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Experimental Details

Chemicals:, P123 and Nafion solution (5 wt.%) were purchased from Sigma-Aldrich. 

Tannin (AR), Co(OAc)2 4H2O (AR),ethanol (AR), and KOH (AR) were purchased 

from Aladdin Co. (China). Commerical Pt/C (20 wt.%) was purchased from JM 

corporation. Commerical RuO2 was purchased from Premetek company. The 

deionized water was used in all experiments.

Synthesis of Co4N@NC: Typically, tannin (1.2 g) and P123 (0.6 g) were mixed in a 

screw-capped stainless steel reactor (diameter: 4.5 cm, height: 5.5 cm along with nine 

ball bearings (3×diameter 1.2 cm; 3×diameter 0.7 cm; 3×diameter 0.5 cm). The 

reactor was placed in a high-speed vibrating ball miller (300 rounds min-1) and the 

mixtures were ball milled for 1 h. Then, 0.1 g of Co(OAc)2 4H2O was added into the 

reactor for ball milling in another 1 h. The resulting gel-like products were washed 

with deionized H2O and ethanol, followed by drying at room temperature overnight. 

Thus the Co-organic precursors was obtained. Then, the obtained precursors were 

transfered into a quartz tube, and heating under a temperature of (600, 700, 800 oC) 

for 1 h with a heating rate of 5 oC/s under an atmosphere of NH3. After naturally 

cooled down, the Co4N@NC was obtained, and was denoted as “Co4N@NC-600”, 

“Co4N@NC-700”, and “Co4N@NC-800”, respectively. The Co4N@NC through total 

manuscript is Co4N@NC-700. The bare Co4N without NC can be synthesized via the 

calcination of Co-organic precursos under a temperature of 600 oC in air atmosphere 

to eliminate carbon, following by the nitridation under 700 oC for 1 h under NH3 

atmosphere. The NC was obtained via similar process without the adding of 
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Co(OAc)2 4H2O. The ratio of Co4N in Co4N@NC (RCo4N) can be also calculated via 

the following equation:
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The in Co4N@NC obtained via above typical process was 1.5 at. %. 
4Co NR

Characterizaiton: Powder X-ray diffraction (XRD) patterns were obtained from 

powders directly with Bruker D8 ADVANCE X-ray diffractometer equipped with Cu 

Kɑ radiation. The scanning electron microscopy (SEM, S4700, Hitachi, Japan) 

equipped with an energy dispersive X-ray spectrometer (EDS) was used to observb 

the morphologies of Co4N@NC catalysts. Transmission electron microscope (TEM, 

JEOL-2100) was used to investigate the structure. The elemental composition and 

chemical bonds were measured via a photoelectron spectroscopy (XPS) (PHI 5400, 

PE, USA). The SSA were tested by N2 adsorption instrument (Micromeritics ASPA 

2460, the United States) using Brunauer–Emmett–Teller (BET) method at 77 K. The 

pore size distributiton was calculted via using NLDFT method. Raman spectra were 

obtained from Renishaw Ramascope (Confocal Raman Microscope, Renishaw, 

Gloucester-shire, U.K.) equipped with a He–Ne laser (λ = 532 nm). The generated H2 

and O2 gases were quantified by gas chromatograph (GC, BF3420A, Beijing 

Beifen-Ruili Analytical Instrument, China).

Electrochemical tests: The HER and OER performance were studied by a typical 

three-electrode system consisting of a working electrode, a graphite rod counter 

electrode, and a Ag/AgCl (3.0 M KCl) reference electrode on a CHI 660E 

electrochemical workstation (Chenhua, Shanghai, China). A glass carbon working 
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electrode with a diameter of 3 mm was fabricated by the drop-casting the catalyst ink. 

Typically, 5 mg of catalyst and 100 μL of 5 wt% Nafion solution were dispersed in 

900 μL ethanol by 20 min sonication to form a homogeneous ink. After that, 4.3 μL of 

the above obtained ink (containing ~21.5 μg of catalyst) was coated on the glass 

carbon electrode (the loading mass: ~ 0.285 mg cm-2). After drying at room 

temperature, the working electrode was obtained. The Ag/AgCl reference electrode 

was calibrated with respect to a reversible hydrogen electrode (RHE) by the equation 

(1):

ERHE=EAg/AgCl+0.21 + 0.059pH.    (2)

Linear sweep voltammetry (LSV) were carried out in 1 M KOH at a scan rate of 5 

mV s-1. Tafel plots are fitted to the Tafel equation: 

η=b log j + a    (3)

where η is the overpotential, b is the Tafel slope, j is the current density and a is the 

Tafel intercept relative to the exchange current density j0. Electrochemical impedance 

spectroscopy (EIS) analysis was tested in the frequency range of 100 kHz to 0.1 Hz 

under the potential of 100 mV. The electrochemically active surface area (ECSA) was 

measured by the double layer capacitance (Cdl) in a non‐faradaic potential range of 

0.1 to 0.2 V at different scan rates of 20, 40, 60, 80, 100, and 120 mV·s-1. The ECSA 

was calculated by the following equation:

ECSA = Cdl/Cs   (4)

Where Cs is the specific capacitance. The durability tests for both HER and OER 

were carried out at a static potential (corresponding to a relative low current density of 
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~15 mA cm-2) for 72 h in 1 M KOH with a Hg/HgO reference electrode.

EQCM measurements: EQCM measurements were carried out with a QCM analyzer 

(QCS-922, Seiko EG&GCo., Ltd.) in 1 M KOH solution. The working electrode for 

EQCM is via drop-casting of above catalyst ink (13.4 μL) on the gold thin films 

(d=5.3 mm). The mass loading for Co4N is ~0.285 mg cm-2, and the mass loading for 

Co4N@NC is ~1.14 mg cm-2 to ensure that the mass of Co4N on the two electrodes 

were equal (mCo4N in bare Co4N = mCo4N in Co4N@NC). The counter electrode and 

reference electrode are graphite rod, and Ag/AgCl, respectively. The overpotential 

window for HER is -0.3-0 V, while that for OER is 0-0.5 V. The frequency changes 

were real-time recorded along with the LSV curves. The Sauerbrey equation can be 

drawn below:[1]

 (5)
22 s

q q

ff m
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Where =8.96×106 s-1, N is the number for electron transfer, A is the area of sf

working electrode, =2.947×1013 g m-1 s-2, =2.648×106 g m-3, respectively.[2] q q

Calculations of TOF: TOF was calculated by a previous method,[3] according to the 

following formula:

  (6)
2

2

Total hydrogen (or oxygen) turnovers/cmTOF=
Active sites/cm

 (7)

23

15

6.022 10Hydrogen (or oxygen) turnovers ( ) / ( )
96485.3 1000

6.24 10 /

A
jj N n F

n
j n

 
 

 







Where n is the number of electrons, for HER, n=2, for OER, n=4. 

The TOF was calculated on Co4N active materials. Therefore, the number of 
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active sites can be calculated as:

 (8)20 -1

active materials

17 -2

1Number of active sites ratio of active material×mass loading 6.022 10 sites mmol
M

1.72 10 sites cm

   

 

Finally, the TOF can be calculated as:

 (9)
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DFT calculations: Spin-polarized density functional theory (DFT) calculations were 

performed using Quantum-ESPRESSO package as implemented in PWscf code.[4] 

The projector augmented wave (PAW) pseudopotentials were used to describe the 

interactions between valence electrons and ionic cores.[5] The 

Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient approximation 

(GGA) was employed to describe electronic exchange and correlation. [6] We used 50 

and 500 Ry cutoffs for the Kinetic energy of the plane-wave basis and charge density, 

respectively.

To model the Co4N@NC nanohybrids, a NC nanosheet adsorbed on 

Co-terminated Co4N slab with exposed (111) surface was used, resulting in the model 

with the lowest lattice mismatch for following calculation. The lattice mismatch 

between NC nanosheet and Co4N slab is about 5.2%. The supercell consists of 2×2 

unit cells for Co4N slab and 4×4 unit cells for N-doped graphene. A vacuum region of 

18 Å was applied in the vertical direction. For Co4N@NC model, the atoms of four 

bottom layers of Co4N slab were fixed at bulk positions while the atoms of four top 

layers of Co4N slab and of NC nanosheet were fully relaxed until the maximum force 
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on a single atom was smaller than 0.05 eV/Å. The Brillouin zone was sampled by 3 × 

3 × 1 uniform k point mesh.[7] The dipole correction is used to remove the effect of 

the artificial electric field created by the slab images.[8]

For hydrogen evolution reaction (HER), the reaction Gibbs free energy (∆GH) of 

H atoms adsorbed to catalysts is calculated by:

 (10)H H ZPE HG E E T S      

where ∆EH, ∆EZPE, and ∆SH are the adsorption energy of hydrogen, the zero-point 

energy difference between the adsorbed hydrogen and hydrogen in gas phase, and the 

entropy difference between adsorbed state and gas phase. The entropy of atomic 

hydrogen can be taken as ∆SH = -SH2/2, where SH2 is the entropy of molecule 

hydrogen in gas phase. In standard conditions, ∆EZPE- T∆SH is about 0.24 eV, hence 

∆GH can be calculated by ∆EH + 0.24.

The oxygen evolution reaction (OER) follows four elementary steps. Under 

electrode potential U = 0 V, the reaction Gibbs free energy ∆G for each step can be 

calculated by:

i). 2 ( ) * *H O l OH H e    

             (11)
21 * *

( ) (* )

0.1

OH H OH e

OH ZPE OH OH solv OH

OH OH

G

E E T S G
E G

          

      

    

ii). * *OH O H e   

  (12)
2 * *

( ) (* ) ( ) (* )[ ] [ ]

0.06

O OHH e

O ZPE O O solv O OH ZPE OH OH solv OH

O OH O OH

G

E E T S G E E T S G
E E G G

        

             

        

iii). 2* ( ) *O H O l OOH H e    



S8

 (13)
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Where the ΔE, ΔEZPE, TΔS, and Gsolv are the adsorption energy of molecule, the zero 

point energy, entropy corrections, and solvation energies corrections to gas or liquid 

phase molecules and adsorbed species, which are directly taken from Ref [9].

Finally, the theoretical overpotential η, which is determined by the potential 

limiting step:

(15)1 2 3 4= max[ , , , ] / 1.23[ ]G G G G e V     
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Figure S1. The Raman spectra of Co4N@NC
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Figure S2.The SEM image of precursor after self-assembly
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Figure S3. N2 adsorption-desorption curve (a) and the corresponding PSD (b) of Co4N@NC. 
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Figure S4. The XPS survey spectra of Co4N@NC and precursor.
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Figure S5. (a-c) The SEM images of Co4N@NC-600, Co4N@NC-700, and Co4N@NC-800. The 
bars are 2 μm.



S14

Figure S6. The LSV profiles (a) and the corresponding overpotential@10 mA cm-2 (b) of 
Co4N@NC-700 with different mass loading on GC electrodes. 
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Figure S7. The hydrogen evolution of Co4N@NC at the current density of 10 mA cm-2 for 60 min
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Table S1. The HER performance of Co4N@NC and other previous reported state-of-art 
non-precious metal-based catalysts

Catalysts
Mass loading

(mg cm-2)
Media

η@10mA 

cm-2 (mV)

Tafel slopes 

(mV dec-1)
Ref.

Co4N@NC ~0.285 1M KOH 62 37 This work

Ni3FeN-NPs 0.35 1M KOH 158 42 [10]

Co3N Not given 1M KOH 230 101.6 [11]

Co3O4–Co4N ~2.6 1M KOH 90 57.8 [12]

Co5.47N@NC 0.45 1M KOH 149 86 [13]

CoN@VON 2 1M KOH 118 73.6 [14]

CoN@CC Not given 1M KOH 97 93.9 [15]

FeOOH@Co4N ~2 1M KOH 138 34 [16]

CoO-Co4N Not given 1M PBS 145 80 [17]

Co(OH)2@Ni ~7.5 1M KOH 96 104 [18]

CoP/rGO ~0.28 1M KOH 150 38 [19]

FeS2/CoS2 ~0.2 1M KOH 78.2 44 [20]

CoS2@CC ~1.2 1M KOH 193 88 [21]

Co/N-G ~0.285 0.5M H2SO4 147 82 [22]

N,S-CNT Not given 1M KOH ~450 133 [23]

Co,N-C ~0.41 0.1M KOH 220 81 [24]

N.F-G 2.55 1M KOH 330 109 [25]

CoP@B,N-C 0.4 1M KOH 215 52 [26]



S17

Figure S8. The LSV polarization curves before and after 5000 cycles.
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Figure S9. The i-t curves of Co4N@NC-700 under a potential of -78 mV vs. RHE for 72 h.
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Figure S10. The Nyquist plots of Co4N@NC-600, Co4N@NC-700, Co4N@NC-800, Co4N, and 
NC catalysts under a potential of -0.1 V vs. RHE.
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Figure S11. The CV of Co4N@NC-700 (a), Co4N@NC-600 (b), Co4N@NC-800 (c), NC (d), and 
Co4N (e) at a potential of 0.1-0.2 V v.s. RHE. 
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Figure S12. ECSA of Co4N@NC-600, Co4N@NC-700, Co4N@NC-800, Co4N, and NC catalysts
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Figure S13. The LSV profiles (a) and the corresponding overpotential@10 mA cm-2 (b) of 
Co4N@NC-700 with different mass loading on GC electrodes for OER.
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Figure S14. The measured O2 amounts of Co4N@NC at the current density of 10 mA cm-2 for 60 
min.
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Table S2. The OER performance of Co4N@NC and other previous reported state-of-art 
non-precious metal-based catalysts

Catalysts Mass loading 

(mg cm-2)

Media η@10mA 

cm-2 (mV)

Tafel slopes 

(mV dec-1)

Ref.

Co4N@NC 0.285 1M KOH 261 58 This work

Ni3FeN-NPs 0.35 1M KOH 280 46 [10]

FeCo@Co4N 0.3 1M KOH 280 40 [27]

Co4N/CNW/

CC

0.2 1M KOH 310 81 [28]

Co3N Not given 1M KOH 330 70 [11]

CoN Not given 1M KOH 290 70 [29]

CoxN@CoP@C 1 0.1 M KOH 390 78 [30]

Co5.47N @NC 0.45 1M KOH 248 72 [13]

CoN@VON 2 1M KOH 263 64.1 [14]

CoN@CC Not given 1M KOH 251 75.4 [15]

FeOOH@Co4N ~2 1M KOH 254 84 [16]

CoO-Co4N Not given 1M PBS 398 83 [17]

Co(OH)2@Ni ~7.5 1M KOH 300 70.1 [18]

CoOOH 0.15 1M KOH 300 38 [31]

CoP/rGO ~0.28 1M KOH 340 66 [19]

Co/N-C ~0.2 1M KOH 350 79 [32]

CoS2@CC ~1.2 1M KOH 276 81 [21]

N,S-CNT Not given 1M KOH 360 56 [23]

Co,N-C ~0.41 0.1M KOH 360 83.3 [24]

N,F-G 2.55 1M KOH 340 78 [25]
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Figure S15. The polarization curves of Co4N@NC-700 before and after 5000 cycles.
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Figure S16. The i-t curves under a potential of 1.5 V vs. RHE for 72 h. 
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Figure S17. The Nyquist plots of Co4N@NC-600, Co4N@NC-700, Co4N@NC-800, Co4N, and 
NC catalysts under a potential of 1.2 V vs. RHE.
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Figure S18. The CV of Co4N@NC-700 (a), Co4N@NC-600 (b), Co4N@NC-800 (c), NC (d), and 
Co4N (e) at a potential of 1.0-1.1 V v.s. RHE.
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Figure S19. ECSA of Co4N@NC-600, Co4N@NC-700, Co4N@NC-800, Co4N, and NC catalysts.
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Table S3. The water-splitting performance of Co4N@NC// Co4N@NC electrolyzer and other 
previous reported state-of-art non-precious metal-based electrolyzers

Catalysts Mass loading (mg cm-2) Media η@10mA cm-2 (V) Ref.

Co4N@NC 0.285 1M KOH 1.55 This work

Ni3FeN-NPs 0.35 1M KOH 1.58 [10]

Co5.47N@NC 0.45 1M KOH 1.62 [13]

CoN@VON 2 1M KOH 1.64 [14]

CoN@CC Not Given 1M KOH 1.59 [15]

FeOOH@Co4N 2 1M KOH 1.59 [16]

CoO-Co4N Not Given 1M PBS 1.79 [17]

Co(OH)2@Ni ~7.5 1M KOH 1.64 [18]

CoP@rGO ~0.28 1M KOH 1.70 [19]

CoS2 ~1.2 1M KOH 1.67 [21]

N,F-G 2.55 1M KOH 1.91 [25]
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Figure S20. The morphology of Co4N@NC cathode (a-d) and cathode (e-h) after cycling tests.
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Figure S21. XRD (a) and Raman (b) spectra of Co4N@NC after cycling tests.
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Figure S22. The O1s XPS spectra of Co4N@NC catalyst, after continuous electrocatalysis, and 
Co4N after continuous electrocatalysis. The XPS spectra was directly carried out the dried 
catalysts that were directly taken out from the KOH solution after electrocatalysis. 
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Figure S23. Schematic structures of Co4N (a) and NC (b) for DFT calculations.
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