were
collected using a FEI Titan 80-300 microscope, equipped with
a CEOS image spherical aberration corrector, a HAADF STEM
detector (Fischione model 3000), EDAX SUTW EDX detector
and a Tridiem Gatan image filter. The microscope was operated
at an accelerating voltage of 300 kV.

“Li- and '*F-NMR data were acquired at room temperature
on a Bruker Avance III 600 spectrometer (14 T) at Larmor
frequencies of 233.3 and 564.8 MHz, respectively. A 1.3 mm
high-speed probe was used for magic-angle spinning experiments.
The samples were spun at 55 kHz. For the “"F-MAS-NMR measure-
ments, a Hahn-Echo experiment was performed (pi/2 pulse: 1 ps),
while the “Li-MAS-NMR spectra were recorded with a single-
pulse experiment (pi/2 pulse: 1.1 us). As reference substances
for the chemical shifts, both a dilute solution of LiCl and liquid
C¢F, were used.

XPS measurements on the as-prepared powder and cycled
samples at different states of charge were performed directly on
the powder and recovered electrode tape using a K-Alpha+
instrument (Thermo Fisher Scientific) with a monochromatic
Al-Ko X-ray source (1486.6 eV) with 400 pm spot size. The
K-Alpha+ charge compensation system was applied to prevent
localized charge buildup during analysis, using 8 eV electrons
and low-energy Ar ions. Data acquisition and processing were
carried out using the software Thermo Avantage.®® The spectra
were fitted with one or more Voigt profiles. The binding
energies are reported with respect to the binding energy of
C 1s for hydrocarbon at 285.0 eV. The analyzer transmission
function, Scofield sensitivity factors®® and effective attenuation
lengths (EALs) for photoelectrons were applied for quantification.
EALs were calculated using the standard TPP-2M formalism.”®

Data availability

The data used for this study are available from the corres-
ponding authors upon request.
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