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al synthesis of novel rutile-type
high entropy fluorides for electrocatalysis†

Parvathy Anitha Sukkurji,‡a Yanyan Cui,‡a Seunghwa Lee,b Kai Wang,a Raheleh Azmi,c

Abhishek Sarkar, ad Sylvio Indris, c Subramshu S. Bhattacharya, e Robert Kruk,a

Horst Hahn, ad Qingsong Wang, *a Miriam Botros *a and Ben Breitung *a

Multicomponent rutile (P42/mnm) structured fluorides, containing 4 to 7 transition metals (Co, Cu, Mg, Ni,

Zn, Mn, and Fe) in equiatomic ratios, were synthesized using a simplemechanochemical approach. The high

entropy fluorides were characterized using different techniques, all of which indicate that the high entropy

fluorides tend to crystallize into a homogeneously mixed solid solution and single-phase structure. These

high entropy fluorides represent an additional class of high entropy ceramics, which have recently attracted

attention especially due to the development of high entropy oxides. With the introduction of these novel

high entropy fluorides, similar interest could be generated due to the variety of different applications for

fluoride materials and the improvements the high entropy concept might bring. Here we present an in-

depth characterization study and the potential application of high entropy fluorides as a catalyst for the

oxygen evolution reaction, in which the high entropy fluorides do show increased performance

compared to a state-of-the-art catalyst for the oxygen evolution reaction, IrO2, despite eliminating

noble metal constituents.
Introduction

In recent years, high entropy materials (HEMs) have gathered
growing interest due to their remarkable and oen unexpected
properties, and a whole class of promising materials for future
applications has been discovered.1,2 The high entropy concept is
based on the idea of utilizing high congurational entropy (or
disorder) to induce manifold interactions between the incorpo-
rated elements, or sometimes even to stabilize the crystal structure
according to the Gibbs–Helmholtz equation.3 Additionally, these
materials offer great versatility and the possibility of tailoring the
properties, since with the exchange of one single element, or with
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a varied stoichiometry, the complete inter-elemental interactions
and therefore the properties, can be changed. The origin of HEMs
is based on the well-known high entropy alloys (HEAs), which
consist of a solid solution of a large number of metals.4,5 Similarly,
this concept of using high congurational entropy to achieve
desired properties (controversial discussion if many high entropy
materials are really entropy-stabilized or “just” showing high
congurational entropy is ongoing) can be applied to ceramic
compounds, wherein multiple cations or anions are occupying the
same sublattice, thereby giving rise to congurational entropy.6,7 In
2015 Rost et al. reported entropy stabilized oxides ((CoCuMgNiZn)
O) as a special group of high entropy ceramics, which resulted in
a boost of related activities.8 This material crystallizes into a rock-
salt structure and shows a reversible mixing/demixing behavior
upon heating and cooling, respectively, which indicates entropy
stabilization. Following this, Bérardan et al. examined the elec-
trical properties of (CoCuMgNiZn)O and investigated the effect of
dopants such as Li+, In3+, Ga3+, and Ti4+.9 Additionally, co-doping
with Li+ and Ga3+ led to phase pure solid solutions
(CoCuMgNiZn)1�2xLixGaxO.10 Numerous reports detail such
ceramic compounds, including silicides,11 borides,12 nitrides,13

carbides,14 etc. These materials exhibit a wide range of applica-
tions, including thermoelectric, dielectric, and optic
applications.15–17

One important materials class in materials science is metal
uorides due to their special properties and manifold applica-
tions. Inorganic metal uorides nd applications in catalysis, as
cathode active materials for battery cells, in superconducting
This journal is © The Royal Society of Chemistry 2021
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devices, as corrosion protection materials etc.18–21 Non-binary
compounds, like Co doped MgF2, can show additional proper-
ties, for example in the mentioned case, the modication of
surface acidity properties whilst maintaining the rutile phase.22

Ternary metal uorides for instance, AgCuF3,23 CuxFe1�xF2 or
Li3MF6 (M ¼ V, Cr, Mn, Co, Fe) demonstrate reversible
conversion reactions with Li-ions,24–26 rendering them potential
energy storage materials. It is also found that multi-element
incorporation described by the high entropy concept is bene-
cial for electrochemical storage in sodium ion batteries (SIB).27

This includes well-designed open framework strategies and
doping with conversion type materials28 such as ReO3-type FeF3
(ref. 29 and 30) yielding high performance SIB cathodes.

Taken together, the transfer of the high entropy concept to
transition metal uorides in general, seems to be a promising
approach for novel catalytic and electrochemical applica-
tions.31,32 First reports on rare-earth-based uorite and perov-
skite structured high entropy uorides and rock-salt structured
oxyuorides have shown promising properties for energy
storage, and optical and catalytic properties.6,16,18 Wang et al.
reported that the existence of weak bonds between transition
metal (TM)-uoride species, intrinsic structural defects and
distortion of the HEM lattice due to different TM constituents
can provide enhanced oxygen evolution reaction (OER)
activity.18 Due to their special electronic conguration and
surface complexity, HEMs are in general expected to provide
desirable electrocatalytic properties.33,34

In the present work, we detail the synthesis and in-depth
characterization of multi-cation (with 4 to 7 cations) composed
rutile (P42/mnm) structured medium- (4 cations) and high-entropy
(5–7 cations) uorides (MEF and HEFs, respectively). Considering
a solid solution state, the congurational entropy for a 7-cation
containing compound can be calculated to be 1.95R (based on eqn
(S1), where R is the universal gas constant). These compounds
were synthesized using a straightforward and scalable mechano-
chemical milling process, therefore avoiding more complex
synthesis procedures as reported in previous publications on
HEFs.18 The characterization of the HEFs is demonstrated to
support the assumption of a solid solution structure of the
compounds, which is imperative for conrming the high cong-
urational entropy. By using various measurement techniques,
stretching of M–F bonds at the surface of the nanocrystalline
particles was detected, resulting in different chemical environ-
ments, as similarly described for nanosized FeF2 particles by
Ramasamy et al.35 Additionally, the compounds were tested with
respect to their electrocatalytic performance for the OER. It could
be shown that the Tafel slope was the lowest for all reported high
entropy ceramics, including IrO2, which was taken as a state-of-
the-art reference material. Additionally, the overpotential was
decreased, despite the exclusion of noble metal elements. These
results show the promising catalytic features of these easily
synthesized high entropy uorides.

Results and discussion

In this work, a novel class of high entropy materials, rutile
structured high entropy uorides (HEFs) are presented. Namely
This journal is © The Royal Society of Chemistry 2021
(CuNiFeZn)F2, (CuNiFeCoZn)F2, (CuNiFeCoMn)F2, (CuNiFe-
CoZnMn)F2 and (CuNiFeCoZnMnMg)F2 are synthesized and
characterized, hereinaer labeled MEF4, HEF5_Zn, HEF5_Mn,
HEF6, and HEF7, respectively, based on the number of incor-
porated cations. Congurational entropy calculations are per-
formed and shown in Table S1† and the entropy value ranges
from 1.39R for the 4-cation system to amaximum of 1.95R in the
case of the 7-cation system. Materials crystallizing in a rutile
structure, lie in the tetragonal P42/mnm space group. The rutile
structure (Fig. 1a) is composed of cations, which are coordi-
nated by anions in a distorted octahedral symmetry. The MF6
octahedra share two opposing edges with the adjacent octa-
hedra and therefore form a chain-like structure. These chains
are connected to each other by the corners of the octahedra. The
rutile structure is commonly known for oxide and uoride
compounds, e.g. TiO2, FeF2, ZnF2, etc. The respective cations for
the MF2 HEFs (M ¼ Co, Cu, Mg, Ni, Zn, Mn, Fe) are selected by
adhering to the Hume–Rothery and Pauling's rules, which
propose similarity in ionic radii, coordination numbers and
crystal structures to successfully achieve a solid solution.36

Table S2† presents the space group and lattice constant values
of the starting binary uorides utilized as precursors for this
study. A similar range of lattice constant values is exhibited by
all binary uorides. ZnF2 (a¼ b¼ 0.4705 nm and c¼ 0.3134 nm,
as given by ICSD #9169) was used as the reference for rening
the X-ray diffraction (XRD) patterns of the MEF and HEFs. Table
S3† presents the structural parameters of all samples obtained
from Rietveld analysis. For more understanding of the phase
purity of the materials, log(I) vs. 2q plots are given in Fig. S1.†
Fig. 1b indicates that all high entropy materials show a single-
phase rutile structure and the Miller indices hkl are labeled at
the top diffractogram of HEF7, while a minor unidentiable
impurity phase is present in the medium entropy system MEF4.
A representative Rietveld renement result of the most complex
HEF7 is presented in Fig. 1c. The single phase rutile structure is
conrmed with lattice parameters values, a ¼ b ¼ 0.47134(0)
nm, c ¼ 0.31725(9) nm and an average crystallite size of 8.7(5)
nm.37,38 Since slightly different sized ions are incorporated into
one lattice, the shi of the (110) reection can be expected. In
MEF4 an average metal ion radius of 0.88 Å is calculated based
on the assumption of equimolar proportions of the metal ions
and the ionic radius values given by Shannon et al.; further
details about the average metal ion radius of MEF4 and calcu-
lation can be found in the ESI.†39 Additionally, the high-spin
conguration of the metal ions (where applicable) was
assumed, since F� as a ligand leads to only a small splitting
(weak ligand in the spectrochemical series for octahedrally
coordinated ions) of the d-orbitals into t2g and eg states, there-
fore favoring high-spin conguration of the ions. For MEF4, the
average metal ion radius is 0.88 Å, and adding another metal
ion such as Co2+ which also has a similar ionic radius of 0.88 Å
resulted in no signicant shis in the XRD patterns. Replacing
Zn2+ (radius 0.89 Å) with Mn2+ (HEF5_Mn, radius Mn2+ 0.96 Å)
leads to smaller lattice parameters, despite the larger cationic
radius. The incorporation of both Zn2+ and Mn2+ seems to
widen the unit cell in HEF6 compared to that in the HEF5
compounds. Identifying the reason for these lattice changes
J. Mater. Chem. A, 2021, 9, 8998–9009 | 8999
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Fig. 1 (a) Representative structural model of pristine HEF7 nanoparticles. The colored balls correspond to the positions of the different metals;
the orange balls correspond to F (b) XRD patterns of MEF and HEF samples containing 4, 5, 6 and 7 cations. (c) Rietveld refinement of the XRD
pattern of HEF7 confirming its phase purity.

Fig. 2 (a) TEM micrograph of HEF7 and the inset shows the corre-
sponding SAED pattern. These SAED indices comply with ZnF2 (P42/
mnm, 136) (b) HR-TEM image showing lattice planes (with the inset
depicting a magnified area) with a d-spacing value corresponding to
the (110) plane.
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still requires further investigation. Adding slightly smaller Mg2+

(HEF7, radius Mg2+ 0.86 Å) reduces the size of the unit cell
again.

Transmission electron microscopy (TEM) analysis was
carried out using HEF7 as an example, since it contains the
highest number of different cations. The morphology of the as-
synthesized HEF7 indicated very ne polycrystalline nano-
particles with crystallite sizes around 10 nm. This is in accor-
dance with the Rietveld results. The sizes of the particles,
composed of many crystallites, range up to hundreds of nm
(Fig. 2a). The inset in Fig. 2a shows the results of selected-area
electron diffraction (SAED) carried out on a small area at the
edge of a HEF7 nanoparticle. The nanoparticles possess high
crystallinity with a rutile-structure and the SAED annular
pattern conrms that the material is obtained without any
secondary phases or impurities. Fig. 2b illustrates a high-reso-
lution TEM micrograph of the lattice planes from HEF7, with
a d-spacing corresponding to the 110 planes (as conrmed from
the XRD pattern).

Fig. 3 shows the results from energy-dispersive X-ray spec-
troscopy (EDS) analysis of the HEF7 nanopowders. The
mapping indicates a solid solution with all 7 metallic cations
and uorine being homogeneously distributed at the nano-
meter level. From the homogeneous elemental distribution in
EDS mapping, the TEM and the XRD results, it is assumed that
the synthesized powders were single-phase solid solution
9000 | J. Mater. Chem. A, 2021, 9, 8998–9009
materials. The stoichiometries of all the HEF based compounds
with chemical formula MF2 were calculated based on ICP-OES
results (Fig. S2†). The elemental mapping spectrum of HEF7
showing the uniform distribution of the metals is given in
Fig. S3.†

In order to further conrm the solid solution state of HEF7,
57Fe Mössbauer Spectroscopy (MS) investigation was carried out
to identify the chemical environment and the oxidation state of
Fe in HEF7. Fig. 4 shows the Mössbauer spectrum of HEF7. The
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 STEM-based elemental maps of HEF7, showing a homogeneous distribution.

Fig. 4 Mössbauer spectra of pristine HEF7 nanoparticles showing two
different oxidation states and two different chemical environments.
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spectrum was tted using two quadrupole doublet subspectra,
both corresponding to Fe2+ environments (doublet I and II) with
nearly identical isomer shis (IS, I¼ 1.34 mm s�1, II¼ 1.30 mm
s�1) but distinct quadrupole splits (QS, I ¼ 2.67 mm s�1, II ¼
1.96 mm s�1). In addition, a small fraction of Fe3+ was evident
(IS ¼ 0.40 mm s�1, QS ¼ 0.48 mm s�1). The quantication,
based on the relative area fraction, yielded the values of Fe3+,
Fe2+ (doublet I) and Fe2+ (doublet II) as 19%, 50% and 31%,
respectively. However, this result is in contrast to the other
obtained results from SAED, XRD, TEM mapping and NMR,
since it suggests a different chemical environment and even
a mixed-valence state of the incorporated Fe. Nevertheless, this
contrasting behavior is coherent with the conclusions drawn
from the Mössbauer studies of FeF2 nanoparticles, reported by
Ramasamy S. et al. They reported a similar nding, wherein MS
This journal is © The Royal Society of Chemistry 2021
peak splitting arose from local defects due to a large amount of
grain boundaries.35 Additionally, they referred to a slightly
different Fe–F bond stretching at the surface (due to minor
topological hydration), which could lead to a different chemical
environment and therefore requires different tting parameters
from bulk FeF2. Hence, we presume that the origin of broad-
ening in the MS spectrum of HEF7 might be due to the vast
amount of local defects and grain boundaries formed during
the ball milling procedure.40

To elucidate the presence of Fe2+/3+ at the surface of the
particles, electron energy loss spectroscopy (EELS) mapping was
performed on the particle edges to identify the oxidation states
of Fe, Co, Ni, Cu and Mn. Zn and Mg were assumed to be in the
2+ oxidation state. The sample was transported to a vacuum
transfer TEM holder to exclude oxidation. Fig. 5 shows the EELS
investigation results of HEF7 with ve different areas on the
edges of different particles being measured. Co, Cu, and Ni
could only be found in the 2+ state and did not show any
indications that point towards a mixture of different valence
states. Fig. 5a shows the L3 and L2 edges of Mn, exhibiting
a maximum peak shi between the different areas of about 0.6
eV. The L3/L2 ratio shows some minor differences between the
areas, but the ratios for Mn3+ and Mn4+ would be much lower,
so Mn in the 3+ and 4+ states can be excluded (see Fig. S2a†).
Therefore, the Mn state in all the areas is measured to be
around 2+. The Fe L3 and L2 edge positions are displayed in
Fig. 5b. Two different L3 edges are detected, which can be
indexed to Fe2+ and Fe3+ as indicated by Mössbauer spectros-
copy results (more details in Fig. S2b†). Different measured
areas show different valence states, which implies that an
inhomogeneous change in the oxidation state takes place. We
attribute this to the local defects resulting from ball-milling, as
explained in the Mössbauer section of this article. Fig. 5c shows
one of themeasured areas and an EELSmapping, depicting that
Fe2+ and Fe3+ appear mixed, and not separated into areas with
J. Mater. Chem. A, 2021, 9, 8998–9009 | 9001
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Fig. 5 Valence state characterization of HEF7. EELS spectra of the (a) Mn L2,3 edge and (b) Fe L2,3 edge; (c) EELS mapping results on the marked
area denoting the presence of Fe2+ (red) and Fe3+ (blue).
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only Fe2+ or Fe3+. However, it should be noted that no secondary
phases were observed, either from XRD or HR-TEM, which
indicates that these differences in the charge states are intrinsic
features of single phase HEF7.

Further, the surface chemical state of the HEF7 sample was
probed with X-ray photoelectron spectroscopy (XPS). The rele-
vant spectra of the constituent elements are shown in Fig. 6 and
the corresponding reference spectra in Fig. S5–S13.† The survey
spectrum showing the overview of constituents in HEF7
(binding energy range of 0–1350 eV) is given in Fig. S14.†

In the Zn 2p spectrum (Fig. 6a), a single doublet with the 2p3/
2 component at 1023.1 eV binding energy and a full width at half
maximum (FWHM) intensity of 2.3 eV is observed. As deter-
mining the Zn oxidation state purely from the Zn 2p peak is
difficult, the Zn LMM Auger line is also considered (see Fig. 6d).
The Zn LMM Auger line is observed at a kinetic energy of 985.4
eV and thus Zn can be assigned to the Zn2+ state.41 This agrees
with our measurements on pure ZnF2 (see Fig. S5†) as a refer-
ence that shows similar values as Zn 2p3/2 is identied at 1022.9
eV with a FWHM intensity of 1.9 eV and a Zn LMM line at 985.2
9002 | J. Mater. Chem. A, 2021, 9, 8998–9009
eV. In the Cu 2p region (Fig. 6b), Cu ions in HEF7 show very
interesting spectra with 2 main peaks at 933.4 and 937.3 eV. The
peak at 937.3 eV with a FWHM intensity of 3.5 eV is analogous to
Cu 2p3/2 of pure CuF2 measurements shown in Fig. S6.† Addi-
tionally, satellites of the Cu2+ state appear at 942.0–945 eV in the
spectrum. However, the additional peak at 933.4 eV (FWHM: 2.3
eV) in the Cu 2p3/2 spectrum of HEF7 could be attributed to
a reduced state of Cu ions or possibly the CuO or Cu(OH)2
state.42 According to this peak assignment, the majority of Cu
ions at the surface of HEF7 (64% of total Cu ions) are attributed
to Cu2+.42 As shown in Fig. 6c, the Mg 1s peak in the HEF7
sample is successfully assigned to Mg2+ ions in Mg–F bonding
at 1305.4 eV with a FWHM intensity of 2.5 eV (ref. 43 and 44)
(pure MgF2 XPS spectrum is given in Fig. S7†). The Co 2p
spectrum (Fig. 6e) of HEF7 shows one doublet with a multiplet
structure and a characteristic satellite. The main peak position
at 783 eV as well as the satellites at 6.3 eV higher than the main
peak indicates that the Co ions in HEF7 appear as Co2+ in a Co–
F bonding situation. Additionally, the tting parameters of
HEF7match with those of pure CoF2 as presented in Fig. S8.† To
This journal is © The Royal Society of Chemistry 2021
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Fig. 6 XPS spectra of (a) Zn 2p, (b) Cu 2p, (c) Mg 1s (d) Zn Auger LMM kinetic energy spectra, (e) Co 2p, (f) Mn 2p, (g) F 1s, (h) Ni 2p and (i) Fe 2p of
HEF7 nanoparticles.
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interpret the Ni 2p3/2 spectrum (Fig. 6h) in HEF7, it is compared
to the Ni 2p3/2 spectrum of the pure NiF2 powder sample. The
overlap of the Ni LMM and Fe LMM line in the Co 2p spectra is
ignored, because of the low intensity of the Auger peaks. The
peak overlay in Fig. S9† shows a similar binding energy and
FWHM intensity of the main peak. Therefore, the Ni 2p3/2
spectrum of HEF7 was tted with the multiplet parameters of Ni
2p3/2 in NiF2 and can be attributed to the Ni2+ state. However
with this method the existence of a minor contribution of Ni3+

ions cannot be fully excluded, since the binding energies of Ni2+

and Ni3+ ions are very close to each other, at least in oxide
samples.45–49 In the peak tting of the Ni spectrum, overlapping
F KLL, Mn LMM, and Fe 2s peaks are taken into consideration.
The majority of F ions (Fig. 6g) at 685.4 eV with a FWHM of 2 eV
are attributed to the F ions in the crystal structure and have
a binding energy similar to that of binary uorides (shown in
Fig. S5–S12†).The low-intensity peak at 686.7 eV might probably
occur through the ball milling process by forming C–F
contaminations on the surface.50 In the Mn 2p spectra (Fig. 6f),
a broad doublet can be observed. The Mn 2p3/2 peak can be
tted with two sets of multiplets and including the overlapping
Ni LMM Auger peaks that indicates approximately 60% Mn3+

and 40% Mn2+ on the surface of HEF7. The multiplet sets of
Mn2+ and Mn3+ are taken from the MnF2 and MnF3 reference
measurements shown in Fig. S10 and S11,† respectively.
This journal is © The Royal Society of Chemistry 2021
Identication of the chemical state of Fe ions in HEF7 using
XPS is challenging. In HEF7, the Fe 2p (Fig. 6i) overlaps with low
intensity F plasmons and the Co LMM Auger line. Both aspects
increase the background intensity and hamper reliable peak
and background positioning. Furthermore, the overlapping Co
Auger line hinders direct comparison to the FeF2 reference.
Therefore, oxidation state analysis of the Fe ions in HEF7 from
XPS was not possible. In summary, XPS conrms that Mg, Zn,
and Co ions are present in the 2+ state, even at the outermost
surface of the HEF particles. For Cu and Mn, mixed valence
states were found at the surface, including around 64% of Cu
ions and 40% of Mn ions in the 2+ state. Also, the majority of Ni
ions can be considered as Ni2+. The Fe oxidation state could not
be analyzed from XPS because of intense peak overlap. We
assume that the discrepancy between XPS and EELS results
regarding the oxidation state of Cu and Mn is surface related,
since EELS pertains to the bulk material while XPS only to the
surface. This indicates that a different surface state compared to
the bulk material is apparent, was as well indicated by MS
measurements and most probably an effect of the ball milling
procedure.

Finally, to analyze the anionic site and to identify the pres-
ence of F� in the complex crystal structure, solid-state nuclear
magnetic resonance (NMR) spectroscopy was carried out on
pristine HEF7 and MEF4 nanoparticles. Exact probing of
J. Mater. Chem. A, 2021, 9, 8998–9009 | 9003
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uorine, which is a direct neighbor of the transition metal
elements, is quite challenging due to oen unpaired electronic
spins. Among the starting binary uorides (precursors
described in detail in the Experimental section) MgF2, ZnF2,
and NiF2 illustrated clear resonance peaks in the NMR spectra
(refer Fig. S15†). Other binary uorides, exhibited no signals as
the unpaired electronic spin density at the F� sites leads to
strong line broadening and very fast nuclear spin relaxation as
F� sites are bound directly to paramagnetic ions.51–54 Fig. 7
shows the F-NMR spectra of 4- and 7-element containing uo-
ride powders (MEF4 and HEF7). It should be noted that the
overall intensity for both samples is extremely small, compared
to the spectra of the binary samples (Fig. S15†), since all
contributions are strongly broadened. MEF4, (CuNiFeZn)F2,
still shows some residual peaks in the region between 0 and
�400 ppm, which might hint at some residual clustering of
some of the metals (comparable data of the NMR data of binary
uorides can be found in Fig. S15†). For HEF7, (CuNiFe-
CoZnMnMg)F2, no signals appear anymore, indicating that the
electronic situation present in pure MgF2, ZnF2, NiF2 and MEF4
has changed in HEF7 materials and the relaxation time is much
lower. This is noteworthy, since cations of binary uorides
showing a signal in 19F-MAS-NMR and of those not showing
a signal are mixed with similar ratios in MEF4 (2 : 2) and HEF7
(3 : 4), respectively. Whether this is a direct result of the high
entropy, cannot be conrmed with certainty from the data
available here.

To probe the HEF7 activity for the OER, linear sweep vol-
tammetry (LSV) experiments were performed. For comparison,
IrO2, a benchmark material for the OER, was also measured.
Fig. 8a exhibits the LSV curves of HEF7 and IrO2 recorded at
a scan rate of 5 mV s�1 in 1 M KOH. HEF7 shows superior
activity, reaching 10 mA cm�2 at an overpotential of 292 mV, to
IrO2, which required a higher overpotential (340 mV) for the
same current density. The lower Tafel slope, 39 mV dec�1, was
obtained for HEF compared to 45.2 mV dec�1 for IrO2,
Fig. 7 19F-MAS-NMR spectra of MEF4 and HEF7. Due to the high
degree of cation mixing, peak-absence is noted in HEF7.

9004 | J. Mater. Chem. A, 2021, 9, 8998–9009
suggesting a faster kinetic charge transfer (Fig. 8b). Electro-
chemical impedance spectroscopy (EIS) was employed to
further analyze the interfacial charge transfer processes at
increasing potential from 1.25 V to 1.70 V with an interval of
0.05 V (Fig. 8c) and (Fig. S16†). In order to gain further insight
into EIS, the data were tted using the equivalent circuit shown
in the inset of Fig. 8c, using the Zview soware (Scribner
Associates, Southern Pines, NC). The tting data are added as
solid lines and data as dots. In this potential range, mass
transfer is not a limiting factor, as no Warburg behavior was
observed. According to the Nyquist plots at 1.55 V (Fig. 8c),
while HEF7 had a charge transfer resistance (Rct) of 6.305 U, the
IrO2 had an approximately 2-fold higher Rct value, 12.143 U. The
EIS data indicate that the superior OER activity of HEF7 to IrO2

is correlated with the faster charge transfer, which is well
matched with the Tafel measurements. To avoid the artifacts
from gas evolution during the electrolysis reaction, a voltage
range of 1.3 V to 1.55 V for the EIS measurements was adopted.
The deviation in the lower frequency region might be caused
due to bubble formation during electrolysis as reported.55,56

Fig. 8d and S17† show the double-layer capacitances (Cdl) values
of the two samples. The Cdl value of HEF7 turned out to be
approximately 4 times smaller than that of IrO2, implying that
the higher activity of HEF7 is not arising from the electro-
chemical surface areas (ECSA) of the sample. Thus, if averaged
by the ECSA, the resulting difference in activity, i.e., current
density, between the catalysts would be even larger than that
based on the geometric area of the electrodes (Fig. 8a). Given
that such metrics have been commonly employed for bench-
marking, Fig. 8e indicates that HEF7 is highly competitive with
other high entropy derivative catalysts (such as HEO, HEPF, and
HE-MOFs) recently reported for the OER, involving the lowest
Tafel slope and second lowest overpotential to deliver current
density.18,57,58 In comparison with reported catalytic activities of
the binary uorides such as CoF2,59 FeF2 (ref. 60) and NiF2,61

HEF7 was found to have improved performance for the OER,
which is a strong indication of the benets arising from the
high entropy concept. With the implementation of the high
entropy concept, it is possible to incorporate many different
elements into a single-phase structure, thereby enabling various
catalytic centers in a single compound. The unique catalytic
activities of HEM emerge from the complex interaction between
different elements in a single-phase solid solution. Compared
with single metal catalysts, HEF provides a platform of syner-
getic effects of highly dispersed active sites, abundant uorine
sites and diffusion channels.58,62,63 Hence improved OER
kinetics may arise due to low charge transfer resistance, the low
polarization resistance values and lower Tafel slopes. In addi-
tion, uorine possessing the highest electronegativity is ideal
for achieving enhanced electrocatalytic activity.

In order to evaluate the stability of the catalysts, accelerated
degradation tests (ADT) were conducted by scanning the
potential between 1.4 V and 1.65 V for 3000 cycles at a scan rate
of 50 mV s�1 in 1 M KOH. Fig. 9a exhibits the polarization
curves of HEF and IrO2 before and aer the ADT. The catalytic
activity of HEF aer ADT remained nearly identical to the initial
activity before ADT, indicating good catalytic stability
This journal is © The Royal Society of Chemistry 2021
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Fig. 8 (a) Linear sweep voltammetry (LSV) curves, (b) Tafel plots of HEF7 (red solid line) and IrO2 (grey dashed line) in 1 M KOH, (c) Nyquist plots of
HEF7 (red circle) and IrO2 (grey square) recorded at potentials of 1.45 V, 1.50 V and 1.55 V, (d) double layer capacitances (Cdl) of HEF and IrO2, (e)
the equivalent circuit used for EIS data fitting and (f) Comparison of the Tafel slopes and overpotentials required at a current density of 10 mA
cm�2 among the catalysts in this work and other high entropy derivatives. (HEPF: high entropy perovskite fluoride, HEO: high entropy oxide, HE-
MOF: high entropy metal organic framework).
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comparable to IrO2. Furthermore, chronopotentiometry
measurements were performed to assess the long-term perfor-
mance at 10 and 50 mA cm�2 for 6 h, respectively (Fig. 9b).
During 12 h of electrolysis in total, for HEF, no signicant
increase in the corresponding potentials was observed, staying
at lower potentials than IrO2 (Fig. 9b). The XRD patterns of
HEF7 were recorded prior to the chronopotentiometry experi-
ment which lasted for 12 h and then compared with the ones
This journal is © The Royal Society of Chemistry 2021
measured again aerwards. As shown in Fig. S18,† the two
diffractograms had no detectable difference despite the long-
time test, which is in good agreement with the robust catalytic
performance. According to the XRD patterns acquired aer the
long term cycling process, prominent peaks of the rutile phase
indicate that the structure is well maintained aer the long
electrolysis process.
J. Mater. Chem. A, 2021, 9, 8998–9009 | 9005
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Fig. 9 Electrochemical stability tests (a) LSV curves of HEF and IrO2 before and after accelerated degradation tests (ADT) (b) chro-
nopotentiometry measurements of the OER at 10 and 50 mA cm�2 for 6 h respectively using HEF (red) and IrO2 (grey).
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Due to the small crystallite size and the preparation of the
electrode, it would be very difficult to detect changes using XRD.
Further investigation aer cycling might be out of the scope of
this study.

Conclusions

In summary, this report shows the preparation, characteriza-
tion and promising application of novel rutile-type high entropy
uorides. A successful low-cost synthesis route could be shown,
which details the preparation of multi-cationic high entropy
uorides by a simple mechanochemical process. This method
evades the need for a high-temperature preparation and
quenching process. Based on the combined investigations from
XRD, ICP-OES, TEM, NMR and EDX-EELS studies, it is shown
that all pristine HEF samples crystallized in a phase-pure rutile
structure with the presence of agglomerated ne nanoparticles.
The identication of the local structure of the HEF compounds
was probed by F-NMR and XPS. The local structural disorder of
the HEF compounds arose presumably due to the synthesis
process and the resulting variation in the oxidation states of Fe
was detected utilizing Mössbauer spectroscopy. Finally, the
OER activity of tailored HEF was validated for electrocatalytic
applications and HEF exhibited a lower overpotential and Tafel
slope in comparison to reference commercial IrO2. As reported
for high entropy oxides, multi-cation substitution in HEF
materials may as well provide an interesting path for tailoring
the electrochemical properties of conversion electrodes for
energy storage applications.
Experimental section
Synthesis methodology

Commercially available analytical grade transition metal
diuorides with purity >99% (such as MnF2, FeF2, CoF2, NiF2,
CuF2, ZnF2, and MgF2; Alfa Aesar) were used for this work. All
the chemicals were used for the synthesis without any further
purication steps. These HEF materials were prepared by a dry
long-term high energy milling process carried out at 500 rpm for
48 h in aWC jar (WC ball to powder weight ratio as 20 : 1). Using
this route, HEF samples containing equimolar ratios of 4, 5, 6
9006 | J. Mater. Chem. A, 2021, 9, 8998–9009
and 7 elements were produced. All samples were prepared in an
Ar atmosphere (H2O < 0.5 ppm, O2 < 0.5 ppm).
Characterization methodology

All the pristine HEF samples were characterized with powder X-
ray diffraction (XRD) patterns collected in the range from 10� to
90� (2q) on a Bruker D8 diffractometer with Cu Ka radiation (l¼
1.54 Å) equipped with a LYNEXE detector. A step size of 0.02�

and 4 s time per step at 30 kV and 40 mA was used. Rietveld
renements were performed by using the TOPAS soware
(TOPAS 5, Bruker) to identify the phase composition and lattice
parameters. LaB6 (NIST 660a) was used as the referencematerial
to determine the instrumental intensity distribution for the
renement of XRD data. The structural model for pristine HEF7
was created using 3D visualization soware, VESTA (visualiza-
tion for electronic and structural analysis). The elemental
analysis of all HEF powders was performed by inductively
coupled plasma optical emission spectroscopy (ICP-OES) (iCAP
7600DUO from Thermo Fisher Scientic). About 5–10 mg of the
samples (weighing accuracy �0.05 mg) were dissolved in 6 mL
hydrochloric acid and 2 mL nitric acid at 353 K for four hours in
a graphite oven. The analysis of the elements was accomplished
with four different calibration solutions and an internal stan-
dard (Sc). The range of the calibration solutions did not exceed
a decade. Two or three wavelengths of each element have been
used for calculations. The amount of uorine was estimated
using an ion-selective electrode (perfectION, Mettler Toledo).
The obtained residue was diluted and pH was leveled between 5
and 8 using both 5 M NaOH solution and TISAB (total ionic
strength adjustment buffer) solution. The concentration of
uorine was found by the method of standard addition. TEM
studies (SAED, HR-TEM, EDX and EELS) were conducted using
an FEI Titan 80–300 microscope, with a CEOS image spherical
aberration corrector, a HAADF-STEM detector (Fischione model
3000), an EDX detector and a Tridiem Gatan image lter. An
accelerating voltage of 300 kV was used for imaging. Elemental
maps were constructed using EDS. Micrograph measurements
were conducted on the as-synthesized HEF nanoparticles
(without air exposure) dispersed on a holey carbon-coated gold
grid inside an Ar lled glovebox. Since the uoride-based
This journal is © The Royal Society of Chemistry 2021
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cathode materials are prone to being beam sensitive, low
voltage imaging was necessary under certain imaging condi-
tions. Room temperature 19F-MAS-NMR (magic-angle spinning)
data were acquired with a Bruker 200 MHz spectrometer at
a eld of 4.7 T, corresponding to a Larmor frequency of 188.3
MHz. Spinning was performed at 25 kHz in 2.5 mm rotors; NMR
spectra were acquired with a Hahn-Echo experiment (p/2 pulse
of 0.5 ms duration). Liquid CFCl3 was used as the reference for
the chemical shi calibration. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a K-Alpha+ instrument
(Thermo Fisher Scientic) with a monochromatic Al-Ka X-ray
source (1486.6 eV) and 400 mm spot size. A 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
Thermo Avantage soware.64,65 The spectra were tted with one
or more Voigt proles. The binding energies are reported with
respect to the C 1s peak of hydrocarbons at 285.0 eV. The
analyzer transmission function, Scoeld sensitivity factors65

and effective attenuation lengths (EALs) for photoelectrons were
applied for quantication. EALs were calculated using the
standard TPP-2M formalism.66 57Fe Mössbauer spectroscopy
data were gathered in transmission geometry using a spec-
trometer with a moving source of 57Co in a Rh matrix and
a triangular velocity variation. All reported isomer shis of
samples are reported relative to the bcc phase-Fe measured at
room temperature. Catalyst ink, mixed with 1 mL deionized
water, 0.25 mL 2-propanol, 10 mL Naon solution (5 wt%) and 2
mg of catalysts, was used for electrochemical measurements.
Standard IrO2 (99.9%, ABCR GmbH, as-received) was used to
make the ink. The resulting ink was sonicated for at least 1 h
and then loaded via drop-casting (20 mL) on plasma-treated
carbon cloth, 0.25 cm2 (ELAT-hydrophilic plain cloth, Fuel Cell
Store). Electrochemical tests were carried out on a multi-
channel potentiostat/galvanostat (VSP300, Biologic) electro-
chemical workstation. A lab-made double junction Ag/AgCl
electrode with saturated KCl lling solution served as a refer-
ence electrode and a Pt wire was used as a counter electrode.
The linear sweep voltammetry (LSV) curves were obtained at
a scan rate of 5 mV s�1 in 1 M KOH (1 N, Merck KGaA). The LSV
experiment was conducted at 1 mV s�1 for Tafel slope analysis.
The ohmic drop was corrected at a rate 90% with the current
interrupt (CI) method. All electrochemical measurements in
this work were carried out in the reversible hydrogen electrode
(RHE) scale calculated as in eqn (1):

E (V vs. RHE) ¼ E (V vs. Ag/AgCl) + 0.197 V + 0.0592 � pH

(1)

Overpotentials (h) for the oxygen evolution reaction (OER)
were obtained by subtracting 1.23 V from the experimental
potentials.

The Tafel equation given in eqn (2) was used for calculating
the Tafel slope:

ia ¼ ioe
h

b (2)
This journal is © The Royal Society of Chemistry 2021
where h, b, i and io denote the overpotential (V), Tafel slope (V
dec�1), current density (A cm�2) and exchange current density
(A cm�2) respectively.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed at applied constant potentials from 1.3 V
to 1.55 V with an interval of 0.05 V in a frequency range from 100
KHz to 10 mHz. An AC sinusoidal potential of 5 mV was applied
as the perturbation signal. Chronopotentiometry measure-
ments were conducted to test the long-term stability at 10 and
50 mA cm�2 for each 6 h. The double-layer capacitances (Cdl) of
the catalysts were obtained from CVs in the potential range
from 1.18 V to 1.32 V (V vs. RHE) in 1 M KOH. The scan rates
were from 5 mV s�1 to 100 mV s�1 (5, 10, 20, 40, 60, 80 and 100
mV s�1). DJ ¼ jja � jcj at 1.27 V were plotted versus the scan rate
and subsequently the slope of the plot was tted and calculated,
which is equal to the value twice the corresponding Cdl.

X-ray diffraction (XRD) analysis for the catalytic samples
were performed using an X'Pert Philips diffractometer in Bragg–
Brentano geometry with monochromatic CuKa radiation
(0.1541 nm) and a fast Si-PIN multi-strip detector. The XRD
spectra were collected at a scan rate of 0.02 degree per s. The
HEF7 particles were detached and collected by sonicating the
HEF-deposited carbon cloth electrode in ethanol for 30 min.
The obtained suspension was drop-cast on a zero-diffraction
plate and then dried in a 75 �C oven for 30 min prior to XRD
measurement.
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Württemberg for funding the research. Y. C. acknowledges the
nancial support from the China Scholarship Council (CSC). P.
A. S. thanks Prof. Wolfgang Bessler (HS Offenburg) for the
fruitful discussions. Q. S., B. B. and H. H. acknowledge the
support of EnABLES, a project funded by the European Union's
Horizon 2020 research and innovation program under grant
agreement no. 730957. M. B. acknowledges the support of the
German Research Foundation (DFG) project no. SE 1407/4-2.
J. Mater. Chem. A, 2021, 9, 8998–9009 | 9007

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta10209a


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 8

/1
2/

20
24

 4
:5

6:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The authors acknowledge the Centre for Electrochemical
Energy Storage Ulm-Karlsruhe (CELEST). The authors
acknowledge the support from the Karlsruhe Nano Micro
Facility (KNMF), Helmholtz research infrastructure at Karlsruhe
Institute of Technology (KIT). The authors thank Prof. Xile Hu
for providing experimental support in carrying out the electro-
chemical measurements at EPFL. S. L. gratefully acknowledges
funding from European Union's Horizon 2020 research and
innovation programme under the Marie Skłodowska-Curie
Grant Agreement No. 838367. The authors acknowledge Dr
Thomas Bergfeldt (IAM-AWP, KIT) and David Stenzel for the
ICP-OES measurements. We acknowledge support by the KIT-
Publication Fund of the Karlsruhe Institute of Technology.
References

1 J. W. Yeh and S. J. Lin, J. Mater. Res., 2018, 33, 3129–3137.
2 C. Oses, C. Toher and S. Curtarolo, Nat. Rev. Mater., 2020,
7936, 295–309.

3 A. Sarkar, L. Velasco, D. Wang, Q. Wang, G. Talasila, L. de
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