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ABSTRACT: High-entropy oxides (HEOs) are of interest for
their unique physical and chemical properties. Significant lattice
distortions, strain, and tolerance for high-vacancy concentrations
set HEOs apart from single-metal or mixed-metal oxides. Herein,
we synthesized and characterized the structures and compositions,
along with the optical, magnetic, and electrocatalytic properties, of
two families of high-entropy mixed-metal tungsten and molybde-

ASWO,
A =Mn, Fe, Co, Ni, Cu, Zn

High entropy oxides

"

num oxides, AWO, and B,Mo;0g, where A and B are 3d transition 20H- O,+H,

metals. The HEOs A*WO, (A = Mn, Fe, Co, Ni, Cu, and Zn) and X
B,°Mo,0;4 (B = Mn, Fe, Co, Ni, and Zn), as well as all accessible g

single-metal AWO, and B,Mo;O; parent compounds, were " B°,Mo;0,

synthesized using high-temperature solid-state methods. X-ray 8= Mn, Fe, Co Ni, zn

photoelectron spectroscopy analysis of the surfaces revealed that

the HEOs largely had the metal oxidation states expected from the bulk chemical formulas, but in some cases they were different
than in the parent compounds. AWO, exhibited antiferromagnetic (AFM) ordering with a Néel temperature of 30 K, which is less
than the average of its AFM parent compounds, and had a narrow band gap of 0.24 eV, which is much lower than all of its parent
compounds. B,°Mo;Og was paramagnetic, despite the existence of AFM and ferromagnetic ordering in several of its parent
compounds and had no observable band gap, which is analogous to its parent compounds. Both A*WO, and B,*Mo;Oj4 exhibited
superior catalytic activity relative to the parent compounds for the oxygen evolution reaction, the oxidation half reaction of overall
water splitting, under alkaline conditions, based on the overpotential required to reach the benchmark surface area normalized
current density. Consistent with literature predictions of OER durability for ternary tungsten and molybdenum oxides, A'WO,, and
B,°Mo,0 also exhibited stable performance without significant dissolution during 10 h stability experiments at a constant current.

B INTRODUCTION entropy materials. For example, in RuRhPdAgOsIrPtAu, new
High-entropy materials are generally considered to contain five electronic states emerge fr(;m the metal energy levels
or more elements that randomly mix in nearly equimolar ratios decreasing in degeneracy.” In the rare-earth HEO
on equivalent atomic sites in a crystal lattice. The five (Ce,Gd,La,Nd,Pr,Sm,Y)O, ;" the band gap decreases by
randomly distributed elements represent a theoretical limit to more than 1 eV relative to the parent compound, CeO,.
rationalize how their enthalpically unfavorable mixing can Entropy stabilization also allows HEOs to accommodate a
occur if the entropy contribution due to configurational large concentration of oxygen vacancies, which, in tandem with
randomization is sufficiently large."” The mismatch of ionic lattice distortions brought on by the range of cation sizes, can
radii, atomic masses, and valence states among the large support unusual oxidation states, such as Pr*' in
number of elements gives rise to significant lattice distortions, (Ce,Gd,La,Nd,Pr,Sm,Y)O,_s. In addition, the large number
and these randomly mixed elements interact electronically of constituent metals can lead to a shift in orbital energies. One
and/or magnetically through local distortions of the lattice.”° representative example is the recently reported HEO spinel

High-entropy oxides (HEOs) are particularly interesting (Fe,Co,Ni,Cu,Zn)ALO,, which exhibits a significant band gap
materials in fields that include magnetism, optics, and catalysis, narrowing relative to the parent phases.’ Such a band
as the properties of HEOs are often different from those

expected based on simply averaging the properties of the end
members, which is common for solid solutions with a smaller
number of mixed elements.”” Many of the fascinating
properties of high entropy materials emerge from their unique
combination of synergy and competition among the elements.

Such complex interactions among the large number of
constituent elements can be seen in the band structures of high
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structure reconstruction can be attributed to the combined
effect of the emergence of new t,, and e, states near the Fermi
level due to the electronegativity differences of the mixed
transition metals and the crystal field splitting of the high
entropy phase adopting the smallest energy difference of the
parent phases.

Because of their unique band structures and the synergy of
mixed elements, HEOs can exhibit unique properties that are
superior to those of their end members, including both bulk
properties such as thermal conductivity, mechanical strength,
and ionic conductivity, and surface properties such as catalytic
activity.'~° The superior catalytic activities of high-entropy
materials, in particular, indicate that the mixed metal sites that
comprise them also persist at the surface and advantageously
impact surface properties. The complex active sites that emerge
from the random combinations of the five metals have been
shown to be advantageous in a wide range of catalytic
reactions.” Of specific interest for HEOs is the oxygen
evolution reaction (OER), which is the oxidation half reaction
of overall water splitting. Under alkaline conditions, non-
precious 3d transition-metal compounds containing Fe, Ni,
and/or Co are often good OER catalysts that make them
attractive for applications in fuel cells and batteries;'" related
HEOs sometimes outperform the single-metal oxide com-
pounds and can sometimes have higher durability as well."'>"

Most existing HEOs adopt the rocksalt and spinel crystal
structures, as there are many elements which will adopt these
structures and thus can be reasonably expected to alloy. It is
therefore important to synthesize and characterize additional
HEO materials that span different families of crystal structures,
given the importance of both composition and crystal structure
on band structure and properties. Here, we report the synthesis
and characterization, as well as optical, magnetic, and catalytic
properties, of two HEO materials. These properties, which are
most relevant to our chosen systems, were investigated to
probe the physical properties that emerge from such materials
and to put them into context with the larger field of HEO
materials. A'WO, (A = Mn, Fe, Co, Ni, Cu, and Zn) is a high-
entropy tungsten oxide that adopts the monoclinic wolframite
crystal structure and is a narrow band-gap antiferromagnet.
B,°Mo;0; (B = Mn, Fe, Co, Ni, and Zn) is a high-entropy
molybdenum oxide that adopts a hexagonal crystal structure
and is a semi-metallic paramagnet. This study focuses on
compounds containing equimolar ratios of the A and B cations,
as this ratio maximizes entropy stabilization and provides a
starting point for future efforts to tune properties through
compositional modifications. Computational predictions sug-
gested that the parent phases of these two families of materials
would show catalytic activity for the OER due to the formation
of stable bonds and structures under OER conditions for
tungsten and molybdenum oxides.'"'® Here, we experimen-
tally confirm that the OER activities of the HEOs are superior
to those of their parent phases while also offering good
durability at a current density of 10 mA/cm?® We also find that
AWO, exhibits long-range antiferromagnetic (AFM) order
and lacks a band gap in the visible region, which sharply
contrasts the corresponding properties of their parent phases,
which are semiconductors exhibiting either AFM or non-
magnetic behavior. B,°Mo,0y is paramagnetic and appears to
be a narrow band gap semiconductor, analogous to the single
metal parent phases.
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B RESULTS AND DISCUSSION

Synthesis and Characterization. AWO, (A = Mn, Fe,
Co, Ni, Cu, and Zn) and B,°Mo;04 (B = Mn, Fe, Co, Ni, and
Zn) were synthesized by direct combination of the constituent
oxides in stoichiometric amounts at 900 and 1100 °C,
respectively. Powder X-ray diffraction (PXRD) data, shown
in Figure 1, confirm the formation of products consisting of a

Intensity (arb. units)

@ B
@ Mo

Figure 1. Experimental (black) and simulated (blue) powder XRD
patterns of the A"WO,, and B,°Mo;05 HEOs, along with their crystal
structures.

single crystalline phase with no evidence of bulk phase
segregation. Lattice parameters were modified from those of
the zinc end members,'”'” monoclinic ZnWO, and hexagonal
Zn,Mo;04 (Figure 1, Tables S1 and S2). A satisfactory fit of
the tungstate A°WO, HEO was achieved. For the molybdate
B,’Mo;0, HEO, there was an intensity mismatch that could
be partially accounted for by including the preferred
orientation (44%) of crystallites along the 010 plane in the
model.

The parent phases that are known in the literature
were also synthesized for comparison; PXRD data confirming
their formation are shown in Figure SI1. Unfortunately, as
previously observed,'® Ni,Mo;Oy could only be formed as a
minor phase, with NiMoO, forming as the major product.
Therefore, this parent compound was not examined in this
study. For the tungstate ASWO, HEO, six metals (Mn, Fe, Co,
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Figure 2. SEM—EDX spectra for powders of (a) AWO, and (b) B,°Mo;O;. Both have approximately equimolar amounts of the 3d transition
metals, as well as the expected ratios to tungsten and molybdenum. Expanded regions, indicated in purple and green boxes, confirm the presence of
the 3d transition elements.
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Figure 3. High-resolution XPS spectra for the elements present in A"WO,, and in the AWO, parent phases.
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Figure 4. High-resolution XPS spectra for the elements present in B,°Mo0;0; and in the B,Mo;0; parent phases.

Ni, Cu, and Zn) can be incorporated in equimolar amounts,
and all six AWO, parent phases can be synthesized. For the
molybdate B,°Mo;Oy HEO, the copper parent phase
Cu,Mo0;04 does not form, and we find that it also cannot be
incorporated into the HEO. Therefore, unlike for the high-
entropy tungstate that can accommodate six 3d transition
metals, we were only able to incorporate five 3d transition
metals (Mn, Fe, Co, Ni, and Zn) into the high-entropy
molybdate. While the molybdenum oxides can also exist as
BMoO, phases, the parent phases adopt different crystal
structures at ambient pressure.”’ Zn;_.Cu,MoO, solid
solutions can be formed, but they do not adopt the same
crystal structure as MnMoO,, FeMoO,, CoMoO,, and
NiMoO,.”* Furthermore, both FeMoO, and CuMoQ, are
reported to have three accessible phases.””~>* For FeMoO,,
there exists a low-temperature, low-pressure monoclinic form
that is isostructural with the low-temperature forms of
CoMoO, and NiMoO,, a high-temperature form that is
isostructural w1th MnMoO, and MgMoO,, and a unique high-
pressure form.”> While CuMoO, also forms a low-pressure
low-temperature phase, a high-temperature phase, and a high-
pressure phase, only the low-pressure low-temperature phase is
structurally similar to another member of the family,
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ZnMo0,.”> CoMoO, and NLMOO4 each have been reported
to form in two related phases.”® These phases are differentiated
by the molybdenum coordination, which is octahedral in the
low-temperature phase and tetrahedral at high temperatures.
The wide range of crystal structures that exist among the
different parent phases led to an inability to synthesize a high-
entropy BMoO, compound (B = Mn, Fe, Co, Ni, Cu, and Zn),
as bulk phase segregation resulted from all attempts.

SEM—EDX mapping of powders of A*WO, and B,"Mo;04
revealed a homogeneous distribution of all constituent
elements (Figures 2 and S2), with the A and B metals present
in nearly equimolar amounts (within experimental error)
throughout the samples. For ASWO,, the six A metals were
each present at 3 atomic percent (for a combined total of 18
atomic percent), while tungsten was present at 1S atomic
percent, close to the expected 1:1 A/W ratio. For B,°Mo;0s,
the five B metals were each present at ~2 atomic percent (for a
combined total of 10 atomic percent), and molybdenum was
present at 14 atomic percent, corresponding well with the
expected 2:3 B/Mo ratio. By EDX, the remainder of the
sample consisted of carbon, nitrogen, and oxygen.

Surface Characterization by X-ray Photoelectron
Spectroscopy. X-ray photoelectron spectroscopy (XPS) was

https://doi.org/10.1021/acs.inorgchem.3c00541
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used to analyze the compositions and oxidation states of the
surfaces of both the parent phases and the HEOs (Figure 3).
We began by studying the tungsten compounds. Considering
simple charge balancing, if tungsten is in a formal 6+ oxidation
state, the 3d transition metals would be expected to adopt a 2+
oxidation state on average. However, it appears that the
distribution of oxidation states is more complex in both the
HEOs and in the parent compounds. Comparing the peak
positions of the 3d transition metals in ASWO, and in the
parent compounds, the binding energy of the 2p,,, peak of
manganese in A6W04, which is 640.4 eV, indicates a 2+
oxidation state, whereas in MnWO,, the same peak is found at
641.2 eV, which is more indicative of Mn*.*” For iron in
ASWO,, the 2p;, peak at 710.2 eV matches most closely with
previous reports of Fe;O,, which contains both Fe** and Fe*,
while iron in FeWO,, which has a binding energy of 709.4 eV,
appears to match best with FeO that has exclusively Fe**.”” For
cobalt in ASWO,, the 2p;, peak at 780.6 eV is attributed to
Co?* due to a close match with reported values.”” In CoWO,,
both the cobalt 2p;/, and the plasmon loss peak could be fit,
with binding energies of 780.3 and 785.8 eV, respectively, as
observed for CoO, which contains Co*".*” The 2p;, peak for
nickel in both AWO, and NiWO, has a binding energy of
855.8 eV, which is commensurate with Ni**.”” The copper
2p,/, peak, with a binding energy of 932.2 eV in ASWO, and
932.3 eV in CuWO,, corresponds to Cu'*.*® The zinc
oxidation state was determined by the Auger parameters, as
these are more sensitive to zinc oxidation states.”® The Auger
parameter for A"WO, is 2011.8 eV, whereas in ZnWO, it is
2011.0 eV; both values are indicative of Zn*".*®

Given the XPS analysis of the 3d transition-metal oxidation
states above, we turned to the tungsten oxidation states (Figure
3). For A"WO,, the tungsten 4f,, and 4f;,, peaks at 35.1 and
37.3 eV indicate that tungsten is present as W®*.>’ Considering
the oxidation states of the 3d transition metals in A*WO, and
that tungsten is present exclusively as W®*, the presence of
Cu'" rather than Cu®* is consistent with the presence of Fe’*,
which balances charge. In MnWO,, both W and W* are
present, based on the 4f;/, peaks at 36.1 and 38.8 eV and the
4f;,, peaks at 38.2 and 37.0 eV, respectively.”” Considering
that the manganese oxidation state in MnWO, was most
consistent with Mn** and our spectrum matches previous
reports of MnWO,,*" the presence of W** is not unexpected.
In FeWO,, tungsten is present exclusively as W®" (4f,,, and
4f;,, peaks at 35.5 and 37.7 eV, respectively), which is in
agreement with the observation of Fe** in this compound. For
CoWO,, both W and W*" are observed, based on the 4f;,
peaks at 36.7 and 35.3 eV, and the 4f;;, peaks at 38.9 and 37.4
eV. NiWO, and CuWO, contain only W, with the 4f, , peaks
at 35.4 and 37.5 eV and the 4f;;, peaks at 35.5 and 37.6 €V,
respectively. ZnWO, contains only W®* with the 4f, , and 4f;,,
peaks at 35.3 and 37.4 eV, respectively. Regarding the
oxidation states, it is important to note that they correspond
to those that are present on the surface. While we used finely
ground powder to access as much of the bulk of the material as
possible, we cannot rule out the possibility that these oxidation
states could be exclusive to the surfaces.

Analogous to AWO,, we also used XPS to identify the
surface oxidation states of the molybdenum HEO, B,Mo;0s,
as well as of the molybdenum parent compounds (Figure 4).
Given the formula B,Mo;0Og, one would expect the 3d metals
and molybdenum to adopt oxidation states of 2+ and 4+,
respectively. However, as for the tungsten compounds, the
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oxidation state distributions are much more complex. The Mn
2p,), binding energies for Mn,Mo,0g and B,°Mo;0y are 641.1
and 641.5 eV, respectively, which are both indicative of
Mn**.*” The Fe 2p;/, binding energy in Fe,Mo;0g is 711.1 eV,
as would be expected for a mixture of Fe** and Fe¥, as in
Fe;0,.”” The overall iron signal is low in both Fe,Mo;0g and
B,°Mo;0y; for B,°Mo;0s, the iron signal was too low to
quantify. This low iron signal is attributed to post-synthesis
etching during workup to remove a MoOj; impurity as well as
the overlap of the Fe 2p;,, peak with the cobalt Auger peak.
The Co 2p;), peak at 783.5 eV for B,°Mo,0; and at 781.2 eV
for Co,Mo0;04 both match with previous reports of cobalt
hydroxides, Co(OH), and CoOOH, respectively.”” This
suggests that B,°Mo,0; contains Co*" while Co,Mo;05
contains Co>*. While Ni,Mo;0, could not be synthesized,
the Ni 2ps,, peak in B,°Mo;O4 has a binding energy of 857.1
eV, which corresponds to Ni?*.*” Zinc, which has an Auger
parameter of 2010.0 eV, for both Zn,Mo;0; and the HEQ, is
present as Zn>*.*® All the molybdenum compounds show
mixed Mo*" and Mo®" oxidation states. For B,Mo;Os,
molybdenum 3d;,, and 3d;/,, the simple doublet peaks at
233.2 and 236.4 eV, match with previous reports of Mo®".*"**
The 3ds/, and 3d;, peaks at 231.9 and 235.0 eV correspond to
Mo*". The propensity to form MoO, as an impurity does not
make it surprising that Mo® is favored at the surface, even
though Mo*" would be expected, assuming the 3d metals
generally adopt a 2+ oxidation state.

Magnetic Properties. For the tungstate AWO, parent
compounds, ZnWO, is known to be paramagnetic, while the
others are known to exhibit long-range AFM ordering with
Néel temperatures (Ty) of 13 K for MnWO,, 24 K for
CuWO,, 5§ K for CoWOQ,, 62 K for NiWO,, and 72 K for
FeWO,.""" We find that AWO, also exhibits long-range
AFM ordering with Ty = 30 K (Figure Sa). This transition
temperature is 15 K below the average Ty of 45.2 K for the
AFM parent compounds. This result, together with the
observation that AWO, displays only a single AFM transition,
indicates that despite the competing magnetic interactions in
the HEO phase, at this temperature they can achieve long-
range ordering. The observation of a single AFM transition
also suggests that the mixing of the magnetic 3d transition
metals at the A site is homogeneous, as multiple magnetic
transitions would be present if there were phase separation due
to clustering of different 3d elements.

Unlike the tungstate parent compounds, which are all AFM
except for ZnWO,, the B,Mo;03 molybdates include both
AFM and ferromagnetic compounds, except for Zn,Mo;Os,
which is paramagnetic. Fe;Mo03;0g, Co,M030g, and Ni,Mo;Og
are AFM with Ty = 60, 41, and 6 K, respectively,ss’34 while
Mn,Mo;0g is ferromagnetic with a Curie temperature (T.) of
42 K*¥* In contrast, the B,Mo;0; HEO was found to be
paramagnetic (Figure Sb). This observation suggests that the
low population of magnetic elements on the B sites, together
with the competing magnetic correlations favored by the
different metals, makes the exchange interaction-mediated
magnetic ordering unstable. This instability leads to a loss of
long-range magnetic order. To summarize, the magnetic data
show that there is one magnetic transition for A'WO, and a
lack of magnetic transitions for B,°Mo;0g. This lends
confidence to the idea that there is not phase segregation,
because if the parent phases segregated out, their individual
magnetic transitions would be observed.
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Figure 5. Magnetization data for (a) AWO,, which is AFM with Ty
=30 K, and (b) B,°Mo;04, which is paramagnetic.

Optical Properties. All of the tungstate parent compounds
that we synthesized are semiconductors with measured band
gaps (Eg) ranging from 2.6 to 3.8 eV: 2.5 eV for MnWO,, 2.6
eV for FeWO,, 2.7 eV for CoWOQ,, 3.1 eV for NiWO,, 2.3 eV
for CaWO,, and 3.8 eV for ZnWO, (Figure S3). These band
gap measurements fall within 0.2 eV of previously published
band gaps for all compounds.**™* In contrast, the high-
entropy tungstate AWO, was black and had no observable
band gap down to 1.5 eV, based on UV—visible (UV—vis)
absorption spectroscopy. FT-IR measurements, which can
provide evidence of lower—energy transitions associated with
narrow band gaps,”’ revealed a transition at 0.24 eV, when
transformed into a Tauc plot. The existence of a narrow band
gap indicates that this material is a degenerate semiconductor
(Figure 6a). The striking difference in band gaps between
A*WO, and all of the parent compounds is consistent with the
previously observed band structure reconstruction and
narrowing in other transition metal HEOs, such as ASALO,,
and rare earth HEOs, such as (Ce,Gd,La,Nd,Pr,Sm,Y)O,_5""°
as discussed above. In contrast to the tungstates, all of the
molybdate parent compounds have a black color, as previously
reported,'® with no observable band gaps in the visible or near-
IR range (Figure 6b). A band gap in a Tauc plot is identified by
a linear region that is then extrapolated to the x-axis. A weak
optical transition that is present in Mn,Mo;0g and Zn,Mo;04
is attributable to a MoOj; impurity, which also appears in the
powder XRD patterns for these parent compounds. Similar to
the parent compounds, B,°Mo;Oy appears black, and its Tauc
plot does not have a true linear range.

Electrocatalytic Properties. HEOs that incorporate 3d
transition metals have emerged as materials of interest for
catalyzing the OER under alkaline conditions." Furthermore,
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Figure 6. Tauc plot derived from (a) infrared (IR) spectroscopy and
linear fit band gap determination for A"WO,,. (b) Tauc plot derived
from UV—vis spectroscopy for B,*Mo;Os.

the inclusion of tungsten or molybdenum in ternary oxide
compounds has been proposed to be important for achieving
catalytic durability for this reaction.'> We therefore inves-
tigated the catalytic viability of the tungstate and molybdate
HEOs, as well as their parent compounds, for the OER and
found that many of them indeed are active OER catalysts. All
materials were drop-cast on glassy carbon electrodes and tested
in 1 M KOH.

We found that MnWO,, FeWO,, CaWO,, and ZnWO,, were
not active OER catalysts, but both CoWO, and NiWO, were
able to catalyze the OER in 1 M KOH. CoWO, and NiWO,
reached a current density of 10 mA/ cm?, as normalized to
geometric surface area, at potentials of 1.66 and 1.72 V vs
RHE, respectively (Figure S8). The high-entropy analogue,
A®WO,, was a more active OER catalyst based on comparable
metrics, reaching a current density of 10 mA/cm? at a potential
of 1.59 V vs RHE. Moving to the molybdates, we similarly
found that Mn,Mo50g, Fe,Mo0505, Ni,Mo050g, and Zn,Mo;04
were not active OER catalysts. Co,Mo0;05 performed
comparably to CoWO,, producing a current density of 10
mA/cm? at 1.67 V. Based on similar current—potential metrics,
B,°Mo;05 performed similarly, achieving a current density of
10 mA/cm? at 1.64 V (Figure S8). However, when current was
normalized to the electrochemically active surface area, which
better accounts for the total surface area available for catalysis
to occur, only A*WO, and B,*Mo,0y reached the benchmark
current density of 10 mA/cm? in the measured potential range
of 1.2—1.75 V vs RHE (Figures 7, S8, and S9), achieving
current densities of 10 mA/cm? at overpotentials of 480 and
410 mV, respectively. These values are on par with previous
literature reports for relevant single-metal oxides, such as CoO,,
and NiO,, which require overpotentials of 430 and 420 mV,
respectively, to reach a current density of 10 mA/cm>** As
expected for bulk powders that have low surface areas, their
performance does not reach that of the best and highest
surface-area OER catalysts in alkaline electrolytes, including
nickel-iron hydroxide compounds, which can reach current
densities of 10 mA/cm?® at an overpotential of less than 250
mA.**® Nonetheless, the HEOs offer a notable improvement
relative to the catalytic activities of their parent compounds,
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Figure 7. Electrochemical performance for the OER, of (a) A*WO, and the tungstate parent compounds and (c) B,°Mo;05 and the molybdate
parent compounds, as shown by linear sweep voltammetry, with current normalized to electrochemical active surface area. Initial stability was
assessed by holding the most active (b) tungstates and (d) molybdates at a current density of 10 mA/cm? for 10 h.

having comparable morphologies, surface areas, and prepara-
tion methods, and further development through composition
modulation or nanostructuring could further improve their
performance metrics. "

Over a 10 h initial stability screening test at 10 mA/cm?,
both CoWO, and A’WO, exhibited stable performance based
on the observation that there was not a significant increase in
the voltage needed to maintain this current, nor was there
gross dissolution of the catalyst, as observed by inductively
coupled plasma analysis (ICP, Table S3). In contrast, NIWO,
failed at 6 h, as observed by a rapid increase in the voltage.
This behavior can be attributed to catalyst degradation and
subsequent dissolution into the electrolyte, as no catalyst could
be visually observed on the electrode surface after 6 h. For the
molybdenum oxides, only B,°Mo,04 and Co,Mo,0; were able
to reach a current density of 10 mA/cm? in the measured
potential range of 1.2—1.75 V vs RHE. Both materials were
stable for the 10 h test (Figure 7b,d). For B,°Mo;0; ICP
analysis confirmed that there was no gross dissolution of the
catalyst (Table S3). Based on these measurements, both
ASWO, and B,’Mo;0y are active OER catalysts in KOH and
perform better than their OER-active parent compounds,
based on their overpotentials required to achieve a surface area
normalized current density of 10 mA/cm® Importantly,
neither show signs of significant dissolution at these applied
potentials over a 10 h window.

XPS was used to compare the surface composition and
oxidation states of A°WO, and B,Mo;Oy before and after
catalysis (Figures S10 and S11). As expected, many of the 3d
transition metals on the surfaces of the HEO compounds
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oxidized after OER catalysis in KOH. For AWO,, manganese
oxidized to Mn**, based on the Mn 2p;,, binding energy of
641.2 €V,”” and iron oxidized to Fe*, based on the Fe 2ps3)2
binding energy of 711.4 eV that matches previous reports of
FeOOH.”” The Co 2p;), binding energy of 779.8 €V is close to
that observed for Co;0,,” indicating the possibility of mixed
Co**/Co*. The Ni 2p;), binding energy of 854.0 eV has
previously been reported for NiIOOH and indicates Ni**.”’
The Cu 2p;,, binding energy of 933.2 eV corresponds to
Cu*,”® which indicates oxidation from the as-synthesized
compound, which had Cu'*. The Zn Auger parameter of
2010.0 eV is consistent with Zn?>", indicating no change in
oxidation state after catalysis, as expected for zinc.”® The
increase in oxidation state for the 3d transition metals in
A®WO, is consistent with the oxidizing environment of the
electrolyte and the applied bias during catalysis. Tungsten
largely remained as W, based on the 4f,/, and 4f;/, peaks at
34.7 and 36.9 eV. There were a pair of small peaks at 32.5 and
34.9 eV, which are attributed to K 3s.

For B,Mo;0Og after catalysis, the binding energy of 641.7 eV
for Mn 2p;,, which corresponds to Mn**, indicates oxidation
from the as-synthesized HEO, which had Mn>**.*” The low-
signal peak for iron, while still present, is once again too broad
due to the overlap with the cobalt Auger peak to confidently
identify the peak position and oxidation state. The Co 2p;/,
peak at 779.9 eV is consistent with Co®>"/Co*", which indicates
partial oxidation relative to the as-synthesized compound,
containing only Co*". The Ni 2p;,, binding energy of 855.0
eV, which corresponds to Ni**, indicates oxidation relative to
the Ni** that was present before catalysis. The mixed Mo*"/
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Mo® species that were present in as-synthesized B,"Mo;Oy
remain present after catalysis, based on the observation of the
molybdenum 3djs,, peaks at 230.0 and 231.6 eV and the 3d;/,
peaks at 233.16 and 234.8 eV. As for AWO,, surface oxidation
arises from the oxidizing electrochemical conditions during
catalysis.

B CONCLUSIONS

We reported the synthesis and characterization of two high-
entropy mixed-metal oxides, the tungstate A"WO,, (A = Mn,
Fe, Co, Ni, Cu, and Zn) and the molybdate B,°Mo;0;4 (B =
Mn, Fe, Co, Ni, and Zn), which expand the phase space of
HEO materials. Key magnetic, optical, and electrocatalytic
properties of these high-entropy compounds were explored to
gain an understanding of how they compared to their parent
compounds, and several notable findings were uncovered. XPS
confirmed the presence of all elements at the surface. For
A*WO,, XPS showed the presence of W and A** except for
iron and copper, which were Fe>*/>* and Cu®, respectively. In
contrast, B,’Mo;0; contained Mo* and Mo®" with Mn®*",
Fe?/** Co*, Ni*', and Zn®*'. The long-range magnetic
ordering that is present in most of the single-metal B,Mo;Og
parent compounds was lost in the high-entropy B,’Mo;O4
compound, while A*WO, maintained the AFM ordering that is
present in all of its parent compounds, except ZnWO,. The
differences between the high-entropy tungstate and molybdate
may be because five of the six metals in ASWO, contribute to
AFM ordering, which leads to less magnetic dilution than in
B,’Mo;05. While none of the molybdates had observable band
gaps, the optical properties of A"WO, were interesting. The
single-metal parent compounds were semiconductors, while
ASWO, had a significantly narrowed band gap. This
observation highlights the possibility of electronic structure
changes caused by high-entropy mixing. Due to the emerging
interest in both HEOs and oxides of tungsten and
molybdenum as active and durable catalysts for the OER,
both A*WO, and B,°Mo;0; were considered candidate
catalysts and found to exhibit enhanced activity relative to
the parent compounds based on the overpotential required to
achieve a benchmark surface area normalized current density.
Both HEOs showed stable activity during a 10 h constant
current test. Both HEOs are therefore interesting materials for
their potential physical and chemical properties, as well as their
contribution toward identifying and understanding the
structure—property relationship in HEOs that is anticipated
to lead to the future development of HEO materials for
targeted magnetic, optical, and catalytic properties and
applications.

B EXPERIMENTAL SECTION

Synthesis of Tungstate Compounds. The tungstate com-
pounds MnWO,, FeWO,, CowO,, NiwO,, CuWO,, ZnWO,, and
A*WO, were made using a modification of a previously reported
solid-state synthesis of NiWO,.*’ The following powders were first
weighed out in appropriate stoichiometric ratios: CuO (Sigma-
Aldrich, 99.0%), MnCO; (Sigma-Aldrich, 99.9%), NiO (Sigma-
Aldrich, 99.8%), ZnO (Sigma-Aldrich, 99.0%), CoO (Alfa Aesar,
95%), FeO (Sigma-Aldrich, 99.7%), and WO, (Alfa Aesar, 99.8%).
For the parent compounds, generally a 1:1 molar ratio of the 3d
transition-metal oxide/carbonate to WO; was used. For MnCO;,
NiO, and CoO, a 5% excess (by mass) was used. For A*WO,, which
contained all six 3d transition metals, each oxide/carbonate was used
in a 1/6th molar ratio relative to tungsten, for a stoichiometry of
Mny;6,Fe.167C00.167Ni0.167CU0.167Z00,167WOy.  Specific amounts  for
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each compound are given in the Supporting Information (Table
S4). The weighed powders for each compound were ground with an
agate mortar and pestle, pressed into pellets, and then heated in a
furnace in air at 900 °C for 12 h, ramping at 200 °C/h. For FeWO,,
the synthesis was performed in a sealed evacuated quartz tube
because, in air, Fe,O; formed as the major product. The pellets were
reground, and their formation was confirmed via PXRD at room
temperature.

Synthesis of Molybdate Compounds. The molybdate com-
pounds Mn,Mo;0;5, Fe;Mo3;04, Co,Mo030g, Zn,Mo;Og, and
B,°Mo;0; were made using a solid-state method based on a
published synthesis of Fe,Mo;0; and Zn,Mo;04.>° The following
powders were first weighed out in appropriate stoichiometric ratios:
CoO (Alfa Aesar, 95%), NiO (Sigma-Aldrich, 99.8%), MoO,
(Matheson Coleman and Bell, 99.5%), Mo (Sigma-Aldrich, 99.94%,
mesh < 150 um), Fe,0; (Sigma-Aldrich, 99.99%), ZnO (Sigma-
Aldrich, 99%), and Mn;0,, (Sigma-Aldrich, 97%). A 1:2:1 molar ratio
of 3d transition-metal oxide to MoO; to Mo was used to restrict the
amount of oxygen available for the reaction. For B,°Mo,0;, which
contained all five 3d transition metals, each corresponding oxide was
used in a 2/5th molar ratio relative to the formula B,Mo;Os. Specific
amounts for each compound are given in the Supporting Information
(Table S4). The weighed powders for each compound were ground
with an agate mortar and pestle, pressed into pellets, and then sealed
in quartz tubes evacuated to 10* Torr. Each tube was heated at 700
°C for 24 h and then at 1100 °C for 2 h, ramping at 200 °C/h. The
pellets were reground and their formation was confirmed via PXRD at
room temperature.

Powder X-ray Diffraction. Powder XRD data were collected on a
Malvern Panalytical Empyrean diffractometer. The instrument was
equipped with a copper source and operated at a voltage of 45 keV
and a power of 40 kW. Powder XRD patterns were obtained using
reflection mode and a PIXcel 3D detector.

Scanning Electron Microscopy. Scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM—EDX) was used to
determine the elemental composition and distribution of elements 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 on
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.

X-ray Photoelectron Spectroscopy. XPS 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 (<$ eV) and argon ions.
The binding energy axis was calibrated using sputter cleaned Cu (Cu
2ps, = 932.62 €V, Cu 3p;/, = 75.1 €V) and Au (Au 4f,/, = 83.96 eV)
foils. Peaks were charge referenced to the CH, band in the carbon 1s
spectra at 285 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).

Magnetic Measurements. Magnetic measurements were con-
ducted on a Quantum Design vibrating sample superconducting
quantum interference device (SQUID) magnetometer. A field of 0.1
T was used for measurements, conducted from 100 to 15 K under
both field cooling and zero field cooling histories. A brass holder, with
a plastic powder sample cup, was used for the measurements.

Spectroscopic Measurements. UV—vis absorption spectroscopy
was collected on a Shimazu UV—vis spectrometer equipped with a
Harrick Praying Mantis Diffuse Reflection Accessory. Spectra were
referenced to a background of potassium bromide (Sigma-Aldrich,
spectroscopy quality). A step size of 0.2 nm was used to scan from 1.5
to 4 eV. FTIR spectroscopy measurements were performed on a
Bruker Vertex 80 spectrometer equipped with a Harrick Praying
Mantis Diffuse Reflection Accessory and a liquid nitrogen-cooled
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mercury cadmium telluride detector. A total of 500 scans were
averaged at a resolution of 6 cm™", and absorbance was calculated by
referencing to an ozone-cleaned Labsphere Infragold target.

Electrochemical Measurements. All electrochemical measure-
ments were conducted in 1 M KOH (VWR, 98%) using 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 um smoothness by using diamond paste on a
polishing cloth. Polishing was conducted at 9, 3, 1, 1/2, and 1/4 pum
to ensure a smooth and clean surface. The electrode ink was made by
sonicating 2 mg of the catalyst powder and 20 uL of Nafion
perfluorinated resin in a solvent mixture of 400 #L of Nanopure water
and 100 uL of isopropyl alcohol. Sonication was conducted for 1 h.
Then, 20 uL 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. Potentials were applied
utilizing a Gamry 1000b potentiostat.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00541.
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