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Supplementary Fig.1 | XRD patterns of V−incorporated CoS2 samples and CoS2. 

 

The X-ray diffraction (XRD) pattern of the as-prepared sample agrees well with the standard diffraction 

peaks of CoS2 (PDF#89-1492), indicating the formation of the sulfide phase without detectable crystalline 

impurities. Upon V incorporation, the CoS2 sample exhibits a systematic shift of the characteristic diffraction 

peaks toward lower 2θ values relative to the undoped counterpart. This peak displacement suggests an 

expansion of the lattice parameter, consistent with the incorporation of V species into the CoS2 framework 

rather than the formation of a separate crystalline V-containing phase. No additional impurity reflections are 

observed within the detection limit of the measurement. 

  



 

Supplementary Fig.2 | Co K-edge X-ray absorption spectra of V–CoS2 and CoS2. 

 

Compared with pristine CoS2, the absorption edge of V–CoS2 shifts slightly toward lower photon energy, 

indicating a reduced average oxidation state of Co after V incorporation. This behavior suggests that the 

introduction of high-valence V species induces electronic redistribution within the CoS2 lattice, leading to 

partial electron enrichment at neighboring Co centers. 

Such an electronic effect is consistent with the presence of high-valence V dopants in the precursor, as 

independently supported by the V 2p XPS results, which identify the incorporated vanadium species as 

predominantly V5+. Therefore, although V is introduced as a high-valence dopant, its incorporation leads to 

a lowered average Co valence through local charge compensation and electronic structure reorganization 

within the CoS2 framework. 

  



 

Supplementary Fig.3 | XPS characterization of V–CoS2 before and after electrochemical oxidation. 

Top: V 2p spectrum of V–CoS2 showing characteristic V 2p2/3 and V 2p1/2 peaks. Bottom: V 2p spectrum of 

CR-CoOOH after electrochemical oxidation, where no detectable V signal is observed. 

 

The V 2p XPS spectrum of V–CoS2 shows two characteristic peaks located at 517.9 and 525.1 eV, which 

are assigned to V 2p3/2 and V 2p1/2, respectively. The binding energies are consistent with V in a high 

oxidation state (V5+). This result is also consistent with the XRD observations, where V incorporation 

induces a shift of the CoS2 diffraction peaks toward lower 2θ values. Although V5+ has a smaller ionic radius 

than Co, the observed lattice expansion is more plausibly attributed to charge redistribution and local 

structural distortion induced by the high-valence dopant, rather than to a simple ionic size effect. 

After electrochemical activation, no detectable V 2p signal is observed in the XPS spectrum of CR-CoOOH 

within the detection limit of the measurement. This result indicates that V species are substantially depleted 

from the surface region probed by XPS, suggesting extensive dissolution of V during electrochemical 

reconstruction. 

  



 
Supplementary Fig.4 | High-resolution Co 2p, V 2p, and S 2p XPS spectra of CR-CoOOH recorded after 

different electrochemical activation times (0-6 h). 

 

Time-dependent XPS measurements were performed to monitor the compositional evolution of CR-CoOOH 

during electrochemical activation. As the activation time increases from 0 to 6 h, a progressive attenuation 

of the V 2p signal is observed, with the V signal becoming nearly undetectable at extended activation times. 

In contrast, the S 2p signal remains discernible at intermediate stages before gradually diminishing. 

The more rapid decrease of the V 2p intensity relative to the S 2p signal indicates that V species are 

preferentially depleted from the near-surface region during electrochemical activation. This behavior 

suggests that high-valence V species are more susceptible to electrochemical leaching compared to sulfur 

species within the sulfide framework. 

Simultaneously, the Co 2p spectra exhibit a gradual evolution with increasing activation time. At the initial 

stage (0 h), the spectrum contains noticeable contributions from Co2+ species, characteristic of the sulfide 

precursor. As electrochemical activation proceeds, the relative intensity of the Co3+ component progressively 

increases, accompanied by a reduction in the Co2+ contribution and changes in the satellite features. After 

prolonged activation, the spectra are dominated by Co3+-related peaks, indicative of the formation of cobalt 

oxyhydroxide species. 

  



 

 

Supplementary Fig.5 | Chronopotentiometric reconstruction profile of V–CoS2 at 10 mA cm–2.  

 

The potential evolves during oxidative reconstruction and reaches a stable plateau after approximately 10 h, 

indicating that the reconstructed CR-CoOOH active phase has reached a stable catalytic state.  



 

Supplementary Fig.6 | XRD pattern of the reconstructed sample CR-CoOOH and LR-CoOOH after 

electrochemical operation 

 

After electrochemical reconstruction, the XRD pattern of CR-CoOOH shows no clearly resolved diffraction 

peaks assignable to crystalline cobalt oxyhydroxide. Instead, the diffraction profile is dominated by broad 

and diffuse features, indicating the absence of detectable long-range crystallographic order within the 

resolution of XRD. In contrast, the LR-CoOOH sample displays discernible diffraction peaks after 

electrochemical oxidation, which can be indexed to the CoOOH phase, reflecting the formation of a more 

ordered oxyhydroxide structure. 

  



 

 

Supplementary Fig.7 | High-resolution Co 2p XPS spectra. a Co 2p XPS spectra of and V–CoS2. b Co 

2p XPS spectra of CR-CoOOH after electrochemical reconstruction. 

  



 

Supplementary Fig.8 | High-resolution S 2p XPS spectra of pristine V−CoS2 and CR-CoOOH. 

  



 

Supplementary Fig. 9 | Morphology and elemental distribution of the V−CoS2 precursor. a, EDS 

spectrum of the V−CoS2 precursor showing the characteristic signals of V, Co, S and O. b, SEM image 

showing the spherical morphology and textured surfaces of the precursor particles. c, EDS elemental map of 

O. d, EDS elemental map of V. e, EDS elemental map of Co. f, EDS elemental map of S. The spatially 

homogeneous distribution of V alongside Co and S confirms the successful incorporation of V throughout 

the CoS2 precursor.  



 
Supplementary Fig.10 | Morphology and elemental analysis of CR-CoOOH after electrochemical 

oxidation. a, EDS spectrum showing predominant Co and O signals after electrochemical oxidation, with V 

and S below detectable levels. b, SEM image of CR-CoOOH after electrochemical reconstruction. c-d, 

Elemental mapping of O (c) and Co (d), indicating a uniform distribution of Co and O throughout the 

reconstructed structure. 

  



 

Supplementary Fig.11 | STEM-EDS elemental mapping of CR-CoOOH. (a) HAADF-STEM image of 

CR-CoOOH and the corresponding EDS elemental maps of (b) Co, (c) O, (d) S, and (e) V.  

 

Co and O signals are distributed throughout the observed particle region, confirming the CoOOH-based 

reconstructed structure. In contrast, negligible S and V signals are observed, suggesting the complete 

removal of sulfur- and vanadium-related species after reconstruction. 

  



 
Supplementary Fig. 12 | STEM-EELS characterization of CR-CoOOH. a, HAADF-STEM image of 

CR-CoOOH with the selected spectrum-imaging region marked by the green box. b, EELS elemental map 

of the Co L-edge. c, EELS elemental map of the O K-edge. d, EELS elemental map of the V L-edge. e, EELS 

elemental map of the S L-edge. f, Representative EELS spectrum in the S L-edge energy region, showing no 

discernible S signal. g, Representative EELS spectrum covering the V L- and O K-edge regions. The absence 

of a discernible V L-edge signal and the pronounced O K-edge feature indicate the nearly complete removal 

of residual V from CR-CoOOH. The expected edge-onset positions are marked by dashed lines.  

 

 

The Co and O signals are clearly distributed across the reconstructed CoOOH region, whereas negligible V 

and S signals are observed. The bottom panels show representative EELS spectra collected from the mapped 

region, further confirming the dominant Co–O framework and the complete removal of V/S species after 

reconstruction. 

  



 

Supplementary Fig.13 | Schematic illustration of localized reconstruction (LR). Edge-initiated localized 

reconstruction of CoS2 leading to LR-CoOOH. 

 

For the V-free CoS2 precursor, electrochemical oxidation primarily initiates at edge sites, where sulfur 

oxidation occurs preferentially. The reconstruction then gradually propagates inward from these edge regions, 

forming a reconstructed oxyhydroxide phase (LR-CoOOH). In this edge-initiated reconstruction pathway, 

coordinatively unsaturated Co sites are mainly generated near edge regions. In contrast, when V is 

incorporated into the CoS2 lattice, electrochemical activation induces the preferential oxidation and 

dissolution of V species. The removal of V creates local lattice vacancies and destabilizes the surrounding 

sulfur environment. As a result, sulfur atoms adjacent to the dissolved V sites undergo oxidation, triggering 

structural reconstruction within the lattice interior rather than only at edges. These internally initiated 

reconstruction events propagate outward and lead to a cascade reconstruction process. 

Consequently, unlike the edge-limited reconstruction observed in LR, the cascade reconstruction produces 

coordinatively unsaturated Co centers throughout the lattice. The resulting CR-CoOOH therefore contains a 

higher density of unsaturated Co sites and neighboring active centers compared with LR-CoOOH. 

  



 

Supplementary Fig.14 | High-resolution Co 2p XPS spectra. a, Co 2p XPS spectra of pristine CoS2. b, 

Co 2p XPS spectra of LR-CoOOH after electrochemical reconstruction. 

  



 

Supplementary Fig.15 | High-resolution S 2p XPS spectra of pristine CoS2 and LR-CoOOH after 

electrochemical oxidation. 

  



 

Supplementary Fig. 16 | Morphology and elemental distribution of the CoS2 precursor. a, EDS 

spectrum of the CoS2 precursor showing the characteristic Co and S signals. b, SEM image revealing the 

interconnected layered morphology of the precursor. c, EDS elemental map of O. d, EDS elemental map of 

S. e, EDS elemental map of Co, demonstrating the spatial distribution of Co throughout the precursor. 

  



 

Supplementary Fig. 17 | Structural characterization of LR-CoOOH after electrochemical oxidation. a, 

EDS spectrum of LR-CoOOH showing dominant Co and O signals, with only a barely detectable S signal. 

b, SEM image of the reconstructed catalyst, displaying a rough and porous surface morphology. c, EDS 

elemental map of O. d, EDS elemental map of Co, revealing the spatial distribution of Co throughout the 

reconstructed catalyst. 

 

Although V-CoS2 and CoS2 show differences in precursor morphology and surface XPS features, these 

pristine sulfide precursors are not the final catalytically active phases under OER conditions. Both precursors 

undergo electrochemical reconstruction into oxyhydroxide active phases before OER evaluation, yielding 

CR-CoOOH and LR-CoOOH, respectively. Therefore, the performance difference between CR-CoOOH and 

LR-CoOOH should be evaluated primarily based on the reconstructed oxyhydroxide phases rather than the 

pristine sulfide precursors. 

  



 

Supplementary Fig.18 | EXAFS fitting analysis of CR-CoOOH at the Co K-edge. a, Experimental data 

(symbols) and fitting curves (solid lines) in k space. b, Fourier-transformed EXAFS spectra in R space with 

the corresponding fitting results. 

  



 

Supplementary Fig.19 | EXAFS fitting results of LR-CoOOH at the Co K-edge. a, Experimental data 

(open circles) and fitted curve (solid line) of the EXAFS spectra in k space. b, Corresponding Fourier-

transformed EXAFS spectra and fitting curves in R space. 

  



 

 

Supplementary Fig.20 | EXAFS fitting results of CoOOH at the Co K-edge. a, Experimental data (open 

circles) and fitted curve (solid line) of the EXAFS spectra in k space. b, Corresponding Fourier-transformed 

EXAFS spectra and fitting curves in R space. 



 

Supplementary Fig.21 | Comparison of the Co–O coordination numbers obtained from EXAFS fitting. 

Error bars represent fitting uncertainties from EXAFS analysis. 

 

To quantitatively analyze the local coordination structure, EXAFS fitting was conducted and the Co–O 

coordination numbers were extracted. The fitting results show that CR-CoOOH exhibits a lower Co–O 

coordination number than LR-CoOOH and CoOOH, suggesting the formation of coordinatively unsaturated 

Co centers after reconstruction. Such a reduction in local coordination is consistent with the structural 

characteristics expected from the cascade reconstruction process, where the selective dissolution of V and 

subsequent lattice reorganization generate abundant unsaturated cobalt sites. 

  



 

Supplementary Fig.22 | Control EPR spectra of doped CoOOH samples after electrochemical 

oxidation. a, EPR spectrum of directly synthesized V-CoOOH. b, EPR spectrum of Fe-CoOOH. c, EPR 

spectrum of Ni-CoOOH. All spectra were recorded at 298 K. 

 

To clarify whether the Co-centered spin signal observed in CR-CoOOH originates simply from heteroatom 

incorporation, control EPR measurements were performed on directly synthesized V-CoOOH, Fe-doped 

CoOOH, and Ni-doped CoOOH after electrochemical oxidation. Here, V-CoOOH refers to a vanadium-

doped cobalt oxyhydroxide synthesized directly without sulfidation, and was used as a control to distinguish 

the effect of V incorporation itself from that of the sulfide-derived cascade reconstruction pathway. 

In all three control samples, only a resonance centered at g ≈ 2.00 is observed, which is commonly associated 

with defect-related paramagnetic centers. No detectable feature attributable to Co-centered unpaired spins 

appears at g ≈ 2.16 under the present measurement conditions. These results indicate that heteroatom 

incorporation alone, even after electrochemical oxidation, is insufficient to generate the Co-centered spin 

signal observed in CR-CoOOH. Therefore, the emergence of Co-centered unpaired spins in CR-CoOOH 

should be attributed to the cascade reconstruction process triggered by selective V dissolution in the sulfide-

derived precursor, rather than to dopant incorporation itself. 

  



 

Supplementary Fig.23 | Room-temperature magnetic measurements of reconstructed catalysts. a, M–

H curves of CR-CoOOH, LR-CoOOH, and CoOOH recorded at room temperature. b, High-field slopes 

(dM/dH) derived from the corresponding M–H curves, reflecting the relative magnetic susceptibilities of the 

samples 

  



 

Supplementary Fig.24 | Temperature-dependent magnetization analysis. a, Magnetization–temperature 

(M–T) curves of CR-CoOOH, LR-CoOOH, and CoOOH. b, Number of unpaired electrons derived from 

Curie-law fitting of the M–T curves. 

  



 
Supplementary Fig.25 | Temperature-dependent EPR analysis of CR-CoOOH. a, EPR spectra recorded 

at 50, 100, 200, and 300 K. b, Representative spectrum at 50 K showing the peak-to-peak linewidth (ΔHpp). 

c, Temperature dependence of ΔHpp extracted from the g ≈ 2.16 resonance. 

 

The temperature-dependent EPR behavior of CR-CoOOH provides further insight into the magnetic 

interactions among cobalt centers. The monotonic decrease of ΔHpp with increasing temperature reflects 

thermally modulated spin-spin interactions, indicative of exchange-coupled localized Co moments. At lower 

temperatures, the broadened linewidth suggests enhanced exchange correlations and reduced thermal 

averaging of spin fluctuations. 

Such exchange-correlated cobalt spin centers imply a spin-polarizable electronic environment in CR-

CoOOH. The presence of exchange interactions can promote partial spin alignment among neighboring Co 

sites, thereby stabilizing parallel spin configurations in oxygen-derived radical intermediates. This exchange-

mediated spin polarization offers a magnetic framework that is consistent with spin-conserved radical 

oxygen coupling during oxygen evolution. 



Rather than arising from long-range ferromagnetic ordering, the observed behavior supports short-range 

magnetic correlations that modulate the local electronic structure of cobalt and facilitate spin-dependent 

reaction pathways. 

  



 
Supplementary Fig.26 | Electrochemical measurements of CR-CoOOH, LR-CoOOH, and CoOOH. a 

Non-iR-corrected OER polarization curves. b Nyquist plots recorded at open-circuit potential. The resistance 

(R) is determined as 1.33Ω for CR-CoOOH, 1.48Ω for LR-CoOOH, and 1.68Ω for CoOOH. Surface area: 

0.5 cm−2. 

  



 

Supplementary Fig.27 | Overpotentials required to reach 10 and 100 mA cm–2 for CR-CoOOH, LR-CoOOH, 

and CoOOH. 

  



 

Supplementary Fig.28 | Tafel slopes derived from the polarization curves of CR-CoOOH, LR-CoOOH, 

and CoOOH. 

  



 

Supplementary Fig.29 | Comparison of OER performance with recently reported state-of-the-art OER 

catalysts. Scatter plot comparing the overpotential at 10 mA cm–2 and Tafel slope of CR-CoOOH with 

representative OER catalysts reported in recent literature from Supplementary Table 3. 

  



 

Supplementary Fig.30 | Determination of electrochemical surface area. a-c Cyclic voltammograms 

measured at various scan rates in the non-faradaic potential region for CR-CoOOH, LR-CoOOH, and 

CoOOH. d Linear fitting of the capacitive current density difference (ΔJ) as a function of scan rate, from 

which the double-layer capacitance (Cdl) is derived. 

  



 

Supplementary Fig.31 | Polarization curves of CR-CoOOH, LR-CoOOH, and CoOOH normalized by the 

electrochemical surface area. 

  



 

Supplementary Fig.32 | Specific current densities of CR-CoOOH, LR-CoOOH, and CoOOH at 1.5 V vs. 

RHE, normalized by the ECSA. 

  



 

Supplementary Fig.33 | Control experiments excluding the activity contribution of soluble or weakly 

adsorbed V/S-derived species. a OER polarization curves of CR-CoOOH measured before and after 

transferring the reconstructed electrode into fresh 1 M KOH. b OER polarization curves of CR-CoOOH 

measured in fresh 1 M KOH with and without deliberately added vanadate and sulfate ions. 

  



 

Supplementary Fig.34 | OER polarization curves of CR-CoOOH using Pt foil or carbon rod as the counter 

electrode in 1 M KOH.  



 

Supplementary Fig.35 | LSV curves of CR-CoOOH measured before and after the stability test at 200 mA 

cm−2 for 500 h. 

  



 

Supplementary Fig.36 | Structural stability of CR-CoOOH after high-current AEMWE operation. a 

Co K-edge XANES spectra of CR-CoOOH collected before and after 300 h durability testing in an AEM 

electrolyzer at 2, 4, and 6 A cm−2. b Fourier-transformed EXAFS spectra showing negligible changes in the 

local coordination environment. 

  



 

Supplementary Fig.37 | SEM/EDS analysis of the MEA after AEMWE stability testing at 1 A cm−2 for 100 

h.  

 

The catalyst layer/membrane interface remains physically integrated, and the elemental distributions show 

no obvious Co migration across the membrane or severe catalyst-layer detachment after operation. 

  



 

Supplementary Fig.38 | SEM/EDS analysis of the MEA after AEMWE stability testing at 6 A cm−2 for 

100 h. The catalyst layer/membrane interface remains physically integrated, and the elemental distributions 

show no obvious Co migration across the membrane or severe catalyst-layer detachment after high-current-

density operation.   



 

Supplementary Fig.39 | pH-dependent OER activity of CR-CoOOH, LR-CoOOH, and CoOOH. a-c 

Linear sweep voltammetry curves measured at different pH conditions. d Relationship between catalytic 

activity and pH with linear fitting to obtain the slope (k). 

  



 

Supplementary Fig.40 | LSV curves of CR-CoOOH recorded in alkaline electrolyte with and without 

tetramethylammonium hydroxide (TMAOH). 

  



 

Supplementary Fig.41 | Probing surface oxygen species using methanol oxidation. a-c Linear sweep 

voltammetry curves of CR-CoOOH (a), LR-CoOOH (b), and CoOOH (c) measured in 1 M KOH with and 

without 1 M methanol. d Comparison of current density differences extracted from panels. 

 

Linear sweep voltammetry measurements were performed in 1 M KOH with and without 1 M methanol to 

probe the reactivity of surface oxygen species. Upon addition of methanol, all samples exhibit an increase 

in current density, attributable to the oxidation of methanol by surface oxygen intermediates. 

Among the three samples, CR-CoOOH shows the most pronounced current enhancement, whereas LR-

CoOOH and CoOOH display comparatively smaller responses. The extracted current density differences 

follow the order CR-CoOOH > LR-CoOOH > CoOOH, indicating a higher density or greater reactivity of 

surface oxygen species in CR-CoOOH. 

Because methanol oxidation is facilitated by reactive oxygen intermediates such as surface *OH or oxygen-

derived species, the markedly enhanced alcohol-assisted current in CR-CoOOH suggests the presence of 

more active oxygen species generated during cascade reconstruction. This behavior is consistent with the 

formation of coordinatively unsaturated Co–O units and a modified electronic environment. Furthermore, 

the enhanced response supports the existence of spin-polarizable oxygen-hole states in CR-CoOOH, which 

may participate in radical coupling pathways during oxygen evolution. 

 

  



 

Supplementary Fig. 42 | Operando Raman mapping of LR-CoOOH during the OER process. Raman feature 

centered at ~980 cm−1, corresponding to the adsorbed *OOH intermediate. 

  



 

Supplementary Fig.43 | Potential-dependent evolution of O–O-related vibrational bands under OER 

conditions. a Normalized intensities of the O–O-related band derived from operando Raman spectroscopy 

b Normalized intensities of the O–O-related bands derived from operando ATR-SEIRAS. In both 

measurements, the O–O-related signal increases upon entering the OER-relevant potential region, indicating 

the potential-driven formation and accumulation of O–O coupling intermediates. 

  



 

Supplementary Fig.44 | Structural model of LR-CoOOH. 

  



 

Supplementary Fig.45 | Structural model of CR-CoOOH.  

  



 

Supplementary Fig.46 | Pourbaix-diagram analysis of the thermodynamically stable phase under alkaline 

OER conditions. Data were generated using the Materials Project (https://next-gen.materialsproject.org/)1–

3. 

  



 

Supplementary Fig.47 | DFT analysis of Co–Co distance and charge distribution of adsorbed oxygen 

species. a Structural models of LR-CoOOH. b Structural models of CR-CoOOH. The magnified views 

highlight the adsorption configurations and the corresponding Co–Co distances (2.83 Å for CR-CoOOH and 

2.86 Å for LR-CoOOH). The red numbers denote the Bader charge (|e|) of the adsorbed oxygen species (*O), 

indicating the electron transfer between the catalyst surface and the oxygen intermediate. Blue, red, and 

white spheres represent Co, O, and H atoms, respectively. 

  



 

Supplementary Fig.48 | Spin-density comparison of V/S-containing and V/S-free CR-CoOOH 

models. a, Spin-density isosurface of the V/S-containing CR-CoOOH model. b Spin-density isosurface of 

the V/S-free CR-CoOOH model. 

  



 

Supplementary Fig.49 | Spin-density isosurface of V–CoOOH. 

  



 

Supplementary Fig.50 | Energetic comparison of spin-aligned and spin-inverse oxygen-radical 

configurations.  

 

Calculated formation energies of spin-aligned and spin-inverse oxygen-radical configurations involved in 

the O2 formation process on CR-CoOOH. 

  



 

Supplementary Fig.51 | LSV curves of CR-NiOOH, LR-NiOOH, and NiOOH in fresh 1 M KOH. 

  



 
Supplementary Fig.52 | Operando DEMS characterization of NiOOH-based catalysts. a Operando 

DEMS signals of O2 products for 18O-labeled CR-NiOOH. b Operando DEMS signals of O2 products for 

18O-labeled NiOOH. 

  



 

Supplementary Fig.53 | Schematic of DEMS electrochemical cell.  

 

The L-DP01 membrane from Shanghai Linglu is employed. Electrochemical testing was conducted in a 

three-electrode configuration with a carbon-cloth-supported catalyst as the working electrode, a Pt wire as 

the counter electrode, and a Hg/HgO electrode as the reference electrode. The electrolyte is 1 M KOH. 

  



 
Supplementary Table 1 | ICP analysis of V–CoS2 after activation for different durations 

V-CoS2 

Stage 

Mass ratio of Co 

(wt%) 

Mass ratio of S 

(wt%) 

Mass ratio of V 

(wt%) 

0 h 37.92 27.63 3.02 

2 h 20.28 0.28 0.25 

4 h 20.03 0.23 0.19 

6h 19.96 0.06 0.03 

10 h 21.55 N/A N/A 

 

Elemental contents were determined by ICP analysis after acid digestion of the corresponding samples. 

  



Supplementary Table 2 | FT-EXAFS fitting results of R-CoOOH and S-CoOOH, where CN is the 

coordination number, 𝜎2 is the Debye-Waller factor, Δ𝐸0 is the shift in absorption edge energy, R is the bond 

length, and R-factor means Residual factor. 

Sample Path CN 𝜎2 Δ𝐸0 R R-factor 

CoOOH Co−O 6.05±0.40 0.0015± 

0.0009 

2.772±0.619 1.900±0.0053 0.002 

LR-

CoOOH 

Co−O 5.44±0.45 0.0045± 

0.0013 

0.436±0.495 1.912±0.0053 0.004 

CR-

CoOOH 

Co−O 4.22±0.56 0.006± 

0.0012 

-1.411±1.429 1.907±0.007 0.008 

 

  



Supplementary Table 3 | Comparison of the overpotential and Tafel slope of CR-CoOOH with reported 

OER catalysts. 

Catalysts η (mV) at 

10 mA cm−2 

Tafel slope  

(mV dec−1) 

 

Durability (h) Loading 

mass  

(mg cm−2) 

Electrolyte 

resistance 

(Ω) 

Ref. 

CR-CoOOH 185 58 500 (200mA cm−2) 0.75 1.4 This work 

FCG-3 262 60.7 30 (10mA cm−2) 1 4.41 ref4 

Ir@Mn-Ni-PA 272 60.3 100 (10mA cm−2) N/A 1.51     ref5 

NM98I2O 253 81.3 1000 (10mA cm−2) 0.25 2.6  ref6 

a-Ni/DCBs 279 65.1 200 (10mA cm−2) N/A N/A  ref7 

Ru−Co-THQ 261 89 120 (250mA cm−2) 0.42 7.56  ref8 

NiFe/ATNT 235 71 100 (10mA cm−2) 5 1.9  ref9 

LC-NiMn-LMF 232 59.4 100 (500mA cm−2) N/A 1.8   ref10 

NiCo2O4-F1 300 96 100 (100mA cm−2) 3 9.774   ref11 

NiCo1.8Fe0.2O4@NCF 270 130 20 (100mA cm−2) 0.5 N/A   ref12 

Vo-Co3O4 HNCs 295 72.5 130 (20mA cm−2) 1 N/A     ref13 

Co−B@Co3O4/Co3O4NSs 257 84 16 (20mA cm−2) 0.254 12   ref14 

B-MOF-Zn-Co 249 66.8 300 (100mA cm−2) N/A 1.5   ref15 

FeCoCuMnRuB 233 61 200 (10mA cm−2) N/A 7.097   ref16 

Ni8Co2-BDC 274 73.1 48 (10mA cm−2) 1 N/A   ref17 

 β-Ni(OH)2@Ni1–xO 208 58.9 40 (10mA cm−2) N/A N/A   ref18 

 

  



Supplementary Table 4 | Performance of AEMWE assembled with recently reported anodic catalysts. 

Anode 
Cell voltage 

(V@1A cm−2) 

Current 

density  

@ 2 V 

 (A cm−2) 

Stability 

(h) 

Degradatio

n rate  

(mV h−1) 

AEM 

loading  

(mg cm−2) 

Reference 

CR-CoOOH 1.64 6.3 2000 0.05 1 This work 

W-Co3O4 2.12 1.8 100 0.1 3 ref19 

N-CoO 1.7 2 300 0.1 3 ref20 

CoOOH-l 1.69 3.4 1200 0.09 5 ref21 

Fe@Co oxide 1.72 3.05 1000 0.2 2 ref22 

Ni3Fe LDH 1.74  2.07 400 0.093 2 ref23 

NiFe LDH 1.91 1.3 100 0.09 1 ref24 

Ru-

Co2Ni@NCNT 
1.87 1.5 500 0.1 1.2 ref25 

FeNiPt@C 1.95 1.02 90 1.11 2 ref26 

FCM0.47 1.76 2.2 500 0.46 2 ref27 

NiFe/Ni-S 1.8 1.2 400 0.37 1 ref28 

Ni0.8Fe0.2Mn0.1Se2 1.68 1.5 300 0.59 1 ref29 

NiFe2O4-50 1.68 2.9 1000 0.24 1.5 ref30 
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