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Abstract 

The oxygen evolution reaction (OER) in seawater is notoriously hindered by slow kinetics and high 

overpotential, compounded by chloride-induced corrosion, which impedes efficient hydrogen 

production via seawater electrolysis. A key challenge is to devise an OER catalyst that not only 

mitigates chlorine oxidation and corrosion but is also cost-effective. In this work, the bimetallic iron-

cobalt (FeCo) nanoparticles are swiftly encapsulated within N-doped carbon shells in mere seconds 

using the Joule-heating technique, a process significantly faster than the several hours required by 

traditional furnace heating. Meanwhile, the high temperature could offer the necessary activation 

energy for Fe/Co atom redispersion on the carbon shell via forming abundant metal-nitrogen (Co/Fe-

N-C) active sites. These Co/Fe-N-C sites exhibit exceptional activity for OER catalysis. Consequently, 

the sample prepared by Joule-heating at 800 °C for 5 seconds (FeCo@CN-J-5) demonstrates superior 

OER performance, achieving a current density that is 35 times greater than that prepared without N 

doping and 6 times higher than that prepared via furnace heating. Moreover, FeCo@CN-J-5 operates 

stably for 100 hours at 200 mA cm-2 with negligible degradation in the highly corrosive electrolyte of 

0.1 M KOH + 0.6 M NaCl, demonstrating its promising potential for practical seawater splitting. 

 

Keywords: Joule heating, encapsulation, seawater splitting, ion selectivity, oxygen evolution  
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Introduction 

The growing global economy is fueling a significant increase in energy demand, which relies heavily 

on fossil fuels and contributes to increased global environmental problems.[1-3] Hydrogen, as a clean 

energy source with high energy density and eco-friendliness, has attracted significant attention,[4-6] and 

electrochemical water splitting is considered one of the most ideal methods for hydrogen production.[7-

10] While current research predominantly focuses on pure water electrolysis, seawater electrolysis holds 

great promise as a cost-effective, sustainable, and eco-friendly alternative for green hydrogen 

generation.[11-16] Direct seawater electrolysis poses greater challenges than pure water electrolysis due 

to the abundance of Cl⁻ ions, which can corrode catalysts and trigger competing side reactions.[17-20] 

The chlorine oxidation reaction (COR), which occurs due to the presence of Cl- in seawater, competes 

with the OER on the anode and reduces the OER efficiency.[21-23] Therefore, it is crucial to develop 

OER catalysts with high catalytic activity, high selectivity, and excellent stability in direct seawater 

electrolysis. 

Considering the kinetics and standard potentials, selective OER in alkaline seawater electrolysis is 

more suitable because it helps to inhibit chlorine generation in alkaline environments.[23-25] To develop 

efficient OER electrocatalysts under high-salinity conditions (~0.6 M NaCl) and low-alkalinity 

electrolytes, researchers have explored various strategies. For instance, Loomba et al. designed and 

prepared porous nitrogen-doped NiMo3P (N-NiMo3P) nanosheets with a thickness of several 

micrometer size, whose abundant active sites and metal-nitrogen bonding was crucial for overcoming 

harsh seawater environments.[26] Kuang et al. found that the in situ generated sulfate- and carbonate-

rich negative charge layers on the NiFe layered double hydroxide (LDH) catalyst could selectively 

repel Cl– ions through electrostatic repulsive forces. This mechanism helped prevent corrosion of the 

inner catalytic species.[25] Luo et al. reported a three-dimensional (3D) core-shell TMN-based OER 

electrocatalyst with multi-scale porosity (NiMoN@NiFeN), which provided abundant active sites, 

facilitated rapid gaseous product release through interconnected channels, and enabled efficient charge 
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transfer, leading to excellent alkaline seawater splitting activity.[17] Moreover, the formation of a 

negatively charged layer on the catalyst could selectively repel Cl⁻, which improved stability, but 

unfortunately, its catalytic activity could hardly be improved simultaneously.[27] Despite significant 

advances in OER catalysts for the seawater electrolysis have been achieved, there are still some 

challenges in enhancing the performance and stability of the catalysts. While FeCo-based catalysts 

demonstrate excellent electrocatalytic activity for the oxygen evolution reaction (OER), their chloride 

resistance and oxidation stability in seawater environments remain underexplored.[9, 28-32] Additionally, 

using conventional methods to control the formation of carbon shells typically required high 

temperatures (~800 °C) and longer durations (>2 h), leading to high energy consumption and extended 

processing times. 

In this work, we achieved the transient construction of carbon shell on FeCo bimetallic core 

(FeCo@CN-J-5) via a Joule-heating technique that could minimize energy and time consumption. The 

transient high temperature could provide sufficient activation energy to enable the diffusion of Fe/Co 

atoms from the metal alloy core towards the exterior, and then these atoms could be captured by N-C 

anchoring sites. The formed Co/Fe-N-C coordination sites exhibited high OER catalytic activity and 

selectivity, and proper extension of the heating time led to the full redispersion of Fe/Co atoms in the 

N-doped carbon shell. Meanwhile, the carbon shell could well protect the metal core from corrosion. 

Thanks to this unique structure, the FeCo@CN-J-5 catalyst required a low overpotential of 299 mV to 

achieve the current density of 10.0 mA cm−2 in the electrolyte of 0.1 M KOH + 0.6 M NaCl, and could 

stably operate for over 100 hours at a high current density of 200 mA cm−2. 

 

Experimental section 

Materials and chemicals 

Cobalt chloride hexahydrate (CoCl2·6H2O, 98%) and sodium chloride (NaCl, 99.8%) were 

purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Iron(III) chloride (FeCl3, 99%) 
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was purchased from Shanghai Titan Scientific Co., Ltd. Potassium hydroxide (KOH, 95 %) and 2-

methylimidazole (C4H6N2) were purchased from MACKLIN. The SCP130N hydrophilic carbon paper 

was purchased from Suzhou Sinero Technology Co., Ltd, whose main parameters include thickness 

(0.3 mm), volume density (770 mg cm-3), void ratio (75%), air resistance (11.5 mmH2O), and electrical 

resistivity (through plane, 2.7 mΩ cm2). All the chemicals and reagents were used without further 

purification.  

 

Preparation of FeCo@CN-J-5 

The FeCo@CN-J-5 was synthesized by rapid Joule-heating technique. Typically, 0.119 g of 

CoCl₂·6H₂O and 0.081 g of FeCl₃ were dissolved in 50 mL of deionized water under stirring for 10 

minutes at room temperature. Separately, 0.68 g of 2-methylimidazole was dissolved in another 50 mL 

of deionized water. Then the Fe and Co precursor solution and 2-methylimidazole solution were 

dropped on a 1×1.5 cm2 carbon paper (SCP130N) in batches, and rapidly dried (~65oC) by infrared 

heating lamp. After drying, it was placed in the middle of two 3 × 6 cm2 carbon paper (SCP130N) to 

form a sandwich structure to ensure uniform heating of the sample, and thermally treated by applying 

high voltage and high current to generate Joule-heating in a glovebox filled with an argon atmosphere. 

The voltage and current were set to 30 V and 38.5 A, respectively, and the power-on time could be 1 

s, 2 s, 3 s, 4 s, and 5 s (FeCo@CN-J-X). The surface temperature of the carbon paper was about 800 ℃. 

FeCo@CN-J-X samples were then collected for subsequent activity evaluation.  

 

Preparation of FeCo@C-J-5 

To reveal the effect of N doping on the diffusion of metal atoms during Joule-heating treatment, the 

FeCo@C-J-5 sample (without N doping) was prepared, whose synthesis method was similar to that of 
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FeCo@CN-J-5, except that no 2-methylimidazole was added, and the solution added by drops was 

only the Fe/Co precursor mixture solution.  

 

Preparation of FeCo@CN-T-800-2  

To reveal the differences between Joule-heating treatment and tubular furnace heating methods, the 

FeCo@CN-T-800-2 sample was prepared. The Fe/Co mixture solution and 2-methylimidazole 

solution were dropped on a 1 × 1.5 cm2 carbon paper (SCP130N) in batches, infrared heating ( ~ 65 ℃) 

by an infrared heating lamp caused the solution to volatilize rapidly. After drying, the sample was 

placed in a porcelain boat and heated to 800 ℃ at a rate of 5 ℃ min-1 in flowing argon atmosphere for 

2 h. 

 

Results and discussion 

Preparation and morphological characterization  

The preparation procedure of  FeCo@CN-J-5 via rapid Joule-heating technique is shown in Figure 

1a and illustrated in the Experimental Section.[9] The morphology of FeCo@C-J-5 and FeCo@CN-J-

5 were first characterized by transmission electron microscopy (TEM). As shown in Figure 1b and 

Figure S1, the carbon layer of FeCo@C-J-5 incompletely encapsulated the FeCo metal nanoparticles 

in the absence of nitrogen doping. In contrast, after nitrogen doping, a well-defined carbon shell formed, 

effectively encapsulating the metal nanoparticles (Figure 1c). X-ray diffraction (XRD) was then used 

to characterize the crystal structure and composition of the catalysts (Figure 1d and Figure S2). 

FeCo@CN-J-5 exhibited two diffraction peaks representing FeCo metal alloy at 44.750o and 65.108o 

(PDF#48-1816), and their intensities were higher than that of FeCo@C-J-5. Meanwhile, the results of 

inductively coupled plasma (ICP-OES) showed that the Fe and Co contents of FeCo@CN-J-5 were 

more than two times that of FeCo@C-J-5 (Table S1). Moreover, X-ray photoelectron spectroscopy 
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(XPS) was used to investigate the surface chemical composition and electronic structure of 

FeCo@CN-J-5 and FeCo@C-J-5. Figure S3 and Figure S4 showed the survey-scan XPS spectra of 

FeCo@CN-J-5 and FeCo@C-J-5, while the surface contents of Co, Fe, and N elements obtained from 

the XPS survey spectra (Figure S3 and Figure S4) were listed in Table S2, showing that the contents 

of Co and Fe elements were significantly increased after N doping. XPS results, together with XRD 

and ICP results, fully proved that the existence of N species was crucial for enhancing the adsorption 

capacity of Fe/Co atoms on the carbon shell matrix, thus increasing the loading content of FeCo metal 

nanoparticles.  

Specifically, the N 1s spectra (Figure 1e) could be deconvoluted into pyridinic N (398.6 eV), 

porphyrin-like M-Nx coordination (399.8 eV), and pyrrolic N (401.5 eV), indicating the successful 

introduction of abundant N atoms into the carbon matrix.[33] It has been reported that the lone pairs of 

electrons or electron clouds on pyridine N could interact with the π-electron system of neighboring 

carbon atoms, thus changing the electron density distribution of the carbon atoms to enhance the 

oxygen adsorption and reduction processes.[34] Pyridine N could also be promising anchoring sites for 

Fe and Co atoms to exhibit excellent catalytic performance and electron conductivity.[35] Figure S5 

confirmed the existence of metal-O coordination.[36] Thus, the Co 2p spectra of FeCo@C-J-5 and 

FeCo@CN-J-5 were collected and depicted in Figure 1f. The peak of Co 2p3/2 could be deconvoluted 

into three peaks centering at around 780.4, 782.9, and 787.6 eV, attributed to Co3+, Co2+, and satellite, 

respectively. For the Fe 2p spectra (Figure 1g), and the binding energy at 714.2 eV confirmed the 

presence of Fe3+, while the peak located at about 711.2 eV could be attributed to Fe2+. The presence 

of Fe2+ and Co3+ could be attributed to the charge transfer that occurred between Fe and Co species 

during Joule-heating. To summarize, TEM and XPS results showed that C, N, O, Fe and Co were all 

presented in FeCo@CN-J-5, and the synthesized FeCo@CN-J-5 was encapsulated by amorphous N-

doped carbon shells with Co/Fe-N-C coordination sites. 
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Figure 1. The synthesis route and morphological characterization. (a) A schematic illustration of 

the synthesis process of FeCo@CN-J-5. (b) TEM image of FeCo@C-J-5. (c) TEM image of 

FeCo@CN-J-5. (d) The XRD pattern of FeCo@C-J-5, FeCo@CN-J-5. (e-g) XPS spectra of FeCo@C-

J-5, FeCo@CN-J-5. 
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Structure evolution under Joule heating 

TEM was further employed to compare the FeCo@CN-J-1 and FeCo@CN-J-5 samples with those 

prepared under different heating durations. The FeCo@CN-J-1 sample exhibited a well-defined carbon 

shell surrounding the metal nanoparticles (Figure 2a and Figure S6), and under TEM observation, the 

carbon shell appeared transparent as it could be penetrated by electrons. As the heating duration 

increased, Fe/Co atoms of the metal core could diffuse outwards and be captured by the N anchoring 

sites within carbon shell, which became impervious to the electron penetration under TEM observation. 

Consequently, the thickness of the transparent carbon out layer progressively decreased from 8.4 nm 

to 3.3 nm when the Joule-heating duration increased from 1 s to 4 s. Eventually, in FeCo@CN-J-5, the 

Fe/Co atoms were homogeneously dispersed throughout the N-doped carbon shell, and the 

nanoparticle sizes were primarily distributed within the range of 45-80 nm, with the majority of 

nanoparticles centered around 50 nm (Figure 2a-e and Figure S7). The EDS spectrum of FeCo@CN-

J-5 is shown in Figure 2f, confirming that the C, N, O, Fe, and Co elements were dispersed in the core-

shell structure, proving the formation of Co/Fe-N4-C coordination sites, which were expected to 

enhance the OER activity of the catalysts. Based on the above results, the dispersion process of the 

Fe/Co atoms from the metallic alloy core into the N-doped carbon shell during Joule-heating could be 

clearly illustrated (as shown in Figure 2g). High-temperature Joule heating provides sufficient 

activation energy for atomic diffusion, and initially, as the inner carbon layer contained abundant N 

sites, the diffused Fe/Co atoms could be preferentially captured by the N sites of inner carbon layer to 

form the Fe/Co-N-C coordination. However, once the N sites of inner carbon layer were occupied and 

in short supply, Fe/Co atoms continued to diffuse outwards, eventually achieving complete dispersion 

of the atoms into throughout carbon shell. In other words, this results in the formation of more active 

sites, which is more beneficial for the OER to proceed. [37] 
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Figure 2. The Structural changes of FeCo@CN-J-X after different Joule heating times. (a-e) 

TEM images of FeCo@CN-J-1, FeCo@CN-J-2, FeCo@CN-J-3, FeCo@CN-J-4, FeCo@CN-J-5. (f) 

HAADF STEM image and EDX elemental maps of FeCo@CN-J-5. (g) A schematic illustration of the 

evolution of the carbon shell structure. 

 

Electrochemical activity evaluation 

The OER activities of FeCo@C-J-5, FeCo@CN-J-X (X=1,3,5,8,10) were evaluated using a three-

electrode system in 0.1 M KOH + 0.6 M NaCl solution and 1M KOH solution at a scanning rate of 1 

mV s-1 at room temperature (Figure S8-9). As shown in Figure 3a and Figure S10, FeCo@CN-J-5 had 
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the lowest overpotential value of 299 mV at a current density of 10 mA cm-2, followed by FeCo@CN-

J-1 at 317 mV, both of which were far superior to FeCo@C-J-5 without N-doping (394 mV). 

Meanwhile, at the overpotential of 350 mV, the current density of FeCo@CN-J-5 (125 mA cm-2) was 

35 times that of FeCo@C-J-5 (3.8 mA cm-2). We further investigated the Tafel slope of the catalysts, 

which could be applied to determine the reaction kinetics of the catalysts (Figure 3b). Compared with 

the Tafel slopes of FeCo@C-J-5 (71.9 mV dec-1) and FeCo@CN-J-1 (58.7 mV dec-1), the Tafel slope 

of FeCo@CN-J-5 was smaller (44.7 mV dec-1), suggesting the enhanced OER kinetics of FeCo@CN-

J-5. Meanwhile, the charge transfer of the prepared catalysts in alkaline seawater was analyzed by 

electrochemical impedance spectroscopy (EIS) at a voltage of 1.56 V (vs. RHE), and the Nyquist plots 

were illustrated in Figure 3c. The Rct value of FeCo@CN-J-5 was 7.6 Ω, smaller than that of 

FeCo@CN-J-1 (10.0 Ω) and FeCo@C-J-5 (18.5 Ω), which suggested that FeCo@CN-J-5 possessed 

the optimal electron transfer capability. The electrochemical active surface area (ECSA) of the catalyst 

was positively correlated with its double layer capacitance (Cdl), which was measured by cyclic 

voltammetry and scanned at different scanning rates (20 mV s-1 to 100 mV s-1) (Figure S11). As shown 

in Figure 3d, the Cdl value of FeCo@CN-J-5 (34.9 mF cm-2) was much larger than that of FeCo@CN-

J-1 (27.4 mF cm-2) and FeCo@C-J-5 (11.7 mF cm-2). Accordingly, the ECSA values of FeCo@C-J-5, 

FeCo@CN-J-1, and FeCo@CN-J-5 were 292.5 cm², 685 cm², and 872.5 cm², respectively. It could be 

seen that catalysts with N-doped carbon shell and metal particles distributed in the carbon shell had 

more active sites and good charge transfer properties, which significantly improved the OER 

performance. Clearly, FeCo@CN-J-5 exhibited the lowest overpotential and Tafel slope, as well as 

enhanced OER kinetics and electron transfer capability, which is advantageous for its application as 

OER catalyst. The intrinsic activity of FeCo@CN-J-5 indeed outperformed most recently reported 

transition metal catalysts in alkaline seawater (Table S5). 

Stability was a key indicator for evaluating the catalytic performance of a sample. We compared the 

stability of FeCo@C-J-5 and FeCo@CN-J-5 in alkaline seawater splitting (0.1 M + 0.6 M NaCl). 
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Figure 3e showed the long-term stability of FeCo@C-J-5 and FeCo@CN-J-5 at the current density of 

100 mA cm-2. It could be seen that FeCo@C-J-5 started to decay in 40 h, and was completely 

deactivated after 80 h, while FeCo@CN-J-5 could operate stably at a current density of 100 mA cm-2 

for over 100 h with negligible decay. It was clear from Figure S12 that the CV curve obtained after 

100 h of operation at a current density of 100 mA cm-2 almost overlapped with the initial CV curve. It 

indicated that N doping could promote the formation of a carbon shell, which is crucial for enhancing 

its stability. The results demonstrated the promising potential of FeCo@CN-J-5 for seawater 

electrolysis applications. 

 

Figure 3. OER activity in weakly alkaline seawater. (a) CV curves in 0.1 M KOH + 0.6 M NaCl. 

(b) Tafel slope in 0.1 M KOH + 0.6 M NaCl. (c) EIS in 0.1 M KOH + 0.6 M NaCl at the potential of 

1.56 V (vs. RHE). (d) Cdl and ECSA in 0.1 M KOH + 0.6 M NaCl. (e) Stability measurement of 

FeCo@C-J-5 and FeCo@CN-J-5 at the current density of 200 mA cm−2 in 0.1 M KOH + 0.6 M NaCl. 
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Structural stability evaluation 

We further performed XRD, ICP, TEM, and XPS analyses to evaluate the chemical and structural 

stability differences before and after the OER stability test of FeCo@CN-J-5 (Figures 4a-4e). After 

the long-term OER test, the XRD pattern of FeCo@CN-J-5-After retained its characteristic peaks, 

indicative of its unchanged physical phase (Figure 4b and Figure S13). Meanwhile, the ICP results 

showed that the content of FeCo species in FeCo@CN-J-5-After slightly decreased and remained twice 

as high as that in FeCo@C-J-5-After (Table S2). Besides, in the TEM images (Figure 4a and Figure 

S14), unlike FeCo@C-J-5-After that experienced significant structure damage, FeCo@CN-J-5-After 

showed little change in its morphology after 100 h of stability testing. It demonstrated that the N-doped 

amorphous carbon shell had excellent encapsulation properties, effectively protecting the FeCo metal 

particles from being eroded by Cl⁻ in the solution. 

The surface state was investigated using XPS, and the surface contents of Co, Fe, and N elements 

obtained from the XPS survey spectra (Figure S15 and Figure S16) were listed in Table S4. In contrast 

to FeCo@C-J-5 (Table S3), where the contents of Co and Fe decreased by approximately 30%, those 

in FeCo@CN-J-5-After almost unchanged, indicating that the N-doped carbon shell could effectively 

protect the FeCo metal nanoparticles. The collected spectra in Figures 4c-4e confirmed the survival of 

Fe, Co, and N species during long-term seawater oxidation stability test. For N 1s spectrum, there was 

a decrease in the amount of pyridine N and an increase in porphyrin-like metal N-coordinated M-Nx 

(Figure 4c), suggesting the capture of more Fe/Co atoms by N anchoring sites. Meanwhile, the Co 2p 

and Fe 2p spectra verified the increased of Co3+ and Fe3+ proportions, which were more favorable for 

charge transfer, thereby enhancing the reactivity of the catalyst (Figure 4d-f). To summarize, 

FeCo@C-J-5 was unable to form a stable carbon shell due to the lack of N elements, resulting in poor 

stability. In contrast, the unique properties of FeCo@CN-J-5, including the N-doped carbon shell and 

the dispersion of metal particles within the shell, endowed the catalyst with long-term stability.  
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Figure 4. Stability and morphological and structural characterization. (a) The TEM images of 

FeCo@CN-J-5-After. (b) The XRD pattern of FeCo@CN-J-5-After. (c-e) XPS spectra of FeCo@CN-

J-5-After. (f) Comparison of Fe and Co contents of FeCo@CN-J-5 and FeCo@CN-J-5-After. 

 

Carbon shell encapsulation control 

To further verify the critical requirement of rapid Joule-heat input for the encapsulation of FeCo 

metal nanoparticle and the full dispersion of Fe/Co-Nx-C active sites on the carbon shell, FeCo@CN-

T-800-2 sample was synthesized by conventional heat treatment in a tube furnace using the same 

carbon paper substrate and Fe/Co/N precursors. The OER performance of FeCo@CN-T-800-2 was 

also evaluated using a three-electrode system in 0.1 M KOH+0.6 M NaCl solution. As shown in Figure 

5a, FeCo@CN-T-800-2 required a higher overpotential (336 mV) at a current density of 10 mA cm-2 

compared to FeCo@CN-J-5 (299 mV), indicating inferior OER performance. Meanwhile, at the 

overpotential of 350 mV, the current density of FeCo@CN-J-5 (125 mA cm-2) was 6 times that of 

FeCo@C-J-5 (21 mA cm-2). Figure 5b showed the long-term stability tests of FeCo@CN-T-800-2 and 
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FeCo@CN-J-5 at the current density of 200 mA cm-2. It could be seen that FeCo@CN-T-800-2 

decayed constantly, and completely lost its activity after 60 h, while FeCo@CN-J-5 operated much 

more stably over 100 hours.  

XRD and XPS spectra showed that the crystal structure and surface chemical state of FeCo@CN-

T-800-2 were consistent with that of FeCo@CN-J-5, as both samples were synthesized by heating in 

an argon atmosphere (Figure 5d-f and Figure S17-18). However, due to the slow heating rate and long 

heating duration of the conventional furnace heating, the metal species of FeCo@CN-T-800-2 

aggregated into large nanoparticles (several hundred nanometers), and were encapsulated by an uneven 

carbon shell, whose thickness could be as low as 6.3 nm (Figure 5c and Figure S19). Meanwhile, the 

XPS results demonstrated that the carbon shell of FeCo@CN-T-800-2 contained much fewer Fe and 

Co atoms, leading to its reduction of active sites and OER activity (Table S3). Consequently, the OER 

performance of FeCo@CN-T-800-2 was not as good as that of FeCo@CN-J-5, and the carbon shell 

was too thin to protect the FeCo metal core from the corrosion of Cl- in the stability test. 

 

Figure 5. Comparison of the catalysts prepared by different heat treatment processes. (a) CV 

curves in 0.1 M KOH + 0.6 M NaCl. (b) Stability measurement of FeCo@CN-J-5 and FeCo@CN-T-
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800-2 at the current density of 200 mA cm−2 in 0.1 M KOH + 0.6 M NaCl . (c) TEM images of 

FeCo@CN-T-800-2. (d) The XRD pattern of FeCo@CN-T-800-2. (e-f) XPS spectra of FeCo@CN-T-

800-2. 

 

Conclusions  

The FeCo@CN-J-5 catalyst, featuring FeCo metal cores encapsulated in N-doped carbon shells, was 

prepared by the transient Joule heating method in several seconds. The high temperature (~800 oC) 

could offer sufficient activation energy for Co/Fe atom redispersion on the carbon shell via forming 

the Co/Fe-N-C active sites. And the proper extension of the heating time led to the full redispersion of 

Fe/Co atoms in the N-doped carbon shell. The structure endowed FeCo@CN-J-5 with excellent OER 

performance, characterized by a low overpotential (299 mV at 10 mA cm⁻²), a small Tafel slope (44.7 

mV dec⁻¹), and outstanding long-term stability, as it maintained stable catalytic activity at a current 

density of 200 mA cm⁻² for 100 hours. 
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