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Supplementary Figure 1 | Characterization of PTFE patterned glassy carbon 

electrodes. a) digital image for laser engraved polyimide shadow mask. b) digital photos 

for 300-GC recorded at open circuit and 2.05 V vs. RHE. c), digital photos for 200-GC 

recorded at open circuit and 2.05 V vs. RHE. d), high-resolution F 1s XPS spectra for 

200-GC catalyst. Two peaks originating from CxFy species are detected, the dominated 

one at 689.3 eV is due to fully fluorinated PTFE (-CF2-CF2-)n
1. The minor peak located at 

686.9 eV can be ascribed to partially fluorinated carbon chains (-CFH-CH2-)n
1. e), high-

resolution XPS spectra of O 1s for 200-GC catalyst. The O 1s region was deconvoluted 

into three contributions at 530.8, 532.5 and 535.1 eV, corresponding to the C=O, C-

OH/C-O-C and chemisorbed H2O, respectively2-4.     

 



 

Supplementary Figure 2 | SEM characterization of 60% PTFE modified CFP. a-b, 

as-prepared CFP-60% catalyst. Obviously, the PTFE nanoflakes have been deposited 

onto carbon catalyst surface which can provide a very high local O2 concentration during 

water oxidation process. Further, undoubtedly, sufficient triple phase contact points can 

be achieved after PTFE nanoflakes modifications, ensuring the high production rate of 

H2O2. c-d, CFP-60% after electrochemical measurements. It shows that the CFP-60% 

catalysts can maintain their original morphology even after 7-hour stability measurements, 

implying their good stability towards two-electron water oxidation. e-f, CFP-60% catalyst 

after Argon annealing at 900 °C for 1 hour, leading to the formation of fluorine-doped 

carbon/CFP electrode. Scale bars: a 20 µm; b 1 µm; c 20 µm; d 4 µm; e 100 µm; f 2 µm. 



 

Supplementary Figure 3 | Under-electrolyte O2 bubble adhesive force measurements 

for pristine and PTFE modified CFP and the corresponding under-electrolyte O2 

contact angle and in-air water contact angle. a, pristine CFP. b, CFP-5%. c, CFP-20%. 

d, CFP-60%. The bubble contact angles under electrolyte for pristine CFP, CFP-5%, 

CFP-20% and CFP-60% were measured as 140.0° ± 2.0°, 116.2° ± 1.1°, 73.5° ± 2.3°, 

60.1° ± 1.5°, respectively. The in-air water contact angles for pristine CFP, CFP-5%, 

CFP-20% and CFP-60% were measured as 37.1° ± 1.8°, 124.2° ± 1.2°, 136.7° ± 0.8°, 

142.0° ± 0.5°, respectively. 

 



 

Supplementary Figure 4 | Double-layer capacitance measurements for pristine and 

PTFE modified CFP. a-b, pristine CFP. c-d, CFP-5%. e-f, CFP-20%. g-h, CFP-60%. 

  



 

Supplementary Figure 5 | Microscopic stirring effect for pristine and PTFE 

modified CFP. a, Digital photo of pristine CFP and CFP-60% catalyst during water 

oxidation at 2.2 V vs. RHE, b, and the corresponding H2O2 FE. Hydrogen peroxide 

(*OOH species on the electrode) is very hydrophilic and it easily move over the water 

phase facing with the electrode, competing with the successive further two-electron 

oxidation on the electrode. When the water phase is covering over the electrode surface 

the moving motion of H2O2 is substantial and could be competing with the subsequent 

two-electron oxidation. Thus, the vigorous evolution of O2 bubbles in the region (E > 

2.15 V) would cause a sort of microscopic stirring effect to refresh the water coverage, 

which may be thought to promote the two-electron water oxidation. To exclude this 

possibility, we performed control experiments. First of all, our results show that the 

modification of the electrode surface by PTFE would cause a repulsive effect against the 

aqueous electrolyte (Supplementary Fig. 3), leading to less liquid water covering over the 

electrode surface for CFP-60% catalyst compared to pristine CFP. If the above proposed 

mechanism is correct, it is easier for hydrophilic H2O2 to escape into water on the surface 

of pristine CFP and results in a higher H2O2 selectivity. This is however the reverse trend 

compared to our experimental results. Secondly, after modification of PTFE, the CFP-60% 

catalyst traps generated O2 gas on the surface, preventing a violent O2 bubble evolution 

and release as observed in pristine CFP. This as a result weakens the sort of microscopic 

stirring effect to refresh the water coverage near the active sites as mentioned by the 

reviewer (Supplementary Fig. 5a). However, the CFP-60% catalyst presented 

significantly improved H2O2 selectivity compared to pristine CFP (Supplementary Fig. 

5b). The above two points excludes the possible explanation that, the vigorous evolution 

of O2 bubbles to refresh the water coverage could promote the two-electron water 

oxidation. 

 

 



 

Supplementary Figure 6 | Two-electron water oxidation performance for pristine 

and PTFE modified CFP in different electrolyte. a, H2O2 concentration for CFP-60% 

catalyst after 30 C charge electrolysis under 2.35 V vs. RHE using different electrolyte. 

The error bars represent three independent samples. b, H2O2 concentration for CFP-60% 

catalyst after 30 C charge electrolysis under 2.35 V vs. RHE using different electrolyte. 

The error bars represent three independent samples. The free H2O2 in the electrolyte 

might be further oxidized into O2 during water oxidation, and the hydrophilic CFP and 

hydrophobic PTFE-CFP could perform differently. Here we included additional 

experiments and analysis to study this possibility. As all of our experiments were 

performed under violent stirring, the generated H2O2 would diffuse into bulk electrolyte 

rapidly without local accumulations. The typical concentration of generated H2O2 in the 

electrolyte during our catalyst test is less than 300 ppm. Under this low concentration, the 

possible oxidation of H2O2 would be negligible. Here we designed additional experiments 

to validate that the generated free H2O2 in the electrolyte will not be oxidized into O2 

during water oxidation (Supplementary Fig. 6). First, we used the hydrophobic CFP-60% 

catalyst to perform water oxidation reaction (passing 30 C charge) in 1.0 M Na2CO3 and 

1.0 M Na2CO3 with 130 ppm H2O2 electrolyte under the same operation conditions. As 

shown in Supplementary Fig. 6a, the H2O2 concentration after catalysis is 111 and 239 

ppm in these two electrolyte, respectively, with a difference of 128 ppm, matching well 

with the added 130 ppm concentration. This result clearly demonstrates that the free H2O2 

in the electrolyte would not be oxidized into O2 during water oxidation on CFP-60% 

catalyst. Our second experiment in Supplementary Fig. 6b is like the first one but with 

the catalyst of the hydrophilic pristine CFP. The result is the same, that the generated free 

H2O2 would not be oxidized by CFP electrode and thus does not contribute to the 

difference in H2O2 selectivity. 

 

 



 

Supplementary Figure 7 | Electrocatalytic H2O-to-H2O2 performance of CFP-60% 

and the collective control experiments to confirm the local product concentration 

effect. a, two-electron water oxidation performance of CFP-60% and pristine CFP in 1.0 

M K3PO4. The results reveal approximate 500% increasement in H2O2 Faradaic 

efficiency from pristine CFP to CFP-60%. b, Faradaic efficiencies of H2O2 and O2 on 

CFP-60% under different potentials. c-d, the overall current densities and corresponding 

H2O2 Faradaic efficiencies of pristine, O2 plasma treated, Argon annealed, fluorine-doped 

and PTFE decorated CFP electrodes. e-f, the overall current density and corresponding 

H2O2 Faradaic efficiency for (1H,1H,2H,2H-heptadecafluorodecyl) silane modified CPF 

electrode. The data for CFP-60% and pristine CFP are included for comparison.  



 

Supplementary Figure 8 | Electrochemical measurements of CFP based electrodes. a, 

ECSA-normalized partial current of O2 under different applied potential. b, two-electron 

water oxidation performance of pristine CFP in different gas saturated 1.0 M electrolyte, 

which shows very similar performance. 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 9 | The two-electron water oxidation performance of CFP-60% 

in 1.0 M NaHCO3 electrolyte and the corresponding H2O2 FE. We use the Na2CO3 

solution as the major electrolyte in our study since we achieved better H2O-to-H2O2 

performance by using Na2CO3 compared to other electrolytes, such as NaHCO3. We have 

evaluated our CFP-60% catalyst in 1.0 M NaHCO3, (Supplementary Fig. 9). Different 

from the observations in previous reports, our carbon catalyst shows lower H2O-to-H2O2 

performance in NaHCO3 electrolyte compared to Na2CO3. To be specific, CFP-60% 

delivers a maximal H2O2 FE of ~ 66% at 2.4 V vs. RHE in Na2CO3 electrolyte with a 

H2O2 partial current of 75.2 mA cm-2. However, the maximal H2O2 FE for CFP-60% is 

only ~ 33% in NaHCO3 electrolyte at 2.25 V vs. RHE with lower H2O2 partial current of 

2.9 mA cm-2. In our case, we do not observe the promotion effect on H2O2 formation 

using the NaHCO3, implying the different mechanism compared to previous reports. The 

formation of H2O2 from H2O causes the release of protons (2H2O → H2O2 + 2H+ + 2e-), 

which could significantly lower the local pH (ref. 13). The accumulated local protons 

would shift the H2O-to-H2O2 equilibrium towards its reverse reaction. The 1.0 M Na2CO3 

electrolyte (pH = 11.96) shows higher pH than 1.0 M NaHCO3 electrolyte (pH = 8.2), 

which provides higher buffer capacity for the local environment. Thus, from a pH 

perspective, the Na2CO3 electrolyte might be more suitable for two-electron oxidation 

compared to NaHCO3. However, we do not observe a direct connection between high pH 

and H2O2 selectivity. As a control experiment, we evaluated the performance in 1 M 

K3PO4 (pH = ~13.2) (Supplementary Fig. 7a) which has even higher pH than Na2CO3 but 

showed lower activity and selectivity towards H2O2.  

 

 

 

 

 



 

Supplementary Figure 10 | Operando Raman measurement of CFP based electrodes. 

a, Raman test of pristine CFP electrode under different condition in 1.0 M Na2CO3 

electrolyte. b, Raman test of CFP-60% electrode under different condition in 1.0 M 

Na2CO3 electrolyte. OCV means open circuit voltage. The ID/IG ratio was calculated to 

illustrate the oxidation degree of carbon catalyst surface during electrolysis. Obviously, 

the reduced local H2O concentration near the surface of CFP-60% catalyst, due to the 

trapped O2 bubbles, can lead to a decrease of the oxidation of the graphene surfaces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 11 | Free energy diagram of OER via surface bound *O 

intermediates. Shown are the average binding energies on the various graphene surfaces, 

the standard deviation is depicted with orange error regions. As seen from the diagram, 

the oxidation of water is strongly downhill at an applied potential of 2 V vs. RHE. This 

leads to the *O coverage being completely controlled by the water chemical potential. 

Consequently, even a large change of the O2 pressure (indicated by the gray arrows) from 

10-10 to 1000 bar has no direct influence on the *O coverage. 

 

 

 

 

 



 

Supplementary Figure 12 | The surface Pourbaix diagrams of the defective 

graphenes.   

 

 

 

 

 

 

 

 



 

Supplementary Figure 13 | The surface Pourbaix diagrams of the graphene. 50 % 

*O corresponds to 4 adsorbed oxygen atoms in 8 carbon atom containing cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 14 | The calculated ΔG*OH as a function of the number of 

oxygen atoms on the surface. We observed strengthening of ΔG*OH as the number of 

oxygen atoms decreased. The dashed horizontal line is the ideal ΔG*OH to achieve the 

highest activity and selectivity of H2O oxidation to H2O2. 

 

 

 

 

 

 

 

 



 

Supplementary Figure 15 | Schematic illustration of interfacial effects that explain 

the observed high hydrogen peroxide selectivity of our CFP-PTFE systems. The left 

side shows that the solvation stabilization may be decreased inside the oxygen bubble 

(right), since the presence of O2 gas reduces the average number of possible hydrogen 

bonds. Further, we found experimental evidence for a more oxidized surface in the 

absence of the O2 bubbles, which weakens *OH binding. 

 

 

 

 

 



 

Supplementary Figure 16 | Two-electron oxygen reduction performance of oxidized 

carbon catalyst in 0.1 M KOH electrolyte. 



 

Supplementary Figure 17 | Application demos for our H2O2 electrosynthetic cell. a, 

digital photo of water treatment using in-situ produced H2O2 from our protype cell. The 

50 ppm red Basic Fuchsin dye was immediately degraded when touches with the 

electrolyte from our 2e--WOR//2e--ORR cell. b, digital photo of as-prepared solid H2O2 

powder and the corresponding chemical structure. c, digital photo of as-prepared sodium 

perborate powder and the corresponding chemical structure.  

 

 

 



 

Supplementary Figure 18 | XPS analysis of commercial Na2CO3 (Sigma) and as-

prepared solid H2O2 in our study, confirming the formation of Na2CO3∙1.5H2O2 

adduct product. As shown in Fig. 3e, the O 1s peak of Na2CO3 can be deconvolved into 

three components at binding energies of 530.7, 532.3 and 535.4 eV. The strongest peak, 

which occurs at a binding energy of 530.7 eV, is due to the oxygen atoms in the CO3
2- 

ions5,6. The peak centered at 532.3 eV reflects the structure of HCO3
- ions7. The peak at 

535.4 eV corresponds to Na KLL Auger emission8. For the extracted SPC 

(Na2CO3∙xH2O2) compound, as illustrated in Fig. 3f, the O 1s region was deconvoluted 

into four contributions at 530.6, 531.7, 533 and 535.2 eV. Notably, the peaks locate at 

530.6 and 535.2 eV are responsible for carbonate ions and Na Auger line, respectively. 

The new contribution at 533 eV originates from the peroxide ions in SPC9,10, revealing 

the successful formation of solid H2O2. In addition, the peak at 531.7 eV is presumably 

due to the carbonate oxygen atoms hydrogen-bonded with hydrogen peroxide 

molecules5,11.  

 

 

 

 



Supplementary Note 1: Estimation of the cost for electrosynthesis of H2O2  

 

Operation condition: 1.7 V (120 mA cm-2 for CFP-60%); 1.0 M Na2CO3 solution; 

Faradaic efficiency: 153% 

 

𝑛𝐻2𝑂2 =  
1 𝑘𝑊ℎ∗1.53

1.7 𝑉∗2∗96485 𝐶 𝑚𝑜𝑙−1
= ~16.8 𝑚𝑜𝑙     (1) 

 

Thus, finally we can obtain ~16.8 mol (571.2 g) H2O2 using 1 kWh electricity. Assuming 

the price of renewable electricity is 3 cents/kWh12, we can have a rough estimation of an 

operational cost ca. $0.05/kg-H2O2. Please be noted that we only calculate the cost of 

energy input as a back-of-envelope estimation, no other cost associated with practical 

production was included. As a reference, the commercial H2O2 price is ~ $1.5/kg-H2O2 

plus transportation cost13,14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 1. Adsorption energy of *OH and *O reaction intermediates 

in vacuum and using various solvation approaches, explicit water molecules, 

implicit continuum water and a hybrid approach. All energies are given in eV. The 

calculations were performed for 5555-6-7777 defective graphene. We tested various 

solvation approaches including explicit, implicit, and hybrid (explicit+implicit) solvation 

models. To investigate the impact of explicit solvation, we used a micro-solvation 

approach as demonstrated by Calle-Vallejo et al. (J. Phys. Chem. C, 2019, 123, 9, 5578-

5582). This approach uses a limited number of water molecules around the active site to 

represent solvation effects from direct adsorbate-water interactions. The results are 

summarized in the table below. Implicit solvation can in principle predict solvation 

energies, but may under-predict hydrogen bond stabilization, because it is by construction 

a mean-field approach that does not describe dynamic, microscopic interactions. We see 

this in the case of *OH, where the additional stabilization due to hydrogen bonding is 

around 0.2 eV (“Explicit+Implicit”) in comparison with the only 0.1 eV stabilization due 

to the dielectric background (“Implicit”). In the case of *O, only the dielectric 

background contributes to the solvation stabilization, giving a small total solvation 

energy of 0.1 eV (“Explicit+Implicit”).  

 

 Vacuum Explicit Implicit Explicit + Implicit 

G(*OH) 1.39 1.26 1.21 1.05 

G(*O) 2.28 2.51 2.18 2.20 
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