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Supplementary Notes 

 

Supplementary Note 1. Chemicals. Pristine black phosphorus (99%) was purchased from 

Nanjing XFNANO Materials Tech Co. Cupric acetate monohydrate (Cu(Ac)2∙ H2O), Cobalt(II) 

acetate tetrahydrate (Co(Ac)2 ∙ 4H2O), and N-methyl-2-pyrrolidone (NMP) were obtained from 

Sigma Aldrich. All chemical reagents were used without further purification.  

 

Supplementary Note 2. Characterizations. TEM and EDS characterizations were achieved 

using three TEM instruments (JEOL JEM-2100, FEI Talos F200X and FEI Titan Cubed Themis G2 

300 with a probe corrector). High-angle annular dark-field STEM energy dispersive X-ray 

spectroscopy (HAADF-STEM-EDS) were conducted on a JEOL GrandARM300F scanning 

transmission electron microscope with double Cs correctors at an acceleration voltage of 300 kV. 

X-ray photo electron spectrometer (XPS) with an ESCALAB 250Xi from Thermo scientific using 

monochromatic Al Kα radiation (225W, 15mA, 15kV), powder X-ray diffraction (XRD, X’Pert 

Powder with Cu Kα radiation), Raman spectrometer equipped with argon (532 nm) laser in the 

wavenumber of 100-2000 cm-1 (Horiba LabRAM HR Evolution) were adopted to characterize the 

as-prepared samples. The metal loadings were tested by ICP-MS on a VISTA MPX (Varian, Inc.). 

EPR measurements were implemented at 5.7 K by a Bruker A300 spectrometer, which operated in 

the X-band (9.64 GHz) and 100 kHz magnetic field modulation with 10 G modulation amplitude.  

 

Supplementary Note 3. The turnover frequency (TOF). To reveal the activity of each Cu and 

Co active site, the TOFs of n-Cu/BP, n-Co/BP and CoCu/BP catalysts are calculated, respectively. 

Per copper and cobalt site of was calculated according to the following equation: 

𝑇𝑂𝐹 =
𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟𝑠/𝑐𝑚2 𝑜𝑓 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 

𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠/𝑐𝑚2 𝑜𝑓 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎
                          (1) 

The total number of hydrogen turnovers was calculated from the current density according to: 

𝑛𝑜. 𝑜𝑓 𝐻2 = (𝐽 𝑚𝐴 𝑐𝑚−2) (
1𝐶 𝑠−1

1000 𝑚𝐴
) (

1𝑚𝑜𝑙 𝑜𝑓 𝑒−

96485.3 𝐶
) (

 1 𝑚𝑜𝑙 𝑜𝑓 𝐻2

2𝑚𝑜𝑙 𝑜𝑓 𝑒 − )(
6.022×1023  𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟𝑠

1𝑚𝑜𝑙 𝐻2
)                  

= 𝐽 × 3.12 × 1015 𝐻2𝑠−1𝑐𝑚−2 𝑝𝑒𝑟 𝑚𝐴 𝑐𝑚−2                                                    (2) 

The Cu and Co content of n-Cu/BP and n-Co/BP determined by the ICP-OES is ca. 11.3 and 5.2 

wt%, respectively, and that of in CoCu/BP is 8.8 and 3.7 wt%, respectively. The mass loading on 

the electrode is ~0.57 mg cm−2. Thus, n is calculated as: 

𝑁
𝑎𝑐𝑡𝑖𝑣𝑒

𝑛−
𝐶𝑢

𝐵𝑃 = (
𝐶𝑢 𝑤𝑡%×𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑝𝑒𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 (𝑔 𝑐𝑚−2)

𝐶𝑢 𝑀𝑤 (𝑔 𝑚𝑜𝑙−1)
) × (

6.022×1023

1 𝑚𝑜𝑙 
)                    

=
11.3%×0.57 𝑚𝑔 𝑐𝑚−2

(63.55) 𝑔 𝑚𝑜𝑙−1 × (
6.022×1023

1 𝑚𝑜𝑙 
) = 6.10 × 1017 𝑚𝑜𝑙 𝑐𝑚−2                            (3) 

𝑁
𝑎𝑐𝑡𝑖𝑣𝑒

𝑛−
𝐶𝑜

𝐵𝑃 = (
𝐶𝑜 𝑤𝑡%×𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑝𝑒𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 (𝑔 𝑐𝑚−2)

𝐶𝑜 𝑀𝑤 (𝑔 𝑚𝑜𝑙−1)
) × (

6.022×1023

1 𝑚𝑜𝑙 
)                    

=
5.2%×0.57 𝑚𝑔 𝑐𝑚−2

(58.93) 𝑔 𝑚𝑜𝑙−1 × (
6.022×1023

1 𝑚𝑜𝑙 
) = 3.03 × 1017 𝑚𝑜𝑙 𝑐𝑚−2                             (4) 

𝑁
𝑎𝑐𝑡𝑖𝑣𝑒

𝐶𝑢𝐶𝑜

𝐵𝑃 = (
𝐶𝑢𝐶𝑜 𝑤𝑡%×𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑝𝑒𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 (𝑔 𝑐𝑚−2)

2
3⁄ 𝐶𝑢1

3⁄ 𝐶𝑜 𝑀𝑤 (𝑔 𝑚𝑜𝑙−1)
) × (

6.022×1023

1 𝑚𝑜𝑙 
)                

=
12.5%×0.57 𝑚𝑔 𝑐𝑚−2

(63.55×2
3⁄ +58.93×1

3⁄ ) 𝑔 𝑚𝑜𝑙−1 × (
6.022×1023

1 𝑚𝑜𝑙 𝐶
) = 6.92 × 1017 𝑚𝑜𝑙 𝑐𝑚−2           (5) 



Finally, the current density from the LSV polarization curve can be converted into TOF values 

according to: 

𝑇𝑂𝐹𝑛−𝐶𝑢/𝐵𝑃 =0.0051× |𝐽|                                                     (6) 

𝑇𝑂𝐹𝑛−𝐶𝑜/𝐵𝑃 =0.0103× |𝐽|                                                     (7) 

𝑇𝑂𝐹𝐶𝑢𝐶𝑜/𝐵𝑃 =
|𝐽|×3.12×1015𝐻2𝑠−1𝑐𝑚−2  𝑝𝑒𝑟 𝑚𝐴 𝑐𝑚−2

𝑁𝑎𝑐𝑡𝑖𝑣𝑒
𝐶𝑢𝐶𝑜/𝐵𝑃   =0.0045× |𝐽|                                 (8) 

  



Supplementary Figures 

 

 

Supplementary Figure 1. Schematic illustration the photochemical process. 

The visible light-induced formation of SACs on BP is shown (the atomic structure of BP and tubes 

were drawn by Cinema 4D software).  

 

 

 

Supplementary Figure 2. Raman characterizations of bulk BP and BP layer. 

Raman shifts of bulk BP and exfoliated BP layer. Raman spectra of bulk BP and exfoliated BP sheets 

show three typical peaks between 300 and 500 cm-1, which include an out-of-plane vibrational mode 

of Ag
1, two in-plane modes of B2g and Ag

21. Compared to bulk BP, the Raman signals of exfoliated 

BP are shifted to a high number, which is in agreement with previous reports2. 

  



 

Supplementary Figure 3. AFM characterizations of BP layer. 

 AFM image of exfoliated BP layer.  

 

 

 

 

Supplementary Figure 4. Zeta-potential characterizations of BP nanosheets. 

The zeta-potential of BP nanosheets dispersed in NMP of different pH values, showing a negative 

surface potential in a neutral environment. Cu2+ and Co2+ ions are readily adsorbed onto the negative 

surface of BP by electrostatic interaction. In addition, the value of zeta potential in BP surface is 

above 40 mV in a neutral environment, indicating that BP nanosheets possess good dispersion in 

NMP, as shown in the illustration. 

  



 

Supplementary Figure 5. Scheme for the synthesis of Cu2+/BP and Co2+/BP 

Cu2+/BP and Co2+/BP were synthesized without vis irradiation and H2 auxiliary. 

 

 

 

 

Supplementary Figure 6. ICP characterizations. 

The loading contents of Cu2+ and Co2+ for BP nanosheets in various acetate solution (the molar ratio 

of Cu(Ac)2∙H2O to Co(Ac)2∙4H2O was 1:1) containing different concentrations of Cu or Co. The 

loading concentrations of Cu2+ and Co2+ are expressed as the weight percentage related to support. 

The loading amount of was evaluated by ICP-OES analysis. The results indicate that metal ions of 

Cu and Co show high adsorption capacity in BP and gradually tend to be saturated. The mass 

percentage of Cu2+ and Co2+ is close to 1.4:1 in Cu2+/BP and Co2+/BP. 

  



 

Supplementary Figure 7. XRD characterizations.  

The X-ray diffraction (XRD) of BP, n-Cu/BP and n-Co/BP nanosheets. 

 

 

 

 

Supplementary Figure 8. STEM characterizations. 

 A STEM images of M/BP and the corresponding SAED analysis indicate the well-crystal structure 

of BP. The samples go through a “organic impurity removal” step before testing STEM to obtain 

stable signals. 

  



 

Supplementary Figure 9. HAADF-STEM characterizations of n-Cu/BP and n-Co/BP. 

HAADF-STEM image of n-Cu/BP (a) and n-Co/BP (b). 

 

 

 

 

Supplementary Figure 10. Their intensity profile analyses by HAADF-STEM. 

The intensity profiles along the line X–Y in n-Cu/BP and n-Co/BP. 

  



 

Supplementary Figure 11. TEM-EDX element mapping. 

Representative TEM images and EDS mapping of supported Cu and Co nanoparticles (Cu NPs/BP 

and Co NPs/BP) prepared by a conventional impregnation method followed by conventional 

thermal reduction in 500 ℃. The formation of Cu and Co nanoparticles was clearly observed in the 

catalyst. 

 

 

 

 

Supplementary Figure 12. HAADF-STEM characterizations. 

 HAADF-STEM images of Cu1.52/BP, Cu3.92/BP, and Cu15.8/BP. These samples were synthesized 

under different vis irradiation time with H2 auxiliary for 0.5, 1, and 5 h, respectively. 

  



 

Supplementary Figure 13. XANES and FT k2-weighted EXAFS spectra. 

a Cu k-edge XANES. b FT k2-weighted EXAFS spectra of Cu/BP and the reference Cu foil and 

Cu2O. 

The Cu K edge XANES spectra of Cu foil and Cu/BP with different Cu loading are shown in 

Supplementary Fig. 13 a. The near-edge features of Cu/BP are in between of those of Cu foil and 

Cu2O, indicating that the Cu species are partially positively charged (Cu𝛿+, 0<𝛿<1) due to the charge 

redistribution between Cu0 and BP. Fourier-transformed k2-weighted EXAFS in R space shows that 

Cu3.93/BP and Cu11.3/BP possess one main peak at 1.92 Å from the first coordination shell of Cu-P 

bond (Supplementary Fig. 13 b). Cu15.8/BP displays an additional minor peak at 2.4 Å, ascribed to 

Cu-Cu scattering, confirming the formation of Cu clusters. By contrast, no obvious peaks at 2.4 Å 

for Cu11.3/BP and Cu3.93/BP evidence that Cu atoms are atomically dispersed, in accordance with the 

HAADF-STEM observations (Supplementary Fig. 12). 

  



 

Supplementary Figure 14. The wavelet-transform images. 

 a,b WT contour plots of Cu K-edge at R space for Cu2O and CuO. c Co K-edge at R space for CoO. 

 

 

 

 

Supplementary Figure 15. XANES and FT k2-weighted EXAFS spectra of Cu2+/BP. 

a The normalized Cu K-edge XANES and b FT-EXAFS spectra of Cu2+/BP, Cu foil, Cu2O and CuO. 

  



 

Supplementary Figure 16. XANES and FT k2-weighted EXAFS spectra of Co2+/BP. 

 a The normalized Co K-edge XANES and b FT-EXAFS spectra of Co2+/BP, Co foil and CoO. 

 

 

 

 

Supplementary Figure 17 Scheme for the synthesis of M/BP under vis irradiation without H2 

auxiliary.  

After Cu(Ac)2 (0.05 mmol) or Co(AC)2 (0.05 mmol) was introduced into NMP dispersion of BP 

nanosheets to allow the adsorption of M2+ species, and then the mixture was treated with vis light 

without H2 auxiliary for 3h. The sample was thoroughly washed by ethanol and water. 

  



 

Supplementary Figure 18. HAADF-STEM characterizations and STEM-EDX element 

mapping. 

a Aberration-corrected scanning transmission electron microscopy (STEM) images of Cu/BP 

prepared under vis irradiation without H2 auxiliary. b STEM-EDS elemental mapping of 

corresponding Cu/BP nanosheet. 

 

 

 

 

Supplementary Figure 19. Scheme for the H2 treatment for BP nanosheets. 

The BP nanosheets in NMP with H2 treatment under dark environment for 3h, and then the sample 

was thoroughly washed by ethanol and water. 

  



 

Supplementary Figure 20. UV/Vis diffuse reflectance spectra. 

Plots of (αhν)2 versus the energy of the exciting light (hν) curve of BP and Cu/BP based on Tauc 

plot equation: [(αhν)2 = A(hν-Eg)]. BP is direct bandgap materials, thus r=2 for Tauc plot (αhν)r 

versus hν3. 

 

 

 

 

Supplementary Figure 21. The ultraviolet photoelectron spectra. 

UPS spectra of BP and Cu/BP. We used ultraviolet photoelectron spectroscopy (UPS) to determine 

the ionization potential, which is equivalent to the valence band energy (EVB). According to the 

linear intersection method, the EVB of BP and Cu/BP were calculated to be 5.16 and 5.14 eV (vs 

vacuum), respectively, by subtracting the width of the He I UPS spectrum from the excitation energy 

(21.22 eV). The EVB values in eV can be converted to the electrochemical energy potential of 0.72 

and 0.7 eV, respectively, according to the reference standard for which 0 V vs. RHE equals -4.44 eV 

vs. evac (vacuum level). 



 

Supplementary Figure 22. The energy level diagrams of BP and Cu/BP. 

Schematic illustration of the energy level information from UPS, in which ECB is conduction band 

energy, and EVB is valence band energy. 

 

 

 

 

Supplementary Figure 23. Scheme for the synthesis of bimetallic CuCo/BP.  

After Cu(Ac)2 and Co(Ac)2 (both 0.05 mmol) were introduced into NMP dispersion of BP 

nanosheets to allow the adsorption of M2+ species, and then the mixture was treated with vis light 

with H2 auxiliary for 3h. The sample was thoroughly washed by ethanol and water. 

 

  



 

Supplementary Figure 24. HAADF-STEM characterization and STEM-EDS elemental 

mapping. 

a HAADF-STEM image of CuCo/BP. b The corresponding intensity profiles along the line X–Y in 

(a). c STEM-EDS elemental mapping of CuCo/BP nanosheet. 

 

 

 

 

Supplementary Figure 25. XPS characterization. 

 a Cu 2p XPS spectra of Cu2+/BP and n-Cu/BP catalysts. b Co 2p XPS spectra of Co2+/BP and n-

Co/BP catalysts. 

 

  



 

Supplementary Figure 26. The analysis of exchange current densities. 

The exchange current densities of the n-Cu/BP, n-Co/BP, CoCu/BP, and BP electrocatalysts. 

 

 

 

 

Supplementary Figure 27. LSV and Tafel slope curves. 

 HER performances of Cu2+/BP, Cu NPs/BP, and n-Cu/BP. 

  



 

Supplementary Figure 28. LSV curves of Cu/BP and Co/BP. 

HER performances of Cu/BP and Co/BP under different vis irradiation time (0.5, 1, 3, and 5h) with 

H2 auxiliary, respectively. 

 

 

 

 

Supplementary Figure 29. LSV curves of CuCo/BP. 

 HER performances of CuCo/BP with different Cu and Co feeding amount. 

  



 

Supplementary Figure 30. The double-layer capacitance analysis. 

a Typical cyclic voltammetry curves (CVs) of n-Cu/BP with different scan rates at 20, 40, 60, 80, 

100, and 120 in the potential range of 0.06-0.22 V, respectively. b Capacitive current at 0.14 V based 

on scan rate for n-Cu/BP, n-Co/BP, CuCo/BP, and BP (∆J0=(Ja-Jc), J respects current density). 

 

 

 

 

Supplementary Figure 31. ECSA normalized HER polarization curves. 

ECSA normalized HER polarization curves of the n-Cu/BP, CuCo/BP, n-Co/BP, and BP electrodes. 

  



 

Supplementary Figure 32. CV stability test. 

CV stability of the CuCo/BP catalyst. 

 

 

 

 
Supplementary Figure 33. Specific current activities of n-Cu/BP at different overpotential. 

 Specific current of n-Cu/BP with 1st and after 2500 cycles of CV, and corresponding mass activity 

ratio between before and after 2500 CV cycles at different overpotential. 

  



 

Supplementary Figure 34. HAADF-STEM characterization.  

The image of n-Cu/BP by aberration-corrected transmission electron microscope after long-term 

electrocatalysis. 

 

 

 

 
Supplementary Figure 35. HAADF-STEM image and element mapping characterization. 

HAADF-STEM image and element mapping of n-Cu/BP after long-term electrocatalysis. 

 

 

 



 

Supplementary Figure 36. XANES and FT k2-weighted EXAFS spectra. 

XAS characterizations after long-time operation. a XANES and b corresponding FT-EXAFS spectra 

for n-Cu/BP post HER, Cu foil, Cu2O, and CuO. 

 

 

 

 

Supplementary Figure 37. Raman characterization. 

Raman shifts of n-Cu/BP and BP nanosheets after 2500 CV cycles. 

 

 

 



 

Supplementary Figure 38. XPS characterization for P 2p XPS spectra. 

 P 2p XPS spectra of n-Cu/BP after long-term CV cycles for HER. There is no obvious shift for the 

P 2p XPS for n-Cu/BP. The intensity of P-O bonds in n-Cu/BP is higher after long-term CV cycles, 

which is ascribed to its low surface absorbability to OH- or POx. 

 

 

 

 

Supplementary Figure 39. XPS characterization for Cu 2p and Co 2p XPS spectra. 

a Cu 2p and (b) Co 2p XPS spectra of n-Cu/BP after long-term CV cycles for HER. There is a little 

change for Cu 2p and Co 2p XPS spectra after long-term CV cycles, indicating the excellent 

structural stability of n-Cu/BP. A weak new peak located at 782.5 eV occurs in the XPS of Co 2p 

after 2500 CV cycles, demonstrating the existence of slight oxidation or OH-absorption for Co atoms. 

 

 



 

Supplementary Figure 40. The faradaic efficiency for HER. 

The amount of hydrogen theoretically calculated and experimentally measured vs. time for n-Cu/BP 

in 1 M KOH for HER (50 mA cm-2 is passed over 20 minutes). 

 

 

 

Supplementary Figure 41. The calculated projected crystal orbital Hamilton population. 

Projected crystal orbital Hamilton population (COHP) for H*–substrate interactions in M/BP 

catalysts. 



 

Supplementary Figure 42. The calculated Energy and temperature evolution versus the AIMD 

time for Cu/BP.  

Insets show the top and side views of a snapshot of the atomic configuration. The simulation is run 

at 500 K for 10 ps with a time step of 2 fs. 

 

 

 

 

Supplementary Figure 43. Reaction energy diagrams of the different steps in alkaline HER on 

isolated Cu/BP.  

The simplified surface structures of the various reaction species along the reaction pathway 

including H2O adsorption state (IS), activated H2O dissociation (TS), and H adsorption from final 

state (FS). 

  



Supplementary Tables 

 

Supplementary Table 1. The metal loading of n-Cu/BP and n-Co/BP catalysts under vis irradiation 

with H2 auxiliary for 3h from ICP-OES results as compared with literature data. 

Catalysts Metal loading (wt%) Ref. 

n-Cu/BP 11.3 This work 

n-Co/BP 5.2 This work 

CuCo/BP Cu 8.8, Co 3.7 This work 

Cu SAs/UiO-66-NH2 0.39 4 

Cu-SA/SNC 4.5 5 

PdCu/NC. Cu 2.32, Pd 2.23 6 

Cu/TiO2 0.75 7 

Ni-N4/GHSs/Fe-N4 Ni 1.9, Fe 3.0 8 

Cu-SAs/N-C 0.95 9 

Ni/GD 0.278 10 

FeN4/GN 4.0 11 

Pt/MoS2 7.5 12 

Cu-ISAS@NaY 0.29 13 

Fe-sMoS2 9.34 14 

Pd/TiO2 1.5 15 

Zn/CoNx-C Zn 0.33, Co 0.14 16 

Co–N–C 1.63 17 

Co–N–C@F127 6.2 18 

Pt-ISAS 0.22 19 

PtSA-NT-NF 1.6 20 

CoSSPIL/CNT 4.0 21 

SA-Fe-NHPC 1.25 22 

Pt/HSC 5.0 23 

Co-BP 4.0 24 

Ni-C/N 2.2 25 

WCx-FeNi Fe 1.37, Ni 1.73 26 

 

 

 

Supplementary Table 2. The metal loading catalysts on BP support prepared under different vis 

irradiation time with H2 auxiliary from ICP-OES results. 

Vis irradiation Cu/BP and Co/BP Species Weight fraction (wt%) 

0.5 h 
Cu 1.52 

Co 0.71 

1 h 
Cu 3.93 

Co 1.82 

5 h 
Cu 15.8 

Co 7.6 

 

 

 

Supplementary Table 3. Structural parameters extracted from the EXAFS fitting.  

Sample Shell Na R (Å)b σ2 (Å2)c ΔE0 (eV)d R factor 

n-Cu/BP Cu-P 3 2.34 0.00888 7.4 0.008 

n-Co/BP Co-P 3 2.16 0.00595 4.5 0.002 

 



Supplementary Table 4. The metal loading Cu/BP and Co/BP catalysts on BP support prepared 

under different conditions from ICP-OES results. 

Conditions Species Weight fraction (wt%) Atomic fraction (at%) 

Vis irradiation for 

3h without H2  

Cu 1.39 0.68 

Co 0.65 0.35 

H2 without Vis 

irradiation 

Cu 0.03 0.01 

Co -- -- 

 

 

 

Supplementary Table 5. The metal single-atomic loading catalysts for CuCo/BP prepared from 

ICP-OES results. 

Catalysts Species Weight fraction (wt%) 

CuCo/BP 
Cu 8.8 

Co 3.7 

 

 

 

Supplementary Table 6. Comparison of HER activity data for various catalysts. 

Catalysts Overpotential  

(10 mA cm-2) 

Tafel slope  

(mV dec-1) 

References 

n-Cu/BP 41 53.4 This work 

n-Co/BP 141 131.6 This work 

CuCo/BP 73 73.2 This work 

Ni-MoS2 98 60 27 

Ru-MoS2/CNT 50 62 28 

Pt@PCM 139 73.6 29 

sc-Ni2P
δ-

-/NiHO 60 75 30 

Co@C2N 250 121 31 

CoNx/C 170 75 32 

Cu NDs/Ni3S2 

NTs-CFs 
128 76.2 33 

CoP/NCNHP 115 66 34 

Ni@Ni2P 150 213 35 

W-SAC 85 53 36 

Pt1@Fe-N-C 108 / 37 

NiSA-MoS2/CC 95 75 38 

Co1/PCN 89 52 39 

Pd/MoS2 89 80 40 

RuSA-N-S-Ti3C2Tx 76 90 41 

MCM@MoS2–Ni 161 81 42 

 

 

  



Supplementary Table 7. Comparison of TOF of HER catalysts at overpotential 0.15 V in alkaline 

condition. 

Catalysts TOF (H2 S-1) References 

n-Cu/BP 0.57 This work 

CuCo/BP 0.17 This work 

n-Co/BP 0.12 This work 

Co1/PCN 0.22 39 

Ru@GnP 0.145 (0.1 V) 43 

Co-Ni3N 0.146 (0.2 V) 44 

Ni-MoS2 0.32 27 

MoNi4/MoO3-x 1.13 (0.1 V) 45 

Mo1N1C2 0.465 46 

Ru/NG 0.35 (0.1 V) 47 

Ni-C-N NSs 0.44 (0.1 V)  48 

Co-NiS2 0.55 (0.1 V) 49 

 

 

 

Supplementary Table 8. The feeding amount of Cu and Co source of all the synthesized catalysts 

with different compounds and the corresponding actual atomic ratios of Cu:Co. 

Samples Cu0Co0.05 

/BP 

Cu0.025Co0.05 

/BP 

Cu0.05Co0.025 

/BP 

Cu0.05Co0.05 

/BP 

Cu0.05Co0.1 

/BP 

Cu0.1Co0.05 

/BP 

Cu0.05Co0 

/BP 

Cu (mmol) 0 0.025 0.05 0.05 0.05 0.1 0.05 

Co (mmol) 0.05 0.05  0.025 0.05 0.1 0.05 0 

Actual 

atomic ratios 
(Cu:Co)  

-- 1.02 3.82 2.19 1.21 4.34 -- 

 

 

 

Supplementary Table 9. Comparison of bond lengths and charge transfer (the “negative” represents 

the transfer of electrons from Cu to the support) for single-atom Cu-based catalysts. 

Catalysts Coordination Bond length by 

FT-EXAFS (Å) 

Charge transfer 

(|𝑒|) 
Reference 

n-Cu/BP Cu-P3 1.93 -0.29 This work 

Cu-N4/C 

Cu-N4 

1.42 -0.62 
50 Cu-N4/C-B 1.44 -0.89 

Cu-N4/C-P 1.47 -0.59 

Cu2@C3N4 N-Cu-N 1.62 -0.66 51 

(Zn, Cu)-NC 
Cu-C2N 1.71(Cu-N) -0.60 52 
Zn-N4 1.44 -1.16 

Cu-SA/SNC Cu-N4 1.44 -1.14 5 

PdCu/NC Cu-N2 1.47 -0.56 6 

Cu-CDs 
Cu-N2 

Cu-O2 

1.50 -0.87 
53 

1.50 

CuNi-

DSA/CNFs 

CuN4 

NiN4 

1.50 

1.52 

-0.69 

-0.66 
54 
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