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Materials and Methods 

Material synthesis 

Preparation of functionalized carbon black. In a typical synthesis, 600 mg of commercial 

carbon black (XC-72, FuelCellStore) were added into 600 mL of 12.0 M nitric acid. Then, 

the above solution was refluxed at 85 °C for 1, 3 and 12 h to obtain oxidized carbon black 

with surface oxygen content of 7.33%, 10.19% and 11.62%, respectively. After natural 

cooling, the slurry was taken out, centrifuged and washed with water and ethanol until the 

pH was neutral. Finally, the sample was dried at 70 °C in a vacuum oven. The as-received 

commercial carbon black shows a 2.33% surface oxygen content. Furthermore, 500 mg of 

commercial carbon black was annealed in a tube furnace at a temperature of 500 °C for 2 

h under a mixed hydrogen (5%)/argon atmosphere to obtain the surface oxygen-free carbon 

black.   

Direct electrosynthesis of pure H2O2 

All the electrochemical measurements were run at 25 °C. A BioLogic VMP3 

workstation was employed to record the electrochemical response. The typical three-

electrode measurements were performed using a conventional flow cell (54). For aqueous 

electrolyte test, around 0.46 mg cm-2 CB-10% catalyst was loaded on Sigracet 35 BC GDL 

electrode (Fuel Cell Store) as the cathode. Around 0.46 mg cm-2 IrO2 catalyst (Fuel Cell 

Store) was loaded on Sigracet 35 BC GDL electrode as the anode for water oxidation. The 

two electrodes were therefore placed on opposite sides of two 0.5 cm thick PTFE sheets 

with 0.5 cm wide by 2.0 cm long channels such that the catalyst layer interfaced with the 

flowing liquid electrolyte. A Nafion 115 film (Fuel Cell Store) was sandwiched by the two 

PTFE sheets to separate the chambers. The geometric surface area of catalyst is 1 cm2. On 

the cathode side a titanium gas flow chamber supplied 20 sccm humified O2. The anode 

was circulated with 1 M Na2SO4 and 1 M KOH under a flow-rate of 2 mL min-1 for O2 

reduction in 1 M Na2SO4 and 1 M KOH, respectively. A saturated calomel electrode (SCE, 

CH Instruments) was used as the reference electrode. For three-electrode measurement 

using solid electrolyte, around 0.46 mg cm-2 CB-10% catalyst was loaded on Sigracet 35 

BC GDL electrode (Fuel Cell Store) as the cathode. Around 0.46 mg cm-2 20% Pt-C 

catalyst (Fuel Cell Store) was loaded on Sigracet 35 BC GDL electrode as the anode for 

hydrogen oxidation. The cathode chamber in the flow cell was filled with solid polymer 

proton conductor, in a close contact with SCE reference electrode. AEM was used to 

separate the solid electrolyte and cathode electrode. CEM was employed to separate the 

solid electrolyte and anode electrode. 

All potentials measured against SCE was converted to the reversible hydrogen 

electrode (RHE) scale in this work using ERHE = ESCE + 0.244 V + 0.0591×pH, where pH 

values of electrolytes were determined by Orion 320 PerpHecT LogR Meter (Thermo 

Scientific). 1 M Na2SO4 (pH = 7) and 1 M KOH (pH = 14) were used as aqueous electrolyte. 

The flow-rate for the aqueous electrolyte is 27 mL h-1 controlled by a syringe pump. The 

styrene-divinylbenzene sulfonated copolymer (36, 55) was employed as solid polymer 

electrolyte. In the solid electrolyte case, an anion exchange membrane (Dioxide Materials 

and Membranes International Inc.) was added between the solid electrolyte and the CB-

10% catalyst to avoid flooding. The DI flow-rate through the porous solid electrolyte, 

which was used to bring out the generated H2O2, was also 27 mL h-1 controlled by a syringe 
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pump. Solution resistance (Rs) was determined by potentiostatic electrochemical 

impedance spectroscopy (PEIS) at frequencies ranging from 0.1 Hz to 200 kHz. All the 

measured potentials using three-electrode setup were manually 100% compensated.  

For the two-electrode cell for direct electrosynthesis of H2O2, an anion exchange 

membrane (Dioxide Materials and Membranes International Inc.) and a Nafion film (Fuel 

Cell Store) were used for anion and cation exchange, respectively. Around 0.46 mg cm-2 

CB-10% and Pt-C loaded on Sigracet 35 BC GDL electrode (4 cm2 electrode area) were 

used as cathode and anode, respectively. The cathode side was supplied with 50 sccm of 

humidified O2 gas (or air). The anode side was supplied with 50 sccm of humidified H2 

gas, or circulated with 0.5 M H2SO4 aqueous solution at 2 mL min-1. Note that IrO2 was 

used as anode catalyst instead of Pt-C when the anode was circulated with sulfuric acid 

solution for water oxidation. The styrene-divinylbenzene sulfonated copolymer (36, 55), 

inorganic CsxH3-xPW12O40 proton conductor (56) or Dowex 1×8 (Sigma) anion conductor 

were used as solid ion conductors. The cell configurations were schematically illustrated 

in Fig. 1B and fig. S1. The O2//SE//H2 cell was firstly stabilized for 30 minutes before 

liquid product collection. To extend the stability of the O2//SE//H2 cell, we employed a 

reinforced AEM (AMI-7001, Membranes International Inc.), which is more mechanically 

robust compared to non-reinforced alternatives, for long-term operation test. All the 

measured potentials using two-electrode setup were manually 70% compensated unless 

stated otherwise. 

The generated H2O2 concentration was evaluated using standard potassium 

permanganate (0.1 N KMnO4 solution, Sigma-Aldrich) titration process, according to 

following equation: 

2MnO4
− + 5H2O2 +  6H+ → 6Mn2+ + 5O2 + 8H2O

In this work, sulfuric acid (2.0 N H2SO4, VWR) was used as the H+ source. After 10 min 

electrolysis under certain conditions, 10.0 mL liquid product was collected for KMnO4 

titration. The highest volume resolution by pre-calibrated pipet is 5 𝜇L, which gives a less 

than 2% error during titration process. The Faradaic efficiency (FE) for H2O2 production 

is calculated using following equation: 

FE =
generated H2O2 (mol L−1) × 2 × 96485 (C mol−1) ×  flow rate (mL s−1)

𝑗𝑡𝑜𝑡𝑎𝑙(mA )
∗ 100 

The rotation ring disk electrode (RRDE) measurements were run at 25 °C in a typical 

three-electrode cell in 0.1 M Na2SO4 electrolyte. A carbon rod (99.99 %, Beantown 

Chemical) and a saturated calomel electrode (SCE, CH Instruments) were used as the 

counter and reference electrode, respectively. A RRDE assembly (AFE6R1PTPK, Pine 

Instruments) consisting of a glassy carbon rotation disk electrode (Φ = 5.0 mm) and a Pt 

ring (Φ = 15.0 mm) was used, with a theoretical collection efficiency of 25%. 

Experimentally, the apparent collection efficiency (N) was calibrated to be 24.1% in the 

ferrocyanide/ferricyanide half reaction system at a rotation rate between 400 and 2025 rpm. 

To prepare carbon black cast working electrode, typically, 3.3 mg of as-prepared CB-10% 

catalyst was mixed with 1 mL of ethanol and 10 µL of Nafion 117 solution (5 %, Sigma-
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Aldrich), and sonicated for 20 min to get a homogeneous catalyst ink. 6 µL of the ink was 

pipetted onto glassy carbon disk (0.196 cm2 area, 0.1 mg cm-2 mass loading), and was got 

vacuum dried prior to usage. As the catalyst can be dispersed very well in ethanol solutions, 

uniform catalyst coating can be made on the disc electrode without obvious pin holes or 

uncovered edge. All potentials measured against SCE was converted to the reversible 

hydrogen electrode (RHE) scale in this work using E (vs. RHE) = E (vs. SCE) + 0.244 V 

+ 0.0591×pH, where pH values of electrolytes were determined by Orion 320 PerpHecT 

LogR Meter (Thermo Scientific). H2O2 selectivity was calculated using the following 

equation: H2O2 (%) = 200 ×  
𝐼𝑟𝑖𝑛𝑔/𝑁

𝐼𝑑𝑖𝑠𝑘 + 𝐼𝑟𝑖𝑛𝑔/𝑁
, where Iring is the ring current, IDisk is the disk 

current and N is the collection efficiency. 

Characterization 

X-ray photoelectron spectroscopy was obtained with a PHI Quantera spectrometer, 

using a monochromatic Al Kα radiation (1486.6 eV) and a low energy flood gun as 

neutralizer. All XPS spectra were calibrated by shifting the detected carbon C 1s peak to 

284.6 eV. BET surface area analysis was performed using Quantachrome Autosorb-iQ-

MP/Kr BET Surface Analyzer. SEM was performed on a FEI Quanta 400 field emission 

scanning electron microscope. Inductively coupled plasma atomic emission spectroscopy 

(ICP-OES) results were collected using Optima 8300 spectrometer. The rainwater was 

collected at Rice campus during Jan. 22, 2019 to Jan. 31, 2019. The total organic carbon 

(TOC) tests were done by a third-party company (A & B Lab) at Houston, Texas. 
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Fig. S1. 

Digital photos of O2//SE//H2 cell. The front and back view of the (A, B) anode and (C, D) 

cathode electrode. (E) Side view of the assembled cell. (F) The front view of the solid 

electrolyte layer, where the sulfonated styrene-divinylbenzene copolymer microspheres 

were densely filled into the solid electrolyte thin layer. Note that the thickness of the solid 

electrolyte layer is 1.5 mm.   
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Fig. S2. 

An overview of the system approach used in the experiments. 
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Fig. S3. 

Characterization of carbon black catalyst. (A) SEM image and (B) BET surface area 

analysis of carbon-black catalyst with different surface oxygen content. The results show 

that there is no significant morphology evolution for carbon black catalyst after surface 

functionalization. (C) Representative SEM image of spray-coated CB-10% electrode, 

showing a ~ 70 µm thick catalyst layer. (D) Enlarged SEM of the CB-10% catalyst 

electrode. It demonstrates that the catalyst layer on the GDL is highly porous, which is 

beneficial for fast O2 diffusion and thus leads to improved catalytic current density.  

Generally, in many cases after the oxidation or activation processes, carbon materials 

present higher surface areas. This can be easily observed particularly in cases where the 

starting carbon material is less defective such as graphite or solid carbon particles. 

However in our case, our starting carbon black is porous. While the oxidation process will 

introduce abundant defects, it could cause the collapse of the pore structure in the porous 

carbon black which will decrease the BET surface area. The BET data showed that the pore 

volume of the pristine carbon (CB-0%) is 71 cm3 g-1 whereas that of the CB-10% sample 

is 52.2 cm3 g-1. Thus, it is reasonable that the BET surface area of CB-0% (214.9 m2 g-1) is 
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higher than that of functionalized CB-10% (156.6 m2 g-1) as shown in fig. S3. This 

phenomenon has also been reported before ["Oxidation of different microporous carbons 

by chemical and electrochemical methods." Frontiers in Materials 6 (2019): 130]. We 

found that all the functionalized samples showed similar BET surface area (in the range of 

150-170 m2 g-1). We believe that the surface area does not play a critical role for the H2O2 

activity enhancement, since the CB-10% with slightly lower BET surface area (156.6 m2 

g-1) delivered better ORR activity compared to CB-2.11% (167.3 m2 g-1). We believe that 

the enhanced ORR activity originated from the increased active site density. 

The ability of oxidized carbon for selective 2e--ORR has been reported before, 

including previous studies in possible active sites as also mentioned on Page 6 in our 

manuscript. Based on this previous knowledge, and considering the practical application 

of our design, we chose to oxidize commercial carbon black as the 2e--ORR catalyst mainly 

due to the following reasons. First, compared to other carbon materials such as graphene 

or CNTs used in previous reports [ref. 15-17], carbon black is thousands of times cheaper, 

and can be produced in a large scale. Second, carbon black is a form 

of paracrystalline carbon with defects or edges exposed, making the surface 

functionalization easier than graphene or CNT. For example, under the same oxidation 

reaction conditions, after 3-h oxidation our carbon black presents a 10% oxygen coverage, 

while CNT has only about 3% [ref. 16]. In addition, compared to other multi-step catalyst 

synthesis methods [ref. 15, 17, 18], this one-step functionalization process under mild 

conditions (85 °C, 3h) also makes our catalyst preparation economical. Third, carbon black 

has a high surface area which can expose high density of active sites for large ORR current 

densities. Lastly, its nanoparticulate morphology facilitates O2 diffusion from the GDL 

(layer-by-layer stacking of graphene nanosheets, by contrast, can hinder gas transport).  

https://en.wikipedia.org/wiki/Amorphous_carbon
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Fig. S4. 

XPS characterization of CB-10% catalyst. High-resolution (A) C 1s (B) O 1s XPS 

spectra. The carbon 1s spectrum of the CB-10% catalyst can be deconvoluted into five 

contributions that are sp2 carbon at 284.6 eV, sp3 carbon at 285.5 eV, C-O at 286.8 eV, -

COOH at 288.9 eV and the characteristic shakeup line of carbon in aromatic compounds 

at 291.2 eV (π-π* transition) (57, 58). The O 1s peaks could be deconvoluted into three 

peaks. According to the literature (59, 60), the components centered at 531.7 and 532.9 eV 

were attributed to the C-OH/C-O-C and C=O surface functional groups, respectively. The 

last component with B.E. around 535.5 eV was characteristic of adsorbed water. These 

results indicate that the acid treatment induced surface oxygen functionalization of carbon 

black. 
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Fig. S5. 

Tuning the surface oxygen on carbon black for optimized 2e--ORR performance. (A) 

XPS survey scans of carbon black catalysts with different surface oxygen contents. (B) 

Faradaic efficiencies and (C) I-V curves of carbon black catalysts with different surface 

oxygen contents for 2e--ORR using O2//SE//H2O cell configuration with solid proton 

conductor (Fig. 3A). As shown in (B), carbon black catalyst without the surface oxygen 

functional groups (0 % oxygen) shows a H2O2 FE of < 80%. With surface oxygen content 

increased to 2.11%, we found that the H2O2 FE of carbon black catalyst quickly ramped up 

to ~ 95%. By further increasing the surface oxygen content (from 2.11 to 11.62%), we 

observed a gradual increase in ORR activity (current density) in fig. S5C due to the 

increased density of active sites. Please be noted here that the 3h and 12h oxidation of 

carbon black presents surface oxygen ratio of 10.19% and 11.62%, respectively. While we 

have extended the oxidation time by four times, only slight increase in oxygen content was 

observed, suggesting that the surface functional group oxygen is almost saturated using 

this method. They also showed quite similar ORR activity in (C). Therefore, considering 

the material preparation cost, we chose to use CB-3h catalyst (10.19% surface oxygen) in 

our study for the demonstration of pure H2O2 solution generation. 
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Fig. S6. 

The intrinsic 2e--ORR activity of CB-10%.  (A) Linear sweep voltammetry (LSV) of 

CB-10% catalysts recorded at 1600 rpm and a scan rate of 5 mV s-1, together with the 

detected H2O2 currents on the ring electrode (upper panel) at a fixed potential of 1.2 V vs. 

RHE. (B) The calculated H2O2 selectivity in 0.1 M Na2SO4 electrolyte using RRDE. (C) 

The I-V curve of ORR on CB-10% catalyst using the standard three-electrode setup in a 

traditional flow-cell system with 0.5 M H2SO4 (pH = 0), 1.0 M Na2SO4 (pH = 7) and 1.0 

M KOH (pH = 14) as the liquid electrolyte. (D) The corresponding FEs of H2O2 under 

different potentials. As our focus is to produce pure H2O2 solutions, the most relevant 

evaluation of catalyst’s performance is in neutral pH electrolyte. Since many recent reports 

of oxidized carbon materials have been evaluated in the alkaline or acidic electrolyte for 

2e--ORR, we therefore included the 2e--ORR performance of our sample in alkaline and 

acidic solution for fair comparison. 
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Fig. S7. 

Characterization of solid electrolyte. (A) SEM image of solid polymer proton conductor. 

It shows that the average size of the as-obtained sulfonated styrene-divinylbenzene 

copolymer proton conductor is around 50 µm with uniform spherical morphology. (B) 

Schematic illustration and SEM image of solid electrolyte layer. Those solid electrolyte 

particles were densely packed into the thin middle layer to conduct protons during H2O2 

generation. The micron pores between those polymer spheres form a tortuous pathway, 

allowing water flow and facilitating the releasing of produced H2O2. 
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Fig. S8. 

2e--ORR performance of CB-10% in a standard three-electrode cell with solid 

electrolyte (Methods). (A) Digital photo of the three-electrode setup with solid electrolyte. 

(B) The 2e--ORR performance of CB-10% catalyst. It shows that the excellent 2e--ORR 

selectivity of CB-10% catalyst evaluated in traditional liquid electrolyte can be well 

maintained in solid electrolyte. The slightly increased overpotential may due to the 

increased charge transfer resistance in solid electrolyte cell compared to the liquid 

electrolyte one (61-63). The SE represents the polymer proton solid conductor. 
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Fig. S9. 

H2O2 productivity of our O2//SE//H2 system compared with previous literature. The 

data are reproduced from ref. 8, 9, and 45-47 (direct synthesis), and 19-21 and 48-53 

(electrosynthesis). Our method demonstrated 1-2 orders of magnitude improved 

productivity compared to those direct synthesis cases. In addition, the H2O2 selectivity and 

current densities in both solid electrolytes (pure products) and different pH solutions are 

among the best compared to the state-of-the-art electrochemical synthesis strategies. 
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Fig. S10. 

Online H2 detection during H2O2 production and the XPS analysis of post-stability 

catalyst. (A) Gas chromatography analysis of cathode gas flow of CB-10%//SE//Pt-C cell 

during H2O2 production using O2 and H2. While the potential window of ORR reaction is 

more positive than HER, in our case, particularly under large current densities, large 

overpotentials might be needed, which could overlap with HER potential window. For 

example in fig. S8, we showed that -0.2 V vs. RHE is required for CB-10% catalyst to 

deliver a ORR current density of ~110 mA cm-2 with solid electrolyte. We therefore used 

a gas chromatography to detect if there are any byproduct of H2 particularly under high 

current densities (e.g. 200 mA cm-2 cell current density). Our data shows that no H2 signal 

can be detected (lower than the detection limit of the flame ionization detector). It 

demonstrates that the measured electrocatalytic cathodic current exclusively stemmed from 

oxygen reduction reaction, and there was no contribution from hydrogen evolution even 

when operated at such a high current density. (B) XPS survey scans of CB-10% catalyst 

after stability test under a relatively high current density. It shows that the surface oxygen 

content will decrease to 9.5% after 1 h stability test of CB-10% catalyst, then remain 

relatively stable to 9.2% after 30 h test. It suggests that some unstable surface oxygen was 

quickly reduced during ORR, but most of the surface functional groups were robust under 

ORR conditions, which guarantees the good stability for continuous generation of pure 

H2O2 solutions.  
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Fig. S11. 

Pure H2O2 generation using O2 and H2 with polymer HO2
- conductor and inorganic 

proton conductor. The current densities over cell voltages of CB-10%//SE//Pt-C cell with 

(A) inorganic CsxH3-xPW12O40 proton solid conductor and (C) HO2
- conducting solid-

electrolyte. The corresponding FEs and concentration of H2O2 products under different cell 

voltages for (B) inorganic CsxH3-xPW12O40 proton solid conductor and (D) HO2
- conducting 

solid-electrolyte. Note that the DI flow-rate is 27 mL h-1. The relatively low H2O2 FEs for 

cell using HO2
- conducting solid-electrolyte is probably caused by the self-decomposition 

of H2O2 as significant gas bubbles was observed, as the HO2
- conducting solid-electrolyte 

provides a high local alkaline environmental for ion-conduction. Based on the working 

mechanism of our device, the solid electrolyte we chose needs to satisfy the following two 

properties. First, the solid electrolyte should have high ion conductivity for efficient ion 

transportations and thus low ohmic-loss and high cell-efficiency; second, the solid 

electrolyte should be porous, thus water can flow through this layer to collect H2O2 product. 

In principle, different types of porous solid electrolyte, with different materials or different 

types of ion conductions (cation or anion), can be used in this system for pure H2O2 

generation based on the same working mechanism. This may include ion conducting 

polymers with different functional groups, inorganic compounds, or other types of solid 

electrolyte materials such as ceramics, polymer/ceramic hybrids or solidified gels. Here, 

polymeric conductors for HO2
- conduction and inorganic CsxH3-xPW12O40 for cation 

conduction were also demonstrated to be effective for pure H2O2 solution generation, 

which suggests the wide tunability and versatility of our solid electrolyte design. Please 

note here that the different cell performances may be due to the different solid electrolyte 

properties. 
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Fig. S12. 

H2O2 generation performance of O2//SE//H2 and scaled up cell. H2O2 FEs as a function 

of DI water flow rate for (A) O2//SE//H2 under 200 mA cm-2 (4 cm-2 cell) and (B) scaled-

up O2//SE//H2O unit cell under 8 A (80 cm-2 cell), showing the H2O2 selectivity was 

decreased with increased H2O2 concentration. 
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Fig. S13 

Schematic illustration of the rainwater purification using on-site generated pure H2O2 

solution. In our 4 cm2 device experiments, we fixed our DI flow rate (27 mL h-1) as well 

as H2O2 generation rate (13.6 mmol h-1), therefore, the concentration of the H2O2 stream 

from our device is ~ 0.5 M (17,000 ppm). The rainwater stream flow rate was tunable, 

ranging from the highest of 18.32 L h-1 to the lowest of 0.05 L h-1. Therefore, once the DI 

flow with generated H2O2 was mixed with rainwater flow, the H2O2 concentration was 

diluted to a range from ~ 25 ppm to 6000 ppm. In general, with the rainwater flow rate 

(rainwater treatment rate) decreased, the H2O2 concentration in the mixture will be 

increased, which can decrease the remaining TOC. To meet the drinking water standards 

with the remaining TOC concentration lower than 2 ppm, the maximal rainwater treatment 

rate using our 4 cm2 device is 0.88 L h-1 as shown in Fig. 2D. This represents a rainwater 

to DI flow rate ratio of 32.6. Once normalized to the electrode area, this rainwater treatment 

rate by our design is 0.22 L cm-2
electrode h

-1 or 2200 L m-2
electrode h

-1. 
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Fig. S14. 

Electrosynthesis of H2O2 using pure H2 and H2O separately introduced to the anode and 

cathode, respectively. SE represents a solid electrolyte, which is sulfonated styrene-

divinylbenzene copolymer microspheres. AEM and CEM represent anion and cation 

exchange membranes, respectively. Electrochemically generated cations (H+) and anions 

(HO2
-), driven by the electric field, cross in the porous SE layer and recombine to form 

H2O2. DI water flowing through the porous SE layer then dissolves the H2O2 with no 

impurities. 
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Fig. S15. 

Stability of O2//SE//H2O cell. Long-term operation test of direct electrosynthesis of pure 

H2O2 solution using O2//SE//H2O cell, showing high selectivity stability at 60 mA using 

this proposed system. The FE of H2O2 maintains constant (~ 95%) over the 100-hour 

continuous operation. The DI flow-rate is 27 mL h-1. 
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Supplementary Text: 

Note 1: Comparison of previously reported polymer membrane design (ref. 19-21) 

with our strategy for pure H2O2 generation. 

Yamanaka et al. (ref. 19) and  Wilkinson et al. (ref. 

20 and 21) reported the production of neutral H2O2 

solution using a nafion membrane design similar to a 

H2/O2 fuel cell, as illustrated on the right. Although 

these cell designs have demonstrated neutral H2O2 

generation, they suffered from low reaction rates, 

product concentrations, and Faradaic efficiencies. For 

the batch reactor (ref. 19), only 8 wt.% H2O2 solution 

can be produced after 6 h continuous electrolysis with 

FE of 26.5%. Moreover, in this case the maximal 

production rate for H2O2 is around 0.289 mmol cm-2 h-

1. Wilkinson et al. (ref. 20 and 21) used a flow-through

reactor to continuously produce the neutral H2O2. 

However, only small H2O2 production rate (0.2 mmol 

cm-2 h-1) can be achieved with a limited FE of ~ 30%. 

The maximal concentration of H2O2 is only 1400 ppm. 

As a comparison, in our strategy, we achieved high FE 

(> 90%) and production rate (3.4 mmol cm-2 h-1), as well 

as high product concentration (20 wt.%), outperforming 

those previous reports. 

Based on our understanding, there might be several reasons for the lower performance 

in the previous nafion membrane design. First, the local H2O2 concentration might be high 

so that it retards its generation and lowers its selectivity. In this design, H2O2 molecules 

are formed and accumulated at the interface between ORR catalysts and membrane, which 

are then diffused into H2O or brought out by O2 gas flow. However, this product release 

rate is slower than that of our design where generated HO2
- ions can quickly diffuse away 

into the middle layer as they are driven by the electrical field. Second, since the products 

are accumulated at the catalyst-membrane interface, the product collection efficiency might 

be low. Third, the local pH of the cation exchange membrane could also impact the 

catalysts’ performance.  

Here we also briefly analyze the extra membrane and solid electrolyte cost compared 

to the nafion membrane design. In our study, the cost of anion exchange membrane (AEM) 

is low. For example, the one from Membranes International Inc. is $6480 for 1.2m × 

36.50m size AEM, translating to only ~ $148/m2. Considering the impressive long-term 

stability, the net cost of the AEM is very low. Furthermore, we believe the cost for the solid 

electrolyte is also negligible based on the following considerations: 1) the main cost of the 

solid electrolyte is from the styrene-divinylbenzene copolymer which is only ~ $2/kg, 

while the use in a 1 m2 device could be only ~ 1.9 kg; 2) we found the solid electrolyte is 

very robust and no performance decay can be observed even after 3 times of long-term 

stability test. Considering the dramatically improved production rate and cell efficiency 

compared with previously reported designs, we believe that the extra cost for our design is 

negligible when the device is used for practical H2O2 generation.  

Fig. N1. Previously reported (A) 

batch and (B) flow thorough 

reactor for neutral H2O2 

generation. 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wilkinson%2C+David+P
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wilkinson%2C+David+P
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Note 2: N-doped carbon and adequately porous carbons for 2e--ORR. 

N-doped carbon and porous carbon have been previously reported for 2e--ORR. 

Below we will discuss in detail about some advantages of the oxidized carbon black we 

used in this work compared to those reported catalysts.  

First, the cost of catalyst synthesis is an important consideration in our study. While 

the above-mentioned metal-free catalysts showed very impressive 2e--ORR performance, 

their synthesis costs could be higher compared to that of the oxidized carbon black. To be 

specific, in ref. 27, Iglesia et al. reported the beautiful synthesis of graphitized N-doped 

single-wall carbon nanohorns (g-N-CNHs) for H2O2 production. However, at least three 

steps are needed to prepare g-N-CNHs, which involve high temperature process (700 °C) 

and precursors like carbon nanohorns, dopamine hydrochloride and so on (higher cost than 

carbon black). In ref. 28, Fellinger et al. prepared mesoporous nitrogen-doped carbon 

derived from the ionic liquid N-butyl-3-methylpyridinium dicyanamide for 2e--ORR, 

which is a more expensive precursor than carbon black. In ref. 29, Liu et al. prepared the 

highly porous carbon by annealing MOF-5 precursor at 1100 ºC under H2 or Ar atmosphere 

with a holding time of 5 h. In addition, the preparation of the MOF-5 precursor needs long 

aging time (36 h) and higher cost raw materials (e.g. 1,4-benzenedicarboxylic acid and N, 

N-dimethylformamide). Our high-performance CB-10% catalyst can be easily produced 

by refluxing commercial carbon black in nitric acid for 3 h under only 85 °C, which we 

believe is more economically viable than the above-mentioned cases.  

Second but more importantly, while these mentioned catalysts showed impressive 2e-

-ORR performances in acidic electrolyte, their 2e--ORR performances are not as good as 

our catalyst in neutral pH. For example, g-N-CNHs catalyst (ref. 27) delivered an average 

H2O2 FE of ~70% in pH = 7.4 electrolyte; the porous carbon catalyst (ref. 29) showed a 

maximal H2O2 FE of ~80% in pH = 7 electrolyte.  

https://www.sciencedirect.com/topics/chemistry/carbon-nanohorn
https://www.sciencedirect.com/topics/chemistry/dopamine-hydrochloride
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Note 3: Exclusion of possible Pt contamination on ORR cathode in O2//SE//H2 cell. 

It has been widely accepted in hydrogen evolution reaction tests that a Pt counter 

electrode should not be used for water oxidation. This is because trace amount of Pt ions 

could be dissolved in electrolyte due to the high OER working potentials, and then be 

electroplated onto the HER catalyst and contribute to its excellent performance. However, 

in this current work the situation is different. First, the Pt electrode in our cell is used for 

hydrogen oxidation, which has a much lower working potential than that of water oxidation. 

Under HOR reaction conditions Pt can be very stable as demonstrated in traditional H2 fuel 

cells. We also confirmed by ICP-OER analysis that Pt ions were not detectable (lower than 

the detection limit of 50 ppb) in generated H2O2 solution from the middle layer 

(Supplementary Table S1). This result confirms that no Pt atoms migrate from the anode 

into the middle solid electrolyte layer, not to mention the cathode side. In addition, the 

anion exchange membrane separating the cathode and solid electrolyte layer functions as 

another layer of protection, since cations cannot be transported across the AEM into the 

cathode. Lastly, as further direct evidence, no Pt signal can be detected from the ORR 

catalyst electrode by XPS even after the 30-h stability test at 125 mA cm-2 (fig. S10B) 
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Note 4: Preliminary estimation of the production cost for the electrosynthesis of H2O2 

using the 4 cm2 O2//SE//H2 and O2//SE//H2O cells. We only calculated the costs of 

energy and feedstock input; no other costs associated with practical production or 

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

H2O2 plus transportation cost (64, 65).  

O2//SE//H2O cell: 

Operation condition: 2.13 V (800 mA); Production rate: 3.3 mmol cm-2 h-1 (0.4488 g h-1) 

𝑚𝐻2𝑂2 =  
1 𝑘𝑊ℎ

2.13 𝑉 ∗ 0.8 𝐴
 ∗ 0.4488 g h−1 = ~263.4 𝑔

Thus, we can obtain 0.2634 kg H2O2 using 1 kWh electricity. This 0.2634 kg H2O2 

consumes 0.1239 kg O2, where the industrial O2 price is < $0.1/kg 

(https://www.intratec.us/chemical-markets/oxygen-price), therefore the O2 cost is 1.24 

cents. We note here that O2 gas produced from the anode side can be collected to reduce 

the O2 cost. Assuming the price of electricity is 3 cents/kWh (66), we can roughly estimate 

a H2O2 production cost of ca. $0.16/kg-H2O2 without considering the cost of DI water. The 

industrial water in Texas is $1.91 per 1000 gallon (https://www.fbgtx.org/673/Industrial-

Water-Rates). Only 1 to 3 cents are needed to deionize one gallon of water 

(https://blog.uswatersystems.com/2012/08/de-ionization-101/). Thus, the price of DI water 

is estimated to be ~ 3 cents/gallon or $0.008/kg, which only adds a marginal cost to the 

H2O2 production cost of $0.16/kg. 

O2//SE//H2 cell: 

Operation condition: 0.61 V (800 mA); Production rate: 3.4 mmol cm-2 h-1 (0.4624 g h-1) 

𝑚𝐻2𝑂2 =  
1 𝑘𝑊ℎ

0.61 𝑉 ∗ 0.8 𝐴
 ∗ 0.4624 g h−1 = ~947.5 𝑔

Thus, we can obtain 0.9475 kg H2O2 using 1 kWh electricity. This 0.9475 kg H2O2 

consumes 0.0557 kg H2 and 0.8918 kg O2. The price of H2 is ~ $4/kg (67), and the price of 

O2 is ~ $0.1/kg. Assuming the price of renewable electricity is 3 cents/kWh (66), we can 

estimate a cost of ca. $0.34/kg-H2O2. 

The calculated cost of H2O2 from electrochemical synthesis will be even lower when a 

lower production rate is selected (higher energy conversion efficiency). 

https://www.intratec.us/chemical-markets/oxygen-price
https://www.fbgtx.org/673/Industrial-Water-Rates
https://www.fbgtx.org/673/Industrial-Water-Rates
https://blog.uswatersystems.com/2012/08/de-ionization-101/
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Supplementary Table S1. The concentration of impurities for generated H2O2 using 

O2//SE//H2O cell. Note that the reported concentrations are average results acquired from 

5 independent tests. 

Sodium Iron Sulfur Platinum 

0.872 ppm 0.022 ppm 2.62 ppm 
Lower than 

detection limit 
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