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Supplementary Fig. 1 HAADF-STEM images of NCNS at different locations (a and 

b). 

 

  



 

Supplementary Fig. 2 HAADF-STEM images of Pt1/NCNS at low (a) and high (b) 

magnification. 

 

  



 
Supplementary Fig. 3 (a) XANES and (b) EXAFS of Pt1/NCNS, as well as Pt foil and 

PtO2 reference at Pt L3 edge. Inset: averaged oxidation state of Pt on Pt1/NCNS based 

on the white line area. (c and d) DFT optimized possible structures and calculated Gibbs 

free energy profiles of HER at the equilibrium potential of Pt SAC at T = 298.15 K and 

P = 1atm. 

 

Note: 

The Pt L3 edge XANES result of Pt1/NCNS is distinct from the Pt foil, it shows a 

very intense high white line (WL) at higher photon energy compared to that of Pt foil, 

indicating Pt is at a high oxidization state with a significant increase in 5d hole counts 

compared to Pt metal (Supplementary Fig. 3a). It is established that the area under the 

WL curve is proportional to the total unoccupied state of Pt 5d orbitals which also can 

reflect the oxidation state of Pt1 atoms
1
. After quantitative analysis of the WL area, we 

found that the average oxidation state of Pt1 atom is around +2.4, indicating the Pt could 

bond with two N atoms (Supplementary Fig. 3a)2.  

We have built two possible structures of Pt SACs with pyrrole N sites, as shown in 

Supplementary Figs. 3c and d. However, both of them show high Gibbs free energy 

barrier (ΔGH), indicating the poor HER activity, which differs from the HER 

performance of Pt1/NCNS3. Therefore, we conclude the Pt1 atom prefers to coordinate 

pyridine N rather than pyrrole N sites. 



 
Supplementary Fig. 4 HAADF-STEM images of Fe (a), Co (b), Ni-NPs/NCNS (c). 

Scale bar: 5 nm. The white arrows highlight the clusters/NPs. 

 

  



 

Supplementary Fig. 5 Illustration of Co ALD process on NCNS. The white, blue, 

brown, and orange spheres represent H, N, C, and Co, respectively. 

  



 

Supplementary Fig. 6 XPS results of Pt1/NCNS, Co1Pt1/NCNS, Fe1Pt1/NCNS, and 

Ni1Pt1/NCNS at Pt 4f region. 

 

  



 

Supplementary Fig. 7 k3-weighted FT spectrum in R space fitting for Co1Pt1/NCNS 

at Pt L3 edge. 

 

  



 

Supplementary Fig. 8 (a) STEM image and EDX elemental analysis. (b to e) EDX 

mapping. (f) high magnification HAADF-STEM image of Co1Pt1/NCNS. 

 

  



 

Supplementary Fig. 9 (a) STEM image and EDX elemental analysis. (b to e) EDX 

mapping. (f) high magnification HAADF-STEM image of Fe1Pt1/NCNS. 

 

  



 

Supplementary Fig. 10 (a) STEM image and EDX elemental analysis. (b to e) EDX 

mapping. (f) high magnification HAADF-STEM image of Ni1Pt1/NCNS. 

  

  



 

Supplementary Fig. 11 XPS results of Co1Pt1/NCNS at Co 2p region (a), Fe1Pt1/NCNS 

at Fe 2p region (b), and Ni1Pt1/NCNS at Ni 2p region (c).  

 

  



 

Supplementary Fig. 12 (a to f) Comparison between the experimental Co K-edge 

XANES spectrum of Co1Pt1/NCNS and computational spectra based on the optimized 

structures. The white, blue, brown, red, and orange spheres represent H, N, C, O, and 

Co, respectively. 

 

  



 
Supplementary Fig. 13 (a to e) Comparison between the experimental Fe K-edge 

XANES spectrum of Fe1Pt1/NCNS and computational spectra based on the optimized 

structures. The white, blue, brown, red, and green spheres represent H, N, C, O, and Fe, 

respectively. 

 

  



 

Supplementary Fig. 14 (a to d) Comparison between the experimental Ni K-edge 

XANES spectrum of Ni1Pt1/NCNS and computational spectra based on the optimized 

structures. The white, blue, brown, red, and pink spheres represent H, N, C, O, and Ni, 

respectively. 

 

  



 

Supplementary Fig. 15 k3-weighted FT spectrum in R space fitting for Co foil (a) and 

Co3O4 (b) at Co K edge. 

 

  



 

Supplementary Fig. 16 k3-weighted FT spectrum in R space fitting for Fe foil (a) and 

Fe2O3 (b) at Fe K edge. 

 

  



 

Supplementary Fig. 17 k3-weighted FT spectrum in R space fitting for Ni foil (a) and 

NiO (b) at Ni K edge. 

  

 

  



 
Supplementary Fig. 18 k3-weighted FT spectrum in k space fitting for M1Pt1/NCNS at 

Co (a), Fe (b), and Ni (c) K edges. 

 



 

Supplementary Fig. 19 Calculated charge density difference for Co(Cp)2 adsorption 

on the Pt1/NCNS. Yellow and cyan iso-surface represent electron accumulation and 

electron depletion, respectively. The white, blue, brown, orange, and silver spheres 

represent H, N, C, Co, and Pt, respectively. 

 

  



 

Supplementary Fig. 20 Illustration of the synthesis process to achieve SACs using pre-

located isolated atoms. 

  



 

Supplementary Fig. 21 Calculated Gibbs free energy profiles of HER at the 

equilibrium potential on M1-pyrrolic N4 sites at T = 298.15 K and P = 1 atm. 

. 

  



 
 

Supplementary Fig. 22 DFT optimized structures and calculated Gibbs free energy 

profiles of HER at the equilibrium potential of single-layered (a to e) and double-

layered (f) Co1Pt1/NCNS at T = 298.15 K and P = 1 atm. 

 

Note: 

As the Co1Pt1/NCNS exhibits the best catalytic activity, we have taken it as a typical 

example for the further theoretical understanding of the interaction of Co1 and Pt1 in 

the HER.  

1) Considering the Co1Pt1/NCNS is in a single-layered structure, we have adjusted the 

distances between Co1 and Pt1 single atoms to investigate the different catalytic 

activity of Co1 single atoms in HER (Supplementary Figs. 22a to e). However, the 

hydrogen adsorption free energies (ΔGH) at T = 298.15K and P = 1atm are almost 

the same, despite different distances between Co1 and Pt1 single atoms, indicating 

the interaction of Pt1 and Co1 atoms is less pronounced in the single-layered 

structure.  

2) According to the literature, the interaction between two single atoms in the double-

layered structure could promote catalytic performance4,5. We further consider the 

bilayer structure in our system and found the interactions between Co1 and Pt1 in 

each layer are strongly enhanced, with the bond distance of Co-Pt decreased to 2.91 

Å. The ΔGH of Co1 is -0.13 eV on the double-layered model, which is much lower 

than that in the single-layer structure (0.23 eV) (Supplementary Fig. 22f). 

 

  



 

Supplementary Fig. 23 Top and side view of the calculated charge distribution of 

single (a) and double (b)-layered Co1Pt1/NCNS. Yellow and cyan iso-surface represent 

electron accumulation and electron depletion, respectively. The white, blue, brown, 

orange, and silver spheres represent H, N, C, Co, and Pt, respectively. 

 

Note: 

We have compared the charge distributions of single/double layered Co1Pt1/NCNS 

(Supplementary Figs. 23a and b). As shown in Supplementary Fig. 23, the charge 

polarization on double-layered Co1Pt1/NCNS shows obvious differences between 

single and double-layered models. Differing from the single-layered structure, the 

electron accumulation is strongly enhanced by the interlayer on the double-layered 

Co1Pt1/NCNS6. As a result, the adsorption of protons is facilitated (Supplementary Fig. 

22f). Therefore, the Co1Pt1/NCNS shows better performance than the Pt1/NCNS in 

HER could be likely due to the extra contribution of Co1 pyrrolic-N4 sites in both 

single/double-layered structures. 

  



 

 

Supplementary Fig. 24 The durability test of Co1Pt1/NCNS without IR correction at 

the sweep voltage between -0.1 and 0.4 V at a scan rate of 0.1 V s-1 in 0.5 M H2SO4. 
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Supplementary Fig. 25 Computationally proposed reaction scheme for OER at 

alkaline condition on Ni1-pyrrolic N4 site. The brown, blue, red, and pink spheres 

represent C, N, O, and Ni, respectively. 

 

Note: 

The OER occurs at alkaline conditions via the following steps: 

* + 4OH- → *OH + 3OH- + e- 

*OH + 3OH-+ e-→ *O + 2OH- + H2O + 2e- 

*O + 2OH-+H2O + 2e-→ *OOH + OH- + H2O + 3e- 

*OOH + OH-+ H2O+3e-→ *OO + 2H2O + 4e- 

*OO + 2H2O + 4e-→ * + O2 + 2H2O + 4e- 

where * denotes the active site.  

 

  



 

Supplementary Fig. 26 Theoretically predicted activity of OER and electrochemical 

performance of M1Pt1/NCNS (M = Co, Fe, and Ni). (a) Relative Gibbs free energy for 

M1Pt1/NCNS for OER at 1.23 V at T = 298.15 K and P = 1 atm. (b) Mass activity of Fe1Pt1/NCNS, 

Co1Pt1/NCNS and Ni1Pt1/NCNS at 1.70 V (vs RHE). (c) Tafel plots of M1Pt1/NCNS catalysts. (d) 

The durability test of Ni1Pt1/NCNS at a constant current density of 10 mA/cm2. 

 

Note: 

Although it has been reported in the literature that the pyridinic-N4 type non-noble 

metal SACs exhibited high catalytic performance in OER, the investigation of pyrrolic-

N4 type SACs is rarely studied7. Note that the axial O2 molecules are not considered in 

the theoretical calculation because of the O2 evolution process. According to the 

literature, the d-band center near the Fermi level is linked with the adsorption of 

reactants8. As shown in Fig. 6a and Supplementary Table 4, the d-band center of 



metal atom in M1Pt1/NCNS increases from Ni to Fe, indicating there would be much 

stronger adsorption of oxygen species on Fe1 atom than that on Ni1 and Co1 atoms. 

Based on previous work 9, we theoretically investigated the OER mechanism on M1-

pyrrolic N4 (M = Co, Fe, and Ni) catalysts by considering the adsorption of *OH, *O, 

*OOH, and *OO intermediates (Supplementary Fig. 25), with the Gibbs free energy 

diagram calculated at T = 298.15K and P = 1atm shown in Supplementary Fig. 26a. It 

is found that the rate-determining step (RDS) is the oxidation of *OH* to *O with an 

energy barrier of 0.48 eV for Ni1Pt1/NCNS. However, the formation of *OOH becomes 

the RDS for Co1Pt1/NCNS and Fe1Pt1/NCNS, which possesses a higher energy barrier 

of 0.58 and 0.93 eV, respectively. Thus, we can predict that the OER activity on these 

three SACs would follow the order of Ni1Pt1/NCNS > Co1Pt1/NCNS > Fe1Pt1/NCNS.  

The mass activity of Fe1, Co1, Ni1Pt1/NCNS at 1.70 V (vs RHE) is based on the 

loading of Fe, Co, and Ni (Supplementary Fig. 26b). The Ni1Pt1/NCNS exhibits the 

highest mass activity of 94.1 A/mgNi, which is more than four times higher than that of 

Co1Pt1/NCNS (19.6 A/mgCo). The Tafel plots further demonstrate the kinetic advantage 

of Ni1Pt1/NCNS, with a lower Tafel slope (58 mV/dec) than Co1Pt1/NCNS (74 mV/dec) 

and Fe1Pt1/NCNS (148 mV/dec) (Supplementary Fig. 26c). More importantly, the 

Ni1Pt1/NCNS exhibits significant stability, without showing an obvious activity 

decrease after 10 h at a current density of 10 mA/cm2 in durability testing 

(Supplementary Fig. 26d). 

 

  



 
Supplementary Fig. 27 OER LSV curves NCNS under 1 M KOH at a scan rate of 5 

mV/s. 

 

  



 

Supplementary Fig. 28 Illustration of the electrochemical cell used for operando XAS 

measurements.  

  



 

Supplementary Fig. 29 Derivative operando XANES spectra at the Fe (a) , Co (b) and 

Ni (c) K edges for Fe1Pt1/NCNS, Co1Pt1/NCNS, and Ni1Pt1/NCNS, respectively.  

 



 

Supplementary Fig. 30 Operando XANES on Fe (a), Co (b), and Ni (c) -NPs/NCNS under 

HER condition at Fe, Co, and Ni K edges, respectively.  

 



 

Supplementary Fig. 31 Electrocatalytic performance of Fe, Co, and Ni-NPs/NCNS in 

HER. 

  



Supplementary Table 1. Structural parameters of the Co1Pt1/NCNS, Pt foil, and PtO2 

references extracted from quantitative EXAFS curve-fittings. 

Sample Path CNs R (Å) 
σ 2 

(10-3Å2) 

ΔE0

（eV） 

Pt foil Pt-Pt 12.0 2.76 6.0 7.7 

PtO2 Pt-O 6.0 2.02 3.0 1.0 

Co1Pt1/NCNS 

Pt-C 2.1 1.98 1.3 

4.8 
Pt-N 2.1 2.05 1.7 

Pt-C 3.8 2.89 8.0 

Pt-C 4.0 3.21 9.5 

CNs, coordination numbers; R, bonding distance; σ2, Debye-Waller factor; ΔE0, inner 

potential shift. Errors in the fitting parameters are CN ± 20%, R ± 0.02, σ2 ± 20%, and 

ΔE0 ± 3.0. 

  



Supplementary Table 2. The comparison of EXAFS Fitting results and the optimized 

model of M1Pt1/NCNS (M = Co, Fe, and Ni). 

Sample EXAFS fitting DFT 

 Path R(Å) Path R(Å) 

Co1Pt1/NCNS 
Co-O 1.98 

Co-O1 1.93 

Co-O2 1.94 

Co-N 2.08 Co-N 2.11 

Fe1Pt1/NCNS Fe-O 1.95 
Fe-O1 1.91 

Fe-O2 1.92 

Fe-N 2.02 Fe-N 2.13 

Ni1Pt1/NCNS 

Ni-O 1.99 
Ni-O1 1.96 

Ni-O2 2.00 

Ni-N 2.11 Ni-N 2.15 

 



Supplementary Table 3. Calculated Bader charges of Co and two Cp rings of 

Co(Cp)2 in the gas phase and absorption on Pt1/NCNS 

 

 In gas @ Pt1/NCNS 

Co +0.67 +0.68 

Cp1 -0.34 +0.10 

Cp2 -0.34 +0.01 

 

  



Supplementary Table 4. Calculated d-band centre of metal atoms in M1-pyrrolic N4 

catalysts. (unit: eV) 

 Spin up Spin down Average 

Fe1-pyrrolic N4 -1.97 0.07 -0.96 

Co1-pyrrolic N4 -0.52 -1.56 -1.04 

Ni1-pyrrolic N4 -1.38 -1.38 -1.38 
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