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Calculation methods 

The formula for the calculation of the Turnover Frequency (TOF) is as follows: 

TOF = 
j × NA

Z × F × n
(1) 

n = m × N (2) 

j (mA/cm2) denotes the current density measured at an overpotential of 470 mV; NA 

denotes Avogadro constant; F denotes Faraday constant; Z denotes the number of 

electrons required to generate one product molecule; n denotes the surface concentration 

or exact number of active sites in the catalytic reaction. In OER, the n value is 4, 

representing the number of electrons transferred when one molecule of O2 is formed. In 

Equation (2), m (g/cm2) and N (g−1) represent the load mass per square centimeter of 

electrode surface and the number of active sites per gram of catalyst, respectively. 

 

The relationship between ECSA (cm2) and Cdl (μF) is shown in Equation (3): 

ECSA =  Cdl Cs⁄ (3) 

 

The routes of electrocatalytic degradation of SA: 

 

(4) 

 

(5) 

 

 

 

The formula for calculating the sulfonamide degradation rate: 

η = 
C0 - Ct

C0

(6) 

C0 and Ct are the initial sulfonamide concentration and the concentration at time t, 

respectively. 

  



 

 

 

 

 

 

 

 

 

Supplementary Figure 1. (A) The HR-TEM image of α-MnO2 (The inset shows the 

pore structure). The SEM images of MnO2 synthesized with (B) 0 M, (C) 0.282 M, (D) 

0.417 M, and (E) 0.550 M H2SO4. 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2. (A) The TEM and (B) HR-TEM images of MnO2 (The inset 

shows the corresponding FFT pattern). 

  



 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3. The EDX spectrum of La-doped MnO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4. The ICP-OES results for MnO2, 2% La-doped MnO2, and 5% 

La-doped MnO2. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5. (A-D) The HAADF-STEM image and the corresponding 

elemental mapping images of the MnO2. (E) The EDX spectrum of pure MnO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6. (A) The XPS survey spectra of La-doped MnO2 (top) and 

MnO2 (bottom). The XPS survey spectra of (B) MnO2 and (C) La-doped MnO2 after 

OER. (D) The La 3d XPS spectrum of La-doped MnO2 after OER. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 7. (A) Mn 2p and (B) Mn 3s XPS spectra for MnO2 before and 

after OER. (C) O 1s XPS spectra of La-doped MnO2 (top) and MnO2 (bottom).  

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 8. The TOF for OER of La-doped MnO2 and MnO2 at an 

overpotential of 470 mV. 

  



 

 

 

 

 

 

 

 

 

 

Supplementary Figure 9. The OER LSV polarization curve of RuO2 in 1.0 M KOH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 10. The charging currents of (A) MnO2 and (B) La-doped MnO2  

samples recorded in the non-Faradaic potential region at different scan rates. (C) The 

normalized OER activity of the two samples. 

  



 

 

 

 

 

 

 

 

Supplementary Figure 11. The equivalent circuit model (top) and the the fitted results 

for the two catalysts (bottom). 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 12. The pH-dependent LSVs of (A) MnO2 and (B) La-doped 

MnO2 at a scan rate of 5 mV s−1. 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 13. The CPE of MnO2 for OER at 1.75 V (vs RHE) without iR 

compensation. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 14. The SEM images of (A, B) La-doped MnO2 and (C, D) 

MnO2 after CPE. 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 15. The XRD patterns of La-doped MnO2 and MnO2 after OER. 

 

 

 

 

 

Supplementary Figure 16. The structure of SA. 

  



 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 17. (A) The UV-vis absorption spectra of solutions of Na2SO4 

with different concentrations of SA. (B) The standard curve of SA in water. 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 18. The UV-vis absorption spectra of SA under static 

degradation. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 19. The UV-vis absorption spectra of solutions containing 

Na2SO4 and SA, with the addition of (A, B) TBA, (C, D) MeOH, or (E, F) p-BQ during 

electrolysis for (A, C, and E) La-doped MnO2 and (B, D, and F) MnO2 catalysts at 2.1 V 

over various time intervals. The electrocatalytic degradation kinetics of SA with (G) La-

doped MnO2 and (H) MnO2 catalysts in the presence of different radical scavengers. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 20. EPR spectra of •OH in (A) La-doped MnO2 and (B) MnO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 21. (A) The UV-vis absorption spectra of a solution of Na2SO4 

and SA during electrolysis by RuO2 at 2.1 V for different times. (B) The comparison of 

the electrochemical degradation efficiency of RuO2 and the static degradation efficiency. 

(C) The corresponding electrocatalytic degradation kinetics of SA. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 22. The SEM images of (A, B) La-doped MnO2 and (C, D)  

MnO2 after SA degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 23. The XRD patterns of La-doped MnO2 and MnO2 after SA 

degradation. 

  



 

 

Supplementary Table 1. The La3+ ion leaching amount after 12 hours of constant 

potential electrolysis 

Time (h) 12 

La Concentration (ppb) 0.8436 ± 0.05 

 

Supplementary Table 2. Comparison of OER performance of sea urchin-like α-

MnO2 catalyst with other recently reported Mn oxide electrocatalysts 

 

 

Catalysts Electrolyte 
Overpotential (mV) 

@ 10 mA/cm2 

Tafel Slope 

(mV/dec) 
Ref. 

Sea urchin-like 

La-MnO2 
1 M KOH 450 71 

This 

work 

β-MnO2 1 M KOH 561 187 [1] 

τ-MnO2 1 M KOH 527 188 [1] 

Mn3O4 1 M KOH 890 343 [2] 

α-MnO2-NWN 1 M KOH 467 65.6 [3] 

Mn2O3 1 M KOH 470 (@ 1 mA/cm2) - [4] 

2D Mn3O4 0.1 M KOH 670 (@ 5 mA/cm2) 316 [5] 

MnO2@PFANI 

nanowire 
1 M KOH 440 82 [6] 

Mesoporous 

Mn2O3 
0.1 M KOH 470 - [7] 

δ-MnO2/CC 1 M KOH  495 179 [8] 

MnO2-Ni0.002(M) 0.1 M KOH 445 86 [9] 

Mo/α-MnO2 1 M KOH 440 86 [10] 

Al-doped Mn3O4 1 M KOH 450 109 [11] 
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