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ABSTRACT

Metal fluorides (e.g., FeF2, FeF3) have received attention as conversion-type cathode materials for
Li-ion batteries due to their higher theoretical capacity compared to common intercalation
materials. However, their practical use has been hindered by low round trip efficiency, voltage
hysteresis, and capacity fading. Cation substitution has been proposed to address these challenges,
and recent advancements in battery performance involve the introduction of entropy stabilization
in an attempt to facilitate reversible conversion reactions by increasing configurational entropy.
Building on this concept, high entropy fluorides (HEF) with five cations were synthesized by using
a simple mechanochemical route. In order to examine the impact of element selection,
C00.2Cu0.2Nio.2Zno2Feo2F2 (HEF-Fe) was compared with Coo.2Cuo.2Nio2Zno2Mgo2F2 (HEF-Mg),
replacing electrochemically inactive Mg with Fe as an active participant in the conversion reaction.
Combining electrochemical measurements with first principle calculations, high-resolution
electron microscopy, and synchrotron X-ray analysis, HEFs’ battery performances and conversion
reaction mechanisms were investigated in detail. The results highlighted that replacement of Mg
with Fe was beneficial with enhanced capacity, rate capability, and surface stability. In addition,
it was found that the HEF-Fe showed similar cycle stability without an electrochemically inactive
element. These findings provide valuable insights for the design of high entropy multi-element

fluorides for improved Li-ion battery performance.



1. Introduction

Metal fluorides have been studied as a conversion-type cathode material for Li-ion batteries due
to higher theoretical capacity and potentially lower cost than typical intercalation materials.! For
example, iron fluorides (FeF2, FeF3) can provide higher theoretical capacity (571, 712 mAh/g,
respectively) than conventional cathode materials (e.g. LiCoO2, Li(NiMnCo)O2, and LiFePO4
deliver 140-170 mAh/g).> However, their practical use are limited due to the low round trip
efficiency, large voltage hysteresis and capacity fading during cycling, which are primarily
originated from substantial, irreversible structural re-organization during conversion reaction.>*
To overcome these issues, cation substitution has been suggested to tune electrochemical
properties of metal fluorides. For example, substitution of Fe for Cu in CuF2 was found to be
effective to mitigate deleterious agglomeration/dissolution of Cu ions and allow reversible
Cu?*/Cu® redox reaction with decreased voltage hysteresis.’

Recently, this approach has been expanded to the introduction of high entropy stabilization, in
order to achieve reversible conversion reaction for Li storage. This concept involves stabilization
of a single-phase structure by increasing configurational entropy to overcome enthalpy gain
associated with phase separation.® With optimal elemental selection in consideration of interaction
between incorporated elements, high entropy materials can offer an appealing opportunity of
tailoring material’s properties and performance, so-called “cocktail effect”. Previous work by
Breitung et al. proposed that more reversible conversion reaction could be achieved in a rock-salt
structured Coo.2Cuo.2Nio2Zno2Mgo20 oxide by entropy stabilization.” In this high entropy oxide
(HEO), elementally mixed phases are thermodynamically favored so that cation diffusion kinetics
is expected to be sluggish leading to suppressed agglomeration and enhanced structural

reversibility during conversion reaction as compared to lower configurational entropy materials.®



Furthermore, it was suggested that “spectator” Mg?" ion could play the pivotal role of keeping the
HEO structure intact given that it was inactive in the potential range of interest (> 0.01 V vs.
Li*/Li).%° Following the same concept, high entropy fluorides (HEF), having similar chemical
composition with the above-mentioned HEO, were synthesized'? and investigated as a cathode for
Li-ion batteries, showing better cycling performance as number of cations increased (higher
configurational entropy).!!

Despite proposed benefit with a steady structural frame, the presence of electrochemically and
electrically inactive spectator ions limit improvement in energy density and could impede charge
carrier transport (i.e. electronic conduction), in turn, rate performance.'? In addition, for conversion
reaction where metal cations (e.g. Fe?") are reduced to metals (e.g. Fe”) during discharge, unreacted
cations result in fewer number of components for configurational entropy, resulting in less
favorable structures for entropy stabilization. This work focuses on the role of constituent elements
in HEF during conversion reactions, by comparing the newly synthesized the high entropy metal
fluoride, Co0.2Cu0.2Nio.2Zno.2Feo2F2 (HEF-Fe) and Coo02Cu0.2Nio.2Zno2Mgo.2F2 (HEF-Mg). The
high entropy metal fluoride (HEF-Fe), replaces the spectator Mg ion with an active Fe ion
participant in the conversion reaction. Contrary to the previously proposed benefit from an inactive
component, the HEF-Fe showed comparable cycle stability with the HEF-Mg. More importantly,
the HEF-Fe provided enhanced discharge capacity and better rate capability due to additional
redox ability of Fe (i.e. Fe?* to Fe*") and potentially better charge transport, which were explored
using synchrotron X-ray analysis and density functional theory (DFT) calculation, respectively.
Post-mortem high-resolution transmission electron microscopy (TEM) indicated that steady
decrease in capacity with cycles could be associated with segregation of reduced metal (e.g. Cu

and Zn). These results emphasize the significance of rational selection of metal cations in HEFs



and provide insight for design guideline to develop multi-cations metal fluorides for high

performing Li ion battery cathodes.

2. Experimental

2.1. Materials preparation and electrochemical characterization

The HEF and medium entropy fluoride (MEF) were synthesized by a mechanochemical method
using high-energy ball milling. For the targeted HEF and MEF, equimolar weighted metal fluoride
powders (CoF2, CuFz, NiF2, ZnF>, FeF2, MgF2) were mixed in a mortar first, transferred to a
stainless steel jar with stainless steel balls, and ball-milled for 3 hours using SPEX Mill 3000.
Then, the synthesized powders were mixed with carbon black (C45, Timcal, 20 wt%)'® and
additionally ball-milled for 3 hours to make metal fluoride - carbon nanocomposite.* For
comparison, each individual metal fluoride - carbon nanocomposites were prepared under the same
condition, and the simple mixture of those was prepared by mildly mixing them in an equimolar
ratio in a mortar. Electrodes were prepared by slurry casting method, with the ink consisted of 85
wt% of active material, 5 wt% carbon black and 10 wt% polyvinylidene fluoride (PVDF) in N-
methyl-2-pyrrolidone, on Al foil. The electrode films were dried overnight at 110 °C in a vacuum.

Electrochemical coin cell testing was conducted using the 2032 coin cell configuration. The coin
cells were composed of metal fluoride - carbon nanocomposite cathode, GF/F glass fiber separator
(Whatman), and Li metal anode (MTI corporation). 1.2 M LiPFs in EC/EMC (3:7 weight ratio)
was used as an electrolyte without an additive. All synthesis and coin cell fabrication procedures
were performed in Ar-filled glove box to minimize air/moisture exposure. Battery cycling tests
were performed using a Maccor battery cycler (Maccor) and electrochemical impedance

spectroscopy (EIS) measurements were performed using Biologic VSP-300 potentiostatic device.



For galvanostatic intermittent titration technique (GITT), the current pulse was applied for 1 hour
with a current density of 50 mA/g and the cell was relaxed for 3 hours. This procedure was repeated

between 1.0 V and 4.5 V for initial cycle.

2.2. Materials characterization

X-ray diffraction (XRD) patterns of metal fluoride - carbon nanocomposite powders were
measured using Rigaku Miniflex with CuKa radiation source (1.5406 A). X-ray photoelectron
spectroscopy (XPS) measurement was measured by using a PHI 5000 VersaProbe II System
(Physical Electronics). The spectra were collected using an Al-Ka radiation (hv=1486.6 eV) beam
(100 pm, 25 W), Ar" and electron beam sample neutralization, in fixed analyzer transmission
mode. Peak fitting was processed using Shirley background correction and the Gaussian—
Lorentzian curve synthesis available in MultiPack software. XPS spectra were aligned to the
carbon black component in the Cls spectra at 284.8 eV.

Ex situ synchrotron XRD and pair distribution function (PDF) analyses were carried out at the
11-ID-B beamline in the Advanced Photon Sources (APS), Argonne National Laboratory
(wavelength 0.2115A) using a silicon based area detector. The charged and discharged powder
samples were collected from electrode films at the voltages points of interest, rinsed with dimethyl
carbonate and dried in a vacuum in Ar-filled glove box. For PDF analysis, the samples were
measured in a capillary and data were collected to high values of momentum transfer (10.31 A-1).
Pair distribution function, G(r), was extracted from the data using the PDFGetX2'3, after correcting
for background and Compton scattering. X-ray absorption spectroscopy (XAS) measurements,
including X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine

structure (EXAFS), were performed at the 12BM-B beamline in the APS. Samples were collected



from electrode films for ex-situ measurements. Operando XAS measurements were carried out in
quick-EXAFS mode using the 2032-coin cell which had a Kapton-sealed hole at the center for X-
ray beam penetration. Co, Cu, Ni, Zn, and Fe K-edge XAS spectra were collected in transmission
mode. The XAS data were processed using Athena software packages.'

The microstructures of the metal fluoride nanocomposite powders were characterized using high-
resolution scanning transmission electron microscopy (STEM) and selected-area electron
diffraction (SAED). The powders were mixed with acetonitrile and drop-cast on a mesh grid with
lacey carbon support in a glovebox filled with Ar atmosphere. STEM characterization was
conducted using an aberration-corrected JEOL ARM200CF equipped with a cold field-emission
electron source, operated at 200kV. Imaging and spectroscopic measurements were conducted
with the emission current at 15 pA, an electron probe semi-convergence angle of 24 mrad, as well
as inner and outer detector angles of 68 mrad and 280 mrad for high angle annular dark imaging
(HAADF)."> To conduct nanoscale elemental identification and quantification, the JEOL
ARM200CF is equipped with an Oxford XMX100TLE X-ray windowless silicon drift detector
(SDD) with a 100 mm? detector area for energy dispersive spectroscopy (EDS).!® Electron energy-
loss spectroscopy (EELS) measurements were conducted using a post-columns Gatan Continuum
GIF ER spectrometer, with an electron probe semi-convergence angle of 17.8 mrad and a
collection angle of 53.4 mrad. The elemental compositions of the metal fluoride nanocomposite
powders were first investigated with EDS on a large scale, then further distinguished at higher
spatial resolutions with EELS. Furthermore, the valence states of the cations included in the metal

fluoride powders were analyzed and correlated to the electrochemical process.

2.3. Computation detail



Atomistic configurations for metal fluoride structures were obtained using the Special
Quasirandom Structure (SQS) method!’, as implemented in the Alloy Theoretic Automated
Toolkit (ATAT).'® Concisely, a Monte Carlo-based evolutionary algorithm was used to search for
a periodic atomic structure whose correlations can closely match with the correlation functions of
an ideally mixed solid-solution. The HEF rutile phases were modeled as a 120-atom cell, using
2[100] , 2[010] and 5[001] cell vectors, where [100], [010] and [001] represent the
conventional rutile basis vectors. The BCC metallic phases were modeled as a 90-atom cell, with
3[100] , 3[010] and 5[001] cell vectors, where [100], [010] and [001] represent the
conventional BCC basis vectors (See Figure S1 in the Supporting Information).

All DFT calculations were run as implemented in the Vienna Abinitio Simulation Package
(VASP)" using the projected augmented wave (PAW)?** with the generalized gradient
approximation of Perdew-Burke-Ernzerhof (PBE).?! The Hubbard on-site interactions were
included for Fe (U = 5.3), Cu (U =4), Ni (U = 6.2) and Co (U = 3.32) atoms, with values taken
from the Materials Project.?? The kinetic energy cutoff was set to 500 eV. The Ry length of the
automatic meshing in VASP was set to be 30 A for both the rutile SQS and BCC SQS
structures. The energy convergence criterion of the electronic self-consistency cycle was set to 10
6 eV for all calculations. Ionic relaxation was terminated when the interatomic forces were less
than 102 eV/A. Vibrational frequency calculations for the alloyed phases and phases on the energy
hull were done with stricter tolerance criteria of at least 10" eV for the total energy and 10 eV/A

for interatomic forces. The pymatgen?®® library was used to parse the VASP output data.

3. Result and discussion



3.1. Thermodynamic stability of the HEF materials

The HEF materials were synthesized using primarily mechanical impact energy generated from
high-energy ball milling process, which has been proven to decrease particle size as well as to
form a composite structure with conducting carbon materials, both of which are necessary for
effective battery conversion reaction of metal fluorides.?* In order to predict whether synthesized
HEF materials would be stable at relevant low temperatures, thermodynamic stability of the HEF
materials were investigated on the basis of DFT calculations. First, as shown in Figure 1a, the
energy values above the convex hull (Enu) were computed for four representative atomic
configurations, generated using the SQS method, for each composition. For the HEF-Fe with its
convex hull made of binary fluorides (CoF2, CuFz, NiF2, ZnF2, FeF2), the Enun at T =0 K had a
spread of ~5.6 meV/atom. On the other hand, the convex hull of the HEF-Mg, constructed from
the corresponding binary fluorides (CoF2, CuF2, NiF2, ZnF2, and MgF>), resulted in a spread of
~7.3 meV/atom of the Enun at T = 0 K. To calculate HEF stability at finite temperature, the
configurational entropy contribution (Sconf), originating from mixing equimolar five cations, was
computed with Equation 1.

Scont = —kp Xi=1 piln (p;) (1

where kg is the Boltzmann constant and p; is the probability of mole fraction of the element in
HEF (3;_, p; = 1). The vibrational entropy contribution (Svibi) was also considered because it can
either increase or decrease the stability of newly formed phases® and calculated using Equation 2.
g, OXP ()

Svib,i =
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where i runs over all real vibrational frequencies, E; is the energy of the i"* vibrational mode,
and T is the temperature. Finally, the total Gibbs free energy for HEF formation was calculated
with Equation 3.

G = Epun — TSconf — TSyip 3)

Figure 1b shows the total Gibbs free energies and the entropic corrections to the Enui, computed
and averaged over the SQS configurations for the HEF-Fe and HEF-Mg as a function of
temperature. At 300 K, the thermodynamic stability of the HEF-Fe was improved by 41.6
meV/atom due to its configurational entropy contribution to the free energy. The vibrational
entropy contributions increased non-linearly with temperature, with a contribution of 18.3
meV/atom at 300 K. Total entropic contributions (configurational + vibrational) were as
pronounced as 59.9 meV/atom at 300 K in the case of the HEF-Fe, resulting in the increased
stability of HEF materials and -34.9 meV/atom of the Gibbs free energy of formation at 300 K.
After applying the same values of entropic corrections to HEF-Mg free energy calculations, its
Gibbs free energy of formation is reduced to -52.2 meV/atom at 300 K. Figure 1b also shows that
the mixing temperature, when the free energy becomes zero, can be as low as 143 K and 52.3 K

for the HEF-Fe and HEF-Mg, respectively, indicating their synthesizability.
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Figure 1. Thermodynamic stability of the studied HEFs. (a) the Enun (the energy above the convex
hull) for 4 SQS configurations for the HEF-Fe and HEF-Mg. (b) The total Gibbs free energy and

entropic contributions (configurational and vibrational) to its values.

3.2. Synthesis and characterization of the HEF materials

As predicted by the DFT calculations, both HEF-Fe and HEF-Mg were successfully synthesized
by a mechanochemical method using simple high-energy ball milling. For comparison, a medium
entropy fluoride (MEF), C00.25Cu0.25N10.25Zno.25F2, was also synthesized without containing Fe or
Mg. As shown in Figure 2a, XRD confirmed the single-phase rutile structure (the tetragonal
P42/mnm space group) of the as-synthesized HEF-Fe, HEF-Mg, and MEF without noticeable
impurities or phase separation. The XRD peaks were broadened due to decreased grain size by
mechanical milling and disordered crystal structure with the effect of high mixing entropy (See
Figure S2 in the Supporting Information for change in XRD peaks as a function of milling time).
The lattice parameters of rutile structured HEF-Fe and HEF-Mg were found to be a=b=4.698 A,
c=3.172 A and a=b=4.676 A, ¢=3.127 A, respectively (See Figure S3 in the Supporting

Information for Pawley fitting results), while their average crystallite size was estimated as 239

11



nm and 160 nm, respectively. Increased lattice parameters for the HEF-Fe was consistent with
larger ionic radius of Fe** (78 pm) than Mg?* (72 pm). %

The X-ray absorption spectroscopy analysis was used to investigate atomic local structure and
chemical state of the HEF materials. Figure 2b and c present the extended X-ray absorption fine
structure (EXAFS) in k-space of the as-synthesized HEF-Fe and HEF-Mg, collected for Co, Cu,
Ni, and Zn K-edges, respectively, including Fe K-edge for the former (see Figure S4 in the
Supporting Information for comparison with individual metal fluorides). The short-range
environments for all elements were identical and their local structures were similar to each other,
indicating random cation distribution on average. Moreover, the X-ray absorption near edge
structure (XANES) spectra of all metal components for the HEF-Fe and HEF-Mg were located at
the same energy for the corresponding metal (II) fluoride references with a similar peak shape and
position (see Figure S5 in the Supporting Information for the XANES K-edge spectra). This
indicated that the oxidation state of all cation elements in the as-synthesized HEF-Fe and HEF-Mg
were maintained as 2+ during high-energy ball milling without resulting in segregated phases such
as metal particles or further oxidation.

Scanning transmission electron microscopy (STEM) analysis was performed to examine
crystallographic and morphological properties of the as-synthesized HEF-Fe and HEF-Mg
powders. STEM characterization revealed that the HEFs were polycrystalline nanoparticles with
particle sizes that ranged between 10-100 nm, but can form clusters up to hundreds of nanometers.
The high-resolution STEM (Figure 2d and g) images showed representative clusters of the nano
particles and lattice planes from HEF-Fe and HEF-Mg, respectively. In Figure 2d, d-spacings of
0.27 and 0.24 nm were labeled, corresponding to (101) and (111) planes in the HEF-Fe. In Figure

2g, d-spacings of 0.33 and 0.18 nm were identified, corresponding to (110) and (211) planes in the
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HEF-Mg, respectively. Selected-area electron diffraction (SAED) from representative larger areas
are shown in Figure 2e and h. The diffraction rings were labeled with the corresponding lattice
spacings and confirmed a rutile structure without any crystalline impurities, which was in
accordance with the XRD results. Energy-dispersive X-ray spectroscopy (EDS, Figure 2f and 1)
analysis on these particles showed that all metallic cations and fluorine were homogeneously
distributed in general. However, electron energy loss spectroscopy (EELS) measurement,
providing higher resolution than EDS, revealed that local cation segregation could exist (see Figure
S6 in the Supporting Information). For example, some of as-synthesized HEF-Mg particles had
local aggregation of Mg, while Co-depletion was found in the case of some HEF-Fe particles.
Mechanical impact energy and local heating generated during high-energy ball milling process

may not be sufficient to induce complete mixing through high entropy stabilization.
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Figure 2. Material characterization of high entropy fluorides (HEF). (a) XRD patterns of the HEF-
Fe (green), HEF-Mg (red) and MEF (purple). Rutile FeF2 reference (ICSD Coll. Code 9166) is
provided. Extended X-ray absorption fine structure (EXAFS) of the HEF-Fe (b) and HEF-Mg (c¢),
TEM images (d, g), selected-area electron diffraction (SAED) analysis (e, h), and energy-

dispersive X-ray spectroscopy (EDS) mapping (f, 1) of the HEF-Fe and HEF-Mg, respectively.

3.3. Electrochemical performance of the HEF electrodes
Electrochemical measurements were performed on the HEF materials to evaluate their
electrochemical properties in the presence of multiple redox active elements. Figure 3a shows

galvanostatic discharge-charge voltage profiles of the HEF-Fe, HEF-Mg, and MEF electrodes for
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the initial cycle in a half-cell configuration with a Li-metal counter electrode. Upon discharging,
these electrodes showed smooth voltage plateau up to 200~300 mAh g™! below ~2.3 V, which was
followed by decreasing voltage. Differential capacity analysis (dQ/dV) indicated that these broad
plateaus were composed of closely-located, at least two, redox peaks for the HEFs while clear
separation of peaks were observed for the MEF (see Figure S7 in the Supporting Information). For
initial discharge-charge voltage profiles of constituent single metal fluorides (see Figure S8a and
b in the Supporting Information), voltage plateau values for the HEFs were lower than the
conversion reaction potential of Cu but higher than those of others (Co, Fe, Ni and Zn). On the
other hand, their simple physical mixture showed multi-step voltage plateaus corresponding to
conversion reaction potentials of each single metal fluorides (Figure 3b). For example, in the
mixture, Cu conversion occurred at the beginning of charging around ~3.0 V. This observation
indicated that cooperative redox reaction of atomically mixed multiple cations, located in the same
lattice environment, had significantly impact on electrochemical properties of the HEF and MEF
materials. In fact, this was different from the case of two components, (Cu,Fe)F2, that voltage
plateau at 2.7~2.9 V, attributed to Cu conversion, was clearly observed when [Cu] > 0.5.° Note
that a small fluctuation at ~1.5 V was believed to originate from electrolyte decomposition related
to solid electrolyte interphase (SEI) formation. ¢

Conversion voltage of the HEF-Fe and HEF-Mg was estimated on the basis of DFT calculation
to corroborate the experimental findings with the following conversion reactions:

5(Cog,Cuy,Nig,Zng,Fey,)F, + 10Li S (CoCuNiZnFe)gcc + 10LiF 4-1)

5(CoyCug,Nig,Zng Mg, ,)F, + 8Li S (CoCuNiZn)gcc + MgF, + 8LiF  (4-2)

Here, it is assumed that Mg is not electrochemically active at the voltage regime of this study

(1.0-4.5 V). Multi-cation metal fluorides and defluorinated metallic phases were constructed as
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rutile and body-centered cubic (BCC) phases, respectively. And, the reference states for Li and
LiF were assumed to be metallic BCC and cubic (Fm3m) polymorphs, respectively. The
conversion voltage per electron for the HEF-Fe and HEF-Mg were calculated as 2.502 + 0.004 V
and 2.651 £ 0.005 V, averaged over four values corresponding to four SQS rutile structures,
respectively. These estimated values for conversion voltage were reasonably consistent with the
experimentally obtained ones, given that overpotentials were commonly observed due to
kinetically limited conversion reactions.*

During charging process for the HEF-Fe, HEF-Mg and MEF, in addition to the voltage plateau
at ~3 V, a higher voltage plateau at 3.3~3.5 V was observed(Figure 3a and dQ/dV plots for Figure
S7 in the Supporting Information). The lower voltage plateau is likely attributed to M%/M?**
oxidation of metallic components, while the higher voltage plateau can be associated with Cu
oxidation. Indicating that Cu conversion no longer fully remained in a collective redox reaction
with other cations due to considerable agglomeration during the preceding discharge process. For
the HEF-Fe, the second plateau at ~3.4 V can be also attributed to further oxidation of Fe from 2+
to 3+ state, > 7 which will be discussed more in detail later.

Galvanostatic discharge of the HEF-Fe electrode over 1.0-4.5 V resulted in 599 mAh g! of an
initial discharge capacity, comparable to the theoretical value (544 mAh g!), with ~91% of the
initial Coulombic efficiency (ICE). The HEF-Mg electrode showed lower initial discharge
capacity value (534 mAh g!) due to electrochemically inactive Mg (its theoretical value is 465
mAh g') as well as lower ICE (~85%) than the HEF-Fe. Lastly, the MEF electrode showed 568
mAh g'! of initial discharge capacity (its theoretical value is 538 mAh g™!), similar to the HEF-Fe,
but much lower ICE (~83%). These results indicated that entropy-driven stabilization for

reversible conversion reaction was enhanced by increased in the numbers of cations. This is
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corroborated with better initial battery cyclability of the HEFs, compared to the MEF electrodes
and physical mixture (Figure 3c). After 30 cycles, each fluoride cathode samples delivered a
discharge capacity of 177 mAh/g for the HEF-Fe, 151 mAh/g for the HEF-Mg and 106 mAh/g for
the MEF, whereas the physical mixture and most of the single metal fluorides showed poorer
capacity retention under the same condition (see Figure S8c in the Supporting Information). Here,
interestingly, the HEF-Fe showed similar cycling performance with the HEF-Mg even though the

former didn’t take potential advantage of structural stability due to electrochemically inactive

element as some literatures hypothesized.
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Figure 3. (a) Discharge-charge voltage profiles, (b) comparison with the physically mixed phase,
(c) cycling performance of the HEF-Fe (green), HEF-Mg (red), MEF (purple), and the physically
mixed phase (black) electrodes at current density of 50 mA/g in the voltage range of 1-4.5 V vs
Li/Li". (d) Rate capability of the HEF-Fe and HEF-Mg electrodes. Galvanostatic intermittent
titration technique (GITT) profile and electrochemical impedance spectroscopy (EIS) analysis

during the initial 5 cycles of the HEF-Fe (e, g) and HEF-Mg (f, h), respectively.
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In addition to higher discharge capacity, the HEF-Fe outperformed the HEF-Mg in terms of the
rate capability performance, as shown in Figure 3d. The HEF-Fe delivered higher capacity as the
applied current density increased and after returning to the slow current of 50 mA/g. Another
interesting feature in the HEF-Fe’s improved electrochemical performance was smaller voltage
hysteresis. The voltage hysteresis of the HEF-Fe and HEF-Mg was measured by using
galvanostatic intermittent titration technique (GITT) as shown in Figure 3e and f, respectively. The
average voltage gap between charge and discharge was reduced to 0.63 V for the HEF-Fe,
compared to 0.71 V for the HEF-Mg. This could be related to the more facile electronic conduction
in HEF-Fe than HEF-Mg. As shown in Figure S9, the instantaneous IR drop and diffusion
coefficient were calculated from the GITT results, and the results show that HEF-Fe has lower
resistance and better performance. Based on electronic density of state (DOS) evaluated with DFT
calculation, the HEF-Fe was expected to have a ~2.0 eV of energy bandgap with several defect
states, while the HEF-Mg was found to have a larger ~2.82 eV of bandgap with defect states
centered at ~1 eV above the Fermi level (see Figure S10 and the text in the Supporting
Information). Overall, the DOS data indicated that the HEF-Fe was expected to be more
electronically conducting than the HEF-Mg, suggesting better electrochemical cell performance.

Electrochemical impedance spectroscopy (EIS) was conducted for the HEF-Fe and HEF-Mg
with Li counter electrode in a half-cell system. (Figure 3g and h). Their EIS spectra showed a high-
frequency semicircle, which could be assigned with combination of interfacial resistance due to
SEI layer formation and charge transfer resistance, followed by a sloping straight line indicative
of capacitive nature at low frequency regime. As the cycle number increased, a gradual resistance
increase was observed in the HEF-Mg, which might be attributed to capacity fading. The electrode

surface might be degraded due to electrode-electrolyte side reaction and unstable SEI formation
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(see Figure S11 and the text in the Supporting Information).”® However, the HEF-Fe was more
stable compared to the HEF-Mg during this initial cycling. All these observations suggested that
the electrochemical behavior of multi-cation metal fluorides, was influenced not only by entropy-
driven structural stabilization with numbers of constituent cations, but was also greatly affected by

1ts constituent cations.

3.4. Ex Situ XRD-PDF and TEM analysis on the HEF-Fe electrodes

Synchrotron high energy XRD and PDF analyses were performed to better understand
structural change during Li storage into the HEF-Fe. Figure 4a presents XRD results of the
discharged (orange line) and charged (blue line) HEF-Fe, compared to its pristine state (black line).
The initial rutile structure converted to the body-centered cubic (BCC) metallic structure after
discharged (lithiated), as observed by the new broad reflections centered at ~5.9° increased,
corresponding to the growth of the (110) plane of BCC metallic structure. A diffraction peak (26
= ~6.6°) related to the body-centered cubic (FCC) structure was also observed for the discharged
electrode, which could be related to the aggregation of Cu metal. After subsequent charge, the
reflection of metallic phase reduced, but the peaks related to the initial rutile structure were not
restored at the end of the delithiation process.

As typically observed for conversion materials, nanoscale reaction product with small domain
sizes and highly disordered nature could not be captured in XRD. Therefore, complementary PDF
analysis were performed to detect phase transformation at an atomic scale. As shown in Figure 4b,
for the as-synthesized HEF-Fe, the peak at 2.02 A corresponded to the M-F bonds, while the one
at 3.68 A reflected the M-M bond in a rutile metal fluoride structure.* For the discharged HEF-Fe,

the new peaks at 2.51 A, 2.85 A, and 4.41 A, which could be assigned to the M-M distance in the
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BCC phase, appeared indicating the formation of metal species. Interestingly, after subsequent
charge processes, reappearance of the peak associated with M-F bond was clearly observed, while
the peaks related to the BCC metallic phase showed decrease in intensity (See Figure S12 in the
Supporting Information and rough estimation of the ratio between phases). These observation
indicated that a reversible conversion reaction was achieved in short-range order for the HEF-Fe
electrodes. Consistent with XRD results, the features associated with the metallic phase still
remained, suggesting metal species were not fully re-oxidized during charge process.

Ex situ TEM measurements were also performed to investigate the atomic scale phase transition
of the HEF-Fe electrode during discharging-charging process. As shown in the SAED in Figure
4c, when discharged to 1.0 V, the HEF-Fe exhibited crystallinity, and the SAED images of this
sample (from representative clusters of the powders) showed diffraction rings for d-spacings of
0.21 and 0.15 nm, corresponding to the planes in the BCC metallic phase; LiF is detected with the
diffraction ring at a d-spacing of 0.25 nm, indicating conversion reaction. EELS maps on the
discharged HEF-Fe (Figure 4d) showed homogeneous distribution of metal ions at large. However,
it was also found that some metals like Cu and Zn were locally segregated, which could be
associated with irreversible capacity loss. When charged back to 4.5 V, the spacing in the SAED
rings (Figure 4e) showed both peaks from the pristine HEF-Fe (d-spacing of 0.36 nm) and the
peaks in the charged XRD, indicating reversible formation of crystalline rutile phase and
remaining metal phase during the delithiation process, respectively. Crystallinity can also be
confirmed from direct imaging (Figure 4¢). As shown in the EELS maps of the charged HEF-Fe
(Figure 4f), most of metal cations were still well distributed over cathode particles, while Cu

remained as nanoscale agglomerates (see Figure S13 and the text in the Supporting Information
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for the EELS spectra). These observations were consistent with ones from the above-mentioned

X-ray scattering measurements.
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Figure 4 Ex situ XRD (a) and PDF (b) analysis of the discharged and charged HEF-Fe compared

to its pristine state. Dotted lines and arrows are provided to guide peak location and intensity
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change. TEM images and EELS mapping of the HEF-Fe after 1st discharge (c, d) and charge (e,

f), respectively.

3.5. In situ XAS on the HEF electrodes
In situ, elemental specific XAS measurements were performed on both HEF electrodes in
order to monitor change in valence state and local structural reorganization of metal cations and
thus to gain insight into redox behaviors of multi-cation metal fluoride. Figure 5 summarizes the
HEF-Fe’s XANES and EXAFS results of transition metals (Co, Cu, Ni, Zn, and Fe) K-edges along
with the voltage profile during the first discharge-charge cycle (see the results for the HEF-Mg
electrode at Figure S14 in the Supporting Information).

During discharge (lithiation) from the open circuit voltage to 1 V, the XANES spectra of five
cations in the HEF-Fe (the left panels of Figure 5b-f) clearly show a continuous shift in the
absorption edge to lower energy (metal foil reference region). This indicates that the average
valence states of all cations decreased from 2+ to metallic state (0), confirming the formation of
the metallic phase after lithiation, which was in agreement with the other characterization results.
Appearance of metallic states were also observed by an intensity increase of low energy edge
shoulder at approximately 7712 eV, 8982 eV, 8335 eV, 9659 ¢V and 7115 eV for Co, Cu, Ni, Zn,
and Fe K-edge, respectively, as discharge proceeded. Isosbestic points appeared in all spectra
suggesting a two-phase transition between dissociation of M-F bonds and formation of M-M bonds.
This was corroborated by the Fourier transformation (FT) of the EXAFS analysis (the left panels
of Figure 5g-k). The peak intensity related to the M-F bond decreased while the one for the M-M
bond increased during lithiation. For the HEF-Mg, electrochemically active four cations (Co, Cu,

Ni, and Zn) showed similar redox behavior with the ones in the HEF-Fe.
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A closer look at these XAS measurement results revealed element-specific redox behavior in the
single-step voltage plateau (see Figure S15 in the Supporting Information for charge-dependent
change in oxidation states of each cations determined from a half-height energy position). On
discharge, for both HEF-Fe and HEF-Mg, reduction of Cu was completed earlier, while that of the
other four cations continued until voltage reached to 1 V. Interestingly, conversion reactions of the
other cations (Co, Ni, Fe, and Zn) were activated at higher voltage (~ 2V), compared to ones in
their individual metal fluoride (see Figure S8a). This suggested that multi-cations mixed
environment could create cooperative redox reaction between constituent elements, boosting
reaction kinetics. In fact, in the CuosFeosF2, it was also observed that Cu oxidation occurred
together with Fe oxidation at much lower potential (~1.5 V) than an expected value (>3 V).’

On charge back to 4.5 V, the in situ XAS results revealed element-specific redox behavior during
the reconversion (delithiation) process. As for Co, Ni and Zn (the right panels of Figure 5b,e,f for
the HEF-Fe and Figure S13b,d,e for the HEF-Mg), absorption edges in the XANES spectra show
continuous shift toward higher energy, indicating oxidation of metals back to their original states
(M?"). This reversible conversion reaction was corroborated with the corresponding FT EXAFS
data (the right panels of Figure 5g,j,k for the HEF-Fe and Figure S14f,h,I for the HEF-Mg), which
displayed disappearance of the M-M bond peak with reformation of the M-F bond peak.

On the other hand, the XANES spectra of Cu (the right panel of Figure 5¢ for the HEF-Fe and
Figure S14c for the HEF-Mg) started to show an edge shift toward higher energy only at high
voltage region (>3.5 V) and did not come back to its pristine metal fluoride state, indicating that
its reconversion reaction was not fully reversible. This incomplete oxidation of Cu was supported
by its FT EXAFS data (the right panel of Figure 5h for the HEF-Fe and Figure S14g for the HEF-

Mg) which showed overlap between the M-F bond peak and the remained M-M bond peak. As
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observed in the ex situ TEM results (Figure 4f), these unreacted metallic Cu seemed to be
segregated, forming nanoscale particles in the HEF matrix. Interestingly, partially oxidized Cu was
found to be reversibly reduced during the subsequent lithiation (see Figure S16), which was
contrast to pure CuF2.> Existing M-F rutile-like framework evolved in multi-cations metal
fluorides at lower voltage may facilitate nucleation of Cu-F bond.’ In addition to entropy
stabilization, this reversible Cu redox behavior may contribute to better battery cycling
performance of the HEFs, compared to pure CuF: (see Figure S8c).

Lastly, the additional electrochemically active ion, Fe, in the HEF-Fe presented quite different
redox behavior, compared to other elements. The change in the Fe K-edge XANES spectra (the
right panel of Figure 5d) indicated that Fe oxidation state gradually increased from 0 to 2+ during
the initial stage of charge. Then, further oxidation of Fe** to Fe*" was observed at higher potential,
as absorption edge shifted to higher energies than the one for its pristine state. This was in
agreement with the dQ/dV plot which presented the redox peak at ~3.4V during charge. It was
found that Fe** was reversibly reduced back to Fe” during subsequent lithiation at the second cycle
(See Figure S16). This extra redox capability of Fe in the HEF-Fe compensated for capacity loss
due to partial Cu redox activity, resulting in higher discharge capacity and coulombic efficiency

compared to the HEF-Mg.
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Conclusion

In this work, the high entropy fluoride, Co00.2Cuo.2Nio.2Zno.2Feo2F2 (HEF-Fe), was newly
synthesized by a simple mechanochemical route and compared with Coo.2Cu0.2Ni0.2Zno2Mgo.2F2
(HEF-Mg) to study the role of constituent elements in high entropy material, specifically,
functionality of electrochemically inactive and active cation for battery conversion reaction. While
the HEF-Mg is a widely studied transition metal composition with Mg as a spectator, the HEF-Fe
was designed to contain five active participants for conversion reaction. Both HEFs showed better
battery performance, in terms of discharge capacity and cyclability, than the metal fluoride with
four cations and the simple mixture, confirming that entropy stabilization could facilitate reversible
conversion reaction with lithium. Reversible evolution in crystallinity and structure of the HEF
particles during conversion reaction were verified by high resolution microscopy. Interestingly,
contrary to the proposed advantage with an inactive component to stabilize initial lattice
framework, replacing Mg with Fe resulted in an insignificant impact on battery cycle stability. On
the other hand, the HEF-Fe delivered higher discharge capacity with higher initial coulombic
efficiency than the HEF-Mg. In operando XAS revealed that this improvement was related to
reversible wide redox range of Fe with over-oxidation to Fe**, as compensating the irreversibility
of Cu redox reaction. In addition, this elemental specific technique uncovered that multi-cations
mixed environment in HEF could create cooperative redox reaction between constituent elements
and thus boost reaction kinetics. Moreover, the HEF-Fe showed lower voltage hysteresis and
enhanced rate capability, which could be related to its improved electronic charge transport as the
DFT calculated electronic structures suggested. Lastly, change in impedance with cycles indicated
that electrode-electrolyte interface of the HEF-Fe was more stable. These results highlighted that

rational cation selection for multi-element metal fluorides can pave a way to improve their battery
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performance. Long-term cyclability still remains a challenge, but this rich flexibility in design
space, together with intrinsically high capacity and potential use of Earth abundant elements, can
make entropy-stabilized, conversion-type metal fluorides an appealing electrode candidate for next

generation lithium ion batteries.
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