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Sol-Gel-Derived Ordered Mesoporous High Entropy Spinel
Ferrites and Assessment of Their Photoelectrochemical and
Electrocatalytic Water Splitting Performance

Marcus Einert,* Arslan Waheed, Stefan Lauterbach, Maximilian Mellin, Marcus Rohnke,
Lysander Q. Wagner, Julia Gallenberger, Chuanmu Tian, Bernd M. Smarsly,
Wolfram Jaegermann, Franziska Hess, Helmut Schlaad, and Jan P. Hofmann*

The novel material class of high entropy oxides with their unique and unex-
pected physicochemical properties is a candidate for energy applications.
Herein, it is reported for the first time about the physico- and (photo-) electro-
chemical properties of ordered mesoporous (CoNiCuZnMg)Fe,O, thin films
synthesized by a soft-templating and dip-coating approach. The A-site high
entropy ferrites (HEF) are composed of periodically ordered mesopores building
a highly accessible inorganic nanoarchitecture with large specific surface areas.
The mesoporous spinel HEF thin films are found to be phase-pure and crack-
free on the meso- and macroscale. The formation of the spinel structure hosting
six distinct cations is verified by X-ray-based characterization techniques. Photo-
electron spectroscopy gives insight into the chemical state of the implemented
transition metals supporting the structural characterization data. Applied as
photoanode for photoelectrochemical water splitting, the HEFs are photostable
over several hours but show only low photoconductivity owing to fast surface
recombination, as evidenced by intensity-modulated photocurrent spectroscopy.
When applied as oxygen evolution reaction electrocatalyst, the HEF thin films
possess overpotentials of 420 mV at 10 mA cm=2in 1 M KOH. The results imply
that the increase of the compositional disorder enhances the electronic trans-
port properties, which are beneficial for both energy applications.

1. Introduction

High entropy materials have attracted
great attention in the materials science
community due to the exploration of
novel and unexpected physicochemical
properties.l The concept of entropically
stabilized crystal structures based on the
incorporation of five or more cations in
equiatomic concentrations at a single crys-
tallographic site, leads to an increase of
the configurational entropy (Scous). This,
in turn, results in an entropic stabilization
effect in regard to the reaction of forma-
tion, since the free Gibbs reaction enthalpy
contains a significant negative contribu-
tion TAS,;, of the mixing, compared to
the single pure compounds, which overall
dominates the enthalpy according to the
general Gibbs equation AG = AH — TAS.?
The principal concept of high entropy
alloys was extended to high entropy oxides
(HEO), sulfides, fluorites, and carbides in
recent years.’”! Up to date, high entropy
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oxides have been demonstrated as a promising material class,
since unique and tailored material properties can be designed,
such as unusually high dielectric constants,® enhanced and
stable lithium ion transport and storage properties,” and
exceptional (electro-) catalytic activities.l%!!l These remarkable
and unprecedented performances have been generally ascribed
to the numerous possible interactions (synergistic effects) of
the constituting elements, which will modify the corresponding
electronic structure and may induce charge carrier transfer
among the crystallographic sites,?l and thus, enables a wide
range of novel applications of high entropy oxides with tailored
(electronic) properties.[3]

Especially the design of HEOs on the nanoscale by sol-gel
reactions is highly challenging, since the hydrolysis and con-
densation reactions have to be controlled precisely upon the
synthesis in order to obtain a defined structure on two length
scales, the peculiar crystalline structure with a statistical occu-
pancy and, at the same time, the desired nanostructures.
Besides, synthesis parameters have to be chosen carefully
in order to avoid the formation of precipitates in the starting
solution or phase separation within the alloy structure. Up
to now, predominantly preparation methods for solid-state
HEOs are reported, which usually result in micron-sized mate-
rials."*® However, the design of nanosized HEOs is highly
indicated since the mass transport and surface reactivity can
potentially be strongly enhanced for nanomaterials due to the
increase of surface area and the creation of short diffusion
paths in the pore space and/or the solid nanostructured phase.
Polymer templating of inorganic structures is a facile syn-
thetic way to produce such desired nanomaterials with a high
content of porosity. Since Brinker and others established the
evaporation-induced self-assembly (EISA) process in the early
1990’s,®l numerous metal oxide systems have been prepared
as mesoporous thin films by the softtemplating approach.l’-21
However, the majority of commercially available block copoly-
mers, such as from the Pluronic family, result in a breakdown
of the mesoporous network upon annealing.?2l This collapse
of the mesopore framework is due to the formation of insuf-
ficiently thick pore walls which are unable to withstand nucle-
ation and growth of nanometer-sized crystalline domains,
which are typically larger than 5 nm in dimension.'*2324 The
diblock copolymer KLE (i.e., poly(ethylene-co-butylene)-block-
poly(ethylene oxide), KL stands for Kraton Liquid and E for
poly(ethylene oxide)), however, has revealed superior templating
properties, due to its high thermal stability (up to 400 °C)
and high hydrophilic-hydrophobic contrast enabling the devel-
opment and growth of thick pore walls within the inorganic
network.[718.25.26] Therefore, the amorphous framework can be
transformed directly into the corresponding crystalline phase
with retention of the mesopore periodicity. Due to its unique
properties, KLE has been utilized as suitable template for
the direct synthesis of various large-mesoporous metal oxide
films—among others ferrites—with nanocrystalline walls and
repeat distances typically ranging from 15 nm to 20 nm most
frequently reported by the Brezesinski group.[7-1921:2427.28] Fyy.
thermore, the synthesis of numerous highly ordered ferrites
(XFe,04 with X = Co, Cu, Mg, Ni, Zn, Cd) were successfully
prepared by the same group utilizing the EISA process.[20-28-30]

Nanostructuring of photoelectrodes for photoelectrochemical
(PEC) water splitting has been broadly utilized as a conceptual

Small 2023, 19, 2205412 2205412 (2 of 17)

www.small-journal.com

synthetic approach to address two main drawbacks of certain
metal oxides, which are their limitation in photovoltage and
short charge carrier diffusion lengths.?'*4 The decrease of the
lateral extensions of the migration paths results in the inhibition
of bulk charge carrier recombination processes, as it has been
reported for various metal oxide-based and nanostructured pho-
toabsorbers, such as TiO,,B>3% o-Fe,05, WO,,38 BivO,,B%
CuO,® and ZnO."! Particularly ferrites are promising can-
didates as absorber materials for photoelectrodes due to their
excellent absorption behavior in the visible spectrum of light,
earth abundancy, chemical stability in aqueous media, and non-
toxicity.*l A broad spectrum of iron-based oxides have already
been investigated for solar water splitting and their photoelec-
trochemical properties and the future perspectives are described
in detail in literature.'®*] Spinel ferrites, such as ZnFe,0,,*
CuFe,0,* MgFe,0,*) and CaFe,0,P% have been stated to
be photoactive materials showing the best reported cathodic
photocurrent density of —1.82 mA cm™ at 0.4 V versus revers-
ible hydrogen electrode (RHE). Compared to theoretical calcu-
lations of p-type CuFe,0,, a maximum photocurrent density of
=27 mA cm~ which corresponds to solar-to-hydrogen conversion
efficiency of =33% can be achieved in alkaline media.l*¥l Hence,
ferrite-based photoelectrodes still suffer under overall poor PEC
performance owing to low photocurrents and -voltages. Addition-
ally, photodegradation is a commonly observed phenomenon in
metal oxides when the oxidation potential and reduction poten-
tial—from an energetically point of view—above the valence
band maximum (VBM, or hole polaron formation energy, n-type)
and below the conduction band minimum (CBM, or electron
polaron formation energy, p-type) since photogenerated elec-
tron-hole pairs are capable of oxidizing and reducing the semi-
conductor itself. In essence, self-oxidation and -reduction are
competitive reaction pathways with respect to the desired water
splitting reaction and materials design strategies, among others,
nanostructuring and morphology control, might help in the con-
text of efficient charge carrier separation since short diffusion
paths to reaction sites are provided.!

Beside the utilization of spinel ferrites as photoelectrodes for
solar water splitting, this material class has also been proven to
efficiently catalyze the oxygen evolution reaction (OER), which is
known to be the kinetic bottleneck for electrocatalytic water split-
ting due to its mechanistic complexity.'>>? The main drawback
of state-of-the-art OER catalysts, such as IrO, and RuO,, are their
high-cost and scarcity. Consequently, exploration of novel low-
cost catalysts to make them economically attractive is indicated.
In principle, the electronic conductivity and band structure of the
catalyst surface predominantly determines the OER performance
of transition metal (TM) oxides.”® For spinel structured metal
oxides, especially the octahedral sites have been identified as the
catalytically active centers for the OER. Among metal oxides
crystallizing in the spinel phase, core-ring structured NiCo,O,
nanoplatelets showed with 315 mV at 100 mA cm™ one of the
highest OER activities in alkaline solution.”® Spinel ferrites,
such as CoFe,0,,” NiFe,0, and CuFe,0,>® have also dem-
onstrated to be efficient electrocatalysts showing overpotentials
between 287 mV to 520 mV at 10 mA cm™ in 1 m KOH. The
yet low OER performance of ferrites was improved through par-
tial substitution of the Fe** by Ni and Mn forming CoFe, M, O,
(M = Ni, Mn) materials®? or the preparation of nanoparticular
(3—6 nm) Co,Ni;Fe,0, electrocatalysts, both methods being a
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promising synthetic strategy for increasing the catalytic activity
by substitution effects. However, further optimization in terms of
cationic substituting affects needs to be accomplished in order to
elucidate the maximum OER activity of ferrites. In general, the
substitution of (transition metal) cations within the spinel struc-
ture significantly affects the electronic structure, which in turn
dominates the electrocatalytic properties through manipulation
of the adsorption energy of reaction intermediates. In particular,
the formation of multi-metallic oxides rather than single-metal
catalysts is beneficial in terms of inter-atomic charge transfer,
which occurs via a hopping process, because charge transfer
between cations with corresponding isoenergetic electron states
require low activation energies.”®® Hence, mixed-valence
oxides can be tailored in order to tune the electronic structure
and thus to improve intrinsic properties, such as the conductivity
and catalytic performance substantially.®! The implementation
of multiple elements within a compound results in a perturba-
tion of the electronic structure, which is described in literature
as ligand effect.'262-64 Additionally, the incorporation of cations
with distinct ionic radii will unavoidably induce structural defects
within the crystallographic order coming along with changes in
lattice parameters, in turn, affecting the superposition of atomic
orbitals, and therefore also the electronic structure.”” Struc-
tural defects may impact the catalytic activity tremendously, for
example, by creation of energetically favorized adsorption sites,
such as oxygen vacancies, the descriptor of the lattice oxygen
mechanism (LOM), prevalent under alkaline OER conditions.[®!
Spinel-structured HEOs represent such multi-metallic systems
with beneficial properties for the OER making them an attrac-
tive candidate for low-cost catalysts.ll Entropy-induced structure
stabilization is also reported to be the reason for improved OER
stability in comparison to binary and ternary materials pos-
sessing—at the same time—equal overpotentials.'>! Stenzel
et al. identified an optimized elemental composition for spinel-
structured HEOs resulting in low overpotentials of 293 mV (at
10 mA cm™2).6 With respect to HEOs, photocatalytic hydrogen
production,®”l photoelectrochemical water reduction?® and oxi-
dationl®®! have rarely been studied, showing up to date only low
to moderate photocurrents and hydrogen evolution efficiencies.
A recent study of our group on (non-ordered) mesoporous spinel
HEO revealed a low photoresponse under visible light irradiation,
most likely owing to structural defects induced by implementa-
tion of several cations with distinct radii.?}l However, the same
HEO showed good electrocatalytic activities with overpotentials
of 350 mV at 10 mA cm™2.23 A certain form of HEOs, namely
high entropy ferrites (HEF), have recently been investigated
as high-performing sulfur host material in lithium-sulfur bat-
teries,|”) as microwave absorbing material,”*’! magnetic insu-
lator,’? and oxygen evolution catalyst.” Pan and Lu et al. studied
the catalytic oxygen evolution on Co,,Ni,,Cu,Zn,,Fe,,Fe,0,
and found that the disordered occupation of multivalent cations
increases the configurational entropy, which facilitates the for-
mation of structurally stable oxygen vacancies.

Since the (CoNiCuZnMg)Fe,0, system is already proven to
form highly robust entropically stabilized structures with notable
propertiesl® and the surface area were demonstrated to enhance
the catalytic activity of HEOs significantly,>* we chose an ordered
mesoporous HEF thin film—offering plenty of reaction sites—
as model catalyst for assessment of the (photo-) electrocatalytic
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performance. The main goal of the present work is to study the
fundamental impact of a nanoscale framework on the electro-
catalytic and photoelectrochemical water splitting properties of
mesoporous HEF thin films and to elucidate how the composi-
tional disorder on a single crystallographic site affects both the
surface morphology and electronic band structure. By variation
of the calcination time, the morphology and crystallinity of the
high entropy materials were modified on the nanoscale. These
tailored manipulations of the nanostructure allowed us to resolve
the link between enhanced electronic transport properties and
OER activity of ordered mesoporous HEF electrodes.

2. Results and Discussion

2.1. Structural and Morphological Characterization

In order to attain periodically ordered HEF nanostructures, the
synthesis parameters were optimized systematically. The ordered
mesoporous high entropy oxides were prepared utilizing KLE
(molar mass 78 kg mol™, 42 wt% ethylene oxide) as templating
polymer and metal nitrates as inorganic precursors both care-
fully selected building blocks which can be homogenously dis-
solved in polar solvents./] All components were dissolved in a
mixture of ethanol and 2-methoxyethanol, and thin films were
prepared by dip-coating making use of the evaporation-induced
self-assembly (EISA) process.'®) Especially the usage of 2-meth-
oxyethanol as co-solvent is beneficial in terms of controlling the
evaporation rate of the dip-coating solution upon the EISA pro-
cess,/Y wherefore the optimum ratio of both solvents needed
to be elucidated. Hydrolysis and condensation reactions (classic
sol-gel chemistry) of the inorganic precursors produce an oxide-
bridged amorphous metal ion network in coexistence with spher-
ical KLE micelles upon evaporation of the organic solvent in a
defined humidity-controlled atmosphere (Scheme 1). Optimized
heating conditions included a pre-stabilization step at 260 °C
for 15 h, a pre-conditioning which enhances the condensation
reactions of the hybrid network and a commonly applied (sta-
bilization) step for the successful transformation of the hybrid
(organic/inorganic) structure into an ordered mesoporous metal
oxide.””7] As the impact of the final annealing time on the elec-
trocatalytic and photoelectrochemical properties was investigated
in the underlying study, the control parameters were chosen to
be 10 min and 2 h for a calcination temperature of 600 °C in
air. At this temperature, typically the crystallization of the initial
hybrid network and the thermal degradation of the KLE template
are induced. Owing to the favorable templating properties of
KLE, sufficiently thick pore walls allow the uniform crystalliza-
tion of nanocrystals under preservation of the mesopore frame-
work upon heating. Accordingly, the amorphous composition
can be transformed into a highly crystalline mesoporous thin
film, while retaining the nanoscale periodicity."®”! This soft-
templating method, also described as nanocasting approach,”®!
allows the creation of ordered three-dimensional mesoporous
architecture potentially offering a large number of reactive sur-
face sites. The overall formation process of the mesoporous HEF
thin films is illustrated schematically in Scheme 1.

Before discussing the effect of calcination time on the sur-
face morphology, the influence of the configurational disorder
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Scheme 1. Schematic drawing of the applied dip-coating process representing the formation of an amorphous network composed of six distinct
cations, which is transformed into a nanocrystalline mesoporous framework after annealing.

on the surface topography was studied by comparison of the
surface morphology of CoNiCuZnFe,0, (incorporation of four
distinct cations on one crystallographic site, later referred to as
A-site medium entropy ferrite (MEF)) and CoNiCuZnMgFe,0,
(incorporation of five distinct cations on one crystallographic
site, later referred to as A-site high entropy ferrite (HEF)) pre-
pared both under the very same conditions (see Experimental
part). Scanning electron microscopy (SEM) images of the MEF
and HEF thin films after calcination at 600 °C for 10 min are
shown in Figure 1A,B, respectively.

Both samples show spherical mesopores measuring
15-20 nm in size, which are arranged in a hexagonal arrange-
ment. Interestingly, mesopore formation, more precisely the
pore wall construction on the nanoscale, is moderately affected
by implementing an additional element (magnesium) into the
crystal structure of the ferrites. The addition of magnesium
seems slightly to affect the surface morphology through devel-
opment of less spherically shaped pores (Figure 1B). Impor-
tantly, for both MEF and HEF thin films, the long-range perio-
dicity as well as the connectivity of pore walls—which are vital
with respect to electrical conductivity?”l—are still structurally
intact and were retained after calcination. All thin films were
presented to be crack-free not only on the mesoscopic, but also
on the macroscopic scale (see Figure S1, Supporting Informa-
tion for large-area SEM images). The surface morphology of the
calcined samples with an ordered arrangement of mesopores
was additionally visualized by atomic force microscopy (AFM)
(see Figure S2, Supporting Information) revealing the topog-
raphy of the thin film surface with a typical root-mean-square
roughness of 0.7 nm for KLE templated metal oxides (analyzed
within an area of 500 X 500 nm?). These soft-templated mate-
rials are, to the best of our knowledge, the first report on the
synthesis of highly ordered, mesoporous and nanocrystalline
high entropy assisted oxide thin films. Recently, the group of
Brezesinski has reported on mesoporous multimetallic fer-
rite films, however incorporating fewer types of cations (and
focusing solely on magnetic properties).”® It is important to
note that the precise control of hydrolysis and condensation
reactions of six distinct metal precursors in the presence of
the organic polymer (known to interact via hydrogen bridge
linkage)” during the EISA process is a delicate task, which
needs to be tailored in terms of precursor concentrations
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(affecting the reaction kinetics of the sol-gel reactions), the ratio
of the used organic solvents (determining the evaporation rate
of the solvent and thus the self-organization of the precursors),
and the humidity in the dip-coating chamber (was chosen to be
between 10 and 18%) also impacting the reaction kinetics and
the overall formation of the condensed metal-oxide network.

Figure 1. SEM images of mesoporous A) CoNiCuZnFe,O, (MEF) and
B) CoNiCuZnMgFe,O, (HEF) thin films both stabilized for 12 h at
250 °C and calcined at 600 °C for 10 min and C) HEF thin film calcined
at 600 °C for 2 h.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Since the porosity in sol-gel derived mesoporous TiO, thin
films was found to be a function of calcination temperature
and time,8% the impact of annealing time on the morphological
formation of the mesoporous HEF framework was analyzed.
Therefore, the samples were calcined at 600 °C for 10 min
(HEF-10 min) and 2 h (HEF-2 h) and systematically compared
with each other. The SEM images in Figure 1 reveal different
surface morphologies depending on calcination time. A ther-
mally induced crystallite growth was initiated within the pore
walls, resulting in elongated nanocrystals, upon prolonging the
calcination time from 10 min (Figure 1B) to 2 h (Figure 1C).
However, the in-plane pore morphology was well preserved
even after a calcination time of 2 h. The findings are in good
agreement with the temperature study on KLE-templated Bi,O,
nanostructures showing a comparable development of the thin
film morphology upon increased annealing temperatures./

For proving the existence of a highly entropic atomic con-
figuration on the nanoscale, scanning transmission electron
microscopy (STEM) combined with energy dispersive X-ray spec-
troscopy (EDS) was accomplished. Figure 2A,C show dark field
STEM images and the elemental mappings of the corresponding
nanocrystals for the HEF-10 min and HEF-2 h thin films, respec-
tively. The EDS mappings confirm the presence of iron (red),
cobalt (turquoise), nickel (yellow), copper (green), zinc (brown),
and magnesium (blue), which are homogenously distributed
within the high entropy nanostructures. Especially, for the
HEF-10 min sample the pore walls are solely composed of the six
metals and oxygen, as demonstrated in Figure 2A, initially added

www.small-journal.com

to the dip-coating solution in form of their nitrates. Figure 2B,D
depicts the HRTEM images of HEF-10 min and HEF-2 h sam-
ples, respectively. Insets are added for iFFT filtered areas and
selected area electron diffraction (SAED) patterns taken from
larger areas of the same samples. The iFFT insets show the
expected lattice spacing for the {220} set of planes in the cubic
spinel structure with a, = 8.39 + 0.1 A, and the SAED patterns
also could consistently be indexed using this value.

The relative atomic concentrations of the inserted metals
within the bulk structure were characterized by SEM based
EDS. The atomic concentration for the HEF material were
identified to be of 1.26 (standard deviation, SD 0.34): 1.03 (SD
0.25) : 0.96 (SD 0.32) : 1.05 (SD 0.46) : 1.1 (SD 0.59) : 8.53 (SD
0.79) for Mg:Co:Ni:Cu:Zn:Fe corresponding to the chemical
formula Coyg 20Nig 19Cug 20210 21Mgg 24Fe;1 650353. For the MEF
samples, the atomic concentrations were determined to be 0.71
(SD 0.33): 0.74 (SD 0.34): 0.71 (SD 0.38): 0.71 (SD 0.61): 4.86 (SD
0.70) which represents the chemical formula Coy ,5Nij ,4Cuy 552
ng,5Fe; 7103 56 (analyzed at and averaged from 17 distinct spots,
normalized to Co, see Table S1, Supporting Information). Note
that the theoretical calculations for the atomic ratio according
to the chemical formula MFe,0, (with M = Mg, Co, Ni, Cu, Zn
and assuming that iron solely occupies B-sites corresponding to
a normal spinel configuration) would be Mg:Co:Ni:Cu:Zn:Fe =
1:1:1:1:1:10 for the HEF samples. Therefore, Mg is evi-
dently present overstoichiometrically, whereas Fe is found to
be slightly understoichiometrically in concentration. Conse-
quently, the determined molar fractions deviate up to 10% for

(220) (331)

(111)&4\(4}"’)
T \/

Figure 2. STEM dark field pictures and the corresponding EDS-based elemental mapping of iron (red), Co (turquoise), Ni (yellow), Cu (green), Zn
(brown), and Mg (blue) for A) 10 min and C) 2 h at 600 °C calcined mesoporous HEF thin films. HR-TEM images of mesoporous HEF thin films pre-
pared at 600 °C and held for B) 10 min and D) 2 h. Insets showing iFFT filtered images of the HRTEM images illustrating the lattice plane spacing of
dz0 of the spinel ferrite structure. SAED patterns from bulk areas including several crystallites were indexed for the cubic spinel phase.
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Co, Ni, Cu, and Zn and 25% for Mg from the ideal stoichio-
metric value of 0.2 mol for the A-cations. However, this devia-
tion—except for Mg—can be interpreted to be within the exper-
imental error of the EDS analysis (estimated to be £10%). The
evaluation of the bulk concentration of the metals within HEF
thin films is in agreement with the (theoretical) expected com-
position for the spinel phase. Furthermore, we have to high-
light that the underlying materials are nanostructured and solu-
tion processed (sol-gel derived) materials, wherefore statistical
deviations in the cation distribution are known be present.l?®!
Statistical thermodynamics (Boltzmann’s entropy equation)
allow the calculation of the configurational entropy, Sc,ngg, 0N
a single crystallographic site of a multicomponent near-equia-
tomic system according to Equation (S1), Supporting Informa-
tion. Y82 AS 6, equals 1.63 R and 1.38 R for the HEF and MEF
samples, respectively (detailed calculation can be found in the
Supporting Information). Based on the empirical classification
by Murty et al.BUl describing “high-entropy” stabilized materials
as compounds with S.,.4, > 1.5 R, the phase formation of the
underlying multicomponent ferrites can be considered accord-
ingly to high entropy and medium entropy assisted structures.
The spinels are structurally stabilized by the compositional
disorder on the A-site. Since iron is known to occupy both A-
and B-sites in spinels, EDS analysis do not allow at this stage a
precise quantification and differentiation of the iron content on
the respective crystallographic sites. Perspective work will focus
on synchrotron-based characterization to determine the coordi-
nation sites of the cations quantitatively. The data acquired by
STEM- and SEM-EDS are further supported by grazing-inci-
dence wide-angle X-ray scattering (GIWAXS) measurements as
presented in Figure 3A. The diffraction pattern of HEF-10 min
(red) and HEF-2 h (blue) depicts Bragg signals, which can be
assigned to the crystallographic structure of the cubic spinel
phase with the space group symmetry Fd3m (space group No.
227). Via the Scherrer equation (applied for the (311)-peak) the
average crystallite sizes of the materials were determined to be
7 nm for HEF-10 min and 10 nm for HEF-2 h HEF thin films.
Due to the prolonged calcination time, a thermally induced
crystal growth occurred (see above), which is also visualized in
the TEM images in Figure 2. The lattice parameter, 4, of the
cubic spinel structure, which was calculated via the Bragg equa-
tion, was found to be 8.39 A and 8.42 A for the HEF-10 min and
HEF-2 h samples, respectively. The lattice spacing of the unit
cell, dyyy, was found to be 4.843 A for HEF-10 min and 4.862 A
for HEF-2 h. All parameters match well with the data for the
cubic spinel phase and are also consistent with the lattice spac-
ings observed by HR-TEM analysis (see insets Figure 2B,D)
within the experimental and instrumental errors of +0.1 A,
and for structural and chemical related, sol-gel derived HEO
thin films.?># Exclusively the spinel phase was observed by
GIXRD and SAED. A closer inspection of the diffractogram
(Figure S1) reveals a preferred orientation of the (511) lattice
plane. This pronounced crystallographic (uniaxial) orientation
relative to the plane of the substrate was already observed for
KLE-templated Ta,05.84 The anisotropy of the diffraction pat-
terns was explained by the presence of carbonaceous layers
which facilitate oriented crystallographic alignment, where-
fore the crystallization behavior was referred to “soft epitaxy”,
a mechanism, which is distinct from classical liquid phase
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Figure 3. A) GIWAXS patterns of the HEF samples annealed at 600 °C
for 10 min (red) and 2 h (blue). The line patterns (grey) represent the dif-
fraction signals for cubic spinel phase (Fd3m). B) Raman spectra of the
HEF-10 min and HEF-2 h samples attained on a (100)-silicon substrate.
C) ToF-SIMS depth profile of the HEF thin film. The film surface can be
found at a depth of 0 nm. The interface to the substrate is at 250 nm.

epitaxy. Raman spectroscopy was supportively accomplished
since conventional X-ray scattering methods are known to be
less sensitive to poorly crystalline materials and small con-
centrations of secondary phases.?®! In agreement with litera-
ture (reporting about the same composition of HEF materials
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for magnetic applications)’? and according to group theory,
six Raman-active phonon modes were detected in the wave-
number range between 200 cm™! and 800 cm™ (Figure 3B).
The Raman spectrum in Figure 3B shows vibrational modes
at 331 (Eg), 475 (Fap), 560 (Fpp), 620 (Fyg), 665 (Asgg), and
670 (A) cm™, also observed for single crystalline bulk
MgFe,0,8 and ZnFe,0,8%] The peaks at 303 cm™ and
520 cm™ can be attributed to the (100) silicon substrate, being
typically present in mesostructured materials deposited on
silicon substrates.?) The HEF-10 min and HEF-2 h samples
shows no significant difference in the position of the appearing
Raman-modes, demonstrating that both samples crystallize
in a single-phase spinel structure and no phase transition
occurs upon calcination. The presence of all phonon-modes is
in accordance with other studies on ordered mesoporous fer-
rite thin films and representative for an partially inverse spinel
configuration.?®30871 Conclusively, the Raman analysis sup-
port the outcome of the preceding structural characterization
data proving the formation of phase-pure spinels. Besides, the
Raman spectroscopy (highly sensitive to impurities) verifies that
no side phases, such as hematite—an exceptional stable modi-
fication at such high temperatures—have been formed, which
in turn further supports the assumption that the formation of
the ferrites is entropically stabilized. The peak broadening of
the Raman bands, when compared to microcrystalline samples,
can be attributed to the phonon confinement appearing only in
nanosized materials (finite size effect).[?:%8!

To obtain a detailed picture of the elemental distribution
throughout the bulk structure of the thin films, depth pro-
filing by time-of-flight secondary ion mass spectrometry (ToF-
SIMS) was conducted. Figure 3B presents the secondary ion
(elemental) profiles of Fe* (red), Mg* (blue), Co* (turquoise),
Ni* (yellow), Cu* (green), Si* (black), and C* (grey) as func-
tion of depth from the surface (0 nm) to the substrate inter-
face (250 nm). The depth of the film was analyzed by profilom-
etry after ion sputtering. The profile visualizes that copper is
enriched close (first few nanometers) to the surface, while we
found a slight depletion in this region for magnesium, iron,
and cobalt. These enrichment and depletion effects can be
explained by (classic) surface segregation effects. Furthermore,
it can be stated that silicon diffuses from the (100)-oriented
silicon wafer (substrate) into the bulk nanostructure. This
phenomenon was already observed for other KLE-templated
nanocrystalline metal oxide thin films and is explained by a
diffusion-controlled migration process activated by the thermal
treatment.l”#°! Quite unusual, however, is the constant Si con-
centration in the depth range of 20 nm to 170 nm in combina-
tion with the increase in the near surface region. This can be
explained by fast diffusion on the inner pore surfaces towards
the surface.

Here the diffusion is already in a steady state resulting in
quite low and constant concentration within this area. The sil-
icon, which was transported through pores (pore diffusion on
inner surfaces) to the outer surface, diffuses from the surface
into the bulk of the film. A comparable situation was described
in literature for yttrium-stabilized zircon oxide films with
columnar structure.®% The pore diffusion in the HEF films can
therefore also be considered as indirect evidence for an overall
homogenous ordered through-pore structure in the whole
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material. The results were found to be reproducible. Most
importantly, all cations were detected in almost constant con-
centrations between the air/HEF thin film and HEF thin film/
substrate interfaces suggesting a uniform (single-phase) crys-
tallographic structure formation and homogenous distribution
of the inserted elements throughout the (bulk) thin film, which
is in excellent accordance with the STEM elemental mapping
and GIWAXS data (Figures 2 and 3). Only minor amounts of
carbon were detected at the surface (adsorbed hydrocarbons)
and within the bulk structure, which allows the conclusion that
the polymeric template was almost completely combusted upon
calcination at 600 °C. Since in ToF-SIMS, the chemical environ-
ment has major influence on the ionization probability (matrix
effect), the slight increases of the transition metal signals at the
sample/substrate interfaces can be ascribed to different local
chemical environments the cations are facing in the nanoscopic
vicinity of the silicon wafer rather than to an enrichment of
these elements. This different chemical environment is evoked
by a beam induced ion mixing effect causing a matrix, which is
composed of all available interfacial components.*’!

For any catalytic processes/reactions, it is fundamental to
evaluate the specific surface area of the material as it deter-
mines the number of catalytically active centers and thus the
overall reactivity. Therefore, the Brunauer-Emmett-Teller
(BET) surface areas were estimated by krypton physisorption
measurements performed at 77 K. The underlying isotherms
and corresponding BET plots show a linear correlation with the
applied partial pressure (Figure S3, Supporting Information).
Considering a porosity of 30%, which is a typical value reported
for KLE-templated metal oxides, %7484 and the dimensions of
the thin film, the sample mass can be obtained by taking the
density of ferrites into account. Based on the respective sample
mass, the specific surface area of the mesoporous HEF-10 min
and HEF-2 h thin films were determined to be 170 m? g™! and
110 m? g7, respectively. These results are in fairly good agree-
ment with values reported for other mesoporous metal oxides
templated with KLE possessing similar mesostructures, and
thus clearly indicate a porous morphology throughout the
entire film.[277475.90 Fyurthermore, the surface area of the meso-
structured thin films decreased substantially during the calci-
nation for 2 h at 600 °C, which is reasonable because of the
induced crystal growth, as confirmed by TEM and GIWAXS
data (Figures 2 and 3).

To elucidate the chemical composition and oxidation states
of the HEF thin films, X-ray photoelectron spectroscopy (XPS)
was accomplished. Figure S4A, Supporting Information dis-
plays the survey spectrum of the HEF-10 min and HEF-2 h
samples revealing the photoemission signals of Fe, Co, Ni,
Cu, Mg, and Zn besides the ones of carbon and oxygen. High-
resolution XP spectra in Figure 4A exhibit the Fe 2p peaks at
710.4 €V (2ps3);) and 724.4 eV (2py);), and thus a spin-orbital
splitting of 14.0 eV for both samples HEF-10 min and HEF-2 h.
Satellite features were observed between 716-721 eV and
731-735 eV indicating the presence of iron in the oxidation
states +2 and +3, when also taking into account the asymmetry
of the photoemission peaks.?>!l This implies that iron occu-
pies tetrahedral and octahedral sites in the crystallographic
structure. As illustrated in Figure 4B, Co 2p emission was iden-
tified to be at binding energies BE (Co 2p3,) = 780.9 eV and BE
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Figure 4. High-resolution XP spectra of A) Fe 2p with an overlap of Ni and Cu LMM Auger lines, B) Co 2p with a strong overlap of Ni and Fe LMM

Auger lines, C) Ni 2p, D) Cu 2p, E) Zn 2p, and F) Mg 2p.

(Co 2pyjy) =795.6 eV with satellite peak maxima at 786 eV and
803 eV both suggesting mixed valence states, which are Co?*
and Co*".°2 The asymmetry and too large intensity of the Co
2ps); peak can be predominantly attributed to overlap with the
Fe and Ni LMM Auger lines, which are typically found to be at
784.0 eV and 778.0 eV, respectively, resulting in a photoemission
signal, which is created by superposition of the described con-
tributions. In the high-resolution spectra of Ni 2p (Figure 4C),
two main peaks were found at 854.8 eV and 871.8 eV for the
2ps); and 2py ), orbitals (spin-orbit splitting of 170 eV), respec-
tively.”?l The charge-transfer satellites between 858-862 eV and
875-885 eV observed for both samples, provide a strong hint
for the presence of Ni in the oxidation states +2 and +3.14 Addi-
tionally, the intensity ratio between the main peak and satellite
is another indicator of the oxidation state. We found a ratio of
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area(satellite) /area(main peak) = 30% (without background sub-
traction). The Cu 2p region spectra are presented in Figure 4D,
in which the peaks of Cu 2p;, are located at 933.6 eV and of
Cu 2py;; 953.3 eV. In contrast, the emission peaks of Cu 2p do
not show any asymmetry, and in combination with the satellite
peaks (938-946 eV and 958-964 eV), it can be concluded that
the Cu is solely incorporated as Cu?* species and, therefore, can
be expected to be located preferentially at tetrahedral sites in
the spinel structure. The two photoemission lines of Zn 2p
(Figure 4E) centered at 1021 eV and 1044 eV can be attributed
to Zn 2p3;; and Zn 2p,,, respectively, and demonstrate a spin-
orbit splitting of 23.0 eV. Due to the absence of any satellite
features, Zn can be expected to be exclusively in +2 state, con-
sequently occupying tetrahedral sites in the spinel structure.”!l
For the Mg 2p peak of the HEF-10 min and HEF-2 h thin
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films, a binding energy BE (Mg 2p) = 48.7 eV was identified
(Figure 4F). The Mg 2p;, and Mg 2p;, cannot be distinguished
due to a small spin-orbit splitting of 0.28 eV.*®l For both sam-
ples, the oxidation state of Mg can therefore be considered to
be +2 (similar as in ZnO).””] Interestingly, the 2p signals of
all implemented metals did not show any (significant) differ-
ence in binding energies when comparing the HEF-10 min and
HEF-2 h samples.

In normal spinels, the two-valent cations usually occupy 1/8
of the tetrahedral (8a) sites and the three-valent species are
located at 1/2 of the octahedral (16d) interstices, whereas in
inverse configurations, both sites are known to be occupied.
Under consideration of the Shannon’s radii®® and the results
derived from Raman spectroscopy, it can be concluded that the
Mg?*, Zn?* and Cu?" (solely present in +2 oxidation states) are
located at tetrahedral and octahedral sites (partially inverse con-
figuration). For Co, Ni, and Fe both +2 and +3 oxidation states
have been found, which also suggests the occupation on tetra-
hedral and octahedral interstices, respectively. These findings
are in good accordance with literature data.l?>2872]

We note that the stoichiometric composition at the surface
of the HEF samples was not calculated in terms of integrating
the photoemission peak area and correlating the data to the ele-
mental concentration, since we found an overlap of the Fe 2p
signals with the Ni and Cu LMM Auger lines. Additionally, the
Ni and Fe LMM Auger signals strongly overlap with the Co 2p
spectra, wherefore we derogate from a quantitative evaluation
of the surface composition. We note that in general the quanti-
fication of high entropy materials with a whole row of d-block
metals of the same period is a complex task since no standard-
ized fitting models exist, and the above-mentioned overlap of
photoemission and Auger peaks do not allow for a straightfor-
ward quantification of these multi-(transition)-metallic systems
by numerical integration when using a single excitation energy,
such as here monochromatic Al Ko radiation (14876 eV).
Hence, the quantification and determination of oxidation states
of the inserted cations within high entropy materials (or multi-
metallic compounds in general) is often falsely interpreted in
terms of element composition and chemical status and require
in-depth synchrotron spectroscopic experiments with tunable
X-ray excitation energies.

Since the C 1s signals (BE = 285.5 eV and 285.3 eV for
HEF-10 min and HEF-2 h, respectively)® in the high-
resolution spectra (Figure S4B, Supporting Information) are
comparable in terms of intensity and full-width at half max-
imum (FWHM), the carbon emission can be ascribed to sur-
face adsorbed hydrocarbons on the thin films rather than to be
originating from residual (carbonized) KLE. Hence, the organic
template can be assumed to be fully degraded after thermal
treatment at 600 °C for both calcination times. This observa-
tion matches with the ToF-SIMS data showing only a slight
arising of C* signals close to the surface (Figure 3B), whereas
for KLE related carbons also C* signals arising from the bulk
would be expected. The O 1s high-resolution spectra show a
peak located at 529.7 eV (Figure S4C, Supporting Informa-
tion), typically referred to bulk metal oxides.™%) The presence
of a weak shoulder for binding energies in the range of 531 eV
to 534 eV is indicative for low coordinated, defective oxygen
species (such as oxygen vacancies, surface-adsorbed oxygen/
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hydroxyl groups, and surface adsorbed water).'™l Especially,
the oxygen vacancies contributing to the signals of defective
oxygen have been attributed to highly electro-catalytically active
centers for oxygen evolution.'"192 However, since neither a
deviation with respect to the binding energy nor an asymmetry
of the O 1s signal were observed, the concentration of oxygen
vacancies and hydroxyl groups can be expected to be similar
for the HEF-10 min and HEF-2 h mesoporous thin films. Fur-
thermore, the detection of all initially implemented elements
and the absence of any metallic impurities in the XPS spectra
confirm the results obtained by the GIWAXS, TEM, EDS, and
ToF-SIMS experiments.

2.2. Optical and (Photo)electrochemical Characterization

When discussing the photoelectrochemical properties of HEF,
thorough investigation of the absorption characteristics is of
importance as the absorption of light precedes the generation
of electron-hole pairs. In essence, the absorption behavior of
transition metal oxides can be explained by electronic transi-
tions in the band structure. The actual charge transfer transi-
tions depend on the oxidation state of the cations, d-d transition
states, the nature of binding partners/atoms, the coordina-
tion geometry itself, and the heteronuclear (metal-metal) and
oxygen-cation (ligand-to-metal) charge transfer transitions.[0]
The band gaps of the HEF samples for direct optical transitions
derived by Tauc plots were found to be at 2.3 eV and 2.7 eV for
both 10 min and 2 h calcination times (Figure 5A). The direct
(non-phonon assisted) optical transition can be ascribed to
absorption of photons exciting electrons from valence band
states, which are composed of overlapping oxygen 2p orbitals,
and the t,, levels of the 3d-states of the five distinct transition
metals (assuming an octahedral coordination of M3* by O%"
anions and resulting in an energetic splitting of the 3d con-
figuration into low-spin (t,5) and high-spin (ey) states, which
is described in detail by the ligand field theory). Both band
gaps imply good absorption in the visible spectrum of light,
as also visualized in the absorbance spectra (Figure S6A, Sup-
porting Information). For an indirect (phonon-assisted) transi-
tion, band gaps of 1.0 eV, 1.4 eV, and 1.6 eV for the HEF-10 min
and slightly higher values of 1.1 eV, 1.5 eV, and 1.6 eV for the
HEF-2 h thin films (Figure S6B, Supporting Information),
were found, also suggesting strong visible light absorption. The
absorption of light in the wavelength range between 700 nm
and 900 nm (Figure 5A) can be attributed to multiple low-inten-
sity d-d transitions for the distinct transition metals (excitation
of charge carriers from the t,, to the corresponding e, level).
Since the thickness of the HEF thin films is a function of
the withdrawal speed of the substrate upon dip-coating, the
extraction speed was doubled from 8 mm s to 16 mm s7,
which resulted in an increase of the film thickness from 190 nm
to 330 nm and 230 nm to 410 nm for HEF-10 min and HEF-2 h,
respectively. The increase in (Ahv)? in Figure 5A can be assigned
to the stronger absorption of photons in the visible spectrum of
light (1.5-3 eV) due to the increased amount of photoactive HEF.
Up to date, HEOs have rarely been characterized as photo-
absorber materials for PEC water splitting. Recently, Djerd;
et al. prepared rare-earth based HEOs and elucidated their
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Figure 5. Optical and photoelectrochemical characterization of the
mesoporous HEF-10 min and HEF-2 h thin films with distinct thick-
nesses: A) Tauc plots for a direct optical transition, B) chopped-light
voltammetry, and C) Mott—Schottky analysis. The PEC experiments were
performed in 0.1 m NaOH with a Na,SOj3 (hole scavenger) in 3-electrode
setup. Linear fitting of the MS data for estimation of the flat band poten-
tials was conducted between 0.57-0.7 V and 0.66-0.88 V versus RHE for
the HEF-10 min and HEF-2 h, respectively.

photocatalytic activity and PEC performance.l®®! In their work,
the best performing HEOs employed as photoanode demon-
strated photocurrent densities of about 25 HA cm™ at 1.23 V
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versus RHE (pH 13) for an optimized thickness of 3 um. In
the current study, n-type HEF thin films with thicknesses of
230 nm and 410 nm and 190 nm and 330 nm, as determined
by profilometry (Figure S5, Supporting Information) for the
HEF-10 min and HEF-2 h, respectively, were analyzed as pho-
toanodes by intermittent-light voltammetry (using a white-light
LED, 100 mW cm™2, light/dark period 10 s) in 0.1 m NaOH
with 1 M Na,SO; (hole scavenger) as shown in Figure 5B. In
agreement with our recent findings of PEC performance of
mesoporous spinel HEOs thin film electrodes prepared with
Pluronic F-127 as structure-directing agent,?’l the KLE-tem-
plated HEF samples with ordered mesopore structure also
exhibited only low absolute photocurrent densities in the order
of 18 UA cm™ and 5 pA cm™ for HEF-10 min and HEF-2 h,
respectively. Interestingly, the HEF-2 h sample possesses photo-
current transients, which were absent in the HEF-10 min pho-
toresponse. This effect can be clearly ascribed to the prolonged
annealing time which results in the evolution of pronounced
grain boundaries between the particles (as illustrated in
Figure 2) at which recombination processes occur. The recom-
bination of photoexcited charge carries at these grain bounda-
ries leads to the observed light-induced electron transport pro-
cess shown in Figure 5B. Additionally, for the HEF-10 min pho-
toanodes the dark current was found to be significantly larger
than the photoconductivity, giving rise to the assumption that
bulk defects dominated by transition metal d-(defect) states
are involved in the electron transport. The preparation of HEF
samples with increased film thickness verified these results by
showing the same trend in PEC performance. Furthermore, the
dark current is substantially increased for HEF-10 min com-
pared to HEF-2 h, an effect which seems contradictive at the
first glance, but can be explained by consideration of energetic
splitting of the 3d states of transition metals assuming an octa-
hedral coordination for cations in the oxidation state +3. The
existence of unoccupied t,, levels allows the electron transport/
hopping between adjacent cations. As a consequence, the elec-
tron hopping process through intrinsic defects states seems to
be facilitated for the HEF-10 min related to HEF-2 h samples.
This intrinsic defect based hopping mechanism also explains
the near-metallic conductivity behavior. In other words, the
many different d-orbital electron configurations are modified
by the intrinsic property due to manifold of d-orbitals. The low
PEC performance might also be affected by the increase of con-
figurational disorder since the implementation of cations with
distinct ionic radii induces stress and strain within the spinel
structure. These stress and strain effects, in turn, might induce
structural defects (such as point and linear defects), which
impede the collection of photoexcited charge carriers owing
to trapping at bulk and surface defects. During these so-called
“trap-mediated” recombination processes, photogenerated elec-
trons from the conduction band recombine with holes from
the valence band states involving trap states under emission of
energy."*1%4 This explanation approach also allows to describe
the difference in the dark current observed for thin (230 nm
and 190 nm) compared to the thicker (410 nm and 330 nm)
HEF samples in Figure 5B: the increase of the film thickness
results in the formation of less homogenous thin film morphol-
ogies containing more structural defects. This assumption was
confirmed by intensity-modulated photocurrent spectroscopy
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(IMPS), which is a powerful tool to determine charge transport
dynamics by measuring the periodic photocurrent response of
a photoelectrode to a small sinusoidal perturbation of the light
intensity.'°) IMPS-derived Nyquist plots (Figure S8, Supporting
Information) reveal a fast charge carrier transfer throughout the
bulk structure with ky,,, = 22 s7}, which is comparable to the
charge transfer rate constants found for hematite photoanodes
recorded under similar experimental conditions (pH 13 and at
1.4 V versus RHE)%l and even exceeds the transfer rates found
for CuFe,0, photoelectrodes.'””] For the surface recombination
rate constant of the underlying HEF photoanodes, a value of
k,. = 176 s™' was calculated. This surface recombination rate
is two to three times higher as compared to (non-porous)
CuFe,0,197 and hematite photoanodes, % verifying that signif-
icant surface recombination processes occur at the electrode/
electrolyte interface. This observation provides the explana-
tion—beside ultrafast bulk recombination phenomena typically
occurring on the pico- and nanosecond time scalel'®! and there-
fore not capable of being detected with this technique—for the
low photocurrent density of HEF thin films. Furthermore, the
photocurrent densities and IMPS data provide clear evidence
that the photoresponse of thicker HEF samples does not fur-
ther increase—independent of calcination time—even so the
absorption of light is drastically enhanced, as was proven by
UV-vis spectroscopy (Figure 5A). As consequence, the sulfite
oxidation on mesoporous HEF thin films seems to be limited
by the surface recombination rate, and not by the absolute
amount of photogenerated charge carriers in the bulk structure.
In essence, the configurational disorder induced by insertion
of several cations into the spinel structure of HEF thin films,
indeed results in an improved charge transfer process (see
Figure 5B and 6C) based on an electron hopping mechanism
via 3d states. However, this observed enhancement of the elec-
tronic conductivity for the HEF-10 min seems not to improve
the PEC properties since the presence of structural defects
serve—at the same time—as recombination sites for migrating
(photogenerated) charge carriers. Additionally, the high degree
of porosity in the HEF thin films decrease the absolute amount
of photoactive mass per illuminated area, which might nega-
tively affect the overall photoresponse, as it has also been pre-
sented for, e.g., fibrous hematite photoanodes.®®!
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Figure 6. Energy band diagrams of the mesoporous HEF electrodes cal-
cined at 600 °C for 10 min (red) and 2 h (black) estimated by MS analysis
and under consideration of optical Eg, values from UV-vis spectroscopy.
Energy levels are presented with respect to E,,; and Eyye.
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Conducting Mott—Schottky analysis, for an estimate of the
flat band potential, @gp, positions of 0.55 V and 0.65 V versus
RHE were found for the HEF-10 min and HEF-2 h electrodes,
respectively (Figure 5C). It is noteworthy that onset potential
(in Figure 5B) is observed to be at ca. 720 mV versus RHE,
which presents a shift of 70-120 mV related to ¢gp. This effect
is commonly observed for semiconducting photoelectrodes
typically comprising a high concentration of surface defects at
which charge carries accumulate (Fermi level pinning), where-
fore charge carrier separation is strongly inhibited.?”1%] The
flat band potentials of HEF samples are in fairly good agree-
ment with the ones of CuFe,0, and ZnFe,0, which have been
reported to be 0.73 €V to 0.84 eV versus RHE, respectively.?17]
Interestingly, the HEFs have also been proven as photostable
materials with a loss of relative photocurrent density of only
4.7% after repetition of 50 intermittent-light voltammetry meas-
urements (which equals an analysis time of approximately 4 h,
Figure S7, Supporting Information). In light of the fact that
ferrites generally suffer from photocorrosion, and particularly
CuFe,0, is known to be photoactive for merely a few minutes
under illumination due to photocorrosion,*! it is important
to highlight that high entropy materials have been currently
proven to possess remarkable structural stabilities during elec-
trochemical cyclisation. In this context, the link between con-
figurational entropy and cycling stability of high entropy Mn-
based hexacyano ferrate cathodes has been resolved. The
substantially improved cycling stability was attributed to the
entropy-mediated suppression of phase transitions. The out-
come of the (photo-) stability testing (Figure S7B, Supporting
Information) in the underlying work supports the preceded
findings and furthermore demonstrates that the structural sta-
bility of HEF photoelectrodes seems to be likewise improved by
the high degree of compositional disorder.

A profound understanding of the energetic band alignment of
semiconducting photoelectrodes is essential in order to address
the question to which extent a photoabsorber is capable of
driving redox reactions. In essence, the positions of the VBM,
CBM, and Fermi level (Ep) under operating conditions deter-
mine the ability of a photoabsorber to reduce or oxidize water in
order to produce hydrogen and oxygen, respectively. Considering
the estimated flat band potentials (Figure 5C) and direct band
gap energy of 2.3 eV derived from the UV-vis spectroscopy, the
final energy band diagram can be drawn as shown in Figure 6.
According to MS analysis, the flatband, @pp, determines the
position of the Fermi level of a semiconductor (with respect to
the potential of the reference electrode) in the absence of band
bending and therefore reflects the thermodynamic ability of Ej to
oxidize or reduce water depending of the polarity of the semicon-
ductor.™ Importantly, the CBM and VBM are located below the
oxidation and above the reduction potentials of water, suggesting
that both oxygen and hydrogen evolution can be driven theoreti-
cally by the mesoporous HEF (photo-) anodes, hence providing
from a theoretical point of view suitable energy band positions
for overall solar water splitting.

In order to support the experimental data and provide evi-
dence of how the formation high entropy assisted compositions
affect the electronic band structure, density functional theory
(DFT) calculations were conducted on HEF and MEF. The
valence and conduction band edge levels versus the vacuum
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Figure 7. Electrochemical characterization of mesoporous HEF thin films calcined at 600 °C for 10 min (red) and 2 h (black): A) LSV curves (scan rate
10 mV s7) plotted against the iR-corrected voltage, B) Tafel plots with the corresponding linear fitting, C) Nyquist plots measured at 1.7 V, and D) 20
consecutive CV curves recorded with 50 mV s™' and an inlet showing a magnification of the potential window between 1.2 V and 1.7 V. All experiments
were accomplished in 1 M KOH and a 3-electrode-setup with the voltage plotted against RHE.

level were computed for the cubic spinel ferrite compositions
Co,Ni,CusZnsFe;s0;, (MEF) and Mg,CosNi;CuyZn,Fes0;,
(HEF) in their ferromagnetic states, in which all Fe cations
occupy the octahedral site and other cations occupy the tetrahe-
dral site (cf. Figure S9, Supporting Information)."21"l For the
HEF and MEF, valence band maxima of -6.35 eV and -4.51 eV
were obtained, respectively. The DFT derived VBM agree with
the Mott—Schottky data and confirm that the HEFs are in prin-
ciple capable of performing unassisted water oxidation, while
the MEF are not, due to positioning of the VBM above the
oxidation potential of water (see Figure 6 and Figure S9, Sup-
porting Information). In consequence, the incorporation of Mg
into the spinel structures shifts the VBM upward in energy.
Because DFT calculations based on the generalized gradient
approximation (GGA) level generally underestimate the band
gap energy, the position of the CBM has limited meaning. For
the HEF and MEF, we obtain band gaps of 0.48 eV and 0.39 eV,
respectively, which are in good accordance to theoretical calcu-
lations on NiFe,O4 showing an indirect band gap energy of =
0.5 ev.'2

2.3. Oxygen Evolution Reaction Activity

In order to elucidate the influence of calcination time on
the electrocatalytic water oxidation activity, the mesoporous
HEF-10 min and HEF-2 h thin films were electrochemically
characterized. Linear sweep voltammetry curves of the cal-
cined HEF thin films (measured in 1 m KOH) are depicted
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in Figure 7A. The shorter calcined (10 min) sample showed
a significantly lower overpotential of 420 mV at 10 mA cm™
as compared to the 500 mV at 10 mA cm™2 for HEF-2 h. For
comparison, the HEF-10 min sample possesses superior per-
formance over the structurally related mesoporous NiFe,0,
(calcined at 550 °C, 17 > 570 mV at 10 mA cm~3)l and Ni foil
investigated under identical conditions (Figure S10A, Sup-
porting Information). These potentials (versus RHE) were iR-
corrected through identifying the electrolyte resistance Rg from
the Nyquist plots, which were evaluated to be 13.7 Q and 14.5 Q
for the HEF-10 min and HEF-2 h thin films, respectively. The
observed overpotentials are in a typical range also found for
other spinel-type OER catalysts.ll Comparing the Tafel plots
(Figure 7B), the slopes for the HEF-10 min and HEF-2 h sam-
ples were found to be 65 mV dec™ and 75 mV dec™, respec-
tively, indicating enhanced reaction kinetics at the electrode/
electrolyte interface for the shorter calcined material. These
results are supported by electrochemical impedance spectros-
copy (EIS) analysis. The Nyquist plots exhibited in Figure 7C
show a lower charge transfer resistance of only 23 Q for the
HEF-10 min as compared to 60 Q for HEF-2 h. This result is
surprising at a first glance, since the latter sample has been
shown to be more crystalline (by HR-TEM and GIWAXS),
therefor one would expect an increased conductivity. For the
explanation two reason can be found: firstly, the preservation
of a well-defined (three-dimensional) mesopore network, in
which the connectivity of nanograins and with that the connec-
tion of electronic conduction paths is retained for HEF-10 min
(see Figure 2). This assumption is in good agreement with the
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finding of Hartmann et al. proving that an ordered mesoporous
network composed of sol-gel derived TiO, is the origin for
enhanced electronic conductivity and low charge carrier recom-
bination."””) Secondly (and corroboratively), the improved OER
performance can be related to the higher electric conductivity,
which, in turn, is the consequence of a higher number of
d-electron states in the material allowing electron hopping pro-
cesses between the iso-energetic states.

The retention of the mesopore architecture after annealing
at 600 °C for only 10 min can also be considered as an expla-
nation for the greatly increased double-layer capacitance, Cpy,
which was found to be more than 4 times larger (4.3 mF cm™)
as compared to the longer calcined samples (1 mF cm™).
This is in accordance with the BET surface areas, which was
highest for the HEF-10 min thin film. The cyclic voltammetry
(CV) plots for both samples recorded at distinct scan rates and
the corresponding linear regression (fitting) for determina-
tion of the Cp;™! can be found in the Supporting Informa-
tion in Figure S10B-D, Supporting Information. The capability
of completely infiltrating an ordered mesoporous metal oxide
network by a cobalt nitrate solution was shown for TiO, thin
films and proven by ToF-SIMS analysis.””! It can be expected
that the same physical process is valid for the mesoporous HEF
thin films when coming in contact with the aqueous electrolyte.
Additionally the presence of mesopores is expected to promote
the escape of evolved oxygen bubbles and facilitate the diffu-
sion and transport of reactive species (such as hydroxides)."” 1!
Conclusively, the aqueous electrolyte in the underlying work
is very likely to be penetrated throughout the HEF mesopore
framework and thus contributing to a high double-layer capaci-
tance, which in turn is known to directly correlate with the elec-
trochemical active surface area.['!®]

The CV curves in Figure 7D not only demonstrate a differ-
ence in the absolute current density between HEF-10 min and
HEF-2 h, they also show the appearance of an oxidation peak
around 1.45 V and reductive deflection of the curve between
1.55 to 1.2 V versus RHE for the HEF-10 min thin film. The oxi-
dation peak increases in intensity upon cyclisation from the 1
to the 20" cycle. This trend can be interpreted as an oxidation
process which occurs at the surface of the electrocatalyst under
prolonged operation, most likely attributable to the oxidation of
cations with the oxidation state +2 being oxidized to +3. Fur-
thermore, the rise of the oxidation peak implies a more redox
reactive surface and thus a less stable structure—which is plau-
sible since the HEF-10 min thin film possesses a higher surface
area and lower crystallinity. When analyzing both HEF mate-
rials at a constant current density of 10 mA cm=2 for 1 h (chro-
nopotentiometry, Figure S10E, Supporting Information), the
HEF-10 min and HEF-2 h materials showed a decrease of the
overpotentials by 10 mV and 15 mV over operation time, respec-
tively. In essence, the materials can be considered as stable
electrocatalysts for at least 1 h in fact showing an improvement
of OER activity over time.

Since the precise evaluation of the electronic structure of
transition metal oxides is an intricate interplay between the
adsorption energy of the adsorbate (e, occupancy), the covalency
(O 2p energy levels), and the interface energetics, requiring
usually synchrotron-based spectroscopic tools for detailed eval-
uation, we chose the degree of crystallinity and surface area as
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the two main control parameters to discuss the differences in
OER activity. The most reactive species in spinels can be con-
sidered 3+ cations typically occupying octahedral sites (in a
regular spinel configuration). The improved electrocatalytic
activity of octahedrally as compared to tetrahedrally coordinated
cations have recently been summarized in a review article.>l
Octahedrally coordinated metals are the redox-active centers
in spinels for three reasons: 1) an effective interaction of the
cations with the oxygen atoms (TMOg octahedron) is ensured,
2) adjacent octahedral sites interact cooperatively in promoting
the OER kinetics, and 3) a preferential exposure of octahedral
cations on the surface is given.” Additionally, the degree of
crystallinity correlates with OER activity since amorphous
structures typically possess more structural defects, which are
known for effecting the electronic band structure and surface
energetics, and in turn determine the adsorption energy of
reaction intermediates.'"] In this context, in TM oxides the for-
mation of oxygen vacancies becomes dominant in determining
the OER steps described by the LOM mechanism.[®*] In recent
studies, oxygen vacancies have been found as main impact
factor for the OER performance of mesoporous (sol-gel-derived)
HEO thin films, which was correlated with the increase in sur-
face area.’’l In the underlying work, the shoulder in the O 1s
signal (Figure S4C, Supporting Information) was determined
to be—independent of the surface area—the same in binding
energy and shape indicative for a comparable concentration
of defective oxygen and/or hydroxy groups. In conclusion,
the enhanced OER activity of the HEF-10 min sample over
HEF-2 h can be assigned to both a higher electric conductivity
and a higher specific surface area (BET surface area: 170 m? g
versus 110 m? g™)). Kr physisorption experiments and the dif-
ference in double-layer capacitance indicate a largely increased
surface area of the HEF-10 min mesoporous thin films, there-
fore offering significantly more catalytically reactive centers in
the form of octahedrally coordinated Co** and Ni**. The pres-
ence of the highly catalytically active species were confirmed by
XPS (Figure 4) and can be expected to be located at octahedral
sites, which were described to be exposed preferentially at the
surface.b4

3. Conclusion

In this work, nanocrystalline and ordered mesoporous high
entropy ferrite (HEF) thin films have been synthesized by a sol-
gel based dip-coating approach and subsequent calcination at
600 °C for either 10 min or 2 h. KLE as a porogen promotes
the formation of uniform and homogenous (crack-free) thin
films hosting periodically ordered mesopores forming a nano-
architecture with high surface areas, up to 170 m? g™ (by Kr-
physisorption). The implementation of six distinct transition
metal precursors during the soft-templating process yielded a
novel nanostructured CoNiCuZnMgFe,0, compound crystal-
lizing in the spinel structure (evaluated by TEM and GIWAXS).
The cations were shown to be homogenously distributed within
the HEF thin films even on the nanoscale, results which were
supported by TEM based EDS and ToF-SIMS investigations.
Both methods proved the uniform distribution of inserted ele-
ments throughout the bulk structure. XPS data demonstrated
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the presence of Mg, Zn, Cu in 2+ states and Fe, Ni, Co being
in 2+/3+ mixed valence states. The HEF electrodes have been
shown to efficiently absorb light in the visible spectrum (UV-vis
spectroscopy). The upward shift of the VBM due to substitution
by Mg on the A-cation site was confirmed by DFT calculations.
When characterized as photoanode, only low photocurrent
densities (1-2 HA cm™2) were found due to incorporation of
structurally-related recombination sites. Investigation of the
electrocatalytic activity in alkaline solution revealed promising
overpotentials of 420 mV and 500 mV at 10 mA cm? for sam-
ples which were calcined for 10 min and 2 h, respectively. The
improved electrocatalytic activity of shorter calcined (10 min)
samples as compared to longer calcined (2 h) samples is
ascribed to higher specific surface areas and higher electronic
conductivities rather than to the chemical environment on the
surface. The OER activity can be generally assigned to octa-
hedrally coordinated Ni** and Co**. In essence, it can be con-
cluded that the calcination time affects both the PEC and the
OER performance of the mesoporous HEF thin films. A lower
calcination time is beneficial for the development of a less
defined electronic structure of the mesoporous HEF thin films,
which leads to improved charge carrier transport properties
(electron hopping through d-d states) as confirmed by EIS. The
underlying work presented a general synthetic concept for the
controlled and reproducible preparation of ordered mesoporous
high entropy ferrite thin films readily available on conductive
substrates and further addressed the fundamental impact of a
nanoscale framework on these relevant properties. Further opti-
mization of the mesoporous HEF thin films might be achieved
by modification of the elemental composition and tailoring
the pore and nanocrystal size of the material—both (synthetic)
attempts known to have impact on the charge carrier transport
and electronic structure. The formation of mesoporous HEF
thin films with less grain boundaries might also be an impor-
tant structural feature which has to be considered in order to
enhance the PEC performance of mesostructured materials.
Conclusively, this novel high entropy oxide class can be con-
sidered as interesting candidate and nanostructure for energy
applications where high surface-areas offering a large number
of (catalytically) active reaction sites are advantageous.

4. Experimental Section

Materials: All chemicals were of analytical grade and used as
received: magnesium (Il) nitrate anhydrous (99.999%, Sigma Aldrich),
zinc () nitrate hexahydrate (299.0%, Sigma Aldrich), iron (ll) nitrate
nonahydrate (=99.95%, Sigma Aldrich), cobalt (1) nitrate hexahydrate
(99.999%, Sigma Aldrich), nickel (Il) nitrate hexahydrate (99.999%,
Sigma Aldrich), copper nitrate hemi(pentahydrate) (=99.99%, Sigma
Aldrich), sodium sulfite (298.0%, anhydrous, Carl Roth), T M KOH (Carl
Roth), ethanol (EtOH, 299.8%, Carl Roth), and 2-methoxyethanol (2-ME,
>99.5%, Sigma Aldrich). Poly(ethylene-co-butylene)-block-poly(ethylene
oxide) (KLE) was synthesized as reported in literaturel?’l; molar mass
7.8 kg mol™, 42 wt% ethylene oxide, dispersity 1.04 (by 'H NMR
spectroscopy and size exclusion chromatography).

Mesoporous HEF Thin Film Preparation: The preparation of the dip-
coating solution was inspired by Brezesinski et al.’®l The modified
synthesis was optimized as follows: 22 mg Mg(NOs), x H,0, 26 mg
Zn(NO3y), 6 H,0, 350 mg Fe(NO3); 9 H,0, 25 mg Co(NOs), 6 H,0,
and 25 mg Ni(NOs); 6 H,0, and 20 mg Cu(NOs), - 2.5 H,O were
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dissolved in 1 mL EtOH and 45 mg of KLE was dissolved in a mixture
of 0.7 mL of 2-ME and 0.6 mL EtOH. Both solutions were vigorously
stirred over 30 min (until homogenous solution was obtained) and
were subsequently mixed dropwise and stirred for another hour. After
stirring, the solution was treated in an ultrasonication bath for 5 min.
Prior dip-coating, all substrates were cleaned for 15 min with ethanol
and acetone assisted by ultrasonication. Dip-coating was conducted
with a dip-coater from Ossila. In a water-free container, fluorine-doped
SnO, (FTO, XOP glass) and silicon (100) wafers (Siltronic) were used as
substrates, which were withdrawn with a constant speed of 4-8 mm s
Optimum conditions in terms of formation of a well-developed
mesoporous network were found for a relative humidity between 10 and
18%. After dip-coating, the samples were transferred into a pre-heated
muffle furnace (Nabertherm LT3/11) and heated to 260 °C (heat rate
of 1°C min™) and hold at this temperature for 15 h. This stabilization
step was followed by rapid heating to 600 °C (with a heating ramp of
10 °C min~") and kept at this temperature for 10 min and 2 h, respectively.

Structural Characterization: SEM investigations were carried out
on a Philips XL30 FEG at acceleration voltages of 30 keV and working
distances between 5 and 10 cm. EDS based elemental analysis was
accomplished with a SEM instrument from JEOL (JSM 7600F) equipped
with an EDS detector from Oxford Instruments (X-Max 80). Using a
razor blade, flakes of the thin film were scraped off the silicon substrate
and collected in a small sample glass. After adding two ml of ethanol,
they were dispersed with the help of an ultrasonic bath. The dispersion is
allowed to settle for 20 s to separate large particles. Two to three droplets
of the upper part of the dispersion were applied on a carbon coated
copper grid (holey type, Plano GmbH, Wetzlar). After evaporation of the
ethanol, the samples were coated with a thin carbon film (carbon coater
MED 010, Bal-Tec AG, Balzers, Liechtenstein) to eliminate charging from
the incident electron beam in the TEM. Examination of the samples were
performed using the TEM and STEM mode in a FEG TEM (JEM2100F,
JEOL Ltd., Tokyo, Japan). For recording EDS maps, an Oxford X-Max 80
EDS detector (Oxford Instruments NanoAnalysis & Asylum Research,
High Wycombe, United Kingdom) was used. Krypton physisorption
measurements (on FTO deposited HEF thin films) were accomplished
at 77.35 K using an Autosorb iQ by Quantachrome Instruments. The thin
films were annealed at 200 °C for 6 h before, in order to desorb attached
water. The obtained data were analyzed with the ASiQwin Software
based on the BET model and a multi-point evaluation procedure. Values
for the specific surface area were finally received by determination of the
sample’s mass with the aid of the calculated thin film area, thickness
(determined by profilometry), and knowing the density of ferrites
including an assumed porosity of 30% (consistently reported for KLE-
based metal oxides in literature).[7277434 GI\WAXS was conducted on a
Rigaku Smartlab (Cu Ke radiation) diffractometer in a grazing incidence
setup with 6,4, = 5°. Data were recorded between 10° and 60° (in units
of 26) using a step size of 0.01°. The film thicknesses were determined
with a Bruker profilometer (Dektak XT) using a scan rate of 10 um s
and a stylus force of 5 mg.

Spectroscopic  Characterization: X-Ray photoelectron spectroscopy
experiments were accomplished in a vacuum-cluster tool on a
ULVAC-PHI VersaProbe Il instrument with a base pressure in the
analysis chamber below 5-10~ mbar. Monochromatized Al K, radiation
(1486.6 eV) was utilized as excitation source. Detail spectra were
measured applying a pass energy of 23.5 eV and a step size of 0.1 eV
per step. The sp? component in the C 1s spectrum was set to 285.0 eV
and all other binding energies were calibrated accordingly. Backgrounds
of the acquired spectra were subtracted by using the Shirley method in
CasaXPS,["8 version 2.3.25. TOF-SIMS depth profiling was performed
using an M6 Hybrid SIMS (IONTOF Company, Miinster, Germany). The
machine was operated in dual beam mode. For analysis scans 30 keV Bi*
ions were used and for sputtering 1 keV O," ions. With the sputter beam
(I'=232.6 nA) a 300 x 300 um? crater was produced. Analysis scans
were done in positive polarity on an area of 150 x 150 um? centered to
the sputter crater. The primary ion current was | = 1.281 pA at a cycle
time of 100 ps. By using the spectrometry mode for the Bi gun, a mass
resolution m/Am > 9500 (FWHM) was achieved for Ni as well as Co.
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An electron flood gun produced low energetic electrons for charge
compensation. The measurement was stopped at the film-substrate
interface and the crater depth was measured with a stylus profiler Alpha-
Step D-600 (KLA Tencor) and used for depth calibration. The repetition
of the measurement showed the same homogeneous film composition.
Raman spectra were acquired with a LabRAM Horiba HR-800 Raman
microscope with a 514 nm laser. Using a neutral density filter the power
density was 25 mW at a spot size of =1.5 um for a 50x LWD objective. As
a 600 gr mm™' grating was chosen, the diameter of the pinhole was set to
200 um and the entrance slit size to 100 um. Spectra were accumulated
15 times for 10 s acquisition time per scan. For each sample equivalent
spectra were collected on two different positions.

Optical Characterization: UV-visible light spectroscopy was
accomplished by a UV/Vis/NIR spectrometer from PerkinElmer
(Lambda 950). The absorption spectra were determined by measuring
the transmittance between 320 nm and 1200 nm using a scan speed
of 500 nm min™' and a data interval of 2 nm. By conversion of the
corresponding absorbance spectra into the Tauc plots, the direct
and indirect optical band gaps were derived by extrapolation of the
slope with the intercept of the x-axis and the baseline of the plot,
respectively.

DFT Calculations: Band structure calculations were performed
employing the Vienna ab initio Simulation Package (VASP),1%120
using a cutoff energy of 400 eV. To simulate the quasirandom
cation_distribution in the high-entropy spinel ferrites, we employed
(\3/2x43/2 ><\/§)R] 00.5° super cells of the cubic spinel structure
with 126 atoms in total. Quasirandom distributions of 4 Co, 4 Ni, 5
Cu, 5 Zn atoms for the medium-entropy composition and 4 Mg, 3 Co,
3 Ni, 4 Cu, and 4 Zn atoms for the high entropy composition were
generated using the special quasirandom structures (SQS) method as
implemented in sqsgen,'? where Fe occupies the octahedral sites, and
the other cations are distributed quasirandomly over the tetrahedral
sites. Gamma-point-centered (5 x 5 X 3) k-meshes were used for the
super cell calculations. To account for the local electron correlation at the
transition metal cation sites, a Hubbard-correction of 4.5 eV,[12 4 ey, 12
and 5 eV,["™l was applied to Fe, Co, Ni, and Cu, respectively. The DOS
and absolute band alignment of unrelaxed cells in ferromagnetic state
were computed by correcting the band energies by the averaged bulk
potential versus the vacuum potential.

Electrochemistry: All electrochemical experiments were conducted in a
three-electrode setup (Zahner cell PECC-2) utilizing a Hg/HgO reference
electrode and a platinum wire ring as counter electrode. The electrolyte
was chosen to be T m KOH (pH = 13.6) including T m Na,SO;. The
potential was controlled by a GAMRY Interface 1000E potentiostat.
Linear sweep voltammetry (LSV) was acquired between 0.9 V and 1.9 V
versus RHE using a step size of 1 mV and a scan rate of 10 mV s™'. Cyclic
voltammetry (CV) was conducted between 0.4 V and 1.8 V versus RHE
with a scan rate of 50 mV s™ and a step size of 1 mV. The potentials
in the LSV curves were corrected by iR-drop through evaluation of
the electrolyte resistance derived from electrochemical impedance
spectroscopy (EIS) data. The double-layer capacitance was derived after
the method of McCroryl'?d by analyzing the differential current densities
for distinct scan rates of 10-50 mV s7' in a non-faradaic potential range
(between 1.2 V and 1.4 V versus RHE). EIS was measured at 1.7 eV
versus RHE for applied frequencies between 100 kHz and 1 Hz and by
using an AC modulation of 10 mV. Chronopotentiometry was carried
out at constant current density of 10 mA cm=2 for 3600 s. The reference
potential of the Hg/HgO electrode was measured against a reversible
hydrogen electrode (RHE, HydroFlex, Gaskatel) in the above-mentioned
electrolyte before the experiments and used as conversion value taken
the Nernst-equation into account.

Photoelectrochemical characterization was performed in a three-
electrode setup (PECC-2 cell from Zahner Elektrik GmbH) in 0.1 M NaOH
with 1 M Na,SOj; (hole scavenger, pH of electrolyte = 12.9) employing the
mesoporous HEF films on FTO as working electrode, a platinum wire
as counter electrode, and Hg/HgO (stored in 1 M NaOH) as reference
electrode. The applied potentials for all methods were controlled by a
Zahner Zennium potentiostat (P211). As light source a white light LED
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was utilized (Apee = 536 nm, P = 100 mW cm~?) illuminating the PEC
cell from a distance of 10 cm. For IMPS experiments, the same white-
light LED was used operating at an average intensity of 800 mW cm™
and applying a peak amplitude of 200 mV in a modulation frequency
range between 10 kHz to 200 mHz. The Nyquist plot under sinusoidally
perturbated illumination was recorded at 1.4 V versus RHE in 0.1 m NaOH
and in the same setup configuration as described in the previous section.

Statistical Analysis: For statistical evaluation of the EDS data,
17 distinct spots on the mesoporous HEF thin films (deposited on
FTO) were analyzed and averaged. According to the averaged value,
the standard deviation (SD) was calculated as shown in Table S1,
Supporting Information. For the DFT calculations a quasirandom cation
distribution in the high-entropy spinel ferrites was employed using
(\/3/—2><\/3/—2><\/§)R100.5° super cells of the cubic spiel structure with
126 atoms in total. Quasirandom distributions of 4 Co, 4 Ni, 5 Cu, 5 Zn
atoms for the medium-entropy composition and 4 Mg, 3 Co, 3 Ni, 4 Cu,
and 4 Zn atoms for the high entropy composition were generated using
the special quasirandom structures (SQS) method, where Fe occupies
the octahedral sites, and the other cations are distributed over the
tetrahedral sites. Gamma-point-centered (5 x 5 x 3) k-meshes were used
for the super cell calculations. The DOS and absolute band alignment of
unrelaxed cells in ferromagnetic state were computed by correcting the
band energies by the averaged bulk potential versus the vacuum potential.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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