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Non-precious metals with tailored phase structures show promise as oxygen evolution reaction (OER) catalysts 
due to their high inherent catalytic activity and extensive exposed active surface area. However, the mechanisms 
by which phase structures enhance catalytic performance remain unclear. Herein, we synthesized an amorphous 
cobalt boride (CoB) catalyst via a magnetic field-assisted method, yielding uniform nanoparticles that self- 
assemble into a nanobead structure. This material undergoes heat treatment to transition from an amorphous 
phase to a crystalline phase. The catalyst demonstrated exceptional OER activity and long-term stability in an 
alkaline electrolyte, requiring only 350 mV overpotential at 10 mA cm− 2. The amorphous CoB demonstrates 
remarkable durability by maintaining stable operation for 100 h under harsh conditions characterized by high 
alkalinity and elevated temperature without any observable performance degradation. We demonstrate that 
electrochemical activation of an amorphous catalyst can unveil active sites within the bulk material, leveraging 
the short-range order characteristic of amorphous structures. This process significantly amplifies the active site 
density, consequently enhancing the electrocatalytic performance of the amorphous catalyst in the oxygen 
evolution reaction within water oxidation. Furthermore, in situ Raman spectroscopy reveals that amorphous CoB 
rapid self-reconstruction upon electrochemical activation, leading to the formation of a metal (oxy)hydroxide 
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active layer. This study offers valuable insights into the design of high-efficiency OER catalysts by elucidating the 
mechanisms underlying amorphous and crystalline materials.

1. Introduction

In order to combat the issues of the energy crisis and environmental 
degradation, as well as to overcome reliance on finite fossil fuels, there is 
a growing need for clean and renewable energy [1]. Hydrogen, a rich 
source of green and versatile secondary energy, has been widely studied 
as a substitute for fossil fuels. Hydrogen boasts several advantages: high 
calorific value, good combustibility, produces only water upon com-
bustion, and offers various methods for production, storage, and trans-
portation [2]. Electrochemical and photochemical water splitting into 
hydrogen and oxygen has been considered a potential green hydrogen 
preparation technology. However, the conversion of solar energy to 
hydrogen is less efficient during photochemical water electrolysis [3]. It 
is well known that water splitting consists of two half-reactions: the 
hydrogen evolution reaction (HER) on the cathode side and the oxygen 
evolution reaction (OER) on the anode side. The kinetics of the oxygen 
reaction in these processes are extremely slow, which severely hampers 
the energy conversion efficiency [4–6]. To achieve effective water 
splitting, a low-cost advanced material is required that can increase the 
reaction rate, lower the reaction barrier, and reduce the overpotential 
[7,8]. In recent years, several noble metals have been developed as 
catalysts for OER, including noble metal-based catalysts (e.g., Ir, Rh, Ru, 
Pd) and although they exhibit excellent OER performance during the 
reaction process, their high cost as well as scarcity make it impossible to 
be widely used, and therefore there is an urgent need to search for highly 
efficient and low-cost electrocatalysts [9,10].

Recent studies have focused on developing highly active non- 
precious metal-based catalysts as alternatives to precious metal cata-
lysts [11]. Various design strategies have been proposed to enhance the 
performance of OER catalysts, including enhancing the intrinsic activity 
of active sites [12,13], and increasing their quantity. Additionally, 
controlling phase composition has been shown to improve the properties 
of energy materials for diverse applications, such as electrodes and 
catalysts. Amorphous-based electrocatalysts have demonstrated supe-
rior OER performance compared to their crystalline counterparts [14]. 
Amorphous materials have garnered significant interest in the field of 
electrocatalysis, particularly for water oxidation, where they demon-
strate superior catalytic activity and lower overpotentials compared to 
crystalline materials [15,16]. The amorphous structure is posited to 
provide a greater number of active sites for the OER. Dau et al. [17]
attributed the enhanced OER activity of electrodeposited amorphous 
CoCat films to the bulk oxide, while subsequent studies by Liu [18] and 
Menezes [19] linked the abundance of active sites to a high density of 
oxygen vacancies. In particular, transition metal borides have been 
shown to exhibit high OER activity. Moderately electronegative boron 
(χPauling = 2.04) reduces the energy barrier for metal oxidation reactions 
and facilitates charge transfer, leading to improved OER performance in 
metal borides and borates [20]. In metal borides (MxB), boron not only 
enhances the stability of the MxB phase but also significantly boosts the 
catalytic activity of amorphous metal borides [21]. The improved cat-
alytic activity of amorphous-phase electrocatalysts can be attributed to 
several factors: Firstly, structural and chemical disorder, enabling 
amorphous catalysts to be fully catalytically active, in contrast to crys-
talline catalysts that are predominantly surface-active; Secondly, high 
density of defects and dangling bonds, which substantially enhances the 
intrinsic catalytic activity and electrochemical stability of amorphous 
materials. Thirdly, structural flexibility, allowing for the in situ trans-
formation of initially inert species into catalytically active phases during 
the reaction process [22,23]. Given these advantages, amorphization 
offers a promising approach to overcome the slow kinetics of OER in 
rigid crystalline catalysts, leading to improved electrochemical water- 

splitting performance [24,25]. Therefore, the development of effective 
amorphous catalysts is essential for addressing the challenge of slow 
OER kinetics in hydrogen production through water electrolysis 
[26–28]. However, the precise mechanisms by which amorphous cata-
lysts surpass their crystalline counterparts in performance remain a 
subject of debate. Furthermore, the long-term operational stability of 
amorphous catalysts under the conditions required for practical water 
electrolysis, such as elevated overpotential and high current densities, is 
still questionable.

Herein, an amorphous metal boride catalyst was developed via a 
magnetic field-assisted method, featuring uniformly sized nanoparticles 
arranged in a nanobead structure, which facilitates bulk domain catal-
ysis through structural defects inherent to the amorphous phase. 
Moreover, unlike the surface-limited catalysis of crystalline structures, 
the amorphous structure facilitates faster surface reconfiguration during 
catalytic reactions and ensures superior corrosion resistance. With a 
Tafel slope of 65.8 mV dec-1 and a current density of 10 mA cm− 2 at 350 
mV, the catalyst’s characterization studies demonstrated its great sta-
bility and low overpotential. Remarkably, the material maintained its 
high catalytic activity even after 100 h of continuous OER. Thus, this 
study introduces a new strategy for designing electrocatalysts across a 
wide range of reactions.

2. Experimental section

2.1. Materials

Cobalt chloride hexahydrate (CoCl2⋅6H2O, 99%), poly-
vinylpyrrolidone (PVP, 98%, Mw = 40,000), sodium borohydride 
(NaBH4, 99%), ruthenium oxide (RuO2, 99%), potassium hydroxide 
(KOH, 90%) were purchased from Aladdin Industries.

2.2. Synthesis of amorphous CoB

First, 47.6 mg of CoCl2⋅6H2O and 200 mg of PVP were dissolved in 
50 mL of deionized water in three-necked round-bottom flask (the 
deionized water was purged with N2 to remove air). Subsequently, the 
prepared NaBH4 solution (25 mg in 20 mL) was added dropwise to the 
above solution. A fixed magnetic field strength of approximately 0.4 T 
was applied under the vessel. NaBH4 solution was added drop by drop 
under an atmosphere of nitrogen and continuous stirring and the reac-
tion process (10 min) was carried out under low temperature stirring. 
The synthesized black powdered material was collected by centrifuga-
tion and washed several times with large amounts of distilled water and 
ethanol respectively. The resulting sample was denoted as amorphous 
CoB.

2.3. Synthesis of crystalline CoB

The amorphous CoB was annealed for 2 h at 400◦C (heating rate 5◦C 
min− 1) under an argon atmosphere. The resulting CoB is referred to as 
crystalline CoB.

2.4. Synthesis of no magnet amorphous CoB

The synthesis process is similar to that of amorphous CoB, with the 
difference being that no magnetic field is placed under the three-necked 
round-bottom flask during the synthesis.
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2.5. Structure characterization

The physical composition of the catalysts was examined by X-ray 
powder diffractometer (XRD, D8 ADVANCE). Field emission scanning 
electron microscopy (SEM, Thermo Fisher Scientific Apreos) and trans-
mission electron microscopy (TEM, FEI Tecnai G2 F30) were used to 
acquire surface morphology. Using X-ray photoelectron spectroscopy 
(XPS, Kratos ASIS SUPRA), the materials’ elemental composition and 
chemical valence were assessed. A confocal Raman microscope 
(HORIBA) equipped with a 50 × objective and an excitation wavelength 
of 532 nm was used to gather in situ Raman spectra. Measurements were 
taken at 0.05 V intervals in the potential range of 0–0.6 V (Ag/AgCl for 
the reference electrode and platinum foil for the counter electrode), with 
the grating parameter set at 600 GR mm− 1 and the laser intensity set at 
10 mW.

2.6. Electrochemical measurement

The electrochemical measurement tests were carried out in a stan-
dard three-electrode device system on a CHI660E electrochemical 
workstation. Ag/AgCl was used as the reference electrode, Pt foil as the 
counter electrode, and a glassy carbon electrode coated with a catalyst 
layer (6 mm in diameter with a surface area of 0.2826 cm2) was used as 
the working electrode, and the potential value of the Ag/AgCl electrode 
was converted to the standard reversible hydrogen electrode E (vs. 
RHE) = E (vs. Ag/AgCl) + 0.198 + 0.059*pH, according to the formula. 
5 mg of catalyst was dispersed in a mixture of deionized water (500 μL), 
ethanol (500 μL) and Nafion (50 μL, 5 wt%) to form a homogeneous 
catalyst ink. The catalyst ink (20 μL) was then dropped onto the working 
electrode. The catalyst ink was then spinning drop-casted (<700 rpm) 
onto the RDE electrode with a 0.24 mgcat cm− 2 loading amount for all 
samples. Sample OER tests were performed in alkaline electrolyte (1.0 M 
KOH) solution. With the reversible hydrogen electrode serving as the 
reference for all measured potentials, linear sweep voltammetry (LSV) 
was performed at a scan rate of 2 mV s− 1. Using the electric double layer 
capacitance (Cdl) from cyclic voltammetry (CV) in a non-Faradaic po-
tential window, the electrochemical surface area (ECSA) was calculated. 
CV curves were captured throughout a potential range of 1.19 to 1.33 V 
vs RHE at scan rates between 10 and 50 mV s− 1. In order to conduct 
electrochemical impedance spectroscopy (EIS), a 5 mV AC signal was 
applied throughout a frequency range of 100 kHz–0.1 Hz. I–t curves 
were also obtained in order to assess the catalyst’s long-term stability.

2.7. AEMWE operation

PiperlON A40-HCO3 was used as the anion exchange membrane. The 
geometric area of electrode was 1 cm2. The amorphous CoB/NF anode 
was fabricated by ink-spraying onto nickel paper. The E130 Raney 
nickel mesh, serving as the cathode, was utilized to construct the E130|| 
CoB/NF AEMWE (Alkaline Exchange Membrane Water Electrolyzer).

3. Results and discussion

We have prepared cobalt-based boride nanostructures using a simple 
and effective chemical reduction process. Fig. 1 illustrates the synthesis 
of amorphous cobalt-based boride nanobeads. First, Co2+ was chemi-
cally reduced in an ice-water bath using cobalt chloride hexahydrate and 
sodium borohydride as reducing agents. Polyvinylpyrrolidone (PVP) 
was adsorbed on the surface of the nanoparticles to form a protective 
layer that prevents agglomeration and helps in their dispersion [29]. 
Under a magnetic field, nanobeads align and attract each other along the 
field direction, attaching to particles with similar domains to form a 
dispersed structure, resulting in amorphous CoB. Crystalline CoB was 
subsequently obtained through heat treatment. The amorphous CoB was 
characterized by scanning electron microscopy (SEM). Fig. 2a and b 
show that the amorphous CoB consists of homogeneous nanorods with a 
size of 200–400 nm. The length of the nanochain is 2–4 µm. Under the 
influence of a magnetic field, these nanospheres are neatly aligned to 
form the morphology of magnetic nanobeads. On the contrary, the CoB 
material synthesized in the absence of a 400 mT magnet exhibits sig-
nificant nanoparticle agglomeration as shown in Fig. S1. Amorphous 
nanobeads were successfully synthesized using a magnetic field-assisted 
method, which facilitated charge transfer, improved electrolyte pene-
tration and diffusion, and promoted rapid gas release during the cata-
lytic process [30,31].

Transmission electron microscopy (TEM) analysis revealed uni-
formly distributed nanoparticles with sizes between 200 and 300 nm 
(Fig. S2). Following annealing of amorphous CoB under argon at 400℃ 
for 2 h, the nanobead morphology and bead size remained unchanged, 
with uniform distribution of Co and B elements (Fig. S3). However, the 
B content decreased from 5.7 % to 2.4 %, likely due to B evaporation 
during the annealing process (Table S1) [32]. High-resolution trans-
mission electron microscopy (HR-TEM) image (Fig. 2d) and selected 
area electron diffraction (SAED, inset of Fig. 2d) confirm the amorphous 
structure of CoB, consistent with the XRD patterns. The crystalline CoB 
retains nanobead morphology (Fig. 2c). As shown in Fig. 2e, the HR- 

Fig. 1. Schematic diagram for the preparation amorphous CoB and crystalline CoB electrocatalyst.
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TEM reveals lattice fringes with a spacing of 0.205 nm, corresponding to 
the (0 2 2) plane of Co4B. The diffraction rings in the SAED image 
correspond to the (1 4 0), (3 1 2) and (0 0 2) crystal planes, with the (0 0 
2) plane also visible in the lattice fringes, confirming the crystalline 
nature of annealed Co4B. Energy dispersive X-ray spectroscopy (EDS) 
analysis indicated that the CoB catalyst contained Co and B elements, 
which were uniformly distributed (Fig. 2f).As shown in Fig. S4, amor-
phous CoB has good hydrophilicity with a contact angle of 60◦, which is 
significantly smaller than that of crystalline CoB at 98◦, which is more 
favorable for the adsorption of reagents on the cathode in the subse-
quent reaction and promotes mass transport in the kinetics of the elec-
trocatalytic reaction.

The structure of the catalysts was examined by X-ray powder 
diffractometry (XRD). The XRD results showed no significant diffraction 
peaks for the amorphous CoB, indicating its amorphous form (Fig. 3a). 

The annealed crystalline CoB displayed distinct diffraction peaks cor-
responding to the (1 2 0), (0 2 2), (2 1 1), (3 1 2) and (1 4 0) crystal 
planes at 40.04◦, 44.14◦, 46.83◦, 72.60◦ and 75.86◦, respectively, of 
Co4B (PDF#39-1107). This indicates the successful synthesis of CoB 
nanomaterials with crystalline structural features.

The types of vacancies in amorphous and crystalline CoB were 
further investigated using X-band electron paramagnetic resonance 
(EPR) spectroscopy (Fig. 3b). From the EPR spectrum of the CoB, it can 
be seen that a paramagnetic absorption signal at g = 2.003 can be 
attributed to the uncoordinated O vacancies on the surface. The amor-
phous CoB exhibits a stronger peak intensity, suggesting it can contain 
more oxygen vacancies to capture more electrons [33]. The chemical 
valence states of the elements were determined by X-ray photoelectron 
spectroscopy (XPS). The full spectrum of XPS shows that both amor-
phous and crystalline CoB catalysts comprise Co, B, C and O (Fig. 3c), 

Fig. 2. SEM images of (a, b) amorphous CoB and (c) crystalline CoB. (d, e) HR-TEM image of amorphous CoB and crystalline CoB. (f) HAADF-STEM images of 
amorphous CoB and corresponding elemental mapping of Co and B.

Fig. 3. (a) XRD patterns. (b) EPR spectra of amorphous CoB and crystalline CoB. (c) XPS spectra of survey. (d-f) High resolution Co 2p, B 1s and O 1s XPS spectra of 
amorphous CoB and crystalline CoB.
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consistent with the EDS mapping results. For the Co 2p spectra (Fig. 3e), 
the peaks at 779.5 and 778.4 eV are attributed to the bonding of metallic 
Co with B. Additionally, the spectra in the Co 2p region show two 
spin–orbit double states for Co2+ at the Co 2p1/2 orbitals (796.8 eV) and 
at the Co 2p3/2 orbitals (781.0 eV), which is attributed to the oxidation 
of some of the Co by air to form cobalt oxide during the preparation 
[32]. The Co 2p3/2 peaks of amorphous CoB are shifted to higher binding 
energy by 0.82 eV compared to crystalline CoB, indicating an increase in 
the electron cloud density of Co after heat treatment (Fig. 3d) [34]. In 
Fig. 3e, both metallic boron (187.7 eV) and boron oxide (191.8 eV) are 
present in the B 1 s spectrum. Compared with amorphous CoB, the B0 
bonding peak in crystalline CoB is notably reduced (Fig. S5), likely due 
to B element loss during annealing, which corresponds to a decrease in B 
content [33]. Furthermore, the XPS spectra of O 1 s reveal two oxidation 
states in CoB (Fig. 3f). Peaks at 531.3 and 532.6 eV correspond to oxygen 
defects and physically/chemically adsorbed water, respectively. The 
higher oxygen vacancy concentration in amorphous CoB is attributed to 
its disordered atomic structure and oxygen removal by NaBH4, which 
induces these vacancies. In contrast, high-temperature annealing facil-
itates atomic diffusion and covalent bond formation, thereby reducing 
oxygen vacancies during the preparation of crystalline CoB [34,35].

The prepared amorphous CoB, crystalline CoB and RuO2 were tested 
for OER electrocatalytic activity in 1.0 M KOH solution using a standard 
three-electrode configuration [36]. At the current density of 10 mA 
cm− 2, an overpotential of 350 mV was needed for amorphous CoB 
(Figs. 4a and S6). By comparison, overpotentials were 384 mV for 
crystalline CoB and 443 mV for RuO2. Notably, all cobalt boride-based 

samples showed higher catalytic activity compared to the commercial 
RuO2 catalyst, which required 529 mV to reach a current density of 50 
mA cm− 2 (Fig. 4c), whereas amorphous CoB maintained the smallest 
overpotentials even at large current densities, compared to crystalline 
CoB and RuO2 catalysts (Fig. S7). It exhibited the lowest Tafel slope of 
65.8 mV dec-1, outperforming both crystalline CoB (106.6 mV dec− 1) 
and RuO2 (84.2 mV dec− 1). (Fig. 4b). Furthermore, the amorphous CoB 
outperformed the CoB catalyst synthesized without a magnetic field 
(Fig. S8). These results suggest that the short-range ordered, long-range 
disordered structure of the amorphous state enhances OER kinetics. This 
structural arrangement enables amorphous catalysts to drive overall 
catalysis, whereas crystalline catalysts are limited to surface catalysis 
[37,38].

The electrochemically active surface area (ECSA), reflecting the 
active sites of amorphous and crystalline CoB catalysts, was evaluated 
based on the double-layer capacitance (Cdl) calculated from cyclic vol-
tammetry results. Since Cdl is directly proportional to ECSA, the results 
are shown in Figs. 4d and S9. The Cdl of amorphous CoB is 60.6 mF cm− 2, 
larger than that of crystalline CoB (49.8 mF cm− 2) and RuO2 catalyst 
(1.6 mF cm− 2). It is also much larger than the CoB catalyst synthesized 
without a magnet (Fig. S8). These results indicate amorphous CoB cat-
alysts have higher ECSA compared to their crystalline counterpart due to 
their abundance of surface defects and unique amorphous structure and 
hence more active sites [39,40].

Electrochemical impedance spectroscopy (EIS) was used to study the 
electrocatalytic reaction resistance in order to better explore the elec-
trocatalytic kinetic properties of the catalysts. Nyquist plots were are 

Fig. 4. (a) OER polarization curves, (b) Tafel plots obtained from OER polarization curves of amorphous and crystalline CoB and RuO2. (c) Comparison of the 
overpotential, (d) Electrochemical double-layer capacitance (Cdl) of amorphous and crystalline CoB and RuO2. (e) Multistep chronopotentiometry curves of 
amorphous and crystalline CoB and RuO2. (f) Comparison of overpotentials and Tafel slopes of amorphous CoB catalysts in with existing reported OER catalysts. (g) 
Chronoamperometric durability test of amorphous CoB.
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presented in Fig. S10 and fitted with an equivalent circuit model for the 
quantification of the key kinetic parameter, the charge transfer resis-
tance (Rct). The fitting results show that the Rct of amorphous CoB is 
smaller than that of crystalline CoB, confirming efficient electron 
transfer at the interface between the amorphous CoB catalyst electrode 
and electrolyte. In contrast, commercial RuO2 catalysts showed large 
interfacial charge transfer resistance [41,42].

The durability and robustness of the amorphous and crystalline CoB 
were further evaluated by multi-step chrono-potential tests, and long- 
term bulk electrolysis. As shown in Figs. 4e and S11, after cycling the 
voltage between 1.4 and 1.8 V, the amorphous CoB exhibited a higher 
current density than both crystalline CoB and RuO2 catalysts, reaching 
180 mA cm− 2 at 1.8 V. This value significantly surpassed that of crys-
talline CoB (120 mA cm− 2) and RuO2 (80 mA cm− 2), with minimal 
fluctuation and stable catalyst performance. This suggests that amor-
phous CoB has good mass transfer performance and stability. Generally, 
the catalytic performance of amorphous CoB exceeds that of the crys-
talline form due to the presence of sufficient active sites. In addition, a 
comparison with the existing reported advanced OER catalysts reveals 
that amorphous CoB has the smallest Tafel slope and produces much 
lower overpotentials than other non-precious metal OER catalysts, 
indicating that the catalytic performance of amorphous CoB is superior 
to that of most of the previously reported catalysts [43]. Amorphous CoB 
exhibits superior water oxidation performance, significantly out-
performing previous literature reports and transition metal-based cata-
lysts (Fig. 4f and Table S2). To demonstrate the applied feasibility under 
the industrial conditions, the OER performance of amorphous CoB 
catalyst was further evaluated at 60◦C in 6 M KOH. As shown in Fig. 4g, 
the amorphous CoB delivers a current densities retention exceeding 100 

% and maintains its performance for 100 h under 100 mA cm− 2, showing 
its excellent stability in harsh industrial conditions. The results indicate 
that the activity and stability of amorphous CoB catalysts under alkaline 
conditions are superior to those of crystalline CoB. Additionally, LSV 
plots of the catalysts were recorded after long-term tests. The LSV curves 
after OER showed significant changes compared to the initial curves, 
with the overpotential of the amorphous CoB decreasing from 350 mV to 
320 mV at 10 mA cm− 2. In contrast, the overpotential of crystalline CoB 
showed only a negligible change (Fig. S12). Amorphous CoB undergoes 
rapid self-reconstruction during electrochemical activation, forming a 
metal (oxy)hydroxide active layer that serves as the active site for the 
OER [44].

In order to further identify the active catalytic sites during OER, we 
examined the surface chemistry and structural evolution of the catalysts 
after OER using SEM and in situ Raman spectroscopy analysis [44]. The 
SEM images in Fig. S13 confirmed the evolution of the surface structure 
during the OER process, revealing surface self-reconstruction. After the 
reaction, the nanobeads retained their string-bead structure. To inves-
tigate catalyst activity enhancement and identify new surface substances 
after the OER, in situ Raman tests at various electrode potentials were 
conducted on amorphous CoB to clarify the OER mechanism and in-
termediate formation (Fig. 5a). Raman spectra obtained below 1.3 V 
revealed two weak peaks at 469 and 509 cm− 1, corresponding to the Co 
stretching (A1g) and bending vibration features, respectively, while the 
670 cm− 1 peak is attributed to CoOx. As the voltage increased, new 
peaks appeared at 601 and 718 cm− 1, corresponding to Co(OH)2 and 
CoOOH, respectively. [45] The amorphous CoB acts as a precursor 
catalyst, transforming into Co(OH)2 and CoOOH, which serve as active 
sites for the oxygen evolution reaction. In situ Raman spectroscopy 

Fig. 5. Study of the surface reconstruction on amorphous CoB electrode during OER. (a and b) In situ Raman spectra of OER on amorphous CoB in 1 M KOH. (c) The 
Ea values of amorphous and crystalline CoB at different overpotential. (d and e) Corrosion polarization curve of various samples. (f) Reaction device of overall water 
splitting and the collected H2 and O2 volumes with time running. (g) Amount of O2 and H2 as a function of time at 0, 200, 400, 600 and 800 s.
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reveals that electrochemical activation induces dynamic reconstruction 
of amorphous CoB into a CoOOH/(oxy)hydroxide layer, forming a het-
erointerface with the metallic CoB core. Through interfacial Co-O-Co 
bonding, this oxyhydroxide phase extracts electrons from metallic Co 
sites, elevating their oxidation state to optimize oxygen intermediate 
adsorption and reduce OER energy barriers [46,47].

The corrosion polarization curves of amorphous CoB and crystalline 
CoB were tested in a 1 M KOH solution, further demonstrating the su-
perior corrosion resistance and stability of amorphous CoB (Fig. 5d). 
Corrosion current and voltage are essential parameters for evaluating 
the corrosion resistance of materials. A higher corrosion voltage reflects 
a lower susceptibility to corrosion, while a lower corrosion current in-
dicates a reduced corrosion rate [48]. Amorphous CoB (0.78 V vs. Ag/ 
AgCl) and crystalline CoB (0.66 V vs. Ag/AgCl) have similar corrosion 
voltages, but the corrosion current of amorphous CoB (2.6 μA) is much 
lower than that of crystalline CoB (5.2 μA) (Fig. 5e). Thus, these findings 
convincingly demonstrate the superior corrosion resistance of the 
amorphous CoB electrode compared to its crystalline counterparts.

The surface activation energy (Ea) refers to the average energy bar-
rier of the overall reaction pathway and indirectly reflects the intrinsic 
activity of the electrocatalyst [49]. The activation energy was calculated 
using the Arrhenius equation, lnk=− Ea

RT + c, where k represents the re-
action rate, R is the molar gas constant, and T is the absolute tempera-
ture [50,51]. To explore the kinetic factors enhancing the OER catalytic 
activity of the samples, Ea was calculated from linear sweep voltam-
metry polarization curves measured between 313 K and 343 K. Gener-
ally, reactants require kinetic energy exceeding the activation barrier to 
form products. As shown in Fig. S14, increasing the reaction tempera-
ture from 313 K to 343 K engages more reactants, resulting in signifi-
cantly lower overpotentials for the OER reactions of both amorphous 
and crystalline CoB at a current density of 10 mA cm− 2. Specifically, the 
overpotential of amorphous CoB dropped from 326 mV at 313 K to 294 
mV at 343 K, while that of crystalline CoB decreased from 347 mV at 
313 K to 312 mV at 343 K. Activation energies at various overpotentials 
were derived from the slopes of linear plots, revealing that Ea for 
amorphous CoB was consistently lower than for crystalline CoB, aligning 
with theoretical predictions (Fig. 5c). At an overpotential of 320 mV, Ea 
for amorphous CoB is 17.8 kJ mol− 1, compared to 19.5 kJ mol− 1 for 
crystalline CoB. This outcome indicates that the amorphous CoB has a 
significantly lower energy barrier, with its disordered, defect-rich 
structure reducing the kinetic energy barrier and enhancing intrinsic 
activity, thus leading to superior OER electrocatalytic performance 
[52,53].

The gas volumes of hydrogen and oxygen generated during the re-
action were collected using an H-type electrolysis cell, and the hydrogen 
and oxygen production efficiencies were evaluated using Faraday effi-
ciency under 1.0 M KOH conditions. The experimental setup, shown in 
Fig. 5f, includes water electrolysis tanks separated by a Nafion mem-
brane. The O2 produced was collected in an orange cylinder, while the 
H2 was collected in a yellow cylinder. The changes in cylinder scale were 
recorded at 200-second intervals once the electrolysis process stabilized. 
By comparing the experimentally collected gas volumes with theoretical 
calculations, the Faraday efficiency of amorphous CoB was determined 
to approach 100 % for both the HER and OER (Fig. 5g and S15). Anion- 
exchange membrane water electrolyzer (AEMWE) testing under indus-
trial conditions (50 mA cm− 2, 60◦C) demonstrates practical viability. 
The amorphous CoB-assembled AEMWE electrolytic cell exhibited good 
catalytic activity and had an attenuation rate of only 4 % after 100 h of 
stable operation at 50 mA cm− 2 (Fig. S16). These findings reveal the 
material’s remarkable capabilities in hydrogen production, demon-
strating its strong potential for practical applications in intermittent 
energy storage.

4. Conclusions

In summary, we present a novel magnetic field-assisted method for 
an amorphous cobalt boride (CoB) catalyst with a unique nanobead 
architecture, subsequently converted into a crystalline phase via simple 
thermal treatment. This innovative approach enhances active site 
exposure and promotes efficient electrolyte infiltration and diffusion 
during the oxygen evolution reaction (OER), resulting in remarkable 
catalytic performance. The amorphous CoB catalyst exhibits a low 
overpotential of 350 mV at 10 mA cm− 2 and demonstrates superior long- 
term stability, maintaining performance over 100 h. Notably, in situ 
Raman spectroscopy reveals that the amorphous CoB undergoes rapid 
self-reconstruction into an active metal (oxy)hydroxide layer upon 
electrochemical activation. This finding supports the hypothesis that 
short-range order and vacancy-rich structures can significantly enhance 
electrocatalytic behavior. Compared to previous studies, our catalyst 
offers significant reductions in overpotential and enhanced durability, 
underscoring its potential for efficient water oxidation. This work pro-
vides valuable insights and prospects for designing advanced OER cat-
alysts from amorphous materials.
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