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ABSTRACT: Despite significant recent developments in the field of high entropy oxides, previously reported HEOs are
overwhelmingly stoichiometric structures containing a single cationic site and are stabilized solely by intermixing increasing numbers
of cations. For the first time, we demonstrate here that cationic vacancies can significantly increase configurational entropy and
stabilize phase-pure HEOs. Aluminate spinel HEOs with AB,O, stoichiometry are used as a model crystal structure. These spinels
tolerate large divalent cation deficiencies without changing phase, allowing for high concentrations of cationic vacancies.
Stoichiometric and sub-stoichiometric spinels (with A:B molar ratios <0.5), which contained various mixtures of Co, Cu, Mg, Mn,
Ni, and cationic vacancies in nominal equimolar concentration, were systematically compared as a function of heat treatment
temperature and number of unique cationic species. We found that the same number of cationic species were needed to stabilize
both stoichiometric and sub-stoichiometric nickel-containing spinels at 800 °C calcination, as exemplified by (CoCuMgNi)ALO,
and (CoMgNi),;sAL O, samples, signifying that vacancies stabilize phase-pure spinels similarly to cations. The chromatic, structural,
and chemical properties of these complex spinels were highly tunable via incorporation of cationic vacancies and multiple divalent
metals, promoting their potential application as unique pigments, catalysts, and thermal coatings.

® 0

B INTRODUCTION adopting a variety of different crystal structures, including rock
- ; ; It,"* fluorite,” > spinel,""® and perovskite,” "' which h
High entropy oxides (HEOs) are a relatively new class of salt, uorite,  spinel, and perovskite, ‘;"2 ch have
materials containing multiple cations (typically four or more) demonstrated advantageous ionic conductivity, © thermal
consolidated into a single-phase crystal structure. These conductivity,” dielectric constants,'” and catalytic proper-
structures are stabilized through configurational entropy (S.), ties."* ' These oxides were stabilized solely by increasing the
which increases with the number of unique arrangements of number of cationic elements mixed together and increasing the

cations and anions within the crystal structure according to eq
1.' X; and y; are mole fractions of each cationic and anionic
species, respectively, and N and M are the total number of
unique cationic and anionic species, respectively. For a given
value of N and M, S, is maximized when the species are in
equimolar concentration. The tendency of the constituent

temperature until a phase-pure structure formed. Despite the
recent development of complex perovskite and transition metal
spinel HEOs,”'”'® many of these studies focused on
stoichiometric crystal structures having a single equivalent

cations to adopt dissimilar secondary oxide phases is overcome Received: March 4, 2023
when increased entropy outweighs enthalpic energy penalties Revised: ~ May 18, 2023
associated with mixing, according to the Gibbs equation (AG = Published: June 2, 2023

AH — TAS). High entropy oxides that exhibit this
thermodynamic phenomenon are further distinguished as
entropy-stabilized oxides. Previous studies report HEOs
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cationic site, an approach that ultimately limits the number of
parameters available to design unique complex oxides.

N M

S = —kg z xIn(x;) + Zy]ln(y])

=1 cation j=1

anion (1)

The aim of this current study is to evaluate the potential of
cationic vacancies to stabilize HEOs. From a configurational
entropy perspective, site vacancies constitute a unique chemical
species that increases the number of unique atomic config-
urations within a crystal lattice in the same manner as a
cation.'”*® Unfortunately, most metal oxide crystal structures
do not support large vacancy concentrations, which prevents
their systematic study. Aliovalent cation dopant incorporation
and oxygen partial pressure change are shown to induce
vacancies in both compositionally simple and high entropy
oxides.”'>'>*"** However, vacancy concentrations induced
through these methods are typically too low to significantly
increase configurational entropy.””** Since crystallographic
defects enhance many of the useful properties of metal oxides
(ionic conductivity, energy storage, and catalytic activity for
instance),"***® a systematic study of defect-stabilized HEOs
would be valuable. Further, cationic vacancies are accompanied
by charge-compensating anionic vacancies, enabling a configura-
tional entropy contribution from the anionic sub-lattice, which is
typically assumed to be zero in metal oxides.””** High entropy
carbides,””*" silicides,>"** borides,*>™>° and sulfides*® > offer
an alternative to oxygen anions in compositionally complex
materials. Several studies of high entropy carbides demonstrate
significant anionic vacancy concentrations shown to stabilize the
carbide structure, which suggests the same principle may
stabilize other material systems, like metal oxides.*”** However,
a method for supporting high vacancy concentrations is lacking
in previously studied HEOs.

Here, we develop HEOs having an aluminate spinel crystal
structure. These are AB,O, type oxides in which A-site cations
have tetrahedral coordination and B-site cations have octahedral
coordination. Stoichiometric aluminate spinels have MALO,
composition, where M is a divalent cation. However, previous
studies observed that aluminates with divalent cation concen-
trations significantly below stoichiometric values retained a
spinel crystal structure by accommodating cationic site
vacancies and charge-compensating oxygen vacancies.* = In
fact, y-alumina, a common Al,O; phase having no divalent
cations, ado4pts a defected spinel structure containing site
vacancies."**> Thus, these materials are uniquely suited for a
systematic study of vacancy-contributed configurational en-
tropy. The presence of two cationic sub-lattices also enables site
inversion, a unique structural feature that can increase
configurational entropy.*®"’ Inversion occurs when divalent
cations occupy octahedral sites instead of tetrahedral, and
trivalent cations occupy tetrahedral sites instead of octahedral.
The inversion parameter describes the extent to which this
phenomenon occurs and is given as x in the formula
(ALB,)(B,.,A,)O, for stoichiometric spinels, where x = 0 in
normal spinels and x = 1 in fully inverse spinels. Although AI**
ions prefer octahedral coordination, the energetics of the
divalent cations often dictate site occupation of both cations
within a spinel structure.***” Ni** and Cu®* energetically favor
octahedral site occupation and form inverse aluminate spinels,
but CuAl,O, with a highly disordered normal spinel structure
has also been observed.’® On the other hand, Mn** and Co**

show little energetic preference, and Mg>" favor tetrahedral
sites.*® Accounting for site vacancies and cation inversion, a
formula for configurational entropy for non-stoichiometric
spinels is given as eq 2. Non-zero configurational entropy
contribution from two cationic sub-lattices and an anionic sub-
lattice clearly offers a unique opportunity to study entropic
stabilization within complex spinels, which is inaccessible in
many previously studied HEO materials.

N N
Sc = —kg Z x1In(x,) + Z x;In(x;)
i=1 A—site i=1 B—site

cation cation

M
+ Zl yjln(yj)
= anion (2)

Herein, aluminate spinels were produced with increasing
numbers of divalent cationic species, including Co, Cu, Mg, Mn,
and Ni ions and cationic vacancies in varying combinations.
Cationic vacancies were induced by using metal precursors with
M?*/AP* ratios <0.5 in a facile sol—gel synthesis. Stoichiometric
and sub-stoichiometric samples containing one to five cationic
species were systematically heated from 800 to 950 °C and
measured for phase purity. Sample XRD patterns were
compared to those generated from modeled spinel crystal
structures to determine the average cationic site occupation and
vacancy concentration, similar to methods reported in previous
literature.””*" Due to the relatively high energetic barrier for
NiAl, O, formation, we focused primarily on spinels containing
Ni. We further evaluated the samples for chromatic, chemical,
and thermal properties, which are relevant to the primary
applications of aluminate spinels as aesthetic pigments,”>>’
catalysts,"* and refractory materials.”* We demonstrate that
these properties are highly tunable through the inclusion of both
multiple divalent cations and cationic vacancies, as compared to
simple spinels.

B EXPERIMENTAL METHODS

Spinel samples were synthesized through a sol—gel synthesis
previously reported with several adjustments.'>*¥°° First, 5 g of
polyvinylpyrrolidone (Aldrich, 40,000 average MW) were
dissolved in 100 mL of DI water under vigorous stirring.
Metal nitrate precursors were then added to the polymer
solution and stirred for 1 h. 14 mmol of aluminum (III) nitrate
nonahydrate (Sigma-Aldrich, >98%, ACS reagent) were added.
A total of 7 mmol of divalent metal nitrates were added to make
stoichiometric spinels or <7 mmol for sub-stoichiometric
spinels. Divalent metal precursors included cobalt (II) nitrate
hexahydrate (Sigma-Aldrich, 98%), copper (II) nitrate hemi-
pentahydrate (Sigma-Aldrich, >99.99% trace metals basis),
magnesium (II) nitrate (Sigma-Aldrich, ACS reagent 99%),
manganese (II) nitrate tetrahydrate (Alfa Aesar, 98%), and
nickel (II) nitrate hexahydrate (Alfa Aesar, 99.9985% metals
basis). The resulting solutions were heated at 110 °C overnight
to evaporate water and form hard gels. These gels were crushed
to a coarse powder and placed in the center of a vented box
furnace preheated at 800 °C for 2 h to calcine within a fume
hood. One set of samples was subjected to the same calcination
parameters but with ramp rates of 5 and 25 °C/min to evaluate
this effect on phase purity. Calcined samples containing
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Figure 1. XRD patterns of (a) stoichiometric simple spinels and (b) alumina and magnesium aluminates with varying Mg stoichiometry, all calcined at

800 °C.

secondary oxide phases were further heated at temperatures
between 850 and 950 °C for 2 h followed by quenching in
ambient air to demonstrate the effect of temperature on phase-
pure spinel formation. For simplicity, spinel samples are labeled
according to the constituent divalent metals and their nominal
concentration. Parentheses are used to designate equimolar
concentrations of the enclosed elements, which are listed in
alphabetical order. For instance, stoichiometric spinel contain-
ing only nickel is labeled Nij, and stoichiometric spinel
containing both nickel and magnesium is labeled (NiMg);.
Sub-stoichiometric spinels are labeled with A-site cation
stoichiometry values less than 1, such as for the sample having
equimolar concentrations of nickel, magnesium, and cationic
vacancies labeled as (NiMg), ¢, wherein one-third of A-sites are
assumed to be vacant. Where appropriate, the samples are also
labeled with the highest heat treatment temperature used to
compare the effect of aging on single phase formation.
Otherwise, samples labeled without a temperature underwent
800 °C calcination as the sole heat treatment.

Electron probe microanalysis (EPMA), X-ray diffraction
(XRD), X-ray fluorescence (XRF), scanning electron micros-
copy (SEM), Raman spectroscopy, transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and diffuse reflectance spectroscopy (DRS) characterization was
conducted to verify sample composition, identify the crystalline
phases present, and analyze the chromatic properties. EPMA
analysis measured the sample elemental composition and was
conducted using a JEOL JXA-8530F HyperProbe on pelletized
and carbon-coated samples. XRF compositional analysis was
performed with a Bruker M4 Tornado micro-XRF instrument
using a Rh X-ray source operated at 50 kV and 0.2 mA. Sample
data were compared against a calibration curve of metal oxide
standards. BET specific surface area measurements were taken
with a Micromeritics Gemini 2360 Surface Area Analyzer. The
samples were outgassed overnight at 120 °C in flowing nitrogen
prior to analysis. XRD patterns were collected with a Bruker
D2Phaser diffractometer equipped with a LYNXEYE XE-T
linear detector operating with Bragg—Brentano geometry and
Cu Ka radiation. The samples were analyzed using a 0.02° step
size and approximately 5°/min scan rate. Patterns were analyzed
through Rietveld refinement with JadePro version 8.7 XRD
analysis software to identify the crystalline phases and their

respective lattice parameters and average crystallite sizes.
Rietveld refinement was further used to model the relative site
occupation of aluminum, divalent cations, and site vacancies
within select spinel samples; divalent cations coexisting in HEO
samples were modeled as a single element having equivalent
electron density as the average of the divalent cations. For these
models, the XRD patterns were collected with a Siemens 6—6
D500 diffractometer equipped with a sealed-tube Cu anode X-
ray source, diffracted beam graphite monochromator, and
scintillation detector. Images and elemental maps were
generated via SEM energy dispersive spectroscopy (EDS). A
Zeiss Supra S5VP microscope was used at a 10 kV accelerating
voltage. Samples were mounted on a carbon-taped stub and
coated with platinum. EDS data were collected with Oxford
Aztec software. Raman spectroscopy was performed using a
Horiba LabRam HR with Duoscan imaging technology, an
Olympus microscope with a 50X objective, 600 grooves/mm
grating, and a Synapse CCD detector. A 532 nm laser was used
with the Duoscan to yield a spot size of 5 X 5 um. 20 spectra
taken over 20 s each were averaged to generate the spectra
presented in this work. TEM images were obtained using a FEI
Technai G(2) F30 S-Twin 300 kV transmission electron
microscope equipped with a field emission gun capable of 0.2
nm point resolution. The transmission electron microscope was
operated at 300 kV under bright field, and the images were
collected using a Gatan Ultrascan 1000 CCD camera. An FEI
single tilt sample holder was used for all imaging experiments.
EDS maps were taken with a JEOL NeoARM AC- scanning
transmission electron microscope using OXFORD Aztec
spectral acquisition and EDS mapping software. HEO samples
were prepared for TEM by grinding in isopropanol using an
agate mortar and pestle and subsequently dragging a TEM grid
through the suspension to decorate the grid with HEO particles.
The TEM grid was then dried under N,. All samples were
prepared using a Cu TEM grid with lacey carbon matrix. To
determine elemental oxidation states, XPS spectra were
measured with a Kratos AXIS DLD Ultra photoelectron
spectrometer equipped with a monochromatic Al K, source
operating at 150 W. DRS measurements were taken in the UV—
vis range with an Ocean Optics DT-MINI-2-GS light source and
spectrometer. Reflectance spectra were smoothed through
adjacent point averaging. Hydrogen temperature programmed
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reduction (H,—TPR) was conducted on select samples to
evaluate high-temperature chemical resistance. Measurements
were taken using a Micromeritics Autochem II 2920 using a S0
ml/min flow of 10% H, (balance Ar) and a heating rate of $ °C/
min up to 850 °C.

B RESULTS AND DISCUSSION

Initial characterization results yielded compositional and
structural information of spinel samples containing a single
divalent cation in nominal stoichiometric ratio to aluminum.
XRD patterns of these samples are shown in Figure la. Data are
plotted as the square root of intensity to enhance the visibility of
any peaks corresponding to low concentrations of secondary
oxide phases. As with previous HEO studies, the cationic
constituents added here demonstrate varying tendency to form
secondary oxide phases dissimilar to that of the spinel structure.'
Co, and Mg, samples calcined at 800 °C adopt phase-pure
CoAl,0, and MgAl, O, spinel structures, respectively, while Cu,
and Ni, samples contained segregated oxide phases. Cu** and
Ni** ions have a higher preference for octahedral site occupancy
than do Co** and Mg?*."® Enthalpies of formation (AH;) are
also notably higher for CuAl,O, and NiAl,O, than for CoAlLO,
and MgAl,O,, which accounts for the segregation of CuO and
NiO phases under initial synthesis conditions.”’ Mn; shows
poor crystallinity, evidenced by broad peaks of low intensity.
The low intensity of the Co, sample is likely a result of
fluorescence from cobalt, which raises the background signal.
Table 1 lists the EPMA compositional data, showing that the

Table 1. Physical Characterization of Stoichiometric Spinels
With a Single Divalent Cation

M2+

composition  calcination lattice average Surface
x in temperature  parameter crystallite area

sample  MxAl204) °C) (A)“ size (nm)®  (m*/g)
Co, 0.99 800 8.095 194 52
Cu, 1.03 950 8.091 20.6 8
Mg, 0.90 800 8.078 5.8 95
Mn, 1.06 950 8.084" 7.4° 29
Ni,; 0.87 950 8.060 9.4 S8

“Lattice parameters and average crystallite sizes listed correspond to
the MALO, phase. YValues are given for the predominant MALO,
phase.

actual concentrations of divalent cations were near nominal
values. Since Mg showed a tendency to form a phase-pure spinel,
a series of samples with varying Mg concentrations were
produced to demonstrate the ability to form sub-stoichiometric
compounds. The pure alumina sample synthesized without
divalent metal addition has the y-A,O; phase (Figure 1b) in
which the AP* ions are known to favor octahedral sites.*
Samples with Mg stoichiometry from 0.2 to 1 all adopted a
phase-pure spinel structure. This result verifies that aluminate
spinels accommodate large deviations from stoichiometry and
thus large cation vacancy concentrations. These findings are
corroborated by previous studies."”*

In keeping with the methodology of previous HEO studies, we
next evaluated the effects of increasing temperature and the
number of divalent cationic species (N) on entropic stabilization
of single-phase stoichiometric spinels. Cu;, Mnj, and Ni;
samples previously calcined at 800 °C all showed secondary
oxide phases. These samples were next calcined at 900 and 950
°C for 2 h, followed by quenching in ambient air. The

corresponding XRD patterns for Cu,; and Ni, samples heated
above 800 °C are shown in Figure S1. Calcination at 950 °C
followed by quenching was sufficient to create phase-pure
NiALLO, and CuAl,O, structures, as indicated by the
corresponding Rietveld refinements shown in Figure S2 and
Figure S3. Raman spectra of the Ni;—800 °C and Ni;—950 °C
samples complement these results (Figure S4). Both spectra
show vibrational features corresponding to the NiAl,O, phase.”®
However, a peak near 1100 cm™! corresponding to a multi-
phonon scattering mode of NiO is present in the sample calcined
at 800 °C but is absent in the sample calcined at 950 °C.>” The
peaks of quenched Cu, are asymmetric, indicating a distribution
of unit cell sizes skewed toward larger dimensions, which is likely
caused by non-equilibrium mixed cation site occupation
retained through rapid sample cooling. Secondary oxide phase
segregation was observed when these samples were allowed to
cool slowly within the furnace, as opposed to quenching. This
behavior was observed in previous studies within entropically
stabilized materials and is demonstrated here through XRD
patterns of the Ni; sample shown in Figure SS. Even after aging
at 950 °C, Mn, contained multiple phases, including two distinct
MnALO, phases and Mn;0, (Figure SS). According to crystal
field theory, Mn®* ions can occupy tetrahedral and octahedral
sites with no energetic preference but with different Mn—O
bond lengths, which explains why two unique spinel crystal
structures with distinct peak locations and lattice parameters
coexist within the Mn, sample.”” Lattice parameter and average
crystallite size are listed for the predominant MnAl,O, phase in
Table 1. While aging at elevated temperature was effective in
producing phase-pure spinels, samples were prone to sintering,
Ni, calcined at 800 °C had a surface area of 117 m*/g, which
dropped to 52 m?/g after heating at 950 °C. Such effects hamper
the performance of spinels in surface-mediated applications, like
catalysis, which incentivizes the production of spinels at lower
temperatures. This effect was achieved in previous HEO studies
through mixing of additional cations, which we now explore.1
To promote configurational entropy through cationic mixing,
a set of nickel-containing spinels was synthesized with multiple
divalent metals. These stoichiometric samples were all calcined
at 800 °C and included Ni;,, (MgNi),, (CoMgNi),,
(CoCuMgNi),, and (CoCuMgMnNi),, with the corresponding
number of cationic species being N = 1 through N = 5. XRD
patterns in Figure 2a,b show the diminishing presence of NiO
with increasing N. Rietveld refinements (Figures S7 and S8)
confirmed the presence of segregated NiO in (CoMgNi),, but
the absence of this phase in (CoCuMgNi);. The pattern of
(CoCuMgMnNi), additionally showed no phases other than
aluminate spinel. SEM-EDS mapping of this sample indicates a
homogeneous distribution of all the constituent elements
(Figure 3). EPMA analysis further confirmed that actual
compositions were near target values (Table S1). The effect of
calcination parameters was evaluated by comparing the structure
of the (CoCuMgNi), samples all heated to 800 °C but at varying
ramp rates (S °C/min, 25 °C/min, and with placement in a
preheated furnace). All three structures were phase pure, with no
significant structural differences observed via XRD patterns
(Figure S9), suggesting that a phase-pure high entropy spinel is
indeed thermodynamically favored at this calcination temper-
ature. By raising entropy via increased temperature and/or
number of cationic constituents, the enthalpic penalties for
nickel aluminate formation were overcome, resulting in the
stabilization of phase-pure spinel HEOs. Further, the sol—gel
synthesis enabled compositionally homogeneous oxide for-
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Figure 2. XRD patterns of (a,b) stoichiometric spinels and (c,d,e,f) sub-stoichiometric spinels containing varying numbers of divalent cations. All
samples shown were calcined at 800 °C.

mation through aqueous precursor mixing, negating the high-

temperature solid-state mixing protocols common in HEO

studies.

Next, sub-stoichiometric spinels were synthesized with 800

°C calcination and characterized. Ni-containing spinels were

again studied, and cationic elements were added in the same

order as in the previous set of samples. However, the ratio of the
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Figure 3. SEM imaging and EDS elemental mapping of the (CoCuMgMnNi), sample showing a morphologically porous, compositionally

homogeneous microstructure. Scale marker is 50 pm.

total divalent cations to AI** was <0.5, and the concentration of
each divalent element was kept equimolar to the concentration
of unoccupied divalent cation sites, assuming that these divalent
species occupy A-sites only. The resulting samples were Nij,
(MgNi)g 7, (CoMgNi), 5, and (CoCuMgNi), s. Compositions,
lattice parameters, and average crystallite sizes of these oxides
are listed in Table S2. Total divalent cation concentrations are
clearly below stoichiometric values. Figure 2c,d shows the
corresponding XRD patterns. As with the stoichiometric spinels,
segregated NiO phase is present in spinels having up to three
cationic species. The (CoMgNi),,s and (CoCuMgNi), e
samples having four and five cationic species, on the other
hand, are phase pure. Rietveld refinements of these representa-
tive samples are shown in Figures S10 and S11. TEM imaging of
the (CoMgNi),-s sample confirmed a spinel structure
composed of agglomerated nanoparticles, as shown in Figure
4. Interplanar distances in the lattice fringes measured with

a)

Figure 4. TEM images of the (CoMgNi),,s sample showing (a)
nanostructure morphology at lower magnification and (b) interplanar
spacing of confirmed spinel planes at higher magnification.

Image] software were 4.6 and 2.4 A, which can be indexed to the
(111) and (311) planes, respectively, of the nickel and
magnesium aluminate spinels. TEM-EDS mapping further
shows uniform elemental distribution throughout the sample,

with no phase segregation evident (Figure S12). The
stoichiometries of Co, Mg, and Ni with the (CoMgNi)ys
sample are 0.24, 0.32, and 0.22, respectively, as measured via
averaged EDS spectra. These values are in excellent agreement
with EPMA measurements.

In HEO spinels, divalent cations compete for limited available
lattice sites, and varying diffusion rates could limit the
integration of kinetically slower species, leading to segregated
oxide phases. To rule out the competing effects of other divalent
cations, we evaluated the Nij,5 and (MgNi), s samples via XRD,
which had lower Mg concentrations and higher vacancy
concentrations than those previously shown in an effort to
increase the Ni diffusion rates.® Despite these factors, NiO
segregation was evident in both the Nij,s and (MgNi)gs
samples, suggesting that Ni ions are not kinetically hindered
from incorporating into the spinel lattice under our synthesis
conditions. Detection of the NiO phase within the Nij,5 sample
further excludes decreased nickel content as an explanation for
the absence of detectable NiO peaks in the XRD patterns of
phase-pure (CoMgNi),,s and (CoCuMgNi);. However,
segregation of NiO (even at low Ni loadings) is rational in the
context of entropic stabilization, in that a lower number of
cationic species and deviation from equimolar cation concen-
trations does not provide enough entropy to overcome the
relatively high enthalpic terms associated with nickel aluminate
phase formation.”” The persistent finding that four cationic
species are required to stabilize phase-pure Ni-containing
spinels at the same temperature is consistent with the principles
of entropic stabilization. Since this behavior is consistent
between stoichiometric and sub-stoichiometric spinels, we
conclude that cationic vacancies contribute to configurational
entropy similarly to cations and can stabilize phase-pure HEOs.

The structural features of select samples were further
evaluated to estimate cationic and anionic site occupation.
Measured XRD patterns were fit via Rietveld refinement and
compared to simulated patterns with varying cation composi-
tions and site occupancies, as demonstrated in previous
literature.””®" Because diffraction peak intensity is a function

Table 2. Measured Compositions and Site Occupancies Modeled Through Rietveld Refinement of Select Spinel Samples

sample measured total M*" composition (¥ in MxA20z)
Mg, 0.90
Ni, 0.99
Nigss 0.76
Ny 0.49
(CoCuMgNi), 1.01
(CoMgNi),ss 0.81

lattice parameter (A)

A-site occupancy B-site occupancy O-site occupancy

8.078 Mg, Al, O,
8.056 Al AlNi, O,
8.047 A10.98 All.OZNi0<76 03.32
8.032 Alpo Al Nig 56 O;s6
8.077 Alp, M9 Al Mo, O35
8‘069 AlO.IMO.SZ A11,9M0.1 03,6
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Figure 5. Reflectance spectra of nickel aluminate spinels with (a) varying Ni**:AP** ratio and (b) addition of other divalent cations.

of the size and electron density of atoms within a given
crystallographic plane, the relative peak intensities can be used
to determine the distribution of cations occupying A and B sites.
As exemplified by nickel aluminates (Figure S13), simulated
patterns show variation in relative peak intensity, most notably
between (111) and (220) peaks, when changing the relative site
occupation of Ni** and AP" cations. Measured patterns of the
Mg, and Ni; samples were first evaluated, which are known to
adopt normal and inverse spinel structures, respectively. As
expected, Rietveld refinement indicates that all Mg** ions
occupy tetrahedral A-sites and all Ni** ions occupy octahedral B-
sites, while oxygen sites in these stoichiometric structures are
completely filled (Table 2). This finding corroborates the
entropic stabilization of NiAl,O, observed in our heat treatment
studies, as well as in prior literature.*® The presence of both AP
and Ni** ions in B-sites creates non-negligible configuration
entropy. Ni** ions occupy B-sites exclusively in the non-
stoichiometric Nij,s and Niy g samples as well. Refinements of
these patterns also indicate the presence of cationic and anionic
vacancies. The total occupation of cationic and anionic sites
decreases in spinels with low Ni?*/AIP* ratios and indicates that
the non-stoichiometric structures are highly defected. A
decrease in spinel lattice parameter is also consistent with
higher vacancy concentrations.”""**

While a direct determination of oxygen stoichiometry via
Rietveld refinement is unreliable, anion site occupation was
calculated based on measured elemental compositions, cation
site occupation, and elemental oxidation states (measured via
XPS, as shown in Figure S14), assuming charge neutrality of the
oxide samples. XPS spectra taken of the transition metals within
(CoCuMgNi),s show that Co, Cu, and Ni exist as divalent
species. Because the oxidation state of these metals in the
starting precursors was the same as that in the prepared oxides,
we conclude that redox reactions did not play a charge-
compensating role in the formation of sub-stoichiometric
spinels. As such, oxygen vacancy formation is reasonably
assumed to be the charge compensating mechanism for
variations in the cation concentration. As predicted, refinements
of the stoichiometric Ni; and Mg, samples found the oxygen
sub-lattice to be fully occupied. However, initial refinements of
sub-stoichiometric nickel and HEO spinels resisted progression
toward solution when the anionic sub-lattice was assumed to be
fully occupied. This issue was overcome by enabling oxygen
vacancies in the refinement. Resulting refinements of the Ni
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and Ni, s samples indicate increasing oxygen vacancy concen-
tration with nickel sub-stoichiometry, which agrees with
composition and oxidation state measurements, as well as
charge neutrality assumptions.

Spinels containing multiple divalent cations are more difficult
to model. For simplification, these species were treated as a
single element with electron density that was the average of all
divalent cationic species, as validated by XPS data. As shown in
Table 2, AP* and M** cations occupy both tetrahedral and
octahedral sites within the (CoCuMgNi); and (CoMgNi)s
samples. However, the degree of inversion is lower in these HEO
spinels, with a majority of the M** ions occupying tetrahedral
sites. This is expected with the addition of Mg** and Co?* ions,
which have much higher energetic preference for tetrahedral site
occupation than Ni**.** Inclusion of both divalent cations that
prefer normal and inverse spinel structures creates mixed
occupations on both A and B lattice sites. The complex
structures that result from multiple cationic constituent
inclusion and with non-stoichiometric ratios enable all three
sub-lattices of aluminate spinels to contribute to configurational
entropy, which is inherently unachievable in many HEO
material systems.

We next evaluated the role of stoichiometry and composi-
tional complexity on material properties relevant to applied
aluminate spinels. NiAl,O,, CoAlL, O, and CuAl,O, spinels
commonly serve as cyan, blue, and red-brown pigments in
paints, dyes, inks, and other aesthetic coatings.éz_64 The color of
these metal oxides is known to be influenced by structural
parameters relevant to the synthesis method used and transition
metal constituents.”* Figure Sa shows the spectra of nickel
spinels with varying Ni/Al ratios, all calcined at 950 °C and
quenched. The spectra of Ni, is comparable to that reported
previously for nickel aluminate spinels, with absorption bands
near 380 and from 600 to 645 nm ascribed to V3[3A2g - 3T1g
(P)] and [’T,(F) — 3T1g(P)] electronic transitions of Ni**
within the spinel structure.” Lowering the Ni:Al ratio below
stoichiometric values increases reflectivity across the visible
spectrum, in agreement with previous observations.”” CIELAB
color space measurements were taken to quantify changes in
lightness and coloration (Table S3). Lightness, measured as L*,
consistently decreased with increasing content of photo-
absorbing nickel cations. a* and b* values were primarily
negative for this sample set, indicating green-blue coloration
characteristic of nickel aluminates.”” Digital images of these
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samples and others are given in Figure S15, which show
significant variation in color achieved by modulating the M**/
AP* stoichiometry in nickel, copper, and cobalt aluminates.
Non-stoichiometric spinels clearly adopt unique colors un-
achieved in the stoichiometric oxide and provide a wider range
of pigment properties.

The incorporation of multiple divalent cationic elements was
next evaluated with spectra shown in Figure Sb. Spectral features
are similar for the Ni; and (MgNi), samples, since magnesium
does not significantly absorb visible light. Co-addition of cobalt
lowers reflectance across the visible spectrum, particularly in the
500—700 nm range. This absorption band is ascribed to the
*A,(F) — *T,(P) transition of the Co** ions within an aluminate
spinel structure.®®° Reflectance of (CoCuMgNi), is lowered
substantially through the addition of copper, which exhibits
broad absorption bands across the visible spectrum due to
charge transfer between oxygen anions and Cu** occupying
octahedral sites.* As shown, HEO spinels can be highly effective
UV—vis absorbers via incorporation of multiple transition metal
constituents, which absorb light over different wavelength
ranges. Tunable light absorption properties, along with the
excellent thermal stability of aluminate spinels, give these
materials great potential for photocatalytic and solar thermal
applications.*>®’

Aluminate spinels are commonly used in high-temperature
environments due to their excellent thermal stability. However,
the desired chemical properties of these spinels are application
dependent. Chemical inertness is required of refractory spinel
materials,”* while spinel catalysts must exhibit chemical
interaction with reactant molecules and even be structurally
reducible to form catalytically active metallic phases.*” To assess
the effect of vacancies and multiple divalent metals on spinel
stability, select Ni-containing samples were evaluated through
hydrogen temperature programmed reduction (H,—TPR).
Each of these samples was calcined at sufficiently high
temperatures and quenched to form a phase-pure spinel prior
to analysis. Figure 6 shows the resulting profiles with the
temperature of the reduction peaks labeled. All primary
reduction peaks occur at temperatures well over 700 °C and
correspond to reduction of the nickel aluminate phase.”® The
reduction mechanism was previously identified as a separation of

0.1+ —Ni,
— Niy 5 f
. [
S 0.08 (CoMgNi), 770 °C |
8 ——— (CoNi), : 821 °C
st 0.67 J /
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Figure 6. H,—TPR profiles of select phase-pure Ni-containing spinel
samples.
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nickel from the spinel lattice to form metallic nickel and alumina
phases.”” Of the spinels evaluated, Ni; shows the lowest
reduction peak temperature at 770 °C, at which point the spinel
structure is compromised. Inclusion of Co and Mg shifts the
reduction peak to higher temperatures. This result agrees with
previous observations that CoAl,O, and MgAl,O, spinels are
less reducible than NiALO,.”® The reduction peak is also shifted
to higher temperatures through vacancy inclusion. This shift was
as large as 51 °C between the Ni; and Ni, 5 samples, suggesting
that sub-stoichiometric spinels withstand chemically aggressive
environments at higher temperatures compared to their
stoichiometric counterparts. While alumina achieves excellent
chemical resistance without divalent metal constituents, alumina
phase changes occurring above 800 °C significantly alter the
material structure.”’ Spinel phases, on the other hand, are
thermally stable at higher temperatures, but are more chemically
reactive in the conventional stoichiometric form. Since sub-
stoichiometric spinels showed no alumina phases, even after 950
°C aging, and showed increased reduction peak temperatures,
we find that cationic vacancies provide a valuable parameter for
optimizing desired thermal and chemical properties, which are
unachieved in alumina and conventional stoichiometric spinels.
Cationic vacancies yield the added benefit of reducing
processing temperatures (and therefore energy), as well as the
use of transition metals, many of which are rare yet critical
elements needed for emerging technologies.

B CONCLUSIONS

In this work, we present complex aluminate spinels stabilized
with cation vacancies as a new high entropy oxide material
system. The unique ability of aluminate spinels to accommodate
large deviations below stoichiometry enables a systematic study
of vacancy-contributed configurational entropy. Presence of
both cationic and anionic vacancies, as well as cation inversion,
was confirmed in HEO samples. These structural features
increased configurational entropy and aided the stabilization of
phase-pure complex spinel oxides. Entropy effects, as well as our
use of a sol—gel synthesis, significantly lowered the processing
temperature required to form phase-pure spinels compared to
solid-state reactions. Incorporation of high cation vacancy
concentrations and multiple divalent metals yields highly
tunable structural, chromatic, and chemical properties. These
properties enhance the potential of high entropy and sub-
stoichiometric spinels as unique pigments, photo absorbents,
refractories, and catalysts. In sum, we propose that the concept
of vacancy-stabilized high entropy oxides be applied intention-
ally to other non-stoichiometric complex oxides with crystal
structures having multiple cationic lattice sites, including other
spinel, perovskite, and pyrochlore material systems.
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