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A B S T R A C T

Developing efficient and cost-effective approaches to synthesize platinum group metal-free (PGM-free) electro
catalysts with high performance toward the sluggish oxygen evolution reaction (OER) is crucial for commer
cializing anion exchange membrane water electrolyzers (AEMWEs) to produce green hydrogen. Here, we propose 
a facile method to produce an emergent family of catalysts for the OER at the anode of AEMWEs. Spinel-type high 
entropy oxides (HEOs) based on Mg, Ni, Co, Mn, and Fe were synthesized by different methods, room- 
temperature or hydrothermal-assisted coprecipitation, using different coprecipitating agents (NH3 solution vs. 
urea) and calcination conditions. Furthermore, HEO composition was tailored by modulating the metal’s stoi
chiometry. Rietveld refinement and high-resolution transmission electron microscopy, coupled with energy- 
dispersive X-ray spectroscopy (HRTEM-EDX), indicated that single-phase HEOs with highly crystalline nano
particles and homogeneous distribution of the metals were obtained by coprecipitation at room temperatures 
using NH3, combined with the rapid quenching of the HEOs after treatment at 750 ◦C. Notably, the catalyst’s 
performance was significantly enhanced (EJ10 = 1.62 V vs. RHE), modulating the content of Ni, Co, and Mn, 
promoting their surface reconstruction and activation during OER with the formation of (oxy)hydroxides. 
AEMWE single-cell tests were carried out by integrating the optimized HEO as an anode catalyst of a catalyst- 
coated membrane, using the piperION® as a polymeric membrane and ionomer and Pt/C as a cathode cata
lyst. A remarkable performance was indicated with a high current density (J = 1.57 Acm− 2) at 1.8 V, with a 
maximum value (J = 4.14 Acm− 2) being reached at 2.2 V, outperforming highly active PGM-free catalysts re
ported in the literature.

1. Introduction

Expanding activities from the industrial and transport sectors are the 
main reasons for the increasing depletion of fossil fuels. Due to their use, 
several environmental issues have motivated researchers to pursue 
alternative energy sources [1,2]. Hydrogen is a sustainable energy car
rier that can reduce the dependence of both sectors on fossil fuels, and 
electrochemical water-splitting [3] is a key process to producing green 
hydrogen and contributing to reaching the net zero emission (NZE) 
targets [4,5].

Among the technologies currently available as water electrolyzers, 
such as traditional alkaline water electrolyzers (AWEs) and proton ex
change membrane water electrolyzers (PEMWEs), anion exchange 
membrane water electrolyzers (AEMWEs) are emergent devices that 
combine different advantages of AWEs and PEMWEs [1,6–8]: AEMWEs 
operate at low temperatures (50 – 90 ◦C) and at high current densities. 
Using a polymeric membrane also promotes the production of high- 
purity hydrogen that can be stored under higher pressures. Further
more, less alkaline solutions can be used as feeding electrolytes [9], 
allowing for higher life cycling and the possibility of effectively 
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replacing the platinum-group-metal (PGM)-based electrodes with cost- 
effective and Earth-abundant electrocatalysts [10–16].

The oxygen evolution reaction (OER) at the anode of AEMWEs is a 
critical reaction limiting the widespread implementation of these de
vices. The OER comprises multiple electron transfer steps (pH > 7: 4OH−

→ O2 + 2H2O + 4e− ) with different reaction intermediates, dictating the 
overall efficiency of electrochemical water-splitting [1,6]. PGM elec
trocatalysts such as RuO2 and IrO2 are the benchmark catalysts to boost 
the sluggish OER kinetics. However, their scarcity, high cost, and low 
durability [17,18] call for developing alternative PGM-free materials 
that meet high activity and durability under the AEMWE operating 
conditions.

Several families of transition metal-based electrocatalysts, such as 
phosphides, chalcogenides, alloys, layer-double-hydroxides, functional 
perovskites, and spinel oxides, have been reported with promising OER 
performance at the anode of AEMWEs [19–24].

Recently, much attention has been given to multi-component mate
rials, such as high-entropy oxides (HEOs), composed of five or more 
metals in an equimolar or near-equimolar ratio incorporated in a single 
lattice. HEOs typically exhibit modulable composition and properties, 
the latter promoted by the synergistic effect between the metals [25,26]. 
Spinel-type HEOs have been reported as attractive as OER catalysts due 
to their promising activity, superior performance durability [27–29], 
and structural functionalities. Their properties can be tuned with the 
modulation of the composition and nature of the metals in the “A” and 
“B” sites of the AB2O4 system, as well as defects engineering [30–32]. 
The metals in the “A” and “B” sites are identified as active sites with 
distinct catalytic activities towards the OER. On these metal-active sites, 
the OER is expected to follow a lattice oxygen-mediated mechanism 
(LOM) [33,34]. Given the OER activity of the A and B sites, the metal 
distribution strongly influences performance. For binary spinels taken as 
reference, the distribution of metals in the octahedral (M3+O6) B and 
tetrahedral (M2+O4) A sites can be represented by the (A1− λ 
Bλ)Td[AλB2− λ]OctO4 formula where the λ (λ = 0–1) parameter reflects the 
inversion degree of the spinel structure. When λ equals 0, the spinel is 
characterized by a normal structure, whereas when λ equals 1, it adopts 
an inverse structure. The combination and nature of the metal cations 
and the synthesis conditions influence the degree of inversion [35].

Regarding the differences in catalytic activity of metal-based sites, 
the redox-active octahedral B sites have higher activity than the tetra
hedral A sites. Both experimental and theoretical studies suggest that the 
electronic structure of the redox-active octahedral (M3+O6) B sites plays 
a crucial role in determining the OER activity of transition metal spinels. 
For example, the occupancy of octahedral cations affects the binding 
strength of OER intermediates. Co-, Mn-, and Ni-based oxides exhibit the 
highest activity toward OER. Specifically, Co and Ni at the octahedral B 
sites significantly boost OER performance. Moreover, the octahedral 
(M3+O6) B sites exhibit a higher degree of metal–oxygen (M− O) cova
lence compared to the tetrahedral (M2+O4) A sites due to the greater 
electronic charge shared between oxygen and the metal cation. The 
stronger hybridization between O 2p and metal 3d orbitals enhances 
OER activity by promoting electron transfer between the redox-active 
metal center and oxygen. These properties make the metals in octahe
dral positions the primary catalytic sites for OER in the spinel structure, 
ultimately dictating the OER activity and mechanism [35–37].

Furthermore, oxygen vacancies play a crucial role in the relationship 
between the structure and properties of these materials, particularly in 
their performance toward OER. They are essential for promoting lattice 
oxygen redox chemistry by modulating the relative band positions of the 
transition metal nd and O 2p bands. This modulation facilitates M− O 
covalency and enhances the diffusion of molecular oxygen within the 
lattice, further impacting the overall catalytic efficiency. [38,39].

HEOs composed of a combination of Co, Ni, Mn, Fe, Cr, Zn, Al, and 
Mg cations have been recently investigated for OER [40–43], with each 
metal having a distinct impact on the properties of the oxide. The 
Jahn–Teller (J-T) distortion promoted by Mn3+, Fe4+, and Ni3+ was 

found to directly affect the orbital-related electron structures in spinel 
oxides [44]. Particularly, Mn-based spinel oxides are prone to octahe
dral distortion (elongation of the c lattice parameter and consequent 
increasing Mn–O bonding length along the z-axis) due to the Jahn-Teller 
active Mn3+ (t2g

3 eg
1) occupying the octahedral sites. Despite this ten

dency, the effect of J-T distortion on the OER activity of spinels is still 
under debate. Hirai et al. [45] show that the OER activity and perfor
mance durability of Mn3+-based oxides increased with the suppression 
of the Jahn–Teller distortion. When such distortion is suppressed, e.g. 
increasing the Co content in the spinel composition, the splitting of the 
Mn3+eg orbitals becomes smaller, and the electron occupying the 
Mn3+eg orbital shifts to a higher energy level, making stronger the 
overlap of the antibonding Mn3+eg orbitals with the O 2p orbitals of the 
oxygen-based adsorbates. Differently, Wei and coworkers concluded 
that the J-T effect on octahedral sites does not significantly affect the 
OER activity by analyzing various Mn-containing spinel catalysts [36]. 
Other studies also report that in situ J-T distortion of Mn-based spinel 
used as electrode for battery applications is one of the primary causes 
the electrode degradation over cycling due to the continuous phase 
transition from cubic (c/a = 1) to tetragonal (c/a = 1.16), which causes 
anisotropic volume changes compromising the AB2O4 structure [46,47]. 
Furthermore, incorporating Mn in the AB2O4 structure improved lattice 
compressibility and reduced crystallite size, increasing the catalytically 
active surface area [48]. The presence of Fe at surface sites in different 
transition metal-based spinel oxides seems to induce an elongation of 
the M− O bonds, facilitating enhanced adsorption of intermediates such 
as O* and OH* due to electron depletion at active sites, stabilizing re
action intermediates through synergistic electronic interactions, espe
cially with Ni and Co [49,50]. Besides the transition metals, the non- 
catalytic Mg2+ contributed to the structural stability of spinel oxides 
for different applications since it does not undergo electrochemical 
changes [51–53]. Moreover, due to its tendency to occupy the tetrahe
dral sites, the presence of Mg2+ cation can be used to modulate the 
composition of the octahedral sites [51].

Despite the advantages of HEOs, complex and costly synthesis 
techniques are often considered the most effective strategies for pro
ducing single-phase HEOs. Nebulized spray and flame spray pyrolysis 
[54,55], carbothermal shock [56,57], and electrospun synthesis [58–60]
offer high reactivity of precursors and enable rapid formation and pre
cise control over the purity of the oxides; however, they require specific, 
expensive instrumentation, which limits the scalability of the synthesis. 
Therefore, optimizing simple, cost-effective synthesis methods for pro
ducing HEOs is essential for advancing the research and practical ap
plications of this emerging class of functional materials.

Solid state [61] and mechanochemical synthesis, sol–gel process 
[62], hydrothermal [63], and coprecipitation methods [64,65] are re
ported as common approaches to obtain single, bi-, and trimetallic 
transition metal spinel oxides. Among them, coprecipitation and hy
drothermal methods offer several advantages. They allow for utilizing 
different synthesis precursors to tune the oxide’s properties and offer 
control over the composition and homogeneity of the oxides requiring 
lower temperatures and cost-effective experimental setups. In the 
coprecipitation method, the metal cations undergo simultaneous pre
cipitation as hydroxides or other insoluble salts, almost maintaining the 
desired stoichiometric ratio of metals predicted for the final spinel 
structure. The synthesis is usually carried out in an aqueous solution at 
room or mild temperature [66]. Differently, in the hydrothermal 
method, the oxide precursors are obtained in a sealed, high-pressure 
vessel. The reaction takes place at temperatures typically between 100 
and 300 ◦C and high pressures, which facilitates the formation of highly 
crystalline phases as compared to the coprecipitation method [63,67], 
mainly carried out under ambient pressure and temperature conditions. 
For both methods, aqueous solutions are usually used to synthesize the 
oxides precursors, whose nature (e.g., hydroxides, (oxy)hydroxides, and 
carbonates) depends on the coprecipitation agents, metal salts, solvents, 
pH, temperature, time and pressure involved [68–70].
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Besides the synthesis method, the calcination conditions, such as 
temperature, oxygen partial pressure, and cooling rate, also play a 
crucial role in the phase homogeneity of multimetallic spinel oxides 
[71–74]. Temperatures lower than 1000 ◦C [75], rapid cooling rate 
[76], and quenching [57] of the oxides were found to mitigate phase 
separation and the transition into rock salts while also controlling grain 
growth and stabilizing the crystalline phase. Moreover, the rapid 
quenching step is auspicious for synthesizing multimetallic spinels, as 
the fast cooling (often achieved by exposure to air) helps preserve the 
high-temperature phase before compositional gradients can develop 
[77,78].

In this study, spinel-type HEOs composed of Mg, Mn, Fe, Co, and Ni 
were synthesized, with their OER activity in an alkaline environment 
enhanced through optimization of synthesis methods and metal stoi
chiometry. Hydrothermal and coprecipitation techniques were explored 
using different reaction setups, coprecipitation agents, and calcination 
conditions. Single-phase HEOs with a highly crystalline structure, uni
form metal distribution, and excellent OER activity at pH 14 were 
achieved by combining the coprecipitation method with rapid quench
ing after calcination at 750 ◦C. The tailored composition of the HEOs 
effectively facilitated the formation of spinel structures capable of 
delivering outstanding performance under simulated operating condi
tions. The optimized approach can be considered a promising alterna
tive for developing functional materials with exceptional 
electrocatalytic activity, as demonstrated by tests in an AEMWE single 
cell equipped with the Mg0.35Ni0.78Co0.78Mn0.79Fe0.38O4 HEO at the 
anode, using a PiperION® membrane.

2. Materials and methods

2.1. Materials

Magnesium nitrate hexahydrate (Mg(NO3)2⋅6H2O) (99 %), iron (III) 
nitrate nonahydrate (Fe(NO3)3⋅9H2O) (≥ 99 %), manganese (II) acetate 
tetrahydrate (Mn(CH3COO)2⋅4H2O) (≥ 99 %), cobalt (II) nitrate hexa
hydrate (Co(NO3)2⋅6H2O) (99 %), cetyltrimethylammonium bromide 
(CTAB) (≥ 98 %), N, N-Dimethylformamide (99.8.%) and Nafion solu
tion (5 wt% in lower aliphatic alcohols and water, 15–20 %) were 
purchased from Sigma-Aldrich. Nickel (II) nitrate hexahydrate (Ni 
(NO3)2⋅6H2O) (99,4%) and urea (99.5 %) were supplied by VWR 
chemicals. Millipore water (Merk, 18.2 MΩ) was used for materials 
preparation and experiments.

2.2. Synthesis optimization of high entropy oxides

Two synthesis methods, M1 and M2, were investigated to optimize 
the preparation of spinel-type HEOs in an equimolar ratio of Mg, Mn, Fe, 
Co, and Ni (0.6 mol each). For method M1, the coprecipitation of the 
metal hydroxide precursors was conducted at room temperature and 
promoted using ammonia solution (25 wt%) as a precipitating agent. An 
equimolar amount of the metal nitrates was dissolved in deionized water 
at room temperature, and ammonia solution (14 mL) was added drop
wise to the solution at a controlled rate (~ 3 mLmin− 1) to obtain a 
precipitate in a gel form. The obtained gel was further stirred at 100 ◦C 
for 4 h for solvent removal and dried at 80 ◦C in an oven for 8 h. The 
collected powders were calcined with a heating rate of 5 ◦C min− 1 under 
airflow Then, samples were rapidly quenched from the furnace after 30 
min. Fig. S1 shows a schematic for M1.

The M2 synthesis consists in the coprecipitation of the metal hy
droxide precursors by using urea as a precipitating agent and a surfac
tant to encapsulate the metal ions in a micellar system. The metal 
precursors were synthesized in a hydrothermal reactor, and the pro
cedure is detailed and summarized in the 1.1 section of the Supple
mentary material and Fig. S2, respectively. For each method (M1 and 
M2), two calcination temperatures were investigated, 750 and 900 ◦C, 
and the samples were labeled as follows: M1A, M2A (750 ◦C) and M1B, 

M2B (900 ◦C). In addition to the synthesis parameters, the effect of the 
metals’ stoichiometry on the OER activity of the spinel oxides was also 
investigated. Table 1 reports the molar nominal content of the metals 
per HEO mole.

2.3. Physicochemical characterization

To investigate the weight losses during the calcination step of both 
precursors, obtained from M1 and M2, thermogravimetric analysis 
(TGA) was performed by using a thermogravimetric analyzer TGA/DSC 
Star System (Mettler Toledo), with a heating ramp from 25 to 1000 ◦C 
and a heating rate of 5 ◦Cmin− 1 under airflow.

The crystalline structure of the prepared materials (M1A, M1B, M2A, 
and M2B) was investigated by performing powder X-ray diffraction 
(XRPD) analysis. The diffraction patterns were recorded using a Philips 
PW1730 diffractometer with Cu Kα radiation (λ = 1.5406 Å) source in 
the 2θ range of 10◦ − 80◦ and a D8 Advance Bruker diffractometer 
Bragg-Brentano theta-2theta configuration, with Cu Kα radiation source, 
40 V, 40 mA, 0.05◦ s− 1 scan rate, with a LYNXEYE detector. Rietveld 
refinement against the diffraction data was performed using the GSAS 
package to determine the average crystallographic characteristics. The 
cubic Fd-3 m structure of MgMn1.5Co0.5O4 (PDF 04–022-5879) was used 
as the initial structure for the refinements. Refinement parameters were 
limited to lattice parameters and sample displacement, while Uiso, 
fraction, and atomic coordinates were fixed. Peak profile parameters 
were taken from an independent measurement using a corundum 
reference.

The morphology of the HEOs powders was investigated using a Leo 
Supra 35 field-emission scanning electron microscope (FE-SEM) (Carl 
Zeiss, Oberkochen, Germany).

High-resolution transmission electron microscopy (HR-TEM) and 
energy-dispersive X-ray spectroscopy (EDX) mapping images were ob
tained using a cold field transmission electron microscope (JEM-F200, 
Jeol, Japan) at an operating voltage of 200 kV.

The surface area of the samples was investigated through the Bru
nauer–Emmett–Teller (BET) method by acquiring N2-adsorption/ 
desorption isotherms using a Micromeritics® TriStar II Plus surface area 
analyzer. Before measurements, samples were dried for 8 h at 250 ◦C 
under vacuum, followed by a second degassing step under N2 flow for 2 
h at 250 ◦C to remove adsorbed molecules.

The actual stoichiometry of HEOs was determined by inductively 
coupled plasma optical emission spectroscopy (ICP-OES-Varian 710- 
ES). For the measurement, samples were dispersed in HNO3 (65 %), 
under reflux, at 100 ◦C for 24 h. Then, the solution was diluted using 
deionized water to obtain a 5 wt%. HNO3.

Surface analysis composition was quantified using X-ray photoelec
tron spectroscopy (XPS) in ultra-high vacuum (UHV, < 10-10 mBar), 
using a SPECS PHOIBOS 150 XPS system equipped with monochromatic 
Al Kα (1486.6 eV) X-ray source and 2D CMOS accurate counting de
tector. The system was calibrated using Au 4f at 84 eV. The powder 
samples were placed into a custom Molybdenum sample holder, and the 
analysis was performed to collect a complete survey and six different 
core levels in the high-resolution mode for each sample, namely O 1 s, 

Table 1 
Nominal stoichiometry of the prepared HEOs.

Sample 
MgtFewMnxNiyCozO4

t 
(Mg)

w 
(Fe)

x 
(Mn)

y 
(Ni)

z 
(Co)

M1A, M2A 0.6 0.6 0.6 0.6 0.6
M1B, M2B
M1C 0.5 0.5 0.5 0.5 1.0
M1D 0.5 0.5 0.5 1.0 0.5
M1E 0.5 0.5 1.0 0.5 0.5
M1F 0.5 1.0 0.5 0.5 0.5
M1G 1.0 0.5 0.5 0.5 0.5
M1H 0.3 0.3 0.8 0.8 0.8
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Mg 1 s, Mn 2p, Fe 2p, Co 2p, and Ni 2p. The passing energy was set to 20 
eV for all elements. Kolibrik KolXPD software was used for the decon
volution of the peaks.

2.4. Electrochemical characterization

Electrochemical characterization was performed in a standard three- 
electrode cell, using 1 M potassium hydroxide (KOH) solution as elec
trolyte, a rotating disk electrode (0.196 cm2, RDE-AFE4R2GCPT, Pine 
Research Instrumentation) as working electrode (WE), a graphite rod as 
counter electrode (CE) and a saturated silver-silver chloride electrode 
(Ag/AgCl, 3.3 M KCl 373/SSG/6) as reference electrode (RE). The 
measurements were recorded with a VMP3 Potentiostat (Bio-Logic Sci
ence Instruments), controlled by a computer through EC-Lab V10.18 
software. The potential values for all electrochemical tests were 
measured vs. Ag/AgCl (3.3 M KCl) and converted to the reversible 
hydrogen electrode (RHE) scale using the following equation: ERHE =

EAg/AgCl + 0.197 + 0.059pH. In the electrochemical analysis, the re
ported potentials were iR-compensated by measuring the ohmic resis
tance of the system using electrochemical impedance spectroscopy 
(EIS). A single-point high-frequency impedance measurement was con
ducted, and the voltage drop was compensated by 85 % using the Bio- 
Logic EC-Lab software, following previously reported procedures 
[79,80].

The WE was modified by depositing a catalyst ink prepared as fol
lows: 3.6 mg of powder catalyst were dispersed in 455 μL of a Nafion/ 
DMF solution (0.1 wt%), and the suspension was ultrasonicated for 1 h 
in an ice bath. Then, 5 μL of the ink solution was dropped onto the 
previously cleaned and polished glassy carbon electrode and dried in a 
convection oven at 40 ◦C for 6 min to obtain 0.20 mgcm− 2 catalyst 
loading.

Before the electrochemical measurements, the electrolyte (1.0 M 
KOH) was purged with N2 for at least 20 min. Cyclic voltammetry (CV) 
experiments using an RDE in static configuration were performed from 
1.0 to 1.8 V vs. RHE at a 10 mVs− 1 potential scan rate. Linear sweep 
voltammetry (LSV) was performed from 1.0 to 1.8 V vs. RHE at a rotation 
speed of 1600 rpm and a 10 mVs− 1 scan rate. According to previous 
studies [81–83], OER onset potential (Eonset) was estimated by drawing 
two tangent lines in the non-Faradaic zone and the Faradaic zone, taking 
as Eonset the value where these two tangents intersect. EIS analysis was 
carried out under hydrodynamic conditions (1600 rpm) over a fre
quency range of 50 MHz − 100 kHz with an amplitude of 10 mV. 
ZSimpWin impedance fitting software (AMETEK Scientific Instrument) 
was used to model the EIS spectra. The confidence interval of the pa
rameters extrapolated from the electrochemical analysis was calculated 
using the standard error derived from the average of four independent 
measurements for each sample.

2.5. Membrane electrode assembly preparation and AEMWE tests

The Membrane-Electrode Assembly (MEA), with a geometrical active 
area of 5 cm2, was realized by a cold assembling procedure. The anode 
ink, based on M1H electrocatalyst and 20 wt% of PiperION® ionomer, 
was applied by spray coating technique directly onto the commercial 
PiperION® membrane (thickness 40 µm) surface to realize a one-side 
catalyst-coated membrane (CCM). The catalyst loading was main
tained at 2.5 ± 0.1 mgcm− 2. Afterward, a Ni felt (Bekaert), acting as a 
backing layer and current collector, was coupled to the anodic 
compartment.

The cathode electrode was made by mixing a commercial 40 wt% 
Platinum on carbon (Alfa Aesar) and a 20 wt% of PiperION® ionomer. 
The ink was sprayed onto a Sigracet 25-BC (SGL group) gas diffusion 
layer (GDL) to obtain a catalyst-coated electrode (CCE), with a Pt 
loading of 0.50 ± 0.05 mgcm− 2, as reported elsewhere [84]. Before the 
MEA realization, the CCE and CCM were exchanged in a 1 M KOH 
aqueous solution for 1 h. A 5 cm2 single cell was used for the 

electrochemical characterization. The tests were performed at atmo
spheric pressure, in a temperature range between 30 and 80 ◦C, by 
feeding the anode side with an alkaline aqueous solution (1.0 M KOH) 
with a flow rate of 5 mLmin− 1. A potentiostat–galvanostat device, 
PGSTAT302N, equipped with an FRA module (Autolab), was used to 
perform the measurements. J-V curves were carried out at a scan rate of 
5 mVs− 1. AC-impedance analysis was used to determine the cell resis
tance. The electrochemical impedance spectroscopy (EIS) measurements 
were performed under potentiostatic control (at a cell voltage of 1.8 V) 
in a frequency range between 10 kHz and 100 mHz by frequency 
sweeping in the single sine mode. The amplitude of the sinusoidal 
excitation signal was 0.01 V r.m.s. A short stability test was carried out 
by chronopotentiometric analysis, maintaining the current at 1 Acm− 2 

for 100 h.

3. Results and discussion

3.1. Synthesis method optimization

The thermal decomposition of the spinel precursors synthesized by 
both the coprecipitation method with an ammonia solution (M1) and by 
hydrothermal-assisted coprecipitation using urea as a precipitating 
agent (M2) was investigated by TGA. Fig. S3 shows that the main weight 
losses for the precursors synthesized by M1 and M2 correspond to hy
droxide oxidation. For M1, the weight loss occurs between 100 and 
240 ◦C, while for M2, it is observed between 190 and 380 ◦C, which 
agrees with the literature [85,86]. The subsequent weight loss occurring 
at higher temperatures (390–590 ◦C), evidenced for the sample prepared 
using urea, is due to carbonate decomposition [87,88].

The morphology of the prepared HEOs was investigated by SEM 
analysis (Fig. S4a-d). Larger particles were formed for M1B and M2B 
samples calcinated at 900 ◦C, as higher calcination temperatures pro
mote crystallite growth [89–91]. When comparing the effect of the 
synthesis method on the specific surface area (SSA) estimated from BET 
analysis for the samples obtained at 750 ◦C (M1A and M2A), SSA is 
lower for the sample obtained by the hydrothermal method (8.3 m2g− 1 

for M1A vs. 2.9 m2g− 1 for M2A). This is consistent with the higher 
crystallinity typically observed in samples prepared by hydrothermal, 
which involves elevated temperature and pressure conditions. In 
contrast, the coprecipitation method, where oxide precursors are ob
tained under ambient temperature and pressure, leads to lower crys
tallinity. The SSA values agree with those found in the literature for 
typical spinel-type bimetallic oxides and other HEOs [92–95].

The XRPD (Fig. 1a) confirms the formation of the spinel-type HEOs 
from the different synthesis methods and calcination, as indicated by the 
characteristic diffraction peaks at 2θ values of 18.4◦, 30.4◦, 35.7◦, 37.4◦, 
43.4◦, 54.0◦, 57.6◦, 63.2◦, 74.8◦, that are attributed to the planes (111), 
(220), (311), (222), (400), (422), (511), (440) and (533) respectively, 
predicted to a Fd-3m space group [85,93,96]. Despite similar 
morphology, the combination of the coprecipitation method using 
NH4OH as a coprecipitating agent and the lower calcination tempera
ture (750 ◦C) were effective in obtaining single-phase spinel-type HEOs 
while avoiding the formation of MgO (PDF 90–900-6404) secondary 
phases.

The performance of M1A, M1B, M2A, and M2B towards the OER was 
evaluated by recording LSV under hydrodynamic conditions (Fig. 1b) in 
terms of the potential required to achieve 10 mAcm− 2 current density 
per geometric area (EJ10), a conventional parameter corresponding to 
the current density expected at the anode of a solar-powered water 
electrolyzer, under 1 sun illumination, needed to a 10 % efficiency [79].

Given the tendency of Ni- and Co-based spinel oxides to undergo 
surface reconstruction, particularly when combined with Fe [97], the 
LSV curves for the first cycle are reported to investigate the impact of the 
adopted stoichiometries on the HEOs’ activity toward the OER. During 
the first cycle, the influence of surface reconstruction, metal leaching, 
and composition changes is considered minimal or negligible, allowing 
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for a more straightforward assessment of composition-activity trends.
As indicated by Fig. 1b, the OER activity decreased with the increase 

in the calcination temperature, and it can be correlated to a larger 
particle size and a lower specific surface area of the samples obtained at 
900 ◦C, together with the presence of MgO as a secondary phase. Higher 
OER activity is indicated for the M1A spinel oxide, with a lower onset 
potential (Eonset = 1.62 V vs. RHE) and EJ10 (1.68 V vs. RHE). Further
more, LSV curves were recorded to investigate the effect of the calci
nation time (0.5 h, 1 h, and 2 h) (Fig. S5) and the rapid quenching of the 
samples after calcination at 750 ◦C (Fig. S6) on the OER activity of the 
HEOs prepared by the coprecipitation method. Increasing the calcina
tion time decreased the OER activity as indicated by higher EJ10 values 
for the M1A-1 h and M1A-2 h; however, removing the samples from the 
heating zone to a room temperature zone of the furnace to a rapid 
quenching led to lower EJ10. As previously reported in the literature, 
quenching treatment on spinel oxides can increase their specific surface 
area, form abundant oxygen vacancies, and provide more active sites, 
improving their intrinsic catalytic activity [98,99].

3.2. Stoichiometry optimization of the high entropy oxides

Combining the coprecipitation method at room temperature with a 
lower calcination temperature (750 ◦C), followed by the rapid 

quenching of the samples, improved the OER activity of the HEOs; for 
these reasons, this method was adopted to prepare a series of five 
samples to investigate the effect of each metal by increasing their con
tent from 0.6 to 1.0 mol at a time (Table 1).

XRPD patterns (Fig. 2a) for the M1C, M1D, M1E, M1F, and M1G 
samples show the typical diffraction peaks of the spinel structure. 
Moreover, M1C and M1D showed a pure single-phase, and magnesio
wüstite (Mg, Fe)O (PDF 96–900-6045) is evidenced as a secondary phase 
for the samples M1E, M1F, and M1G, indicating that when the content of 
Mn, Fe, and Mg, respectively is increased incorporation of the five metal 
in a single lattice is compromised.

The formation of the (Mg, Fe)O secondary phase suggests either that 
a spinel-type HEO was obtained with a lower content of Mg and Fe or 
that the HEO was not effectively formed, resulting in spinel oxides with 
fewer than five metal cations in the structure. Both scenarios would alter 
the metal distribution between the octahedral (M3+O6) B and tetrahe
dral (M2+O4) A sites influencing the spinel’s OER activity. Given that 
Mg2+ tends to occupy the tetrahedral sites and the higher catalytic ac
tivity of the octahedral sites as compared to the tetrahedral sites [35], 
the lower content of Mg2+ can limit the occupation of the octahedral 
(M3+O6) sites by the more active metals, such as Co, Ni, and Mn, thereby 
reducing the OER activity of the spinel-type HEOs. Additionally, single- 
metal or bimetallic oxides based on Mg and Fe exhibit poor OER activity, 

Fig. 1. (a) XRPD patterns, and (b) LSV curves recorded under N2-saturated 1 M KOH at 1600 rpm and 10 mVs− 1 with a 0.20 mgcm− 2 catalyst loading for the M1A, 
M2A, M1B, and M2B catalysts.

Fig. 2. (a) XRPD pattern and (b) LSV curves recorded under N2-saturated 1 M KOH at 1600 rpm and 10 mVs− 1, with a 0.20 mgcm− 2 catalyst loading for the M1A, 
M1C, M1D, M1E, M1F, M1G and M1H catalysts.
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and the presence of (Mg, Fe)O as a secondary phase may further 
compromise the catalyst’s electrochemical stability [79,100].

The LSV curves for this series of HEOs (Fig. 2b) revealed that EJ10 
decreased for the M1C and M1D samples compared to M1A, while it 
increased for the M1E, M1F, and M1G samples. This trend can be 
attributed to the formation of secondary phases, specifically (Mg, Fe)O.

The increase of the nominal content of each metal to 1.0 mol at a 
time results in a performance increase according to the following trend: 
Ni > Co > Mn > Fe > Mg. The superior OER activity observed for M1C 
and M1D samples can be attributed to both the formation of a single- 
phase spinel-type HEO, allowing for the synergistic effect of the five 
metals on the catalytic activity, and the effect of a higher content of Co 
or Ni. Such metals are placed at the top of a Sabatier-type Volcano plot, 
delivering high OER activity as bimetallic oxides (NiFeOx, FeCoOx, 
CoFeOx) [101].

To further modulate the electrochemical properties of the M1C and 
M1D catalyst while reducing the Co and Ni content, an HEO with a 
nominal content of 0.8 mol of Ni, Mn, and Co (M1H, Mg0.3Ni0.8

Co0.8Mn0.8Fe0.3O4) was prepared, and the achievement of a single-phase 
spine-type HEO indicated by the XRPD analysis (Fig. 2a). As shown in 
the polarization curves reported in Fig. 2b, the OER activity of the M1H 
significantly improved. For these reasons, the samples M1A, M1D, and 
M1H were taken as representative samples of the series for a deeper 
characterization.

The ICP-EOS analysis of M1A, M1D, and M1H indicates an actual 
stoichiometry comparable with the nominal content of each metal in the 
samples (Table 2).

Rietveld refinements results (Fig. 3) confirm the absence of second
ary phase(s) and the formation of pure single-phase spinel. All the 
samples exhibit a cubic Fd-3m spinel structure. The unit cell and fitting 
parameters, data residual (Rwp), the RBragg, and Goodness of Fit (GOF) 
are also reported in Table 3. The increase of the Co and Mn content led to 
a decrease of the lattice parameters (M1D < M1A < M1H), with a 0.9 % 
cell volume contraction, which is supported by the slight intensity in
crease and narrowing of the diffraction peak at 2θ = 63.3◦ (440 plane), 
indicating the formation of a more ordered spinel structure.

HR-TEM analysis (Fig. 4a-c) for the M1A, M1D, and M1H catalysts, 
respectively, showed the obtention of highly crystalline nanoparticles 
(20–150 nm) with well-defined interlayer distances (Fig. 4d-f and 
Fig. S7), in agreement with the XRPD data. Along with the formation of 
uniform and defined crystalline domains, the STEM-EDX elemental 
mapping (Fig. 4h-n and Figs. S8-S9) also indicated a homogeneous 
distribution of Mg, Mn, Fe, Ni, and Co over the spinel oxide structure in 
good agreement with the Rietveld refinements.

The surface chemistry of representative samples from the series 
(M1A, M1D, and M1H), before conditioning in the electrolyte and 
exposure to oxidative potentials during the OER, was investigated using 
XPS. This analysis aimed to identify the oxidation states of the metals at 
the surface of the HEOs and establish potential correlations between the 
proposed nominal stoichiometries and the metal oxidation states 
observed in the HEOs. Survey spectra are reported in Fig. 5a, while the 
high-resolution scans for identifying the Mg 1s, Ni 2p, Co 2p, Fe 2p, and 
Mn 2p core levels are shown in Fig. 5b-f and Figs. S10-S12. A summary 
of the XPS results is reported as follows, while a detailed description of 
the XPS analysis is provided in Section 2.6 of Supplementary material.

Surveys spectra (Fig. 5a) indicate, as expected, the presence of the six 

elements composing the spinel structure of M1A, M1D, and M1H sam
ples, Ni, Co, Fe, Mn (600 – 900 eV), O (~530 eV, > 70 %) and Mg (1300 
eV). The full elemental composition of samples can be found in Table S4.

The Mg 1s core levels (Fig. 5b and Fig. S10), with the highest binding 
energy (BE), are appreciated at a BE of 1304 eV, corresponding to a 2 +
oxidation state [102,103]. For normal spinels, the occupation of the 
tetrahedral positions, the “A” sites of the AB2O4 system, has been 
attributed to divalent cations, while trivalent cations are prone to 
occupy octahedral positions, the “B” sites of the spinel structure. 
Differently, in inverse spinel, a fraction of the trivalent cations can 
replace the divalent in the tetrahedral positions [40,104]. In the case of 
spinel structures based on Mg, the Mg2+ are usually found to occupy the 
“A” sites (tetrahedral positions).

The Ni 2p core levels are reported in Fig. 5c and Fig. S11a-b. A 
maximum peak position at 855.6 eV is evidenced, with the characteristic 
satellite at ca. 861 eV corresponding to Ni2+ [105–107] being found as a 
single component (Rel.% = 100) for all the samples.

Deconvolution of the Co 2p core levels, Fig. 5d and Fig. S11c-d, show 
the main 2p3/2 line located at ~ 780.6 eV, corresponding to a Co2+

oxidation state, with the strong satellite at ca. 786 eV [108–110] found 
along with the weak satellite peak at 790 eV, which is indicative of the 
Co3+ whose the main 2p3/2 line is found at ~ 780 eV [109–111]. The 
presence of mixed oxidation states, Co2+ and Co3+, with a higher 
contribution of Co2+ (> 60 %), is found for all samples. Furthermore, 
when the Co content related to the spinel structure increases, the 
contribution of Co2+ decreases. By comparing M1A with a lower Co 
content with M1H with a higher content of Co, Ni, and Mn, the relative 
percentage of Co3+ increased from 29 % to 37 % (Table S5), which can 
promote the incorporation of the Co3+ ions in the octahedral positions of 
the AB2O4 system.

The Fe 2p core levels are reported in Fig. 5e and Fig. S12a-b. The 2p 
spin–orbit splitting can be observed for all samples, with the satellite 
structures evident only for the 2p1/2 component at ~ 733 eV since the 
signal is buried under the noise created by the Auger transitions of Ni 
(L3M23M45 (1P and 3P)) between 700 and 720 eV and Co (L2M23M45 
(1P), L3M45M45) between 698 and 725 eV. The main peak is at ~ 712 
eV, indicating a 3+ oxidation state. However, given the superposition of 
the abovementioned Auger lines, a mixed oxidation state (Fe2+ and 
Fe3+), evidenced by the satellites around 715 eV for Fe(II) [112–114]
and 720 eV for Fe(III) [112,115] was also considered. Chemical speci
ation of the Fe content (Table S5) showed that Fe3+ is the primary 
component in the samples M1A (Rel.% = 53) and M1H (Rel.% = 74), 
while it is Fe2+ (Rel.% = 56) for the M1D.

The 2p core levels of Mn are reported in Fig. 5f and Fig. S12c-d. 
Considering the BEs, two main peaks can be correlated to the two 
different oxidation states: Mn(II) at ca. 640.7 eV and Mn(III) at 642.2 eV. 
Indeed, regarding Mn(II), from the deconvolution, the assignment is due 
to the characteristic satellite found at ca. 645.2 eV. Regarding the peak 
at 642.2 eV, an upshifted 3+ oxidation state can be assumed due to 
charge-withdrawing effects promoted by the difference in electronega
tivity among the transition metals, with Mn possessing the lowest value 
and due to spectra’ shape lacking the characteristic shoulder of Mn(IV) 
compounds [116,117]. A comparison of the Mn2+ and Mn3+ relative 
percentages for all samples shows a lower content of Mn3+ (Table S5) for 
the M1H sample. Once the “B” sites tend to be filled by trivalent ions in 
typical normal spinels, the lower content of Mn3+ in M1H can indicate a 
more pronounced incorporation of Mn in the “A” sites, promoting 
inversion of more OER active metals, such as Co3+ in the more cata
lytically active “B” sites.

Summarizing, samples M1A, M1D, and M1H are spinel oxides 
composed of transition metals with multiple oxidation states, preva
lently in the 2+ and 3+ oxidation states. Mg and Ni were found in a 2+
oxidation state for all samples, and Co and Fe have been identified, 
assuming both 2+ and 3+ oxidation states. Co2+ and Mn3+ were the 
dominant forms in all HEOs investigated.

Since the oxygen vacancies were found to play an essential role in the 

Table 2 
Metal content (in moles) per mole of HEO, as determined by ICP-OES analysis for 
the M1A, M1D, and M1H samples.

Sample Metal content (mol)
Mg Fe Mn Ni Co

M1A 0.71 0.67 0.72 0.61 0.69
M1D 0.62 0.56 0.54 0.94 0.52
M1H 0.35 0.38 0.79 0.78 0.78
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OER activity of different oxide families by promoting faster –OH 
adsorption from H2O and the exposition of the metal active centers 
[118–121], the O 1s XPS spectra of the M1A, M1D, and M1H were 
deconvoluted to provide a semi-quantitative indication of their presence 
at the surface of the samples before the electrochemical activation. As 
illustrated in Fig. S13a-c, the O 1s spectra can be deconvoluted into three 
main components, typically ascribed to the O2– ions arising from the 
oxide lattice (OL) at ca. 530 eV; the surface hydroxyls groups (–OH) 
formed upon dissociatively adsorbed water and mostly considered as 
O2– vacancies (OV), at ca. 531 eV [122], and the adsorbed O2 or H2O 
identified with the components at higher binding energies (> 531.5 eV) 
[36,123]. Relative percentages between 20 and 30 % were obtained for 
the OV component in the O 1 s XPS spectra of all samples (Table S5) 
following the trend: M1A (21.3 %) < M1D (26.5 %) < M1H (28.4 %), 
which indicates a higher contribute of the OV component for the samples 
for the M1D and M1H HEOs, as compared to M1A with an equimolar 
content of the metals. It is worth highlighting that XPS analysis does not 
directly quantify the number of oxygen vacancies, requiring further 
analysis such as neutron powder diffraction [124], electron 

paramagnetic resonance (EPR) [119], ex-situ spectroscopic analysis such 
as X-ray absorption near edge structure (XANES) and X-ray absorption 
fine structure (EXAFS) [125] to confirm or refute the indication of the 
vacancies presence as well as the metals distribution in the “A” and “B” 
sites of the AB2O4 structure, both affecting the activity of the catalysts 
towards the OER.

LSV curves were recorded over 60 cycles for the M1D and M1H 
catalysts, which exhibited the highest OER activity within the HEOs 
series, to investigate performance variations during anodic polarization. 
As shown in Fig. 6, the performance of samples changes over the po
tential cycling; at the first LSV cycle, the catalysts show a more pro
nounced difference in terms of Eonset and the EJ10, with the M1H 
indicating higher performance than M1D. However, LSV curves become 
similar (EJ10 = 1.64 ± 0.02–1.63 ± 0.01 V for M1D vs. 1.63 ± 0.01–1.62 
± 0.03 V for M1H) between the 30th and 60th cycles (Fig. 6a).

Performance enhancement of both HEOs can be primarily ascribed to 
the formation of Ni- and Co-based (oxy)hydroxides as indicated in the 
CV and LSV in hydrodynamic conditions recorded over cycling (Fig. 6b). 
The formation of (oxy)hydroxides is indicated by the appearance of the 
Ni(OH)2/NiOOH (Ni2+/Ni3+) redox process in the potential region 
1.3–1.45 V vs. RHE [126–130] and also by the contribution of Co(OH)2/ 
CoOOH and (Co3+/Co4+) redox peaks in the potential region 1.3 to 1.6 V 
[48,49,55]. The latter is not appreciable since it is located in the range 
with the oxidation process overlapping the Ni oxidation and the onset 
potential for the OER. According to reported studies in the literature, 
both performance improvement and its convergence over time for the 
M1D and M1H catalysts can account for different phenomena, including 
the evidenced formation of highly active (oxy)hydroxides [131–133]
and metal leaching. The transition metals, particularly Fe in alkaline 

Fig. 3. (a) Reference cubic spinel structure for the Rietveld refinement; (b-d) Rietveld refinement results on the XRPD patterns for M1A, M1D, and M1H spinel-type 
high-entropy oxides.

Table 3 
Unit cell parameters and indices from Rietveld refinements for M1A, M1D, and 
M1H samples.

Sample Lattice parameters Rietveld GOF
a (Å) Vcell (Å3) Rwp

M1A 8.338(6) 579.68 ± 13 3.709 1.07
M1D 8.346(4) 581.35 ± 8 4.350 1.25
M1H 8.313(3) 574.48 ± 6 3.731 1.09
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electrolytes, are prone to dissolution [134–136], and the (oxy)hydroxide 
formation can facilitate this phenomenon affecting the catalyst’s activ
ity. Indeed, metal leaching can promote the exposition of the metal- 
based active sites of oxides [137], with the Fe leaching triggering sur
face reconstruction and being able to its reincorporation by in situ 
formed Ni(OH)2/NiOOH and Co(OH)2/CoOOH, increasing the OER ac
tivity [138–140].

Additionally, EIS and Tafel analysis were carried out for M1D, M1H, 
and M1A taken as a control to further investigate the catalysts activity 
and OER mechanism. Fig. 6c shows the Nyquist plots recorded at ηJ10 
and hydrodynamic conditions. A single Randles-type equivalent circuit 
(EC) was used to model the impedance spectra of M1A, M1D, and M1H. 

The EC model includes the electrolyte resistance (Rs), the charge transfer 
resistance (Rct), and a frequency-dependent constant phase element (Q). 
The calculated Rct values decrease following the order: M1A > M1D >
M1H (48 ± 4, 35 ± 4, and 15 ± 3 Ω, respectively), in agreement with 
the LSV analysis, highlighting that OER kinetics is promoted by faster 
charge transfer at the surface of the M1H catalyst.

Tafel analysis was performed to investigate the OER activity and 
mechanism. The Tafel plot is reported in Fig. 6d and linearly fitted after 
the Eonset between 1.56 and 1.61 V vs. RHE. Tafel slope values ranging 
between 40–65 mVdec-1 were found for the M1A, M1D, and M1H cat
alysts, with the lower value observed for M1H, supporting the superior 
activity of the sample [141,142]. Lower Tafel slopes (30–60 mVdec-1) 

Fig. 4. HR-TEM images for (a) M1A, (b) M1D, (c) M1H at 120 kX, magnification at 800 kX for (d) M1A, (e) M1D, (f) M1H, with visible crystalline fringes, and (h-n) 
STEM-EDX of the M1H elemental mapping at 200 kX magnification region showed in (g).
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are expected for OER proceeding on metal oxides following a lattice 
oxygen mechanism (LOM) [33] that contributes to the formation of 
oxygen vacancies in the lattice, which becomes a new active site. The 
LOM has been mainly identified in transition metal oxides such as pe
rovskites and spinels [34,38,143].

The OER mechanism relies on the nature of the O atoms involved in 
the O-O bond formation. According to the spectroscopical and electro
chemical studies reported for highly-active (oxy)hydroxides-based 
electrocatalysts, the observed Tafel slopes can be related to LOM with an 
rds (rate determining step) described by the release of O2 from 
M− superoxide intermediate (MOO- ⇌ M + O2 + e-) [144,145], (see 
equation 5 in Table S2) indicating that the deprotonation of surface 
hydroxide and O-O bond formation steps [38,144] are kinetically pro
moted on the HEOs’ surface. It can be ascribed to the in-situ formed Ni- 
and Co-based (oxy)hydroxides upon the surface reconstruction evi
denced from the electrochemical tests (Fig. 6b), highlighting the high 
OER activity of M1D and M1H, which was competitive in comparison to 

other HEOs and conventional oxides reported in the literature (Table S3) 
[27,43,55,146].

3.3. AEMWE tests

Given the superior OER activity demonstrated in the half-cell tests, 
the M1H (Mg0.35Ni0.78Co0.78Mn0.79Fe0.38O4) catalyst was tested at the 
anode side of a 5 cm2 electrolysis cell. The MEA was prepared by 
spraying the M1H catalyst (mixed with the ionomer) onto the Pipe
rION® membrane, which was integrated with a gas diffusion electrode 
loaded with a Pt/C catalyst composing the cathode. A 1 M KOH solution 
was supplied to the anode compartment of the cell at a flow rate of 5 
mLmin− 1.

Fig. 7a reports the J-V curves recorded at different temperatures 
between 30 and 80 ◦C. As the temperature increases, the water-splitting 
onset potential decreases, and the current density increases due to the 
increased ionic conductivity of the AEM (decrease in series resistance, 

Fig. 5. (a) Survey XPS spectra for M1A, M1D and M1H, (b) Mg 1s, (c) Ni 2p, (d) Co 2p, (e) Fe 2p and (f) Mn 2p core levels for M1H.
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Fig. 6. (a) LSV-RDE curves and (b) 1st and 60th CV cycle for M1D (pink) and M1H (purple), (c) Nyquist plots obtained at ηJ10 with the equivalent circuit as an inset, 
and (d) Tafel plot for M1A, M1D, and M1H samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 7. (a) Polarization curves recorded at different temperatures, (b) chronopotentiometry test recorded at 1 Acm− 2 and 80 ◦C, (c) polarization curves, and (d) EIS 
recorded beginning (BoT) and end (EoT) of durability test for a 5 cm2 AEMWE single-cell equipped with the M1H catalyst at the anode and using PiperION® (40 µm 
tick) membrane.
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Rs, in the Nyquist plot) and faster kinetic at the electrodes (decrease in 
charge transfer resistance, Rct), as shown in Fig. S14 [147]. A maximum 
current density of 4.1 Acm− 2 was reached at 2.2 V, while at a lower 
voltage of 1.8 V, a 1.57 Acm− 2 current density was delivered. The ob
tained performance appears superior to that observed for AEMWEs 
equipped with similar PGM-free at the anode, as reported in Table 4, 
although different membranes and catalyst characteristics are present. 
For this reason, a comparison with the current literature is not 
straightforward. However, achieving high performance is not the pri
mary objective when a catalyst is designed and prepared; durability is 
also critical for AEMWE development.

A short-term (ca. 100 h) durability test under galvanostatic operating 
conditions (1 A cm− 2) was performed, and the obtained chro
nopotentiometry curve is reported in Fig. 7b. After a slight increase in 
initial potential, the curve shows a voltage decrease over time until 
around 95 h of operation. This stable behavior over time is evidence of 
the catalyst’s OER activity, which demonstrates not only high perfor
mance but also exceptional stability. J-V and EIS plots (Fig. 7c-d) after 
this short-term durability test (end of test, EoT) show even higher per
formance (1.57 Acm− 2 at 1.8 V) compared with the beginning of the test 
(BoT), mainly due to a decreased charge transfer kinetics (Rct) (Fig. 7d), 
that can be ascribed as a possible contribution of the surface recon
struction and metal leaching over time. The performance durability of 
the AEMWE equipped with the M1H catalysts at the anode is also 
comparable to or even higher than other oxides-based anodes reported 
in the literature (Table S6).

4. Conclusions

The synthesis of spinel-type HEOs composed of Mg, Ni, Co, Fe, and 
Mn was optimized by investigating different methods for obtaining the 
HEOs precursors. Two precipitating agents and calcination conditions 
were investigated. A facile approach combining ammonia to form the 
hydroxide precursors at room temperature, together with a calcination 
step at 750 ◦C, and the rapid quenching of the sample after the heat 
treatment allows for obtaining catalysts with high OER activity in an 
alkaline medium (1 M KOH, pH = 14).

Furthermore, different stoichiometries were investigated, and the 
modulation of Mg, Fe, Ni, Co, and Mn content significantly enhanced the 
catalyst’s performance. Rietveld refinement and STEM-EDX analysis 
confirmed the obtention of a spinel single-phase with highly crystalline 
nanoparticles (20–150 nm) and a homogeneous distribution of all 
metals. The chemical surface analysis (XPS) of the HEOs showed that Mg 
and Ni are found as 2 + ions, with Co, Fe, and Mn assuming 2+/3 +
oxidation states. LSV-RDE tests showed that Ni and Co were more 
effective in enhancing the OER performance (EJ10 = 1.64 and 1.62 V for 
M1D and M1H, respectively), and an increase in their content promoted 
the formation of highly active Ni- and Co-based (oxy)hydroxides upon 

surface reconstruction during anodic polarization. The activity of the 
spinel oxides as pre-catalysts is directly influenced by the octahedral 
positions of the AB2O4 structure, oxygen vacancies, and the formation of 
(oxy)hydroxides, along with possible metal leaching. To gain deeper 
insights into the metal distribution, potential oxygen vacancies, 
composition changes during oxidative potential cycling, and the OER 
mechanism, further characterization combining ex-situ and in-operando 
XAS (e.g., XANES and EXAFS) measurements can be explored. The 
synthesized M1H (Mg0.35Ni0.78Co0.78Mn0.79Fe0.38O4) showed promising 
catalytic activity towards OER, quite comparable to other HEOs ob
tained by multistep synthesis approaches and conventional oxides re
ported in the literature. When integrated at the anode of an AEMWE 
using a CCM approach to investigate its application, high performance 
was evidenced in terms of a current density at 1.8 V (~ 1.57 A cm− 2) and 
durability over time (~ 100 h), outperforming AEMWEs cells reported in 
the literature with active Ru-free and Ru-based catalysts assembled at 
the anode. The obtained performance of the HEO-based CCM at 80 ◦C 
can be attributed to the high activity and durability of the high-entropy 
spinel oxide (M1H), as confirmed by the BoT and EoT J-V curves in good 
agreement with the half-cell tests. The combination of a facile synthesis 
method with a tailored optimization of the HEOs metal composition is 
highlighted in this study as a promising approach to the synthesis and 
optimization of an emergent class of functional transition-metal-based 
oxides as an alternative to RuO2 at the anode of AEMWEs.
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Table 4 
Performance comparison in terms of the current density values at two typical applied voltages adopted for AEMWE operation, using similar PGM-free catalysts at the 
anode.

Membrane Anode Cathode Electrolyte J@1.8 V 
(Acm− 2)

J@2.0 V 
(Acm− 2)

T 
(◦C)

Ref.

PiperION® (40 µm) HEO-M1H Pt/C 1 M KOH 1.57 3.72 80 This work
PiperION® (40 µm) HEO-M1H Pt/C 1 M KOH 0.78 1.52 60 This work
FAA-3–50 NiFe2O4 Pt/C 1 M KOH 1.50 2.50 60 [8]
Sustainion X37-50 RT HEO-NS PtRu/C 1 M KOH 1.50 2.50 60 [148]
Sustainion X37-50 RT CrFeCoNi oxide PtRu/C 1 M KOH 1.20 2.10 60 [148]
FAA-3–50 NiFe2O4 Pt/C 1 M KOH 1.20 2.00 60 [147]
Sustainion X37-50 RT FeCoNi oxide PtRu/C 1 M KOH 1.00 1.80 60 [148]
Sustainion X37-50 Grade T (FeCoNiCrMnCu)3O4 Pt/C 1 M KOH 1.00 2.10 50 [149]
FAA-3–50 Ni0.5Mn0.5Co2O4 Pt/C 1 M KOH 0.85 1.60 60 [150]
FAA-3–50 FeCoNi oxide Pt/C 1 M KOH 0.85 1.85 60 [151]
FAA-3–50 g-CN-CNF-800 Pt/C 1 M KOH 0.48 0.98 60 [152]
PiperION-A60-HCO3 CoCrOx Pt/C 1 M KOH 0.44 0.90 60 [153]
PiperION (40 µm) Ni-Foam Pt/C 1 M KOH 0.38 0.87 60 [154]
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