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1 S1. Characterization
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5 Figure S1. XPS results for N-doped sample. (a) Wide range XPS spectra of N-doped sample. 

6 (b) The N 1s XPS spectra of the N-doped sample with three visible N species belong to pyridinic-N 

7 (398.5 eV), pyrrolic-N (400.2 eV), and oxidized-N (407.3 eV). (c) The C 1s XPS spectra of the N-

8 doped sample with two visible C species belong to C-C (284.7 eV) and C-O (286.1 eV).
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3 Figure S2. XPS results. (a) Wide range XPS spectra of FeN4-SAC sample. (b) The N 1s XPS 

4 spectra of the FeN4-SAC sample with four visible N species belong to pyridinic-N (398.2 eV), Fe-

5 N (398.8 eV), pyrrolic-N (400.2 eV), and oxidized-N (407.1 eV). (c) The C 1s XPS spectra of the 

6 FeN4-SAC sample with two visible C species belong to C-C (284.7 eV) and C-O (286.2 eV).
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3 Figure S3. XPS results. (a) Wide range XPS spectra of CoN4-SAC sample. (b) The N 1s XPS 

4 spectra of the CoN4-SAC sample with three visible N species belong to pyridinic-N (398.0 eV), 

5 Co-N (398.7 eV), and pyrrolic-N (400.1 eV). (c) The C 1s XPS spectra of the CoN4-SAC sample 

6 with two visible C species belong to C-C (284.6 eV) and C-O (286.0 eV).
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3 Figure S4. XPS results. (a) Wide range XPS spectra of NiN4-SAC sample. (b) The N 1s XPS 

4 spectra of the NiN4-SAC sample with four visible N species belong to pyridinic-N (398.2 eV), Ni-

5 N (398.8 eV), pyrrolic-N (400.2 eV), and oxidized-N (407.0 eV). (c) The C 1s XPS spectra of the 

6 NiN4-SAC sample with two visible C species belong to C-C (284.7 eV) and C-O (286.2 eV).
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2
3 Figure S5. XPS results. (a) Wide range XPS spectra of FeNiN8-DAC sample. (b) The N 1s XPS 

4 spectra of the FeNiN8-DAC sample with four visible N species belong to pyridinic-N (398.1 eV), 

5 Fe/Ni-N (398.7 eV), pyrrolic-N (400.1 eV), and oxidized-N (406.9 eV). (c) The C 1s XPS spectra 

6 of the FeNiN8-DAC sample with two visible C species belong to C-C (284.5 eV) and C-O (286.2 

7 eV).
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1

2 Figure S6. Raman spectroscopy of graphene oxide (GO) and FeN4-SAC. The D peak intensity 

3 of the FeN4-SAC sample is increased, indicating the fatty defects nature of the FeN4-SAC sample. 

4

5

6 The defect density (nD) can be calculated using the following equation:1

7
𝑛𝐷(𝑐𝑚 ‒ 2) =

1014

𝜋2[𝐶𝐴(𝑟2
𝐴 ‒ 𝑟2

𝑆) + 𝐶𝑆𝑟2
𝑆]

𝐼𝐷

𝐼𝐺

8 Where for the D peak, the reported values are approximately given as CA = 4.2, CS = 0, rA = 3 nm, 
9 and rS = 1 nm,1 so:

10 𝑛𝐷 = 2.16 × 1011 𝑐𝑚 ‒ 2                        𝑓𝑜𝑟 𝐺𝑂

11 𝑛𝐷 = 2.62 × 1011 𝑐𝑚 ‒ 2       𝑓𝑜𝑟 𝐹𝑒𝑁4 ‒ 𝑆𝐴𝐶

12 And:

13 𝑛𝐷 = 2.16 × 10 ‒ 3 𝑛𝑚 ‒ 2                        𝑓𝑜𝑟 𝐺𝑂

14 𝑛𝐷 = 2.62 × 10 ‒ 3 𝑛𝑚 ‒ 2       𝑓𝑜𝑟 𝐹𝑒𝑁4 ‒ 𝑆𝐴𝐶

15

16

17
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1

2 Figure S7. XRD pattern of synthesized N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, and 

3 FeNiN8-DAC. A peak at 24.1o belongs to the graphitic carbon peak (002). In all the SACs samples, 

4 the broad graphitic peak is observed, ensuring the samples’ polycrystalline crystal structure. No 

5 peak corresponds to metal species in all samples due to a small amount of metal atoms. Based on 

6 our XPS measurements, the loading of metal species in each sample is less than 0.4 wt.%.

7

8
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3 Figure S8. First derivative curves of K-edge XANES spectra with their reference bulk samples.

4

5

6
7 Figure S9. (a) Fe K-edge, (b) Ni K-edge, and (c) Co K-edge XANES spectra of FeN4-SAC, NiN4-

8 SAC, FeNiN8-DAC, and CoN4-SAC, obtained theoretically using accurate finite difference (FD) 

9 approach implemented in FDMNES software.

10

11
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1  
2 Figure S10. (a) SAC sample after the calcination process. (b) Prepared SAC samples.

3

4

5 Figure S11. SEM imaging and EDX elemental mapping of FeN4-SAC sample for Fe, C, and N 
6 elements.

7

8   
9 Figure S12. SEM imaging of CoN4-SAC sample.

10
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1

2

3 Figure S13. TEM images of FeN4-SAC sample.

4

5

6 Figure S14. TEM imaging and EDX elemental mapping of FeNiN8-DAC sample for C, N, O, Fe, 

7 and Ni elements.
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1 S2. Photocatalytic activity 

2

3  Figure S15. 1O2 emission of N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, FeNiN8-DAC, and 

4 methylene blue (MB) under excitation with a 532 nm laser. The emission of samples cannot be 

5 detected because of the black color of the samples. The characteristic 1O2 emission from methylene 

6 blue appeared at 1265 nm, confirming 1O2 generation. The 1O2 emission signal of SACs was 

7 detected on a fluorescence spectrometer (FLS980) with a 450 W Xe lamp and a near-infrared 

8 (NIR) detector.

9

10
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1

2 Figure S16. ESR spectra of N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, FeNiN8-DAC, and 

3 methylene blue (MB, as the reference) without irradiation (dark) and with irradiations for 5 and 10 

4 min in the presence of TEMP.

5 Singlet oxygen quantum yield of SACs (ϕΔ,SAC) was approximately calculated based on the results 

6 from ESR spectroscopy:

𝜙Δ,𝑆𝐴𝐶 ≈ 𝜙Δ,𝑀𝐵 ∗
𝐼𝑆𝐴𝐶

𝐼𝑀𝐵

(S1)

7 in which ISAC and IMB are the peak intensity of ESR spectroscopy for SAC and methylene blue 

8 (MB, as the reference), respectively. ϕΔ,MB is the quantum yield of MB in water (0.60).2 The results 

9 are shown in Figure S17.

FeNiN8-DAC
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1

2 Figure S17. 1O2 quantum yield of N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, and FeNiN8-

3 DAC samples obtained based on ESR results.

4
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1 S3. Bandgap structure through Tauc plot and LEIPS analysis

2 Figure S18 shows the UV-Vis absorbance spectra of N-doped, FeN4-SAC, CoN4-SAC, NiN4-

3 SAC, and FeNiN8-DAC samples. It is worth mentioning that the prepared SACs were totally 

4 dispersed into isopropanol during long sonication before doing UV-Vis characterizations to 

5 prevent light scattering.

6

7 Figure S18. UV-Vis absorbance spectra of N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, and 
8 FeNiN8-DAC samples. 

9

10 In order to find the bandgap of SACs, we used Tauc relation:

(𝑎ℎ𝑣)1/𝑟 = 𝛽(ℎ𝑣 ‒ 𝐸𝑔) (S2)

11 Which r is 1/2 for direct allowed transitions. a is absorbance coefficient (a=2.303A/t) which A is 

12 the absorbance of the sample and t is the thickness of the sample. hv is the photon energy in eV 

13 (hv=1239/λ) and λ is the photon wavelength in nm. We can obtain the Tauc plot from UV-Vis 

14 spectra analysis for each sample as follows:

15
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4 Figure S19. Optical Bandgap (Eg): Tauc plots of N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, 

5 and FeNiN8-DAC samples. π-π* transitions were taken as primary to determine the materials’ 

6 optical band gap (Eg).
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1
2 Figure S20. Reflection Electron Energy Loss Spectroscopy (REELS) of FeNiN8-DAC sample, 
3 leading to the bandgap (Eg) of 2.30 eV which agrees with optical bandgaps obtained from Tauc 
4 plots.
5

6 Low-Energy Inverse Photoemission Spectroscopy (LEIPS)3 was performed to measure the valence 

7 band relative to the vacuum level for N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, and FeNiN8-

8 DAC samples. LEIPS analysis conditions are provided in Table S1.

9 Table S1. LEIPS (IPES) analysis conditions.

Sample bias -9.0 V ~ -2.0 V
(Electron Cathode: 9.6 V)

E-gun setting 3 uA (emission current)
40 V (extractor voltage)

Band Pass Filter 260/16-T55 (4.77 eV)
Energy step 0.04 eV
Time per step 2000 ms
Measurement time ~ 2 hr (10 scans)
Measured surface As received

10 • PHI in-situ XPS/UPS/LEIPS measurement

11

12 LEIPS analysis for N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, and FeNiN8-DAC samples 
13 are provided as follows:
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2 Figure S21. LEIPS analysis for N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, and FeNiN8-
3 DAC samples.

4

5 The radiative band-to-band recombination rate (R) is proportional to the np product:4

𝑅 = 𝐴(𝑛𝑝 ‒ 𝑛2
𝑖) (S3)

6 Where A is constant and:5

𝑛𝑝 = 𝛾𝑛𝛾𝑝𝑛2
𝑖exp (Δ𝐸𝑔

𝑘𝐵𝑇) 𝑎𝑛𝑑 𝑛2
𝑖 = 𝑁𝑐𝑁𝑣exp ( ‒

𝐸𝑔0

𝑘𝐵𝑇) (S4)

7 Where ΔEg=Eg0+Ev-Ec and Eg0 is the material band gap. In the nondegenerate limit, the Fermi-
8 Dirac distribution reverts to the Maxwell-Boltzmann distribution and γn and γp are 1. So:

𝑅 = 𝐴𝑛2
𝑖(exp (Δ𝐸𝑔

𝑘𝐵𝑇) ‒ 1) (S5)

9 And:

𝑅 = 𝐴𝑁𝑐𝑁𝑣(exp (Δ𝐸𝑔

𝑘𝐵𝑇) ‒ 1)exp ( ‒
𝐸𝑔0

𝑘𝐵𝑇) (S6)

10 By increasing the material band gap (Eg0), the recombination rate (R) decreases.

11

- LEIPS spectrum
- LEET spectrum
- Differentiated LEET spectrum

FeNiN8-DAC
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S23

1 S4. Triplet sensitization from TD-DFT calculations

2 Table S2. Electronic excitation energies (eV), oscillator strengths (ƒ), and main configurations of 

3 the low-lying electronically excited states of SACs. Based on the optimized ground state geometry, 

4 the calculations are at the level of B3LYP and 6-31g(d,p) basis set 6 using Gaussian 09.

Sample Excite

state

Electronic 

transition

Excitation 

Energy (eV)

Oscillator strength 

(ƒ)

Electronic component

N-doped Singlet S0→S1 1.086 0.0560 HOMO→LUMO (0.703)a

L-H=1.332 eVb Singlet S0→S2 1.391 0.0772 HOMO→LUMO+1 (0.664)

ΔEISC=0.367 eVc Singlet S0→S3 2.390 0.0000 HOMO→LUMO+2 (0.567)

Triplet S0→T2 0.719 0.0000 HOMO→LUMO+1 (0.700)

Triplet S0→T1 0.330 0.0000 HOMO→LUMO (0.737)

FeN4-SAC Singlet S0→S4
d 1.445 0.0048 HOMO→LUMO (0.704)

L-H=2.372 eV Singlet S0→S8 2.524 0.0309 HOMO-1→LUMO+1 (0.672)

ΔEISC=0.040 eV Singlet S0→S10 2.582 0.0002 HOMO-1→LUMO+2 (0.641)

Triplet S0→T2 1.405 0.0000 HOMO-2→LUMO (0.682)

Triplet S0→T1 1.213 0.0000 HOMO→LUMO (0.698)

CoN4-SAC Singlet S0→S2 1.096 0.0059 HOMO→LUMO (0.701)

L-H=2.920 eV Singlet S0→S4 1.255 0.00034 HOMO→LUMO+1 (0.698)

ΔEISC=0.098 eV Singlet S0→S6 1.466 0.0009 HOMO→LUMO+2 (0.709)

Triplet S0→T2 0.998 0.0000 HOMO→LUMO (0.705)

Triplet S0→T1 0.931 0.0000 LUMO→LUMO+9 (0.621)

NiN4-SAC Singlet S0→S4 2.496 0.0369 HOMO→LUMO+2 (0.500)

L-H=2.890 eV Singlet S0→S8 2.672 0.00545 HOMO→LUMO+1 (0.691)

ΔEISC=0.126 eV Singlet S0→S9 2.786 0.2245 HOMO→LUMO+2 (0.482)

Triplet S0→T2 2.370 0.0000 HOMO-9→LUMO+3 (0.703)

Triplet S0→T1 2.276 0.0000 HOMO-1→LUMO+2 (0.637)

FeNiN8-DAC Singlet S0→S6 1.185 0.0041 HOMO→LUMO+1 (0.581)

L-H=1.346 eV Singlet S0→S7 1.315 0.0608 HOMO-1→LUMO+2 (0.528)

ΔEISC=0.108 eV Singlet S0→S8 1.367 0.0232 HOMO-2→LUMO+1 (0.494)

Triplet S0→T2 1.077 0.0000 HOMO-6→LUMO+1 (0.661)

Triplet S0→T1 1.067 0.0000 LUMO-1→LUMO+2 (0.525)

FeNiN6-DAC Singlet S0→S8 1.458 0.0288 HOMO-3→LUMO (0.513)

L-H=1.682 eV Singlet S0→S9 1.564 0.0328 HOMO-1→LUMO+1 (0.622)

ΔEISC=0.048 eV Singlet S0→S10 1.954 0.0436 HOMO-5→LUMO (0.393)

Triplet S0→T2 1.410 0.0000 HOMO-1→LUMO+1 (0.462)
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Triplet S0→T1 1.298 0.000 LUMO-1→LUMO+1 (0.492)

Methylene blue Singlet S0→S1 2.591 0.9228 HOMO→LUMO (0.708)

L-H=2.488 eV Singlet S0→S2 2.758 0.0051 HOMO-1→LUMO (0.692)

ΔEISC=0.282 eV Singlet S0→S3 2.967 0.0016 HOMO-2→LUMO (0.706)

Triplet S0→T2 2.309 0.0000 HOMO-2→LUMO (0.695)

Triplet S0→T1 2.023 0.0000 HOMO-1→LUMO (0.700)

1 a The numbers in parentheses are the absolute value of coefficient of the wave function for each excitation.

2 b L and H stand for LUMO and HOMO, respectivly. L-H stands for the difference between LUMO and HOMO 

3 energies (eV).

4 c ΔEISC stands for the intersystem crossing gap energy.

5 d Please note that the singlet excited states with the oscillator strength of zero (such as S1 to S3) are not considered in 

6 the excitation process.7

7
8

9
10 Figure S22. Optimized ground state structure of N-doped, MN4-SAC, FeNiN8-DAC, and 

11 FeNiN6-DAC samples from DFT calculation at the level of B3LYP and 6-31g(d,p) basis set using 

12 Gaussian 09.
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1

2 Frontier molecular orbitals involved in excitation and singlet and triplet excited states of N-doped, 

3 FeN4-SAC, CoN4-SAC, NiN4-SAC, FeNiN8-DAC, and FeNiN6-DAC samples are provided in 

4 Figure S23.

5
6 Figure S23. Frontier molecular orbitals involved in excitation and singlet and triplet excited states 

7 of N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, FeNiN8-DAC, and FeNiN6-DAC samples 

8 (from DFT calculation at the level of B3LYP and 6-31g(d,p) basis set using Gaussian 09). Red 

9 and green colors represent electron availability and deficiency, respectively, with the isosurface 

10 value of 0.02 e/Å3.

11  

12
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1
2 Figure S24. The schematic of Jablonski diagram for samples provided in Table S2, showing the 

3 singlet and triplet excited states based on optimized ground state (S0) The calculations are at the 

4 level of TD-DFT/B3LYP/6-31g(d,p) using Gaussian 09.

5

6

7
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1 S5. Multi-electron transfer process (Dexter energy transfer, DET) from DFT calculations

2 The rate of electron transfer (kDexter) can be described by the following equation:8

𝑘𝐷𝑒𝑥𝑡𝑒𝑟 = 𝐾𝐽𝑒𝑥𝑝( ‒
2𝑅
𝐿 ) (S7)

3 where K is a constant related to the specific donor-acceptor (SAC-O2) couple, and J is the 

4 normalized spectral overlap between donor emission and acceptor absorption, which is 

5 independent of the oscillator strengths of the optical transitions. L is van der Waals radii, and R is 

6 the distance between donor and acceptor.8 Because of the requirement for orbital overlap, Dexter 

7 transfer which is exponentially related to R, occurs typically on very short length scales (<10 Å). 

8 To calculate the distances between SAC and O2 and to gain in-depth insight into the mechanism 

9 of 1O2 generation through triplet-triplet energy transfer, DFT calculation was performed. Figure 

10 S25 shows the schematic of Dexter electron transfer for triplet-triplet energy transfer:9,10

11

12 Figure S25. Schematic of Dexter electron transfer for triplet-triplet energy transfer.

13
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1  

2

3 Figure S26. Adsorption of O2 on N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, FeNiN8-DAC, 

4 and FeNiN6-DAC, indicating the O−O bond length, the distance between SAC and O2, and the 

5 charge transfer. BC stands for Bader charge.

6
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1

2 Figure S27. Charge transfer from N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, FeNiN8-DAC, 

3 and FeNiN6-DAC to O2 during adsorption. The yellow color represents electron availability while 

4 the green color represents electron deficiency, isosurface value = 0.0048 e/Å3.

5

6 To further elucidate the electronic interactions between metals and absorbed O2, the projected 

7 density of states (PDOS) for metals (Fe, Co, and Ni) 3d orbitals and O 2p orbitals are calculated. 

8 As shown Figure S28, more hybridization between 3d of Fe metal orbitals and 2p orbitals of 

9 dioxygen can be observed in contrast with Co and Ni metals. In addition, the contribution of the 

10 3d orbital of metal atoms in the HOMO level is observed.

11
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4 Figure S28. PDOS for the metal 3d (black line) and O 2p (red line) orbitals of N-doped, FeN4-

5 SAC, CoN4-SAC, NiN4-SAC, FeNiN8-DAC, and FeNiN6-DAC samples. The population 

6 analysis is done using the Multiwfn program.11
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1 Table S3. 1O2 quantum yield, triplet sensitization, and electron transfer comparison of synthesized 

2 SACs obtained from ESR, TD-DFT, and DFT calculations, respectively.

sample 1O2 quantum 
yielda

ΔEISC (eV)b O−O bond 
length (Å)

SAC−O 
distance (Å)

Charge 
transferc

N-doped 0.260 0.367 1.217 2.685 0.025
FeN4-SAC 1.036 0.039 1.291 2.176 0.366
CoN4-SAC 0.607 0.098 1.259 2.301 0.251
NiN4-SAC 0.552 0.126 1.220 2.951 0.022

FeNiN8-DAC 0.657 0.108 1.305 2.140 0.405
FeNiN6-DAC --f 0.048 1.286 2.191 0.326

3 a 1O2 quantum yield is obtained from ESR
4 b ΔEISC (eV) is calculated from TD-DFT calculations
5 c charge transfer is calculated from DFT calculations
6 f experiments are not done for FeNiN6-DAC
7
8
9

10
11

12
13 Figure S29. Spin density of FeN4-SAC and FeNiN8-DAC samples, indicating the delocalization 

14 of unpaired electrons of high-lying dz2 orbital of Fe atom into ligands. The blue color represents 

15 alpha spin while the green color represents beta spin, isosurface value = 0.004 e/Å3.
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1 S6. Rate of 1O2 sensitization

2 Based on equation S7, the rate of triplet-triplet energy transfer through Dexter energy transfer is 

3 defined. On the other hand, the Arrhenius equation provides the rate constant for triplet 

4 sensitization (kISC):

𝑘𝐼𝑆𝐶 = 𝐴𝑒𝑥𝑝( ‒
Δ𝐸𝐼𝑆𝐶

𝑘𝑇 ) (S8)

5 where A is the pre-exponential factor, k is the Boltzman constant, T is the absolute temperature 

6 (in degrees Kelvin), and ΔEISC is the intersystem crossing energy gap (activation energy, eV). So 

7 the rate of 1O2 sensitization can be defined as follows:

𝐾1𝑂2
= 𝑘 𝛼

𝐷𝑒𝑥𝑡𝑒𝑟𝑘 𝛽
𝐼𝑆𝐶 = 𝐴𝛼𝑒𝑥𝑝( ‒ 𝛼

Δ𝐸𝐼𝑆𝐶

𝑘𝑇 )(𝐾𝐽)𝛽𝑒𝑥𝑝( ‒ 𝛽
2𝑅
𝐿 ) (S9)

8 and

𝐾1𝑂2
∝ 𝑒𝑥𝑝( ‒ 𝛼

Δ𝐸𝐼𝑆𝐶

𝑘𝑇
‒ 𝛽

2𝑅
𝐿 ) (S10)

9 This universal equation shows the synergy effect of triplet sensitization and electron transfer 

10 applicable for SACs and DSACs. This equation indicates that by decreasing both R and ΔEISC, the 

11 rate of 1O2 sensitization increases. Hence at R=2.176 Å and ΔEISC=0.039 eV,  is enhanced for 
𝐾1𝑂2

12 FeN4-SAC.

13

14
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1

2

3 S7. Machine Learning (ML) for prediction of Gibbs free energy (ΔG)

4 Input data collection

5 The data used for the training of ML model is collected from the literature. The data contains the 

6 2084 data points for the Gibbs free energy (∆G) of reaction intermediates such as OH*, O*, OOH*, 

7 O2*, H*, CO2*, COOH*, CO*, and N2*. The data is based on the 3d, 4d, and 5d transition metals 

8 on graphene and porphyrin supports. The data are sorted in an excel file in such a way that the 

9 input features, the SACs structure, and the Gibbs free energies are provided for the training of ML 

10 algorithm (please see the Supporting Information). Figure S31 shows the violin plot of Gibbs free 

11 energy (∆G, eV) distribution for H*, N2*, OH*, O*, OOH*, CO*, and COOH* reaction 

12 intermediates. The violin plot displays also the number of datapoints for each reaction 

13 intermediates leading to a total of 2084 input data. The Gibbs free energy is distributed from -4 eV 

14 to 7 eV. More specifically, the Gibbs free energy of OOH* intermediate is between 0 to 7 eV with 

15 the average of around 4 eV and the mode of around 5.5 eV.

16 Machine Learning training

17 We apply support vetor regression (SVR) model to construct the structure-activity relationship and 

18 perform further analysis on the predicted data. Figure S32a shows the flowchart for the 

19 construction of SVR model based on the hyperparameters tuning using Bayesian optimization 

20 along with 10-fold cross validation (CV). First, the input data was randomly partitioned into the 

21 train set (90%, 1876 data points) and test set (10%,  208 data points). The input features were 

22 normalized by the MinMaxScaler function of Sklearn, and the initial guess for the hyperparameters 

23 of SVR algorithm (C and gamma) were given to the model. The optimized value for the 



S35

1 hyperparameters were predicted using Bayesian optimization by minimizing the mean absolute 

2 error (MAE) of test set as the activation function. Scheme S32b shows the top view and lateral 

3 view of the structure of a typical SAC along with the list of input features including the properties 

4 of transition metal, substrate, and intermediates. 

5

6

7 Figure S31. Distribution of training data for machine learning (ML). Violin plot (a) and box 

8 plot (b) of input data distribution for H*, N2*, OH*, O*, OOH*, CO*, and COOH* intermediates.
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1

2

3 Figure S32. Construction of ML for the design of single atom catalyst. (a) Flowchart for the 

4 automated hyperparameters tuning of the support vector regression (SVR) model using Bayesian 

5 optimization and 10-fold cross validation (CV). (b) Top view and lateral view of the structure of 

6 single atom catalyst (SACs) along with the input features including the properties of transition 

7 metal, substrate, and intermediates.

8
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1

2 Figure S33. Performance prediction. (a) Calculated adsorption energies of reaction 

3 intermediates such as H*, OH*, O*, OOH*, CO*, COOH*, and CHO* using the advanced ML 

4 method versus the DFT method. (b-d) Free energy diagram predicted for HER, ORR, and CO2RR 

5 for FeN4-SAC.
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