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% Check for updates Although electrochemical technologies offer vast industrial prospects,

broader adoption—particularly in consumer applications—remains con-
strained by high costs and limited component lifespans. Here, we present a
gravity-assisted, membrane-free electrochemical oxygen (O,) removal (EOR)
reactor coupling oxygen reduction (ORR) and oxygen evolution (OER) reac-
tions. Leveraging fluid mechanics insights, buoyant O, bubbles ascend rapidly,
achieving 95% product self-separation and eliminating the need for mem-
branes or external circulation. To withstand high hydrostatic pressures and
ensure a 10-year operational lifespan, we developed an integrative gas diffu-
sion electrode (GDE) with ~85.5% conductivity and 80.2% gas permeability
relative to conventional carbon paper, yet 2.2-fold higher mechanical strength
and 30-fold greater stability. In a household refrigerator, our two-cell system
boosts fresh-keeping capacity by 3.4-fold. Comprehensive economic analysis
reveals a 22.6-fold increase in O, removal per unit cost compared with ion-
exchange membrane-based reactors, underscoring this design’s cost-effective,
long-lived potential for diverse real-world applications.

Electrochemical technology presents significant potential across
diverse fields, including gas purification, chemical synthesis, environ-
mental remediation, and precision-controlled storage. Its primary
advantages—such as high energy efficiency and scalability—have
spurred extensive research and industrial investments in recent
decades'™. Despite these promising attributes, the widespread adop-
tion of electrochemical reactors is hindered by two major challenges.
First, many existing electrochemical reactor designs depend on high-
cost ion-exchange membranes, which not only increase initial capital
expenditure but also suffer from limited operational lifetimes, ren-
dering them unsuitable for applications requiring long-term operation

under fluctuating conditions®”’. Second, the complex designs of tra-
ditional electrochemical reactors often necessitate auxiliary gas sup-
plies, circulation systems, and frequent maintenance®’, posing a
particular challenge for small-scale or consumer-oriented applications
where compactness, affordability, and low maintenance are essential.

A compelling illustration of these challenges can be found in low-
oxygen (0,) food storage, which extends shelf life by slowing oxidation
and microbial growth, thereby preserving both freshness and nutrient
content'>", While household refrigerators have traditionally relied on
low temperatures to mitigate spoilage, reducing O, levels in the sto-
rage environment provides a significant advantage, particularly for
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nutrient-sensitive items such as fresh produce and meats. However,
conventional O, removal methods—such as nitrogen flushing or
membrane-based gas separation—often involve bulky equipment and
exhibit low O, removal efficiency™, both of which conflict with the
compact design and high-performance requirements of consumer
appliances like refrigerators. In contrast, electrochemical technology
has emerged as a promising, energy-efficient alternative, selectively
removing O, from the environment via cathodic oxygen reduction
(ORR). However, many current electrochemical systems still rely on
ion-exchange membranes to separate reaction products or incorpo-
rate complex circulation mechanisms, thus increasing both system
costs and maintenance demands. Moreover, the pivotal component in
these systems—traditional carbon paper-based gas diffusion electro-
des (GDE)—often suffers from suboptimal mechanical strength and
operational stability over long-term operation, thereby severely lim-
iting the broader application potential of conventional electro-
chemical setups™™.

In this study, we introduce a gravity-assisted product self-
separation reactor (GAPS Reactor) that addresses the above critical
challenges through innovative reactor and electrode designs'®". Gui-
ded by fluid mechanics insights showing that O, bubbles ascend
rapidly. We harness these natural density gradients to enable product
self-separation. In this reactor, the inherent density gradients among
the electrode, liquid electrolyte, and gas phase enable spontaneous,
buoyancy-driven O, migration from denser to less dense zones—
effectively forming a self-organizing “O, ladder” that obviates the need
for external pumping or membranes and realizes the self-separation of
product. Second, to withstand high liquid pressure at the cathode in
this reactor design, we have developed an integrative GDE whose
electrical conductivity and gas permeability reach approximately 85.5
and 80.2%, respectively, of those of conventional carbon paper GDE,
while its mechanical strength and operational stability exceed those of
carbon paper by factors of 2.2 and 30, respectively. Accelerated aging
tests indicate a potential service life of our GAPS Reactor of up to 10
years. A two-cell series-connected reactor was incorporated into a
household refrigerator, resulting in a 3.4-fold improvement in its fresh-
keeping capabilities. Economic analysis shows the reactor’s O, removal
capacity per unit device cost is 22.6 times that of traditional ion-ex-
change membrane-based systems. Although validated in a refrigerator
drawer, our GAPS system—bypassing the cost and maintenance of
traditional designs—supports applications from food packaging to
biomedicine, offering a practical blueprint for everyday electro-
chemical O, removal.

Results

A key feature of our GAPS Reactor is its ability to spontaneously
separate the reaction product (the O, gas)—by exploiting the density
differences among the electrode (high density), the liquid electrolyte
(medium density), and the gas phase (low density). To quantify this
self-separation process from a fluid mechanics standpoint, we focus on
the motion of O, bubbles generated at the anode (through the oxygen
evolution reaction, OER) and how they ascend and exit the liquid
surface under buoyancy.

When a small gas bubble (radius r) forms and detaches from the
anode surface, it experiences two primary forces in the electrolyte: the
buoyant force (Fp,) and the viscous drag force (Fq4). The Reynolds
number is given by:

_ PrVp(2r)
1y

Re @D

where p; is the liquid density, vy, is the bubble’s rising speed, 2r is the
bubble’s diameter (taken as the characteristic length), and , is the
liquid viscosity. Since the bubbles are generally small (on the order of
millimeters or microns) and travel only a short distance before

reaching the surface, this approach provides a useful approximate
baseline for predicting their motion. Accordingly, we employ the
simplified Stokes formula (the derivation process is provided in the
Methods section). If the bubble radius or fluid disturbances differ
significantly from the assumed values, a more general resistance
model or multiphase fluid dynamics simulation (CFD) would be
required to obtain more accurate results.
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Using a 20% potassium carbonate solution as the electrolyte
(p1=1162 kg:m™, pg=1.42kg-m>, y =0.0013 Pa-s) and r=0.3-0.5 mm,
2=9.81m-s?, the resulting velocity is ~0.175-0.486 m-s™. This implies
that, for an anode depth of 2 =0.05 m, the time required for a bubble
to reach the fluid surface is on the order of 0.10-0.28s. The rapid
upward transport of O, bubbles indicates that, once gas is generated at
the anode, it quickly exits the reactor without the need for additional
pumps or forced circulation. The density gradient across the high-
density electrode region, the medium-density electrolyte, and the low-
density gas headspace forms a “ladder” for O, migration. As a result,
backflow or re-dissolution of O, is greatly suppressed, ensuring both
high efficiency and long-term stability in the GAPS system.

Building on the fluid mechanics principle of buoyancy-driven
bubble rise, we designed a GAPS Reactor for seamless integration into
household refrigerators (Fig. 1). The reactor configuration consists of a
porous nickel mesh anode located above the cathode, ensuring that O,
generated at the anode forms bubbles that immediately enter the bulk
electrolyte. The cathode, responsible for ORR, is positioned at the
reactor’s base, a large-area open cathode design was implemented to
overcome the mass transfer limitations resulting from the absence of a
gas-liquid circulation system. Furthermore, the cathode interfaces
directly with the low-O, storage environment through a mesh parti-
tion. The electrochemical reactions at the anode and cathode are as
follows? 2%

Cathodic ORR : O,(internal) + 2H,0 +4e~ — 40H™ 3)
Anodic OER : 4OH™ — 4e~ — O,(external) +2H,0 “4)
Overall : O,(internal) — O,(external) (5)

The internal O is reduced to OH", which remains dissolved in the
electrolyte. Because the buoyancy mechanism spontaneously sepa-
rates O, from the liquid phase, no ion-exchange membrane or forced
circulation is required, with the electrolyte serving as both the ion
conduction medium and the gravitational separation medium. The
cathode, being at the bottom of the module, must withstand sub-
stantial hydrostatic pressure, so we implemented an integrative GDE
with enhanced mechanical strength and a stable pore structure, which
will be discussed in the following content. This design establishes a
self-organizing “O, ladder,” allowing bubbles to naturally ascend. By
eliminating the need for costly membrane components or external
pumping, we significantly reduce system complexity and operational
costs while maintaining high O, removal efficiency. Furthermore, the
minimized contact between O, bubbles and the low-O, zone at the
cathode reduces unwanted reoxidation or backflow, enhancing the
longevity and performance consistency of the reactor. In summary,
our reactor utilizes bubble buoyancy to enable efficient, membrane-
free O, removal.

Given the cathode’s pivotal role in withstanding elevated hydro-
static pressure, efficiently catalyzing ORR under low-O, conditions,
and ensuring a 10-year operational lifespan, our next objective was to
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Fig. 1| Illustrates the gravity-assisted oxygen removal process. a Schematic of oxygen removal by the gravity-assisted product self-separation reactor in a refrigerator.

b Gravity-driven product self-separation due to density differences.

develop a high-performance GDE. We first synthesized an efficient and
cost-effective (Fe, Co)/N-C dual single-atom catalyst (the details are
shown in Figs. S1-S15 and Table S1, S2), optimizing its active sites and
structure to ensure robust ORR performance. Subsequently, the
research focused on refining the GDE architecture to fully leverage the
catalyst’s capabilities in the GAPS system and meet the reactor’s
stringent requirements. Specifically, the GDE is required to exhibit
high mechanical strength to withstand substantial liquid pressure,
ensuring long-term operational stability; high electrochemical stability
to meet the 10-year lifespan requirement for refrigerator applications;
enhanced gas permeability to facilitate rapid mass transport in the
ORR; and high electrical conductivity to minimize ohmic resistance,
thereby optimizing overall system efficiency. These improvements aim
to significantly enhance the GDE’s performance in real-world applica-
tions, ensuring its sustained stability and high efficiency over extended
periods of operation. In meeting these stringent requirements, poly-
tetrafluoroethylene (PTFE) plays a pivotal role”* . Its hydrophobicity
enables precise regulation of the electrode’s internal gas-liquid dis-
tribution, significantly improving gas diffusion pathways and reducing
liquid-phase blockage, thereby effectively enhancing mass transfer
efficiency. Its chemical inertness imparts long-term stability in corro-
sive environments, while its remarkable mechanical strength not only
extends electrode lifespan but also preserves structural and perfor-
mance reliability under external loads and sustained operational
stress. These attributes make PTFE indispensable in electrode con-
struction and GDE optimization, providing a robust foundation for
achieving efficient, stable electrochemical reactions.

However, traditional carbon paper-based GDE continue to
encounter considerable challenges in terms of mechanical strength

and long-term stability (Fig. 2a, b and Fig. S16). In the multilayered
hierarchical fabrication process, while repeated impregnation of PTFE
followed by sintering can enhance the mechanical strength and sta-
bility of the electrode, this approach is often accompanied by volu-
metric shrinkage and internal stresses, which in turn compromise the
interfacial bonding between the microporous layer (MPL) and the
carbon fiber substrate. Moreover, an excessive amount of PTFE
impedes efficient electron conduction and increases interfacial resis-
tance, leading to a reduction in reaction kinetics. Additionally,
although thinner substrate layers can improve reaction performance,
they simultaneously limit the mechanical strength of the electrode.
These inherent structural trade-offs create significant challenges in
achieving a balance between long-term stability and high performance
in traditional carbon paper GDE. To gain deeper insight into these
limitations, we conducted a comprehensive microstructural analysis of
carbon paper GDE using high-resolution X-ray CT and SEM. The 3D CT
reconstruction (Fig. 2¢) clearly reveals the layered structure of the
carbon paper, while SEM cross-sectional imaging (Fig. 2d) indicates an
MPL thickness of ~70 pm. Elemental mapping (Fig. 2e) confirms that
PTFE is highly concentrated in the MPL region, with minimal content in
the carbon fiber support and catalyst layers. These findings indicate
that the inherent layered design leads to uneven PTFE distribution,
which is a key factor undermining the electrochemical stability of
carbon paper GDE, thereby preventing catalyst-loaded carbon paper
GDE from meeting the extended service life required in this study.
To address this issue, we improved the GDE fabrication and
structural design to achieve uniform PTFE distribution at high load-
ings. By thoroughly mixing carbon spheres, a large amount of PTFE,
and a suitable solvent, and then drying the mixture in an oven to forma
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Fig. 2 | Schematic illustration and characterization of the carbon paper gas
diffusion electrode (GDE) and integrative GDE. a Schematic illustration of the
carbon paper preparation process. b Schematic diagram depicting the layered
structure of the carbon paper. ¢ High-resolution 3D CT scan reconstruction of the
carbon paper. d Side-view SEM image of the carbon paper. e Elemental mapping of
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the carbon paper (side view). f Schematic illustration of the integrative GDE pre-
paration process. g Schematic diagram of the layered structure of the integrative
GDE. h High-resolution 3D CT scan reconstruction of the integrative GDE. i Side-
view SEM image of the integrative GDE. j Elemental mapping of the integrative GDE
(side view).

gel-like material, we produced an integrated diffusion layer through
rolling steps. The catalyst layer was fabricated using the same method,
except that part of the carbon spheres was replaced with the ORR
catalyst. Finally, the catalyst layer, nickel mesh, and diffusion layer
were tightly pressed together and sintered, forming a robust and fully
integrated GDE. The current collector, analogous to the reinforcing
steel in a building structure, is embedded within the GDE, serving both
structural support and electrical conduction roles, significantly
enhancing the mechanical strength of the integrative GDE (Fig. 2f, g
and Fig. S17). This design realized a high PTFE loading in both the
diffusion layer (60%) and the catalyst layer (40%), ensuring uniform

PTFE distribution. Embedding a nickel mesh at the center of the
GDE enhanced internal electron transport and reduced interfacial
resistance, thereby significantly improving overall electrochemical
performance. High-resolution CT and SEM analyses further confirmed
the effectiveness of this optimization strategy. The 3D CT recon-
struction (Fig. 2h) revealed a uniformly structured GDE with evenly
distributed pores, while the SEM cross-sectional image (Fig. 2i) showed
that the diffusion and catalyst layers had thicknesses of -550
and 450pum, respectively. Elemental mapping (Fig. 2j) clearly
demonstrated uniform PTFE distribution throughout the entire
electrode system.
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To achieve optimal synergy between the electrode and reactor
structure, we meticulously refined the electrode formulation to
enhance overall performance. First, to maintain good conductivity
under high PTFE loading, we introduced highly conductive carbon
nanotubes (CNTs) to form an efficient conductive network®*?, thereby
reducing the in-plane resistivity of the electrode. However, the addi-
tion of CNTs may weaken interlayer adhesion, leading to “slippage” at
interfaces, which compromises mechanical strength and the stability
of the rolling-forming process. Thus, a careful balance between con-
ductivity and mechanical strength is required. Experimental results
(Fig. 3a and Figs. S18, 19a-c) show that when the CNTs content reaches
20%, the electrode becomes difficult to form, and its mechanical
strength decreases significantly to 3.69 MPa. In contrast, at 10% CNTs
loading, the integrative GDE achieves a tensile strength of 12.4 MPa
(the internal nickel mesh exhibits a tensile strength of up to 60 MPa),
far exceeding the 5.14 MPa of traditional carbon paper, while main-
taining an in-plane resistivity of 14.3 m Q- cm™-only 10% higher than
that of traditional carbon paper (13.0 m Q - cm™). This finding indicates
that by appropriately tuning the CNTs content, one can achieve a
balance between conductivity and mechanical strength. In this study, a
10% CNTs loading was ultimately selected as the optimized
formulation.

Furthermore, building on the optimization of conductivity, this
study further improved the electrode’s gas permeability by incorpor-
ating ammonium bicarbonate as a pore-forming agent into the
formulation®?. Its thermal decomposition, which generates ammonia
and carbon dioxide, significantly enhances the internal porosity of the
electrode. However, increasing porosity can reduce material density
and mechanical strength, complicating the forming process and
necessitating a balance between permeability and mechanical
strength. Experimental results (Fig. 3b and Figs. S19d-f-S21) show that
at a 10% ammonium bicarbonate loading, the electrode becomes dif-
ficult to form, with an average pore size of ~143.21 nm (4 V/A), and its
mechanical strength decreases to 3.99 MPa. Ultimately, a 5% loading
was selected, which maintains the integrative GDE’s overall tensile
strength at 11.1 MPa, significantly surpassing the 5.14 MPa of traditional
carbon paper, while enhancing the porosity to 54.3%, just 19.9% lower
than the 67.7% porosity of conventional carbon paper, The average
pore size is approximately 58.87 nm (4 V/A). Additionally, the in-plane
resistivity is maintained at 15.2 mQ-cm, only 16.9% higher than the
13.0 m Q- cm™ of traditional carbon paper (Fig. S22). This combination
achieves an optimized balance between conductivity, gas perme-
ability, and mechanical strength.

Following the optimization of the electrode formulation and
structure, the integrative GDE underwent a 2 V constant-voltage elec-
trochemical stability test within a flow-cell system. The results (Fig. 3c)
demonstrated that, during 100 h of continuous operation, the current
density of the integrative GDE remained stable at ~75.40 mA-cm™, only
about 10% lower than that of the carbon paper electrode
(83.25 mA-cm™), with no observable current decay. Furthermore, the
contact angle of the electrode surface only slightly decreased from
122.3° to 117.1°, indicating exceptional catalytic activity and electro-
chemical stability. In stark contrast, the carbon paper electrode
exhibited considerable current decay after only 20 h of operation, with
its contact angle plummeting from 126.5° to 48.3°, signaling poor long-
term stability. The integrative GDE strikes a balance between con-
ductivity, gas permeability, mechanical strength, electrochemical sta-
bility, and cost (Fig. 3d). To further investigate the cause of
performance degradation in the carbon paper electrode, infrared (IR)
and Raman spectroscopy analyses were performed before and after
the reaction (Fig. 3e). These analyses revealed a substantial increase in
oxygen-containing functional groups and carbon-carbon double
bonds on the surface of the carbon paper post-reaction. The Ip/Ig ratio
showed a marked increase, further confirming corrosion and struc-
tural degradation of the carbon-based material. X-ray photoelectron

spectroscopy (XPS) results also indicated a significant rise in oxygen-
containing groups on the carbon paper electrode surface, coupled
with the degradation of PTFE, leading to a notable decrease in
hydrophobicity, which correlated with the observed performance
deterioration. In stark contrast, the integrative GDE retained its stable
microstructure even after prolonged electrochemical reaction (Fig. 3f).
IR and Raman spectroscopy analyses showed no significant accumu-
lation of oxygen-containing functional groups or formation of carbon-
carbon double bonds, with the Ip/lg ratio remaining almost unchan-
ged, indicating minimal oxidation or structural degradation. XPS
analysis further confirmed that the chemical states of the elements on
the surface of the integrative GDE remained virtually unchanged
before and after the reaction. This further emphasizes the remarkable
electrochemical stability of the integrative GDE. These results ensure
that the integrative GDE maintains exceptional structural stability and
consistently delivers high electrochemical performance under ele-
vated liquid pressure conditions, fully meeting the stringent require-
ments for long-term stability and high efficiency in the GAPS system.

In EOR systems, the theoretical electrochemical rate (TER) and
product separation efficiency (PSE, Fig. 4a) are two critical parameters
for performance evaluation. TER characterizes the maximum achiev-
able reaction rate of the system under specific conditions, while PSE
measures the effectiveness of separating cathodic and anodic pro-
ducts. TER can be expressed as:

lmax (6)

TER= nF

where |2« is the maximum achievable current under given conditions,
n is the number of electrons transferred per reaction, and F is the
Faraday constant.

In this study, O, serves both as the cathodic reactant and the
anodic product. Therefore, achieving a high TER while effectively
preventing anodically generated O, from diffusing to the cathode and
undergoing self-consumption (i.e.,, enhancing PSE) is crucial for
improving O, removal efficiency and current utilization. we further
evaluated the system’s operational performance and feasibility under
practical application conditions. We first examined the impact of the
anode-cathode spacing on TER and PSE: decreasing the spacing
increases reaction rate but raises the risk of O, back-diffusion, while
increasing the spacing reduces back-diffusion but lowers the reaction
rate, both affecting actual O, removal performance. Through constant-
voltage testing at 2V on a 4 cm* micro GAPS Reactor (Fig. 4b. ¢ and
Fig. S23), the results demonstrate that as the anode-cathode distance
increases, the current density of the reactor progressively declines,
while the O, removal time exhibits an initial decrease followed by an
increase. At a 3mm anode-cathode distance, the current density
reaches 96.5 mA-cm™ (slightly lower than 118.7 mA-cm™ at 1 mm and
higher than 82.7 mA-cm™ at 6 mm), yielding the most rapid O, removal
rate, reducing the O, concentration in a 0.5 L sealed chamber to 10%
within 27 min (faster than 30.6 min at 1mm and 31.2 min at 6 mm).
High-speed imaging results show that the bubble radius is approxi-
mately 0.1 mm, with an ascent velocity of about 0.048 m-s™ (Fig. S24).
Further simulation analysis (Fig. 4d, e and Table S3) incorporated the
physical mechanisms underlying O, distribution and movement, spe-
cifically the diffusion characteristics of O, in the liquid phase and the
effects of buoyancy. Due to the density difference between O, and the
solution, O, predominantly rises in the vertical direction under buoy-
ant forces, the uniformity test results indicate that the bubble dis-
tribution during O, rise is highly uniform, with a uniformity of
approximately 94%. However, in the anode region, a concentration
gradient generated by O, evolution leads to some O, diffusing
downward toward the cathode region. This effect is more pronounced
at smaller anode-cathode distances (e.g., 1mm), as it facilitates the
diffusion of O, to the cathode, where it is self-consumed, thereby
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Fig. 3 | Structural and performance optimization of integrative gas diffusion
electrode (GDE). a Conductivity enhancement and mechanical strength testing of
integrative GDE with varying carbon nanotube contents. b Gas permeability
improvement and mechanical strength testing of integrative GDE with different
ammonium bicarbonate contents. ¢ Stability and contact angle measurements for
carbon paper and integrative GDE. d Radar chart comparing the performance
parameters of carbon paper GDE and integrative GDE. e Stability of carbon paper

before and after reaction: (i) Schematic illustration, (ii) Infrared spectroscopy, (iii)
Raman spectroscopy, (iv) X-ray photoelectron spectroscopy analysis. f Stability of
integrative GDE before and after reaction: (i) Schematic illustration, (ii) Infrared
spectroscopy, (iii) Raman spectroscopy, (iv) X-ray photoelectron spectroscopy
analysis. Source data for Fig. 3a-f are provided as a Source Data file.
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reducing the separation efficiency. As the anode-cathode distance
increases, O, diffusion is increasingly restricted by the larger spatial
volume, and the downward diffusion to the cathode diminishes,
leading to reduced O, self-consumption at the cathode. The simulation
results are consistent with experimental data. At a 1mm anode-
cathode distance, the O, concentration between the anode and cath-
ode is relatively high, indicating significant self-recirculation of O,.
This self-recirculation leads to some O, diffusing towards the cathode,
where it undergoes self-consumption in the ORR, thereby reducing the
overall separation efficiency. The simulated separation efficiency at
this distance is 85.5% (measured value: 85.6%). In contrast, at 3 and
6 mm distances, the overall O, concentration between the anode and
cathode is significantly lower, suggesting that the self-recirculation
effect is minimized. As a result, a larger proportion of O, diffuses
directly to the exterior, rather than being consumed at the cathode,
leading to a significant improvement in separation efficiency. At a
3mm distance, the simulated separation efficiency reaches 94.6%
(measured value:95.1%), while at 6 mm, it increases to 97.6% (measured
value:97.2%). This behavior suggests that both buoyancy effects and
concentration gradients interact synergistically to optimize O,
separation efficiency. Although the separation efficiencies at 3 and
6 mm are similar, the current density at 3 mm is 16.7% higher than at
6 mm, and the O, removal performance at 3 mm is superior. After
considering the trade-off between reaction rate and O, separation
efficiency, a 3 mm anode-cathode distance was identified as the opti-
mal configuration. Furthermore, we conducted further analysis and
optimization of the module components to determine the optimal
module structure (Figs. S25-S31).

To meet the practical requirements of refrigerators, we adopted a
large-area open cathode design, expanding the electrode area to 50 cm?
to compensate for the lack of a gas-liquid circulation system (Fig. 4f and
Fig. $32). This design enhances O, diffusion efficiency and improves the
mass transfer process, effectively overcoming the limitations typically
associated with the absence of a circulation system (Figs. S33, S34): the
time required to reduce the O, concentration in a 20 L sealed chamber
to 10% increased by only 2.3% compared to a conventional gas circula-
tion design (210 min vs. 205 min), these results indicate that the large-
area open cathode design effectively mitigates mass transfer limitations,
while energy consumption decreased by 30%. At 5°C, the same O,
removal efficiency was achieved within 270 min (Fig. S35), and no
hydrogen was detected at voltages below 2.2 V (Fig. S36), ensuring both
efficiency and safety in refrigerator applications. Moreover, the reactor’s
polypropylene +30% glass fiber construction guarantees human safety.
Long-term stability tests showed that performance declined by only 8.2%
after 700 h of continuous operation at 25 °C. The module is designed for
a service life of 10 years, with a total of 43,800 h based on 10 h of daily
operation. Given the impracticality of conducting long-term testing, we
apply the Arrhenius model, which establishes a relationship between
high-temperature aging and performance at operating temperatures.
This well-established model for material aging and device failure uses
activation energy to determine an acceleration factor, facilitating
the extrapolation of the module’s lifespan under typical operating con-
ditions.

Af gy =exp {%ﬂ (TIT%) } @)

The activation energy is E,=0.6 eV, the Boltzmann constant is
R=8.617x10-5eV-K*, with the operating temperature at 5°C
(T;=278K), and the accelerated testing temperature at 60 °C
(T,=333K). Using these values, the Arrhenius acceleration factor
Afo-c) is calculated to be 62.60. Therefore:

43800
62.60

~ 700 (hours) (8)

Using an Arrhenius-based acceleration model, the higher-
temperature (60 °C) test data were mapped to normal-use condi-
tions, indicating that 700 h at 60 °C equates to roughly 10 years of
operation at a lower temperature (5 °C). The results of the 60 °C aging
test show a performance degradation of less than 25% after 700 h,
validating the reactor’s expected 10-year service life. This approach
demonstrates that the minimal decay under accelerated tests reliably
predicts long-term durability and performance, meeting refrigerator
industry standards. In addition, consistent O, removal times across
different batches (Fig. S37) confirmed the design’s reproducibility and
potential for large-scale production. In summary, the single-cell 50 cm?
GAPS Reactor achieves a balance between performance and lifespan.
Furthermore, removing metal plates, ion-exchange membranes, and
gas-liquid circulation components significantly reduces the reactor’s
cost. Increasing the electrode area further is expected to continue
improving performance, indicating that the membrane-free, self-
separating electrochemical O, removal reactor proposed in this
study holds substantial promise for household refrigerator preserva-
tion applications.

Building on the comprehensive balance of performance, cost, and
lifespan achieved by the single-cell reactor, we further explored reac-
tor integration and operational strategies tailored to actual refrig-
erator conditions. Although increasing the electrode area of a single-
cell reactor can boost O, removal rates, it may cause the current to
exceed the refrigerator’s electrical control threshold, leading to
excessive heat load, energy losses, and reduced overall stability. To
overcome this limitation, we regulated the relationship between
electrode area and current density and proposed a series-connected
anode-cathode integration strategy. This approach strictly controls
the current while significantly enhancing O, removal efficiency,
thereby enabling high-efficiency O, removal under the refrigerator’s
existing electrical constraints. Based on this strategy, we integrated
two 50 cm? integrative GDE into a two-cell series-connected config-
uration within a single-cell reactor and tested it under real refrigerator
conditions. In this design, the cathode end is embedded into the sto-
rage drawer, allowing O, in the drawer to freely diffuse to the cathode
interface for efficient ORR-based removal; simultaneously, O, gener-
ated at the anode is released through a top vent, preventing self-
consumption due to O, back-diffusion (Fig. 5a). Experimental results
show that under 3 A constant current and 4 V operating conditions, the
two-cell series-connected reactor can reduce the O, concentration in a
20 L storage drawer to 10% within 155 min, with power consumption
below 12 W and a single-cycle O, removal energy consumption of less
than 0.031 kWh, all while maintaining stable temperature and humidity
in the drawer (Fig. 5b—d). Further safety tests show that no hydrogen is
generated during normal operation of the reactor (Fig. S38 and
Table S4). Even under fault conditions (10 A constant current for 6 h),
the hydrogen concentration in the drawer remains below 600 ppm
(Table S5), well below the safety threshold, ensuring long-term
operational safety. Moreover, the two-cell series-connected reactor
displays exceptional low-temperature durability, with performance
decreasing by only 11.1% after 600 h of continuous operation at 5°C
(Fig. 5e). High-frequency door opening and closing tests simulating
user scenarios (20 times per day, each for 120s) confirm that the
system can rapidly return to the initial O, level within 100 s after the
door is opened (Fig. S39), and 30-day dynamic tests show no sig-
nificant change in the time required to reduce drawer O, concentra-
tion to 10% (Fig. 5f), demonstrating robust adaptability and stability
under realistic household conditions. Food preservation tests
further verify the reactor’s practical value: compared to lettuce that
rots within 5 days at room temperature or shows obvious spoilage
within 10 days in a conventional refrigerator, lettuce stored in the
refrigerator equipped with this low-O, reactor only exhibits
mild deterioration at 30 days (Fig. 5g). Vitamin C analysis provides
additional evidence of nutrient retention under low-temperature,
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Fig. 5 | Performance and evaluation of the two-cell series-connected reactor
integrated into a refrigeration system for food preservation. a Schematic dia-
gram of the two-cell series-connected gravity-assisted product self-separation
(GAPS) Reactor integrated into the refrigeration system, illustrating the drawer
connection and internal structure. b Oxygen (O,) removal performance of the two-
cell series-connected reactor under refrigeration conditions. ¢ Voltage and current
fluctuations during O, removal. d Temperature and humidity variations during O,

Time (d)

removal. e Stability test of the reactor at 4 V under refrigeration conditions. f O,
removal time under conditions of frequent door openings. g Comparison of lettuce
freshness stored in a conventional refrigerator, and in a low-O, reactor-equipped
refrigerator. h Vitamin C retention under different storage conditions (Error bars
represent the standard error of the mean from three independent tests). Source
data for Fig. 5b-f, h are provided as a Source Data file.

low- O, conditions: after 10 days, the vitamin C loss rate in a conven-
tional refrigerator is 3.46 times that in the low-O, environment
(Fig. 5h), highlighting the unique advantage of the low-O, coupling
strategy in food preservation.

After successfully demonstrating efficient and stable low-O,
storage using the two-cell series-connected reactor under actual
refrigerator conditions, this study further assessed its economic
feasibility and commercial potential through a comprehensive
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comparison with a conventional two-cell series-connected ion-
exchange membrane-based electrochemical O, removal (IEM-
based EOR) reactor, thereby providing quantitative guidance for
large-scale commercial implementation. The results show that
through systematic optimization of catalysts, electrodes, and reac-
tor structures, our GAPS Reactor is significantly more cost-effective
and durable than a traditional IEM-based EOR reactor. Cost analysis
indicates that, for the same electrode area, the total cost of a con-
ventional two-cell series-connected IEM-based EOR reactor reaches
USD 433.1 (Fig. 6a, b and Tables S6-S8), whereas our GAPS Reactor
costs only USD 7.411—less than 1.7% of the IEM-based EOR reactor’s
cost—revealing a tremendous cost advantage (The cost of the elec-
trode assembly is relatively reduced by 97.6%, the cost of device
fittings is relatively reduced by 98.2%, and there is no cost associated
with the gas-liquid circulation system). Although the IEM-based
EOR’s O, removal rate is -2.5 times higher than that of our reactor
(Fig. S40), when normalized by cost, the IEM-based EOR’s rate is only
0.0838 ml'min~1-USD™!, far lower than our reactor’s 1.897 ml-mi-
n~1.USD™! (Fig. 6c), highlighting the superior balance of perfor-
mance and cost achieved by our design. Beyond economic benefits,
this reactor also offers exceptional longevity and minimal main-
tenance requirements. Under no-maintenance conditions, its ser-

vice life reaches up to 10 years, whereas the IEM-based EOR reactor
demands one maintenance session per year to extend its service life,
which increases operational costs and compromises user experi-
ence. Additionally, it exhibits a slight advantage in energy con-
sumption (0.014 kWh per liter O, removed, compared to 0.016 kWh
for the IEM-based EOR). These strongly demonstrate that the GAPS
reactor exhibits high O, removal efficiency.

GAPS Reactor’s primary economic advantage lies in its design,
which requires no additional components and is virtually main-
tenance-free—resulting in a total cost of ownership (7CO) of just USD
7.411 over a 10-year lifespan at a 5% discount rate (r) (Fig. 6d), with no
further expenses once installed. Since no annual replacement or
repairs are needed, any household refrigerator whose profit margin
exceeds USD 7.411 can profitably integrate the GAPS Reactor.
Moreover, because of its small footprint (-1L) and simple structure,
the GAPS Reactor can be seamlessly incorporated into existing
refrigeration designs. In mid-to high-end models, this single upfront
investment—in tandem with “zero” ongoing costs and superior fresh-
ness preservation—can significantly strengthen the refrigerator’s
competitive positioning and price premium. By contrast, the IEM-
based EOR module requires one maintenance operation annually,
each amounting to ~-30% of the module’s cost***. Consequently, its
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aggregated 10-year discounted cost reaches:

10 0,
TCOpy =433.1+ Z‘L'I x30%

= =1436.4USD ©)
£~ (1+0.05)

This TCO far exceeds the USD 7.411 for the GAPS Reactor. Man-
ufacturers must therefore maintain a profit margin substantially above
USD 1436.4 per unit to avoid a net loss, a target that is clearly unrea-
listic for most consumer-grade appliances. Although the IEM-based
EOR module may slightly enhance O, removal rates, its prohibitive
replacement and maintenance expenses restrict its application to only
a handful of ultra-premium or specialized markets. In contrast, GAPS
Reactor’s lack of auxiliary parts, maintenance-free operation, and
minimal volume not only unlock substantial returns in mid- to high-
end refrigerators but also provide a technologically and economically
advantageous foundation for further extension into food packaging,
pharmaceutical storage, and other low-O, applications. This outcome
aligns with the era’s emphasis on green transformation and techno-
logical advancement, providing robust support for the widespread
promotion of next-generation, cost-effective electrochemical O,
removal technologies.

Discussion

This study introduces a GAPS reactor that eliminates costly ion-
exchange membranes and auxiliary circulation, leveraging natural
density differences to achieve up to 95% product self-separation
without forced flow. An integrative GDE offers 2.2-fold higher
mechanical strength and 30-fold greater stability than conventional
carbon paper, supporting robust, decade-long operation under ele-
vated hydrostatic pressure. In a two-cell series configuration within
refrigerators, the reactor boosts fresh-keeping capacity by 3.4-fold.
Economic analysis further demonstrates a 22.6-fold improvement in
cost-effectiveness over IEM-based EOR. Collectively, this work estab-
lishes a practical, long-lived blueprint for next-generation electro-
chemical O, removal with broad consumer and industrial impact.

Methods

Chemicals

Nitric acid (HNO3), FeCl;, CoCl,:6H,0, ethanol, potassium hydroxide
(KOH), ammonium bicarbonate (NH4HCO3), and melamine were
obtained from Sinopharm Chemical Reagents (China). Nafion solution
(5wt%) was purchased from Aldrich. Pt/C(20 wt%) was supplied by
Johnson Matthey (JM). Carbon black, carbon nanotubes and poly-
tetrafluoroethylene emulsion were purchased from Alfa Aesar. All
chemicals used in this study were analytical grade and were directly
used without further purification. Deionized (DI) water from the Milli-
Q System (Millipore, Billerica, MA) was used in all experiments.

Synthesis

Synthesis of oxidized carbon black (O-C). For a typical synthesis, 5 g
of carbon black was added to 300 mL of 4 M nitric acid solution and
stirred vigorously at 80 °C for 8 h. After cooling, the mixture was fil-
tered and washed with deionized water until neutral, then dried at
60°C for 12 h.

Synthesis of (Fe, Co)/N-C, Fe/N-C, and Co/N-C. For a typical synth-
esis, 500 mg of O-C was added to a mixture of 100 mL deionized water
and ethanol (1:4) and dispersed using ultrasonic treatment to form a
suspension. Then, 7.5 mg of FeClz and 12 mg of CoCl,-6H,0 were dis-
solved in 10 mL of deionized water. This solution was added dropwise
to the vigorously stirred carbon black suspension at 85 °C at a rate of
1.0 mL/min using a micro-injection pump. After the complete addition,
the mixture was continuously stirred until no liquid remained. The
resulting catalyst precursor was then thoroughly mixed and ground
with melamine at a mass ratio of 1:10, followed by heating at

800 °Cunder a nitrogen atmosphere for 2 h, with a heating rate of 5 °C/
min. Finally, the particles were removed by acid leaching to form (Fe,
Co)/N-C. The synthesis procedures for Fe/N-C and Co/N-C are similar
to that of (Fe, Co)/N-C, with only the respective metal added during
synthesis, and the amount doubled.

Preparation of integrative GDE

The catalyst, carbon black, carbon nanotubes, NH4HCO3, and PTFE
emulsion were mixed in a specific proportion and stirred in a 60 °C
water bath for 15 min. An appropriate amount of aqueous solution was
then added, and the mixture was stirred for an additional hour to
obtain a black wet slurry. After drying, the slurry formed a gel-like
substance, which was then pressed with a bi-directional roller to
achieve a catalytic layer thickness of 0.55 mm. Similarly, carbon black,
NH4HCOs, and PTFE emulsion were mixed and pressed to form a dif-
fusion layer of the same thickness. The catalytic layer, punched nickel
mesh, and diffusion layer were then hot-pressed at 80 °C and dried
overnight. The resulting semi-finished three-in-one integrative GDE
was soaked in water at 60 °C for 12 h, followed by vacuum drying at
60°C and hot-sintering at 340°C for 1h to produce the final
integrative GDE.

Characterization

Transmission electron microscopy (TEM) was performed on a Hitachi-
7700 microscope with an acceleration voltage of 100kV. High-
resolution TEM (HRTEM), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), and energy-
dispersive X-ray spectroscopy (EDS) elemental mapping were carried
out using a JEM-2100F microscope. Aberration-corrected HAADF-
STEM images were obtained on a Titan Cubed Themis G2 300. Powder
X-ray diffraction (XRD) patterns were recorded using a Rigaku Mini-
flex600 at 40 kV and 15 mA with Cu Ka radiation (A = 0.15406 nm). The
Brunauer-Emmett-Teller (BET) specific surface area measurements
were conducted using a Micromeritics Tristar 11 3020 M, with samples
degassed at 300 °C for 3 h. X-ray photoelectron spectroscopy (XPS)
was conducted using a Thermo Scientific ESCALAB 250Xi with Al Ka
radiation, with the Cls peak at 284.8 eV as a reference. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) measure-
ments were performed using a Thermo Fisher iCAP 7400 to determine
Fe and Co contents. X-ray absorption fine structure (XAFS) spectra at
the Fe K-edge and Co K-edge were obtained at the 1IW1B station of the
Beijing Synchrotron Radiation Facility (BSRF).

Electrochemical measurements

The electrocatalytic ORR performance was evaluated using a CHI-760E
electrochemical station at room temperature with a conventional
three-electrode system. All potentials were measured against an Ag/
AgCl reference electrode (saturated KCI, obtained from Tjaida and
stored in a saturated KCI solution before use) and converted to the
reversible hydrogen electrode (RHE) scale by the following equation:

E(vs.RHE) = (vs.Ag/AgCl) +0.197 V +0.059 x pH

For catalyst preparation, 5mg of the catalyst was dispersed in
1mL of a L:1 (v/v) ethanol/water mixed solvent, followed by the addi-
tion of 40 pL of 5wt% Nafion solution. This mixture was sonicated for
at least 40 min to form a homogeneous ink. For the ORR test, 10 pL of
the catalyst ink was dropped onto a glassy carbon electrode (with a
disc area of 0.1963 cm?) and dried to form a uniform thin film. Before
measurements, nitrogen or O, gas was bubbled through the electro-
lyte for 30 min to obtain a nitrogen- or oxygen-saturated solution.
Linear sweep voltammetry (LSV) curves were recorded in O,-saturated
0.1M KOH at room temperature with a sweep rate of 10 mV-s™.
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High temperature acceleration measurements

In the aging test, the reactor is loaded with 20% concentration of
electrolyte, and the electrolyte volume accounts for 50% of the effec-
tive volume of the reactor. The test conditions were ambient tem-
perature (60+2)°C and humidity (90 +5)%. After the reactor is
connected to the power, the timer starts and stops after 30 days of
continuous work.

Experiment on the preservation of lettuce

This experiment aims to evaluate the application of the electro-
chemical O, removal reactor in food preservation. Fresh lettuce was
selected as the experimental sample and divided into three groups for
comparison: room temperature, conventional refrigeration, and con-
ventional refrigeration equipped with the GAPS Reactor. The tem-
perature in all refrigerators was set to 5 °C. During the testing period,
samples were taken every 5 days, and the appearance of the lettuce
leaves was recorded. Vitamin C content changes in the lettuce were
quantitatively analyzed using spectrophotometry.

Bubble rise velocity
At terminal velocity, the buoyant force (minus the bubble’s own
weight) balances the viscous drag:

Fb_Fg:Fd

1. Buoyant force Fy:
4
F,= P83 mr

where g is the gravitational acceleration =9.81 m-s™. If the bub-
ble density (pg) is much smaller than p,, the bubble’s weight Fg,
can often be neglected or included by using (p-pg).
2. Viscous drag F4: under Stokes flow, a sphere of radius r moving at
velocity vy, through a fluid of viscosity 1, experiences a drag of

Fq=6mpyrvy

Neglecting pg (or treating it as py-pg if higher accuracy is needed),
we have:

4
PIg 5T = 6Ty TV,

which can be rearranged to give the bubble’s terminal velocity vy:

_2r(p — py)g
Vp= ——— —
o

When the spacing hhh is determined, it can be rearranged to
calculate the bubble’s escape time T:

Vb

Computational details

The oxygen diffusion CFD simulation was conducted by ANSYS Fluent
2024R2. The Eulerian model was selected to calculate multiphase flow
with the Primary Phase of potassium carbonate solution and the sec-
ondary phase of oxygen. The diameter of oxygen was set as 0.2 mm in
the base case. The viscous model was set as Realizable k-epsilon Model.
In the anode zone, the source terms of mass was set to describe the
oxygen generation and the values were set according to the current

density at gaps of 1, 3, and 6 mm, respectively. The boundary condi-
tions of oxygen outlets in the top and the bottom were set as Degas-
sing, which was monitored for the oxygen separation rate. All other
boundaries were set as wall. The operational conditions considered
the gravity, which was —9.81 m-s in the vertical direction. The solution
method used the phase-coupled SIMPLE scheme for the pressure-
velocity coupling. The PRESTO! scheme was selected for the pressure
solution. Spatial discretization of the momentum, volume
fraction, turbulent kinetic energy, and turbulent dissipation rate
adopted the first-order upwind method. The initialization method
used standard initialization. The convergence criteria were set to le™
for all residuals.
0, concentration uniformity index (UI) calculation formula:

dA

$UTx |000 = @arg
2(‘Pavg

ul=1-

where A is the area of a particular plane section. @(x) is the local
oxygen concentration at a point in the region. @, is the average over
that section or volume.

10
(pavg = KZ (piAAi
i=1

Data availability

The main data that support the plots in this paper and other findings of
this study are available within the article and its Supplementary
Information. Source data are provided with this paper.
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