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Inspired by the breathing process of mammalian alveoli, we developed a
breathing-mimicking, pouch-type, nanoporous polyethylene (PE) structure for
two-way efficient gas transport from and to the electrocatalyst/electrolyte
interface. For OER, O, molecules are formed on the surface of the catalyst followed
by fast O, diffusion through the nanoporous PE membrane into the gas phase
inside the pouch. For ORR, the O, gas quickly diffuses through the PE membrane
nanopores to the gas-liquid-solid three-phase contact reaction interface.
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SUMMARY

Electrocatalytic oxygen evolution and reduction reactions play a central role in
clean energy technologies. Despite recent efforts to achieve fast gas reactant
delivery to the reaction interface, efficient gas product evolution from the cata-
lyst/electrolyte interface remains challenging. Inspired by the mammalian
breathing process, here we developed an efficient electrocatalytic system to
enable ample gas-solid-liquid three-phase contact lines and bidirectional gas
pathways for evolution and consumption. During the oxygen evolution reaction,
the newly formed O, molecules quickly diffuse to the gas phase, waiving the
bubble formation energy in the electrolyte. A record low overpotential of
190 mV at 10 mA-cm 2 was achieved using Au/NiFeO, catalysts. During the
oxygen reduction reaction, O, gas can transport to the catalyst/electrolyte
interface, overcoming low O, solubility in water and leading to ~25-fold higher
current densities for Ag/Pt bilayer nanoparticle catalysts. This breathing-
mimicking design demonstrates efficient three-phase catalysis with a minimal
catalyst thickness.

INTRODUCTION

Excessive fossil fuel emission has led to substantial risks and increasing concerns of
global climate change in the past several decades. The research community has
been motivated to develop and improve a variety of sustainable energy technolo-

34 and metal-air batte-

gies such as electrochemical water splitting,’? fuel cells,
ries.>® Two key processes with these technologies are the oxygen evolution reaction
(OER)*® and the oxygen reduction reaction (ORR),”"° which are both kinetically
sluggish and require the development of efficient electrocatalytic systems. Despite
the predominant efforts in recent years toward optimizing catalyst compositions and

1,4,11,12

structures, a fundamental electrode design paradigm is still inadequate in

enabling efficient mass transport and improving overall catalytic performances.’?

Conventionally, gas is dissolved in the electrolyte and reaction takes place in the
solid-liquid two-phase interface. Under standard pressure and temperature, the
solubility of O, gas in water is as low as 70 mg O, per liter of water,* corresponding
to a difference of 4-5 orders of magnitude fewer O, molecules than water
molecules. Thus, the inefficient gas mass transport severely limits the electrocata-
lytic activity. To create three-phase contact lines, in the fuel cell community porous
carbon supports are conventionally used as gas-diffusion layers (GDLs)'*° or
floating electrodes'’ to deliver gas to the catalyst surface. However, the durability
and degradation of these carbon-based GDLs due to the excessive water-induced
electrode flooding®' are long-standing issues that eventually impede mass transport
and two-phase flow. On the other hand, as the reverse reaction of ORR, the OER
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Update

Context & Scale

The critical crisis of fossil fuel
usage and emission has been
driving the development of clean
energy technologies, such as
hydrogen production from water
splitting and fuel cells to produce
electricity. The optimization of
both technologies should rely not
only on rational realization of
electrocatalyst compositions and
structures but also on the efficient
gas delivery from and to the
catalyst surface. In this work, to
mimic the mammalian alveoli with
two-way breathing process, we
demonstrate a pouch-type
catalytic system for (1) efficient
gas product evolution from and (2)
gas reactant delivery to the
catalyst surface, corresponding to
oxygen evolution and reduction
reactions, respectively. This
design enables outstanding
electrocatalytic performances
with ample gas-liquid-solid three-
phase contact interfaces and a
small sub-100-nm catalyst
thickness.
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overpotential and charge transfer are also strongly correlated with the gas transport
limit but have seldom been addressed, particularly in the energy cost associated
with the bubble formation. Previous studies reported that the micro-/nanoscale
structures in electrode surface were beneficial to facilitate the gas bubble release
and avoid the pinning of large bubbles at the electrode surface.””** However, extra
energy is still needed for the newly produced O, molecules to form bubbles and

release into the electrolyte regardless of the bubble size,**?*

thus constituting the
bottleneck that prevents further decrease in the overpotential. Therefore, it is critical
but highly challenging to develop an efficient mechanism for gas production and

diffusion for OER without resorting to bubble formation.

The mammalian breathing process features one of the most sophisticated, nature-
designed systems for two-way gas exchange patterns. Air is inhaled through bron-
chioles and directed to the alveoli where gas exchange between the bloodstream
and lungs occurs (Figure 1A).?° Encompassed by several thin epithelial cell layers
of only a few microns, an alveolus membrane enables two-way gas diffusion into
and out of the bloodstream while remaining impenetrable to the liquid (Figure 1B).”°
Furthermore, instead of plainly being a conventional gas-diffusion layer, the inner
surface of alveoli is covered by a layer of lecithin-type molecules to reduce surface
tension at the gas interface, while the outer membrane surface remains hydrophilic
to closely contact the bloodstream. This micron-thick membrane endowed with
asymmetric hydrophilicity/hydrophobicity can expedite gas evolution directly
toward the gas phase inside an alveolus without forming unnecessary (and harmful)
bubbles in the bloodstream. This exhaling process of the alveolus structure is also a
highly energy-efficient scenario, as it eliminates the need to form bubbles inside a
liquid environment that requires energy.”’-*®

Inspired by nature’s ingenious structure, we herein demonstrate a breathing-
mimicking electrocatalytic design for both directions of gas product evolution
from the catalyst surface and gas reactant delivery to the catalyst surface, corre-
sponding to OER and ORR, respectively (Figure 1C). The key design criteria to
realize such a system requires (1) efficient mass transport for gas delivery and
release, (2) ample three-phase contact regions for electrocatalytic reactions, and
(3) robust hydrophobicity that can last for substantially longer time than conven-
tional GDLs under electrochemical working conditions. Hence, we demonstrate a
new electrode structure based on a 12-pm ultrathin nanoporous membrane made
of polyethylene (PE), which is ~30-fold thinner than the conventional gas-diffusion
electrode (i.e. polytetrafluoroethylene-coated porous carbon, Toray TGP-H-060,
~400 um). The pores are densely packed to provide ample three-phase contact lines
for more catalytic sites while retaining a reasonably low gas-diffusion resistance. One
side of the PE membrane is first deposited with a layer of catalysts that also serves as
a charge-transport layer and a hydrophilic surface coating. The catalyst-coated PE
membrane is then rolled and sealed into a pouch structure mimicking an alveolus,
designated as alveolus-like PE (alv-PE), with the gas phase inside and the liquid
phase outside the alv-PE, respectively. The hydrophobic nature of the PE membrane
prevents water from wetting into the pores.?”*° The formation of the gas-liquid-
solid three-phase contact lines on the catalyst-coated alv-PE surface enables fast
transport of both gas molecules and charges. The alveolus-like PE structure creates
a barrier impenetrable to water but accessible to two-way gas transport. For OER
(similar to the exhaling process), the newly produced oxygen molecules from water
splitting can efficiently diffuse from the catalyst/electrolyte interface toward the gas
phase, without the additional energy cost of bubble formation (Figure 1D, left). For
ORR (similar to the inhaling process), oxygen molecule reactants can be efficiently
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Figure 1. lllustration of the Breathing-Mimicking Structure for Electrocatalytic Oxygen Evolution and Reduction Reactions

(A and B) Schematic of a human lung, bronchial connection with alveoli (A), and a single alveolus (B). The red arrows indicate the outward diffusion of
gas, and the green arrows indicate the inward diffusion of gas.

(C) Schematic of an artificial alveolus for dual functions of rapid gas delivery from and to the catalyst surface, corresponding to OER and ORR,
respectively.

(D) Zoom-in schematic of an artificial alveolus. For OER, O, molecules are formed on the surface of the catalyst followed by fast O, diffusion through the
PE membrane into the gas phase inside the pouch. For ORR, the O, gas is delivered into the pouch and diffuses through the PE membrane pores to the
reaction three-phase contact lines.

delivered from the gas phase to the electrochemical reaction interfaces without
predissolving into the bulk of the electrolyte (Figure 1D, right), thus leading to
outstanding electrocatalytic performances on both oxygen-involved reactions.
The ORR current density of —250 mA-cm™2 at 0.6 V was achieved with a Ag/Pt
bilayer catalyst-coated alv-PE structure (all the potentials reported in this work
were versus reversible hydrogen electrode [RHE]), which was ~25-fold higher than
the same catalyst-loaded flat-PE structure. More strikingly, with a Au/NiFeO, cata-
lyst-coated alv-PE structure for OER, a record low overpotential of 190 mV at
10 mA-cm~? without iR correction was achieved, which was over 90 mV lower
than the same catalyst-loaded flat or thicker PE membranes and even the carbon
GDL-based electrodes.
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Figure 2. Structural Characterizations of the Catalyst-Coated PE Membranes

(A) SEM image of a pristine nanoporous PE membrane. Inset: a photograph of a pristine PE membrane roll.

(B) SEM image of a Au/NiFeO,-coated PE membrane.

(C) SEM image of a Ag/Pt bilayer-coated PE membrane.

(D and E) XPS spectra of (D) Fe and (E) Ni of the Au/NiFeO,-coated PE membrane.

(F) XRD patterns of Ag/Pt bilayer (red curve), Pt layer (black curve), and Ag layer (green curve) on PE membranes. The total metal thickness of each
sample was ~50 nm.
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Figure 2. Continued

(G and H) SEM images and corresponding EDX mappings of the cross-section of (G) a Ag/Pt alv-PE membrane and (H) a plasma-treated Ag/Pt alv-PE
membrane after 24 hr electrochemical test in a K*-containing electrolyte. The high-density dotted area (between two marked orange dashed lines)
shows the location of the Ag, Pt, and K elements, whereas the sparsely distributed dots (between two marked blue dash lines) are noise signal.

(1) Schematic of three-phase electrocatalysis with irregular-pore membrane for gas diffusion.

(J) Zoom-in image (dotted line in I) of a bubble embryo with pressure Py, in the electrolyte liquid environment with pressure Pi. On the other side of the
membrane is bulk oxygen gas with pressure Pg. Electrocatalytic reaction generates gas into the embryo, while the high pressure of the bubble embryo
drives a gas flow along the pore of the membrane to the bulk gas phase.

(K) Calculation result showing the critical burst-through pressure as a function of the pore radius for PE and carbon GDL. Inset: liquid-vapor interface
advancing inside the pore with an advancing contact angle 6, greater than 90°.

See also Figures S1-S6 and Appendix 1.

RESULTS

Structural Characterizations

The PE membranes consisted of interconnected nanofibers with a variety of pore
sizes ranging from 80 to 1,000 nm (Figure 2A and inset). The electrocatalysts were
deposited onto the PE membrane to maximize the electrochemical reaction kinetics
without compromising the rates of gas transfer. NiFeO, and Pt were selected as
typical and commonly used OER and ORR catalysts, respectively. Although nanoPE
is an insulated material, the deposition of a thin-layer of metal or graphitic carbon
can help nanoPE achieve excellent conductivity. Au and Ag were chosen as conduc-
tive layers. The OER electrode was fabricated by magnetron sputtering of 15 nm Au
on PE membranes (Figure S1, details in Supplemental Experimental Procedures),
followed by electrodeposition of a layer of NiFeO, (Figures 2B and S1, details in
Supplemental Experimental Procedures). Energy-dispersive X-ray (EDX) elemental
mapping (Figure S2) showed that Au, Ni, and Fe were deposited uniformly across
the PE membrane. High-resolution X-ray photoelectron spectroscopy (XPS) for the
Ni 2p and Fe 2p regions of the as-deposited Au/NiFeO, layer were measured
(Figures 2D and 2E). The Ni 2p3,, peak at 854.8 eV and Fe 2p3,/, peak at 710.9 eV
were indicative of Ni?* and Fe®*, respectively, suggesting the formation of
Au/NiFeO,.*"* Similarly, the ORR electrode was formed by sequential deposition
of 40 nm Ag and 10 nm Pt by magnetron sputtering (details in Supplemental Exper-
imental Procedures). The membrane surface was covered by a layer of metal
particles with average particle sizes of ~20 nm, while the pores remained open
(Figures 2C and S3). The crystal structures of the surface metal layers were character-
ized by X-ray diffraction (XRD) (Figure 2F), confirming the face-centered-cubic struc-
tures of Ag and Pt on the surface. EDX spectroscopy elemental mapping (Figure S4)
showed that both Ag and Pt were deposited uniformly across the entire PE
membrane.

The merits of the PE membrane in resisting water flooding were first demonstrated
and compared with a conventional carbon-based GDLs. The EDX mapping charac-
terization of a AgPt-coated alv-PE membrane after 24 hr of electrochemical testing
under 0.6 V in a K™-containing electrolyte showed that the electrolyte only wet the
same depth as the Ag and Pt layer thickness (Figure 2G), whereas K* penetrated
through the whole thickness of a plasma-treated, hydrophilic alv-PE (Figure 2H)
and a AgPt-coated GDL under similar conditions (Figure S5), suggesting the robust-
ness of the gas-liquid-solid three-phase alv-PE structure after long-term use.

To prove that the formation of bubble did not occur on our OER interface, we con-
ducted calculations from a pressure-driven-flow perspective.”® The prerequisite for
a gas embryo to grow in volume are: (1) the rate of gas generated by gas evolution
reaction (Qeaction) Needs to be higher than the rate of gas discharged (Qgischarge)
across the membrane (Figures 2| and 2J); and (2) the pressure of the gas embryo
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needs to overcome a critical pressure barrier. For a hydrophilic surface (i.e., the PE
surface coated with catalysts in our work), this critical pressure corresponds to the
maximum capillary pressure with a radius of curvature equal to the pore size of the
membrane surface (Figure 2J). To satisfy both requirements, if, for example, a
bubble can grow to a critical size (radius r = the pore radius of the membrane), in
order for the size of the bubble to be sustained and continue growing, the gas
generation rate by electrocatalysis needs to be three orders of magnitude higher
than in our experiment to compensate for the gas discharge rate across the
membrane (see Appendix 1 in Supplemental Information for detailed calculations).
Thus, it is more favorable for the gas generated to directly transport across the
alv-PE membrane toward the gas phase instead of growing a gas embryo into a
macroscopic bubble.

The surface hydrophilicity was measured by a standard contact angle test (Figure Sé).
The pristine PE membrane clearly exhibited a hydrophobic nature with a contact
angle of 105°. After coating with Ag/Pt and Au/NiFeQ,, the contact angles were
reduced to 65° and 58°, respectively, suggesting the gradual conversion to a
hydrophilic feature on the catalyst-coated side. Furthermore, when the whole PE
membrane was treated by plasma, the contact angle was further reduced to 45°,
indicating a good hydrophilic nature.

OER Electrocatalytic Activities

To assess the impact of the electrode structure on the electrochemical performance,
we first compared the capability of the alv-PE structure for OER (Figure 3A) with that
of the carbon-based GDL and flat-PE. The electrochemical impedances were first
tested for OER and showed good conductivity (Figure S7). In the conventional elec-
trochemical test configuration where a flat-PE membrane coated with the catalyst
was placed inside 1 M KOH (Figure S8), the potential for achieving 10 mA-cm™2
current density was ~1.51 V (Figure 3B, purple curve), corresponding to an overpo-
tential of 280 mV. Bubbles were observed from the onset potential and gradually
increased at higher overpotentials (Figure 3B [purple arrow] and Video S1). This
phenomenon was conventionally observed in many previous studies.””?*** Both
the catalyst-coated PE membrane and carbon GDL were then rolled and sealed
into a pouch structure (designated alv-PE and alv-carbon GDL, respectively) and
measured, whereby the outer membrane was in contact with the electrolyte and
the inside pouch was left dry (Figure 3A). The alv-carbon GDL showed 10 mA-cm ™2
current density at a reduced potential of ~1.46 V (corresponding to the 230 mV over-
potential, Figure 3B [blue curve and arrow]). The alv-PE structure exhibited an even
more reduced overpotential and higher current density (Figure 3B, red curve). The
applied potential for the 10 mA-cm~2 current density was decreased to 1.42 V,
corresponding to only 190 mV overpotential.

The OER electrochemical active area normalized current densities showed similar
trends among the samples (Figure S9). Interestingly, despite its higher current
density compared with the flat-PE and alv-carbon GDL counterparts, the alv-PE
structure barely produced apparent bubbles from the catalyst surface until the
applied voltage was increased to 1.65 V (Figure 3B [red arrow] and Video S2). The
voltage gap between the onset potentials for OER and the bubble formation indi-
cated that O, preferentially diffused toward the gas phase inside the pouch, instead
of forming bubbles toward the electrolyte outside the pouch. The clearly reduced
overpotential (from 1.51 to 1.42 V for 10 mA-cm 2 current density) was attributed
to the waived bubble formation energy, which in turn increased its OER efficiency.
Moreover, without the formed bubble blocking the electrolyte diffusion to catalyst
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Figure 3. Electrocatalytic OER Using a Breathing-Mimicking Design

(A) Schematic and photograph of an alv-PE structure for OER. Inside and outside the alv-PE were the gas and liquid phases, respectively.

(B) LSV curves of Au/NiFeO,-coated membranes with different structures: alv-PE (red curve), alv-carbon GDL (blue curve), and flat-PE (purple curve).
Arrows indicate photographs of surfaces in each structure with O, bubbles onset potential.

(C) LSV curves of Au/NiFeO,-coated PE membranes: alv-PE (red curve), flat-PE (purple curve), alv-PE pretreated by plasma (green curve), and alv-PE with
electrolyte on both sides (orange curve). A PE membrane only coated with Au was also tested as a comparison (black curve).

(D) The corresponding Tafel plots calculated from (C).

(E) Overpotentials of 12-um-thick PE membrane, 400-um-thick carbon GDL, and Si wafer.

(F) A comparison of this work with other previously reported OER systems (Zhang et al.® and Ng et al.”") at 10 mA-cm 2.

(G) Time-dependence OER current density stability of a Au/NiFeO,-coated alv-PE (red curve), an alv-carbon GDL (black curve), and a flat-PE (blue
curve), respectively.

See also Figures S7-514 and Appendix 2.

surface, the catalytic active sites had more access to the reaction contact interface. In
comparison, the hydrophilic treatment of the alv-PE with plasma or adding electro-
lyte to the inner pouch resulted in clear increase of overpotential and decrease of
OER current densities (Figure 3C). Furthermore, the catalyst-coated alv-PE structure
presented the smallest Tafel slope of 45 mV-dec™' (Figure 3D) among these
samples, suggesting fast charge transfer on the electrolyte-catalyst surface.
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To evaluate the influence of different substrates on OER activity, we further investi-
gated the overpotentials to reach 10 mA+cm~2 and compared them with carbon
GDL and Si wafer (Figures 3E and S10). With the same catalyst loading and alv-PE
structure, the alv-carbon GDL with the thickness of ~400 pm showed inferior perfor-
mance to the 12-um-thick alv-PE (Figure S11). The reduced performance of the GDL
with a greater thickness can be ascribed to its ~42-fold lower critical burst-through
pressure APc (i.e., the minimum pressure difference between the liquid and the gas
for the liquid to enter the pores) than that of the PE (Figure 2K) (see Appendix 2 in
Supplemental Information for detailed calculations).> This lower critical burst-
through pressure can result in water penetration and the discontinuous gas-delivery
path, thus requiring additional gas bubble formation energy to transport O, mole-
cules from the OER interface toward the liquid phase. However, in our catalyst-
coated alv-PE structure with 12-pm thickness, the critical burst-through pressure
was high enough to resist the water penetration into the membrane. Thus, the
continuous gas pathway to the gas-liquid-solid interface enabled the direct transfer
of newly formed O, molecules into the gas phase, and significantly lowered its
overpotentials.

The chemical composition of the NiFeO, catalyst layer was then optimized by using
different combinations of Ni(ll) and Fe(ll) ions in the precursor solutions for electro-
deposition. Under our deposition conditions, the sample providing the best OER
activity had a precursor ratio of Ni/Fe of 1:1 (Figure S12). Inductively coupled plasma
mass spectrometry (ICP-MS) indicated that the actual atomic ratio of Ni/Fe in this
catalyst was ~3:5. The thickness of the overall Au/NiFeO, catalyst film was then
tuned either for the Au layer thickness via the sputtering time (Figure S13) or the
NiFeO, layer thickness via different electrodeposition charges (Figure S14). In
both cases, the increase of catalyst film thickness first led to the OER activity
enhancement, while further increase of the film thickness decreased its OER activity.
The corresponding scanning electron microscopy (SEM) images also indicated that
the decrease of the catalytic activity was attributed to the blockage of nanopores on
PE membranes (Figures 2B and S14), which impeded gas diffusion inside the pouch
and subsequently required extra bubble nucleation energy.

The performance of Au/NiFeO, was further compared with recently reported
state-of-the-art OER catalysts (Figure 3F).23" The initial activity of each film was
plotted versus its activity after 2 hr of continuous OER at 10 mA-cm™2. Previously
benchmarked OER catalysts were categorized into three groups based on their com-
positions, namely Ni-based, Co-based, and precious-metal-based. The Au/NiFeO,-
coated alv-PE structure presented the smallest overpotential of 190 mV at
10 mA-cm~2 without iR correction, similar to the previously reported best result
on gelled FeCoW oxyhydroxides (with an overpotential of 191 mV) on a geometric
surface area basis.®

The electrochemical stability of the Au/NiFeO,-coated alv-PE was demonstrated by
continuously running the OER measurement under a potential of 1.45 V versus RHE
for 250 hr (Figure 3G), and compared with the alv-carbon GDL and flat-PE structures
under identical conditions (except for the higher applied potential as 1.49 V).
The current density of the Au/NiFeO,-coated alv-PE was almost retained over
22 mA-cm™2 with ~97% activity retention during the entire 250-hr testing period,
indicating its exceptional stability. In contrast, the current density of the alv-carbon
GDL decayed to <74% activity retention after only 75 hr due to the flooding of the
carbon GDL over long-term use. The flat-PE was stable over 110 hr with a low current
activity of ~7.4 mA-cm~2. This much enhanced electrochemical stability of the
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Figure 4. Electrocatalytic ORR Using a Breathing-Mimicking Design

(A) Schematic and photograph of an alv-PE structure for ORR. Inside and outside the alv-PE were
the gas and liquid phases, respectively.

(B) LSV curves of a Ag/Pt bilayer-coated PE membrane (Ag 40 nm, Pt 10 nm) with different
structures: alv-PE (red curve), flat-PE (orange curve), alv-PE pretreated by plasma (blue curve), and

alv-PE with electrolyte on both sides (green curve). The dotted curve was plotted for comparison

from Zalitis et al."’

(C) LSV curves of Ag/Pt alv-PE structure with different metal thickness as indicated.

(D) LSV curves of Ag/Pt alv-PE structure (Ag 40 nm, Pt 10 nm) with different O, concentrations (in Ar)
supplied into the pouch.

(E) Time-dependence ORR current density (absolute value) of a Ag/Pt-coated alv-PE membrane at 0.6 V.
See also Figures S15-521 and Table S1.

alv-PE structure can be also attributed to its nanoporous and polymer features that
are better designed than conventional carbon-based GDLs.

ORR Electrocatalytic Activities

For ORR, the alv-PE structure can deliver O, molecules to the three-phase reaction
contact lines. Although the gas transport direction was similar to a conventional
carbon-based GDL, the alv-PE showed higher activity and stability than the GDL.
The ORR activity was investigated in a standard three-electrode system in an
Oz-saturated 1 M KOH electrolyte. One piece of the flat Ag/Pt-coated PE membrane
was rolled and sealed into a closed pouch-type structure (i.e., alv-PE) with one inlet
for the O, gas to flow in (Figure 4A). The electrochemical impedances were first
tested for ORR and showed good conductivity (Figure S15). The linear sweep
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voltammetry (LSV) curve of the alv-PE presented an onset potential of 0.90 V, and
its current density continued to increase to a much higher level without being
saturated. For example, when the applied voltage was 0.6 V, the ORR current density
reached ~—250 mA+cm ™2 (Figure 4B, red curve). Even compared with a floating
gas-diffusion electrode in previous studies'’ (Figure 4B, dotted curve), the alv-PE
showed higher current density. In contrast, the flat-PE only showed —10 mA-cm ™2
at 0.6 V (Figure 4B, orange curve) and exhibited a clear plateau of limited current
density typically observed in diffusion-limited ORR measurements.’®*” Further-
more, with either the plasma hydrophilic treatment (Figure 4B, purple curve) or
the addition of the electrolyte into the alv-PE compartment (Figure 4B, green curve),
the current density dropped to almost the same level as the flat-PE. The ORR electro-
chemical active area normalized current densities showed similar trends among
the samples (Figure S16). When similar Ag/Pt bilayer catalysts were sputtered
onto a flat Si substrate or flat GDL, the current density and onset voltages were
even lower than those of a flat-PE (Figure S17). The difference in activity was attrib-
uted to the nanoporous and strongly hydrophobic nature of the PE membrane,
which enabled a high O, density inside the pouch structure. The electrolyte wet
the Ag/Pt electrocatalyst surface but not the nanopores inside the PE, which allowed
O, gas diffusing across the PE membrane to contact directly with the Ag/Pt layer and
electrolyte, forming an array of robust and efficient gas-liquid-solid three-phase
contact lines (AgPt/H,O/O;) for ORR. Nonetheless, a conventional flat structure
surrounded by the electrolyte only utilized the O, dissolved in the electrolyte, which
resulted in insufficient three-phase contact interfaces and subsequently lower
activity (Figure S18). The Tafel slope of the Ag/Pt-coated alv-PE membrane was
calculated to be 43 mV-dec™", which was significantly smaller than that of other
samples (Figure S19), indicating efficient charge transfer on the catalyst-electrolyte
interface.*®

The ORR activity dependence on the alv-PE catalyst thickness was also investigated.
When the alv-PE catalyst total thickness was increased from 25 to 100 nm by tuning
the metal sputtering time, the ORR current density first reached a maximum of
—250mA-cm~2at 0.6V and then decreased to less than 100 mA-cm ™2 with a limited
current plateau (Figure 4C). SEM images of the metal-coated membranes showed
that the current density decreased, and the limiting current appearance was corre-
lated with the blockage of nanopores on PE membranes (Figure S20). This compar-
ison clearly indicated that the efficient passage of O, through alv-PE nanopores was
the origin of the significant increase of ORR activity, highlighting the importance of
the breathing-mimicking approach of the alveolus structure for O, uptake.

The ORR activity dependence on the O, concentration was further demonstrated
using a mixture of Ar and O, gases under the same total pressure and flow rate
(1 atm and 5 sccm, respectively). The ORR current density clearly increased with
the O, concentration and did not show saturation even at > 80% of O, (Figure 4D).
Even at a very low O, concentration of 1% (in 1 atm of total pressure mixed with Ar),
the ORR activity was still clearly measured (Figures 4D and S21).

The ORR activity of our alv-PE structure was also compared with other results using
catalyst-loaded GDLs (Table 51)17+38-90 hased on three common figures of merit for
ORR, i.e., the overpotential at 10 mA-cm™2, the mass activity (MA) at 10 mA-cm ™2
(corresponding approximately to the current density expected for a 10% efficient
solar-to-fuel conversion device®'), and the geometric current density at 0.6 V. The
MA was defined as the current density achieved per mass of catalyst. With a minimal

catalyst loading of 0.07 mg+cm ™2, our Ag/Pt-coated alv-PE structure exhibited the
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highest geometric current density and more than 3-fold higher MA (143 mA-mg™")
than previously reported ORR catalysts with GDLs at similar overpotentials. The
extremely high MA of our sample was attributed to the large surface area for metal
catalyst deposition and sufficient three-phase contact lines enabled by the pouch-
type PE membrane, which was beneficial for fast O, transport. The electrochemical
stability of the Ag/Pt-coated alv-PE structure was tested by continuously running the
ORR measurement under a potential of 0.6 V for 100 hr (Figure 4E). The current
density (absolute value) was around 250 mA-cm~2 with ~98% activity retention,
indicating the excellent stability of our catalyst on the alv-PE structure.

DISCUSSION

It was recently reported that nanoporous polyethylene membrane enabled an
enhanced CO, delivery to the catalyst-electrolyte interface and a high faradaic
efficiency of electroreduction to CO.** Nonetheless, similar to all the GDL-based
electrodes, the opposite scenario of producing gas from the three-phase contact
lines has not been realized previously. Indeed, the two-way breathing process of
mammalian alveoli represents a highly efficient and unique gas-exchange system
at the liquid-solid-gas contact lines in a dual-direction manner. In our work, this
natural design concept is subtly mimicked for the electrocatalytic OER and ORR
systems to realize the dual functions of rapid gas generation from and delivery to
the electrochemical reaction interface, enabled by a catalyst-coated, nanoporous
PE membrane in a pouch structure. Interestingly, our design can switch between a
flat, conventional electrode structure surrounded by the electrolyte, and an
alveolus-mimicking structure that separates liquid and gas phases. Such a unique
feature enables a direct and unambiguous comparison of these two structures using
the same catalyst. For a Au/NiFeO, OER catalyst, the alv-PE structure allows for the
fast transport of newly produced O, molecules into an existing gas phase, waiving
the energy cost of the bubble nucleation process. Thus, compared with the conven-
tional flat electrode structures or a carbon-based GDL, the alv-PE structure exhibits a
clear reduction of overpotential that is comparable with the best reported OER
performances. For a Ag/Pt ORR catalyst, the alv-PE structure leads to a current den-
sity ~25-fold higher than that of a flat structure, which is attributed to the greatly
increased available O, flux to the electrocatalytic gas-liquid-solid three-phase
contact lines.

In addition to its high efficiency, the catalyst-coated alv-PE structure features an
ultrathin layer of the catalyst. The typical thickness of the catalyst deposited on the
PE membrane is around 50-100 nm, substantially thinner than most of the previously
reported catalyst thicknesses (i.e., hundreds of nanometers to tens of microns). Thus,
an extremely high MA is realized in our system, resulting in significant cost reduction
for catalysts. The high efficiency with such a low catalyst loading is attributed to the
unique structure of our membrane device, where the gas reactants and products are
continuously delivered through the PE membrane to/from the gas-liquid-solid
three-phase contact lines, thus enabling a full utilization of almost all the active sites
of a catalyst. Moreover, our proposed design can be readily applied to many other
multiphase catalytic systems. The catalysts can be conveniently tuned to fit for different
electrochemical reactions. The PE membrane can also be replaced with other nanopo-
rous, hydrophobic membranes with high temperature stability.

In summary, we have developed a breathing-mimicking two-way OER and ORR elec-
trocatalytic system that exhibits the following features. (1) Pouch-type nanoporous,
hydrophobic, 12-pum-thick PE membranes serve as the most important unit for
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catalyst deposition and function, corresponding to an artificial alveolus structure.
(2) The OER mimics the exhaling process whereby the fast gas transport to the gas
phase helps to eliminate the energy of O, gas formation and thus reduces the over-
potential. (3) The ORR mimics the inhaling process whereby gas reactant is efficiently
delivered to the gas-liquid-solid contact lines for enhanced catalytic reaction. (4) The
nanoporous and polymer features of PE membranes exhibit a much more enhanced
electrochemical stability than conventional carbon-based GDLs and can be loaded
with a vast variety of electrocatalysts for different reactions. Coupled with state-of-
the-art electrocatalysts, further exploration of the breathing-mimicking gas-liquid-
solid three-phase electrode can offer more exciting opportunities for catalysis.

EXPERIMENTAL PROCEDURES

Details of all experimental procedures can be found in Supplemental Information.
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