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ABSTRACT: High-entropy oxides (HEOs), which contain five or
more metal cations that are generally thought to be randomly
mixed in a crystalline oxide lattice, can exhibit unique and
enhanced properties, including improved catalytic performance,
due to synergistic effects. Here, we show that band gap narrowing
emerges in a high-entropy aluminate spinel oxide,
(Fey,Coy,Niy,Cuq,Zny,)ALO, (A’ALO,). The 0.9 eV band gap
of A’ALO, is narrower than the band gaps of all parent spinel
oxides. First-principles calculations for multicomponent AALO,
spinels indicate that the band gap narrowing arises from the
broadening of the energy distribution of the 3d states due to
variations in the electronegativities and crystal field splitting across
the 3d transition-metal series. As a catalyst for the oxygen
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evolution reaction in an alkaline electrolyte, A°AL,O, reaches a current density of 10 mA/cm? at an overpotential of 400 mV,
outperforming all of the single-metal end members at an applied potential of 1.7 V vs RHE. Catalyst deactivation occurs after 5 h at
10 mA/cm? and is attributed, based on elemental analysis and grazing-incidence X-ray diffraction, to the formation of a passivating
layer that blocks the high-entropy oxide surface. This result helps to validate that the HEO is the active catalyst. The observation of
band gap narrowing in A°AL,O, expands the scope of synergistic properties exhibited by high-entropy materials and offers insight
into the question of how the electronic structure of multicomponent oxide materials can be engineered via a high-entropy approach

to achieve enhanced catalytic properties.

B INTRODUCTION

High-entropy materials, which are alloys that have a random
distribution of five or more atoms within certain lattice sites,
form because the configurational entropy associated with the
mixing of the elements overcomes the propensity for
enthalpically favorable phase segregation. The random mixing
of elements also leads to unique physical properties, such as
extremely high durability, magnetic frustration, or surface sites
with unique electronic structures that can enable high catalytic
activity.' > High-entropy oxides (HEOs) are a subclass of
these materials, with the rock-salt structure oxides, such as
(Co4,Cug,Mgy,Nig,Zny,)O, being among the most studied,
as they have potential applications as dielectrics and as
capacitors.” High-entropy perovskites and spinels have also
been investigated, primarily for applications as catalyst
supports or as magnets.” Based on these and other examples,
it is clear that the properties of high-entropy materials,
including oxides, are not necessarily a linear combination of
those of their end members. For example,
Mgo.167N0.167C00.167C00.167Z10,167G€0.1670 has a low thermal
conductivity that is more similar to that of an amorphous
material than any of the constituent single-metal oxides while
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maintaining mechanical stiffness.* A considerable improvement
in performance is also seen when using NiMgCuZnCoO,, as a
support for Pt-catalyzed CO oxidation.”

The electronic properties of high-entropy materials are
especially intriguing. Recently, it was discovered that, in the
high-entropy alloy RuRhPdAgOsIrPtAu, metals lose their
individual electronic character and overall electronic degener-
acy is lowered.® Understanding the electronic structure of
HEQs, with more isolated metal sites than in alloys and a wider
range of structures, is still in the nascent stages.é’g’10 In the rare
earth oxide (CeGdLaNdPrSmY)O,_s, the band gap of 2.11 eV
is smaller than the 3 eV band gap of the CeO, end member.
While the ability of both Ce and Pr to adopt a 4+ oxidation
state allows for significant oxygen vacancies, 1 eV is a greater
band gap reduction than would be expected from oxygen
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vacancies alone. It is thought that the Pr*' oxidation state is
essential for allowing the band gap to narrow from 3 to 2.11
eV, in line with the observation that the ternary alloy,
(CeLaPr)O,_, also exhibits band gap narrowing.'"'* Lithium
doping into MgNiCoCuZnO, was found to have a similar
effect, lowering the band gap from 1 to 0.6 eV through a charge
compensation mechanism, whereby some of the transition
metals adopt a 3+ oxidation state.'”

These studies offer insight into the way in which one
element can have a disproportionate effect on the electronic
properties of a high-entropy material. However, to truly be able
to engineer the band gap of HEOs, a more comprehensive
theoretical and experimental understanding is needed. Density
functional theory (DFT) has been instrumental to both
calculate and understand the electronic band structures of
HEOs. However, the substantial supercell size needed to
accurately model both the random cation distribution and the
resulting crystal structure distortions makes these simulations
computationally costly. The local distortion around the cations
has been shown to change the degeneracy and ground state of
the metals, so accurate modeling is essential to gain a
theoretical understanding of band structures in HEOs.'*

High-entropy spinel oxides, AB,O,, are of interest for their
magnetic and catalytic properties®'>' and are also intriguing
platforms for interrogating electronic structure effects. Like
other HEO magnets, competing magnetic coupling due to
mixed magnetic elements often makes it difficult to predict the
magnetic state of the high-entropy phase.”'”~" In aluminum-
based spinel oxides that contain Al on the B sites and magnetic
metal cations on the A sites, the spin state is generally
paramagnetic at room temperature.”’ The spinel-type AALO,
compounds (A = Fe, Co, Ni, Cu, or Zn) include as end
members the magnetic FeAl,0, CoAl,0, and NiAl,O,
materials.”® All end members are also semiconductors, with
band gaps ranging from 1.6 eV for FeAlL,O, to 4.2 eV for
ZnALO,”" We show here that the band gap of the high-
entropy spinel oxide that contains all five of these metals,
(Fey,Cog,Niy,Cuy,Zny,)AL 0, (which we hereafter refer to
as A’Al,0,), is 0.9 eV, which is smaller than all of the single-
metal spinel oxide end members. This unexpected finding adds
to our growing knowledge of the synergistic properties of high-
entropy materials by demonstrating that the band gap is not a
simple average of the end members. DFT band gap
calculations reveal that a fundamental shift occurs in the
energy levels of the transition metals in the high-entropy spinel
oxide. This study demonstrates that the electronic structure of
materials can be engineered via high-entropy stabilized
structures to achieve enhanced properties. It expands the
possibility of band gap narrowing into ternary transition metal
oxides, suggesting that the previous studies on oxides
containing rare earth metals or alkali metals'""” may fit into
a larger framework by which to understand the band structures
of HEOs.

Band gap narrowing, as observed in ASALO,, can lead to
higher electrical conductivity, which can enhance properties
such as electrocatalysis that require rapid transport of electrons
through the material. High-entropy materials have become
prominent targets in catalysis due to advantageous effects such
as synergetic active sites and enhanced stability.”>'***~**
High-entropy catalysts for the oxygen evolution reaction
(OER), which is a bottleneck reaction in overall water splitting
and is a key component of air—water batteries,” have shown
improvements in both the rate of catalysis and durability.”'***
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Oxides containing the transition metals manganese, cobalt, and
iron’*”” are well known as OER catalysts in alkaline
electrolytes, which are applicable to alkaline fuels cells and
water electrolyzers that are both considered key technologies
for decarbonization.”® Al has also been shown to synergistically
improve the performance of Co—Ni alloys as OER
catalysts.”**” Accordingly, in addition to demonstrating band
gap narrowing, we show that the high-entropy A°Al,O, spinel
has enhanced catalytic activity, relative to the AAlL,O, end
members, for the OER in alkaline electrolytes, which can be
attributed, in part, to its narrowed band gap and electronic
structure. By examining the surface of the material beyond the
limits of its stability as an OER catalyst, we find evidence for
the formation of a passivating layer, as well as evidence for a
lack of significant dissolution. These results suggest that the
high-entropy phase is indeed the active catalyst since the
formation of the passivating layer (which blocks the high-
entropy phase) deactivates the catalyst. These insights into the
origins of band gap narrowing in oxide spinels and their
applicability as OER electrocatalysts provide guidelines for
designing high-entropy materials with targeted and enhanced
properties.

B EXPERIMENTAL SECTION

Materials. The following metal salts were obtained from Sigma-
Aldrich: Fe(NO;),-9H,0 (>99.95% purity), Co(NO;),-6H,0
(99.999% purity), Ni(NO;),-6H,0 (99.999% purity), Cu(NO;),:
3H,0 (99—104% purity), Zn(NO,),-6H,0 (>99% purity), and
Al(NO;);-9H,0 (99.997% purity). KOH (85% purity) was obtained
as pellets from VWR. Isopropyl alcohol (99.7% purity) was obtained
from VWR. Nafion perfluorinated resin, S wt % in lower aliphatic
alcohols and water, was obtained from Sigma-Aldrich. IrO, (99.0%
purity) was obtained from Sigma-Aldrich.

Synthesis. The synthesis of all materials was achieved through a
solution combustion method adapted from Han et al.”' The relevant
metal nitrate hydrates [Fe(NO;),-9H,0, Co(NO;),-6H,0, Ni-
(NO;),-6H,0, Cu(NO;),-3H,0, and/or Zn(NO;),-6H,0], alumi-
num nitrite nonahydrate, and glycine, in a ratio of 1 mmol:2 mmol:2
mmol, were dissolved in 15 mL of Nanopure distilled deionized (DI)
water. For the end members FeAl,O,, CoAl,O,, NiALO,, CuAl,O,,
and ZnAl,O,, the masses of the appropriate metal nitrate hydrates
were 404.00, 291.03, 290.80, 241.60, and 297.49 mg, respectively. For
the high-entropy ASALO, spinel, the masses of each of the metal
nitrate hydrates were 80.80, 58.21, 58.16, 48.32, and 59.50 mg,
respectively. The transition metal nitrates in the high-entropy AAl,O,
spinel were equal to 1 mmol in total, with each metal present at 0.2
mmol. For (Co,Ni)ALO,, 145.52 mg of Co(NO;),-6H,0 and 145.04
mg of Ni(NO;),-6H,0 were used. For all reactions, 2 mmol each of
aluminum nitrite nonahydrate (750.26 mg) and glycine (150.14 mg)
were used. After dissolution, the solution was placed in a 50 mL
alumina crucible. The crucible was fired in a large Carbolyte box
furnace preheated to 400 °C. The reaction was held for 1 h to allow
for complete combustion. Each compound was then annealed at 1100
°C for 8 h, after which the furnace was allowed to cool to room
temperature.

X-ray Diffraction. Powder X-ray diffraction (PXRD) data were
obtained on a Malvern Panalytical Empyrean diffractometer. The
instrument was equipped with a copper source, operated at a voltage
of 45 keV and a power of 40 kW. PXRD patterns were obtained
utilizing reflection mode and a PIXcel 3D detector. Grazing-incidence
XRD (GIXRD) data were obtained on a Malvern Panalytical
Empyrean diffractometer, operated similarly to PXRD data collection.
The instrument was operated with a low (10°) fixed incident angle to
maximize signal obtained from the surface of the material.

Scanning Electron Microscopy. Scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM—EDX) was utilized
to determine the elemental composition and distribution of elements
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in the bulk powders. Data were collected on an ESEM Q250 with a
tungsten source. The instrument was operated at 7 keV under ultra-
high vacuum. Imaging and mapping of elemental composition were
done utilizing secondary electrons. For elemental mapping, an EDS
Bruker AXS detector was used. Elemental maps were constructed
using the Aztec software, which performed automatic peak
integrations of the spectra to determine elemental composition, as
well as allowing visualization of the location of elements.

Elemental Analysis. To further investigate the elemental
composition of the high-entropy A°Al,O, spinel and to monitor
possible elemental leaching during electrochemical testing, inductively
coupled plasma mass spectrometry (ICP-MS) was performed on a
Thermo Scientific iCAP TQe Quadrupole ICP-MS instrument. For
analysis of the high-entropy A°AL,O, spinel, approximately 10 mg of
material was dissolved in hydrofluoric acid. The sample was then
diluted to a parts-per-million concentration. For analysis of the
electrolyte during electrochemical stability testing, an aliquot was
taken and added to a 5% by volume nitric acid solution. Due to the
high environmental levels of iron and aluminum that can often inhibit
accuracy, great care was taken to only use metal-free plastic for the
transfer and storage of the solutions.

Diffuse Reflectance Spectroscopy. Diffuse reflectance spectra
were obtained on a Perkin Elmer Lambda 950 UV-visible
spectrometer equipped with a 150 mm integrating sphere in diffuse
reflection mode. Spectra were collected from 250 to 2500 nm, with 2
nm steps. The reference spectrum for total reflectance was measured
against a Spectralon disc standard. To generate samples, the powders
were suspended in 1 mL of ethanol by sonication for 10 min. The
solution was drop-cast on quartz glass slides (Electron Microscopy
Sciences) until opaque. The slides were dried with nitrogen before the
measurement. Plots of the Kubelka—Munk function, raised to the
power of 2 (direct band gap) vs energy in eV, were constructed. Band
gaps were calculated by fitting the linear region in the onset of
absorption and extrapolating to the x-intercept.’”’'

X-ray Photoelectron Spectroscopy. X-ray photoelectron spec-
troscopy (XPS) data were collected using a Physical Electronics
VersaProbe II instrument equipped with a monochromatic Al Ka X-
ray source (hv = 1486.7 eV) and a concentric hemispherical analyzer.
Charge neutralization was performed using both low energy electrons
(<$ V) and argon ions. The binding energy axis was calibrated using
sputter cleaned Cu (Cu 2p;/, = 932.62 €V, Cu 3p;/, = 75.1 €V) and
Au (Au 4f,,, = 83.96 eV) foils. Given the low carbon signal and
interferences, peaks were charge referenced to Al in the 2p spectra at
74.4 eV. Measurements were made at a takeoff angle of 45° with
respect to the sample surface plane. This resulted in a typical sampling
depth of 3—6 nm (95% of the signal originated from this depth or
shallower).

Electrocatalysis. All electrochemical experiments were conducted
in 1 M KOH utilizing a rotating disk working electrode, a graphite rod
counter electrode, and a mercury-mercury oxide reference electrode,
which is a stable reference in base. The working electrode substrate
was glassy carbon, polished to 1/4 micron smoothness by utilizing
diamond paste on a polishing cloth. Polishing was conducted at 9
microns, 3 microns, 1 micron, 1/2 micron, and 1/4 micron to ensure
a smooth and clean surface. The electrode ink was made by sonicating
2 mg of the catalyst powder, 20 uL of Nafion perfluorinated resin in a
solvent mixture of 400 uL of Nanopure water and 100 L of isopropyl
alcohol. Sonication was conducted for 1 h. Then, 20 L of the catalyst
ink was deposited on the glassy carbon electrode to maintain
consistent catalyst loading and to ensure good contact between the
electrode and catalyst. For IrO,, the powder was pressed into a pellet
and sintered for 2 h at 800 °C to obtain a surface area comparable to
the spinel oxides; the pellet was then ground before creating the
catalyst ink. Potentials were applied utilizing a Gamry 1000b
potentiostat.

Electrical Measurements. Measurements were conducted on
pellets pressed at S0 MPa in a hydrolytic press and then sintered for 1
h at 1100 °C. Silver electrodes (S mm diameter, 100 nm thick) were
sputtered on the samples. Electrochemical impedance spectra were
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then obtained using a Modulab XM MTS system at frequencies
ranging from 0.01 Hz to 100 kHz.

Electronic-Structure Predictions. First-principles calculations
were performed using the plane-wave (PW) pseudopotential method
implemented in the Quantum-ESPRESSO suite’>** with the
Perdew—Burke—Ernzerhof (PBE)** parameterization of the general-
ized gradient approximation and with pseudopotentials from the
standard solid-state pseudopotential (SSSP) library.***” Calculations
were performed at the GGA + U*™* level using Lowdin-
orthogonalized atomic projectors*’ with the Hubbard U correction
being applied to Fe, Co, Ni, and oxygen when bonded to Ni or Zn.
These parameters were obtained by fitting the experimental band gaps
of the end-member spinels. The values obtained were U, = 8 eV, Uc,
=3 eV, Uy = 8 eV, Upny = 4 eV, and Ugy, = 5 €V. For all
calculations, a S6-atom supercell was employed. The kinetic energy
cutofs for the wavefunctions and charge density were 90 Ry and 1080
Ry, respectively. Geometry optimizations were performed while
sampling the Brillouin zone with a I'-centered Monkhorst—Pack grid
of 4 X 4 X 4; optimization was performed until the total force was
below 0.0002 Ry/A (0.0025 eV/A). In subsequent calculations, the
Brillouin zone was sampled with a I'-centered Monkhorst—Pack grid
of 8 X 8 X 8.

B RESULTS AND DISCUSSION

The AALO, spinel, as well as the AALO, end members, were
synthesized as bulk powders using a solution combustion
method, as described in the Experimental Section. The
formation and phase purities of the spinel oxides were
primarily determined by PXRD. For all end members, the
expected cubic spinel phase was observed by PXRD as the
primary product (Figure S1). FeAl,O,, CoAl,O,, NiAl,O,, and
ZnAl,O, appeared as pure crystalline phases by PXRD, based
on comgarison with patterns simulated from literature
data,”*° while CuAlL,O, had a few additional weak reflections
that could not be identified. PXRD also confirms that ASAl,O,
corresponds to a single-phase cubic spinel, with no observable
bulk phase segregation. A Rietveld refinement of the PXRD
data for A®AL,O, with all five elements modeled at 1/5
occupancy, shown in Figure 1, revealed a cubic lattice
parameter of a = 8.096(2) A (Table S1). This value is within
the range of literature lattice parameters for the end members:
FeAL,O,, a = 8.1558 A; CoALO,, a = 8.1000 A; NiALO,, a =
8.0460 A; CuALO,, a = 8.1000 A; and ZnAlL,O,, a = 8.0880

" Feg2C0,Nig ,Cug 2ZNg
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Figure 1. Rietveld refinement for the high-entropy A°ALO, spinel,
(Fe(,Coy,Nig,Cuy,Zny,)ALO,. Experimental data are shown in blue
circles, the refined pattern is shown as a black trace overlaid on the
experimental data, and the difference is shown in red, below the
overlaid experimental and simulated patterns. The A®Al,O, spinel
crystal structure is shown in the inset.
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A% Due to the strong preference of AP* for the
octahedral sites in spinels, arising from the lower crystal field
energy of AP* in octahedral vs tetrahedral sites, there is
minimal site inversion in aluminate spinels.*’ It has also been
observed that Fe®", which generally occupies octahedral sites,
favors tetrahedral sites at annealing temperatures over 600
°C.*>*" Therefore, the transition metal cations can reasonably
be expected to be located in the tetrahedral A sites of the
AB,0, compound, while AI** resides in the octahedral B sites.

ICP-MS (Table S2), which was used to determine the
composition of the bulk sample, confirmed that the five
transition metals were present in equimolar amounts and that
all together, the five transition metals and aluminum were
present in a 1:2 ratio to yield a formula of
(Fey,Co4,Niy,Cuy,Zny,)AL, 0, To confirm the uniform
distribution of metals within the sample, along with their
relative atomic percentages, SEM—EDX element mapping was
used. As would be expected for a true solid solution, the five
transition metals were present across the entire mapped area,
along with aluminum and oxygen (Figures 2 and S2). The
atomic percentages of the five A-site metals are equal, within
typical experimental error for SEM—EDX.

Fe
Co NI
ICu Zn
T T
6 8

Figure 2. SEM—EDX spectrum showing the presence of Fe, Co, Ni,
Cu, and Zn in near-equimolar amounts, as well as the expected 1:2
ratio of the transition metals to Al
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XPS data, shown in Figure 3, confirm the presence of the
five metals and aluminum in the surface region of the A°ALO,
sample, suggesting that the HEO present in the bulk is also
present on the surface. In addition to surface composition, XPS
data for ASALQ,, along with XPS data for the parent phases
and other reference compounds (Figure S3), provide
information about the oxidation states of the constituent
transition metals. For zinc, the Auger peak was also collected,
as calculating the Auger parameter is more indicative of the
oxidation state for this element.** The Fe 2p;), peaks for both
ASALO,, which is at 711.6 eV, and FeAl,O,, which is at 711.45
eV, are consistent with iron in a 2+ oxidation state.”” However,
we cannot rule out the possibility of a more complex oxidation
state distribution in A’Al,O,, since overlap with the cobalt
Auger peak prevents unambiguous curve fitting of a pure iron
peak. The Co 2p;,, peak of A’AL O, is at 781.9 eV, which is
slightly higher in energy than the corresponding peak for
CoAl,O,, which is at 781.6 eV. Both binding energies are
similar to that of CoO, which is at 782.1 eV, and therefore is
consistent with cobalt in a 2+ oxidation state.*” For nickel, the
Ni 2p;,, binding energy for both A*Al,O, and NiAlO, falls at
856 eV. Other spinel oxides that contain nickel in the A-site,
and that are attributed to Ni**, have also been reported to be
located at 856 or 855.8 eV.* The Cu 2p,,, binding energy in
ASALO, is 933.3 eV, whereas it is 933.8 eV in CuALO,.
Copper(Il) oxide is reported to have the Cu 2p;/, peak at
933.6 eV," providing reasonable confidence that both spinel
oxides also contain Cu®*". The Auger parameter for zinc in
ZnAlL, O, was found to be 2009.8 eV, while in A’AL,O,, it was
calculated to be 2010.6 eV. Both of these values are much
closer to the value reported for zinc(II) oxide, at 2010.4 eV,
than for zinc metal, which is at 2013.77 eV.** Overall, XPS
analysis confirms the presence of all metals on the surface and
indicates oxidation states of 2+ for all A-site transition metals.

The end members, which are the single-metal AAI,O,
spinels, are all semiconductors, with band gaps ranging from
~2 to ~4 eV (Figure 4a—e), based on diffuse reflectance
measurements: FeAl,O, (1.6 eV), CoAlL,O, (2.3 V), NiAl,O,
(2.0 eV), CuAl,O, (2.3 eV), and ZnAL,O, (4.2 eV). These
band gap values match well with previous reports for these
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Figure 3. High-resolution XPS spectra (with fitted backgrounds) for the metals that comprise the A*Al,O, high-entropy spinel oxide. The Al 2p
and Cu 3p peaks overlap, so they are deconvoluted. For Zn, both the Zn 2p and Zn LMN Auger peaks are shown. For Co and Ni, both the main 2p
peaks (dark blue) and the 2p plasmonic loss peaks (light blue) are fit. For Cu, both the main 2p peak (dark blue) and the shake-up satellite peak

(light blue) are fit.
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Figure 4. Diffuse reflectance spectra of (a—e) all end member AALO,
spinels, as well as (f) the high-entropy A°ALO, spinel. Wavelength is
plotted against the Kubelka—Munk function, raised to the power of 2.
Band gaps are calculated by extrapolating the linear region to the x-
intercept.

phases.”’ However, in the high-entropy ASALO, oxide, we
observe that the band gap has narrowed to 0.9 eV (Figure 4f),
which is lower than the band gaps of all of the end members.
This unexpected finding can be understood as resulting from
shifted d-band energies. Previous computational work on Fe,
Co, or Ni doping of CuAl,O, demonstrates that all three of
these metals contributed to the density of states just above the
Fermi level.”” In the high-entropy A’AL,O, spinel, it is expected

that the conduction band will be significantly influenced by the
five constituent metals. DFT calculations predict that the
binary alloys have a smaller band gap energy than the end
members, with a few exceptions that may be an artifact of the
specific configurations studied. This is caused by the differing
electronegativities, y, and crystal field splitting, A, of the
dopant and host transition-metal cations, as shown in Figure
Sa. These differences introduce 3d states within the band gap
of the host material, as depicted schematically in Figure Sb.
Additionally, transition metal dopants having lower A can also
affect the band gap by reducing the crystal field splitting of the
host transition metal; in practice, this lowers the energy of
unoccupied t,, states and consequently the band gap energy, as
seen in Figure Sc. The intensity of this effect increases with the
difference between the crystal field splitting of the host and
dopant transition metal. Further, increasing the fraction of the
transition metal with lower crystal field splitting causes this
effect to be more pronounced. Interestingly, the two
mechanisms of band gap reduction can produce two different
types of transitions (i.e, bonding-to-antibonding and anti-
bonding-to-antibonding electron transfer) depending on the
3d states from which the band edges originate (Figures S4—
$17).

XPS analysis indicated that all five A-site transition metals
were present at the surface in the 2+ oxidation state. For the
computational studies described above and in Figures S and
S4—S17, the bulk oxidation states were not constrained and
therefore were allowed to vary to minimize the overall energy
of the system. As a result of these calculations, the oxidation
states could be extracted, along with their distributions, based
on their magnetic moments (Figure SS). Consistent with the
surface analysis, a 2+ oxidation state was found to be most
likely for all five transition metals, suggesting that the bulk
oxidation states match those of the surface. The complex
interactions in HEOs can support unusual oxidation states for
various reasons, as discussed in the Introduction. However,
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these calculations relating to A’AL,O, suggest that the
oxidation states remain as 2+ throughout.

An increasing number of high-entropy transition metal
oxides are active catalysts for the OER in alkaline conditions,
including La(Cr,Mn,Fe,2Co,Ni)0;,>> (Co,Cu,Fe,Mn,-
Ni);0,,°" and AINiCoRuMo oxide nanowires.'® Given the
possible synergistic effects of the five transition metals
(including OER-active Fe**, Ni**, and Co?*), along with the
presence of AI** that is known to have a promotional role that
can improve catalytic activity’>*” and the narrowed band gap
that is expected to improve charge carrier transport, we sought
to evaluate the OER activity of the high-entropy A°ALO,
spinel and compare it to each of the end members.

Linear sweep voltammetry revealed that only the high-
entropy A°Al,O, spinel, along with the CoAl,O, and NiAl,O,
end members, generated a catalytic current above that of the
glassy carbon substrate in the OER-relevant potential range of
1.2 to 1.9 V vs RHE; FeAlL,O,, CuALO,, and ZnAl,O, were
inactive (Figures 6a, S18, and S19). The high-entropy A°ALO,
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Figure 6. (a) Linear sweep voltammetry data for the OER in 1.0 M
KOH for the AALO, end members, (Co,Ni)AL,O, solid solution,
high-entropy A°AL O, spinel, and a IrO, benchmark catalyst. Current
is normalized to the electrochemically active surface area. (b)
Chronopotentiometry data for the high-entropy A*ALO, spinel,
held at a constant current density of 10 mA/ cm?.

spinel also outperformed CoAl,O, and NiAl,O, (Figure 6), as
well as (Co,Ni)AL O, (Figure S20), a solid solution aluminate
spinel that contains the two metals that are found to be active
among the end members. A’AL, O, is therefore the highest-
activity catalyst (based on overpotential required to achieve a
current density of 10 mA/cm”) among those tested. When
normalized to the electrochemically active surface area
(Figures 6a and S18), the high-entropy A°ALO, spinel,
which has a lower electrochemical surface area due to larger
particle size, is comparatively more active than all of the parent
compounds, as well as a bulk IrO, benchmark, at a potential of
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1.7 V vs RHE. A°ALO, reached a current density of 10 mA/
cm? at an overpotential of 430 mV, whereas the IrO, catalyst
reached this current density at an overpotential of 490 mV.
Similar trends are observed when normalized to the geometric
surface area (Figure S18a). The activity of the high-entropy
A*ALO, spinel, which contains elements that are considered to
be inexpensive and earth-abundant, is competitive with IrO,,
which is an expensive precious metal compound that is a
benchmark catalyst for the OER. Based on the data in Figure
6a, the high-entropy A°Al,O, spinel is clearly an active catalyst
on par with, or superior to, comparable existing materials. We
suspect that both synergistic effects arising from the mixed
metal surface, which offer complex active sites for the OER,
and the band gap narrowing, which should significantly
decrease resistance to the transport of carriers during
electrocatalysis, is responsible for this enhanced performance.

While the surface is most likely dynamic and complex, the
transport of carriers to this surface through the bulk of the
catalyst material is still important for maximizing catalytic
performance. Therefore, higher conductivity due to the
narrowed band gap is advantageous to catalysis. To confirm
that the narrowed band gap in A°ALO, correlates with
increased conductivity and enhanced catalysis, we compared
the admittance, which is a measure of conductivity, of A°AL,O,
to the most active parent phase, CoAlL,O, (Figure S22). As
expected from the narrowed band gap, we indeed observe an
increase in conductivity in A°ALO,.

In addition to activity, we also analyzed the stability of the
high-entropy A°AL,O, spinel using chronopotentiometry,
wherein the electrode is held at a constant current and
potential is monitored over time, with a steady potential
indicating stable catalytic performance. The data in Figure 6b
shows that the high-entropy A°Al,O, spinel maintains nearly
constant potential for approximately S h when held at a current
density of 10 mA/cm? but then undergoes a sudden increase in
voltage that is indicative of instability. Such instability could
arise from catastrophic leaching, i.., oxidative instability;
decomposition, i.e., transformation into the constituent metal
oxides or related compounds; or formation of a passivating
layer, i.e., a catalytically inactive film that blocks the
catalytically active surface.

Utilizing ICP-MS for the analysis of electrolyte aliquots
during electrocatalysis, we do not observe dissolution of the
high-entropy A*ALO, spinel (Figure S18b). The six metal
analytes (Al Fe, Co, Ni, Cu, Zn) remain at background parts-
per-billion levels; fluctuations at various time points remain
within instrumental error and are not indicative of a
measurable increase in solvated metals from potential catalyst
dissolution. The ICP-MS data therefore rules out oxidative
instability and leaching at the potentials applied during normal
catalytic operation and confirms that the observed current is
due to the OER and not corrosion.

Postcatalytic PXRD revealed that the high-entropy A°ALO,
spinel phase was still present (Figure S17c) as the bulk sample,
although we cannot rule out the possibility that a small amount
of one or more secondary phases may be present due to the
small sample size. To better understand the catalytically
relevant surface of the high-entropy A°AL,O, spinel, we aged a
drop-cast layer of the A’AL,O, powder on a gold substrate, a
technique previously employed to confirm the active phase of
double-layered metal hydroxides.”” Utilizing GIXRD on the
film, we find that a passivating layer of K;,Fe;O 4 and K,CoO,
forms (Figure S18c). XRD peak matching (Figure S18c) was
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used to attribute these potassium-containing phases to the
passivating layer, although it is possible that they contain two
or more metals. The incorporation of potassium on the surface
was further confirmed by XPS (Figure S$22). Neither
K,,Fe;O4 nor K,Co0, is a known OER catalyst, and the
emergence of these phases correlates with inactivation of the
catalyst. We therefore assume that they are catalytically
inactive. In the future, it may be possible to suppress
inactivation by preventing or minimizing formation of the
passivating layer, perhaps through optimizing the mixing ratios
of the 3d transition metals in A°AL,O, or modifying the
electrolyte. Taken together, these results suggest that the high-
entropy A°ALO, spinel fails after S h because of formation of a
catalytically inactive passivating layer, not because of
dissolution or decomposition. This, in turn, suggests that the
HEO is likely to be the active catalyst.

B CONCLUSIONS

The electronic changes in HEOs, compared to their end
members, are not well understood, even though it is clear that
complex solid solutions give rise to properties that are not an
average of the properties of the end members. Here, we found
that the high-entropy A®Al,O, spinel oxide, where A = Fe, Co,
Ni, Cu, or Zn, has a band gap of 0.9 eV, which is narrower than
the band gaps of all parent phases. Based on DFT calculations,
this surprising property is theoretically shown to arise from the
rearrangement of the electronic bands due to the energy shift
of the 3d e, and t,, orbital states over broader energy ranges in
the high-entropy spinel and the reduction of the crystal field
splitting due to significant fractions of Cu and Zn. These
insights provide guidelines for tuning the band gaps of HEO
materials. The narrowed band gap in the high-entropy A°ALO,
spinel is also advantageous for catalysis as its activity for the
OER is enhanced relative to its end members.
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