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S1 Text XAFS Data Processing 

The acquired EXAFS data were extracted and processed according to the standard 
procedures using the ATHENA module implemented in the IFEFFIT software packages. 
The k3-weighted EXAFS spectra were obtained by subtracting the post-edge background 
from the overall absorption and then normalized with respect to the edge-jump step. 
Subsequently, k3-weighted χ(k) data of Co K-edge and Ni K-edge were Fourier transformed 
to real (R) space using a Hanning window (dk=1.0 Å−1) to separate the EXAFS 
contributions from different coordination shells. To obtain the quantitative structural 
parameters around central atoms, least-squares curve parameter fitting was performed 
using the ARTEMIS module of IFEFFIT software packages [1]. 
The following EXAFS equation was used: 
 
 
 
Where S0

2 is the amplitude reduction factor, Fj(k) is the effective curved-wave 
backscattering amplitude, Nj is the number of neighbors in the jth atomic shell, Rj is the 
distance between the X-ray absorbing central atom and the atoms in the jth atomic shell 
(backscatterer), λ is the mean free path in Å, ϕj(k) is the phase shift (including the phase 
shift for each shell and the total central atom phase shift), σj is the Debye-Waller parameter 
of the jth atomic shell (variation of distances around the average Rj). The functions Fj(k), λ 
and ϕj(k) were calculated with the ab initio code FEFF8.2.  
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S2 Supplementary Figures and Tables 

 
Fig. S1. PXRD patterns of Co/Ni-doped MAF-4. 
 
 

   

   

   

Fig. S2. SEM images of Co/Ni-doped MAF-4. (a) z = 3.5, c = 0.109, n = 0 (for AD-Co1Ni0), 
(b) z = 3.5, c = 0.078, n = 0.124 (for AD-Co0.72Ni0.28), (c) z = 3.5, c = 0.068, n = 0.168 (for 
AD-Co0.62Ni0.38), (d) z = 3.5, c = 0.055, n = 0.238 (for AD-Co0.48Ni0.52), (e) z = 3.5, c = 
0.044, n = 0.261 (for AD-Co0.41Ni0.59), (f) z = 3.5, c = 0, n = 0.475 (for AD-Co0Ni1), (g) z 
= 3.4, c = 0.081, n = 0.358, (h) z = 3.3, c = 0.110, n = 0.479, (i) z = 3.2, c = 0.175, n = 0.741 
(for NC-Co0.49Ni0.51). 
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Fig. S3. PXRD patterns of the pyrolysis products of Co/Ni-doped MAF-4. 
 
 

 
Fig. S4. (a) TEM and (b) SEM images of AD-Co1Ni0. 
 
 

 
Fig. S5. (a) TEM and (b) SEM images of AD-Co0.72Ni0.28.
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Fig. S6. (a) TEM and (b) SEM images of AD-Co0.62Ni0.38. 
 
 
 
 
 
 
 
 
 

 
Fig. S7. (a) TEM and (b) SEM images of AD-Co0.41Ni0.59. 
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Fig. S8. (a) TEM and (b) SEM images of AD-Co0Ni1. 
 
 
 
 
 
 
 
 

 
Fig. S9. (a) TEM and (b) SEM images of NC-Co0.49Ni0.51. 
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Fig. S10. HAADF-STEM and EDS of AD-Co1Ni0. 
 
 
 
 
 

 
Fig. S11. HAADF-STEM and EDS of AD-Co0Ni1. 
 
 
 
 
 

 
Fig. S12. HAADF-STEM and EDS of NC-Co0.49Ni0.51.
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Fig. S13. Distribution of distances between adjacent bright dots in Fig. 1f. The distances 
less than 2.2 Å can be attributed to the overlap of metal atoms at different heights. 
 
 
 
 
 
 
 
 

 
Fig. S14. The five different dual metal sites models denoted as N8V4 (3.99 Å), N6V4 
(2.35 Å), 2×(N3V2) (2.43 Å), 2×(N4V2) (5.00 Å), and N7V4 (3.54 Å). 
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Fig. S15. HAADF-STEM images of (a) AD-Co1Ni0 and (b) AD-Co0Ni1. 
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Fig. S16. 77 K N2 adsorption isotherms of AD-Co1Ni0, AD-Co0Ni1, AD-Co0.48Ni0.52, NC-

Co0.49Ni0.51. 

 
 

 
Fig. S17. Raman spectra of AD-Co0.48Ni0.52, AD-Co1Ni0, AD-Co0Ni1, and NC-Co0.49Ni0.51. 
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Fig. S18. High resolution XPS spectrum of AD-Co0.48Ni0.52, AD-Co1Ni0, AD-Co0Ni1, and 
NC-Co0.49Ni0.51 at the N 1s region. 
 
 
 
 
 
 
 
 

  
Fig. S19. High resolution XPS spectra of AD-Co0.48Ni0.52, AD-Co1Ni0, AD-Co0Ni1, and 
NC-Co0.49Ni0.51 at the (a) Co 2p and (b) Ni 2p region. 
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Fig. S20. Wavelet transforms for the k3-weighted Co K-edge EXAFS signals of (a) Co foil, 
(b) CoO, (c) Co3O4, (d) AD-Co0.48Ni0.52, and (e) AD-Co1Ni0. 
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Fig. S21. Wavelet transforms for the k3-weighted Ni K-edge EXAFS signals of (a) Ni foil, 
(b) NiO, (c) AD-Co0.48Ni0.52, and (d) AD-Co0Ni1. 
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Fig. S22. Theoretical Co K-edge XANES spectra of the proposed models of (a) N6V4-
CoNi, (b) 2×(N3V2)-CoNi, (c) 2×(N4V2)-CoNi, and (d) N7V4-CoNi. 
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Fig. S23. Theoretical Ni K-edge XANES spectra of the proposed models of (a) N6V4-
CoNi, (b) 2×(N3V2)-CoNi, (c) 2×(N4V2)-CoNi, and (d) N7V4-CoNi. 
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Fig. S24. Co K-edge EXAFS spectra fitting of (a) AD-Co0.48Ni0.52 and (b) AD-Co1Ni0. 
 
 
 
 
 
 
 
 

  
Fig. S25. Ni K-edge EXAFS spectra fitting of (a) AD-Co0.48Ni0.52 and (b) AD-Co0Ni1. 
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Fig. S26. OER CV curves of (a) AD-Co0.41Ni0.59, (b) AD-Co0.62Ni0.38, (c) AD-Co0.72Ni0.28, 
(d) AD-Co1Ni0, (e) AD-Co0Ni1, and (f) NC-Co0.49Ni0.51. 
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Fig. S27. OER Tafel slopes for AD-Co0.48Ni0.52 (GCE), AD-Co0.48Ni0.52 (CPE), NC-
Co0.49Ni0.51, RuO2, and IrO2. 
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Fig. S28. Raman spectra of AD-Co0.48Ni0.52 after OER. 
 
 

 

 
Fig. S29. (a) PXRD patterns of AD-Co0.48Ni0.52 before and after OER. (b) SEM, (c)TEM 
and (d) HADDF-STEM image of AD-Co0.48Ni0.52 after OER. 
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Fig. S30. OER chronopotentiometry curve of AD-Co0.48Ni0.52 at 10 mA·cm−2 during 
operando ATR-FTIR (Fig. 4a). 
 
 
 
 
 
 
 
 

 
Fig. S31. Structures of the CoN4, CoO4, NiN4, NiO4, N8V4-CoCo, N8V4-NiNi, and 
N4O4V4-CoNi models. 
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Fig. S32. DFT derived partial DOS of (a) Co-d-orbital in N8V4-CoNi, N8V4-CoCo and 

CoN4 and (b) Ni-d-orbital in N8V4-CoNi, N8V4-NiNi and NiN4. 
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Fig. S33. The graphene matrix inlaid with (a and b) N8V4-CoNi-OH, (c and d) N8V4-
CoNi, (e and f) CoN4-OH, (g and h) CoN4, (i and j) N6V4-CoNi-OH, and (k and l) N6V4-
CoNi. 
 
 
 
 
 

 
Fig. S34. Scaling relation between the binding energies for OH and OOH. 
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Fig. S35. Scaling relationship of AD-Co0.48Ni0.52 for OER. 
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Fig. S36. DFT derived partial DOS of (a) Co-d-orbital in N8V4-CoNi, N8V4-CoNi-OH. 
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Fig. S37. HER CV curves of (a) AD-Co0.41Ni0.59, (b) AD-Co0.48Ni0.52, (c) AD-Co0.62Ni0.38, 
(d) AD-Co0.72Ni0.28, (e) AD-Co1Ni0, (f) AD-Co0Ni1, and (g) NC-Co0.49Ni0.51. 
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Fig. S38. HER Tafel slopes for AD-Co0.48Ni0.52 (GCE), AD-Co0.48Ni0.52 (CPE), NC-
Co0.49Ni0.51, O-AD-Co0.48Ni0.52, and Pt/C-20%. 
 
 
 
 
 
 
 
 

 
Fig. S39. Hydrogen intermediate adsorbed on the N6V4-CoNi model. 
 
 
 
 
 
 
 
 
 



 
 

23 
 

0.0

-0.2

-0.4

-0.6

-0.8

-1.0a
N6V4-CoNi

N8V4-CoNi

N8V4-NiNiN8V4-CoCo

NiN
4

CoN
4

 

D
G

H
2O

* (
eV

)

Model  
3.0

2.5

2.0

1.5

1.0

0.5

0.0

-0.5b
N6V4-CoNi

N8V4-CoNi

N8V4-NiNi

N8V4-CoCo

NiN
4

CoN
4

 

DG
w
 (

eV
)

Model  
2.0

1.5

1.0

0.5

0.0

-0.5

-1.0c

N6V4-NiNi

N6V4-CoNi

N8V4-CoNi

N8V4-CoCo NiN
4

CoN
4

Model

 

D
G

O
H

* (
eV

)

 

Fig. 40. Scaling relationship of (a) H2O adsorption energy, (b) H2O dissociation energy, 

and (c) OH* adsorption energy in CoN4, N8V4-CoCo, N8V4-CoNi, N6V4-CoNi, N8V4-

NiNi and NiN4 for HER. 
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Fig. S41. TOF values of AD-Co0.48Ni0.52 and other atomically dispersed electrocatalysts. 
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Fig. 42. (a) OER and (b) HER chronopotentiometry curves for AD-Co0.48Ni0.52 coated on 
CPE. 
 
 
 
 
 
 
 
 

 
Fig. S43. Chronopotentiometry curve of O-AD-Co0.48Ni0.52(+)‖AD-Co0.48Ni0.52(−) for 
overall water splitting. 
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Table S1. The feeding parameters for Co/Ni-doped MAF-4. 
Feeding amounts 

Pyrolysis product 
z c n 

3.5 0.109 0 AD-Co1Ni0 

3.5 0.078 0.124 AD-Co0.72Ni0.28 
3.5 0.068 0.168 AD-Co0.62Ni0.38 
3.5 0.055 0.238 AD-Co0.48Ni0.52 
3.5 0.044 0.261 AD-Co0.41Ni0.59 
3.5 0 0.475 AD-Co0Ni1 
3.4 0.081 0.358 

Not studied because of the uncertain structure of metal species 
3.3 0.110 0.479 
3.2 0.175 0.741 NC-Co0.49Ni0.51 

 
 
 
 
Table S2. Structural parameters extracted from the Co K-edge and Ni K-edge EXAFS 
fitting. (S0

2 = 0.81 for Co K-edge and 0.85 for Ni K-edge) 

Sample Edge 
Scattering 

pair 
N R (Å) σ2 (10−3 Å2) 

ΔE0 
(eV) 

R factor 

AD-Co0.48Ni0.52 

Co 
Co-N1 2.2 1.93 5.4 

1.0 0.005 
Co-N2 1.9 1.97 5.9 

Ni 
Ni-N1 2.1 1.94 5.1 

1.5 0.006 
Ni-N2 2.0 1.99 5.7 

AD-Co1Ni0 Co Co-N 4.1 1.95 4.6 1.5 0.007 
AD-Co0Ni1 Ni Ni-N 3.9 1.96 4.9 1.5 0.004 

S0
2 is the amplitude reduction factor; N is the coordination number; R is interatomic 

distance (the bond length between Co/Ni central atoms and surrounding coordination 
atoms); σ2 is the Debye-Waller factor value (a measure of thermal and static disorder in 
absorber-scatterer distances); ΔE0 is edge-energy shift (the difference between the zero 
kinetic energy value of the sample and that of the theoretical model); R factor is used to 
value the goodness of the fitting. 
Error bounds that characterize the structural parameters obtained by EXAFS spectroscopy 
were estimated as N ± 20%; R ± 1%; σ2 ± 20%; ΔE0 ± 20%. 
 
 
 
 
Table S3. Determination of the F:O atomic ratio of AD-Co0.48Ni0.52 before and after OER. 

 F O F:O 
Before OER 41.35 5.66 7.31:1 
After OER 36.78 6.96 5.28:1 

Fluorine (F) was from Nafion. 
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Table S4. The energy change after oxidation to form C-OH. 

Model before oxidation E (eV) after oxidation E (eV) 
ΔE 

(eV) 

N8V4-CoNi 

 

−14149.6 

 

−14604.6 1.08 

CoN4 

 

−12647.9 

 

−13102.9 1.63 

N6V4-CoNi 

 

−20348.6 

 

−20803.9 1.48 
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Table S5. The calculated energy of the oxidation position on N8V4-CoNi. 
before oxidation E (eV) after oxidation E (eV) ΔE (eV) 

 

−14149.6 

 

−14604.2 1.512 

 

−14603.8 1.860 

 

−14604.0 1.658 

 

−14604.0 1.692 

 

−14604.6 1.080 
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Table S6. Benchmark electrocatalytic performances of ADCs. 
Catalysts Electrolyte ƞ10-OER / mV ƞ10-HER / mV Substrate Refs. 

AD-Co0.48Ni0.52 1.0 M KOH 
313 183 GCE 

this work 
264 132 CPE 

A-Ni@DG 
1 M KOH 

270 150 
GCE [2] 

DG 340 N.A. 
Fe-N4 SAs/NPC 1.0 M KOH 430 202 GCE [3] 
CoSA/N,S-HCS 1 M KOH 306 165 CPE [4] 

Ru/Co-N-C 1 M KOH 276 19 CPE [5] 
FeCo-DACs/NC 1.0 M  370 N.A. CPE [6] 

NiFe-CNG 1 M KOH 270 N.A. GCE [7] 
NiFe-DASC 1 M KOH 310 N.A. GCE [8] 

Co-Fe-N-C 1 M KOH 
360 N.A. GCE 

[9] 
321 N.A. CC 

Fe2/Co1-GNCL 
1 M KOH 

350 N.A. 
GCE [10] 

Fe2-GNCL 355 N.A. 
NiFe@g-C3N4/CNT 1 M KOH 326 N.A. GCE [11] 

FeNi@PCN 1 M KOH 310 N.A. GCE [12] 
CoNi-SAs/NC 1 M KOH 340 N.A. CC [13] 

a-NiCo/NC 1.0 M KOH 252 N.A. CC [14] 
Co-C3N4/CNT 1 M KOH 380 N.A. GCE [15] 

Co SA@NCF/CNF 1 M KOH 400 N.A. CC [16] 
Ni-O-G SACs 1 M KOH 328 N.A. CC [17] 

0.7-Co@NG-750 1.0 M KOH 386 N.A. GCE [18] 
Ni-NHGF 

1 M KOH 

331 N.A. 

GCE [19] 
Co-NHGF 402 N.A. 
Fe-NHGF 488 N.A. 

NHGF 494 N.A. 
Mn-NG 

1.0 M KOH 
337 N.A. 

GCE [20] 
Mn-G 459 N.A. 

NC-Co SA 1 M KOH 360 N.A. CC [21] 
Ni-O-G SACs 1 M KOH 224 N.A. CC [22] 

Co-NG-5010-10 1 M KOH 470 N.A. GCE [23] 
Ni-CN-200 1.0 M KOH 310 (onset) N.A. GCE [24] 

S,N-Fe/N/C-CNT 0.1 M KOH 370 N.A. GCE [25] 
CoN4/NG 0.1 M KOH 380 N.A. GCE [26] 

Ni-N4/GHSs/Fe-N4 0.1 M KOH 390 N.A. GCE [27] 
(Fe,Co)-SA/CS 0.1 M KOH 360 N.A. Ni foam [28] 

Co-NG 1 M KOH N.A. 270 GCE [29] 
CoNx/G 1.0 M KOH N.A. 170 GCE [30] 

Co1/PCN 
1.0 M KOH 

N.A. 89 
Ni foam [31] 

Co1/CN N.A. 138 
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Table S7. Benchmark performances of bifunctional electrocatalysts for overall water 
splitting in 1 M KOH. (Blue: ADCs, green: quasi-bifunctional electrocatalysts, red: other 
bifunctional electrocatalysts) 

Catalysts Substrate Cell voltages-ƞ10 / V Refs. 
O-AD-Co0.48Ni0.52(+)‖AD-Co0.48Ni0.52(−) CPE 1.60 this work 

Fe-N4 SAs/NPC CPE 1.67 [3] 
CoSA/N,S-HCS CPE 1.64 [4] 

Ru/Co-N-C CPE 1.50 [5] 
Fe-O2cat(+)‖Fe-H2cat(−) Fe foam 1.65 [32] 

R-CoOx@CN(+)‖R-CoOx@CN(−) Ni foam 1.6 [33] 
Ni2P/NiOx (+)‖Ni2P(−) Ni foam 1.63 [34] 

Ir1@Co/NC CPE 1.60 [35] 
CoP/NCNHP CPE 1.64 [36] 

CoP/rGO CPE 1.7 [37] 
Co-S sheets CPE 1.743 [38] 
Co3O4 NCs CPE 1.91 [39] 
Co-P/NC GCE 1.71 [40] 

Co1Mn1CH Ni foam 1.68 [41] 
NiFe LDH Ni foam 1.7 [42] 
NiCo2O4 Ni foam 1.65 [43] 

Co0.85Se/NiFe-LDH graphite foil 1.67 [44] 
Ni3S2 Ni foam 1.76 [45] 

Cu@CoSx Cu foam 1.5 [46] 
Cu@NiFe LDH Cu foam 1.54 [47] 
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