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crosslinking electrochemistry and
other research fields: beyond electrochemical
reactors†

Yu Zhang and Yuen Wu *

Over the years, electrochemical reactors have evolved significantly, with modern reactors now able to

achieve a high current density and power output in compact sizes. This leap in performance has not only

greatly accelerated the rate of electrochemical reactions but also had a broader impact on the

environment. Traditional research perspectives, focused primarily on the internal working systems of

reactors, possibly overlook the potential of electrochemical systems in regulating their surrounding

environment. A novel research perspective considering the interaction between electrochemical

processes and their environmental context as a unified subject of study has gradually emerged alongside

the dramatic development of electrochemical techniques. This viewpoint introduces a paradigm shift:

electrochemical reactors are not isolated entities but rather are integral parts that interact with their

surroundings. Correspondingly, this calls for an innovative research methodology that goes beyond

studying the electrochemical processes in isolation. Rather, it integrates the design of the

electrochemical system with its specific application environment, ensuring seamless integration for

optimal performance under various practical conditions. Therefore, performance metrics should include

not only the basic parameters of the electrochemical reactions but also the adaptability of the

electrochemical system in real-world scenarios beyond the laboratory. By focusing on environmental

integration and application-driven design, the applications of electrochemical technology can be more

effectively leveraged. This perspective is exemplified by an electrochemical system based on coupled

cathodic oxygen reduction and anodic oxygen evolution reactions. By adopting this new research

paradigm, the applications of this electrochemical system can be extended to fields like medical

treatment, food science, and microbial fermentation, with an emphasis on tailored designs for these

specific application fields. This comprehensive and systematic new research approach aims to fully

explore the potential applications of electrochemical technology and foster interdisciplinary

collaboration in the electrochemical field.
Introduction

Electrochemical technology, powered by electrical energy to
drive chemical reactions, plays a pivotal role in scientic
research and holds vast potential in practical applications.1,2

Historically, the focus of research in the electrochemistry eld
has been primarily conned to electrochemical reactors, and
investigating electrode reactions, product types, and yields.
Such a limited scope was initially shaped by the early structure
of electrochemical reactors, which led to low current densities
and limited electrochemical reaction efficiency.3,4 Conse-
quently, the subtle impact of the electrochemical processes at
such low current densities oen led researchers to overlook
University of Science and Technology of
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621
their environmental interactions. Advancements in technology
have since led to a considerable improvement in electro-
chemical reactors, now transitioning to ow-type electrolytic
cells.3,5 This structure allows continuous reactant supply, espe-
cially supporting continuous gas-phase reactions with the
introduction of gas diffusion electrodes (GDEs).6,7 Further
progress includes the design of membrane electrode assembly
(MEA) reactors with ion-exchange membranes between the
anode and cathode.8–10 This near zero-gap structure minimizes
internal polarization resistance, thus considerably boosting the
electrochemical reaction efficiency.11,12 Modern electrochemical
reactors have evolved into modular stacks based on MEA
structures, maintaining a quite compact size while delivering
high power and current density for prolonged, stable, and effi-
cient electrochemical reactions.13–15 The ability to achieve high
current densities reaching ampere levels for modern electro-
chemical reactors signies the faster electrochemical reaction
rates, but deepens their environmental footprints.16 It has
© 2024 The Author(s). Published by the Royal Society of Chemistry
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become evident that such a narrow focus on electrode reactions
within the reactors is insufficient because it neglects the wider
environmental and systemic impacts. Therefore, an in-depth
exploration of electrochemical technology should not be
conned only to the reactions inside reactors, but also encom-
pass their roles and applications in a broader environmental
context. Adopting such a holistic research perspective is pivotal
to fully tap into the potential value of electrochemical tech-
nology across various domains.

In this new research paradigm, where electrochemical reac-
tors and their surrounding environment are considered an
interactive whole, an innovative research approach is required.
Traditional strategies oen follow a linear research process
involving studies of the catalytic mechanism, catalyst, electrode
reaction, and reaction product. However, such a research
approach falls short in considering complex interactions
between the reactor and its surrounding environment. The new
research strategy emphasizes a practical application-oriented
study, for designing everything from electrochemical mecha-
nisms to reactor structures. As depicted in Fig. 1, this
application-driven approach can ensure the seamless integra-
tion of electrochemical technology with its environment,
achieving faster reactions and more effective environmental
control. Furthermore, consideration must be given to the
interplay between electrochemical reactions and external envi-
ronments, as well as to the adaptability of reaction systems to
the actual operating conditions. Performance assessments of
designed electrochemical systems should extend beyond labo-
ratory conditions towards real-world application environments,
ensuring optimal overall performance in actual operations. In
fact, even with the same electrochemical reaction mechanisms,
Fig. 1 Innovative research approach for application-driven comprehens

© 2024 The Author(s). Published by the Royal Society of Chemistry
different application scenarios and objectives may lead to
entirely different design considerations. In the following
sections, an electrochemical system coupling a cathodic oxygen
reduction reaction (ORR) and anodic oxygen evolution reaction
(OER) is considered as an example to illustrate the design of
electrochemical systems tailored to specic application goals.
By adopting this new research perspective, the potential appli-
cations of the coupled ORR–OER system can be extended to
medical treatment, food preservation, and microbial fermen-
tation elds. While the applications of electrochemical tech-
nology in these elds are still in the nascent stages of
exploration, it is expected that this perspective will encourage
researchers in the domain of electrochemistry to explore these
promising areas further. In conclusion, considering the elec-
trochemical system and its environment as an integrated entity
as well as a purpose-oriented research approach has the
potential to propel electrochemical technology to the forefront
of interdisciplinary intersections, and prompt new collaborative
efforts across diverse research elds.
Discussion
Electrochemical system: coupling cathodic ORR and anodic
OER

Oxygen (O2), a crucial component of the earth's atmosphere,
constituting approximately 21% of our breathable air, is
omnipresent in our planet and plays a key role in numerous
chemical and biological processes. In the eld of electrochem-
istry, the ORR and the OER are two fundamental reactions. The
ORR process involves the consumption of O2, reducing it to
water or other oxygen-containing ions, while the OER is the
ive designs.

Chem. Sci., 2024, 15, 6608–6621 | 6609
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reverse process, electrochemically generating O2 from water or
oxygen-containing ions.10

By coupling these two electrochemical reactions, O2

production, removal, or concentration modulation can be ach-
ieved. These are pivotal for various applications, such as O2

production in the medical eld, O2 removal for food preserva-
tion, or manipulating the O2 concentration to regulate micro-
bial metabolism in microbial fermentation.

In the coupled electrochemical system of the cathodic ORR
and anodic OER with a 4-electron transfer (4ET) pathway, the
reactions at the cathode and anode for an acid system are
shown as follows:17,18

Cathode reaction:

4H+ + O2 + 4e− / 2H2O

Anode reaction:

2H2O − 4e− / 4H+ + O2

In an alkaline system, the cathode and anode electrode
equations are as follows:17,18

Cathode reaction:

2H2O + O2 + 4e− / 4OH−

Anode reaction:

4OH− − 4e− / 2H2O + O2

Upon combining the above cathodic and anodic half-
reactions, the total electrochemical reaction can be derived as
follows:

O2 (from air) / O2

The above electrode reactions encapsulate the depletion of
atmospheric O2 at the cathode and the generation of an O2

stream at the anode, which can be considered as the effective
concentration of O2 obtained from the air, as shown in the
equation. This process, characterized by a reduction in entropy,
requires energy input to the system for its activation. In elec-
trochemistry, the energy necessary for initiating such an
entropy reduction process is supplied in the form of electrical
power. The relationship between the free energy change (DG)
and potential in electrochemical reactions is dened by the
equation:19

DG = −nFE

where ‘n’ represents the number of electrons involved in the
reaction, ‘F’ is the Faraday constant, and ‘E’ denotes the elec-
tromotive potential of the cell. In thermodynamics, the
6610 | Chem. Sci., 2024, 15, 6608–6621
relationship between the DG of a system and its enthalpy
change (DH) and entropy change (DS) is expressed as follows:20

DG = DH − TDS

where ‘T’ is the temperature. Combining the above equations
allows us to establish a relationship between the DS of a system
and the input of electrical energy:

−nFE = DH − TDS

Assuming a constant temperature and driving a process
where environmental entropy decreases (i.e., DS < 0) through
electrical energy input, it is derived as follows:

TDS = −nFE − DH

The above equation delineates the relationship between
electrical energy input and environmental entropy change in
the electrochemical reaction process, unveiling its immense
potential in precise environmental parameter control. Subse-
quent sections will delve into the potential applications of this
ORR–OER electrochemical system across various domains.
Furthermore, the following sections will specically elaborate
on guiding the overall designs of the electrochemical systems
based on application scenarios.
Medical treatment eld: electrochemical in situ production of
high-purity medical O2

Medical O2, with a purity exceeding 99.5%, is extensively
utilized in treating respiratory diseases, cardiac issues, emer-
gency resuscitations, and as an adjunct in anaesthesia during
surgeries.21 During the COVID-19 pandemic, medical O2

became a critical healthcare resource, with severe shortages
reported in many countries.22,23 This crisis primarily stemmed
from the COVID-19 virus's severe impact on the lungs of
patients, necessitating critically ill patients to rely on high-
purity medical O2 for assisted breathing.24 The surge in
patient numbers led to a drastic shortage in the supply of
medical O2. However, existing O2 supply devices, such as O2

cylinder and on-site pressure swing adsorption (PSA) equip-
ment, exhibited inherent limitations.25 O2 cylinders are bulky,
difficult to transport, and pose signicant safety risks, while
PSA equipment typically produces O2 with a purity of only
93%,26,27 which fails to meet medical O2 standards directly.28 In
this context, the application of electrochemical technology for
the on-site production of medical O2 presents itself as an
innovative and viable solution, potentially alleviating the chal-
lenges of medical O2 supply in hospitals.

Upon identifying hospital O2 supply as the application
scenario, it is imperative to design and optimize the entire
electrochemical reaction system with the specic demands of
this application. The primary application requirements are as
follows: (1) high O2 purity, as only O2 with a purity exceeding
99.5% meets the standards for medical O2; (2) high energy
© 2024 The Author(s). Published by the Royal Society of Chemistry
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efficiency, to ensure low energy consumption of the O2

production equipment; (3) a high rate of O2 production, which
needs to reach at least 1 L min−1 to satisfy practical application
requirements.29,30 To meet the above criteria, it is essential to
concurrently focus on optimizations and designs in terms of the
catalytic mechanism, catalyst, and reactor structure. In
a previous report,10 Zhang et al. designed a coupled ORR and
OER electrocatalytic system to construct a high-performance
electrochemical O2 generator (EOG) for in situ medical O2

production. As illustrated in Fig. 2, this EOG achieved a high O2

purity (>99.9%), high O2 production rate (>1.5 L min−1), and
high energy efficiency (496 L kW−1 h−1), along with offering
other advantages, such as high portability (4.7 kg), instant start-
up (<1 s), and low noise (<50 dB), demonstrating superior
performance and signicant potential to replace traditional PSA
O2 generators.

In the work, Zhang et al. conducted a series of designs and
optimizations to enhance the performance of the electro-
chemical O2 generator (EOG).10 In alkaline conditions, the ORR
and OER can proceed through either a 4-electron transfer (4ET)
mechanism adopting OH− ions as intermediates or a 2ET
mechanism applying HO2

− ions as intermediates. The 2ET
pathway, by halving the energy requirement per unit of O2

produced, considerably enhances the O2-generation efficiency
compared to the 4ET pathway. In terms of catalyst optimization,
Fig. 2 (a) Structural schematic of the electrochemical O2 generator (EO
rates of the EOG cell stack with a 100 cm2 working area. (c) Stability test
and (e) PSA devices for O2 purity (the values on the black apparatus) and n
comparison of the user experience for EOG and PSA devices.10 Repr
Chemistry.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the development of ORR catalysts with high activity, stability,
and 2ET selectivity was pursued to reduce the activation energy
of the ORR, thereby decreasing the electrochemical polarization
resistance and enhancing the reaction efficiency. In designing
the electrocatalytic reactor structure, the cathodic ORR process
is characterized as a three-phase-boundary reaction.31 This
necessitates the incorporation of GDEs, which are instrumental
in enhancing the mass-transfer efficiency of the O2 reactant
within the ORR process, thereby effectively mitigating concen-
tration polarization. The use of an alkaline AEM in the MEA
structure minimizes the anode–cathode gap, reduces ohmic
resistance, and ensures high O2 purity by allowing only ion
transfer and preventing gas exchange between the anode and
cathode. Through these optimizations and designs, Zhang et al.
improved the O2 production of a single MEA cell to 180
mL min−1.10 However, this O2-production rate still fell short of
the applicable standard of >1 L min−1. Their subsequent
strategy involved assembling nine MEA units into an integrated
stack and specically improving the structure design of the
polar plates. This highly integrated, series-connected stack
structure enhanced the overall device's power output while
minimizing the volume and weight, crucial for achieving the
miniaturization and high portability of the electrochemical O2-
generation device (Fig. 2a and d).
G) cell stack comprising 9-unit cells. (b) I–V curves and O2 production
of the EOG cell stack. Digital photos showing comparisons of (d) EOG
oise (the values on the orange apparatus). (f) Five-star chart showing the
oduced with the permission from copyright 2024, Royal Society of

Chem. Sci., 2024, 15, 6608–6621 | 6611
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In electrochemical O2 production, the aim is for a high rate
anodic OER, thus ensuring the ORR process has an excessive
supply of air-sourced O2 over its consumption is crucial. An
insufficient O2 supply for the cathodic ORR may limit the OER
rate in turn, thereby lowering the overall O2 production. To
address these issues, the design of the cathode ow channels
should aim to maximize the air supply for the ORR side,
reducing resistance to air mass transfer and accelerating the
ORR reaction rates. Implementing multiple parallel straight
channel-type ow elds and shortening the length of individual
channels is an effective strategy to ensure sufficient gas ux for
the ORR per unit time.32 Meanwhile, adjusting the land-to-
channel ratio in the ow eld is also crucial, as proper control
of this ratio affects not only the ow rate and pressure drop of
the gas reactants but also has great impacts on the water-
removal efficiency, mechanical stability, temperature distribu-
tion, and overall conductivity of the cell stack.33 During the
electrochemical reaction process, the effective contact area
between gas reactants and the electrode, i.e., the land area,
directly determines the distribution of the gas concentration
within the electrode. This is vital for optimizing the entire
electrochemical reaction process. For instance, Rajesh Boddu
utilized computational uid dynamics models to analyze the
ow characteristics on bipolar plates with different serpentine
ow eld congurations.34 Their ndings revealed that
increasing the number of parallel ow channels and reducing
their size could achieve a more efficient and uniform contact
surface area and lower pressure drops, thereby enhancing the
fuel-cell cathode ORR rate. Furthermore, research by Kahraman
et al. suggested that wide ow channels could facilitate reactant
transport and water removal, while wide land areas could
improve the conductivity, thermal conductivity, andmechanical
stability. Based on the data and experimental results in the
research work, the ow channel width should be maintained
below 1.5 mm to ensure mechanical stability, while the land-to-
channel ratio should be as low as possible to minimize voltage
loss.33 In summary, the importance of the ow channel design
and land-to-channel ratio has been widely recognized in the fuel
cells eld.33–38 However, the design of novel, application-specic
electrochemical reactors still requires tailored approaches.
Variations in the viscosity and wettability of diverse reaction
media necessitate unique land-to-channel ratios for each.
Therefore, relying solely on existing design principles is insuf-
cient for the design and optimization of future electro-
chemical reactors. This calls for researchers to not only deepen
their understanding of existing principles but also to explore
new design solutions.

On the anodic side, the rapid production of O2 on the anode
under high current densities oen triggers drastic bubble
release, leading to issues such as bubble shielding effects and
catalyst detachment.39 Numerous studies have demonstrated
that self-supporting electrodes engineered through interfacial
engineering techniques can effectively address these
challenges.39–45 For instance, Hao et al. successfully deposited
copper phosphide (Cu3P) microsheets on nickel foam, signi-
cantly enhancing the catalytic activity for the hydrogen evolu-
tion reaction (HER) and the oxygen evolution reaction.44 The
6612 | Chem. Sci., 2024, 15, 6608–6621
binder-free, hierarchical Cu3P structure, with its super-
hydrophilic and superaerophobic traits, enhanced electrolyte–
electrode interactions and bubble release, reducing bubble-
induced dead zones and boosting the catalytic performance.
Yan et al. developed a universally applicable and efficient
cathodic electrodeposition strategy to successfully prepare
different metal hydroxides on conductive substrates, creating
electrodes that not only boasted high-quality loading but also
exhibited outstanding hydrophilicity and oxygen-repelling
properties.39 Zhang et al. elaborately constructed MOF-derived
2D nanosheet arrays loaded on a 3D porous Ni substrate.45

This design could signicantly improve the surface roughness
and hydrophilicity, enhancing water contact and active material
interaction over at surfaces. This structure accelerated gas
bubble release from the electrode surface, preventing the
obstruction of active sites and ensuring uninterrupted electro-
chemical processes. The above research examples demonstrate
that OER catalysts developed through interfacial engineering
techniques commonly possess rough surfaces and can elimi-
nate the requirement for hydrophobic binders. These charac-
teristics endow the anode with an excellent degassing property,
hastening O2 bubble detachment, thus allowing achieving high
activity and stability under high current density conditions.

Through these designs and improvements, the performance
of the EOG nally met the preset objectives, achieving over
99.9% O2 purity, with the highest O2 production rate of over 2.5
L min−1 (Fig. 2f), and 496 L kW−1 h−1 energy efficiency.10 In
their study, Zhang et al. then examined the practical stability of
the stack, conrming its continuous 200 h operation at 1.5 L
per min O2 production without degradation (Fig. 2c), demon-
strating excellent prospects for practical application. Finally, to
enhance the adaptability of the EOG to application environ-
ments, additional optimizations are necessary. For instance,
give this EOG's reliance on alkaline electrolytes, the integration
of an alkali vapor absorber at the anode outlet would be
imperative for ensuring user safety. Moreover, to comply with
hospital safety standards for electrical use, specic optimiza-
tions in the electrode area and cell unit number of the series-
connected stack are required. These adjustments would allow
for maintaining the overall current of the EOG device below the
environmental maximum limitation without compromising its
O2-production ability.

The aforementioned study realized the development of an
alkaline electrolyte-based EOG device with a 2ET reaction
pathway. The designs of EOGs tend to focus on attaining a high
O2 purity, substantial O2 production, and high energy efficiency.
These features are specically tailored to meet the demands of
professional operation settings, such as hospitals and medical
institutions, where reaching high working performance is
required. However, for patients with chronic cardiopulmonary
diseases who rely on medical O2 in their daily lives, the design
criteria for electrochemical O2 generators in household appli-
cations differ signicantly. In addition to ensuring basic
application standards, like a high O2 purity and production
rate, safety also becomes a paramount consideration. The use of
an alkaline electrolyte in the EOG system poses a risk of alkali
leakage, which is unsuitable for non-professional, domestic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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environments. This calls for specic designs tailored to the
requirements of home settings. Our current goal is to engineer
a system that functions without any electrolytes, operating only
by pure water. This necessitates reconceiving the reaction
mechanism, catalyst, and electrode structure. The elimination
of electrolytes necessitates the exploration of alternative ion-
conduction materials. A prime candidate is the use of proton-
exchange membrane (PEM) to facilitate the ion conductivity
between the anode and cathode by its inner high proton
concentration. This requires a modication in the MEA fabri-
cation method, favoring a catalyst-coated membrane (CCM)
approach.46 Here, the catalyst is directly adhered onto the PEM,
ensuring robust bonding between the catalyst and the
membrane. This greatly enhances the ion-transport efficiency,
thereby enabling the electrochemical system to operate with
pure water. However, the use of the PEM introduces a new
challenge, where a harsh localized environment with a high
proton concentration and strong acidity is formed on the
catalyst interface. This leads to the need for a reconsideration of
the catalyst selection, necessitating the development of stable,
acid-resistant OER and ORR catalysts that can withstand acidic
electro-corrosion. The above-discussed PEM–CCM technology
has been extensively utilized in the elds of water electrolysis
and fuel cells.47–56 In particular, such water electrolysis tech-
nology has been deeply developed for O2 generation on space
stations. Although traditional water electrolysis technology has
been challenging for home O2 generators due to the production
of large amounts of explosive hydrogen at the cathode, adopting
the ORR–OER coupled electrocatalytic system may effectively
circumvents this issue. Given the similarities in the electro-
chemical environment of electrochemical systems based on
PEM–CCM, one can draw on the advanced catalyst designs from
the water electrolysis and fuel cell elds to optimize the ORR–
OER system. Wu et al. introduced a nickel-stabilized ruthenium
dioxide (Ni–RuO2) catalyst as an efficient iridium alternative,
enhancing acidic OER activity and durability signicantly. The
Ni addition notably improved RuO2's stability, achieving over
1000 h of operation at 200 mA cm−2, indicating its practical
application viability.51 For a PEM-based ORR catalyst design,
Guo et al. utilized a gas-promoted dealloying technique to
develop a Pt-skin Pt1.5Ni1−x alloy electrocatalyst with increased
Ni site density. This hybrid catalyzed the ORR through a relay
process, reducing Pt usage and boosting the ORR activity to 4.10
A mgPt

−1, about 15 times higher than commercial Pt/C.56

Drawing on the latest advances in water electrolysis and fuel cell
technologies is expected to enable overcoming the challenges
associated with employing PEM–CCM structures in ORR–OER
systems, thereby paving the way for safer, more efficient, and
sustainable O2-production solutions. However, the electro-
chemical ORR and OER mechanisms by adopting a PEM–CCM
approach typically follow 4ET pathways. This can result in
reduced energy efficiency compared to the alkaline EOG system
that adopts the 2ET reaction pathway. However, the prioritiza-
tion of safety in the design of home appliances necessitates
certain trade-offs, including some degree of compromise in
energy efficiency.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The above-outlined research strategy underscores the
complexity and comprehensiveness inherent in designing
electrochemical reaction systems and device structures tailored
to specic application environments. This endeavor necessi-
tates a holistic approach, where the design of individual
components is not viewed in isolation but as part of an inter-
connected whole. Establishing denitive and clear require-
ments is crucial for guiding the design and optimization of each
component within the system. In addressing the potential
conicts that arise between varying target needs and compo-
nent designs, it becomes essential to prioritize key criteria while
making strategic adjustments in other areas. Such a balanced
and coordinated approach is fundamental to ensuring the
adaptability of electrochemical system across diverse applica-
tion scenarios and their successful implementation. This
research methodology not only deepens the understanding of
the interplay among various components within an electro-
chemical device and their collective impact on system perfor-
mance but also highlights how these interactions shape the
overall functionality of the system. Adopting this integrated
design strategy, with a focus on practical applications, is pivotal
for harnessing the full potential of electrochemical technology
and aligning it seamlessly with the requirements of its intended
application environments.
Food preservation eld: electrochemical in situ deoxygenation

Numerous studies have conrmed that creating a low-O2 envi-
ronment can effectively extend the shelf life and improve the
storage quality of fresh foods, including fruits, vegetables, and
grains.57–59 Under low-O2 conditions, the growth of bacteria and
moulds is suppressed, signicantly reducing microbial-induced
spoilage.60,61 More importantly, such an environment restrains
the aerobic respiration of produce, crucial for maintaining food
freshness. The consumption of sugars and other key nutrients
during aerobic respiration affects the taste and nutritional value
of these plant foods;62 and a low-O2 environment, by slowing
down the respiration rate, helps reduce the loss of these
nutrients, thereby extending the preservation time.63 Moreover,
a low-O2 environment also reduces the production and accu-
mulation of ethylene, a plant hormone that promotes fruit
ripening and ageing, thus effectively helping delay the ageing
process of produce.64

Traditional methods of O2 removal, such as using nitrogen
(N2) gas cylinders or in situ PSA N2 generators, involve injecting
high-purity N2 into the preservation space to displace O2.65

However, these externally reliant N2 source methods face
multiple challenges, including high N2 supply costs, large
equipment size, and crucially, an inherently low O2 removal
efficiency. Also, the N2-replacement O2-removal strategy
becomes less efficient as O2 levels decrease, oen resulting in
huge N2 wastage and an incomplete deoxygenation due to
issues like dead corners and an uneven airow. Typically,
achieving complete O2 displacement requires using N2 gas
several times the volume of the deoxygenation space, leading to
high energy and time consumption. This not only escalates
costs but also limits their practicality in broad-space or energy-
Chem. Sci., 2024, 15, 6608–6621 | 6613
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sensitive environments, highlighting the urgent need for amore
cost-effective and efficient O2-removal solution.

In the context of food preservation, the electrochemical ORR
process may provide an effective means for efficiently dimin-
ishing environmental O2 levels. In the above-discussed ORR–
OER coupled electrochemical system, the focus was on utilizing
electrical energy to drive the concentration process of O2 from
air by the electrochemical reactor, aimed at producing high-
purity O2 at the anode for medical applications. In contrast,
for food preservation, the emphasis shis to the ORR process at
the cathode. This strategic focus is on enabling the rapid,
energy-efficient, and effective in situ reduction of the O2

concentration, thereby fostering a low-O2 environment condu-
cive to the extended preservation of fresh fruits, vegetables, and
grains. As illustrated in Fig. 3a, for the design of an electro-
chemical O2-removal (EOR) system, an air-tight space is directly
linked to the cathode of the EOR device, to efficiently remove
the O2 in air by an ORR process under gaseous circulation.
While the anode is exposed to the external environment, and
discharges the OER-generated O2 towards the external atmo-
sphere. Considering the EOR device and the sealed space as an
integrated system, the coupled ORR–OER electrochemical
system facilitates a direct, in situ, and unidirectional transfer of
O2 from the preservation area to the external environment. This
process, which reduces entropy, is powered by electrical energy,
Fig. 3 (a) Illustrations of the working mechanism of the EOR when ap
configuration of the designed EOR system. (c) Energy consumption of d
practical measurements, while the results for EOR were calculated unde

6614 | Chem. Sci., 2024, 15, 6608–6621
standing in contrast to the traditional N2-displacement strategy
for O2 removal. EOR offers a fundamentally superior approach
by directly consuming O2 on-site with the electrochemical
device, thereby eliminating the need for external gas sources
and reducing costs. Moreover, the advanced mechanism of EOR
is characterized by its energy consumption being determined by
the amount of O2 removed, irrespective of the O2 concentration.
This characteristic makes the EOR more energy-efficient and
potentially more cost-effective compared to traditional N2-
displacement methods, especially in scenarios where low O2

levels need to be maintained consistently. To validate the above
conclusions, a preliminary comparison was conducted on the
energy consumption of different O2-removal strategies. Actual
experiments were performed with a 5 L sealed chamber using
a PSA N2 generator for O2 removal, yielding specic data on the
energy consumption. For electrochemical O2 removal, a simu-
lated electrochemical cyclic system was designed to estimate
the energy consumption. As depicted in the structural cong-
uration shown in Fig. 3b, O2 removal was achieved by contin-
uously circulating the air within the chamber into the
electrochemical reactor. The specic calculation parameters
and equations are shown in the ESI.† The energy consumption
for the two O2-removal strategies at various target O2 concen-
trations are summarized in Fig. 3c. Energy consumption from
N2 displacement was observed to escalate quickly with
plied in food storage. (b) Simulation diagram showing the structural
ifferent O2 removal devices: the results for PSA were obtained through
r simulation conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decreasing the target O2 concentrations, experiencing an expo-
nential increase when the target O2 level fell below 5%. This was
attributed to the minimal gas concentration gradient at low O2

levels, therefore signicantly reducing the displacement effi-
ciency. In contrast, the energy consumption for O2 removal
driven by the electrochemical ORR was markedly lower than
that by N2 displacement, exhibiting a linear increasing trend.
This was due to the fact that the energy consumption for the
ORR process depends on the amount of O2 reacted, regardless
of its concentration. In addition, employing a cyclic O2-removal
approach enables the repeated use of N2, thereby further
lowering the overall energy consumption. The above analysis
preliminarily conrmed the energy efficiency advantages and
technological advancements of electrochemical O2 removal,
providing a theoretical foundation for further studies in this
area.

Upon identifying the application scenario for fresh food
preservation, the establishment of specic application
requirements is crucial for guiding the design of EOR devices.
Despite sharing the same ORR–OER coupling mechanism with
the EOG system previously discussed, the distinct application
scenarios necessitate unique design considerations for the
electrochemical O2-removal apparatus. The primary application
requirements include: (1) low energy consumption; (2) no
pollution; and (3) a high O2-removal rate. These criteria not only
guide the design parameters but also shape the operational
strategies of EOR devices, ensuring the efficacy and safety in
fresh food preservation.

Following the above-established application requirements,
comprehensive designs are required for EOR devices. Consid-
ering these in order: (1) low energy consumption: the catalytic
mechanism employs a 2ET pathway for the coupled ORR–OER
electrochemical system with HO2

− as an intermediate,
consuming half the energy of the 4ET pathway, thereby signif-
icantly boosting the energy efficiency; (2) no pollution: given the
direct connection between the cathode of the EOR and the
sealed space with direct gas exchange taking place, it is neces-
sary to ensure that the operation of the EOR does not result in
any contamination of the fruits and vegetables, such as by
electrolyte leakage, air outow, or the dissolution of metal
atoms from the catalyst. The choice and design of the catalyst
play a crucial role in this process. An ideal catalyst should be
non-toxic, exhibit high 2ET-ORR activity and selectivity, and
possess excellent stability to avoid electro-corrosion. Single-
atom catalysts represent a suitable choice, typically utilizing
non-toxic carbon materials as substrates, offering excellent
activity and selectivity, and high stability to effectively prevent
metal atom dissolution under working potentials, thus avoiding
contamination.65–68 Additionally, electrolytes should be elimi-
nated to prevent potential leakage risk. The above-discussed
CCM–MEA structure is well suited for this EOR device, as it
can efficiently operate with only pure water; (3) a high O2

removal rate: to enhance the efficiency of O2 removal, optimi-
zation of the ORR process at the cathode is necessary to increase
the current density and reaction rate. The optimizations can be
divided into two aspects. First, since the ORR is a three-phase-
boundary reaction involving gaseous O2, liquid water, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
a solid catalyst, it is essential to ensure that the catalyst is in full
contact with both the gaseous and liquid reactants, alongside
sustaining efficient mass transfer of these reactants. In the MEA
structure, introducing GDEs to the MEA may accelerate the rate
of O2 mass transfer.3 Current applicable GDEs typically
comprise a current collector layer, a diffusion layer, and a cata-
lyst layer, where the current collector layer possesses high
electrical conductivity, sufficient mechanical strength, and
a larger pore size and porosity; the diffusion layer is a conduc-
tive microporous layer with high hydrophobicity and air
permeability; and the catalyst layer employs appropriate
binders to achieve uniform catalyst loading. To further improve
catalyst utilization, enhancing the wettability of the catalyst
layer is suggested, such as by fabricating GDEs with hydro-
phobic polymer concentration gradient diffusion layers to
adjust the balance between the hydrophobicity and hydrophi-
licity.69 Through these methods, while accommodating the O2

mass transfer and wetting needs of the ORR catalyst, the issue
of increased internal resistance due to water evaporation on the
ion-exchangemembrane can be signicantly mitigated. Second,
to improve the O2-removal efficiency, a shi of study emphasis
is required, targeting ways to facilitate a complete depletion of
O2 in air by the cathodic ORR process. Besides increasing the
gas pressure to enhance the contact of O2 with the inner layer
catalyst, redesign of the cathode ow channels to induce forced
convection and turbulence is also required.70 This can be ach-
ieved by integrating obstruction structures and using multiple
serpentine channels with increased bends, thus ensuring better
O2 consumption. Such design alterations can not only enhance
the O2-reduction rates but also reduce the operational demands
on air pumps and the O2-removal time. In stark contrast to the
above-discussed EOG that focused on O2 generation, EOR
systems prioritize maximizing the O2 consumption, leading to
fundamentally different design strategies for GDEs and for the
ow channel of the polar plate to achieve better fruit and
vegetable preservation in applications.

Aer nalizing the structural design of an EOR device, its
practical application in fruit, vegetable, or grain storage is
essential to validate the effectiveness of the EOR in real condi-
tions. This step is crucial to evaluate the actual EOR perfor-
mance and gather data for further improvements. Key
considerations of the EOR device deployments include
managing internal pressure changes of the storage space
caused by O2 depletion, and adjusting for variations in O2-
removal rates due to uctuating O2 levels. Necessary adapta-
tions thus include the introduction of pressure balance valves to
maintain pressure balance in the conservation space, as well as
increasing the gas ow rate to compensate for lower O2

concentrations. These modications are crucial for optimizing
the ultimate performance of EOR in real-world preservation
scenarios.

The advantages of EOR devices in fresh food preservation
merit extensive exploration, which may offer distinct advan-
tages across the following three primary dimensions. (1) Energy-
saving advantage: due to the intrinsic advancement of the
electrochemical O2-removal mechanism, EOR devices are
inherently more energy efficient compared to traditional N2-
Chem. Sci., 2024, 15, 6608–6621 | 6615
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replacement equipment; (2) humidity maintenance advantage:
the traditional O2-removal strategy oen leads to signicant
humidity loss in the storage space due to the continuous
injection of dry N2 airows, which can adversely affect the
freshness of the fruits and vegetables. In contrast, an EOR
device can effectively remove O2 while maintaining humidity. It
achieves this by removing electrolytes, enabling the device
system with pure water loading to naturally humidify the space
during gas circulation, thereby helping to preserve the fresh-
ness and taste avour of the stored items; (3) further energy-
saving advantages by combining with low-temperature
storage: integrating EOR in low-temperature storage environ-
ments for fruits and vegetables could lessen the reliance on
refrigeration. By creating a low-O2 environment, it would be
feasible to maintain produce freshness at relatively higher
ambient temperatures, potentially leading to a signicant
reduction in energy use for cooling purposes. Moreover, the
utility of the EOR system could be broadened to encompass the
removal of dissolved O2 from water, underscoring its potential
to boost industrial efficiency. In critical industrial operations,
like boiler water treatment and metal processing, eliminating
dissolved O2 is essential for preventing metal corrosion and
extending the life of equipment. The adoption of EOR systems
in these expanded elds highlights the wide-ranging applica-
tion prospects of EOR systems in diverse settings.

The development of an EOR system is a comprehensive
research process that requires careful consideration of various
aspects, including the electrochemical mechanism, catalyst
materials, and reactor structure design, for optimal efficiency
and safety. Assessing the system's functionality in real-world
conditions is vital to ensure it meets specic environmental
needs. By efficiently bridging theory and practice, this strategy
opens new avenues for applying EOR in food preservation.
Microbial culture and fermentation eld: electrochemical O2

concentration control

In modern biotechnology, the application of microorganisms
has become a core technology, widely used in diverse elds
including food production, pharmaceuticals, and energy
generation.71–73 The growth and metabolic activities of micro-
organisms are critically inuenced by the O2 level of the envi-
ronment. Microorganisms are categorized as aerobic,
facultative anaerobic, or strictly anaerobic, depending on their
different O2 needs.74 Precise O2 control in microbial fermenta-
tion and culture is crucial for optimizing growth, enhancing the
bioproduct yields, and directing metabolic pathways towards
specic products.75 Building on the deeply discussed ORR–OER
coupled electrochemical mechanism above, this section delves
into approaches to adapt this mechanism for precise O2 regu-
lation in the applications of microorganism cultivation and
fermentation.

Traditional methods for environmental O2 regulation typi-
cally use N2 and O2 supply systems, controlling O2 levels
through gas ow and gas route adjustments, as illustrated in
Fig. 4a. However, these methods require separate O2 and N2 gas
sources and suffer from low efficiency and poor mobility, as well
6616 | Chem. Sci., 2024, 15, 6608–6621
as being costly and space-consuming. The traditional principle
for controlling the O2 concentration lies in injecting pure O2 or
N2 into a sealed space to either increase or decrease the O2 level.
Electrochemical technology may simplify the above processes
by just switching electrode reactions between the OER and ORR,
corresponding to the O2-generation process to increase its level,
and the O2-consumption process to decease its level, respec-
tively (Fig. 4b). The direct use of conventional ORR–OER
systems is, however, limited by the inconvenience of frequent
switching between the cathode and anode gas routes and the
system connect conguration, reducing the system efficiency
and practicality. Developing an effective electrochemical O2

control (EOC) device requires a design focused on precision,
user-friendliness, portability, and adaptability to varied envi-
ronments. This device should offer efficient O2-concentration
control, easy operation, and exible application across different
scenarios. The following section details these design require-
ments and their implementation.

For operational portability, the electrochemical system
needs redesigning for continuous connection of one electrode
to the O2-controlled environment. This would allow seamless
switching processes between O2 removal and O2 generation by
altering the electrode reactions of the ORR and OER through
only altering the voltage directions, without changing any gas
routing or device deployment. However, this poses structural
challenges for MEA due to the different reaction environ-
ments of the two electrodes. Addressing these challenges
necessitates a specic design of the reaction mechanism of
the EOC to accommodate the MEA structure. A novel
approach involves connecting the GDE side of the EOC to
a sealed space. In this conguration, the O2-consumption
process can be efficiently executed to continuously reduce the
O2 concentration within this sealed space. This set-up facili-
tates the following cathode and anode reactions to promote
the O2-removal function:

Cathodic ORR (GDE):

O2 + 2H2O + 4e− / 4OH−

Anodic OER (in liquid solution):

4OH− − 4e− / O2 + 2H2O

To increase the O2 level of the sealed space, altering the
voltage direction may exchange the roles of the cathode and
anode. In this way, the electrode connected to the environment,
initially a cathode, becomes an anode to enable the OER,
thereby raising O2 levels. The opposite electrode, immersed in
a liquid solution, now turns into a cathode. Although this
cathode is unsuitable for the ORR due to the lack of a gas-
transfer pathway, it may initiate the hydrogen evolution reac-
tion (HER) to couple with the OER. In industrial settings for
microbial cultivation and fermentation, exhaust gas-treatment
systems allow the hydrogen produced by the HER to be prop-
erly managed, making the HER a viable choice in this
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Working mechanisms of different O2-control methods: (a) traditional O2-control method, and (b) electrochemical O2-control method.
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application. The specic cathode and anode reactions for
facilitating the O2-generation function are:

Cathodic HER (in liquid solution):

4H2O + 4e− / 2H2 + 4OH−

Anodic OER (GDE):

4OH− − 4e− / O2 + 2H2O

The design of the reaction mechanism outlined above
enables the instantaneous switching functions of O2 generation
and O2 removal, signicantly optimizing the operational
process with just a simple switch in the voltage direction
(Fig. 4b). This electrochemical device achieves O2-concentration
control through the integration of electrochemical O2 genera-
tion and removal functions. Therefore, based on the previous
© 2024 The Author(s). Published by the Royal Society of Chemistry
discussions about the energy consumption of electrochemical
O2 generation and removal processes, it can be inferred that
electrochemical O2 control also has a signicant advantage over
traditional strategies.

To ensure efficient O2 control performance, careful design of
the catalyst is critical. Considering the O2-control mechanism
involves the coupling of the ORR, OER, and HER, we need to
develop a multifunctional catalyst. This catalyst should be
effective in catalyzing these three reactions at different potentials
and be suitable for the bipolar use of the electrochemical reactor.
Suitable candidates can be selected from dual single-atom cata-
lysts that are reported to have excellent stability, activity, and low
toxicity.76,77 The new catalytic mechanism ts perfectly with the
gaseous and liquid environments of the two sides in the MEA
structure. Finally, by assemblingmultiple MEA units into a stack,
the oxygen-control efficiency can be signicantly enhanced.

In specic application scenarios, such as microbial culture
and fermentation, detailed modications to the design of
Chem. Sci., 2024, 15, 6608–6621 | 6617
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electrochemical O2-regulation devices are indispensable. This
entails the integration of pressure balance valves to mitigate
pressure uctuations in the culture chamber attributable to O2-
concentration changes. To maintain a sterile environment, it is
essential that all gas inlets and outlets be outtted with bacte-
rial lters, thereby preventing external microbial contamina-
tion. Considering the substantial CO2 production from bacterial
metabolism, the gas discharged from the chamber should be
directed through a CO2-absorption system prior to entering the
EOC device, thus protecting the electrochemical device and
prolonging its operational life. Moreover, if the EOC device
employs an alkaline electrolyte, an alkali absorption unit must
be installed to prevent any interference for the microbial culture
environment. These customized designs for specic application
scenario requirements are crucial for enhancing the compati-
bility of the EOC with the application environment and
improving the overall functionality of the system.

Conclusions

Through an in-depth exploration of applications of the ORR–OER
coupled electrochemical system in various research domains, it
was demonstrated how the applications of the electrochemistry
can be signicantly broadened by shiing the research focus from
being conned within the reactor to integrating with the
surrounding environment. This perspective elaborately details
how electrochemical reactors can be functionalized and custom-
ized for various application scenarios, encompassing overall
design and detail adjustments. While these applications are all
based on the same ORR–OER coupled electrochemical mecha-
nism, they diverge into uniquely tailored designs responsive to
different application needs. This research approach, centred
around application objectives, places greater emphasis on feasi-
bility and adaptability in real-world application scenarios. This
shi in research perspective is not merely a technical evolution
but also a progression in thinking methodology. It reects a more
comprehensive and systematic approach to problem-solving,
particularly underscoring the importance of practical applica-
tion and interdisciplinary integration. This trend will profoundly
inuence the eld of electrochemistry, driving innovation in
technology and diversifying applications. Furthermore, this
comprehensive and systematic approach to research may bring
new insights to other scientic elds, encouraging researchers to
adopt a more integrated perspective, consider the interplay and
impact across different disciplines, and thereby foster interdisci-
plinary collaboration, accelerating development and innovation
in science and technology.
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