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A self-breathing electrode enabled by
interface regulation and gradient wettability
engineering for industrial H2O2
electrosynthesis

Ye Tian1, Luowei Pei1,2, Shuo Wang1,2, Kongrui Yu1, Yuqing Xu1, Xiaoqin Ye2,
Songming Zhu 1,3, Ying Liu1,3, Zhenghua Zhang 4 & Zhangying Ye 1,3

High-performance gas diffusion electrodes (GDEs) are essential for electro-
chemical H2O2 production, yet conventional catalyst layers (CLs) suffer from
PTFE-fused encapsulation and disordered pores that create mass-transport
bottlenecks and suppress three-phase interface (TPI) formation. Here, we
introduce a non-fused particulate-packed catalyst/binder interface and eluci-
date themechanisms governing TPI formation through 3D reconstruction and
mesoscale LBM analyses. Guided by these insights, we construct a hierarchical
gradient CL with ordered porosity and tunable wettability contrast, and mul-
tiscale simulations together with in-situ breakthrough and microfluidic
experiments confirm capillarity-driven electrolyte displacement and direc-
tional self-transport of H2O2, enabling stable Faradaic efficiencies >85% at
300mAcm–2 for 300h. We further develop a 400 cm2 four-unit self-breathing
flow-through stack integrating thermal, fluidic, and electronic systems for
continuous, oxygen-free, low-cost H2O2 generation. This work offers a fun-
damental design framework for advancedGDEs and demonstrates amilestone
integrated self-breathing H2O2 electrosynthesis system with commercial
viability.

Hydrogen peroxide (H2O2) is a green oxidant widely used in sustain-
able chemical synthesis and pollutant treatment, serving as a corner-
stone of modern green chemistry1,2. Currently, over 95% of H2O2 is
produced via the anthraquinone process—a complex route that gen-
erates substantial hazardous by-products with high energy consump-
tion and cost3. As a sustainable alternative, the electrochemical two-
electron oxygen reduction reaction (2e− ORR) enables economical, on-
site H2O2 production using only air, water, and renewable electricity.
This decentralized approach supports the chemical industry’s green
transition and aligns with carbon neutrality goals4–6.

Gas diffusion electrodes (GDEs) represent the most promising
electrode architecture for 2e− ORR, as they physically separate gas and
liquid phases and help overcome oxygen solubility limitation7. Despite
decades of catalyst-focused research, GDEs continue to suffer from
well-known “flooding” under high current densities—a key bottleneck
to industrial deployment8–10. Strategies such as increasing polytetra-
fluoroethylene (PTFE) content or incorporating electrospun hydro-
phobic layers can mitigate flooding but often compromise
conductivity due to a trade-off between hydrophobicity and electron
transport11–13. Even recent strategies like crack engineering that
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facilitate gas access fail to fully prevent flooding in catalyst regions
beyond the cracks14. These results expose a critical paradox: while
catalyst innovation has flourished, GDE structural limitations continue
to impede industrial adoption. This persistent challenge highlights a
critical knowledge gap in electrode engineering—the lack of estab-
lished design principles for three-phase interface (TPI) construction
has confined structural optimization to empirical trial-and-error
approaches.

Traditionally, catalyst layers (CLs) are fabricated by depositing a
slurry of catalyst particles, PTFE, and alcohol-based solvents onto a gas
diffusion layer (GDL)12,15. To ensure the hydrophobicity of the PTFE,
calcination is typically required to remove residual surfactants11,16.
However, this fabrication route conceals three critical limitations. (1)
Slurry dispersion issue. PTFE tends to aggregate and separate from
catalysts in alcohol media, especially at high loadings17,18. (2) Covered
and segregated interface structure. Upon calcination, PTFE melts non-
uniformly: some coats catalyst surfaces, forming an insulating armor
that increases resistance, while the rest forms isolated hydrophobic
islands detached from the catalyst12,16,19,20. This dual structure imposes
a PTFE content threshold—representing the root of the long-standing
trade-off between hydrophobicity and electron transport in GDEs. (3)
The emergence of spatial disorder: the coexistence of coated and
segregated PTFE domains results in randomly distributed wettability
and pore structures, creating a mass transport maze that disrupts
capillary-driven convection and obstructs removal of in in situ gener-
ated H2O2. These findings highlight that ambiguous catalyst-binder
interfaces and disordered CL structures fundamentally limit GDE
performance. Rather than incremental improvements within this
constrained paradigm, transformative advances require a complete
architectural redesign of the CL.

Bridging this gap in interface engineering demands a systematic
understanding of the pore architecture arising from catalyst–binder
interactions and its role in TPI formation within the CL21. However,
conventional tools—scanning electron microscopy (SEM), contact
angle (CA) measurements, and N2 adsorption/desorption—fail to
resolve true 3Dmicrostructures. SEMprovides only 2Dprojections; CA
is affected by surface roughness and binder exposure6,22; and N2

adsorption/desorption offers only statistical pore data, lacking spatial
context. To date, the actual spatial arrangement of catalyst/binder
components and their resulting pore structures in CLs remain poorly
understood. Equally unclear is how the triple-phasemicroenvironment
controls 2e– ORRmass transport, creates active zones, and accelerates
reaction kinetics.

Here, a non-fused particulate-packed catalyst/binder interface
(Fig. 1) is introduced, in which discrete PTFE is embedded within the
catalyst matrix to form a packed-contact, pore-percolated structure
that exposes active sites and supports dense TPIs. Using focused ion
beam-scanning electron microscopy (FIB-SEM) 3D reconstruction, the
Lattice Boltzmann Method (LBM), and the Quartet Structure Genera-
tion Set (QSGS), electrolyte intrusion was quantitatively revealed to be
governed by the coupling of wettability and pore geometry, unco-
vering the structural origin of TPI formation. Guided by these findings,
an ordered CL with controlled wettability gradients and hierarchical
pores was subsequently developed, and multiscale simulations toge-
ther with microfluidic experiments validated that Laplace pressure-
driven directional H2O2 transport occurs through the CL. The opti-
mized electrodes were operated stably for over 500, 300, and 50h at
15, 300, and 400mAcm−2, respectively, maintaining FE above 80%.
Finally, we scaled up the design to a 400 cm2

five-cell modular flow-
through cell stack, integrating electronic, thermal, and fluidic sub-
systems into a commercially viable in situ H2O2 synthesis platform.
This fully assembled platform enables in situ H2O2 production using
only air, water, and electricity, achieving a cost as low as $0.381 kg−1—

marking a key step toward decentralized, cost-effective and low-
carbon manufacturing of H2O2.

Results
Non-fused particulate-packed interface structure
To investigate the effect of the catalyst/binder interface structure on
electrochemical H2O2 production, two GDEs were fabricated using
PTFE as the binder: one with a conventional fused–segregated inter-
face (FSE), and another with a non-fused particulate-packed interface
(PPE), prepared via different deposition methods (Supplementary
Fig. 1; Methods). In the FSE electrode, a significant portion of CB is
covered by fused PTFE, while in localized regions, PTFE coalesces into
large patches (Fig. 2a), forming hydrophobic islands—a phenomenon
previously reported6,12,22. In contrast, PPE exhibits discrete PTFE parti-
cles co-packed with CB in a stacked arrangement (Fig. 2a). To isolate
the effect of microscale interface structure, key deposition variables
were controlled to yield comparable CL thicknesses—a factor known to
influence performance23. Cross-sectional SEM (Fig. 2b) shows only a
minor difference in thickness between FSE (110.2μm) and PPE
(119.8μm), likely due to hot-press-induced densification. PTFE content
was also adjusted to match initial wettability (CA = 150°, Fig. 2c), and
both used identical hydrophobic carbon paper as the gas diffusion
layer (Supplementary Fig. 2). These controls ensured that microscale
interface architecture was the sole performance variable. Electrolysis
was conducted in a divided, self-breathing cell open to ambient air
(Supplementary Fig. 3). At 15mA cm–2, both electrodes showed similar
FE (80–90%) (Fig. 2d), consistent with prior work13,24,25. However, at
300mAcm–2, FSE dropped below 1% FE within 5 h, while PPE main-
tained >80% (Fig. 2e). These findings clearly demonstrate that, while
both electrodes share similar macroscopic characteristics, the micro-
scopic interface structure introduces a profound performance gulf.

To elucidate the performance disparity between the two GDEs,
their physicochemical properties and O2/electrolyte mass transport
behavior were systematically investigated. In the diffusion-limited
open-air system used here, efficient O2 delivery to active sites is
essential for sustaining the 2e– ORR. Stepwise chronoamperometry
(25mA cm–2 per step) was employed to monitor FE and steady-state
potential under increasing current, thereby quantifying oxygen
transport limitations. As shown in Fig. 2f, PPE exhibited stable potential
shifts within 300mV and consistent FE, suggesting that the reaction
remained under kinetic and ohmic control without significant mass
transport limitations. In contrast, FSE exhibited rising overpotentials
and declining FE, signaling concentrationpolarization and the onset of
parasitic 4e− ORR or hydrogen evolution reaction (HER). Interestingly,
post-electrolysis CA was higher for FSE than PPE (Fig. 2c)—contrary to
the expectation that higher hydrophobicity promotes gas diffusion.
Given their identical catalyst, initial wettability, and macroscale
structure, this counterintuitive result highlights a key insight: the
observed difference in oxygen transport capability likely arises from
variations in microscopic interface architecture. Multiscale SEM ima-
ging revealed that PPE features a discrete particulate network, with
PTFE embedded between CB domains to form a porous structure
(Supplementary Fig. 4a–c), while FSE exhibits melted PTFE coverage
and isolated hydrophobic domains (Supplementary Fig. 4d–f). This
fused-driven restructuring significantly reduced microporosity and
yielded a denser catalyst layer (Supplementary Fig. 4d). Mercury
intrusion porosimetry quantitatively confirmed these structural dif-
ferences, revealing that PPE exhibited higher macro-/mesopore con-
tent, greater pore volume, and lower tortuosity (Supplementary Fig. 5),
consistent with a more efficient mass transport regime across the CL.
These findings collectively suggest that the microscopic interface
structure governs the porosity, gas access, and mass transport regime
of the CL, ultimately dictating whether efficient 2e– ORR can be sus-
tained under demanding conditions.

To clarify how microscale pore structures influence species
transport,mesoscale simulations of gas-liquid-solid interactionswithin
the CLs of FSE and PPE were performed. CL architectures were
reconstructed using the QSGS method by tuning the PTFE nucleation
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probability (Pc) and phase occupation ratio (Rp), mimicking PTFE
structural evolution during fabrication (“Methods”)26,27. The reliability
of the QSGS-generated structures was quantitatively validated by
comparing their porosity and CB/PTFE volume ratio with those of the
FIB-SEM reconstructed catalyst layer, showing good consistency
(Supplementary Fig. 6). As shown in Supplementary Fig. 7, PTFE in the
FSE CL aggregated into large domains, whereas in PPE, PTFE remained
in discrete particulate form. Subsequent LBM simulations (details in
Methods) captured the steady-state distribution of phases under liquid
intrusion (Fig. 2g)28,29. Cross-sectional views revealed that in FSE, gas
appeared near aggregated PTFE domains, turning PTFE into isolated
hydrophobic islands while leaving CB submerged in electrolyte—
explaining the drop in FE. In contrast, PPE’s particulate-packed struc-
ture formed alternating hydrophilic-hydrophobic zones, creating a
percolating TPI network (Fig. 2h).

It should be noted that the above analysis mainly attributes the
inferior performance of FSE to pore densification, while the intrinsic
limitation associated with PTFE encapsulation of carbon particles has
not been fully clarified. To decouple these two effects, a comparison
electrode (PPE-cal) was prepared by calcining the spray-coated PPE at
340 °C without hot pressing. This treatment induced partial PTFE

melting and CB encapsulation while maintaining the same packing
density as PPE, thereby isolating the influence of densification caused
by hot pressing. As shown in Supplementary Fig. 8, PPE-cal exhibited
partial PTFE fusion but lacked the compact morphology of FSE. Elec-
trochemical H2O2 synthesis revealed a clear performance hierarchy of
PPE > PPE-cal > FSE, indicating that both molten encapsulation and
reduced porosity contribute to the degraded performance of con-
ventional electrodes (Supplementary Fig. 9). Similar binder-induced
encapsulation effects have also been observed in ionomer-based cat-
alyst layers (e.g., Nafion coatings on Pt/C), where excessive polymer
coverage hinders gas diffusion, highlighting the broader relevance of
this interfacial limitation30. These findings indicate that the micro-
scopic interface architecture plays an important role in shaping pore
morphology and mass-transport pathways, which in turn influence
electrode performance at high current densities. (see detailed analy-
sis below).

CL optimization based on non-fused particulate interface
architecture
Having identified the optimal interface architecture, we systematically
varied the PTFE–to–CB mass ratio (P/C =0–1.5, with fixed catalyst
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Fig. 1 | Schematic comparison of conventional and particulate-packed CL
structures and their impact on TPI formation. a Conventional CL structure of a
fused and segregated electrode (FSE), showing large agglomerated PTFE hydro-
phobic islands and extensive CB regions flooded with electrolyte. bMagnified side
view of (a), illustrating a fused PTFE domain covering CB particles, while sur-
roundingCB is immersed in the electrolyte and relies solelyondissolvedoxygen for

2e– ORR, severely limiting TPI formation. c Catalyst layer with a non-fused parti-
culate-packed interface (PPE), where PTFE and CB particles form a porous and
interspersed network. d Magnified side view of c, where discrete PTFE particles
create localized hydrophobic microenvironments that enable nearby CB to parti-
cipate in 2e– ORR, resulting in abundant and uniformly distributed TPIs.
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increasing the likelihood of undesired H2O2 reduction. In contrast, the inter-
penetrating network of PTFE and CB in PPE significantly enhances the number of
accessible TPIs, promoting efficient oxygen transport and utilization.
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loading) to tune the abundance and spatial distribution of non-fused
particulate-packed interfaces. Electrolysis tests were conducted across
15–400mAcm–2 (Fig. 3a and Supplementary Fig. 10). Due to the fab-
ricationmethod, even the PTFE-free electrode (P/C =0) exhibited 80%
and 60% FE at 15 and 100mA cm–2, respectively—demonstrating per-
formance that remains competitive with certain PTFE-containing sys-
tems reported in the literature.13,31,32. However, CB oxidation in H2O2-
rich environments gradually increases hydrophilicity, restricting O2

access at higher currents31,33. Stepwise chronoamperometry confirmed
this: P/C-0 showed large voltage deviation and rapid FE decline beyond
200mAcm–2, indicating severe oxygen transport limitations and
parasitic hydrogen evolution (Fig. 3b, c), consistentwith the FE trend in
Fig. 3a. In contrast, PTFE-containing GDEs maintained >80% FE and
stable voltages up to 250mA cm–2 (Fig. 3a). This consistent perfor-
mance contrasts with previous studies, which reported significant
performance divergence even below 100mA cm–2 and within 1 h of
operation6,11,12,34. These results reaffirm that particulate-packed inter-
faces promote full exposure of catalytic active sites, delivering con-
sistent performance under low oxygen demand. At higher current
densities, greater oxygen demand requires more PTFE to sustain
hydrophobicity and gas transport, shifting optimal FE toward higher P/
C ratios (Fig. 3a). LSV confirmed this trend: at low potentials, all elec-
trodes responded similarly, with P/C-0 slightly higher due to enhanced
ionic transport from its more hydrophilic surface. As potential
increased, P/C-0 exhibited a cleardeviation from linearity, with current
growth slowing due to oxygen transport limitation, while P/C-0.9
maintained a linear response, reflecting improved O2 access and
overall performance (Fig. 3d).

Unexpectedly, the FE of P/C-1.2 and P/C-1.5 sharply declined to 69
and 41%, respectively, at 400mA cm–2 (Fig. 3a). We hypothesized that
excessive hydrophobicity might hinder proton transport. To test this,
Nafionwas added to the ink to enhance proton conductivity; however,
performance did not recover, ruling out proton transport as the lim-
iting factor (Fig. 3a). In contrast, supplying external oxygen to the GDL
side restored the performance of P/C-1.5 to P/C-0.9 levels, confirming
oxygen transport as the primary bottleneck. Paradoxically, P/C-1.5
would theoretically be expected to offer enhanced oxygen retention
compared to P/C-0.9. This counterintuitive result suggests the pre-
sence of microscale limitations within the CL that override the bulk
material properties. SEM images revealed clear spatial separation
between PTFE and CB in P/C-1.5 (Fig. 3e). Such inhomogeneous dis-
tribution causes electrolyte to preferentially migrate toward CB-rich
zones under surface tension, undermining the formation of effective
triple-phase interfaces (Fig. 3f). Thus, oxygen transport and TPI stabi-
lity aregovernednotmerely by the amount of hydrophobic binder, but
by its spatial localization within the CL.

To further investigate the origin of PTFE/CB separation at high
P/C ratios, ink formulations were analyzed using a laser particle size
analyzer35,36. As shown in Fig. 3e, increasing the P/C ratio shifted the
particle size distribution toward larger diameters, with elevated D50

and D90 values (Supplementary Table 1). This indicates that higher
PTFE content led to increased precipitation in the ink, which likely
contributed to large PTFE agglomerates during CL fabrication17,37.
While the impact of ink dispersion on fuel cell electrodes is well
established38,39, such effects remain underexplored in H2O2 electro-
synthesis. In alcohol-based media, PTFE readily flocculates due to
low surface energy and poor dispersion stability17. We found that
elevated temperature, rapid PTFE addition, and high P/C ratios
exacerbated flocculation, driven by strong interparticle attraction
and bridging effects in neutral, nonionic solvents (Supplementary
Fig. 11 and Supplementary Table 2)18,40. These results suggest that
although particulate-packed structures benefit from increased
PTFE content in theory, poor dispersion imposes a practical upper
limit—one that may require advanced dispersion strategies to
overcome.

Mechanism of gas-liquid transport and TPI in CLs
To clarify how catalyst and binder co-assembly shapes internal pores
and governs gas-liquid interactions, we combined 3D FIB-SEM recon-
struction withmesoscale simulations to visualize and quantify internal
fluid behavior. The real 3D structure of the CL was reconstructed via
FIB-SEM (Supplementary Fig. 12), with two pretreatment protocols
validated beforehand (Supplementary Note 1; Supplementary Figs. 13
and14) to ensure structural integrity41,42. The reconstructed CL (Fig. 4a)
reveals PTFE and CB as interspersed particulate aggregates, forming a
packed granular network. PTFE appears as spheres or looseflocculates
(10–100 nm, Supplementary Fig. 15). These 3D images confirm that
PTFE and CB are interspersed as particulate ensembles, forming a
packed granular architecture (Fig. 4b). Quantitative voxel-based ana-
lysis revealed the particle size, porosity, and pore size distribution of
each component. The CL exhibited a bimodal solid-phase size dis-
tribution: CB was primarily found in the 0–50 nm range, consistent
with its intrinsic size (~30 nm; Supplementary Fig. 16)43. The overall
porosity (~0.73) aligned well with mercury intrusion data (Supple-
mentary Fig. 17, and Fig. 2g). While micropores (<10 nm) dominated
the pore population, as widely reported16, our CLs contained a sig-
nificantly higher fraction of meso- and macropores, which are more
favorable for O2 and H2O2 transport.

After obtaining the 3D structure of the real CL, we simulated
gas–liquid–solid three-phase flow using the LBM29,44. In these simula-
tions, the electrolyte was treated as an ideal, incompressible, charge-
neutral fluid. Although this simplification neglects ionic strength and
electrostatic effects, it captures the capillary-driven intrusion domi-
nated by pore geometry and wettability at the mesoscale. Similar
assumptions are widely used in multiphase-flow models of porous
electrodes for fuel cells, validating its suitability for describing gas-
liquid dynamics in GDEs29. To avoid the non-physical interfacial film
artifacts commonly encountered in traditional pseudopotential mod-
els near solid surfaces, we adopted a recently developed phase-field
model and implemented it on a GPU-accelerated CUDA platform
(simulation parameters in Supplementary Table 3)45,46. The physical
model and boundary conditions are shown in Supplementary Fig. 15.
Figure 4c presents a YZ cross-section at x = 110 (Supplementary
Fig. 18). The visualization clearly reveals that isolated hydrophilic CB
domains are rapidly infiltrated by the electrolyte. In contrast, regions
wherePTFE andCB coexist support the formation ofTPI, underscoring
that sharp wettability contrast is a prerequisite for TPI formation.
Additionally, someCB-only pores resist flooding, suggesting geometry
and wettability co-govern TPIs development. 3D renderings (Supple-
mentary Fig. 19) further show that intrusion occurs through finger-like
pathways rather than uniform fronts, characteristic of capillary-driven
flow47. Local wettability gradients at CB/PTFE interfaces trap air
pockets of various sizes, fostering stable TPIs. Figure 4d shows that as
intrusion proceeds, gas-liquid interfaces proliferate and inter-
connected air channels form, enabling efficient O2 transport. Notably,
even after the electrolyte exits the domain at timestep 170,000, gas
pockets persist through timestep 200,000 (see Supplementary
Movie 1). We quantified this behavior by tracking time-resolved liquid
saturation (Supplementary Fig. 20), confirming that part of the pore
volume remains consistently gas-filled at steady state48. These findings
capture the ways in which electrolyte transport can be guided by pore
geometry and wettability gradients rather than being entirely random.
This directional control marks a paradigm shift—from blocked to gui-
ded transport—and provides a theoretically sound route for con-
structing durable and efficient triple-phase interfaces.

To assess the feasibility of guiding electrolyte transport through
structural regulation, the QSGS algorithm was used to generate CL
structures by tuning nucleation probability (Pc) and phase occupation
ratio (Rp), and gas-liquid behavior was quantified via LBM. Structures
1–3 shared similar PTFE dispersion but progressively increased PTFE
content and decreased porosity by raising Rp. Structures 2, 4, and 5
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Fig. 3 | Electrochemical performance and ink properties of GDEs with different
PTFE/CB ratios. aH2O2 yield and corresponding Faradayefficiency (FE) atdifferent
current densities (Tests at 15 and 100mAcm–2 were conducted in 0.1mol L–1

Na2SO4, pH= 5.84 ± 0.01,while tests at 200, 300, and400mAcm–2 were carriedout
in 1mol L–1 Na2SO4, pH = 6.92 ± 0.06). “O2” indicates operation with external oxy-
gen supply to replace the self-breathing mode; “Nafion” refers to electrodes with
additional Nafionbinder incorporated into the CL. Values aremeans, and error bars
indicate standard deviation (n = 15 replicates). b Steady-state potential response

and c FE under stepwise current loading. Values are means, and error bars indicate
standarddeviation (n = 3 replicates).d LSV curves fordifferent GDEswith different
PTFE/CB ratios (mass loading of 6mg cm–2, scan rate: 20mV s–1, 1mol L–1 Na2SO4,
pH= 6.92 ± 0.06, without iR compensation, iR= 4.55 ± 0.6Ω). e SEM images of
different CLs with particle size distribution of inks with varying PTFE/CB mass
ratios. f Diagrammatic sketch of different CLs with varying PTFE/CB mass ratios.
Source data are provided as a Source Data file.
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maintained constant PTFE content while increasing spatial uniformity
through higher Pc (Supplementary Fig. 21; Supplementary
Tables 4 and 5). LBM simulations showed that increasing PTFE content
(structures 1–3) reduced electrolyte saturation—suggesting that lower
porosity can effectively impede water intrusion (Fig. 4e, f). However,
increased PTFE content failed to alleviate CB flooding or enhance TPI
formation—a finding that rationalizes why excessive PTFE loading in

prior studies failed to improve electrode performance. In structure 3,
PTFE aggregation and segregation further accelerated catalyst flood-
ing, further explaining performance decline at high PTFE loadings
(Supplementary Figs. 22 and 23). In contrast, improving PTFE disper-
sion at constant content (structures 2, 4, and 5) significantly increased
the spatial density of gas-liquid-solid interfaces (Fig. 4g and Supple-
mentary Fig. 24) and formedmore dense and continuous gas networks
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(Supplementary Fig. 25), underscoring ink dispersion quality as a key
performance factor. Notably, liquid saturation remained largely
unchanged across these, suggesting porosity and PTFE content are the
dominant factor governing electrolyte penetration (Fig. 4h). To clarify
the mechanism of TPI formation, we modeled pores with varied
wettability and geometry (Supplementary Fig. 26). As shown in Sup-
plementary Fig. 27, phase separation occurred mainly in pores bor-
dered by contrasting wettability, where asymmetrical capillary forces
drove water to hydrophilic regions, stabilizing gas in hydrophobic
domains—thereby stabilizing TPIs. Furthermore, pore size played a
decisive role: small hydrophobic pores significantly delayed water
invasion, consistentwith our earlier saturation–porosity analysis,while
smaller hydrophilic pores accelerated it. Together, these findings
indicate that gas-liquid dynamics are jointly governed by pore mor-
phology and wettability—offering critical guidance for rational TPI
design.

Hierarchical gradient CL for liquid repellence and guided pro-
duct transport
Building on previous findings, a hierarchically structured CL with
porosity and wettability gradients was designed to guide electrolyte
transport. To systematically assess the influence of gradient design,
we fabricated electrodes with dual-layer (PPE-D) and triple-layer
(PPE-T) gradient architectures in addition to a single-layer reference
(PPE). For PPE-D, a PTFE-rich ink was first coated onto the gas dif-
fusion layer (GDL) and sintered to form a dense, highly hydrophobic
layer with fine pores, serving as the first CL49. A second catalyst layer
composed of non-fused particulate packing was then deposited on
top, yielding a dual-gradient structure (PPE-D) with controlled PTFE
content (1.8–3.6mg cm–2) (Supplementary Fig. 28). Cross-sectional
EDS mapping (Fig. 5a) qualitatively confirmed that the bottom layer
is denser and richer in fused PTFE, establishing a clear porosity
gradient. Mercury intrusion porosimetry (Supplementary Fig. 29)
quantitatively confirmed a porosity gradient, with a marked
decrease in pore volume toward the PTFE-rich bottom layer, con-
sistent with densification and partial pore blockage from sintering.
Because contact-angle measurements are unreliable for rough por-
ous surfaces, PTFE loading was used as a quantitative indicator of
hydrophobicity. The higher PTFE content in the bottom layer indi-
cates stronger electrolyte repellence, confirming coupled
porosity–wettability gradients across the CL.

For PPE-T, while adding another low-PTFE catalyst layer could
further steepen the gradient, such multilayer assembly would com-
plicate fabrication and hinder scalability. Instead, oxygen plasma
etching provides a rapid, controllable, and catalyst-independent
approach to tune surface hydrophilicity without additional coating
or structural damage50. We therefore applied plasma etching to PPE-D,
enabling a simple and scalable enhancementof surfacewettability. The
treatment introduces oxygenated groups (–OH, C=O, C–O–C) that
raise surface energy and reduce the top-layer contact angle from 158°
to 30° (Supplementary Fig. 30). XPS and EDS analyses verified the
incorporation of these oxygenated groups, and the plasmaparameters
were optimized to preserve catalyst activity and pore morphology
(Supplementary Fig. 31–33). The resulting electrode, PPE-T, thus
exhibits a continuous porosity–wettability gradient throughout
the CL.

We next compared the performance of PPE, PPE-D, and PPE-T to
evaluate the effect of gradient steepness. The dual-gradient design
(PPE-D1.8) maintained 83% FE after 5 h—43% higher than PPE (Fig. 5b
and Supplementary Fig. 34). The same performance hierarchy of
FSE < PPE < PPE-D was maintained under both acidic and alkaline
electrolytes, confirming that the structural design principles are gen-
erally applicable across different pH environments (Supplementary
Fig. 35). The introduction of a surface-modified hydrophilic layer fur-
ther amplified this effect: PPE-T outperformed both PPE and PPE-D,
maintaining nearly 100% FE during the first 3 h (Fig. 5b). Across
0–500mA cm–2, PPE-T exhibited a near-linear increase in H₂O₂ pro-
duction rate, consistent with reduced oxygen-transport limitations
(Supplementary Fig. 36). These results demonstrate that introducing
multi-layered wettability gradients via scalable surface modification
strategies can substantially enhance GDE performance under practical
operating conditions.

To elucidate the origin of the performance enhancement, LBM
simulations were combined with in situ experiments to assess elec-
trolyte breakthrough behavior. Gradient and non-gradient structures
were generated using a modified QSGS algorithm (Supplementary
Fig. 37). The simulations showed that, at the same timestep, PPE-D
restricted electrolyte intrusion to localized gas-liquid regions, preser-
ving oxygen pathways, whereas PPE was completely flooded (Supple-
mentary Fig. 38). These trends were further verified by in situ
breakthrough pressure tests (Supplementary Fig. 39). Under constant
mechanical load and applied potential, the time required for peroxide
test paper on the GDL to show discoloration was recorded (Supple-
mentary Fig. 40). Multiplying the applied pressure by breakthrough
time yielded the resistance impulse (RI), a quantitative indicator of
intrinsic flooding resistance. The RI values of all electrodes were
compared to evaluate their flooding resistance (Supplementary
Fig. 41). Both PPE-D and PPE-T exhibited significantly higher RI than
PPE, confirming their resistance to electrolyte intrusion under elec-
trowetting and explaining their improved performance. Further ana-
lysis of the relationship between FE and RI (Fig. 5c) revealed two
distinct regimes: in the low-RI range, FE rose steeply with increasing RI
(slope = 0.054), reflecting the positive contribution of enhanced
hydrophobicity; beyond a critical RI, the increase plateaued (slope =
0.0025), suggesting that the barrier effect alone had approached its
limit. Notably, PPE-T deviated from this linear correlation—its RI
decreased, yet its FE increased significantly. This deviation suggests
that, in addition to passive flooding resistance, an extra transport
behavior may have emerged, potentially associated with the steeper
wettability gradient. To further separate these effects, additional
electrolysis experiments were performed by floating PPE and PPE-T
horizontally on the electrolyte surfacewithout any applied hydrostatic
pressure, thereby minimizing the influence of breakthrough pressure.
Even under pressure-free conditions, PPE-T maintained a higher FE
than PPE (Supplementary Fig. 42), confirming that observed perfor-
mance enhancement cannot be solely attributed to passive barrier
protection. Instead, it likely results from a synergistic interplay
between passive anti-flooding resistance and additional gradient-
induced mass transport.

To further elucidate this behavior, LBM and molecular dynamics
(MD) simulations were subsequently conducted to analyze the in situ
diffusion of H2O2 within the CL at mesoscale and molecular scales,

Fig. 4 | Three-dimensional reconstructionof catalyst layers revealinggas-liquid
transport dynamics and TPI development. a Real 3D structure of the catalyst
layer (CL) reconstructed by FIB-SEM, showing the spatial distribution of CB and
PTFE. b Magnified local view of the CL, where CB particles are attached to aggre-
gated PTFE domains; corresponding SEM image is provided for comparison. cGas-
liquid-solid configurations captured during electrolyte invasion via LBM simula-
tions. d Evolution of gas-liquid interfaces within the CL over time, highlighting
bubble formation and distribution during progressive electrolyte penetration.

e Gas–liquid–solid distributions obtained from LBM simulations for catalyst layer
structures with increasing PTFE content, denoted as structures 1–3.
fCorresponding liquid saturation levels in the catalyst layers shown ine, illustrating
reduced electrolyte intrusion with increasing PTFE content. g Gas–liquid–solid
distributions for catalyst layer structures with identical PTFE content but different
PTFE dispersion uniformity, denoted as structures 2, 4, and 5, where the spatial
distribution of PTFE becomes progressivelymore uniform. h Corresponding liquid
saturation levels in the catalyst layers shown in (g).
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respectively. The LBM simulations revealed that H2O2 spontaneously
migrates toward regions with larger pores and lower PTFE content,
thereby preserving dry domains that maintain access to oxygen
(Supplementary Fig. 43 and Supplementary Movie 2). To quantify this
effect, MD simulations were conducted to calculate mass-transfer
coefficients (Supplementary Fig. 44 and Fig. 5d)23. Despite identical
PTFE content, the gradient CL exhibited directional H2O2 diffusion

with a transport coefficient of 2.05 × 10–5 cm2 s–1, 37.6% higher than the
bidirectional diffusion observed in the non-gradient system
(1.49 × 10–5 cm2 s–1, Fig. 5e, f). Simultaneously, the removal of H2O2

facilitated O2 diffusion into the CL, increasing its mass-transfer coef-
ficient from 1.26 × 10–4 to 1.61 × 10–4 cm2 s–1 (a 27.8% improvement).
These enhancements suppress local H2O2 accumulation and promote
O2 replenishment at the TPI. While the LBM and MD simulations
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capture the qualitative influence of pore architecture and wettability
contrast on electrolyte intrusion and product transport, they do not
fully reproduce the complexity of real electrochemical interfaces,
including reaction kinetics, ion transport, and surface heterogeneity.
The simulation results should therefore be interpreted as mechanistic
insights rather thanquantitative predictions. Since real-timenanoscale
electrochemical imaging remains challenging, we developed a custom
PDMS-based microfluidic visualization platform (2 × 2 cm) incorpor-
ating QSGS-derived gradient pore structures with fluorosilane-treated
frameworks mimicking PTFE hydrophobicity (Fig. 5g)51. A potassium
titanyl oxalate solution containing H2O2 was injected into the chip
center to simulate in situ product generation. Visualization experi-
ments (Supplementary Movie 3 and 4) showed that, in the hydro-
phobic gradient chip, H2O2 consistently migrated toward the large-
pore region, leaving the small-pore side dry. Convexmenisci at narrow
throats indicated capillary barriers generating a net Laplace force that
drove fluid directionally. In contrast, the hydrophilic gradient chip
displayed symmetric diffusion and rapid flooding. These results
highlight the critical role of wettability and pore gradients in directing
mass transport and maintaining TPI integrity. Taken together, these
findings reveal two synergistic yet distinct mechanisms that jointly
govern electrode stability and efficiency: the dense hydrophobic sub-
layer serves as a passive barrier that resists electrolyte intrusion, while
the wettability gradient actively drives directional product evacuation
and sustains TPIs under dynamic operation.

Milestone demonstration of a commercial-scale self-breathing
electrosynthesis platform
Electrode durability under harsh conditions remains a key barrier to
industrial translation. The long-term stability of PPE-Twithout external
aeration was evaluated across various current densities. To avoid
thermal artifacts (Supplementary Fig. 45), the electrolyte was peri-
odically replaced—every4 h at low current and every 1 h at high current
—without any electrode cleaning or hydrophobic regeneration, pre-
serving realistic operational conditions. PPE-Tmaintained 90% FE over
500 h at 15mA cm–2, producing 0.4wt% H2O2 per cycle. At
300mAcm–2, it stably delivered 3wt% H2O2 h

–1 for 300h at 85% FE—
meeting the requirements of most industrial water treatment appli-
cations. Even at the extreme current density of 400mAcm–2, PPE-T
sustained 80% FE for 50h (Fig. 6a, where the slight FE drop after 45 h
likely arises from partial flooding in the catalytic layer, which could be
mitigated by further optimizing the pore gradient and PTFE distribu-
tion). A benchmarking analysis against recent literature is provided in
Supplementary Table 6, showing that our electrode delivers perfor-
mance competitive with H2O2 electrosynthesis systems reported over
the past decade under similar operating conditions10–13,15,22,31,32,49,52. To
enhance scalability, we transitioned from lab-scale batch cells to a
modular, oxygen-fed flow-through electrolyzer (Supplementary
Fig. 46), incorporating a dual-membrane solid-state electrolyte. This
system enabled continuous production of high-purity H2O2

(9000–19,000mgL–1) across 80–240mAcm–2 at 4–10 V (Supplemen-
tary Fig. 47). The production cost was as low as $1.1 kg–1, with a single-

stack capital cost of $81.2. This low capital requirement stands in stark
contrast to the substantial investments needed for conventional
anthraquinone facilities, making this approach especially promising
for distributed and scalable deployment (Supplementary Note 2).

Building on the demonstrated durability of PPE-T, we developed a
pilot-scale self-breathing H2O2 electrosynthesis platform (Fig. 6b). A
modular stack comprising four serially connected electrolyzers (100cm2

GDE each) was integrated with electronic, fluidic, and thermal man-
agement subsystems, forming a commercially viable in situ H2O2 plat-
form (Fig. 6c and Fig. 6d). Operating under alkaline conditions, the
system maintained 85–95% FE at 100mAcm–2 for over 100h (Fig. 6e).
Notably, this stabilitywas achieveddespite electrolyte pumping-induced
dynamic pressure, which typically accelerates flooding in open, non-
pressurized systems—a challenge widely acknowledged in recent
literature53. Under these demanding conditions, the sustained efficiency
underscores the reliable performance and operational stability of our
electrode design. Crucially, eliminating the need for pure oxygen supply
simplifies system integration and reduces both capital and spatial
demands. With a production cost of $0.381 kg−1 and an installation
footprint under 4m2, the system achieves competitive economic and
spatial performance compared with recently reported values (e.g.,
$0.398 kg–1)8. This work presents an integrated self-breathingGDE-based
H2O2 electrosynthesis system operated at pilot scale, demonstrating the
feasibility of translating laboratory concepts into practical operation.
The platform highlights the potential of decentralized and sustainable
peroxide production for future industrial implementation.

Discussion
In this work, we present a rationally designed GDE architecture that
integrates wettability engineering, pore structure modulation, and
gradient CL design. The resulting self-breathing electrode sustains
industrial-level current densities without the need for an external
oxygen supply. Through 3D reconstruction, multiscale simulations,
and visualization technology, we reveal that the synergy between
interfacial wettability and pore architecture governs electrolyte
intrusion and product transport pathways—offering a structural blue-
print for optimizing GDE performance. The dual- and triple-layer
configurations demonstrate enhanced FE and long-term durability
over 500h across a range of current densities. To scale up this archi-
tecture, we assembled a 400 cm2 modular four-cell flow-through cell
stack, integrated with fluidic, thermal, and electronic control systems.
Operating at low energy cost ($0.381 kg–1 H2O2), the system con-
tinuously produces H2O2, showcasing a milestone demonstration of
commercial-scale, self-breathing electrosynthesis. This study not only
establishes design principles for next-generation GDEs but also marks
a critical step toward the industrial deployment of electrochemical
hydrogen peroxide synthesis.

Methods
Chemicals and materials
Carbon black (Vulcan XC-72R) was obtained from Cabot Corporation.
A 60wt% PTFE dispersion was provided by Guangdong Canrd New

Fig. 5 | Gradient wettability and structural hierarchy promote directional
transport and enhance electrode performance. a Cross-sectional EDS mapping
results of PPE-D featuring a dense hydrophobic bottom layer and a particulate-
packed top layer, forming a structural and wettability gradient. b H2O2 yield and
corresponding Faraday efficiency (FE) for different GDEs (1mol L–1 Na2SO4, pH=
6.92 ± 0.06,mass loadings: PPE, 6mg cm–2; PPE-D and PPE-T, 8mg cm–2). Values are
means, and error bars indicate standard deviation (n = 3 replicates). Source data
are provided as a Source Data file. c Correlation between FE and the resistance
impulse (RI) (1mol L–1 Na2SO4, pH= 6.92 ± 0.06). Values are means (n = 3). Full
statistical information, including standard deviations and raw data, is provided in
the Source Data file. dMolecular dynamics rendering of H2O2 diffusion trajectories
within gradient versus non-gradient CLs. e Time-resolved spatial density

distributions of H2O2 molecules, showing preferential migration toward regions
with larger pores and lower PTFE content in the gradient structure. fMean square
displacement (MSD) of H2O2 and O2 molecules in gradient and non-gradient CLs,
indicating enhanced directional transport in the presence of wettability gradients.
g Schematic of the microfluidic device designed to visualize directional H2O2 flow
in biomimetic CL channels. h Experimental visualization of H2O2 transport in
microfluidic chips with hydrophobic and hydrophilic gradients. The H2O2 solution
(mixedwithpotassium titanyl oxalate) appears pink and is injected from the central
region. Pores are shown in blue and the solid skeleton in white. The observed
capillary-driven directional transport is consistent with the CL gradient design (See
Supplementary Videos 3 and 4 for experimental details).
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Energy Technology Co., Ltd. Carbon paper (TGP-H-060), a cation
exchange membrane (Fumasep FKB-PK-130, 50× 50mm× 130 µm),
and 5wt% Nafion solution (D520) were purchased from Suzhou Sinero
Technology Co., Ltd. Ti/IrO2-Ta2O5 plates were supplied by Suzhou
Shuertai Industrial Technology Co., Ltd. Sodium sulfate (Na2SO4,
≥99.0%, AR), sulfuric acid (H2SO4, 98%, AR), isopropanol (≥99.7%, AR),
and sodium hydroxide (NaOH, ≥96%, AR) were purchased from China
National Pharmaceutical Group Co., Ltd. Potassium titanium(IV) oxa-
late (K2TiO(C2O4)2, ≥98%) was also obtained from Macklin. Unless
otherwise stated, all reagents were of analytical grade. The cation
exchange membrane was used to separate the catholyte and anolyte.
Before use, the membrane was soaked in 0.5mol L–1 NaCl at 25 °C for
24 h and rinsed with deionized water. All electrolytes were prepared
freshly before each experiment and used immediately without further
purification.

Fabrication of different cathodes
Fused-coated electrode with segregated interface (FSE): To prepare
the FSE electrodewith a conventional fused PTFE/CB interface, 150mg
of CB was dispersed in isopropanol/deionized water and sonicated for

5min. PTFE emulsion (PTFE/CB =0.9) was added dropwise under
continuous sonication. The mixture was sonicated at 70 °C until a
paste formed and coated onto carbon paper (CP), which served as
both the current collector and gas diffusion layer. The electrode was
hot-pressed at 10MPa and 60 °C for 5min, then annealed at
340 °C for 1 h.

Particulate-packed electrode (PPE): For the non-fused particulate
interface structure, 150mg of CB was dispersed in 10ml isopropanol
and sonicated for 5min at 10 °C. A specified amount of 60wt% PTFE
emulsion (PTFE/CB =0.3–1.5) was separately mixed with 4mL deio-
nized water and added dropwise to the CB dispersion during 1 h
sonication. The resulting inkwas spray-coated ontoCP using aCatalyst
Coating Membrane spray-coating device (CCM, HEPHAS Energy,
China) under vacuum (substrate temperature: 60 °C; ink pressure:
0.25MPa; atomization: 3.5MPa; width: 1.0MPa). Multiple layers were
applied with 5min intervals for drying. After spraying, electrodes were
dried at 60 °C for 12 h. During the spray-coating and high-temperature
drying steps, rapid solvent evaporation removed the surface-active
agents in the PTFE emulsion. As these surfactants are soluble in the
solvent phase, they volatilized together with the solvent. EDS analysis
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Fig. 6 | Industrial validation and scale-up of self-breathing electrodes under
demanding conditions. a Long-term stability of PPE-T at 15, 300, and 400mAcm–2

(Tests at 15 and 100mAcm–2 were conducted in 0.1mol L–1 Na2SO4, pH= 5.84 ±
0.01, while tests at 200, 300, and 400mAcm–2 were carriedout in 1mol L–1 Na2SO4,
pH= 6.92 ± 0.06, mass loading of 8mgcm–2). b Photograph of a fully integrated,
pilot-scale electrolyzer system with four serially connected cells, incorporating
electronic, fluidic, and thermal subsystems. c Exploded schematic of the four-cell
modular stack. Key components include: 1/17, end plates; 2/5/9/11/16, silicone
gaskets; 3,multifunctional bipolar plate enabling both self-breathing and structural
support; 4, self-breathing GDE; 6, cathode flow plate; 7, proton-exchange mem-
brane; 8, anode; 10, anode flow plate; 12–14, serially connected electrochemical

cells, each assembled fromcomponents 3–11; 16, anodecurrent collector.d Internal
view of the fluid and thermal management subsystem within the H2O2 electro-
synthesis platform. The platform comprises anodic and cathodic circulation loops
driven by peristaltic pumps, using 5mol L−1 NaOH (anolyte, pH= 14 ± 0.02) and
deionized water (catholyte). Each loop integrates flow, pressure, and level/pH
monitoring. Electrolyte temperature is regulated by built-in water-jacket heat
exchangers in both reservoirs. A modular power supply is mounted above the unit
(not shown).e Long-termstability of the scaled system. Electrolysis wasoperated at
100mA cm–2 under ambient-pressure self-breathing conditions. Eachdurability test
was performed once.

Article https://doi.org/10.1038/s41467-026-68436-x

Nature Communications |         (2026) 17:1735 11

www.nature.com/naturecommunications


of the as-prepared PPE electrodes (Supplementary Fig. 48) showed no
oxygen signal from residual surfactants, confirming that the PTFE
maintained its hydrophobicity without sintering.

Calcined particulate-packed electrode (PPE-cal): PPE electrodes
were calcined at 340 °C for 1 h without hot pressing to induce partial
PTFE melting while preserving the same macroscopic density as PPE.

Dual-layer porous/wettability electrode (PPE-D): The PPE-D elec-
trodewasprepared similarly to PPE, butwith PTFE/CB ratios of 1.8–3.6.
A densebase layerwasfirst deposited (2mL ink) and calcined at 340 °C
for 1 h. A second layer was then spray-coated atop the first using the
same method as PPE.

Three-layer wettability gradient electrode (PPE-T): PPE-D electro-
des were subjected to oxygen plasma etching (100W, 600 s) to create
a top layer with enhanced hydrophilicity, yielding a triple-
wettability CL.

For all electrodes, the catalyst mass was held constant, with PTFE
content adjusted to control the binder/catalyst ratio. Electrode
dimensions were 5 cm× 5 cm (total) and 3 cm× 3 cm (active area). The
catalyst loading of the PPE and FSE electrodes was fixed at 6mgcm–2,
while PPE-D and PPE-T electrodes were prepared with a loading of
8mg cm–2. The loading was controlled by the dispensed volume of
catalyst ink during spray coating. The final mass loading was deter-
mined by weighing the coated electrode after drying, subtracting the
mass of the pristine carbon paper, and dividing the net mass by the
coated geometric area.

Electrochemical H2O2 production
Electrosynthesis of H2O2 was conducted in a custom two-
compartment cell (Supplementary Fig. 3) separated by a cation
exchange membrane (CEM, Fumasep Fkb-pk-130), Na2SO4 as the
supporting electrolyte. Initially, the anode and cathode chambers
contained 120mL and 70mL of electrolyte solution, respectively. The
GDE (mass loading of 6mg cm–2) cathode and a Ti/IrO2–Ta2O5 anode
(40 × 40 × 1mm, Ir:Ta = 8:2, mass loading of 1mg cm–2) were posi-
tioned 30mm apart. The cathode GDL was exposed to ambient air
without external aeration. Electrolysis was performed under magnetic
stirring (500 rpm) and constant current conditions (15–400mA cm–2),
powered by a DC supply (0–20A, 0–30V). All measurements were
conducted at room temperature (20 °C). At predetermined time
intervals, 1mL of catholyte was withdrawn using a micropipette for
H2O2 quantification. The remaining catholyte volume was measured
simultaneously and used for Faradaic efficiency calculations.

Two testing modes were adopted. At low current densities (15,
100mAcm–2), electrolysis was performed for 4 h in 0.1mol L–1 Na2SO4

(pH = 5.84 ±0.01), with H2O2 concentrations sampled every 40min. At
high current densities (200–400mAcm–2), 1mol L–1 Na2SO4 (pH =
6.92 ±0.06) was used, and periodic electrolyte replacement was
employed to mitigate thermal decomposition. Each electrode was
tested over five 1-h cycles, with H2O2 yield and Faradaic efficiency
calculated from collected samples. Error bars represent standard
deviation from triplicate tests (n = 15).

Electrolysis under different pH conditions. To evaluate the gen-
erality of the structural design, electrochemical tests were conducted
under acidic (1mol L–1 H2SO4, pH =0.56 ± 0.03) and alkaline conditions
(1mol L–1 NaOH, pH = 13.45 ± 0.02). The experiments were performed
using the same self-breathing two-compartment cell (Supplementary
Fig. 3) as described above. Constant-current electrolysis was carried
out at a current density of 400mAcm–2, and the hydrogen peroxide
concentration after each cycle was determined by the potassium tita-
nium oxalate method. Error bars represent standard deviation from
tests (n = 3).

The floating gas diffusion electrode (GDE) performance under
zero hydrostatic pressure was evaluated in a conventional single-
compartment, membrane-free electrochemical cell (Supplementary
Fig. 42) containing 300mL of 1mol L–1 Na2SO4 (pH = 6.92 ± 0.06). The

GDEwas gently placed on the electrolyte surface to float freely without
external pressure, and a platinum foil was used as the counter elec-
trode. Chronoamperometric measurements were performed at a
constant current density of 300mAcm–2. PPE and PPE-T electrodes
withmass loadings of 6 and 8mg cm–2, respectively, were tested under
identical conditions. After 30min of electrolysis, the electrolyte was
sampled for H₂O₂ quantification to determine the Faradaic efficiency
(FE). Allmeasurements were conducted in triplicate (n = 3), and results
are reported as mean values with standard deviations.

Commercial-scale self-breathing electrosynthesis experiments.
Commercial-scale electrolysis experiments were carried out on a
custom-built self-breathing electrosynthesis platform equipped with
independent anodic and cathodic circulation systems, separated by a
cation exchange membrane (Nafion 117, 110 × 110mm× 183 µm). The
electrolyzer operated under ambient pressure with natural air supply
to the cathode side. The applied current density was 100mA cm–2, and
the system was operated in continuous circulation mode. The anolyte
consisted of 5mol L–1 NaOH (pH= 14 ±0.02) solution, which was peri-
odically replenished with 32wt% NaOH to maintain alkalinity. The
catholyte was deionized water, recirculated in a closed loop. Tem-
perature regulation was achieved through a built-in water-jacket heat
exchanger integrated into both electrolyte tanks. A total of 1 L cath-
olyte was used in each run and replaced every 2 h of recirculation. The
system was operated for 10 h per day, followed by flushing with
deionized water.

GDE resistance pulse testing
H2O2 test strips preparation. Qualitative filter paper was soaked in a
solution of 5mol L–1 H2SO4 and 0.1mol L–1 potassium titanium oxalate,
then dried at 60 °C and cut to match the observation window size,
yielding peroxide-sensitive test strips.

Resistance pulse test. An in situ breakthrough test was conducted to
quantify the GDE’s resistance to electrolyte intrusion. The GDE was
mounted in a custom vertical setup in which 1mol L–1 Na2SO4 was
supplied through a scaled glass tube. The CL surface of the GDE was
positioned at the 0 cm reference mark, and the hydrostatic pressure
was controlled by adjusting the liquid height (h) above this level. A Pt
electrode served as the counter electrode, while theGDE functioned as
the cathode for H2O2 generation under a constant applied voltage.
During operation, the combined effects of hydrostatic pressure and
electrowetting caused electrolyte to progressively intrude into the CL.
Breakthrough was detected using a hydrogen peroxide indicator strip
placed at theGDL side of theGDE; the appearance of a localized yellow
discoloration marked the breakthrough point. The breakthrough time
(t) corresponding to each preset liquid height (h) was recorded. The
product of h·t was used to quantify flooding resistance.

The resistance impulse of the GDE is expressed as:

I = F � t ð1Þ

F = ρ � g � h � S ð2Þ

Where I is the resistance impulse of theGDE (N s). F is the force exerted
on the GDE by the electrolyte pressure (N). t is the time (s). ρ is the
density of the electrolyte (kgm–3). g is the gravitational acceleration (m
s–2). h is the height of the electrolyte in the glass tube (m). S is the area
of the GDE in contact with the electrolyte (m2).

Electrode characterization
The morphology and elemental composition of the GDEs were char-
acterized using field-emission scanning electron microscopy (FE-SEM,
HITACHI SU8010) equipped with an energy-dispersive X-ray spectro-
meter (EDS, Oxford X-Max). Surface chemical states were analyzed by
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X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe III).
Static contact angles were measured using a goniometer (Krüss
DSA25Basic).

Linear sweep voltammetry (LSV) curves were collected at a scan
rate of 20mV s–1 over a potential window of 0 to −4 V vs. SCE in
1mol L–1 Na2SO4 solution (pH= 6.92 ±0.06), using a Ti/IrO2–Ta2O5

counter electrode. Electrochemical impedance spectroscopy (EIS) was
conducted at open-circuit potential (−0.158V) in the same electrolyte,
with a frequency range of 105 to 10−1 Hz and an amplitude of 5mV. EIS
spectra were fitted using ZView software with an appropriate equiva-
lent circuit.

Catalyst intrinsic activity and selectivity were evaluated using a
rotating ring–disk electrode (RRDE, Pine Instruments) in O2-saturated
0.1mol L–1 KOH (pH= 13 ± 0.05). Measurements were performed using
a glassy carbon disk (0.2475 cm2) and Pt ring (0.1866 cm2, N =0.37) at
1600 rpm with a scan rate of 10mV s–1. Hydrophilic surface modifica-
tion via plasma etching was performed using a CPC-Fplus plasma
cleaner.

Stepwise chronoamperometry was conducted in 1mol L–1 Na2SO4

solution (pH = 6.92 ±0.06) to evaluate oxygen mass transfer under
self-breathing conditions.The setupwas identical to that used forH2O2

electrosynthesis but operated in a three-electrodemode, with the GDE
as the working electrode, SCE as the reference, and a Ti/IrO2–Ta2O5

mesh as the counter electrode. A current density of 25mAcm–2 was
applied initially, followed by 25mAcm–2 increments every 3min up to
250mA cm–2. H2O2 concentrations were measured at the end of each
step, and the net H2O2 formed in each interval was used to calculate
the Faradaic efficiency at steady state.

All electrochemical measurements were performed using a
potentiostat/galvanostat (DongHua DH7000, China). All electro-
chemical potentials were measured against a saturated calomel elec-
trode (SCE, +0.241 V vs. NHE at 25 °C, China). The reference electrode
was calibrated prior to each set of experiments using a standard
hydrogen electrode (SHE) in 0.1mol L–1 H2SO4. Potentials were con-
verted to the reversible hydrogen electrode (RHE) scale using:

ERHE = ESCE + 0:242 +0:059×pH

where 0.242 V is the standard potential of SCE versus NHE at 25 °C. All
potentials reported in this work are presented without iR compensa-
tion unless otherwise stated. The solution resistance (Rs) was mea-
sured by high-frequency EIS for each electrolyte, with typical values of
4.55 ± 0.6Ω in 1mol L–1 Na2SO4 (LSVmeasurements) and 37.7 ± 0.6Ω in
0.1mol L–1 KOH (RRDE measurements).

Pore structure parameters including size distribution, perme-
ability, and tortuositywereobtainedbymercury intrusionporosimetry
(Micromeritics AutoPore IV 9500, 0.5–33,000psi). 3D CLmorphology
was reconstructed using FIB-SEM (FEI Helios Nanolab G3 UC). Catalyst
ink particle size distribution was measured with a laser diffraction
analyzer (Bettersize2600).

H2O2 product quantification
The concentration of the produced H2O2 was determined using a
UV–Vis spectrophotometer (Agilent Technologies, Inc., USA) and the
potassium titanium (IV) oxalate method at λ = 400 nm14. Potassium
titanium (IV) oxalate can react with H2O2 to form a stable yellow-
orange titanium (IV)-peroxide complex, with its color depth being
proportional to theH2O2 concentration. Different dilution factorswere
chosen based on the current density, and samples were diluted before
measurement. The standard curve for H2O2 quantification was shown
in Supplementary Fig. 49. No additional liquid- or gas-phase products
were detected. This is consistent with the inert Na2SO4 electrolyte,
where dissolved O2 is the only reducible species. Faradaic efficiency

(FE) was calculated using the following formula, based on the mea-
sured concentration and the volume of electrolyte in the cathode
compartment at each sampling time:

FE %ð Þ= nFCV
It

× 100% ð3Þ

where n is the number of electrons transferred for O2 reduction to
H2O2 (n = 2), F is the Faraday constant (96486Cmol–1), C is the con-
centration of H2O2 (mol L–1), V is the volume of electrolyte (L), I is the
current (A), and t is the electrolysis time (s). All FE values reported in
this study were obtained under galvanostatic operation at the speci-
fied current densities.

PTFE-based ink preparation/dispersion optimization
Nine PTFE-containing mixed solutions were prepared using various
sequences, solvent compositions, andultrasonication conditions. Each
formulation consisted of 4mL (or 2mL) deionized water, 5mL iso-
propanol, and 0.15mL of 5wt% PTFE emulsion. The mixtures were
ultrasonicated at either 10 °C or 40 °C. Nine different mixing methods
were as follows (Supplementary Fig. 11):
1. PTFE emulsion was directly added to isopropanol, followed by

water. Ultrasonication was performed at 10 °C.
2. PTFE emulsion was first diluted with water, then added all at once

to isopropanol. Ultrasonication was performed at 10 °C.
3. PTFE emulsion was first diluted with water, then slowly added

dropwise into isopropanol. Ultrasonication was per-
formed at 10 °C.

4. PTFE emulsion was directly added to isopropanol, followed by
water. Ultrasonication was performed at 40 °C.

5. PTFE emulsion was first diluted with water, then added all at once
to isopropanol. Ultrasonication was performed at 40 °C.

6. PTFE emulsion was first diluted with water, then slowly added
dropwise into isopropanol. Ultrasonication was per-
formed at 40 °C.

7. Using 2mL water instead of 4mL, PTFE emulsion was directly
added to isopropanol, followed by water. Ultrasonication was
performed at 40 °C.

8. Using 2mLwater, PTFE emulsionwasfirst dilutedwithwater, then
added all at once to isopropanol. Ultrasonication was per-
formed at 40 °C.

9. Using 2mLwater, PTFE emulsionwasfirst dilutedwithwater, then
slowly added dropwise into isopropanol. Ultrasonication was
performed at 40 °C.

FIB-SEM 3D reconstruction method
Electrodes were cut into 5mm× 5mm pieces, washed with ethanol,
and vacuum-impregnated with epoxy resin for 12 h before curing at
65 °C. After hardening, samples were mounted in the FIB-SEM (FEI
Helios Nanolab G3 UC) and sequentially imaged at 5 nm slicing inter-
vals, yielding 600 images (3 × 2.5μm2). Two sample-preparation
approaches were evaluated prior to FIB-SEM imaging: (i) epoxy
embedding, which provided mechanical stability and was therefore
used for all analyses presented in the main text, and (ii) direct cutting
and loading of unembedded electrodes, which was examined only for
comparison. A detailed discussion of the differences between these
approaches is provided in Supplementary Note 1.

3D reconstruction was performed using Avizo. Image stacks were
auto-aligned, and noise and curtaining artifacts were removed using
FFT filtering, mean filtering, non-local means (NLM), and anisotropic
diffusion. Solid and pore phases were segmented using Otsu’s
thresholding, followed by gray-level-based segmentation to distin-
guish carbon black (CB) and PTFE. Boolean operations were then used
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to isolate CB and poredomains, and voxel interpolationwas applied to
generate the final 3D structure (Fig. S12).

Quartet structure generation set method
The 3D catalyst layer (CL) structure was generated using the Quartet
Structure Generation Set (QSGS) method proposed by Wang et al.54.
This stochastic algorithm controls phase morphology via four para-
meters: nucleation probability (Pc), directional growth probability (Pi),
inter-phase attachment probability (Pinm), and target phase volume
fraction (Rp). Pc determines the initial spatial distribution of nucleation
sites; lower values promote localized aggregation. Pi governs aniso-
tropic phase growth along 26 discrete directions (cube vertices, edges,
and faces), with direction-specific probabilities listed in Supplemen-
tary Table 4. Given the anisotropic, particulate morphology observed
in FIB-SEM images, PTFE and CB phases were modeled with non-
uniform Pi values. Pinm defines the interaction between phases, such as
CB attachment to PTFE. Growth proceeds iteratively until each phase
reaches the predefined volume fraction Rp.

Three-dimensional CL structures of the FSE and PPE electrodes
were reconstructed using the QSGS method (Fig. S7). In addition to
these, five representative QSGS-generated structures were produced
to systematically examine the effects of PTFE loading and dispersion
(Fig. S21). Structures (1), (2), and (3) share the same PTFE nucleation
probability (Pc) but exhibit increasing PTFE volume fractions (Rp),
mimickingCLsprepared from inkswith identical dispersion conditions
but different PTFE loadings. Structures (2), (4), and (5) maintain a
constant Rp while varying Pc, corresponding to identical ink compo-
sitions subjected to different dispersion qualities. Increasing Pc results
in more uniform PTFE/CB mixing with fewer aggregated PTFE
domains. In addition, multiple QSGS reconstructions were performed
to obtain the three-dimensional structure of the gradient-engineered
PPE-T catalyst layer.

Lattice Boltzmann method
To accurately simulate two-phase flowwithin the CL, we used the phase-
field lattice Boltzmann equation developed by Long et al., which is
capable of predicting the wetting behavior of fluid pairs with large
density ratios. In thismodel, the liquid-solid free energy is treated as part
of the chemical potential rather than as a boundary condition, simpli-
fying the implementation of wetting boundary conditions. Additionally,
the AC equation is solved using a well-balanced LBE model, which fur-
ther improves numerical stability and ensures accurate prediction of
two-phase flow and wetting behavior with large density ratios. The LBM
program was implemented in C++ and parallelized using the CUDA
platform and GPU for efficient computation45,46.

The conservative Allen–Cahn equation can be expressed by

∂ϕ
∂t

+∇ � ϕuð Þ=∇ � M ∇ϕ� λnð Þ½ � ð4Þ

whereM is themobility,n is the unit vector normal to the interface. λ is
a function of ϕ. ϕ taking 1 and 0 represents the liquid and gas phase
fluids. The fluid velocity u in Eq.(S2) is governed by the following
Navier–Stokes equations with the force,

∇ � u=0 ð5Þ

∂ ρuð Þ
∂t

+∇ � ρuuð Þ= � ∇p+∇ � μ ∇u� ∇uT� �� �
+ FS +G ð6Þ

where ρis the fluid density, p is the hydrodynamic pressure,μis the
dynamic viscosity by μ = ρν, ν is the kinematic viscosity, Fs is the sur-
face tension force, and G is the possible body force.

The LB evolution equation with the BGK collision operator for the
conservative Allen–Cahn equation can be written as

f i x+ ciδt , t + δt

� �� f i x, tð Þ= � 1
τf

f i x, tð Þ � f eqi x, tð Þ� �
+ δtFi x, tð Þ ð7Þ

f eqi =ωiϕ 1 +
ci � u
c2s

� �
ð8Þ

where fi(x,t) is the particle distribution function, τf is the nondimen-
sional relaxation time related to themobility, Fi(x,t) is the source term,
and a simple form of the fieq(x,t) is equilibrium distribution function, cs
is the sound speed, ci are the discrete velocities, and ωi are the
weighting coefficients.

The order parameter in the present model can be computed by

ϕ=
X

i

f i ð9Þ

The distribution of fluid density in a two-phase system physically
is consistent with that of the order parameter. To satisfy this physical
property, the fluid density should take the linear interpolation,

ρ=ϕ ρl � ρg

� 	
+ρg ð10Þ

where ρl and ρg represent the densities of the liquid and gas phases.
This version clarifies that additional details regarding wetting

boundary optimization can be found in the cited references.

Electrolyte invasion model. Electrolyte intrusion into the catalyst
layer was simulated using a multiphase lattice Boltzmannmodel. The
liquid phase was injected from one side of the catalyst layer with a
constant inlet velocity, while the opposite side was defined as an
outlet boundary condition with non-gradient constraints for pres-
sure and velocity. The remaining four faces of the domain were
treated as periodic boundaries to mimic an infinitely extended por-
ous medium. The physical size of the simulated subvolume was
2 × 2 × 3 μm3, consistent with the FIB-SEM reconstructed catalyst
layer used in Fig. S18.

Self-transport of in situ generated H2O2. To mimic the in situ elec-
trogeneration and subsequent transport of H2O2 inside the catalyst
layer, a second lattice Boltzmann model was constructed in which a
local water source term was imposed at the center of the recon-
structed catalyst layer domain to represent H2O2 formation at active
sites. Both through-plane ends of the catalyst layer were specified as
outlet boundaries with non-gradient conditions for velocity and scalar
fields, allowing the generated H2O2 solution to leave the domain from
either side. The remaining four faces were defined as constant-velocity
inlet boundaries to maintain a steady convective flow of electrolyte
through theporous structure. Thedetailed boundary configuration for
this model is shown in Fig. S43.

Saturation
The saturation of each phase is calculated as follows:

SL =
εL
ε
SA =

εA
ε

ð11Þ

whereεL and εA are the porosity of liquid and air, which denote the
amount of space occupied by the liquid and air, respectively. There-
fore, saturation is defined as the ratio of each phase to the porosity of
the porous media55.
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Molecular dynamics
Atomisticmolecular dynamics simulations have been performed in the
GROMACS56 (version 2022.6) simulation package using the CHARMM
36 force field57 and the watermolecules weremodeled using the TIP3P
water model. PTFE molecules were first placed on both sides of a slice
of C54 carbon sheets filled with 300 H2O2 molecules. The first system
has 40 chains on top and 10 on the bottom, and the other system has
25 chains on both sides. For both systems, the upper layer was filled
with 500O2molecules and 2000 water molecules, the lower layer was
filled with around 4000 water molecules, resulting in a system size of
5 × 5 × 12 nm. On both side of the simulation box, implicit walls were
placed to prevent molecules moving to the other side through the
periodic boundary. After thousands of steps of energy minimization,
the system was equilibrated for 500ps followed by 4000ps produc-
tion molecular dynamics process under the canonic ensemble. An
integration time-stepof 1 fswasused and the temperaturewas coupled
to 298K using the Nose-Hoovermethod and a cutoff scheme of 1.2 nm
wasused for the non-bonded interactions, and the ParticleMesh Ewald
method58 with a fourierspacing of 0.1 nm was applied for the long
range electrostatic interactions. All covalent bonds with hydrogen
atoms were constraint using the LINCS algorithm59. Themean squared
displacements (MSD) of O2 and H2O2 molecules in different systems
were calculated to quantify their mass-transfer behavior. The MSD is
calculated as follows:

MSD=
1
N

XN

i = 1
Δ~ri tð Þ


 

2 ð12Þ

Data availability
Source data for all graphs presented in the main manuscript and
the Supplementary Information are available viafigshare at https://doi.
org/10.6084/m9.figshare.29529032 and are also provided in the
accompanying Source Data file. Simulation files, QSGS-reconstructed
structures, physical-model input files, and analysis codes have been
deposited in Zenodo under accession code https://doi.org/10.5281/
zenodo.17909038. Source data are provided with this paper.

Code availability
All codes used in this study—including the LBM solver, QSGS recon-
struction scripts, and the analysis scripts—have been deposited in the
Zenodo repository under accession code https://doi.org/10.5281/
zenodo.17788649. All codes are openly accessible without restriction.
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