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Abstract
Electrochemical two-electron water oxidation is a promising route for renewable
and on-site H2O2 generation as an alternative to the anthraquinone process. However, it is
currently restricted by low selectivity due to strong competition from the traditional fourelectron oxygen evolution reaction, as well as large overpotential and low production rates.
Here we report an interfacial engineering approach, where by coating the catalyst with
hydrophobic polymers we confine in-situ produced O2 gas to tune the water oxidation
reaction pathway. Using carbon catalysts as a model system, we show a significant increase
of the intrinsic H2O-to-H2O2 selectivity and activity compared to that of the pristine catalyst.
The maximal H2O2 Faradaic efficiency was enhanced by 6-fold to 66% with an
overpotential of 640 mV, under which H2O2 production rate of 23.4 µmol min-1 cm-2 (75.2
mA cm-2 partial current) was achieved. This approach was successfully extended to nickel
metal, demonstrating the wide applicability of our local gas confinement concept.
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Hydrogen peroxide (H2O2) is one of the most important fundamental chemicals in
modern chemical engineering industry as well as energy and environmental applications,
with an annual global demand of about 4 million tons1-6. It is currently produced through
the energy-demanding and waste-intensive anthraquinone cycling process7, which is only
economically viable on a relatively large scale and relies heavily on transportation and
storage of unstable and hazardous bulk H2O2 solutions8. Using renewable electricity for
on-site H2O2 generation via electrocatalytic processes has recently emerged as a promising
alternative to traditional method9-14, with significant advantages including ambient reaction
conditions, renewable energy source without fossil fuels, and green precursors such as
water and air. As the oxidation state of oxygen (–1) in H2O2 sits between molecular oxygen
and water, there are two possible ways for electrochemical H2O2 generation: One starts
from O2 via the two-electron oxygen reduction reaction (2e--ORR); the other starts from
H2O via the 2e- water oxidation reaction (2e--WOR; Eo = 1.76 V vs. normal hydrogen
electrode; NHE)13. Both 2e- pathways however compete with their otherwise 4ecounterparts towards H2O and O2 respectively. While exciting progress has been made in
developing highly selective catalysts for ORR towards H2O2 instead of H2O9-11,15,16, there
are very few known catalysts which can selectively and actively oxidize H2O into H2O2
with stable performances12,13,17,18. Most of reported water oxidation catalysts, such as metal
oxides, hydroxides, chalcogenides, nitrides, and carbon materials, showed exclusive
oxygen evolution reaction (OER) under water oxidation potentials19-25. Steering the regular
4e--WOR pathway towards the unconventional 2e- pathway therefore becomes both
fundamentally interesting for mechanistic understanding, and technologically important as
a promising anode route for H2O2 generation. In addition, the development of high-
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performance 2e--WOR catalysts, coupled with the corresponding 2e--ORR cathode
catalysts, will enable an efficient H2O2 electrosynthetic cell where H2O2 can be selectively
generated from both electrodes.
The key in tuning the WOR pathway relies on the interaction between catalytic
surface and O intermediates, such as *O, *OH, and *OOH13,26. In general, a proper
interaction is desired for selective and active 2e--WOR: a too-strong OH binding could
further oxidize *OH to *O and *OOH, finishing the complete 4e- oxidation pathway
towards O2; a too-weak binding will lead to high kinetic barriers of water dissociation,
dramatically slowing down the reaction rate13. Previous efforts have been focused on
screening catalytic materials with proper electronic structures, such as wide band-gap metal
oxides (ZnO, WO3, SnO2, TiO2, BiVO4 and CaSnO3)13,14,18,27. While promising progress
has been made in improving H2O2 selectivity, the state-of-the-art catalysts still present
significant overpotentials of more than 1 V to deliver relatively low H2O2 partial currents
(~ 10 mA cm-2)13,14,18,27. Unlike these materials’ screening method for improving the
performance of 2e--WOR, we propose to use locally generated O2 gas, from the catalysts’
surface, to effectively regulate the interaction with O intermediates and thus change the
reaction selectivity and activity. Under a positive enough potential, most of the water
oxidation catalysts will continuously evolve O2 with their active sites refreshed after the
generated O2 gas bubbles away28. We hypothesize that, if those generated O2 gas can be
confined around the active sites, the accumulated O2 molecules could further interact with
the catalysts’ surface or the intermediate O species, and thus be able to tune the
intermediate binding strength for completely different reaction pathways.
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Here we report an interfacial engineering approach in which we trap in-situ
produced O2 gas close to active sites by coating the catalyst surface with hydrophobic
polymers. Using OER-selective carbon catalysts as a model system, we observed a
significant increase of the intrinsic H2O-to-H2O2 selectivity and activity once generated O2
gas was confined to the surface. The H2O2 selectivity was enhanced by 6-fold from only
11% on pristine carbon to a maximal of 66%. An impressive H2O2 production rate of 23.4
µmol min-1 cm-2 (75.2 mA cm-2 partial current) was achieved under a small overpotential
of 640 mV, which tops the performances reported in literature. With insights from ab-initio
modeling, we postulate that the locally confined O2 gas could shift the *OH binding on
various carbon sites in the direction of improved H2O2 activity, through a decrease in
solvation energies or a decrease in the *O coverage around catalytic sites. This local gas
confinement approach was successfully extended to other OER-exclusive catalysts, such
as nickel metal, for partial H2O2 generation, suggesting its wide applicability.

Results
Electrocatalytic 2e--WOR. We first select a flat carbon surface to evaluate the relationship
between O2 gas confinement and H2O2 selectivity. Polytetrafluoroethylene (PTFE)
polymer islands were deposited onto mirror-polished glassy carbon (GC) electrodes to
artificially create an aerophilic surface in aqueous solutions (Fig. 1a, Methods)29 using a
shadow mask assisted spray-coated method. When a fixed positive potential higher than
the onset of OER was applied, the PTFE islands can function as aerophilic centers around
which the generated O2 gas were confined to form gas-liquid-solid triple phase boundaries
(Fig. 1a). Those locally confined O2 bubbles may in turn interact with catalytic sites and
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thus affect the H2O2 selectivity. With O2 gas continuously produced, the bubbles will
gradually grow and eventually leave the surface when the buoyant force becomes larger
than the bubble adhesive force on the catalytic surface. Therefore, under steady-state O2
evolution, the adhesive force of O2 bubbles could represent the ability of the catalyst to
confine local O2 gas. By tuning the size of the PTFE patterning via a shadow mask-assisted
spray coating method (Supplementary Fig. 1, Methods), we can change the adhesive
force of O2 bubbles on the GC surface and examine the resulting H2O2 selectivity.
A positive potential of 2.05 V versus the reversible hydrogen electrode (vs. RHE)
was applied on three different samples as shown in Fig. 1b-g: pristine GC, GC with 300
𝜇𝜇m (300-GC) and 200 𝜇𝜇m (200-GC) PTFE patterning. While no obvious O2 bubbles were

observed on the surface of pristine GC, PTFE islands were able to accumulate the in-situ
formed O2 during water oxidation process30 (Fig. 1b and Supplementary Video 1-3). This
is consistent with the different adhesive forces on different surfaces. The pristine GC
demonstrates a 21.3 µN adhesive force for O2 bubble with an under-electrolyte bubble
contact of 156.4° ± 1.6° (Fig. 1h). In a sharp contrast, 300-GC and 200-GC offer a much
stronger adhesive force of 80.7 and 106.0 µN, respectively, leading to stronger
confinements of local gaseous O2. Consistently, the under-electrolyte O2 bubble contact
angles of 300-GC and 200-GC (inset of Fig. 1h) decrease to 143.0° ± 0.8° and 118.0°±
2.1°, respectively, indicating the enhanced aerophilicity of the catalytic surfaces. The
different local O2 confinements result in different H2O2 activities and selectivity. The
pristine GC presents an intrinsic H2O2 selectivity of 7.3% on carbon materials, which was
gradually improved to 9.0% on 300-GC and further to 11.4% on 200-GC with similar trend
to the adhesive force (Fig. 1i). This phenomenon reveals to us that the intrinsic H2O2
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selectivity of carbon catalyst could be positively affected by the strength of local O2
confinement.

Fig. 1 | Experimental observation of local product concentration effect. a, A schematic
showing the assumed possible reaction pathway tuning by local concentrate product. b-g,
Digital photos for pristine and PTFE patterned GC in 1.0 M Na2CO3 electrolyte. b-c,
pristine GC recorded at open circuit and 2.05 V vs. RHE, respectively. d-e, 300-GC
recorded at open circuit and 2.05 V vs. RHE, respectively. f-g, 200-GC recorded at open
7

circuit and 2.05 V vs. RHE, respectively. It demonstrates that the pristine GC cannot hold
any O2 bubble on its surface, however, the PTFE patterned GC is able to concentrate the
gaseous O2 around the catalytic surface. Scale bars: b-g 300 µm. h, O2 gas bubble adhesive
force measurements for pristine GC, 300-GC and 200-GC electrode, demonstrating
enhanced O2 adhesive force of GC surface after PTFE loading. The insets show the O2
bubble contact angles under electrolyte. i, The H2O2 Faradaic efficiency of pristine GC,
300-GC and 200-GC catalyst in 1.0 M Na2CO3 electrolyte at 2.05 V vs. RHE, where a
monotonic increase of H2O2 FE was observed with increasing of O2 bubble adhesive force.
The applied potential of GC should be less than 2.1 V vs. RHE in order to prevent glassy
carbon electrode damage by oxidation during long operation31. Thus, 2.05 V vs. RHE was
chosen for water oxidation measurements. The error bars represent three independent
samples.
To elaborate the possible reaction mechanisms and to further amplify the O2
confinement effect for improved H2O2 generation performance, a systematic control of the
loading of PTFE polymer coating on a three-dimensional porous carbon fiber paper (CFP)
electrode was investigated. The polymer loading can be precisely controlled by changing
the concentration of PTFE solution during the dip-coating process, where the 5% (CFP5%), 20% (CFP-20%), and 60% (CFP-60%) PTFE solutions result in a PTFE mass loading
(compared to that of CFP) of 12%, 55% and 150%, respectively (Methods). Scanning
electron microscopy (SEM) analysis suggests that PTFE nanoflakes can be uniformly
deposited on the surfaces of carbon fibers (Supplementary Fig. 2a-b), providing sufficient
triple phase boundaries and gas confinement for two-electron water oxidation. As expected,
the gas adhesive force gradually increased with increased PTFE coating, with consistently
decreased under-electrolyte O2 and increased in-air water contact angles (Supplementary
Fig. 3), which we suggest to have a direct impact on the water oxidation catalytic activity
and selectivity. First, since the PTFE coating repels water and leads to a lower
electrochemical surface area (ECSA, Supplementary Fig. 4), the overall geometric current
densities were gradually decreased compared to pristine CFP (Fig. 2a). However, the H2O2
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selectivity showed a monotonic enhancement with increased PTFE coating (Fig. 2b). The
peak H2O2 Faradaic efficiency (FE) of pristine CFP is ca. 10%, but increased to 23%, 31%
and 66% by CFP-5%, CFP-20% and CFP-60% samples, respectively, which represents a
maximal 6-fold enhancement in H2O2 selectivity (Supplementary Fig. 5 and 6). A similar
trend was also observed in other electrolyte such as 1.0 M K3PO4 electrolyte (pH = 13.18;
Supplementary Fig. 7a). We employed gas chromatography to quantify the FEs of gas
products during water oxidation. Combining the gas chromatography and H2O2 titration
results, we got an overall ca. 100% FE from H2O-to-O2 and H2O-to-H2O2 processes
(Supplementary Fig. 7b) with negligible CO or CO2 from possible carbon oxidation
(lower than the detection limit of the thermal conductivity detector), suggesting that the
measured electrocatalytic anodic current exclusively stems from water oxidation reactions
and the CFP is stable under our operation conditions. In addition, no obvious morphology
evolution could be observed for PTFE modified CFP catalyst after electrochemical
measurements (Supplementary Fig. 2c-d). The H2O2 evolution onset potential (defined as
the potential where the H2O2 concentration reaches 1 ppm after 10 mins electrolysis) of
CFP-60% sample was measured to be only 290 mV, which is among the best compared to
previous catalysts.13,14 More importantly, in contrast to previous oxide catalysts which
require large positive potentials (> 3 V vs. RHE) to deliver H2O2 current densities of ca.
10 mA cm-2, the H2O-to-H2O2 partial current on our CFP-60% catalyst ramps up quickly
to 75.2 mA cm-2 (23.4 µmol min-1 cm-2) with a maximal 66% selectivity under only 2.4 V
vs. RHE potential, which represents a record-high performance compared to existing
catalysts (Fig. 2c).
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Fig. 2 | Water oxidation performances on CFP and Ni based catalysts in 1.0 M Na2CO3,
pH 11.96. a, The overall current densities of the pristine CFP, CFP-5%, CFP-20% and
CFP-60% catalysts. b, H2O2 Faradaic efficiencies on pristine CFP, CFP-5%, CFP-20% and
CFP-60% at different applied potentials. The highest Faradaic efficiency reaches 66%. The
error bars represent three independent samples. c, H2O2 generation rates of CFP-60%
catalyst under different applied potential. The typically reported two-electron water
oxidation catalysts, including BiVO4, CaSnO3, WO3, SnO2, TiO2, Nb2O5, La2O3, ZrO2,
Al2O3, Bi2O3 and V2O513,18,27, are also listed for comparison. d, ECSA-normalized H2O2
production partial current density versus potential on pristine CFP, CFP-5%, CFP-20% and
CFP-60%. e, H2O2 Faradaic efficiencies on pristine Ni foam and 60% PTFE solution
modified Ni foam (Ni Foam-60%). Note that the potentials for Ni-based electrode are not
iR-compensated. f, The overall current density and H2O2 Faradaic efficiency of CFP-60%
catalyst at 2.4 V vs. RHE over the course of continuous electrolysis. The geometric area of
the CFP-60% electrode is 0.36 cm2.
We performed detailed experimental analysis to investigate the possible
mechanism for this shift of the water oxidation pathway from 4e- to 2e-. First, to exclude

10

possible contributions from O2 plasma treatment, Argon annealing, or fluorine dopant
during sample preparation processes, in one control we only treated the pristine CPF using
O2 plasma; in a second we annealed the pristine CFP at 350 °C; in a third we converted the
CFP-60% sample into fluorine-doped carbon/CFP by high temperature annealing in Argon
atmosphere (Supplementary Fig. 2e-f). The three control electrodes demonstrate similar
two-electron water oxidation performance as pristine CFP, with a maximal H2O2 FE of
14.6%, 13.4% and 11.3%, respectively (Supplementary Fig. 7c, d). Secondly, to
demonstrate that the carbon site selectivity for H2O2 formation is not related to the specific
surface deposited materials, trimethoxy (1H,1H,2H,2H-heptadecafluorodecyl) silane was
used to replace the PTFE to create the similar aerophilic surface to trap O2 gas32
(Supplementary Fig. 7e, f). After silane modification, we found that the H2O2 selectivity
of CFP can also be significantly boosted, demonstrating that the confined O2 plays the role
in promoting H2O2 selectivity. The above two pieces of evidence show that the carbon site
selectivity is related neither to the fabrication processes nor the surface deposited materials,
but could instead be directly linked to local O2 concentration.
One may, at first glance, hypothesize that the locally confined O2 gas shifts the
H2O-to-O2 equilibrium towards its reverse reaction (O2-to-H2O), which potentially
suppresses the 4e- path and thus as a result increases H2O2 selectivity. However, this
equilibrium factor can be ruled out by comparing the intrinsic activities of carbon sites with
ECSA normalization (Fig. 2d and Supplementary Fig. 4): While 1) PTFE modified CFP
catalysts presented higher H2O2 partial currents (more than an order of magnitude)
compared to pristine CFP under different applied potentials, indicating their dramatically
improved intrinsic H2O-to-H2O2 catalytic activities; 2) the intrinsic H2O-to-O2 activity was
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similar compared to pristine carbon (Supplementary Fig. 8a). Since the pressure/activity
of locally confined O2 gas does not directly impact the H2O-to-H2O2 equilibrium, and on
the other hand the 4e- OER equilibrium was not obviously inhibited, we conclude that the
enhanced H2O2 generation performances in our carbon catalyst systems are not due to the
simple chemical equilibrium shift effect. We also note that the different PTFE-coated CFP
samples showed quite similar H2O2 intrinsic activities within a certain potential window
until they diverge at large overpotentials, where O2 bubbles evolve violently, which further
supports our hypothesis that increased confinement of O2 gas at the interface has a positive
correlation with H2O2 activity. Furthermore, similar H2O-to-H2O2 performance was
obtained using pristine CFP catalyst in Ar, Air and O2 saturated electrolyte
(Supplementary Fig. 8b), eliminating the possible contributions from dissolved O2 in
electrolyte. These results, taken together, suggest that the locally accumulated O2 gas
molecules may directly interact with carbon active sites or reaction intermediates, which
as a result significantly shifts the water oxidation pathway from 4e- of O2 to 2e- of H2O2.
We found that this concept of confining local O2 gas to control the selectivity
towards H2O2 can be successfully extended to other catalytic materials beyond carbon. As
an example, we investigated Ni metal foam, which has been established as a highly active,
OER-exclusive catalyst33,34. As shown in Fig. 2e, we confirmed that while pristine Ni foam
did not generate detectable H2O2, PTFE-coated Ni foam (Methods) achieves a H2O2 FE of
13.8% (20 mA cm-2 H2O2 partial current) at an applied potential of 2.9 V vs. RHE, which
has never been observed in Ni metal catalysts before.
Lastly, as performance stability is a common concern in previously reported H2Oto-H2O2

catalysts

due

to

their

very
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high

overpotentials35,

we

performed

chronoamperometry on our CFP-60% catalyst by holding a 2.4 V vs. RHE potential where
H2O2 selectivity is maximal (Fig. 2f). The current density showed negligible changes
during the course of stability test. Around 61% H2O2 selectivity was still maintained after
7-hour continuous electrolysis, demonstrating the good stability of the catalyst over long
operation period (Supplementary Fig. 2c-d). However, we should emphasize here that
more works need to be done to extend the stability from the order of 10 hours to thousands
of hours for future’s possible application. This could be addressed by incorporating other
catalytic materials with confined O2 effects to further lower the overpotential for highperformance H2O2 generation.

Fig. 3 | Possible mechanisms. a, Two different reaction pathways for catalytic twoelectron water oxidation. b, 18O isotope abundance in quickly dried (within 2 mins,
Methods) 1.0 M Na2CO3 electrolyte with varied isotope exchange time between Na2CO3
13

solute and DI water. The analytical precision (1σ) is 0.05‰ for δ18O, and the values are
reported as standard δ notation with respect to V-SMOW. c, 18O isotope abundance in
quickly dried 1.0 M Na2CO3 electrolyte with or without applied potential (2.4 V vs. RHE).
The error bars in b and c represent two independent tests. d, 2e- volcano plot of H2O
oxidation as a function of the *OH binding energy (ΔG*OH). The data points depict *OH
binding energies on defected graphene sheets (circles, pentagons, triangles and squares) as
well as partially (50 %) and fully oxidized graphene sheets (stars) (without correction for
solvation effects) and are schematically drawn in (e). In case of the defected structures,
four different typical defects were considered as well as different coverages of oxygen
atoms in the vicinity of the active site indicated by yellow (low coverage, no *O in the
vicinity, structures shown in panel e) to blue (high coverage, 3 *O in the vicinity) color
scale. Arrows indicate potential external driving forces which likely influence the H2O2
selectivity by decreasing solvation stabilization due to the creation of water-poor oxygen
bubbles or by reducing the degree of surface oxidation.

Proposed possible mechanisms. Previous two-electron water oxidation studies on oxides
electrocatalysts suggested an indirect, percarbonate-involved mechanism (Fig. 3a).13,36,37
Firstly, the percarbonate species, such as HCO4- and C2O62- are generated by
electrochemical HCO3- oxidation on the electrode at a high applied potential. Subsequently,
the percarbonate species are hydrolyzed by H2O in the electrolyte, resulting in the
formation of H2O2 and HCO3−. Based on this mechanism, a significant promotion effect
on H2O2 formation was observed using bicarbonate electrolyte, e.g. KHCO313,36. However,
in stark contrast to previous reports, the two-electron water oxidation performance of the
CFP-60% catalyst is much better in 1.0 M Na2CO3 electrolyte compared with that in 1.0
M NaHCO3 (Supplementary Fig. 9). No promotion effect could be observed using
bicarbonate electrolyte in our case, indicating a different mechanism for our carbon catalyst
systems. To further explore whether percarbonate intermediates are a possible reaction
pathway, we performed oxygen isotope experiments. In our as-obtained Na2CO3, the
abundance of 18O is different compared with that in DI water. The as-obtained Na2CO3 has
a δ18O of 14.99‰. As shown in Fig. 3b, after the fresh preparation of 1.0 M Na2CO3
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solution, we observed a natural isotope oxygen exchange with increased δ18O in Na2CO3
to 18.33‰ (10 min) and 23.79‰ (2 h). Therefore, within 10 mins during which the natural
exchange does not reach equilibrium, if the percarbonate is the dominant reaction
intermediates, we should be able to observe an
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O isotope difference between the

electrolyzed Na2CO3 and the bare one, considering the violent interaction and chemical
bond reconfiguration between the HCO4- intermediate and H2O (Fig. 3a). The isotope ratio
mass spectrometry was employed to monitor the 18O isotope in the samples, which offers
an analytical precision (1σ) of 0.05‰ for δ18O and the values are reported as standard δ
notation with respect to V-SMOW (Methods)38. After electrolysis with 200 C passing (~
10 mins), 1 mL of the electrolyzed 1.0 M Na2CO3 solution was taken out, meanwhile
another 1 mL of solution was taken from the unelectrolyzed bulk 1.0 M Na2CO3 solution.
Then both of them were quickly dried in a surface dish at 100 °C. Of note, the natural
exchange time with the DI water was same for the unelectrolyzed and electrolyzed Na2CO3.
As shown in Fig. 3c, the δ18O value for 1.0 M Na2CO3 electrolyte with and without applied
potential showed negligible change (18.31‰ vs. 18.33‰). This unchanged 18O abundance
in Na2CO3 after electrolysis implies that our catalyst systems do not follow the indirect
mechanism. It is most likely that the electrocatalytic formation of H2O2 using our carbon
catalysts follows the direct pathway (Fig. 3a).
The complexity of carbon materials together with the multi-scale nature of the here
observed confined O2 gas effect, makes it challenging to derive fully converged
mechanistic explanations. Instead, we at this point present an ab-initio thermodynamic
analysis of the complex interface and assess its qualitative contributions to
the H2O2 product selectivity. We hope that these very initial discussions could involve
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more detailed discussions in the future. Carbon materials including both GC and CFP are
complex agglomerates of graphene-like structures, and give rise to a wide range of site
motifs39; the experimentally observed catalytic activity can therefore arise from a variety
of active sites10,40. For various water oxidation to H2O2 catalysts, theoretical onset
potentials based on binding free energies of *OH (ΔG*OH) have shown a good correlation
with experiments, suggesting ΔG*OH to be a meaningful descriptor13. In the present work,
we thus consider the *OH binding energies at various coverages on four structures of
defected graphene (O-basal 1, O-basal 2, OH-basal and 5555-6-7777 defective) which have
been shown to weakly bind OH* and therefore are excepted to be relevant active sites in
the range of water oxidation to H2O210,40, as well as partially and fully oxidized graphene
(Methods, Supplementary Fig. 1e).
Figure 3 shows the volcano plots for 2e- water oxidation for the considered
structures as a function of the ΔG*OH. The active site models used in this work span a wide
range of catalytic activities on both sides of the volcano. We postulate here that slight
modulations of the *OH binding energy, arising from those trapped O2 gas bubbles, can
lead to significant improvements in H2O2 activity and selectivity. Two possible effects of
the O2 gas bubbles are as follows; firstly, the solvation stabilization may be decreased,
since the presence of O2 gas molecules interrupts hydrogen bonding networks and therefore
reduces the average number of possible hydrogen bonds41. In aqueous solution, it has been
experimentally and theoretically reported that adsorbed *OH is stabilized by 0.4 0.8 eV by hydrogen bonding interactions with nearby H2O molecules42-44. By using a
combination of explicit and implicit solvation approach45, we found a solvation
stabilization effect up of around 0.3 eV (Supplementary Table 1) which lies at the bottom
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of the previously reported range. Although this value may vary depending on the surface
and external conditions such as potential and pH, we generally expect the *OH binding to
be weakened due to missing hydrogen bonding networks, which will shift the less oxidized
defected active sites (yellow and light green symbols in Fig. 3d) towards the activity peak
of the volcano plot.
Secondly, the reduced local H2O concentration near the surface due to the trapped
O2 bubbles can lead to a decrease of the oxidation of the graphene surfaces, which in turn
weakens *OH binding. This was confirmed by operando Raman spectroscopy that, under
water oxidation reaction conditions the CFP-60% showed less oxidized surface than that
of pristine CFP (Supplementary Fig. 10). The strong electrochemical driving force to
generate *O coverage from H2O, makes this process highly sensitive to the water chemical
potential. On the other hand, O2 chemical dissociation plays only a minor role even if large
O2 pressures are present inside the bubbles, due to the relatively small thermochemical
driving force compared to water oxidation (Supplementary Fig. 11) and the high O2
chemical dissociation barrier (> 2 eV) 46,47. It is thus the presence of H2O molecules under
the influence of a high electrochemical potential (2 - 3 V vs. RHE) which leads to a
significant oxidization of the carbon material. Our surface Pourbaix analysis
(Supplementary Fig. 12 and 13) of all structures shows that it is thermodynamically
favorable to completely saturate the surface with oxygen. In the steady state, however, the
surface might not be fully oxidized due to significant kinetic barriers for surface to
subsurface O diffusion (> 4 eV)48. This leads to free active sites where *OH can bind
surrounded by a highly oxidized carbon environment. A high degree of oxidation localizes
the *OH binding energy at the right, weak-binding leg of the volcano (Fig. 3d).
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Consequently, a decrease in the H2O concentration inside the O2 bubbles and the
corresponding decrease in surface oxidation would shift such sites to stronger *OH binding
and higher H2O2 activity (Supplementary Fig. 14). Based on both the experimental and
theoretical investigations, we conclude that the specific properties of the PTFE-CFP
systems lead to less oxidized surfaces as well as water-poor regions in the created O2
bubbles which could both shift the *OH binding energy of active sites to the top of the
volcano thereby improving H2O2 activity, as summarized in the schematic diagram in
Supplementary Fig. 15.

Fig. 4 | Applications of developed 2e--WOR//2e--ORR H2O2 electrosynthetic cell. a,
schematic design of our H2O2 production protype cell. b, H2O2 generation performance of
our 2e--ORR//2e--WOR cell, which demonstrates an electricity-to-H2O2 efficiency of 90%,
making it highly competitive to traditional anthraquinone oxidation technology. c, XRD
pattern for as-extracted solid H2O2 from electrolyte after electrolysis (Na2CO3 + 1.5H2O2
→ Na2CO3∙1.5H2O2). The red rhombus symbol represents the peaks which originates from
18

Na2CO3∙1.5H2O2 (PDF no. 11-0656). All other peaks can be ascribed to hydrated Na2CO3
(Na2CO3∙H2O and Na2CO3∙7H2O). Inset of figure c shows the dye degradation using aged
solid H2O2 which was stored under ambient conditions for two months, highlighting the
stability and reliability of solid H2O2 compared to liquid H2O2. The color image shows the
pristine dye solution. The transparent one is the dye solution after reaction with solid
H2O2.d, XRD pattern for as-obtained sodium perborate (Na2BO3∙4H2O), demonstrating the
successful synthesis of pure high-value-added sodium perborate.

H2O2 electrosynthetic cell. This high-performance 2e--WOR catalyst, when coupled with
an active and selective 2e--ORR cathode9,10, can enable a highly efficient H2O2
electrosynthetic cell where H2O2 can be selectively generated from both electrodes. In
contrast to previous 4e--WOR//2e--ORR systems where the maximal H2O2 FEcell was
defined as 100%15, our 2e--WOR//2e--ORR system can reach to a maximal H2O2 FEcell of
200% (Methods), as two electrons shuttled from anode to cathode can maximally produce
two H2O2 molecules. Here we demonstrate a membrane-free H2O2 electrocatalytic
generation flow-cell with the state-of-the-art H2O2 generation rate and efficiency (Fig. 4a,
Methods). Oxidized carbon nanotube10 was employed as an efficient and stable 2e--ORR
catalyst (Supplementary Fig. 16) to couple with our CFP-60% anode. Only ca. 1.7 Vcell
was required to reach a cell current of 50.4 mA (120 mA cm-2 WOR) in our 2e--WOR//2e-ORR cell (Fig. 4b, Methods), delivering a H2O2 FEcell of 153%. This result agrees well
with H2O2 selectivity on WOR (~ 60%) and ORR (~ 90%) catalysts when tested
individually in standard three-electrode setup. An impressive H2O2 production rate of 24
µmol min-1 was achieved in our electrosynthetic cell. This extraordinary current efficiency
makes the electrochemical H2O2 synthesis cell highly competitive relative to energydemanding anthraquinone cycling (Supplementary Note 1). This onsite H2O2 flow
generation opens up opportunities in a wide range of practical applications49, e.g. domestic
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sewage treatment. We showed a representative demonstration here where by feeding the
continuously produced H2O2 solution, the organic contamination in water can be rapidly
degraded (Supplementary Fig. 17a and Supplementary Video 4). Furthermore, to
minimize the transportation and storage cost of liquid H2O2, solid H2O2 powder — an
adduct product between Na2CO3 and H2O2 (Na2CO3∙1.5H2O2)50 — was directly extracted
from the Na2CO3 electrolyte after a continuous electrolysis (Supplementary Fig. 17b,
Methods). Both X-ray diffraction (XRD) and XPS analysis (Fig. 4c and Supplementary
Fig. 18) confirmed the successful preparation of solid H2O2, which is more stable and
reliable than liquid H2O2.50 We showed that the solid H2O2 powders were still highly active
for organic dye degradation after two months storage under ambient conditions (Fig. 4c
and Supplementary Video 5). Meanwhile, we demonstrated that other high-value
products, e.g. sodium perborate (Fig. 4d), can be in-situ generated and precipitated out by
simply adding sodium metaborate into the electrolyte.

Conclusions
Taken together, our experimental and theoretical results demonstrate the efficacy
of our catalyst design concept, that accumulated local gaseous O2 can shift the energetics
of the water oxidation reaction in favor of 2e- of H2O2 generation. Future studies will be
directed towards more uniform and stable coating of hydrophobic materials to further boost
the local O2 concentration and prevent wetting after long-term operation. Additionally, our
investigations on Ni suggest that higher activity and selectivity can be achieved by applying
this concept on known H2O-to-H2O2 catalysts. Fine characterizations on crystalline
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catalysts will further allow computational simulations to study the mechanism and the
origin of improvement in catalytic performances in detail.
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Methods
Preparation of PTFE patterned glassy carbon. The shadow mask patterns are designed
from CircuitMaster software. Polyimide substrate was pinned through a vacuum
environment and LPFK Protolaser U3 (f=103 mm, λ=355 nm) was used to fabricate the
polyimide shadow mask through direct laser engraving. Then, 1 mL of 60%
polytetrafluoroethylene (PTFE) aqueous solution (Sigma) was spray-coated onto the glassy
carbon (HTW GmbH) surface with the help of the polyimide shadow mask to obtain the
well-defined PTFE patterns. After drying at 120 °C under ambient condition, the PTFE
patterned glassy carbon samples were annealed at 350 °C under Argon atmosphere for 30
minutes to obtain a superaerophilic surface to accumulate the locally produced O2.
Preparation of PTFE decorated CFP. 190 µm-thick CFP (Fuel Cell Store) was pretreated by oxygen plasma (50 W, 2 minutes) to create a hydrophilic surface. Then, 2 × 5
cm2 as-treated CFP was soaked into 60% (5% or 20%) PTFE aqueous solution for 10
minutes and then dried at 120 °C under ambient condition. Note that the 5% and 20% PTFE
solutions are diluted from 60% PTFE. Next, the PTFE loaded CFP samples were annealed
at 350 °C under Argon atmosphere for 30 minutes to obtain a superaerophilic surface to
accumulate the locally produced O2. The mass loadings of PTFE (mass different before
and after surface modification) for CFP-5%, CFP-20% and CFP-60% are ca. 12%, 55%
and 150%, respectively.
Preparation of FAS decorated CFP. 190 µm-thick CFP was pre-treated by oxygen
plasma (50 W, 10 minutes) in order to introduce hydrophilic functional groups. Then,
trimethoxy (1H,1H,2H,2H-heptadecafluorodecyl) silane (FAS) was used as the chemical
vapor deposition material to increase the gas adhesive force of CFP, which was carried out
in a beaker that contained FAS/ethanol solution (80 µL : 4 mL in volume) in equilibrium
with its vapor. The plasma treated electrode was exposed to FAS vapor for 30 hr under
ambient condition to receive aerophilic CFP-FAS electrode.
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Preparation of control samples. O2 plasma treated CFP sample was prepared by 50 W
oxygen plasma functionalization for 2 minutes. The pristine CFP was calcinated at 350 °C
under Argon atmosphere for 30 minutes to obtain Argon annealed sample. The CFP-60%
electrode was annealed at 900 °C under Argon atmosphere for 1 hr in order to fabricate the
fluorine-doped carbon/CFP electrode.
Preparation of oxidized carbon material for oxygen reduction. The oxidized carbon
nanotube was prepared according to previous report.10
Electrocatalytic oxidation of H2O. The electrochemical measurements were run at 25 °C
in a customized gastight H-type glass cell separated by Nafion 117 membrane (Fuel Cell
Store). A BioLogic VMP3 workstation was employed to record the electrochemical
response. In a typical three-electrode system, a platinum foil (Beantown Chemical, 99.99 %)
and a saturated calomel electrode (SCE, CH Instruments) were used as the counter and
reference electrode, respectively. The carbon electrodes (pristine and PTFE patterned
glassy carbon; pristine and PTFE decorated CFP; ~ 1 cm2) were used as the working
electrodes. The backside of glassy carbon was covered by an electrochemically inert,
hydrophobic wax (Apiezon wax WW100) during electrochemical tests. Before
electrochemical measurements, all samples were pre-stabilized at 1.2 V vs. SCE to achieve
a stable current density in 1.0 M Na2CO3 electrolyte. 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). 1.0 M Na2CO3 aqueous solution was used
as electrolyte in our study with pH of 11.96. Note that 4 mg mL-1 Na2SiO3 (Sigma) was
added into electrolyte to stabilize the formed H2O2 during stability measurements. The
electrolyte in the anodic compartment was stirred at a rate of 1000 r.p.m. during electrolysis.
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 were manually compensated unless stated otherwise.
After electrolysis with 10 ~ 50 C passing, the generated H2O2 concentration was firstly
roughly detected by using the standard H2O2 strips (Indigo Instruments), and further
confirmed using standard potassium permanganate (0.1 N KMnO4 solution, Sigma-Aldrich)
titration process, according to following equation:
+
2+
2MnO−
+ 5O2 + 8H2 O
4 + 5H2 O2 + 6H → 6Mn

(1)

In this work, sulfuric acid (2.0 N H2SO4, VWR) was used as the H+ source. The Faradaic
efficiency (FE) for H2O2 production is calculated using following equation:
generated H O (mol)×2×96485

FE = total amount2of 2charge passed (C) ∗ 100 (maximum 100%)

(2)

In order to quantify the gas products during electrolysis, Argon gas (Airgas, 99.995 %) was
delivered into the anodic compartment at a rate of 20.0 standard cubic centimeters per
minute (sccm, monitored by Alicat Scientific mass flow controller) and vented into a gas
chromatograph (Shimadzu gas chromatography-2014) equipped with a combination of
molecular sieve 5 Å, Hayesep Q, Hayesep T, and Hayesep N columns. A thermal
conductivity detector (TCD) was mainly used to quantify gas product concentration. The
partial current density for produced O2 was calculated as below:
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ji = x i × v ×

ni Fpo
RT

× (electrode area)−1

(3)

where xi is the volume fraction of certain product determined by online gas
chromatography referenced to calibration curves from the standard gas sample (Airgas), v
is the flow rate of 20 sccm, ni is the number of electrons involved, po = 101.3 kPa, F is the
Faradaic constant, T= 298 K and R is the gas constant. The corresponding Faradaic
j
efficiency at each potential is calculated by j i × 100.
-

-

overall

For the 2e -WOR//2e -ORR electrosynthetic cell test, 0.5 mg cm-2 oxidized carbon
nanotube catalyst was air-brushed onto 2 cm2 Sigracet 35 BC GDL (Fuel Cell Store)
electrodes as 2e--ORR cathode. And, 0.42 cm2 CFP-60% electrode was used as anode. The
two electrodes were therefore placed into opposite sides in the flow-cell51 without
separation membrane. O2 saturated 1.0 M Na2CO3 with 4 mg mL-1 Na2SiO3 was used as
electrolyte. The cathode was open to the atmosphere. The flow rate of 1.0 M Na2CO3
electrolyte was 5 mL min-1 controlled by a peristaltic pump. A current of 50.4 mA was
employed for H2O2 production. To extract the solid H2O2 from the electrolyte after
electrolysis (three-electrode configuration, 25 mL 1.0 M Na2CO3 electrolyte, electrolysis
at 2.4 V vs. RHE at 5 °C for 5 days; the CFP-60% catalyst was replaced using fresh catalyst
after every 24 h; Bipolar membrane was used to replace the Nafion 117; the cathode was
coupled with two-electron ORR using oxidized carbon nanotube electrode), about 100 mL
of absolute ethanol is added into 20 mL of the electrolyte, and the mixture is mechanically
stirred. The precipitate is isolated by vacuum filtration and washed several times with
absolute ethanol. The isolated precipitate is then dried in a vacuum oven at room
temperature for 24 h. For sodium perborate synthesis, a solution contains of 2.0 M NaBO2
and 1.0 M Na2CO3 was used as electrolyte. And the electrolysis was performed at a current
density of 120 mA cm-2 at 5 °C. The in-situ formed white precipitate (sodium perborate)
during electrolysis was collected for further characterizations.
The Faradaic efficiency of the electrosynthetic cell for H2O2 production and the
corresponding electricity-to-H2O2 efficiency are calculated using following equations,
respectively:
generated H O (mol)×2×96485

FEcell = total amount2of 2charge passed (C) ∗ 100 (maximum 200%) (4)

Electricity to H2 O2 efficiency =

E2e−WOR − E2e−ORR
Ecell

∗ FEcell (maximum 200%) (5)

where E2e−WOR (1.76 V)13 and E2e−ORR (0.76 V)11 are the theoretical potential for twoelectron water oxidation and two-electron oxygen reduction, respectively. Ecell is the
required cell voltage to offer a current density of 120 mA cm-2.
Characterization. Powder X-ray diffraction data were collected using a Bruker D2 Phaser
diffractometer in parallel beam geometry employing Cu Kα radiation (λ = 1.54056Å) and
a 1-dimensional LYNXEYE detector, at a scan speed of 0.02° per step and a holding time
of 1 s per step. X-ray photoelectron spectroscopy was obtained with a Thermo Scientific
K-Alpha ESCA spectrometer, using a monochromatic Al Kα radiation (1486.6 eV) and a
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low energy flood gun as neutralizer. All XPS spectra were calibrated by shifting the
detected carbon C 1s peak to 284.6 eV. SEM was performed on a Zeiss Supra55VP field
emission scanning electron microscope with in-lens detector. The contact angles of O2 gas
bubbles under electrolyte were tested by the method of captive bubble52 and the bubble
size was controlled at 2 µL. Adhesive forces between the O2 bubbles and electrodes were
assessed using Dataphysics DCAT21.
18O

isotope measurement. Firstly, 0.2 mol (21.2 g) Na2CO3 (Sigma) was dissolved into
200 mL ultrapure Milli-Q water. After stirring for 5 mins, 25 mL of the fresh 1.0 M Na2CO3
solution was used as electrolyte for water oxidation. After electrolysis with 200 C passing,
1 mL of the electrolyzed 1.0 M Na2CO3 solution was taken out, meanwhile another 1 mL
of solution was taken from the unelectrolyzed bulk 1.0 M Na2CO3 solution. Then both of
them were quickly dried (within 2 mins) in a surface dish at 100 °C. Of note, the natural
exchange time with the water was same for the unelectrolyzed and electrolyzed Na2CO3.
Next, the dried Na2CO3 powder was collected for 18O isotope analysis. Oxygen isotope
analysis is performed on a Gas Bench-Conflo-Isotope Ratio Mass Spec (Delta V,
ThermoScientific) system. ~ 0.190 mg Sodium carbonate (Na2CO3) were weighed out into
an exetainer, then was flushed by Helium flow for 10 minutes on Gas Bench. 0.3 ml 105%
phosphoric acid was added into the exetainer for 24 hour reaction. The generated CO2 gas
was then delivered to mass spectrometry for isotope ratio analysis. Oxygen isotope
composition of carbonate are calculated based on measured oxygen isotope composition
of CO2 gas, based on the fractionation factor between the two at reaction temperature.
Oxygen isotope values are reported in a delta notation, with respect to international
standard, Vienna Standard Mean Ocean Water (VSMOW).
Operando Raman measurement. For operando electrochemical Raman spectroscopy
measurements, a piece of carbon fiber paper (1 cm2, with or without PTFE treatment) was
first stuck onto a polished glassy carbon electrode via a conductive carbon tape and then
assembled into a homemade three electrode spectroelectrochemical cell. The Raman
spectra were recorded on a Horiba LabRAM HR 800 confocal Raman microscopy, with
the signals excited by a 532-nm Ventus VIS laser and collected by a 100x objective, at a
dispersion grating of 600 g mm-1 and a co-adding of 64 scans. A Biological VSP
potentiostat was used for potential control.
ECSA measurement. The ECSA was determined by measuring the capacitive current
associated with double-layer charging from the scan-rate dependence of cyclic
voltammetry (CV). Before ECSA measurements, all samples were pre-stabilized at 1.2 V
vs. SCE to achieve a stable current density in 1.0 M Na2CO3 electrolyte. By plotting the
difference in current density (j) between anodic and cathodic sweeps (Δj) at a fixed
potential against the scan rate, a linear trend is observed. The fitting slope is twice of the
double-layer capacitance (Cdl), which is linearly promotional to the ECSA. These values
of Cdl permit comparison of relative surface activity of different electrodes particularly in
same electrolyte. To determine Cdl for various electrodes, the potential window of CVs was
0.15 - 0.25 V vs. SCE with the scan rates from 50 mV s-1 to 150 mV s-1. Based on our
previous work51, the double-layer capacitance of flat glassy carbon electrode is measured
to be ca. 24 µF cm-2. Thus, the value of 24 µF cm-2 was used here for ECSA normalization.
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Computational methods. Density functional theory (DFT) calculations were performed
using the Vienna Ab Initio Simulation Package (VASP)53,54 with BEEF-vdW exchangecorrelation functional55 and projector augmented-wave (PAW) pseudopotential56. The
energy cutoff, a convergence criterion for self-consistent iteration and geometry relaxation
were set to 500 eV, 10−4 eV and 0.05 eV/Å, respectively. To simulate various carbon
structures with a wide range of catalytic activities, we modelled four different structures
(O-basal 1, O-basal 2, OH-basal and 5555-6-7777 defective) using (6 × 6) graphene, which
have been shown to be active for H2O oxidation10,40. Additionally, we considered partially
and fully oxidized graphene using (1 × 2) graphene. We added 15 Å of vacuum layer to
avoid non-physical interactions between repeating layers in z-direction. For large cells, a
gamma point mesh was used, while for small oxidized graphene cells, (6 × 5 × 1) meshes
were used, which showed a negligible difference compared to (12 × 10 × 1) meshes
calculations. To test the effect of the implicit solvation, we used VASPsol with default
parameter settings and a dielectric constant set to that of water (ε = 78.4)45.
At high applied overpotentials, the strongly oxidizing reaction conditions lead to carbon
atoms being covered by adsorbed oxygen significantly affecting the catalytic properties.
We therefore calculated binding free energies of *O (ΔG*O) on top and below the graphene
sheet at different oxidation states referenced to free energies of H2 and H2O gas phase
molecules. To investigate the effect of surface adsorbed *O on catalytic activity, we
calculated *O coverage-dependent *OH binding free energies (ΔG*OH), which is a key
intermediate in electrochemical H2O oxidation to H2O213.
To convert calculated electronic energies into free energies, we added free energy
corrections for adsorbates which include zero-point energy, enthalpy and entropy at 300 K
using the harmonic oscillator approximation. For gaseous molecules, we used the ideal gas
approximation with the partial pressure of 101,325 Pa for H2, and 3,534 Pa for H2O, which
is the vapor pressure of H2O. The effect of potential was included using the computational
hydrogen electrode (CHE) method57, where the chemical potential of proton and electron
pair equals to that of a half of hydrogen gas (𝜇𝜇(𝐻𝐻 + + 𝑒𝑒 − ) = 1�2 𝜇𝜇(𝐻𝐻2 )) at standard
conditions. As the potential is applied, the chemical potential of an electron is shifted by
−𝑒𝑒𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 , where 𝑒𝑒 and 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 are elementary charge and electrode potential, respectively.
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