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Material characterization instruments. Powder X-ray diffraction (PXRD) was employed to
examine the structure of the samples, utilizing a Shimadzu XRD-7000 diffractometer (Cu Ka
radiation, A=1.54056 A) manufactured in Japan. Raman spectra were collected using a DXR2xi
Raman imaging microscope (Thermo Fisher Scientific). Fourier transform infrared (FT-IR) spectral
data were obtained using a Nicolet iS50 FT-IR produced by Thermo Fisher Scientific. A K-Alpha
high-performance X-ray photoelectron spectroscopy (XPS) spectrometer produced by Thermo
Fisher Scientific was utilized to conduct XPS analysis. Thermogravimetric analysis combined with
differential scanning calorimetry (TG-DSC) was performed using a simultaneous thermal analyzer
(SDT 650, TA Instruments/STA449F3, NETZSCH). Morphological characterization was
conducted using a ZEISS Sigma 300 scanning electron microscope (SEM). Transmission electron
microscopy (TEM) and energy-dispersive spectroscopy (EDS) analyses were performed on an FEI
Tecnai G2 F20 electron microscope operated at 80 kV.

Electrochemical measurements. The electrocatalytic performance of all samples for ORR, OER,
and HER was evaluated using a standard three-electrode setup with a CHI-760E electrochemical
workstation (Chenhua, Shanghai). Among these electrodes, the working electrode is either a glassy
carbon electrode (GC) or a rotating disk electrode (RRDE), while the counter electrode is a graphite
rod. The choice of the reference electrode depends on the properties and concentration of the
electrolyte solution. Specifically, in acidic and neutral media, as well as in a 0.1 M KOH alkaline
solution, an Ag/AgCl (saturated KCl solution) electrode is used. In contrast, a 1.0 M KOH
electrolyte system requires an Hg/HgO reference electrode. Preparation of the electrocatalyst ink:
Mix 2.5 mg of the carbonized sample with 2.5 mg of carbon powder and grind the mixture
thoroughly. The blended materials were then evenly dispersed in a mixture of 360 pL distilled water,
120 pL isopropanol, and 20 pL. Nafion solution, followed by sonication for 60 minutes to yield a
uniform ink. 4 plL and 8 pL of electrocatalyst ink were drop-cast onto the pre-polished GC (0.07069
c¢m?) and RRDE (0.196 cm?) electrodes, respectively, and air-dried to serve as working electrodes.
0.5 M H,SOq (acidic), 0.1 M K;SO4 (neutral), 0.1 M KOH and 1.0 M KOH (alkaline) were used as
the electrolyte solutions for ORR/OER/HER, with a scan rate of 5 mV s™'. However, during the
constant voltage test, 60 pL of the ink was evenly coated onto a 1 cm? carbon paper, serving as the
working electrode. All potentials were converted to the reversible hydrogen electrode (RHE) scale

using Equations S1 and S2.
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Calculations

All potentials were corrected to the reversible hydrogen electrode (RHE), calculated by the Nernst

equation:
E (V vs. RHE) =E (V vs. Ag/AgCl) + 0.197 V + 0.0591xpH (Equation S1)
E (V vs. RHE) = E (V vs. Hg/HgO) + 0.098 V + 0.0591xpH (Equation S2)

The Tafel slope was calculated by using the following equation S3.
n=blogj+a (Equation S3)
where 7 is the overpotential (V), j is the current density (mA cm™2), and b is the Tafel slope
(mV dec™).

The ORR mechanism based on electron transfer number was analyzed by using K-L equations:

1
J T Jk Bw'? (Equation S4)

_ 23 - 1/6
B =0.2nFCyDv (Equation S5)

where J is the measured current density (mA cm2); Jx is the kinetic current density (mA cm2); J.
is the diffusion limit current density (mA c¢cm™); @ is the rotation speed of the rotating disc (rpm
min!); F'is the Faraday's constant (96485 C mol™"); Cj is the oxygen concentration in 0.1 M KOH
solution (1.2x107° mol cm™); Dy is the diffusion coefficient of oxygen in 0.1 M KOH solution
(1.9%1073 cm? s71); v is the viscosity of 0.1 M KOH solution (1.13x1073 cm? s7!).

For RRDE measurements, set the Pt loop potential to 1.2 V and the H,0, yield and electrons can be

calculated. The formula for the number of electron-transfers (n) in the electrode reaction is as

follows:
/N
H,0,% =200 X ———
Iq+ LN (Equation S6)
Iy
= X —
Iq+ /N (Equation S7)

Among them, /; is the diffusion-current (A), /; is the ring-current (A), and N is the collection

efficiency of the platinum ring (with a value of 0.37).[1]

sS4



The electrochemically active surface area of samples was quantified by integrating the charge
of the redox peaks at 1.18 V versus the reversible hydrogen electrode scale (vs. RHE) measured

using cyclic voltammetry (CV) in 0.1and 1.0 M KOH.

V-V,
=IXAU/v
v (Equation S8)

Q=IXt=1X

Where Q (C) refer to electric charge, I (A) as constant current, AU (V) refers to voltage

window, and v (V s™!) refers to scan rates (pay attention to unit conversion).

The electrochemically active surface area (ECSA) are usually estimated from the
electrochemical double-layer capacitance (Cdl) via collecting cyclic voltammogram (CV). The Cdl
was determined from cyclic voltammograms measured in a non-Faradaic region at different scan
rates in the potential range from 0 to 0.1 V versus Ag/AgCl. The current differences at 0.1 V (with
scan rates v = 20, 40, 60, 80 and 100 mV/s) were fitted to obtain the Cdl: Cdl = I¢/v, where Cdl, Ic,
and v are the double-layer capacitance (mF/cm?2) of the electroactive materials, charging current

(mA/cm?2), and scan rate (mV/s).[>4]

All density functional theory (DFT) calculations were carried out with the Vienna Ab initio
Simulation Package code.l’] The electron—ion interactions were treated using the projector
augmented wave (PAW) method, while exchange—correlation effects were described by the
Perdew—Burke—Ernzerhof (PBE) functional within the generalized gradient approximation
(GGA).[681 A plane-wave cutoff energy of 520 eV was chosen, and structural relaxations were
performed until the total energy and atomic forces converged within 1 x 1075 eV and 0.05 eV A",
respectively. To account for long-range dispersion forces, Grimme’s DFT-D3 correction was
included throughout.[® The Brillouin zone was sampled using a 4 x 4 x 1 Monkhorst-Pack k-point
grid for all structural optimized calculations.['% A vacuum spacing larger than 15.0 A was introduced
along the z direction to eliminate spurious interactions between periodic slabs.

The Gibbs free energy profile for hydrogen evolution reaction (HER), oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) were evaluated within the computational
hydrogen electrode (CHE) framework proposed by Nerskov and co-workers under standard
conditions.[!'1 The entropy of H*+e™ pair is approximately regarded as half of H, entropy in standard
condition. The free energy change for each elementary step was calculated using:

AG = AE + AEzpg + JCpdT — TAS + AGy,
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where AFE represents the electronic energy obtained from DFT, AEzpg and AS correspond to zero-
point energy and entropy contributions, JdeT denotes the enthalpic correction at 298.15 K, and
AGy = eU accounts for the electrode potential. The ultimate potential (U ) characterizing catalytic
activity is governed by the potential-determining step (PDS) in the most favorable pathway, and is
quantified by the largest positive free-energy change (AGu.x) of the optimal electrocatalysts
(—AGav/e).

Carbon vacancies were introduced to maintain charge neutrality and structural stability of the
Co*" coordination environment, rather than to intentionally create additional active sites. To
examine whether carbon vacancies could serve as potential reaction centers, we explicitly evaluated
O, adsorption at the carbon vacancy sites. As shown in Fig S15, O, does not adsorb on the carbon
vacancy sites and remains far from the catalyst surface, with a much weaker adsorption energy (0.41
eV) compared to that on the Co metal centers (—0.63 eV). These results indicate that carbon
vacancies do not provide energetically favorable or catalytically relevant adsorption sites, and the
catalytic activity is therefore dominated by the Co-centered active sites.

In addition, we systematically examined the side-on and end-on adsorption configurations of
O, on the metal sites. As shown in Fig S16, geometry optimizations reveal that on the Co**-N-C
site, the end-on configuration of O, is energetically more favorable (—0.73 eV) than the side-on
configuration (—=0.31 V). In contrast, for the Co’>*~N-C site, O, initially placed in either side-on or
end-on configurations converges to an end-on geometry after optimization, with an adsorption
energy of —0.63 eV. Consequently, the end-on adsorption mode was adopted for all subsequent free-
energy calculations.

We have performed additional electronic structure analyses, including partial density of states
(PDOS) calculations (Fig S17), to further elucidate the origin of the different adsorption behaviors
between Co?* and Co*" sites. Compared with Co’>*~N-C, the Co?*-N-C site exhibits a higher
contribution of occupied Co 3d states extending toward the Fermi level, as revealed by the PDOS.
Owing to its 3d” configuration, Co?" retains partially filled d orbitals whose occupied states lie closer
to Fermi level, whereas the higher-valence Co*" shows a deeper-lying occupied manifold and
reduced PDOS near Fermi level. This upward shift of occupied Co 3d states in Co?" enhances their
energetic alignment with the frontier orbitals of oxygenated intermediates and H*, enabling more

efficient electron donation during adsorption. At the same time, the absence of excessive unoccupied
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d states near Fermi level avoids overly strong d—p hybridization, resulting in a balanced adsorption

strength for *O, *OH, OOH, and H.
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Figure S1. PXRD patterns of Co—-MOFs centered around two different valence states of cobalt.
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Figure S2. TG curves of Co—-MOFs with two different valence state centers.
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Figure S3. (a-d) STEM and mapping images of Co?>*—N—C at different sizes; (e-h) STEM and

mapping images of Co>*—N—C.
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Figure S5. Electric double-layer capacitance (Cy) diagrams of Co—N-C in a 0.1 M KOH

electrolyte.
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Figure S6. LSV curves and K-L illustrations of Co**—N—C at 400—2025 rpm.
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Figure S7. CV curves at different scan rates in 0.1 M KOH electrolyte solution: (a) Co**—N—C; (b)

Co**-N-C.
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Figure S8. Comparison of Tafel slopes for Co—N—C catalysts with two different metal valence state

centers and commercial IrO, catalyst in different electrolyte solutions: (a) 0.1 M KOH; (b) 1.0 M

KOH.
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Figure S9. CV curves of Co—N—C catalysts with two different metal valence state centers in

different electrolyte solutions: (a) 0.1 M KOH; (b) 1.0 M KOH.
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Figure S10. CV curves at different scan rates in 1.0 M KOH electrolyte solution: (a) CV scans of
Co?-N—-C; (b) CV scans of Co**-N—C; (c) Calculated electric double-layer capacitance (Cy)

slope.
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Figure S12. Comparison of Tafel slopes based on HER performance testing LSV curves for
Co—N-C catalysts with two different metal valence state centers and commercial 20% Pt/C in

different electrolytes: (a) 0.1 M K,SOy electrolyte; (b) 0.1 M KOH electrolyte.
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Figure S14. CV curves at different scan rates in 0.1 M K,SOj electrolyte solution: (a) CV scans of
Co?-N-C; (b) CV scans of Co**—N—C; (¢) Calculated electric double-layer capacitance (Cy)
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Figure S16. the optimized O, adsorbed on Co>*~N-C by side-on configuration.
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Figure S17. the partial density of states (PDOS) of (a) Co?>*~N—C and (b) Co**-N-C.

Table S1. Different types of C credit ratios.

Samples
C—C/Co—C C=N C-N -
C types
Co**-N-C 56.77 % 30.09 % 6.15 % 6.99 %
Co**—N-C 65.34 % 21.71 % 5.68 % 7.27 %
Table S2. The proportion of N type integral surfaces.
Samples
Pyridinic-N Pyrrolic-N Graphitic-N Oxidized-N
N types
Co**-N-C 54.42 % 28.12 % 9.12 % 8.34 %
Co**-N-C 45.27 % 34.78 % 10.83 % 9.12 %
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Table S3. Electrocatalytic performance (ORR) compared with similar catalysts.

Half-wave
Onsetpotentials
Catalyst potentials Stability Electrolyte
™
™
Co**—N—ClThis work] 0.86 0.77 252 h, 91.3% 0.1 M KOH
CoNi—SAs/NCI2I 0.88 0.76 16 h, 90% 0.1 M KOH
Fe;—HNC-500-850(13] 0.93 0.842 20000 s 0.1 M KOH
Co—SAs@NCI4] 0.96 0.82 22.5h, 94.4% 0.1 M KOH
Co—CoN4@NCNs!!3] 0.95 0.83 12 h, 96.7% 0.1 M KOH
Co/Co—N—Cl!¢] 0.86 0.78 - 0.1 M KOH
Co—N—-C-850[17] 0.827 0.74 - 0.1 M KOH
20000s, >

Fe;C@C—SN/25-800(18] 0.844 0.670 0.1 M KOH

95.00%
FeCo-DACs!!] - 0.89 - 0.1 M KOH

15

FeCo-NCNS[? - 0.90 mV@10,000 0.1 M KOH

cycles

7mV@10,000

CoFeCu-TACP! 1.055 0.891 0.1 M KOH

cycles

CoNi@NCNTs-
- 0.84 16 h, 88.6% 0.1 M KOH
LDH/CC 22
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Table S4. Electrocatalytic performance (OER) compared with similar catalysts.

Current
Catalyst n (mV) Electrolyte
density
Co**—N—ClThis work] 10 mA cm? 495 0.1 M KOH
Co*—N—CI[This work] 10 mA cm? 368 1.0 M KOH
Mn/Co—N-C—0.02-800(23] 10 mA cm? 430 0.1 M KOH
FeCo/Co—N-CI24] 10 mA cm? 380 0.1 M KOH
Co—N-C/rGO—6—600!25] 10 mA cm? 490 0.1 M KOH
CoNC-MOG—9[2¢] 10 mA cm? 400 0.1 M KOH
CoSA/NPCI?7] 10 mA cm? 440 0.1 M KOH
CPN-C@900128] 10 mA cm? 420 0.1 M KOH
Co—N-C/ACI?*] 10 mA cm? 340 1.0 M KOH
P-doped-Co@NC3/1130] 10 mA cm? 340 1.0 M KOH
CoPB1] 10 mA cm? 400 1.0M KOH
Ni Co; x@Ni,Co; O/NCNTI*?I 10 mA cm? 380 1.0 M KOH
NiCo(OH),/NF[33] 10 mA cm? 420 1.0 M KOH
Co—P/Co—N—C/NPCI[34 10 mA cm? 374 1.0 M KOH
CoNi-PI(3,4-
dihydroxyphthalimide)ts! 10 mA cm 205 LOMKOH
F-doped NiCo,0,3¢ 10 mA cm™2 300 1.0 M KOH
CoNi-NBsB7] 10 mA cm? 300 1.0 M KOH
Table S5. Integral area and calculated capacitance data.
Electrolyte and 0.1 M KOH 0.1 M KOH 1.0 M KOH 1.0 M KOH
Samples Co>*-N—-C Co*-N—-C Co**-N—-C Co**—-N-C
Area (mA) 0.00387 0.00281 0.01630 0.00512
Q (mC) 0.000271 0.000197 0.001141 0.000358
Compared with 0.1

1.38 1.00 7.16 1.82

M KOH
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Co*-N-C

Table S6. Electrocatalytic performance (HER) compared with similar catalysts.

Current
Catalyst n (mV) Electrolyte
density
Co0?*—N—C [This work] 10 mA cm?? 412 0.5 M H,SO,
Co@N—CNTFB8] 10 mA cm? 226 0.5 M H,SO4
MoS, monolayer!3°] 10 mA cm™2 300 0.5 M H,SO,
N,P—graphene—1[4%] 10 mA cm? 422 0.5 M H,SO4
CoNC/GDM! 10 mA cm? 340 0.5 M H,SO,
CooSg@MoS,/CNFsl*2] 10 mA cm? 190 0.5 M H,SO4
CNT/Co—PcCHI 10 mA cm? 200 0.5 M H,SO,
4.55%Co—N/C[#4 10 mA cm? 263 0.5 M H,SO4
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