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• Magnetic-assisted co-assembly synthe
sizes CoFeNiMnB, overcoming metal 
immiscibility.

• Delivers ultra-low OER overpotential, 
low Tafel slope and long-term AEMWE 
stability.

• Mn modulates Ni sites and entropy, 
optimizing adsorption and boosting 
reconstruction.
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A B S T R A C T

Medium-entropy materials (MEMs) have attracted significant attention for electrocatalytic water oxidation due 
to their exceptional physicochemical properties. However, limited efforts have been made to elucidate the origins 
of their extraordinary activity and the intricacies of their atomic arrangements. Herein, we present a novel 
magnetic field-assisted interface co-assembly approach for synthesizing CoFeNiMnB nanochains (Mn-MEB), 
effectively overcoming the immiscibility challenges associated with combining multiple metal elements. The 
resulting Mn-MEB catalyst exhibits remarkably enhanced oxygen evolution reaction (OER) activity, achieving a 
low overpotential (η10 = 280 mV), a small Tafel slope (76.7 mV dec− 1), and excellent stability, thereby out
performing conventional catalysts. Structural characterization and theoretical calculations reveal that synergistic 
electronic coupling modulates the active Ni centers, optimizing intermediate adsorption energies. Meanwhile, in- 
situ impedance spectroscopy and potentiodynamic polarization curves revealed that the increase in configura
tional entropy accelerated surface reconstruction and mitigated phase segregation and transformation, thereby 
enhancing structural stability. When employed as the anode in an alkaline exchange membrane water electro
lyzer, the Mn-MEB catalyst achieves a low cell voltage of 1.58 V at 10 mA cm− 2 and exhibits exceptional stability, 
sustaining operation for over 130 h. The insights gained into the interplay among composition, activity, and 
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stability in medium-entropy coordination systems provide valuable guidance for the strategic design of catalysts 
tailored to diverse electrochemical processes.

1. Introduction

Advancing clean and renewable energy technologies is essential for 
reducing reliance on fossil fuels [1]. In this regard, the OER is a key 
process underpinning sustainable hydrogen generation and the opera
tion of renewable energy conversion and storage devices, such as water 
electrolyzers and rechargeable metal-air batteries. Nevertheless, the 
inherently sluggish kinetics associated with the multi-electron transfer 
steps in the OER pose significant challenges, restricting catalytic effi
ciency and the overall energy conversion performance [2]. A key chal
lenge in developing efficient and durable catalysts is their ability to 
lower energy barriers, accelerate reaction kinetics, and ultimately 
enhance energy conversion efficiency. Currently, state-of-the-art OER 
electrocatalysts depend on costly noble metals and exhibit limited sta
bility, restricting the widespread application of OER-based technologies 
[3]. Therefore, developing cost-effective, high-performance OER elec
trocatalysts is a crucial and worthwhile endeavor [4]. In response, re
searchers have explored alternative strategies focused on non-noble 
metal compounds, such as phosphides [5], sulfides [6,7], nitrides [8,9], 
carbides [10,11], and borides [12,13], as promising candidates for 
efficient water-splitting electrocatalysis. Transition metal borides 
(TMBs) have recently attracted significant attention as promising al
ternatives to precious metals owing to their high electrical conductivity 
and robust catalytic activity [14,15]. However, under high oxidation 
conditions and strong alkaline, TMBs electrocatalysts experience 
leaching of the metal species from the surface, which induces structural 
collapse and leads to poor stability [16]. Moreover, the catalytic effi
ciency of TMBs is primarily governed by how reaction intermediates 
interact with surface active sites, a process influenced by the electronic 
configuration and charge distribution at these sites [17,18]. Therefore, 
controlling charge redistribution at catalytic sites and inhibiting phase 
separation are effective strategies to tailor the interaction between 
oxygenated intermediates and the catalyst surface, ultimately enhancing 
both the activity and durability of the OER process.

Driven by the goal of activating electronic states at catalytic sites, a 
novel strategy involves constructing complex coordination frameworks 
by incorporating multiple atomic species into TMBs to enhance their 
electrocatalytic performance. While previous studies have explored bi
nary and ternary borides, their limited compositional diversity has 
constrained the comprehensive investigation of catalytic potential 
[19,20]. Medium-entropy materials (MEMs) leverage their composi
tionally tunable nature to optimize intermediate binding energies, 
modulate electronic structures, and introduce lattice distortions, 
thereby enhancing catalytic performance [1,21]. However, their prac
tical application is hindered by significant challenges, including element 
segregation, particle coarsening, immiscibility and the high energy of 
synthesis [22]. Recently, advanced strategies such as magnetic field- 
assisted wet chemical reduction [23–25] and laser-based synthesis 
techniques [26] have emerged as promising alternatives. These ap
proaches not only overcome immiscibility challenges but also offer 
scalable, energy-efficient fabrication pathways while mitigating draw
backs like harsh processing conditions and excessive lattice distortion. 
Therefore, the development of robust synthesis protocols capable of 
incorporating a broader range of immiscible elements and revealing 
their synergistic roles in catalysis is crucial for improving the intrinsic 
activity of MEM-based catalysts.

Herein, we report a magnetic field-assisted interface co-assembly 
approach for synthesizing 1D magnetic medium-entropy boride (Mn- 
MEB) nanochains with uniform diameters, and controllable chain 
lengths. The Mn-MEB structure, characterized by increased configura
tional entropy and surface reconstruction, effectively stabilizes the 

crystal structure and enhances corrosion resistance. Additionally, 
entropy-driven electronic synergy enhances spin polarization at Ni 
active sites and raises the Fermi level, collectively fine-tuning the 
adsorption energies of reaction intermediates and accelerating OER ki
netics (Fig. 1a). When used as the anode in AEMWE device, the Mn-MEB 
catalyst achieves a low cell voltage of 1.58 V at 10 mA cm− 2 and exhibits 
remarkable stability, operating continuously for over 130 h. This design 
strategy not only highlights the potential of medium-entropy borides 
with tailored morphology but also offers new insights into the devel
opment of high-performance OER catalysts.

2. Results and discussion

2.1. Synthesis and characterizations of catalysts

Mn-MEB was synthesized through a magnetic field-assisted interface 
co-assembly approach to create magnetic medium-entropy boride 
nanochains in an ice-water bath using sodium borohydride as a boro
nization agent (Fig. S1). The morphology of the as-synthesized samples 
was examined by scanning electron microscopy (SEM). Fig. 1b-c show 
numerous nanometer-sized spheroidal structures that are uniformly, 
arranged in a directional manner. The nanochains have uniform di
ameters (300 nm) and chain lengths (10 μm). The FE-SEM image of Mn- 
MEB further reveals that the nanochains possess a tightly knit structure. 
The Mn-MEB architecture was further analyzed by transmission electron 
microscopy (TEM). The magnified image (Fig. 1d) shows that each 
nanosphere is approximately 300 nm, consistent with the SEM images. 
The inset in Fig. 1e presents the selected area electron diffraction (SAED) 
pattern, which lacks distinct rings or spots, indicating the amorphous 
nature of Mn-MEB. This conclusion is further supported by high- 
resolution transmission electron microscopy (HR-TEM) images in 
Fig. 1e, which show an absence of lattice fringes. Energy-dispersive X- 
ray spectroscopy (EDS) elemental mapping in Fig. 1f demonstrates a 
uniform distribution of Fe, Co, Ni, Mn, and B throughout the grains, with 
no evidence of elemental segregation (Table S1). The presence of boron 
and the four metals in similar ratios was demonstrated. Additionally, the 
elements in Mn-MEB were monitored by analyzing the electrolyte 
composition using inductively coupled plasma mass spectrometry (ICP- 
MS) (Table S2). The findings suggest that the synthesized material is a 
medium-entropy boride, with no single element being dominant. 
Furthermore, the MEB, CoFeB, CoNiB and CoB samples, which were 
synthesized using the same magnetic field-assisted method, exhibit a 
directional array of nanobead morphology (Fig. S2–3). This approach 
effectively overcomes the challenges associated with immiscible 
elemental systems, enabling the stable incorporation of multiple metal 
components into the MEB framework.

X-ray diffraction patterns (XRD) analysis was carried out to examine 
the structural characteristics of CoFeB, MEB, and Mn-MEB. As shown in 
Fig. 2a, the broad diffraction peaks between 40◦ and 50◦ (2θ) correspond 
to metal boride phases, indicating the amorphous nature of the syn
thesized borides-consistent with previous reports [27]. Additionally, X- 
ray photoelectron spectroscopy (XPS) was utilized to investigate the 
surface chemical composition and electronic states of the as-synthesized 
Mn-MEB and MEB samples (Fig. 2b-f). In the comprehensive XPS anal
ysis, the diffraction peaks of the main sample closely aligned with those 
of the comparison sample. The peaks at approximately 660–635 eV were 
assigned to Mn 2p, suggesting the successful introduction of Mn in Mn- 
MEB (Fig. 2b). Fig. 3c illustrates the Mn 2p spectrum of Mn-MEB, 
featuring two main peaks at 642.3 and 652.4 eV, assigned to Mn 2p3/2 
and Mn 2p1/2, respectively [28]. Further analysis of the Mn 2p3/2 peak 
reveals it can be deconvoluted into components at 641.2 and 645.8 eV, 
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corresponding to Mn3+ and Mn4+ oxidation states. In the high-resolution 
Co 2p spectrum shown in Fig. 2d, a distinct peak appears at 778.2 eV, 
which aligns closely with the characteristic signature of metallic cobalt 
(Co–B) commonly found in cobalt boride materials [29]. Additionally, 
a spin-orbit doublet appearing at 781.4 and 797.1 eV is attributed to 
oxidized cobalt species, likely arising from surface oxidation of the Mn- 
MEB material [30]. After peak deconvolution of the Fe 2p region, the 
spectrum exhibits two spin-orbit doublets: one at 711.8 and 725.5 eV, 
assigned to Fe2+, and another at 706.8 and 720.2 eV, derived from Fe–B 
[31]. Furthermore, in the high-resolution Ni 2p spectrum, the primary 
Ni 2p3/2 and Ni 2p1/2 peaks appear at 852.4 and 869.5 eV, respectively, 
corresponding to metallic nickel within the nickel boride phase. Addi
tional peaks at 856.1 and 873.9 eV are attributed to Ni2+ species, indi
cating the formation of nickel oxide or hydroxide due to surface 
oxidation upon air exposure (Fig. 2f) [32]. The Ni 2p3/2 peak for Ni2+ in 
Mn-doped MEB shows a negative shift compared to MEB. Similarly, 
negative shifts are observed in the Co 2p3/2 and Fe 2p3/2 peaks. This 

observed shift is attributed to the fact that, following Mn incorporation, 
the Co, Fe, and Ni atoms in Mn-MEB exhibit a more electron-rich envi
ronment compared to those in MEB. This suggests that Mn doping 
effectively tunes the electronic structure of MEB, thereby enhancing the 
intrinsic electrocatalytic activity by optimizing the adsorption and 
desorption energies of reaction intermediates at the active sites during 
the OER [33]. The B 1 s XPS spectrum displays two distinct peaks 
centered at 187.9 and 192.0 eV, respectively (Fig. S4) [34]. The signal 
observed at 187.9 eV is assigned to boron atoms bonded with metals 
including Ni, Co, Fe, and Mn. In contrast, the peak appearing at 192.0 eV 
is associated with boron-oxo species, which result from surface oxida
tion of metal borides of NaBH4 during the synthesis process [35]. Raman 
spectroscopy further reveals the bonding states of Mn-MEB and MEB. 
Both samples exhibit complex stretching vibrations between 502 and 
688 cm− 1, corresponding to Eg bending and A1g stretching modes of 
Co–O bonds [36,37]. Notably, a distinct peak emerges at 598 cm− 1 in 
Mn-MEB (Fig. S5), indicative of new bond formation. Electron 

Fig. 1. (a) Schematic illustration of the OER mechanism of Mn modulating MEB. (b-c) SEM images and (d) TEM image of Mn-MEB. (e) HR-TEM image and SAED 
pattern (inset) of Mn-MEB, (f) HAADF image and elemental mapping results of B, Co, Fe, Mn and Ni.
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paramagnetic resonance (EPR) spectroscopy was employed to evaluate 
the presence of unpaired electrons linked to metal atoms in MEBs after 
Mn doping. As shown in Fig. 2f, the EPR peak intensity of Mn-MEB is 
higher than that of the MEB, indicating an increased number of unpaired 
electrons in Mn-MEB. This enhancement is attributed to the spin state 
transformation of certain metal atoms induced by Mn incorporation.

2.2. Electrochemical characterization

The OER electrocatalytic performance of samples was assessed in 1 
M KOH using a standard three-electrode system. Before conducting 
linear sweep voltammetry (LSV), the catalyst surfaces were stabilized 
through 10 cycles of cyclic voltammetry (CV) activation at a scan rate of 
10 mV s− 1 over a potential range of 1.024 to 1.824 V versus RHE 
(Fig. S6). Fig. 3a presents the LSV profiles for Mn-MEB, MEB, CoFeB, 
and CoNiB electrodes. Among these, Mn-MEB exhibited the best OER 
activity, requiring an overpotential as low as 280 mV to reach a current 
density of 10 mA cm− 2, outperforming MEB and CoFeB (both at 300 mV) 
as well as CoNiB (400 mV). This clearly demonstrates that Mn incor
poration significantly improves the catalytic efficiency of the novel 
medium-entropy boride material. Fig. 3b-c and S7 present Tafel slopes 
derived from LSV measurements, showing that Mn-MEB exhibits the 
fastest OER kinetics with the smallest slope of 76.7 mV dec− 1, out
performing MEB (97 mV dec− 1), CoFeB (102 mV dec− 1), and CoNiB 
(116 mV dec− 1). Meanwhile, the influence of Mn-MEB size on the OER 
catalytic performance was investigated. It was found that the catalytic 
performance improved with increasing nanobead size (Fig. S8–10). 
Furthermore, Mn-MEB’s excellent OER catalytic behavior surpasses that 
of most recently reported non-precious metal electrocatalysts 
(Table S5). Electrochemical impedance spectroscopy (EIS) was 
employed to assess the charge transfer properties of the catalysts. As 
illustrated in Fig. 3d and S11, Mn-MEB exhibited the lowest phase angle 
and charge transfer resistance (Rct) of 8.7 Ω (Table S4), indicated by the 
smallest semicircle on the Nyquist plot, which correlates well with its 
superior Tafel slope [38,39]. To evaluate the influence of the electro
chemically active surface area (ECSA) on electrode performance, the 
current density was normalized to the ECSA values. According to Fig. 3e 

and Fig. S12, the measured Cdl values of Mn-MEB (31.4 mF cm− 2) are 
higher than those of MEB (15.0 mF cm− 2). Mn-MEB depicted a relatively 
high electrocatalytic active area, indicating enhanced remodeling 
capability and faster catalytic reaction kinetics (Fig. S13). A higher 
turnover frequency (TOF) indicates a more efficient catalyst, capable of 
producing more oxygen molecules with fewer active sites (Fig. S14). 
The TOF of Mn-MEB reaches 0.49 s− 1 at an overpotential of 300 mV, 
significantly exceeding that of undoped MEB (0.15 s− 1), thereby high
lighting the markedly enhanced intrinsic catalytic activity imparted by 
Mn incorporation.

The electrocatalyst’s stability was evaluated using multi-step po
tential cycling, where the voltage was varied between 1.5 and 1.8 V 
before returning to 1.5 V after two cycles, as depicted in Fig. 3f. The Mn- 
MEB catalyst exhibits a rapid attainment of a stable state across the 
voltage increments and maintains a consistent performance throughout 
the duration of the test. Notably, there is minimal fluctuation observed 
in current density across multiple continuous voltages. Furthermore, the 
current density associated with the Mn-MEB catalyst material signifi
cantly exceeds that of the comparative samples, MEB and CoFeB, under 
equivalent voltage conditions. This demonstrates the superior stabili
zation capability of the OER process for the Mn-MEB catalyst. To assess 
long-term applicability, we evaluated the cycle stability of Mn-MEB. As 
depicted in Fig. 3g, Mn-MEB exhibited minimal fluctuation at a voltage 
of 1.51 V and retained 91 % of 10 mA cm− 2 over 26 h. In comparison, as 
shown in Fig. S15, the MEB catalyst retained 61 %, while the CoFeB 
catalyst retained only 27 %. Interestingly, the electrolyte containing Mn- 
MEB remained clear and transparent after the same cycling time, 
whereas that with MEB showed significant powder formation due to 
electrode material shedding (Fig. S16). Therefore, Mn-MEB exhibited 
superior structural stability and stronger substrate binding, thereby 
enhancing its durability during the OER and outperforming the com
mercial RuO2 catalyst (Fig. S17) [40].

2.3. Mechanistic insight

To verify the enhancement in intrinsic activity, we measured the 
OER activation energy through temperature-dependent OER 

Fig. 2. (a) XRD patterns of CoFeB, MEB and Mn-MEB. XPS spectra of (b) Mn 2p, (c) Co 2p, (d) Fe 2p and (e) Ni 2p for MEB and Mn-MEB. (f) EPR spectra of Mn-MEB 
and MEB.
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performance analysis. As illustrated in Fig. 4a-b and S18, both Mn-MEB 
and MEB exhibit increased OER currents and reduced onset potentials 
with rising temperatures. The Arrhenius plots at 1.64 V for Mn-MEB and 
MEB allowed for the calculation of electrochemical activation energies, 
which were in line with earlier studies (insets of Fig. 4a-b). The acti
vation energy for Mn-MEB is 18.5 kJ mol− 1, notably lower than the 20.3 
kJ mol− 1 observed for MEB. The results indicate that incorporating Mn 
into the MEB structure significantly enhances OER performance, as 
demonstrated by the reduced overpotential required to overcome the 
kinetic barrier compared to the baseline MEB catalyst (Fig. 4c). Addi
tionally, the Faradaic efficiency (FE) for both hydrogen and oxygen 
evolution reactions was assessed in an alkaline environment using an H- 
type electrolytic cell, demonstrating excellent selectivity toward the 
HER and OER processes. A Nafion membrane was employed in the 
electrolyzer to effectively separate the evolved O2 and H2 gases. As 
shown in Fig. S19, oxygen was collected in an orange cylinder and 
hydrogen in a yellow cylinder. The increase in gas volume within the 
cylinders was measured and recorded every 200 s once the electrolyzer 
reached a stable operating level. The actual volumes of hydrogen and 
oxygen collected were then compared with their theoretical values. The 
Faradaic efficiency of Mn-MEB was determined to be approximately 96 
%, indicating robust hydrogen and oxygen production capabilities and 
confirming its efficiency as an electrocatalyst for water electrolysis in 
alkaline environments. Furthermore, the fitting curves reveal that the 
hydrogen-to‑oxygen evolution rate ratio is nearly 2:1, underscoring the 
catalyst’s potential for practical storage of intermittent energy (Fig. 4d- 
e).

For further insight into the enhanced OER performance of MEB and 
Mn-MEB catalyst, the 3d orbital behavior on their surfaces is illustrated 
in Fig. S20 and Table S3. The density of states (DOS) analysis is shown 
in Fig. 4g-h. The d-band center, defined as the weighted average energy 
of the transition metal d orbitals derived from the partial density of 
states (PDOS), reflects the electron occupancy near the Fermi level (Ef) 
[41]. Compared to MEB, the Mn-MEB structure exhibits a d-band center 
shifted by − 2.3 eV closer to the Fermi level, indicating reduced 
adsorption energy for active intermediates and increased electron den
sity. To elucidate charge transfer dynamics between metal and boron 
sites, we analyzed the p-d orbital overlap using PDOS data 
(Fig. S21–22). As shown in Fig. 4f, the 3d band of Mn-MEB spans a 
broader energy range than that of MEB, although its 3d-band center lies 
deeper below the Fermi level. This leads to stronger orbital overlap 
between metal 3d and boron 2p states in Mn-MEB. Additionally, spin 
polarization of the 3d orbitals was examined to evaluate the electronic 
behavior of spin states. The Mn-MEB system exhibits significantly 
stronger spin polarization than MEB, primarily due to the Ni 3d band, 
rather than contributions from the Fe 3d or Co 3d orbitals. (Fig. 4i and 
S23). The introduction of Mn regulates the electronic state of Ni active 
sites in MEB, consistent with the increase in the number of unpaired 
electrons observed by EPR. Consequently, incorporating manganese to 
modify the electronic structure of the Ni sites effectively enhances the 
OER activity.

Fig. 3. (a) OER polarization curves, (b) Tafel plots. (c) OER performance comparison between Mn-MEB and other electrocatalysts at j = 10 mA cm− 2 and Tafel slope. 
(d) Electrochemical impedance spectroscopy of Mn-MEB and MEB. (e) Electrochemical double-layer capacitor (Cdl) of Mn-MEB and MEB. (f) Multi-potential steps 
parameters plot of Mn-MEB, MEB and CoFeB. (g) Chronoamperometry stability of Mn-MEB.
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2.4. In-situ reconstruction and phase segregation during OER process

During the OER, metal species on the catalyst surface undergo in situ 
structural reconstruction. EIS is a valuable experimental technique for 
investigating the kinetics of electrocatalytic reactions and characterizing 
the electrode/electrolyte interface properties [42,43]. To monitor the 
behavior of adsorbed *OH intermediates at metal sites in Mn-MEB 
during the OER, operando EIS measurements were conducted, 
providing detailed insights into reaction kinetics in an alkaline elec
trolyte. The operando Bode plots indicate that the charge transfer re
sponses can be categorized into two distinct frequency domains (Fig. 5a- 
b). At higher frequencies (102 to 104 Hz), the signal corresponds to 
electron transport within the internal structure of the catalyst, while the 
lower frequency range (10− 2 to 102 Hz) reflects interfacial charge 
transfer between the catalyst and the electrolyte [44]. These findings, 
along with the associated Bode phase and Nyquist plots, were analyzed 
using a fitted equivalent circuit model (Fig. 5c) [45,46]. In this equiv
alent circuit model, Rs denotes the resistance of the electrolyte. The first 
parallel branch includes a constant phase element (CPEp) and a resis
tance (Rp), which are associated with electron transport from the cata
lyst’s interior to the active interface. Importantly, Rp also captures the 
effects of surface reconstruction occurring during the OER process. The 
second parallel network comprises another constant phase element 
(CPEct) and a charge transfer resistance (Rct), representing interfacial 
electron transfer between the catalyst and the surrounding electrolyte 
[47]. The relatively smaller Rₚ value of Mn-MEB indicates more facile 
oxidation and structural reconstruction. In the low potential range 
(1.10–1.35 V), the Rp values of both MEB and Mn-MEB decline sharply, 

suggesting that rapid structural changes occur without the onset of OER 
activity. For Mn-MEB, a pronounced decrease in Rp above 1.35 V sig
nifies the initiation of OER, whereas for MEB, this transition is observed 
only above 1.45 V. These findings underscore the superior OER kinetics 
and intrinsic catalytic activity of Mn-MEB (Fig. S24). The incorporation 
of Mn enhances the utilization of *OH intermediates, thereby improving 
charge transfer and deprotonation efficiency and ultimately accelerating 
the catalytic kinetics of water oxidation.

To elucidate the underlying cause of phase segregation occurring 
during the OER, the active phase of Mn-MEB under water oxidation 
conditions was investigated (Fig. S25). XPS and SAED analyses were 
employed to examine the compositional changes in Mn-MEB before and 
after cyclic voltammetry treatment. The SAED images revealed a distinct 
crystalline structure for Mn-MEB (Fig. S26). Specifically, the SAED 
patterns displayed diffraction rings corresponding to the (015) planes 
along with broad rings that confirm the coexistence of nanocrystalline 
NiCo layered double hydroxide (NiCo-LDH) [48]. Fig. 5d-f display the 
XPS spectra of Mn-MEB before and after CV. After CV, the XPS spectra of 
Co 2p, Fe 2p and Ni 2p exhibited noticeable shifts toward higher binding 
energies (Fig. 5d-f), along with an increased Co2+/Co–B ratio, indicating 
the formation of Co hydroxide species on the Mn-MEB surface [49–56]. 
These results are consistent with previous studies showing that, under 
alkaline water electrolysis conditions, NiCo-based materials undergo 
surface reconstruction to form hydroxide phases such as Ni(OH)2 and 
NiCo-LDH (Fig. S27), which are widely regarded as the true active 
species during the OER [57–60]. Compared to the untreated catalyst, the 
Mn 2p XPS peak shifts toward lower binding energies after CV 
(Fig. S28). Overall, the XPS results indicate that the cyclic voltammetry 

Fig. 4. (a-b) LSV measurements for Mn-MEB and MEB electrode measured from 303 to 333 K with an increment of 10 K (inset of image: Arrhenius-like plot of the 
current density). (c) Illustration of different activation energies for Mn-MEB and MEB. (d-e) Plot illustrating the volume of H2 and O2 gases. (f) Schematic energy 
bands of MEB and Mn-MEB. (g-h) Density of states of Mn-MEB and MEB. (i) Spin-polarization in Mn-MEB and MEB by the influence of Ni-3d band.
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treatment facilitates the formation of a NiCo-LDH interfacial layer on the 
MEB surface. This layer is instrumental in inhibiting phase segregation 
and structural transformation, thereby enhancing the catalyst’s stability 
[61,62].

Elemental dissolution throughout the prolonged OER testing was 
tracked by analyzing the electrolyte composition via ICP-MS, as shown 
in Fig. 5g. In the first 2 h of operation, the dissolution of all elements in 
the Mn-MEB catalyst was measured at 91.74 μg/L, significantly lower 
than the dissolution observed in the MEB catalyst. After 12 h of OER 
operation, the disparity in dissolution across all elements became more 
pronounced: Mn-MEB showed only a 60.93 μg/L (only 66 % rise), while 
MEB exhibited a 207.65 μg/L (178 % rise). These findings suggest that 
manganese incorporation effectively inhibits all elements dissolution, 
thereby explaining the notably superior stability of Mn-MEB compared 
to MEB [63]. Minimizing metal leaching aligns the catalyst design with 
green chemistry principles, thereby enhancing both resource efficiency 
and environmental sustainability. The corrosion resistance of materials 
is typically assessed using two key electrochemical parameters: corro
sion current density and corrosion potential (Fig. 5h-i) [64]. The Mn- 
MEB electrode exhibited a higher corrosion potential (1.200 V vs. Hg/ 

HgO) and a significantly lower corrosion current (5 μA cm− 2) compared 
to the MEB electrode, which showed a corrosion current of 96 μA cm− 2 

at 1.058 V vs. Hg/HgO [65]. A higher corrosion potential signifies that 
the electrode undergoes corrosion at a higher potential, while a lower 
corrosion current reflects a reduced rate of corrosion [66]. These results 
demonstrate the enhanced corrosion resistance of the Mn-MEB electrode 
compared to the undoped MEB [33]. The incorporation of Mn is shown 
to effectively suppress Fe leaching and phase separation, which collec
tively contribute to enhanced structural integrity and long-term cata
lytic durability [67]. These improvements can be attributed to the “slow 
diffusion effect” [68] and the “cocktail effect” observed in high-entropy 
boride materials (Fig. S29) [69].

2.5. AEMWE performance

A water-splitting device based on an anion exchange membrane 
(AEMWE) was constructed, employing E130-type Raney nickel mesh as 
the cathodic material and Mn-MEB as the anodic material (Fig. 6a). As 
illustrated in Fig. 6b, polarization measurements were conducted at 
60◦C. The E130(+)||Mn-MEB(− ) cell demonstrated superior 

Fig. 5. Operando Bode phase angle plots for (a) Mn-MEB and (b) MEB catalysts. (c) Equivalent circuit model alongside a schematic illustrating the relationships 
among reaction intermediates. High-resolution XPS spectra of the (d) Co 2p, (e) Fe 2p and (f) Ni 2p regions for the Mn-MEB electrode before and after CV testing. (g) 
Time-dependent concentration of Co, Fe, Ni, B and Mn dissolved in the electrolyte during the CA test. (h) Potentiodynamic polarization curves. (i) Corrosion po
tentials (Ecorr) and corrosion current densities (Icorr) of Mn-MEB and MEB.
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performance, requiring just 1.35 V to reach a current density of 10 mA 
cm− 2, in contrast to the 1.51 V needed by the E130(+)||MEB(− ) as
sembly. Furthermore, long-term stability testing at 50 mA cm− 2 

demonstrated that the Mn-MEB exhibited excellent durability, with no 
significant voltage degradation over 135 h (Fig. 6c). The estimated 
operating cost of the Mn-MEB-based AEMWE was $0.88 and $0.93 per 
kg H2 at 50 and 100 mA cm− 2, respectively, meeting the target set by the 
U.S. DOE (<$2 per kg H2) [70]. Overall, the outstanding stability and 
low operational cost of Mn-MEB highlight its strong potential for in
dustrial application.

3. Conclusion

We have successfully developed a magnetic field-assisted Mn incor
poration strategy to construct medium-entropy metal boride (Mn-MEB) 
nanochains with simultaneously enhanced OER activity and stability. 
The Mn-MEB catalyst delivers a low overpotential of 280 mV at 10 mA 
cm− 2 and remarkable long-term durability without performance 
degradation. Mechanistic investigations reveal that Mn incorporation 
synergistically modulates the electronic structure of Ni active sites, 
optimizing intermediate adsorption energies and facilitating efficient 
catalytic processes. In parallel, the increased configurational entropy 
suppresses phase segregation and promotes the formation of a robust 
hydroxide layer, contributing to superior structural integrity under 
electrochemical conditions. When employed in an AEMWE, the Mn-MEB 
anode achieves a low cell voltage of 1.35 V at 10 mA cm− 2 and maintains 
stable operation over 130 h. Our work proposes a rational design 
strategy that leverages the configurational entropy effect and regulates 
active sites to enhance the OER performance of catalysts.
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Fig. 6. (a) Schematic diagram of the anion exchange membrane water electrolyzer (AEMWE). (b) I-V curves of AEMWE for the prepared Mn-MEB and MEB as anodes 
in 1 M KOH electrolyte at 60 ◦C. (c) Chronopotentiometry curve of the Mn-MEB catalyst at a constant current density of 50 mA cm− 2 in the AEMWE at 60 ◦C.
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