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Supplementary Figure 1. EDS spectra of STG-PtCo/EC sample. 

 

 

Supplementary Figure 2. (A,B) TEM images and (C) HR-TEM image of MHA-PtCo/EC. 

 

 

Supplementary Figure 3. (A,B) TEM images and (C) HR-TEM image of MUA-PtCo/EC. 

 



 

Supplementary Figure 4. (A,B) TEM images and (C) HR-TEM image of PtCo/EC. 

 

 

Supplementary Figure 5. HR-TEM image of PtCo/EC sample. 

 

 

Supplementary Figure 6. HAADF-STEM image and EDS mapping of PtCo/EC sample. 

 



 

Supplementary Figure 7. (A) Nitrogen ad-/de-sorption isotherms, (B) pore volume distribution and 

(C) cumulative pore volume distribution of small-molecule-assisted PtCo/EC samples.  

 

 

Supplementary Figure 8. Photographs of the solution color change after the addition of small 

molecule additives.  

 

 
Supplementary Figure 9. UV–Vis spectra of (A) STG solution, H2PtCl6, and CoCl2 solutions with and 

without STG, (B) MHA solution, H2PtCl6 and CoCl2 solutions with and without MHA, (C) MUA 

acetone solution, H2PtCl6 and CoCl2 acetone solutions with and without MUA. 

 

In the UV-Vis spectrum of the H2PtCl6 aqueous solution (Supplementary Figure 9A), significant 

changes were observed in the absorption bands at 260 and 373 nm after STG was added. The 

absorption bands at 206 and 260 nm are attributed to ligand-to-metal charge transfer transitions, 

precisely corresponding to the 1A1g → 1T1u transition [1]. Additionally, the absorption band at 373 nm is 

assigned to d-d transitions, reflecting the octahedral symmetry of the [PtCl6]2- configuration [2]. These 

results indicate that the sulfhydryl groups of STG replaced partial of the Cl liands and coordinated with 



Pt (IV) [3]. Similarly, new absorption bands appeared at 238, 371, and 469 nm in the UV-Vis spectrum 

of the CoCl2 solution with added STG, suggesting coordination between Co (II) and the carboxyl 

groups of STG [4]. Notably, when longer-chain additives MHA and MUA were added, the UV-Vis 

spectra of H2PtCl6 showed no significant changes, likely due to increased steric hindrance preventing 

the coordination between Pt (IV) and the sulfhydryl groups in the additives (Supplementary Figure 

9B-C). 

 

 

 

Supplementary Figure 10. XPS survey spectra of (A) STG-PtCo/EC, (B) MHA-PtCo/EC, (C) MUA-

PtCo/EC and (D) PtCo/EC. 

 

 

 

Supplementary Figure 11. (A) C 1s XPS spectra, (B) Co 2p XPS spectra of STG-PtCo/EC and the 

relevant samples. 

 



 

Supplementary Figure 12. E1/2 in O2-saturated 0.1 M HClO4 at 25℃. 



 
Supplementary Figure 13. LSV and CV curves of the as-synthesized catalysts in 0.1 M HClO4 and 

0.1 M HClO4 + 0.1 M H3PO4 at 25℃ for (A, B) STG-PtCo/EC, (C, D) MHA-PtCo/EC, (E, F) 

MUA-PtCo/EC, (G, H) PtCo/EC, and (I, J) commercial PtCoC. 

 



 

Supplementary Figure 14. CO stripping voltammograms of (A) STG-PtCo/EC, (B) MHA-PtCo/EC, 

(C) MUA-PtCo/EC, (D) PtCo/EC and (E) commercial PtCoC in 0.1 M HClO4 and 0.1 M HClO4 + 0.1 

M H3PO4 at 25℃. 

 

 

 

Supplementary Figure 15. Correlation of the E1/2 decay values, CO-stripping area retention and MA 

retention of the corresponding electrocatalysts in 0.1 M HClO4 and 0.1 M HClO4 + 0.1 M H3PO4. 

Retention% = (value in 0.1 M HClO4 + 0.1 M H3PO4/ value in 0.1 M HClO4) × 100%. 



 

Supplementary Figure 16. Tafel Slopes in O2-saturated 0.1 M HClO4 + 0.1 M H3PO4 at 25℃. 

 

 

 

Supplementary Figure 17. Comparison of specific activity of ORR in 0.1 M HClO4 and 0.1 M HClO4 

+ 0.1 M H3PO4 at 25℃. 

 



 

Supplementary Figure 18. Comparison of mass activity of ORR in 0.1 M HClO4 and 0.1 M HClO4 + 

0.1 M H3PO4 at 25℃. 

 

 

 
Supplementary Figure 19. The i-t curves at constant potentials of 0.7 V in 0.1 M HClO4 + 0.1 M 

H3PO4 at 25℃. 

 



 

Supplementary Figure 20. ORR polarization curves of (A) STG-PtCo/EC, (B) MHA-PtCo/EC, (C) 

MUA-PtCo/EC, (D) PtCo/EC and (E) commercial PtCoC before and after the i-t tests in 0.1 M HClO4 

+ 0.1 M H3PO4 at 25℃. 

 

 

 
Supplementary Figure 21. Image of the HT-RDE equipment. 



 

Supplementary Figure 22. ORR polarization curves of the synthesized catalysts and commercial 

PtCoC in O2-saturated 0.1 M HClO4 + 0.1 M H3PO4 at 80℃. 

 

 

 
Supplementary Figure 23. CV curves comparison in 0.1 M HClO4 + 0.1 M H3PO4 at 25℃ and 80℃ 

for (A) STG-PtCo/EC, (B) MHA-PtCo/EC, (C) MUA-PtCo/EC and (D) commercial PtCoC. 



 

Supplementary Figure 24. ORR polarization curves comparison in 0.1 M HClO4 at 25℃ and 0.1 M 

HClO4 + 0.1 M H3PO4 at 80℃ for (A) STG-PtCo/EC, (B) MHA-PtCo/EC, (C) MUA-PtCo/EC and 

(D) commercial PtCoC. 

 

 

 

Supplementary Figure 25. CO stripping voltammograms comparison in 0.1 M HClO4 at 25℃ and 0.1 

M HClO4 + 0.1 M H3PO4 at 80℃ for (A) STG-PtCo/EC, (B) MHA-PtCo/EC, (C) MUA-PtCo/EC 

and (D) commercial PtCoC. 



 

Supplementary Figure 26. LSV and CV curves of the as-synthesized catalysts before and after 10,000 

ADT cycles in O2-saturated 0.1 M HClO4 + 0.1 M H3PO4 at 80℃ for (A, B) STG-PtCo/EC, (C, D) 

MHA-PtCo/EC, (E, F) MUA-PtCo/EC and (G, H) commercial PtCoC. 



 

Supplementary Figure 27. TEM, HR-TEM images, and particle size distributions of (A-C) 

commercial PtCoC, (D-F) STG-PtCo/EC, (G-I) MHA-PtCo/EC, and (J-L) MUA-PtCo/EC after 

10,000 potential cycles in 0.1 M HClO4 + 0.1 M H3PO4 at 80 ℃. 

 



 

Supplementary Figure 28. LSV and CV curves of the as-synthesized catalysts in 85wt% H3PO4 at 

25℃ and 120℃ for (A, B) STG-PtCo/EC, (C, D) MHA-PtCo/EC, (E, F) MUA-PtCo/EC and (G, H) 

commercial PtCoC. 

 



 

Supplementary Figure 29. CO stripping voltammograms comparison in 85 wt% H3PO4 at 25℃ and 

120℃ for (A) STG-PtCo/EC, (B) MHA-PtCo/EC, (C) MUA-PtCo/EC and (D) commercial 

PtCoC. 

 

 

 

Supplementary Figure 30. XRD pattern of (A) STG-PtCo/EC, (B) MHA-PtCo/EC, (C) MUA-

PtCo/EC and (D) PtCo/EC before and after treated with 85wt% H3PO4 at 160 °C for 18 h. 

 



 

Supplementary Figure 31. XPS results of P 2p orbits of the as-synthesized electrocatalysts after 

treated with 85wt% H3PO4 at 160 °C for 18 h. 

 

 

 

 

Supplementary Figure 32. XPS results of Pt 4f orbits of (A) MHA-PtCo/EC, (B) MUA-PtCo/EC and 

(C) PtCo/EC before and after treated with 85wt% H3PO4 at 160 °C for 18 h. 

 

 

 

Supplementary Figure 33. Geometric structures of H₂PO₄⁻ adsorption on PtCo (111) of (A) PtCo/EC 

and (B) STG-PtCo/EC. White, blue, orange, brown, purple, red, and pink balls represent Pt, Co, S, C, P, 

O, and H atoms, respectively. 

 



 

Supplementary Figure 34. H2/air and H2/O2 fuel cell polarization and power density curves with low 

Pt loading (0.30 mgPt cm−2 in the cathode) at 160℃ without back-pressure. 

 

 

 
Supplementary Figure 35. (A) Polarization and power density curves of STG-PtCo/EC with ultra-low 

cathode Pt loading of 0.10 mgPt cm−2 with different PTFE binder content at 160℃ (H2/air) without 

back-pressure. EIS spectra at constant current density of (B) 200 mA cm-2 and (C) 500 mA cm-2. 

 

Supplementary Figure 36. Fitting results of the Nyquist plots of (A) STG-PtCo/EC, (B) PtCo/EC and 

(C) commercial PtCoC. 

 



 

Supplementary Figure 37. (A) XRD pattern, (B-C) TEM images and (D) EDS mapping of STG-

PtFe/EC.  

 

 

Supplementary Figure 38. (A) XRD pattern, (B-C) TEM images and (D) EDS mapping of STG-

PtNi/EC. 

 



 

Supplementary Figure 39. XRD patterns of (A) STG-PtCu/EC, (B) STG-Pt3Mn/EC and (C) STG-

Pt3Zn/EC. 

 

 

Supplementary Figure 40. Polarization and power density curves of different as-synthesized 

electrocatalysts with ultra-low Pt loading (0.10 mgPt cm−2 in the cathode) at 160℃ (H2/air) without 

back-pressure. 

 



 
Supplementary Figure 41. EIS analysis of the MEA with STG-PtCo/EC as the anode (0.1 mgPt cm−2) 

at a constant current density of 200 mA cm-2 before and after durability test. (A) Nyquist plots (inset: 

equivalent circuit). Fitting results of the Nyquist plots (B) before and (C) after durability test. (D) Fitted 

values of various impedances. 

  

 

Supplementary Figure 42. Contact angle tests for PA on the cathode catalyst layers of (A) PtCo/EC 

with 20 % PTFE, (B) STG-PtCo/EC with 20 % PTFE, (C) PtCo/EC with 0 % PTFE and (D) STG-

PtCo/EC with 0 % PTFE. 

 



 
Supplementary Figure 43. EDS mapping of the cross-sections of the cathode catalyst layers of (A) 

PtCo/EC with 5 % PTFE, (B) STG-PtCo/EC with 5 % PTFE, (C) STG-PtCo/EC with 20 % PTFE and 

(D) STG-PtCo/EC with 0 % PTFE after HT-PEMFCs tests. 

 

 

Supplementary Figure 44. SEM images of the microstructure of catalyst layers of (A) STG-PtCo/EC 

with 20% PTFE, (B) STG-PtCo/EC with 5% PTFE and (C) STG-PtCo/EC with 0% PTFE at a 

magnification of 50,000x. 

 

Supplementary Table 1. The ICP-AES results of different samples. 

Sample Pt wt% Co wt% 

PtCo/EC 20.42 6.11 

STG-PtCo/EC 21.08 6.20 

MHA-PtCo/EC 20.77 5.91 

MUA-PtCo/EC 21.92 6.03 

 

 

  



Supplementary Table 2. Elemental analysis results of the additive-assisted PtCo/EC precursor 

powders and the final samples after high-temperature heat treatment. 

Sample C wt% H wt% N wt% S wt% 

H2PtCl6-CoCl2/KB 17.74 2.033 0.1 0.465 

PtCo/EC 66.77 0.748 0.11 0.576 

STG-H2PtCl6-CoCl2/KB 24.52 1.654 0.06 6.975 

STG-PtCo/EC 59.12 0.819 0.07 2.508 

MHA-H2PtCl6-CoCl2/KB 24.95 2.617 0.09 7.173 

MHA-PtCo/EC 62.23 0.558 0.13 2.302 

MUA-H2PtCl6-CoCl2/KB 30.48 3.489 0.07 6.619 

MUA-PtCo/EC 64.91 0.837 0.15 2.042 

 

Supplementary Table 3. The ratio of Co0 to Co2+ content in the Co 2p XPS spectra. 

Sample Area ratio of Co2+ 2p 3/2 Area ratio of Co0 2p 3/2 Co0/Co2+ 

PtCo/EC 1.00 0.43 0.43 

MUA-PtCo/EC 1.00 0.27 0.27 

MHA-PtCo/EC 1.00 0.40 0.40 

STG-PtCo/EC 1.00 0.91 0.91 

 

 

Supplementary Table 4. The ICP-AES results of different STG-PtM/EC samples. 

Sample Pt wt% M wt% 

STG-PtFe/EC 22.41 6.23 

STG-PtNi/EC 20.18 5.77 

STG-PtCu/EC 21.96 6.85 

STG-Pt3Mn/EC 19.88 2.06 

STG-Pt3Zn/EC 20.10 2.24 
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