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Abstract

In recent years, the concept of entropy stabilization has led to increased research in "high entropy
materials”. These compounds incorporate multiple metals into a single crystalline phase, resulting
in interactions between them that offer novel and unexpected properties. Here, we report on the
surface evolution and entropy changes of the high entropy spinel oxide (HEO)
Zn(CrMnFeCoNi).04 upon its use as an electrocatalyst for the oxygen evolution reaction (OER).
It was found that electrochemical cycling of this material results in surface reconstruction

accompanied by induced leaching of surface Zn from tetrahedral sites. The formation of a



completely new metal (oxy)hydroxide Zn.Cri1sMnzFe1Co2Ni1sOxHy is observed at the surface,
leading to an increase in surface entropy over the pristine spinel HEOs. The newly formed surface
exhibits improved OER catalytic performance, through the adsorbate evolution mechanism (AEM).
Removing any one of the cations from this HEO results in a significant drop in OER performance.
This shows that the electrochemical behavior of the high entropy oxides depends on each of the
metal ions present on the catalyst’s surface, thus providing the opportunity to tailor its

electrochemical properties by simply changing the elemental composition.
Introduction

Hydrogen plays a pivotal role as a primary energy carrier in the decarbonization of energy
infrastructure Electrochemical water splitting using sustainable energy is a promising technology
for green hydrogen generation.! The oxygen evolution reaction (OER) is the anode reaction in
electrochemical water splitting, which requires a high overpotential due to its being a four-step
electron transfer process with multiple reaction intermediates.>® Depending on the type of
electrolyzers, the anode catalysts can be different in materials. For example, noble metals are used
in membrane electrode assembly electrolzyers using a proton exchange membrane, which provides
a strong acidic condition and only novel metals can survive. As a result, the cost is a major
concern.®® In alkaline water electrolysis, the working condition of the anode is more friendly to
most transition metals and their oxides or oxyhydroxides can be stable under such conditions.®*
Recent studies have revealed that most metal oxides that act as OER catalysts undergo a surface
phase change, or surface reconstruction, to oxyhydroxides, which are more stable under alkaline
conditions.® *13 Such a change is usually accompanied with a change in OER performance.!*
Thus, instead of the bulk phase of most catalysts, the oxyhydroxides generated on the surface under

operating conditions are often believed to be the real catalysts for the OER.

To promote the activity by surface reconstruction, some effort has been made in activate the lattice
oxygen in order to make the oxides less stable. For example, lattice oxygen can be activated by

substituting Co by Ni in ZnCo0204, and the metastable spinel oxide can be made at an optimal
substitution level.*® The lattice oxygen oxidation mechanism (LOM) of OER can be activated and

cycling the catalyst results in a significant improvement in OER performance. A recent study has

also found that the covalency of bonds in the material can be used as a design principle for spinel
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pre-catalyst.® In addition, the cation leaching is also a commonly observed phenomenon that

triggers the surface reconstruction.®

Most recently, several studies have reported that high entropy materials (HEMs) exhibit great
potential in electrocatalysis.'®® For example, Jia et al. incorporated the concept of high entropy
alloy into a high-entropy metallic glass for hydrogen production, which shows better activity than
most catalysts.!® A greater grouping of HEMs is the category of oxides known as high entropy
oxides (HEO), which are mixed-metal oxides with five or more different cations in equal atomic
ratio.*® 2022 Since Rost et al. synthesized the first HEO in 2015, HEOs attracted great attention.??
As a new class of oxide system, HEOs are formulated by the concept of entropy stabilization,
which allows for a HEO to thermodynamically accommodate multiple metal species in various
crystal phases.?* However, the advantages of using HEOs as catalysts have not been fully revealed.
The enormous number of possible elemental combinations has the potential to yield unexpected
properties and performance. The opportunity to tailor the electron band of a HEO by combining
various elements and their structures also provides opportunities to manipulate the electrocatalytic
activity of a HEO.? 2* Although HEOs have been reported giving high performance in
electrocatalysts, 618 their surface stability has not yet been studied. As introduced above, the OER
is tough reaction to the structures of electrocatalysts. Their instability and tendency to undergo
surface reconstruction under OER conditions necessitates the study of these behaviours in the case
of HEOs to fully understand their application in OER electrocatalysis.

Here, we report a highly active spinel type HEO, Zn(CrMnFeCoNi-X).0s for OER. The
incorporation of Zn aims to fix the spinel to a normal structure and therefore allow for information
on the catalytically critical octahedra to be gained. During OER performance, the OER pathway
undergoes a transformation from concerted proton-electron transfer to non-concerted proton-
electron transfer. A step-by-step investigation of HEO by surface-sensitive tools is also carried
out. A thin layer of metal (oxy)hydroxide (MOxHy) was found to be formed after a few hundred
cycles of CV. It is also found that the further loss of surface cations increases the surface entropy
of the HEO compared to its original spinel state. This increased surface entropy is also found to
be associated with improved OER performance. Finally, the construction of similar HEOs
excluding a single element leads to decreased electrochemical performance, further indicating the
positive effect of high entropy on OER catalysis.
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Methods
Synthesis of HEO/MEO Particles

The spinel HEO/MEOs were synthesized by a low-temperature sol-gel method. All chemicals were
obtained from Sigma-Aldrich and used as-is. First, a mixture of 30 mmol of acetate salts
(composed of stoichiometric amounts of Zn(CH3COO), - 2H20), Mn(CHsCOQ), - 4H-0,
Cr3(CH3sCOO)7 (OH)2, Fe(NOz)3-9H20, Co(CH3COO0)2 - 4H20 and Ni(CH3zCOO),-4H20) and 90
mmol of citric acid was dissolved in 200 mL of deionized water (DI water) to form an aqueous
solution. After adding 20 mL of nitrite acid, the solution was heated and stirred at 90 °C until a
homogeneous gel formed. Then the gel was heated at 170 °C for 12 h to form the resin, followed
by annealing at 600 °C in the air for 6 h. The as-prepared HEO/MEOs were used as active oxygen

oxidation material without any further heat treatment step.
Electrode Preparation

Oxide electrodes were prepared by drop-casting the ink of catalysts onto glassy carbon electrodes
(GCEs) with a geometric surface area of 0.196 cm?. HEO/MEOSs and acetylene black (AB) were
dispersed in ethanol and Nafion perfluorinated resin solution (5 wt % in water) to form a 1.8
mgoxide/ML mixture. The mass ratio of AB to oxides was maintained at 7:3, and the volume ratio
of ethanol to Nafion was kept at 1:0.02. Before drop-casting, the GCE was polished with alumina
slurry for 30 minutes, cleaned by repeated ultrasonication in ethanol and DI water, and dried under
ambient conditions. The mixture was ultrasonicated for 30 min to achieve a homogeneous
dispersion of oxides and AB. Then, the ink was drop-casted and dried at room temperature to
evaporate ethanol. A total of 10 pL of ink of HEO/MEOs was dropped onto GCE, yielding an

oxide mass loading of 91.84 pg/cm?isk.
Electrochemical Measurement

A three-electrode cell configuration consisted of a GC electrode, a platinum sheet, and a Hg/HgO
(1.0 M KOH) reference electrode (0.098 V vs. RHE). All cyclic voltammetry (CV) measurements
were conducted from 1.03 to 1.63 V (vs. RHE) at a scan rate of 10 mV st in 1.0 M KOH electrolyte.
All potentials were referenced to the RHE scale and corrected for Ohmic resistance. The resistance



was determined by electrochemical impedance spectra (EIS) measurements. All EIS were recorded
at 1.53 V (vs. RHE) with frequencies ranging from 10° to 10 Hz and an AC voltage amplitude
of 10 mV.

Material Characterization

The High-resolution transmission electron microscopy (HRTEM) study was carried out on a JEOL
2100 transmission electron microscope at 200 kV and energy-dispersive X-ray (EDX)
spectroscopy analysis. The X-ray photoelectron spectroscopy (XPS) was performed by PHI 5000
VersaProbe, and the binding energies were corrected for specimen charging effects using the C 1s
level at 284.6 eV as the reference. The X-ray diffraction pattern (XRD) was collected on a
PANalytical X’pert Pro with Cu Ka radiation (A = 1.5418 A). The FESEM images were recorded
on a JEOL FESEM 7600F at 15 kV. An ASAP Tristar 11 3020 was used to measure the Brunauer—

Emmett—Teller (BET) specific surface area and the average particle size of samples.

Results and discussion
HEO characterization

Figure la shows the X-ray diffraction (XRD) pattern of the as-synthesized
ZnCro.4Mno.4Fe04C004Nio4Os. The catalyst exhibits a cubic-spinel structure with Fd-3m space
group matched to the database entry PDF No. 00-022-1107. The TEM image in Figure S1 shows
the particle morphologies and phases of the HEO are in the nano to micrometre range. From the
high-resolution TEM (HRTEM) image in Figure 1b, a lattice spacing of 0.256 nm can be found,
which matches the crystal facet of (111) and further supports the cubic spinel structure of the as-
synthesized HEO. The four diffraction rings in the selected area electron diffraction (SAED)

pattern (inset of Figure 1b) are perfectly indexed to the same positions as those in XRD patten.

The site occupations of metal ions were investigated by extended X-ray absorption fine structure
(EXAFS) (Figure 1c). The first Fourier transform peak at around 1.5 A shows the distance between

metals and oxygen. The second Fourier transform peak shows the distance between the absorbing



metal ion (Zn, Cr, Mn, Fe, Co, and Ni) and their neighboring cations in either octahedral or
tetrahedral sites. The cations have a 2.5 A metal-metal distance from their neighboring metal ions,
suggesting that Cr, Mn, Fe, Co, and Ni reside in the octahedral sites of TM-HEO.%>% The distance
between Zn ions and their adjacent metal ions, which occupy octahedral sites, is around 3.0 A.
Besides, no peak appears at 2.5 A. These results indicate that Zn ions in the as-synthesized HEO
catalysts accommodate the center of tetrahedrons .2°-% The spatial distribution of metal ions was
also investigated by transmission electron microscopy (TEM) and Energy-dispersive X-ray
spectroscopy (EDX). As shown in Figure S1, the elements in the as-synthesized HEO are

homogeneously distributed, as no segregation or clustering is observed.
OER performance of HEOs

Activities normalized by the BET surface area are presented in Figure 1d and le. The activities are
normalized by BET surface areas, which are presented in Figure S2 and Table S1. As can be seen,
a remarkable activity increase in OER performance is observed during the first 1000 cycles. After
that, the increase slows down until a decrease in current density appears after the 1500 cycle. The
electrochemical active surface area (ECSA) of Act-HEO (active HEO) after 1000 CV cycles is
higher than that of Pri-HEO (pristine HEO), indicating an increase in the number of active sites
after electrochemical cycling (Figure S3). The current density normalized by ECSA of Act-HEO is
still higher than that of Pri-HEO, indicating that not only the number of active sites but also the
intrinsic activity per site increases during the OER process.?® % Moreover, a reduction in Tafel
slope from 124 mV dec (Pri-HEO) to 49 mV dec (Act-HEO after 2000 CV cycles) is observed,
which indicates that the HEO catalyst is also activated towards higher kinetics (Figure 1e).%! The
difference in Tafel slopes suggests a change in the rate-limiting step during OER. Traditionally,
the whole OER process can be separated into a four-step reaction, in which each step involves

oxygen species adsorption and charge transfer? 33:

M-OH + OH — M-0O + H20 + ¢ 1)
M-O + OH- > M-OOH + & (2)
M-OOH + OH — M-00 + H,0 + ¢ (3)



M-0O + OH — M-OH + Oz + & (4)

In addition, the relationship between current density and potential can be described by the

following equation3? 32
n =2.303RT/(aF) x log i — 2.303RT/(aF) X log io

In above equation, the Tafel slope can be derived as 2.303RT/(0.5 + n)F, in which n is the number
of electron-transfer steps before the rate-determining step (RDS) and a. is assumed to be 0.5. For
different RDS, the catalysts give different Tafel slope values. The Tafel slope of 124 mV dec™ for
Pri-HEO indicates that the first electron transfer of the adsorbed OH" (step 1) is the RDS because
there is no electron transfer before the RDS. Then, after around 200 CV cycles, the Tafel value
rapidly decreases to 50 mV dec?, showing that the second step becomes the RDS, where the

number of electron-transfers n increases to 1.

In addition to the RDS, the reaction mechanism was examined to give a more accurate
determination of the surface evolution of Pri-HEO and Act-HEO. To do this, the OER
performances of each material were analyzed using KOH electrolyte with different pH values. The
Act-HEO was pretreated in 1 M KOH for 1000 CV cycles. The resulting background and iR-
corrected OER curves are shown in Figure 1f and 1g. It is apparent that the catalytic activity of
Pri-HEO exhibits strong pH dependence, while the Act-HEO shows no change in OER
performance in electrolyte with different pH.3* Previous research has shown that pH dependence
indicates the existence of nonconcerted proton-electron transfer in catalytic reactions.®* ** To
better illustrate this, alternative concerted proton-electron transfer pathways are displayed in
Figure 1h. Specifically, the conventional concerted proton-electron transfer occurs along the
diagonal and the two alternative concerted pathways are shown along the edges of the square
scheme. According to recent findings, one of the potential pathways of non-concerted proton-
electron transfer during OER could involve the redox of lattice oxygen.3® 3" In addition, under the
lattice-oxygen-mediated (LOM) mechanism, the formation of surface Vo (oxygen vacancies)
often results from the leaching of surface cations. As the leaching of cations acts as one of the
ways to compensate the oxidation process when the filling rate of OH™ (aq) to the surface Vo is

not fast enough, surface amorphization is commonly detected over electrochemical cycling for



non-concerned proton-electron transfer.>>3” The difference in pH dependency highlights a
fundamental mechanistic shift from the surface metal ions to conventional OER mechanism over
cycling. In addition, the change in OER mechanism also shows the change in metal-oxygen
covalencies for Pri-HEO and Act-HEO, which will be further examined by surface sensitive tools.
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Figure 1: Crystal structure of as-synthesized HEO material Zn(CrMnFeCoNi);0.. a) Powder XRD patterns of the
as-synthesized HEO catalyst. b) High-resolution TEM (HRTEM) image of as-synthesized HEO. Inset shows the
selected area electron diffraction (SAED) pattern of as-synthesized HEO. c) Fourier transform of the EXAFS (FT-
EXAFS) for Zn, Cr, Mn, Fe, Co and Ni K-edge of as-synthesized HEO. The second peak at ca. 3.0 A (i.e. TMrq-

TMrqg or TMrg-TMon) are interatomic metal-metal distances from the absorbing metal ion Cr, Mn, Fe, Co and Ni to
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the second nearest-neighbor metal ions at the tetrahedral site. The second peak at ca. 2.5 A (i.e. TMon-TMrq Or
TMon-TMon) are interatomic metal-metal distances from the absorbing metal ions to the second nearest-neighbor
metal ions at the octahedral site. d) Cyclic voltammetry (CV) curves of HEO at the 1%, 200™, 500%™, 1000%, 1500t
and 2000™ cycles. The characterization was performed at the potential range from 1.23 V to 1.65 V vs. RHE
(reversible hydrogen electrode). e) Tafel value of HEO at the 1%, 200™, 500™, 1000%, 1500™ and 2000™ cycles. f) - g)
OER performance of Pri-HEO and Act-HEO in electrolyte with different pH values. h) Diagram of OER reaction
pathways.

Surface analysis of active HEO after OER

To further investigate the surface evolution during OER, some bulk and surface characterization
techniques were conducted. In Figure 2a, the XRD pattern of Act-HEO after 1000 CV cycles still
matches the cubic-spinel structure with Fd-3m space group, indicating that the core structure of
the HEO remains stable after CV cycling. However, the HRTEM reveals the formation of an
apparently amorphous surface layer without long-range order (Figure 2b and Figure S6), which
suggests the presence of metal (oxy)hydroxides on the surface of HEO during the OER process.
The thickness of the amorphous layer shown in the HRTEM also remains unchanged after 500 CV
cycles (Figure S6). The coordination environment of elements in HEO was further investigated by
EXAFS spectra (Figure 2f). The distance between Zn ions and their neighboring metal ions is
around 3 A and no peak can be observed around 2.5 A. In addition, the distances between other
elements are all below 2.5 A, suggesting that Cr, Mn, Fe, Co, and Ni are in octahedral sites while
bulk Zn remains in tetrahedral sites. In short, there is no difference in bulk site occupation between
Act-HEO and Pri-HEO. X-ray absorption near edge structure (XANES) measurements with
transmission mode were also conducted before and after CV cycling (Figure 2c-e, 2g, and 2h) to
examine the oxidation states and core structure of Pri-HEO and Act-HEO. No difference in
XANES results can be observed, which indicates that the material’s bulk structure remains
unchanged after 1000 CV cycles. In addition, the position of the transition metal element K-edge
in HEO remains in the same energy domain after activation for 1000 CV cycles at u=0.5, indicating
no change in the average oxidation state of these elements. Therefore, it can be deduced that the

core HEO structure remains apparently unchanged after long-term OER reactions. This overall



stability can be attributed to configurational entropy stabilization of the lattice, which preserves

the original spinel structure while serving as a permanent host matrix for the conversion cycles.

Several surface characterization tools were also used to analyze Pri-HEO and Act-HEO at different
stages. X-ray photoelectron spectroscopy (XPS) was conducted to examine the surface evolution
of HEOs with a depth of 2-5 nm.*® With XPS mapping technology, the surface species’ valence
state and compositions at different stages can be obtained. Figure 2i-k show the O 1s, Co 2p3/; and
Ni 2ps;2 XPS spectra of the Pri-HEO and Act-HEO at 1000" CV cycling. The 2p®? orbitals for
surface elements (O, Zn, Cr, Mn, Fe, Co, and Ni) of Pri-HEO and Act-HEO at CV 200", 500",
1000™, 1500" and 2000" cycles are shown in Figure S4. Fittings of the experimental spectra
obtained for HEO are shown in colored lines. The resulting O 1s spectra can be deconvoluted into
two different contributions, with the signals at 529 eV and 532 eV reflecting the presence of lattice
oxygen and hydroxide ions, respectively.>®*2 Over 75 % of the surface oxygen species in the Pri-
HEO after 200 CV cycles are composed of lattice oxygen. On the other hand, only around 20% of
surface lattice oxygen is observed in the case of Act-HEO, which indicates a low probability of
lattice oxygen participation, consistent with concerted proton-electron transfer during OER. In
addition, compared with Pri-HEQ, a slight shift is observed towards the higher binding energy side
of surface Cr, Mn, Fe, Ni, and the lower binding energy side of surface Co of Act-HEO, indicating

the increased valence state and metal-oxygen covalency of surface cations.
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Figure 2: Characterizations of HEO after CV cycling. a) XRD pattern of Act-HEO at CV 1000" cycles. b) HRTEM
image of Act-HEO at CV 1000 cycles of the bulk and surface c-€), g) and h) FT-EXAFS for Zn, Cr, Mn, Fe, Co and
Ni K-edge of Act-HEO at 1000™ cycles. Fittings of experimental spectra obtained for HEO are shown in colored
lines. i-k) XPS of O 2s, Co 2p®? and Ni 2p®? regions for the surface of Pri-HEO and Act-HEO at CV 1000™" cycles.
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The detailed surface cation compositions are shown in Figure 3a and Table S3. It is evident that
surface Zn and Cr tend to leach out from the HEO, and the percentage of surface Co and Mn
increases while that of the surface Fe and Ni remains the same. In addition, inductively concerted
plasma mass spectrometry (ICP-MS) was used to explore the cation ratio in electrolyte. As shown
in Figure S6, the concentration of Co and Mn cations in the electrolyte remains unchanged
regardless of the electrochemical cycling. However, the mass of Cr, Ni and Fe observed in the
electrolyte, which are leached from the catalyst, shows a linear increase during the process of CV
cycling. The amount of leached Zn also increases as electrochemical cycling processes, but at a
higher rate than the case of the other cations. The rate of Zn leaching even accelerates after 1500
cycles. Based on this information, it can be inferred that among all cations in HEO, Zn at the
tetrahedral site shows the highest mobility to leach out from the structure. As a control experiment,
the HEO electrode was soaked in KOH for 12 hours, The cation concentrations in the electrolyte
remains low (Figure S6), indicating the presents of cation in the electrolyte was due to the leaching
of surface cations during OER process. In addition, a TEM EDS-line scan was conducted to further
investigate the elemental composition of the surface layer of high entropy (oxy)hydroxide after
activation. For the pristine HEO catalyst, the stoichiometric proportion of octahedral site cation
species on the surface is found to be similar to the as-synthesized bulk counterpart, as shown in
Figure 3b. However, the surface profile of Act-HEO (after 1000 CV cycling) shows a significant
depletion of Zn and an abundance of Co and Mn cations (Figure 3c).

To further analyze the increase in OER activity after the formation of surface MOxHy, the surface
configurational entropy (Sconfig) Was calculated. The contribution of the anion site is expected to
have a minor influence on Sconfig, given that only one anion is present.”-22 The relationship between
reconstructed MOxHy surface entropy and electrochemical performance at 1.6V vs. RHE is shown
in Figure S7. The surface entropy is obtained from the XPS results (Figure 3a and Table S2). From
the 200" to the 2000 CV cycle, the surface entropy ranges between ~ 1.73 R to ~ 1.76 R.

Therefore, combing the electrochemical and the surface analysis results, we can propose a full
surface evolution process of HEO during OER. First, in the case of Pri-HEO, the surface lattice
oxygen was involved during the OER process. In addition, some of the surface cations leached
into the electrolyte, which results in the formation of a thin surface layer of metal (oxy)hydroxide
(MOxHy) (Figure 3d) and enhances the metal-oxygen covalency. In addition, the participation of
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surface lattice oxygen results in the formation of Vo, which further reduces the percentage of
surface lattice oxygen. The enhanced metal-oxygen covalency and reduced surface lattice oxygen
alters the OER pathway from non-concerted proton-electron transfer to concerted proton-electron
transfer, resulting in a change in the RDS from step 1 to step 2. Second, the thickness of this newly
formed layer stopped growing after around 200 cycles, which marks the point at which the OER
pathway was fully converted. Third, due to the leaching of surface cations, the composition of this
newly formed MOxHy layer undergoes continuous change. These surface composition changes
influence the surface entropy, which in turn affects the OER activity of the catalyst. As Zn accounts
for the largest proportion of the surface cations, volcano plots relating the surface entropy and Zn
percentage in both experimental data and in the ideal case are observed (Figure 3e). In the ideal
case where all other factors remain equal, the OER performance is expected to reach its highest
level when the Zn percentage is equal to that of the other surface cations. Experimentally, there is
a volcano-shaped relationship between the Zn percentage and surface entropy. However, the
leaching of other surface cations results in a different situation compared to the ideal case. The
experimental volcano peak is shifted forward compared to the ideal case, located at the point where
~ 70% of Zn remains on the surface, with the corresponding highest surface entropy of 1.762 R
and a current density of 0.3 mA cm?. In addition, the activity of HEO after 1500 times of CV
cycling decreased while the surface percentage of Co and Ni increased. Although Co and Ni are
more active than other metals for OER process,?? the increased percentage of Co and Ni did not
give a higher OER activity of HEO. However, the surface entropy of the newly formed HEH
decreased. The observed relationship between surface entropy and oxidation activity indicates that
surface entropy has a remarkable effect on oxidation activity, which has not been reported

previously.
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Comparison between high entropy and medium entropy compounds

The many different cations in the transition metal-based HEO makes it possible to exclude a
specific element and investigate the resulting change in electrochemical behavior, thus allowing
for the assignment of specific electrochemical characteristics to the absence of a particular element.
Such an exclusion of one of the elements from a 6-cation system results in a significant decrease
in the configurational entropy of the material from ~ 1.71 R to ~ 1.56 R. A series of these entropy-
reduced transition metal-based-oxides (transition-metal-based medium entropy oxides, TM-MEOs)

were synthesized using the same sol-gel method as TM-HEO. Figure 4a shows the X-ray
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diffraction (XRD) pattern of the five 5-cation systems (TM-MEOQO) with no Cr, Mn, Fe, Co, or Ni,
respectively (MEO-Cr, MEO-Mn, MEO-Fe, MEO-Co, and MEO-Ni). All the catalysts exhibit a
cubic-spinel structure with the Fd3m space group. In addition, the EXAFS result for the Zn K-
edge in Figure 4b shows that, for all MEO catalysts, the distances between Zn ions and their
neighboring metal cations are around 3.0 A, indicating that Zn ions accommodate the center of
tetrahedrons for all TM-MEO samples (Figure 4b).?> 26 However, as shown in Figure S2 and Table
S1, the BET surface area values of the samples vary from 68 m? g to 13 m? g*. As the same
synthesis method was employed for each sample, the significant variation in the surface area is
due to the difference in elemental composition. It is worth noting that MEO-Cr has the smallest
BET area among all the synthesized HEO/MEO catalysts. It implies that the addition of Cr in the

spinel structure can enlarge particle size.

To exclude the effect of surface area, the intrinsic OER activity results of the TM-HEO/MEO
catalysts were normalized by the BET specific surface area.*® In a long-term experiment with over
1000 CV cycling (Figure 4c-h and Figure S12), it is shown that the 6-cation sintered HEO system
can exhibit a specific current density up to 250 A cm at 1.6 V vs. RHE for thousands of cycles.
As for the results obtained from the MEQOSs, their comparatively lower current densities
demonstrate that even the removal of a single element leads to significant changes in the
electrochemical properties. However, the removal of different elements has subtly different effects
on OER performance. Except for MEO-NI, all other MEO catalysts show increasing performance
for different durations. Removing Ni (MEO-Ni) leads to a monotonic decrease in performance as
electrochemical cycling processes (Figure S5), which indicates that Ni is likely to be the active
site for the OER catalysts. In contrast, the removal of Co, Mn, and Fe (MEO-Co, MEO-Mn, and
MEO-Fe) does not impede the increase-decrease of OER performance. As for MEO-Cr, the
activation period is shorter, which implies that the existence of Cr contributes to surface
reconstruction. This effect was also mentioned in our previous work.** Other than that, the ICP
result and electrochemical behavior of HEO also mean that Zn and Cr may have a combined effect,

promoting surface reconstruction during the OER process.
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Figure 4: Comparison between HEO and MEOs. a) Powder XRD patterns of the as-synthesized TM-MEO catalysts.
b) Fourier transform of the EXAFS (FT-EXAFS) for Zn K-edge of as-synthesized TM-MEQOs. ¢) Comparison of
current density (@ 1.6V vs. RHE) between HEO and MEOQOs. The current density was taken at 1.6 V vs. RHE at the
highest performed cycle. d)-h) BET surface area normalized OER performance of TM-MEO catalysts (MEO-Cr,
MEO-MN, MEO-Fe, MEO-Co, and MEO-Ni). i) Comparation of Tafel values between HEO and MEOs. The value

was taken at the highest performed cycle.

For all the TM-HEO/MEO catalysts, the electrochemical results show similar increasing-

decreasing behaviors and ICP-MS results show similar leaching phenomenon. Thus, we propose
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that the MEO catalysts undergo the same surface evolution process as HEO. However, even though
the initial capacity of MEOs does not differ much from the 6-cation system, the water oxidation
activity shows a rapid drop after only 500 cycles (Figure 4c-h). Based on this, we also propose that
the surface entropy changes more rapidly in the case of MEOs as compared to HEO. Furthermore,
the ICP results show that more cations are leached into the electrolyte during the OER process
after 1000 CV cycles than in the case of HEO (Figure S9), which implies that these cations are
leached more rapidly in MEOs than in HEOs. Thus, the ICP results support the proposition of
quicker entropy change during OER, which also suggests that HEO has a more stable structure
than MEOs.

It should be noted that MEOSs have a relatively less stable electrochemical performance compared
to HEO. The MEOs, although initially displaying comparable OER activity as HEO, show varying
degrees of degradation at around 500 cycles. In contrast, the 6-cation HEO displays a high activity
that does not degrade with increasing electrochemical cycling. This difference in stability leads us
to conclude that the HEO exhibits an entropy stabilization effect. Similar behavior has also been
reported by other groups.® On the other hand, including or excluding one or two cations into the
single-phase structure could open new possibilities for developing a modular method to tailor
electrodes suited to different needs. The HEO concept, with its countless possible cation
combinations, clearly offers unique opportunities to tailor electrochemical properties in a flexible

way.
Conclusion

A spinel type high entropy oxide Zn(CrMnFeCoNi)204 has been identified as a highly active OER
catalyst. By induced leaching of surface Zn from tetrahedral sites, It has been found that
electrochemical cycling of this HEO results in surface reconstruction with surface Zn leaching and
a completely new phase of high entropy metal (oxy)hydroxide is observed on the surface. An
increase in surface entropy over the pristine spinel HEO has been observed. The newly formed
surface exhibits improved OER catalytic performance. Additionally, varying the composition of
the oxides allows tailoring the OER performance. The entropy stabilization effect has been found
to have a positive effect on OER performance. In essence, incorporating different elements into

HEOs offers a modular approach for the systematic design of the anode catalysts in water splitting.
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These results reveal the vast potential of engineering high entropy oxides for advanced

electrocatalytic applications.
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